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Résumé

Les cours d’eau de montagne constituent une importante source d’alimentation en sédiments des

rivières ; toutefois lors d’épisodes de crues, ils peuvent aussi être responsables de dégâts importants en

déposant des masses considérables de sédiments dans les vallées. Dans le but de contrôler l’érosion des

sols des torrents - et donc ces transferts de masses de sédiments - des travaux de grande ampleur ont

été entrepris depuis le XIXème siècle (principalement par reboisement, génie végétal et construction de

barrages et seuils de correction torrentielle). Plus récemment, les barrages de correction torrentielle

localisés dans les hauts bassins ont été complétés par la création de plages de dépôt équipés de

barrages filtrants, ouvrages visant à piéger les apports sédimentaires plus bas dans les vallées. Les

gestionnaires de ces ouvrages ont pour mission de réduire les risques d’inondations et d’érosions, mais

doivent désormais aussi minimiser les impacts environnementaux liés aux ouvrages de protection; tout

en maintenant et adaptant ces derniers à un contexte changeant (climat, démographie). Ceci nécessite

une meilleure compréhension des effets des barrages de corrections torrentielles et des plages de dépôts

sur le transport sédimentaire des torrents.

Cette thèse s’inscrit dans cet objectif et se décompose en deux parties. Une première partie sur

l’état de l’art présente: (i) les différents effets des barrages de correction torrentielle sur la production

et le transfert sédimentaire; (ii) la description des processus hydrauliques et sédimentaires ayant lieu

dans les plages de dépôts; et (iii) la description des processus liés à la production et au transfert de

bois d’embâcle. Une nouvelle méthode de quantification de la production sédimentaire des torrents

complète cet état de l’art.

La seconde partie de cette thèse présente le travail réalisé en banc d’essai expérimental. Une

première série d’expérience a permis de mettre en évidence un transport par charriage plus régulier

lorsque des barrages de correction torrentielle sont ajoutés à un bief alluvial. Une seconde série

d’essais a été réalisée sur un modèle générique de plage de dépôt dans l’objectif d’en caractériser les

écoulements. Pour cela, une nouvelle procédure de mesure et de reconstruction par approche inverse

a été développée. Cette procédure fait appel aux techniques de photogrammétrie et d’une variante

grande échelle de vélocimétrie par image de particule (LS-PIV). Il en résulte une description des

caractéristiques d’un écoulement proche du régime critique, ainsi que des mécanismes de rétrocontrôle

entre morphologie et hydraulique pendant la phase de dépôt.

Une conclusion générale et quelques perspectives sont finalement données.

Mots clés: Torrents, Transport Sédimentaire, Risques Torrentiels, Protection Contre Les Inonda-

tions Et L’Erosion, Modélisation Physique
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Abstract
Mountain streams are a major sediment source for some rivers; however, they can also be responsible

for substantial damage, particularly during sediment-laden floods. Torrents, i.e. very active mountain

streams, have been subject to extensive erosion control operations since the 19th century (mainly

reforestation, bioengineering, and check dams). More recently, check dams in headwaters have

been completed using open check dams that aimed at trapping sediment lower in the valleys.

Stream managers must mitigate flood hazards, but now also minimize the environmental impacts

of the protection structures, while maintaining and adapting them to a changing context (climate,

demography). This requires improved knowledge of the effects of check dams and open check dams

on the sediment transport of torrents, and this thesis forms a contribution towards this end.

The section on the current state of research reviews i) the diverse effects of check dams on sediment

production and transfer; ii) descriptions of the hydraulics and sedimentation processes occurring in

open check dams; and iii) woody debris production and trapping processes. This state of the art is

completed with proposition of new bedload transport estimation methods, specifically developed for

paved streams experiencing external supply or armour breaking.

Experimental results are then provided. Firstly, flume experiments highlight the emergence of a

more regular bedload transport when check dams are built in alluvial reaches. In a second stage,

experiments were performed on a generic Froude scale model of an open check dam basin in order

to capture the features of laterally-unconstrained, highly mobile flows. A new flow measurement and

inverse-reconstruction procedure has been developed, using photogrammetry and large scale particle

image velocimetry (LS-PIV). A preliminary analysis of the results describes flows that tend toward

a critical regime and the occurrence of feedback mechanisms between geomorphology and hydraulics

during massive bedload deposition.

A general conclusion and some perspectives are then presented.

Keywords: Steep Slope Streams, Sediment Transport, Torrential Hazards, Flood Hazard Mitiga-

tion and Erosion Control, Small Scale Modelling.
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"Car il ne faut point douter que nous ne cognoissons mieux les
mouvements des Planetes, et le cours des Etoiles, que nous ne
conoissons le mouvement des Rivieres et de la Mer."

Benedetto Castelli, (1628) ”Della misura dell’acque

correnti” (1867’s old French tradution).

Introduction

M
ountain streams transfer water, sediment, and woody debris from headwaters and hillslopes

down to valleys and lowland fluvial systems (Wohl, 2006). These streams erratically experience

intense torrential floods and massive sediment transport. Their particularly steep slopes provide them

with the energy to erode and destabilize vegetated banks, transport sediment, and later spread it

onto fans, and into mountain rivers (e.g., Fig. 0.1a).

This natural process of erratic sediment transfer has been fought for centuries by mountain dwellers

(Hughes and Thirgood, 1982). During the 19th century, torrent control works tended to become

organized at the regional scale, and engineers were specifically trained for such duties (Duile, 1826;

Surell, 1841; Demontzey, 1882; Thiéry, 1891). Under their supervision, thousands of torrent control

operations were implemented. Their designers tried and tested, probably all the available techniques

that could possibly help to stabilize hillslopes and stream beds; from the smallest and simplest

bioengineering (Evette et al., 2009), to heavy civil engineering structures (tunnels, retaining walls,

dikes, bank protection, check dams; Hübl and Fiebiger, 2005). Check dams were the most numerous

of these built structures (≈100,000 in France; Messines du Sourbier, 1964). More recently, since the

advent of earth-moving machinery and reinforced concrete, alternatives such as sediment traps with

open check dams are increasing in number (Zollinger, 1985; Armanini et al., 1991).

Mountain stream managers now have the complex task of maintaining and adapting these hazard

mitigation structures. This is an endless mission; the number of elements at risk has usually shown

a consistent increase since the 19th century (compare Fig. 0.1a and b). The task is complicated

because there are generally several alternative protection solutions, which include the stabilization of

headwaters and gorges (e.g., with check dams), or sediment trapping closer to the elements at risk

(e.g., with open check dams).The effectiveness of each alternative varies, and is complicated to assess.

Mountains are highly diversified and fundamentally complex systems. We therefore cannot hope

for a definitive and absolute answer to the dilemma over the choice between check dams and open

check dams. As stated by Gras (1857), any valley with elements at risk deserves a specific study

to discriminate the suitable solutions between headwater/gorge operations, direct protections, and

1
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Figure 0.1 – St Michel de Maurienne and the Grollaz torrent fan: a) in 1880 before torrent control works
were implemented in the headwater; b) the same location in 2000: buildings are located in
the former wandering bed. The torrent definitely seems less active and less prone to massive
sediment transport, which has resulted in extensive urbanization in a safer area, providing that
torrent control measures are maintained and effective (pictures from the RTM73 archives and
from Damien KUSS)

abandonment (or a combination of these measures). Such studies must consider the feedback effects

of structures on sediment transport and related hazards; an insufficiently understood topic.

At a broader scale, mountain streams constitute major sediment sources of numerous piedmont

rivers. Modern river management policies account for the dramatic consequences of sediment cascade

perturbations (Liébault et al., 2010b; Rinaldi et al., 2011; Comiti, 2012). The European Water

Framework Directive, for example, explicitly specifies that a high ecological status must be achieved

in European rivers, and that this status is partially driven by a suitable continuity in the sediment

cascade (EU, 2000, p. 40). However, the necessary torrent control work management policy adaptions

must result in better sediment continuity, without detriment to natural hazard mitigation. These

objectives appear somewhat contradictory; defining the optimum balance between them therefore

requires a precise comprehension of the sediment transport dynamics in streams equipped with torrent

control works.

This dilemma between erosion control and sediment continuity is a regular subject of research,

well exemplified by the projects that funded this work:

• We participated in the RISBA project1 , the focus of which was the hazards affecting dam reser-

voirs, in our case more specifically, to provide insights on the capacity of torrent control works

to protect mountain water reservoirs from torrential hazards, and thus to better understand

the hazard mitigation capacities of torrent control structures;

• The SedAlp project2 focused on the integrated management of sediment transport in Alpine

basins. We participated in the development and overview of best practices in torrent control

and design of innovative structures, aiming to adjust the impact of structures on the sediment

continuity.

The effect of torrent control works on sediment production and transfer is therefore a topic that

is still worthy of investigation for the resolution of environmental and hazard-related issues. This

thesis is a small contribution to the question of sediment transport control by check dams and open

1Granted by the Alcotra European Fund, project web site: http://www.regione.piemonte.it/difesasuolo/risba/
2Granted by the AlpineSpace European Fund; project website: http://www.sedalp.eu
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check dams. It is composed of seven chapters and a conclusion. The first three chapters review the

vast existing literature:

• The possible geomorphic effects of check dams have attracted the attention of skilled engineers

and researchers for at least 150 years. Chapter 1 reviews archive works, particularly French

ones, and seeks to provide a general perspective on the numerous and subtle influences of check

dams on their environment. It highlights some poorly known topics, some of which are the

subject of more attention later in this thesis.

• Open check dams are sometimes built downstream of a series of check dams. They are possibly

the most complicated structure to design in torrent control works, as they must cope with

processes that are out-of-equilibrium, fast, violent, diverse, rarely observed and globally poorly

understood. At the same time, the structure design can strongly influence its effectiveness.

The yet published Chapters 2 and 3 review the available knowledge on the hydraulic design of

open check dams (Piton and Recking, 2016a; 2016b). Chapter 2 reviews works describing the

hydraulics, sediment depositions, and sediment transfers that occur in sediment traps.

• Complementary to this, Chapter 3 addresses the question of woody debris production and its

interaction with check dam openings; floating material causes substantial problems, and the

eventual influences of it on structures must be considered by designers.

This literature review highlights subjects deserving more attention:

• The sediment production and transport capacity of mountain streams is a key parameter of

torrent control works design. Recking et al. (2016) recently proposed recommendations in

sediment transport computation strategy. In their continuity, Chapter 4 used the ”travelling

bedload” concept of Yu et al. (2009) to developed a simple computation procedure adapted to

paved streams. It bridges the gap between the geomorphic description of the sediment supply

and the way to compute the stream transport capacity. A formula is also proposed for extreme

events involving armor breaking.

• Once the upstream sediment supply defined, the next question is whether or not check dams

series modify the dynamics of the sediment transfer. Gras (1857) conceptualized a possible

sediment transport regulation by check dams, with a buffering effect resulting from streambed

level fluctuations. Long lasting, small scale model experiments were undertaken to explore this

phenomena in a simplified case. The paper presented in Chapter 5 (Piton and Recking, 2016c)

reports preliminary results confirming a possible influence of the presence of check dams on

sediment storage and release dynamics.

• Sediment enters open check dam basins after being transferred in the streambed, including

possible buffering by check dams. The literature review of Chapter 2 highlights the fact that

the current knowledge on the deposition and spreading of bedload in a basin is relatively

limited. A second series of experiments were conducted to acquire data describing massive

bedload deposition in laterally unconfined contexts. Chapter 6 describes a new measurement

procedure combining photogrammetry with large scale particle image velocimetry (LSPIV -

Fujita et al., 1998). This makes it possible to reconstruct a surface repartition of flow and bed

features (elevation, slope, roughness, depth, and velocity).

3
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• Chapter 7 reports on a preliminary analysis of the measured flow conditions and geomorphic

processes involved in bedload trapping. It highlights a noticeable feedback mechanism between

hydraulics and deposition patterns, with interesting similarities with fan and delta construc-

tions, though at a much smaller scale. In this analysis some fluctuations again emerged in

the sediment transport processes. In addition to the geomorphic analysis, this chapter con-

tains preliminary descriptions of the flow features and tests a method to compute the sediment

deposition slope.

A general conclusion and some perspectives are finally given.

Fig. 0.2 is a visual abstract describing the general organization of the manuscript. A symbolic

torrential catchment, equipped with torrent control works, is split into four geomorphic units:

• The natural upstream headwaters, eventually with gullies and landslides;

• The headwaters and gorge channels equipped with check dams;

• The open check dam and its basin;

• The fan trained channel.

Conceptual descriptions of check dams (Chap. 1) and open check dams (Chap. 2-3) are initially

given.

Quantitative methods of open check dam functioning are also reviewed in Chapters 2 and 3.

Chapters 3 and 4 provide information on the natural supply of water, sediment and woody

debris.

Chapter 5 addresses the question of the transfer of sediment through a series of check dams.

Finally, Chapters 6 and 7 present new results on flows in open check dam basins.

4
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Figure 0.2 – Visual abstract of the manuscript: torrential catchments are split into 4 geomorphic units, the
effects of check dams and open check dams are conceptually described in Chapters 1, 2 and 3;
quantitative methods being provided in Chapters 2–7. Main chapter topics are highlighted in bold,
secondary considerations not, although they are also addressed (*LWD = large woody debris)
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”Different questions connected with the establishment of barrages,

or barriers, for the retention of gravel, have been raised and

discussed. But, notwithstanding all that has been done, it appears

to me that ideas in regard to what results are to be expected from

these barrages are still vague, varied, and undetermined.”

Translation of Breton (1867) in Brown (1876, p. 82).

A synthesis of outstanding pioneering works, in the light of more

than 150 years of efforts in understanding mountain stream dy-

namics.

CHAPTER 1

Why do we build check dams in Alpine streams?

An historical perspective from the French

experience

Guillaume PITONa, Simon CARLADOUSa,b,c, Alain RECKINGa, Frédéric LIEBAULTa, Jean

Marc TACNETa, Damien KUSSd, Yann QUEFFELEANe, Olivier MARCOe

a Université Grenoble Alpes, Irstea, UR ETGR, St-Martin-d’Hères, France.

b AgroParisTech, Paris Institute of Technology for Life, Food and Environmental Sciences, Paris, France.

c Ecole Nationale Supérieure des Mines, Saint-Etienne, France.

d Office National des Forêts, service Restauration des Terrains de Montagne de l’Isère, Grenoble, France.

e Office National des Forêts, Département Risques Naturels, Grenoble, France

This chapter constitutes a combined state-of-the-art synthesis of what is known as possibly been the

effects of check dams on Alpine stream systems, with an historical perspective on the emergence

of these concepts. Owing to acute questions from Fransesco COMITI, Fiona KIRKBY and an

anonymous reviewer during its revision1, the chapter is now completed with a discussion on the

future research works to undertake toward the development of a rigorous and comprehensive analysis

of check dams’ efficiency in torrential hazard mitigation.

1The chapter is under review for the Journal Earth Surface Processes and Landforms
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Chapter 1. Why do we build check dams in Alpine streams?
An historical perspective from the French experience

Abstract
For more than 150 years, humans have tried to limit the geomorphic activity of mountain streams, and

the related damages, using torrent control works. Check dams are likely the most emblematic civil

engineering structures used in soil conservation programs. Modern mountain societies have inherited

thousands of these structures built in upland gullies and streams. To help define their effectiveness

and decisions concerning their maintenance or new project designs, a clear understanding of potential

effects of check dams on river systems, i.e., their functions, is first needed. The next steps concern

quantitative assessments of each function on the flood features and combination of all effects. The

present understanding of these sometimes old structures’ functions can be complicated because the

societal and environmental contexts in which the original structures were built may have changed.

To bridge this gap, this paper traces the purposes for which check dams were built, through a

detailed analysis of French archives. We first analyse chronologically how each function was theorized

and applied in the field. In the nineteenth century, engineers developed a thorough empirical and

conceptual knowledge of mountain soil erosion, torrential geomorphology, and sediment transport

processes, as well as, check dam interactions with these natural processes. The second part of this

paper synthesizes conceptual descriptions of the check dams’ functions, in the light of more than 150

years of experience, with their implication on the features of the structures. The French experience

is compared to other countries’ pioneering works. Finally, the next steps and remaining research

challenges toward a comprehensive analysis of check dams’ efficiency in torrential hazard mitigation

are discussed. This analysis is proposed to remind how, conceptually, check dams may influence

geomorphic systems, bearing in mind the knowledge represented in pioneer guidelines and recent

works on the subject.

Author key words: Torrent control works, torrent hazard mitigation, historical analysis, Mountain

streams, grade control structures

1.1. Introduction

Mountains are important sediment sources for

piedmont fluvial systems (Wohl, 2006). Rivers

and streams play a key role within the sediment

cascade by transferring and buffering fluxes be-

tween active hillslopes and downstream alluvial

environments (Fryirs, 2013). In mountain streams,

sediment transport mainly occurs during floods

that regularly have dramatic and expensive con-

sequences on exposed elements (Meunier, 1991):

reducing capacity of hydro-electric dams, cutting

networks, damaging housing, industrial, and agri-

cultural areas, and generating causalities. Human

interventions in mountainous watersheds thus of-

ten aim to reduce negative consequences of sedi-

ment releases from torrents.

The word “torrent” is widely used in Europe

and derives from the Latin adjective ”torrens”,

meaning rushing, violent, fast-flowing (D’Agostino,

2013b), and refers to a watercourse showing par-

ticular high geomorphic activity compared to more

calmer streams or brooks (Fabre, 1797; Surell,

1841). This activity is strongly related to i) the

exacerbated hydrological responses typical of up-

land environments, especially in deforested wa-

tersheds (Andréassian, 2004); in conjunction with

ii) the sediment availability. The existence of a

torrent is thus mainly related to the activity of

the sediment sources, defined as discrete, e.g.,

8
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landslides, debris avalanches; or diffuse, e.g., gul-

lying, soil creep (Reid and Dunne, 2003). Their

sediment production naturally fluctuates in time

(Fryirs, 2013), depending on various factors such

as climate and land-use changes (Gomez et al.,

2003; Liébault et al., 2005; Comiti et al., 2012),

particularly concerning vegetation cover (Phillips

et al., 2013).

The stabilizing role of vegetation on soil ero-

sion has been known since the Antiquity (Van

Andel et al., 1986), leading to some regulations

specifically concerning erosion prevention at least

since the Medieval period (Fesquet, 1997 p. 114;

JSA, 2003; Okamoto, 2007; Evette et al., 2009;

JSA, 2012). In erosion prone areas, hillslope

interventions such as reforestation, soil bioengi-

neering and terracing have sometimes been im-

plemented in combination with gully system con-

trol, torrent control, fan channel regulation and,

finally, river training. Civil structural measures

such as check dams, embankments, and bank

protection can thus be found from headwaters

streams down to fan channels. Scientific debates

have existed between supporters of civil engineer-

ing and of soil bioengineering for ages (Fesquet,

1997 p. 520; Hall, 2005 p. 72; Bischetti et al.,

2014); but it is now widely accepted that each

technique is adapted to a different context and

that all are complementary (Combes, 1989; de-

Wolfe et al., 2008). Among all civil engineering

structures, check dams are probably the most em-

blematic of torrent control works.

Throughout this paper, ‘check dams’ desig-

nates transversal structures built across stream

beds and gullies in torrential watersheds. They

can be made of logs, gabions, dry stones, masonry

or/and reinforced concrete. Quite similar struc-

tures have been called check-dams, consolida-

tion dams (D’Agostino, 2013a), solid body dams

(Wehrmann et al., 2006), SABO dams (Chanson,

2004), crib barriers (Garcia, 2008), bed sills (Gau-

dio et al., 2000), weirs (Rinaldi and Simon, 1998),

thresholds (Blinkov et al., 2013) or grade con-

trol structures (USACE, 1994). In agricultural

contexts that are out of the scope of this paper,

“check dams” may also refer to small water reser-

voirs for irrigation purposes (Agoramoorthy and

Hsu, 2008) or dams dedicated to trap silts and to

form agricultural areas (Xu et al., 2013). Con-

versely small structures used in gully control are

also called check dams (Heede, 1967) and may be

considered as smaller forerunners of large modern

structures, facing similar processes at different

scales, erosional systems being intrinsically scale

self-similar (Paola et al., 2009).

Small dams fixing the position of fords and pro-

tecting agricultural areas were probably regularly

used since Antiquity (McCorriston and Oches,

2001; Doolittle, 2013), however the aggressive

environment of mountain streams likely has de-

stroyed most of the more ancient structures if

they have not been upgraded. In torrential con-

texts, Armanini et al. (1991); Jaeggi and Pellan-

dini (1997); Okamoto (2007) and Koutsoyiannis

et al. (2008) cite examples of check dam con-

structions long before the eighteenth century, but

it seems that such high dams (more than several

meters high) were local and relatively rare ini-

tiatives taken after a disaster or as a last resort.

At that time, the lack of a general understand-

ing of the geomorphic processes and good design

standards made it difficult to implement suitable

and sufficiently strong mitigation measures in the

most active streams.

Modern hydraulics partially developed in the

Italian scientific community under the stimulus

of Leonardo Da Vinci (1452-1519) and Benedetto

Castelli (1577-1643). Pioneering works were im-

plemented, particularly in the Po and Arno river

basins (Castelli, 1628; Frisi, 1770; Hall, 2005;

Comiti et al., 2012; Bischetti et al., 2014). Their

works influenced engineers of other countries in

Europe, notably in France (Marsh, 1864, p. 386),

and possibly as far as China (Koenig 2014). Some

engineers focused on mountains and stressed con-

sistently, though likely independently (Marsh,

1864, p. 205), the features of steep rivers and
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streams (Frisi, 1770; von Zallinger, 1779; Fabre,

1797).

In the late 19th century, intense development

of economy and infrastructures (road, railway,

and fluvial transport networks) required protec-

tion from sediment carried by mountain streams

in Europe and Japan (Napoléon III, 1960, p. 161;

Kamibayashi, 2009). This has motivated an im-

portant development of torrent control works in

headwaters to limit undesirable sediment trans-

fers to the downstream fluvial systems. Soil ero-

sion control plans through reforestation and engi-

neering structures thus became a subject of inter-

est and were locally implemented in mountains.

This was supported by national laws dedicated to

erosion control in mountains, adopted in numer-

ous countries generally following a period of se-

vere floods and large damages (Eisbacher, 1982):

for instance, in France in 1860, in Switzerland in

1876, in Italy in 1877, in Austria in 1884, and in

Japan in 1897.

As a result, present-day torrent managers have

inherited thousands of protective structures that

require costly maintenance operations. In France,

for instance, 92,873 check dams, 10 tunnels, 736

km of drainage networks and 74 km of avalanche

barriers and fencing were recorded in 1964 (Messines

du Sourbier, 1964). However, only 14,000 check

dams are currently regularly maintained by the

government through the French torrent control

service (RTM) in the public mountain forests of

11 departments in the Pyrenees and the Alps

(Carladous et al., 2016a).

Current decision-makers question the relevance

of maintaining such old and hard-to-access struc-

tures. Within a given watershed, decision-makers

must decide between several alternatives: inten-

tionally destroying existing structures, merely stop-

ping their maintenance, maintaining them or in-

vesting to build new structures. To help decision

makers, the current baseline risk and the resid-

ual risk for each alternative must be estimated

(Carladous et al., 2014b), taking into account ex-

isting structures and their effects (Margreth and

Romang, 2010). These studies typically com-

prise several steps: i) establishing requirements

for and objectives of protection, ii) determining

check dams’ functions, i.e. what is their qualita-

tive role to help achieving the objectives, iii) esti-

mating the expected quantitative effect of struc-

tures on morphodynamics: the structures’ capac-

ities, iv) propagating the hazard changes through

the complete protection system paying attention

to uncertainties and structure dependability, v)

replicating all steps for each alternative and com-

paring alternatives with the preliminary defined

protection objectives. Determining rigorously all

the check dams’ functions is thus the key second

step that will guide which geomorphic processes

are later studied (Carladous et al., 2014b).

From our experience, it is sometimes not straight-

forward to practically specify these functions, no-

tably because watershed morphodynamics may

have changed since the construction period. More-

over, the function must be specified between sev-

eral potential ones, and the corresponding clear

list is not easily available for French practitioners

(Carladous et al., 2014a). To close these gaps,

the following archive analysis helps to specify (i)

what objectives engineers aimed to achieve when

building the check dams, and (ii) how the under-

standing of torrent morphodynamics, and conse-

quently the expected works’ effects, has evolved

since the pioneers’ works. It demonstrates that

a structure as simple as a check dam may be

built for quite various purposes and has specific

expected functions and effects depending on its

location and design features. It also shows that

torrent control engineers developed a detailed un-

derstanding of functions and effects of protective

structures on morphodynamics of torrents by con-

ceptual thinking, field observations, and feedback

from their tests and trials.

The archive analysis principally focuses on the

French example, which is interesting for several

reasons: i) despite probably not being the first

to theorize the concept (see discussion), France
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was first to experiment with national scale imple-

mentation of torrent control works after the 1860

laws; ii) the French experience later influenced

numerous countries in the beginning of their tor-

rent control management, e.g., in Austria (Patek,

2008), Balkans (Kostadinov, 2007; Blinkov et al.,

2013) and Japan (JSA, 2003, p. 18; Nishimoto,

2014); and iii) the large scale of French mountain

land restoration programs in a comparatively var-

ied environment of three mountain chains (Alps,

Massif Central and Pyrenees) forced the French

engineers to address extremely varied subjects

dealing with torrent control, generally with re-

gionally specific solutions (Kalaora and Savoye,

1986; Fesquet, 1997). A similar analysis could be

done, and worth doing, in several other mountain-

ous countries. It would probably help the scien-

tific community to better understand the current

approaches and issues of other countries, each of

them being partially inherited from their histo-

ries.

The first part of the paper traces the evolution

of the French good practices through a chrono-

logical framework, relating pioneering works and

theory evolution, especially during the first tor-

rent control implementations. We secondly re-

view check dam functions in the light of more

than 150 years of practical research and field ob-

servations. Some elements of torrent control his-

tory from abroad are then discussed, as well as

the next steps toward a comprehensive analysis of

check dam efficiency in torrent hazard mitigation;

namely, effect quantification, effectiveness and de-

pendability assessment and, finally, risk analysis

and efficiency assessments.

1.2. Historical development

of torrent control works in

France

1.2.1. Early 19th century: The

‘Forester’ lobby

In France, during the early nineteenth century,

numerous mountain areas were impacted by the

pressure of the largest population in their his-

tory and forest-management deregulation follow-

ing the 1789 Revolution (Surell, 1841; Blanchard,

1944; Fourchy, 1966; Fesquet, 1997). The defor-

estation rate of mountain areas was at its max-

imum, resulting in increasing soil erosion prob-

lems. In reaction, a lobby of ‘foresters’ compris-

ing officers, scientists, and major landowners pro-

moted reforestation of mountain areas (Kalaora

and Savoye, 1986). Their works were diffused

abroad (Marsh, 1864, p. 205; Brown, 1876; Woeikof,

1901).

Several civil engineers, e.g., Jean Antoine Fabre

(1748–1834) and Alexandre Surell (1813–1887),

worked on mountain stream morphodynamics and

published pioneering books in French (Fabre, 1797;

Surell, 1841). They both recommended to imme-

diately stop deforestation operations on hillslopes

prone to erosion and to launch an authoritarian

reforestation of mountain areas supervised and

supported by the French state. Their analysis

of the current mitigation techniques, mainly em-

bankments on fan channels, highlighted the inca-

pacity of dikes to cope with massive sediment sup-

ply (see next section). They thus recommended

curtailing sediment production at the sources, i.e.

in the deforested headwaters, with erosion con-

trol work (reforestation and bioengineering); a

long task but the only sustainable option.
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1.2.2. Mid-19th century:

Pioneering works on check dams

Scipion Gras (1806–1873), Philippe Breton (1811–

1892) and Michel Costa De Bastelica (1817-?),

three civil engineers, wrote books focusing on

the design and function of check dams (Gras,

1850; Gras, 1857; Breton, 1867; Costa de Bastel-

ica, 1874). These authors paid great attention

to putting the processes of geomorphic hazards

at the center of the mitigation measures design,

stressing the necessity to adjust protections to

the catchment features. They completed the ge-

omorphic study of Surell by first developing the

physics of sediment transport. They particularly

highlighted that torrent hazards are mainly re-

lated to sediment transport excess, rather than

to a mere water discharge excess as is generally

the case in lowland rivers. They stated that solid

material deposition and the related hazards occur

when sediment supply exceeds the solid transport

capacity of reaches, capacity that was strongly

correlated to the slope. Based on these consid-

erations, they fully explained why embankment

works of torrents generally show disappointing

results. They worked in the Grenoble region

where numerous valleys kept traces of former

glacial lakes, i.e. large valley bottoms and numer-

ous fans that were disconnected from the down-

stream (sometimes trained) river systems. They

detailed the problem emerging in weakly coupled

fan-mainstem systems: nearly total deposit at the

fan toe and regular channel backfilling. As a con-

sequence, Gras (1850; 1857) and Breton (1867)

recommended not just building embankments on

these fan channels, which consequence is a mere

transfer further downstream of the sediment ex-

cess problem. The downstream fluvial system,

lacking sufficient slope to transport the sediment

supply, would, with or without dikes, aggrade to

achieve equilibrium, although it would be faster

and thus more dangerous to cope between dikes.

These authors thus considered that the only so-

lution was to act on the sediment sources.

They conceded that reforestation works may

be efficient, although sometimes not sufficient: (i)

since it would take decades to truly stabilize tor-

rents with a single reforestation plan, check dams

could be useful to obtain short-term mitigation

effects, and (ii) in highly unstable watersheds, re-

forestation works would not be sufficient and must

be completed with check dams.

They expected that incision would occur on the

fans, due to sediment starvation downstream of

check-dams, which could be exploited to increase

the fan-channel transfer capacity. After check

dams filled, the downstream sediment transfer

would be restored and these wider and deeper

channels would more be able to absorb floods,

giving time to enhance the protection system,

e.g., by adding new check dams and thus increas-

ing the system trapping capacity. Their books

describe three check dam functions: retention,

consolidation, and sediment transport regulation.

A. Retention check dams

In disconnected fan-mainstem systems, any

sediment supply would generate geomorphic in-

stability. In such cases, a nearly total and defini-

tive trapping of sediment must be sought, here-

after refer to as a retention function. The gorges

or the bottom part of the headwaters were suit-

able locations to maximize the trapping volume

for a given structure height (Gras, 1857; Breton,

1867). When seeking this function, the authors

recommended the construction of check dam se-

ries in an appropriate site rather than spreading

the structures through the watershed (Fig. 1.1).

B. Hillslope consolidation dams

Cliff collapses and other hillslope instabilities

are strongly driven by toe erosion. To slow down

their activity, Gras (1850) and Costa de Bastelica

(1874) proposed artificially elevating the valley

floor to fill the void created by torrent incision

and to protect the cliff and hillslope toe. This

filling would be created and durably fixed by a
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Figure 1.1 – Retention check dam optimal location (at point G) to promote retention in gorges (after Breton,
1867)

structure built downstream of the unstable toe

and beyond its influence in term of pressure and

mass movement: a consolidation check dam.

C. Sediment transport regulation

Despite a sufficient coupling state with their

downstream fluvial mainstem, some torrents ex-

perience significant deposition on the fans during

debris-flow events. Gras (1857) suggested that

the natural tendency of the bed level to fluctu-

ate could be used to regulate high sediment dis-

charge between check dams. He recommended

forcing the channel to widen using large, flat-

crested check dams. Flowing over these artificially

wide places, debris flows would preferentially de-

posit and partially fill torrent beds between dams;

subsequent floods, carrying only bed-load due to

the recent upstream sediment flushing, would re-

erode the debris flow deposits, leaving in place

only boulders that could be re-used to reinforce

the structures.

Gras (1857) and Costa de Bastelica (1874) the-

orized that open check dams, called “retention

labyrinths” consisting of dams with slots in their

bodies, would have an equivalent regulating ef-

fect, anticipating modern sediment traps (see dis-

cussion).

Gras (1857) recommended building check dam

series in the bottom part of the headwaters and in

the gorges to regulate sediment transport. If their

dosing effect was not sufficient to curtail torrent

hazard on the fans, a retention labyrinth could

be added downstream of the series, near the fan

apex.

Finally, Gras (1857) conceded that check dam

series could also be used on fans for regulation

purposes. In this case they should be built as

ground sills, i.e., at the bed level, and not above

the bed level: heavy uncontrolled deposit on the

fan on a high structure would increase avulsion

and damage probability on the fan (see discus-

sion).

1.2.3. 1860-1882: Toward

mountain area restoration

The authoritarian Second Empire of Napoleon

III, established in 1852, promoted major infras-

tructure works (Lilin, 1986), and decided to launch

mountain area reforestation in 1860 (Fourchy,

1966). The more than 50-years old forester lob-

bying activity (Fabre, 1797; Surell, 1841; Jouyne,

1850; Champion, 1856) along with the hydrolog-

ical crisis of the mid-nineteenth century (major

floods in most large French river systems, Coeur,

2003; Cœur and Lang, 2008) led to an ambitious

reforestation program within the 1860 Law (Brug-

not, 2002). The role of forests in limiting run-off

and protecting cities in lowlands played a key role
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Figure 1.2 – Sketches of a torrent section showing longitudinal and vertical erosion: a) armor breaking and
vertical incision leading to b) lateral instability; both effects being stabilized by c) constructing a
suitable check-dam: higher than the initial bed level, thus creating a wider thalweg, preventing the
incision and bank destabilization and displacing the bed axis from the most erosion-sensitive-bank

in this decision (Andréassian, 2004), though be-

ing supported by strong debates in France and

elsewhere (Marsh, 1864, chap. 3; Vischer, 2003

p. 17). Too ambitious, this first law was rejected

by pastoralists and even led to local armed revolts

(Fourchy, 1966). Consequently, a second law ded-

icated to grass seeding was voted in 1864, aiming

at reconciling pastoral activities and soil protec-

tion using the grass stabilizing effect (Brugnot,

2002).

The first tests and trials were immediately

launched after 1860 by the forestry administra-

tion: the “Eaux et Forêts” administration. It did

not take place in a specific region: works were un-

dertaken wherever the administration managed to

own the perimeters to reforest (Mougin, 1931).

After the fall of the Second Empire in 1870,

and following complaints from mountain popula-

tions, the law on the conservation and restoration

of mountain areas (Conservation et Restauration

des Terrains de Montagne, hereafter denoted as

RTM) was proclaimed in 1882 (Tétreau, 1883).

Concerned with the rural population, the new Re-

publican Assembly voted a law that reduced re-

forestation ambitions: the torrent control work

effort would be concentrated in areas of active

erosion, i.e., mainly torrent beds, gully systems,

avalanche paths, and landslides, thus more using

civil engineering and less extensive reforestation

operations (Brugnot, 2002).

1.2.4. Late-19th century: General

guidelines

Prosper Demontzey (forestry engineer, 1831-

1898) published the first French complete erosion

and torrent control technical guideline in 1882

(Demontzey, 1882). He first detailed the geomor-

phic processes related to torrents and proposed a

classification of streams: (i) torrents with gully

systems, (ii) torrents with cliffs as sediment pro-

duction areas, impossible to reforest, and (iii) tor-

rents with glaciers and moraines in their headwa-

ters, too high in altitude to be reforested. The

mitigation measures must be partially adapted to

each torrent type, although their fan and gorge

parts are similar.

Demontzey secondly provided complete RTM

techniques. From his forester point of view, tor-

rent beds should be stabilized specifically to fa-

cilitate forestry works on hillslopes and on banks.

Check dams were thus built as a necessity to sta-

bilize the beds, diminish the slopes, and widen

the beds to prevent incision and the related bank

destabilization (Fig. 1.2). In this strategy, some

structures could be abandoned as soon as the sta-

bilizing function of forests would be achieved.

For torrents with overhead cliffs, glaciers, and

moraines in their headwaters, the retention check

dam techniques were recommended, completed

by stabilization dams preventing incision in the

downstream alluvial parts. Subsequently, Ed-

mond Thiéry (forestry engineer, 1841–1918) in-

troduced dam stability and hydraulic calcula-
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tions to the empirical descriptions of Demontzey

(Thiéry, 1891).

The impressive details, volume of work, and

pedagogy showed by Demontzey (1882) and Thiéry

(1891) were immediately translated and used abroad

(Woeikof, 1901; Kostadinov, 2007; Kostadinov

and Dragović, 2013; Bischetti et al., 2014). Inter-

estingly, several details on check dam design and

the effects on sediment transport developed in the

aforementioned works of Gras and Breton are not

mentioned in their guidelines, e.g., the ability of

dams to regulate sediment transport. Demontzey

and Thiéry re-centered the check dam functions

on their ability to facilitate reforestation to “ex-

tinguish” all torrents (Fesquet, 1997).

1.2.5. Early 20th century: RTM

engineer second generation

Paul Mougin (1866–1939), Charles Kuss (1857

–1940), and Claude Bernard (1872–1927), three

forestry engineers, are some of the key figures of

the second generation of torrent control engineers.

They had the opportunity to undertake the first

assessments of nearly 50 years of torrent control

(Eaux et Forêts, 1911b; 1911a; 1911c) and to

develop alternative check dam designs in cases

where the basic high arched check dam policies

did not yield satisfactory results (Messines du

Sourbier, 1939b).

The glacial lake outburst flood that resulted

in the Saint Gervais disaster (175 fatalities, 1892)

demonstrated that high-elevation moraines are

dangerous sources of debris flows. Kuss (1900b)

detailed it in a book and explained how retention

check dams are constructed aiming on the long

term to trap these sediment accumulations in the

headwaters (e.g.Fig. 1.3). The harsh climate and

avalanches make other measures (reforestation &

drainage) poorly adapted to these contexts.

In addition to glacial torrents, a substantial

number of large, debris flow-prone torrents are

supplied by landslides and rock avalanches. In

Figure 1.3 – Headwater-moraine-retention-dams in
the Ravin des Arandellys (74 – FRA.)
(Eaux et Forêts, 1911a)

this case, the classic reforestation techniques were

inefficient and replaced by diversion techniques,

such as a landslide-toe bypass using tunnels (e.g.,

Mougin, 1900) or more generally by using the

aforementioned consolidation check dams. Kuss

(1900a) provided a thorough description of the in-

teraction between torrents and landslides or rock

avalanches and described feedback from several

sites where consolidation dams had been tested.

1.2.6. Synthesis of actions

implemented until WWI

The period between 1882 and the beginning

of World War I (WWI) in 1914 has sometimes

been called “the golden age” of the RTM (Brug-

not, 2002). During this period of intense activ-

ity, torrent control works were undertaken in the

French Alps in 1,062 torrents out of 1,891 tor-

rents identified. There is no such detailed inven-

tory for the Pyrenees, the Massif Central, or the

Cevennes, where only ca. 100 torrents have been

identified, which is a doubtful number (Mougin,

1931; Poncet, 1968). Approximately 100 land-

slides and an equivalent number of avalanche sites

were also managed (Requillard et al., 1997).
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The RTM lessons of Bernard (1927) synthe-

sized the knowledge acquired since the Demontzey

and Thiéry works. The role that check dams play

in torrent control plans were more detailed, tak-

ing into account the observed sediment transport

regulation effects and the usefulness of consolida-

tion dams for landslide treatments.

1.2.7. Post-WWI strategies

The number of new projects declined signifi-

cantly after WWI (de Crécy, 1983), particularly

due to rural depopulation that resulted in de-

creases in potential damage and in affordable

work force availability (Van Effenterre, 1982). In

addition, funding to maintain structures tended

to decrease and few new structures were built in

the headwaters (Requillard et al., 1997; Brugnot,

2002).

Reinforced concrete techniques were increas-

ingly used from the 1940s (Poncet, 1995), allow-

ing to design and build cantilever dams, more

affordable for high structures, from ca. 1955 (Bor-

des, 2010). While some conservatively designed

reinforced-concrete check dams are still in good

condition (Fig. 1.4), attempts to optimize dam

thickness sometimes showed disappointing results:

regular dam failures resulted from the lack of de-

sign and building standards. Consequently, re-

inforcements could be needed later and were re-

alized under updated civil engineering standards

(BAEL, 1980).

Reinforced concrete also allowed building new

structure types such as open check dams. Af-

ter the first tests of the 1950s and the 1960s

(Reneuve, 1955; Clauzel and Poncet, 1963), the

number of open structures exploded in France

during the 1970s and 1980s (Deymier et al., 1995;

Poncet, 1995; Gruffaz, 1996) but also in other

countries. The development of these open struc-

tures did not take place specifically in France

(Piton and Recking, 2016a; 2016b).

Figure 1.4 – The 34-m-high ‘Fèvre’ check dam in
the Bonrieu branch of the Saint Martin
torrent (73 - FRA.); 4-m-thick at the
crest, 7.6-m-thick at the toe, construc-
tion: 1939-1942, just upstream of the
huge lateral Bon Rieu landslide (Messines
du Sourbier, 1939a). The downstream
gorge is currently filled by the landslide
movement, stabilizing it. The dam is
still in good condition, almost completely
buried by the landslide, and it fulfills
its function perfectly: decrease the en-
ergy and erosive power of debris flows
upstream of a reach whose incision has
catastrophic consequences (photo Apr.
1955 by L. Anchierri courtesy of RTM73).
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1.3. Synthesis of check dam

functions

Authors working in torrent control works have

reported lists of check dam functions for decades

(Zollinger, 1985; Ikeya, 1989; Armanini et al.,

1991; Poncet, 1995; Hübl and Suda, 2008), al-

though generally less detailed than in this work.

The following list describes, in greater detail, our

definitions of the different aforementioned func-

tions. They are conceptually distributed within a

symbolic catchment in Figure 1.5. Table 1.1 gath-

ers the features (shapes and location) of check

dams designed to maximize each different func-

tion.

Identifying the specific function of a series of

check dams can be complicated because some

structures clearly have several functions at the

same time; they are not mutually exclusive and

concern all aspects of mountain geomorphology.

It needs a multidisciplinary approach gathering

experts in hydraulics, geology, geomechanics and

forestry (Hübl et al., 2005). While some struc-

tures were built in specific locations with a spe-

cific role to play, other structures were built as a

series, aiming to achieve several functions (Zeng

et al., 2009), e.g., bed stabilization and decreas-

ing slope. Side effects then emerged, e.g., solid

transport regulation or downstream consolidation

(e.g., Fig. 1.4).

1.3.1. Bed stabilization

Depending on geological bed features, torren-

tial flows eventually induce material removal by

longitudinal incision or/and lateral bank erosion

(Fig. 1.2). On fans, they can induce damage

by lateral scouring of natural banks or protective

structures such as dikes and bank protection, or

create new flow paths after avulsion. Bed stabi-

lization is the main check dam function. It can

be divided into two sub-functions.

• Longitudinal stabilization aims at prevent-

ing incision by creating fixed points in the

longitudinal profile through a check dam se-

ries. They stabilize materials which, with-

out structure, would be recruited by the

stream, resulting in incision and its sec-

ondary effect of bank destabilizations (Fig.

1.2).

• Planimetric stabilization aims at limiting

channel wandering. For this purpose, the

structure crest spillway guides the flows in

a chosen direction (Deymier et al., 1995;

Jaeggi and Pellandini, 1997). In curves, a

few oblique check dams can force the flow

toward the center of the downstream bed

rather than toward the banks (Fig. 1.6),

preventing bank erosion or avulsion that

would result from an inadequate structure

axis (Tacnet and Degoutte, 2013). Some

structures are built specifically for this plani-

metric stabilization. An equivalent effect

is achieved using groynes, but they are less

used in steep slope streams because too sen-

sitive to toe scouring (Fabre, 1797).

Check dam crests are generally not set ver-

tically at the initially existing bed altitude, but

a few meters above (Fig. 1.2c) because digging

several-meter-deep excavations in gullies or tor-

rent beds to build a dam and its foundations could

generate lateral and longitudinal destabilization

(Jaeggi and Pellandini, 1997). Consequently, side

effects of slope-decrease and better bank stabiliza-

tion are generally observed (see slope reduction

function). On the contrary, check dams used to

fix degrading beds on fans must not be built over

the bed profiles in these alluvial formations (see

solid transport regulation function).

The bed stabilization function was often cou-

pled, in France particularly, with bank and later

hillslope reforestation and grass-seeding opera-

tions. In addition to artificial operations, sponta-

neous revegetation is reported as a side effect of

stream bed stabilization by check dams (Bombino
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Figure 1.5 – Examples of typical check dam configurations and structure main functions: (a) stabilization, (b)
consolidation, (c) slope-decrease, (d) retention and (e) solid-transport regulation; complementary
measures (reforestation, drainage networks, artificial bed paving, embankments and open check
dams) as well as check dam secondary functions and side effects are not mentioned for the sake
of clarity
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Table 1.1 – Check dam shape features and location depending on their main function

Function Characteristic dam
feature and shape

Dam position compared
with other dams

Location within the watershed

Channel
stabiliza-
tion

Dam crest spillway
width ≈ natural
channel width

Close enough to allow a
continuity in the longitu-
dinal bed control and in
the flow centering

Anywhere incision and lateral channel
shifting must be prevented

Hillslope
consolida-
tion

Dam or dam series sig-
nificantly higher than
the initial bed level

Directly downstream of important
hillslope instabilities: landslides, gul-
lies, or cliffs

Channel
slope
decrease

Where slopes are steeper than the
alluvial equilibrium and anywhere
aggradation is not a problem so that
the structure will create a milder
slope that will decrease flow energy
and ability to transport boulders

Sediment
reten-
tion*

High dam or dam se-
ries to maximize sedi-
ment trapped volume

One or few dams close
to each other downstream
of an extended backfilling
area

Where long-term sediment storage is
possible: in the headwaters or in the
gorges† (and considering the actual
situation, where downstream sedi-
ment starving is not a problem).

Solid dis-
charge
regulation

Wide crest spillway to
promote flow spread-
ing

Distanced structures
to maximize upstream
deposition surface areas.

Where the slope is mild enough and
the available area is large enough to
temporarily store sediment

* In modern torrent works this function is more generally achieved using open check dams maintained

by regular dredging with earth-moving machinery.
† Old retention check dams earth-filled up to the crest currently often constitute advantageous solid

discharge regulation structures.

Figure 1.6 – Planimetric stabilization of check dam: a) without structures, curves’ banks are preferential eroded
areas. Check dams guide flows in a given direction either: b) toward the downstream structure
wings and banks promoting lateral erosion (unsuitable implantations – perpendicular to the stream
axis); or c) toward the downstream structure spillway, promoting centered flows and decreasing
by-pass threat (suitable implantations that are counter-intuitively oblique compare to the stream
axis).
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et al., 2009; Zeng et al., 2009; Garćıa-Ruiz et al.,

2013). Zeng et al. (2009) compared two simi-

lar torrential watersheds (ca. 14 km2, Yunnan

Province, Southwestern China), one left natural

and the other one with check dams built at the

beginning of observations in the 1960s (117 small

structures, all destroyed in 1974, then 44 new

check dams, 3-6-m high). After 25 years, they

reported “many mature trees, grass and brushes

living in the bank slopes above the channels pro-

tected by check-dams” and described the coupling

process of bed channel stabilization and bank re-

vegetation: gully down cutting regularly used

to triggered shallow landslides, preventing any

durable vegetation fixation; after check dam al-

luviation, no intense incision could occur, which

resulted in bank toe stabilization, bank slope de-

creases and, incidentally, more stable slopes, more

prone to vegetation settling.

To conclude, this function aims at stabilizing

quite diffuse sediment sources. When built in

areas were revegetation is not possible or not

adapted, they merely aim to durably stabilize

stream beds, preventing incision, and thus cur-

tailing sediment production. Within an area were

revegetation is naturally or artificially possible,

another long term stabilization of sediment pro-

duction emerges. The vegetation growth is en-

hanced by more stable thalwegs and fewer shal-

low landslides and hillslope gullying. Check dams

thus sometimes aim at temporary or durably sta-

bilizing slopes during the vegetation settling.

1.3.2. Hillslope consolidation

While some streams experience excessive sed-

iment transport due to active diffuse soil erosion

in their headwaters, others may be entirely veg-

etated but a few located sediment sources errati-

cally generate sediment-laden floods. The erosion

rate of the hillslope and the activation of hillslope

instabilities are significantly controlled by their

bottom boundary, i.e., by the incision of valley

thalwegs (Sklar and Dietrich, 2008; Egholm et al.,

Figure 1.7 – Bon Attrait deepseated landslide and its
double consolidation dam (≈ 100m wide,
from left to right bank wings), Ravoire de
Pontamafrey torrent (73) Fr., construc-
tion: 1968-1970 (photo Nov. 1979 by JL.
Boisset courtesy of ONF-service RTM 73)

2013). More specifically, landslide reactivation

following a torrent incision is the nightmare of all

torrent control work engineers because it gener-

ally strongly increase debris flows activity (Gras,

1848; Messines du Sourbier, 1939a; Zeng et al.,

2009; Wang, 2013). Re-filling of the valley and

consolidation of the hillslope instability toe is of-

ten an effective measure to decrease the activity of

the key sediment sources that are landslides and

debris avalanches (Kuss, 1900a; Eisbacher, 1982;

Kronfellner-Kraus, 1983). This can be achieved

by consolidation check dams (Fig. 1.5b), which

seek to significantly elevate the bed level and con-

solidate the lateral hillslope, whose sediment sup-

ply sometimes completely fills the former thalweg

(Fig. 1.7).
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By creating a wider valley floor, sometimes

with a milder slope, massive deposits occur and

flows increasingly tend to shift laterally and erode

banks, thereby requiring new planar stabilization

structures or dredging operations on the consoli-

dation dam backfilling area (Delsigne et al., 2001).

Therefore strong elevation of a torrent profile, and

these undesirable secondary effects, must be justi-

fied by a clear limitation of key sediment sources’

activation; otherwise, simple stabilizations are

easier to maintain (see regulation function for the

problem of excessively high check dams).

Bed stabilization and hillslope consolidation

are very similar and thus regularly confused. The

authors propose the following distinction: even

if they could be built at the level of the exist-

ing torrent beds to achieve their main stabilizing

function, stabilization check dams are generally

built slightly (few meters) above the torrent beds

for multiple reasons: construction ease, seeking

of secondary effects of bank consolidation and de-

crease in slope. On the contrary, consolidation

dams are built specifically to elevate the bed pro-

file (up to dozens of meter, e.g., 50-m for the Ill-

graben landslide consolidation dam, Wallis, CHE

- Eisbacher, 1982), in order to re-fill the incised

valley and slow down the activity of a nearby

important sediment source.

1.3.3. Decreasing slope

Check dams can often reduce the slope of the

upstream reach. In most torrents, the initial slope

is not a graded alluvial slope (sensu, Lane, 1955).

It is most of the time caused by an armoring

made of coarse elements brought by colluvial pro-

cesses such as avalanches, rock falls, and land-

slides or even by bedrock channel erosion. This

bed, often paved by boulders seldom moved by

the torrent activity (Recking et al., 2012a), is

generally steeper than the alluvial equilibrium

(Gras, 1850). Given that most check dams are

built above the initial bed level, their upstream

reaches are subsequently sediment-filled by flood
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Figure 1.8 – Comparison between initial natural chan-
nel slope and alluvial slope measured up-
stream of check dams illustrating the gen-
eral trend to decrease in a field dataset
(428 data, after Hampel, 1975; Iroume
and Gayoso, 1991; Kostadinov, 1993;
Porto and Gessler, 1999; Todosijević and
Kostadinov, 2006; Garc̀ıa et al., 2008;
Böll et al., 2008; Esmaeili Nameghi et al.,
2008; López et al., 2010a; Kostadinov et
al., 2011; Dı̀az et al., 2014; Chen et al.,
2016; Galia et al., 2016)

transported material, creating an alluvial section

in a colluvially influenced environment (Piton and

Recking, 2016c). This newly formed alluvial sec-

tion develops a slope that is necessarily milder

than (or at least equal to) the initial non-alluvial

slope (Fig. 1.8). This feature interests torrent

control works because a lower slope generates

lower energy flows, diminishing (i) flow veloci-

ties (decrease of Froude numbers and problems

related to hydraulic jumps, highly erosive phe-

nomena), (ii) bank erosions, (iii) armor breaking,

(iv) sediment transport, and (v) displacement of

very large boulders prone to break the structures,

to jam in a narrow section and likely to aggra-

vate the downward erosion by destabilizing the

bed armor. This outcome is emblematically illus-

trated by large boulders, originally recruited in

the channel or from the hillslope and finally not

transferred down to the fan, that are found at

rest on check dam crests (Fig. 1.9).
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Figure 1.9 – Huge boulder stopped on the check dam
series of the St. Antoine torrent upper
basin (73 – FRA.) – 2014 (photo courtesy
of S. Carladous)

1.3.4. Retention

The filling of the upstream reach durably traps

sediments (Fig. 1.3 & 1.5d). This function is a

side function of all check dams whose spillway

crest is set above the initial bed. Nevertheless,

some structures, called retention check dams, are

built specifically to trap a maximum amount of

sediment in their backfilling reach (Fig. 1.1).

This long-term trapping creates sediment star-

vation downstream of the dam with multiple con-

sequences (Brandt, 2000). Once the structure

has been filled up to the crest, additional check

dams are eventually built near the main structure

crest to continue the filling of the upstream thal-

wegs. Structures specifically dedicated to the re-

tention function have preferentially been built in

areas where a limited bed elevation would trap a

maximum sediment volume. Perfectly aware that

this solution was not sustainable (Wang and Kon-

dolf, 2014), the original designers Breton (1867)

stressed that complementary solutions designed

to stabilize the sources were necessary in addition

to this last-resort and short-term, although highly

efficient, counter-measure. The advent of earth-

moving machinery has made it possible to dredge

the structures after each strong flood (Dodge,

1948; Van Effenterre, 1982), making new high-

retention check dams quite rare. This concept

of total trapping is far from the current concept

of promoting sediment continuity, but it can ex-

plain the existence of old high check dams in some

Alpine valleys.

1.3.5. Sediment transport

regulation

Check dams regulate sediment transport (Fig.

1.10). Torrent beds show natural fluctuations

in grain size distribution, lateral location, and

level, i.e., in sediment storage (Church and Fer-

guson, 2015). Field observations of sediment

stock fluctuations at check dam toes are numer-

ous (Fabre, 1797; Jaeggi, 1992; Poncet, 1995;

Glassey, 2010; Astrade et al., 2011; Theule et

al., 2012; 2015). These fluctuations are natu-

ral in the sediment cascade (Fryirs, 2013) and

may be influenced by the hydrology, the sedi-

ment (dis)connectivity, sediment grain sizes, and

sediment-transport-autogenic fluctuations (Jerol-

mack and Paola, 2010). The creation of fixed

points in the longitudinal profile of torrents makes

the upstream part of the torrent independent

of the fluctuations of the downstream part (no

more headward propagating erosion). These in-

dependent compartments store and release sedi-

ment, creating buffer areas between dams (Jaeggi,

1992). Inter-check-dam reaches store sediments

during sediment-laden flows and release them sub-

sequently during clearer flows. Check dams thus

change the dynamics of sediment storages and re-

lease related to the continuous exchanges between

the flow and the bed (Recking, 2014). This trend

led Poncet (1995, p. 713) to think that check

dams are useful in torrent hazard protection be-

cause “they release in small doses what the tor-

rent would abruptly transport in a single massive

dose.” This buffer effect has been demonstrated

experimentally by Piton and Recking (2016c).

Even if this effect can probably be observed

on all structures, it is often considered a side ef-

fect. However some check dams are specifically

designed to maximize it (Fig. 1.5e), e.g., the three

first modern torrent control check dams built in

France were designed by Scipion Gras in 1851 in
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Figure 1.10 – Observations of sediment buffering
downstream of a 5-m-high check dam in
the Bourdous torrent (06 – FRA.): a)
May 2013; b) May 2014 and; Septem-
ber 2014 (photos courtesy of K. Royer -
ONF-service RTM 06).

the Roize torrent (Voreppe), specifically to pro-

mote sediment transport regulation a short dis-

tance upstream of the fan apex (Gras, 1857; Cul-

man, 1865). Open check dams with a “dosing”

objective play a similar role but are much more

sensitive to floating material influences than check

dam series (Piton and Recking, 2016b).

Gras (1857) conceded that sediment transport

regulation also occurs in fan channels equipped

with check dams. Precaution must be taken in

these contexts. A fan channel should be as deep

as possible to absorb and efficiently transfer floods

and sediment supply to the downstream channel

network. Transversal structures seeking to stabi-

lize the bed thus must not be built over, but at

the bed level, thus more being ”bed-sills”or ”chute

structures”rather than check dams (Dodge, 1948).

Moreover, their crest spillways should not be too

wide (e.g., compare Fig. 1.5(a) and (e)) because

flow spreading promotes deposition and, inciden-

tally bed shifting, which overall would dramati-

cally increase avulsion hazards and uncontrolled

fan flooding. Not taking this into account lead

some check dams, that were built above the bed

on fan channels, to be subsequently voluntarily

destroyed (Boscdon torrent, Les Crots 05, FRA.:

one check dam taken off in 2004; Piezan torrent,

Cons St Colombe 74, FRA.: one check dam taken

off in 2014; La Salle torrent, La Salle Les Alpes

05, FRA.: three check dams taken off in 2016),

costly experiences that we must keep in mind.

1.4. Discussion

1.4.1. Torrent control in other

countries

Damage and casualties related to mountain

streams and debris flow prone torrents occur on

all continents and have generated human inter-

ventions to limit their related damage for ages

(Skermer and VanDine, 2005). The next para-

graphs do not seek to be exhaustive; the topic

would worth complete books. However, having a
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look on the history of other countries where mod-

ern torrent control experienced its pioneering pe-

riod is interesting because it helps to understand

some cultural similarities and differences in the

varied ways to approach torrent control. Addi-

tionally, such syntheses are usually available in

local country languages but seldom available in

English for an international readership.

A. Italy

Deforestation consequences, i.e. soil erosion

and lack of woody material, have been reported

since the Roman period in Italy (Hughes and

Thirgood, 1982; Comiti, 2012). The theory un-

derlying torrent control (stabilization of sediment

sources, stream erosion limitation, and solid trans-

port diminution) was developed, at least from the

late 17th century in a still very active Italian sci-

entific community. The 1877 law on reforestation

was considered exemplary in its restoration ap-

proach (Hall, 2005, p. 40), although it was not

followed by as many works as expected (Fesquet,

1997 p. 315, Hall, 2005 p. 51 & 74). Italy and

France share the southwest of the Alps. The lag

time between Italian and French public invest-

ment in torrent control likely had a combined his-

torical and political origin: heavy land use man-

agement is older in Italy than in France. It was

the rapidity of the degradation, making it more

obvious and worrying, which made the French en-

gineers and policy makers more prone to take am-

bitious decisions (Marsh, 1864, p. 237). Addition-

ally, country-scale laws were more easily taken in

the French authoritarian and unified regime than

in the Italian fragmented political powers and

technical services (Marsh, 1864, p. 217; Fesquet,

1997 p. 177) before the 1877 Italian unification.

However, some regions, notably the Cueno’s

Alps close to the French border, concentrated

large torrent control works (reforestation and check

dams) since 1869 (Hall, 2005, Chap. 2). Torrent

control works were also implemented in Tyrol as

early as 1841 (Marchi and Cavalli, 2007), as well

as in Slovenia (Logar et al., 2005), i.e. in regions,

at that time, under the control of the Austro-

Hungarian Empire, thus fields of Austrian engi-

neers.

B. Austria

The ideas of the aforementioned French au-

thors had previously emerged in Austria (and also

possibly elsewhere) within the works of von Za-

llinger (1779), von Aretin (1808) and Duile (1826;

1841). Austrian decision makers did not imme-

diately seem to take into account at the Aus-

trian scale their pioneer recommendations. It was

only after the 1882 dramatic flood events that

torrent control implementation at the Austrian

scale was decided, partially based on the French

model (Zollinger, 1984a; Patek, 2008). Austri-

ans rapidly became experts in torrent control and

spread their knowledge in Europe and farther, for

instance as far as Japan under the influence of

Amerigo Hofman (Zollinger, 1984a; Luzian et al.,

2002; Okamoto, 2007).

C. Switzerland

Retention basins dedicated to trap sediments

were created as early as the late 1840s to protect

railways in Switzerland (Vischer, 2003). They in-

spired Demontzey and were used, for instance,

on the Palles and Merdaret torrents (Chantelouve

38, FRA. – Bernard, 1927). The first check dam

series built in an accurately defined torrent con-

trol system in Switzerland was due to the afore-

mentioned Austrian engineer Josef Duile (1776-

1863), who designed the Rüfirunse correction in

Mollis (Duile, 1841). Several other operations

were implemented following this example (Vis-

cher, 2003, Chap. 12). The Culman report 1865

was a country-scale assessment of the need for

torrent control works. Its author stressed the ne-

cessity to complete check dam constructions with

complementary works (hillslope stabilization and

reforestation) to seek a complete correction of wa-

tersheds. A great number of works were per-

formed following the 1876 law on torrent con-

trol (Vischer, 2003, Chap. 15) and contributed to
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making Switzerland a leading country in moun-

tain hydraulics.

D. Japan

Sediment transport-related hazards are a huge

problem in Japan (JSA, 2003). The country has

thus an ancient culture of torrent and erosion

control with regulation on deforestation at least

since the 7th century, river training since the 16th

century and ”SABO” operations, i.e. coping with

sediment related problem, since the 17th century

(JSA, 2003). Some check dams built ca. 1700

A.D. in the former Fukuyama domain (Hiroshima

prefecture) are, for instance, still in good state

(Okamoto, 2007). Collaboration with European

and American civil engineers began during the

late 19th century (Okamoto, 2007; Kamibayashi,

2009). It continued in the early 20th century,

for instance with the Austrian expert Amerigo

Hofman, while Japanese engineers came to Aus-

tria, e.g., Shitaro Kawai in 1871 and Otokichi

Watanabe 1877 or Moroto Kitaro in the early

20th century (J. Hübl and A. Nishimoto, pers.

com. 2015), and France (Nishimoto, 2014) to be

trained in hydraulics and forestry engineer schools

and visit torrent control works, bringing back Eu-

ropean techniques that partially inspired some

works in Japan (Wang, 1901, p 474; JSA, 2003,

p. 16). The Japanese developed their own specific

mitigation measures adapted to higher magnitude

events due to heavier rainfall (typhoons), the in-

fluence of volcanic geology (modifying the debris

flow rheology; lahars) and more regular occur-

rence of landslide dam outburst floods (Schuster,

2000; JSA, 2003; 2012). Japanese later went, and

continue to go, to other countries to help torrent

hazard mitigation implementation (JSA, 2003,

p. 106; Skermer and VanDine, 2005; Lin et al.,

2010) while their scientific researches continue to

be very active.

E. North America

European techniques of restoration and tor-

rent control were brought back to America by au-

thors such as George Perkins Marsh (1801-1882),

who confessed that German, Italian and espe-

cially French theories of mountain land restora-

tion strongly influenced him (Marsh, 1864, p. 217;

Hall, 2005, p. 41). North American experiences

of erosion control more generally have focused on

soil bioengineering than on large scale civil en-

gineering (Hall, 2005, Chap. 3; deWolfe et al.,

2008). Gully system stabilization has used small

check dams made of wood and cobbles (Heede,

1960; 1978; 1982). Some high structures intended

to stabilize stream beds and retention check dams

were used in the mid-20th century in California,

the American debris flow hotspot (Skermer and

VanDine, 2005). Both mechanically dredged de-

bris basins and definitive retention check dams

were built (Dodge, 1948; Ferrell and Barr, 1965).

However, the former are much more used than

the latter (VanDine, 1996; M. Church, pers. com.

2015; O. Hungr, pers. com. 2016).

1.4.2. Toward a comprehensive

analysis of torrent control work

effects

The present paper aims to clarify conceptually

the main potential effects of check dams and their

functions on mountain stream catchments. This

is a first necessary step toward a comprehensive

analysis of the related natural hazards and the

effects of check dams, and torrent control works

more generally, on hazards. The following sec-

tions give a brief overview of the next steps (Fig.

1.11): namely, effect quantification, effectiveness

and dependability assessment and, finally, risk

analysis and efficiency assessment, and of their

respective research challenges.

A. Quantifying each functional effect on

torrent hazards

Natural hazard assessments are determined

through multidisciplinary studies basically deter-

mining (Mazzorana et al., 2012) i) which kinds of

phenomena eventually occur in the catchment, ii)
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Figure 1.11 – the next steps to address for completion of a comprehensive and integrative analysis of torrent
control works effects on mountain stream hazards and to help maintenance decisions taking into
account functional, structural and economic aspects
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at what magnitudes and frequencies and, iii) to

what extent (hazard mapping). Within a given

catchment, protective actions such as check dams

aim to modify hazard from its baseline, i.e., haz-

ard in a natural structureless catchment. This

hazard modification should be quantified through

the modification of the probability of some phe-

nomena to occur with a given magnitude (e.g.,

volume released, solid discharge, transported boul-

der size). Consequently, for each identified func-

tion, some methods to determine how much the

structure modifies the flood phenomena should be

used. It is usually referred to as a structure func-

tional capacity estimation: its measurable ability

related to a function (Tacnet et al., 2012).

The literature contains some methods for eval-

uating check dam effects on slopes (Kostadinov,

1993; Porto and Gessler, 1999; Ferro and Porto,

2011; Kostadinov and Dragović, 2013), as well as

preliminary results concerning landslide - check

dam interactions (Nicot et al., 2001) or solid

transport regulation (Remâıtre et al., 2008; Astrade

et al., 2011; Remâıtre and Malet, 2013; Piton

and Recking, 2016c). However these topics need

complementary researches in order to correctly

estimate the structures capacities.

The stabilization and retention capacities of

structures are strongly related to the stream bed

topography (longitudinal profile and valley width)

in conjunction with: i) the potential erodibil-

ity (Hungr et al., 1984) and general bed inci-

sion trends (Hungr, 2005; Takahashi, 2014) in the

reaches influenced by the structure for stabiliza-

tion capacity assessment and; ii) general catch-

ment sediment production for the time duration

of retention capacity assessment (Recking, 2012;

SedAlp, 2015a). These two subjects present some

technical issues (Liebault et al., 2013).

A general review of the available methods to

use in functional capacity assessment is worth

doing (deWolfe et al., 2008) with a fair look at

scale change from the structure to the watershed,

applicability of methods and uncertainties in the

results.

B. Effectiveness analysis and potential

failure consequences

Torrential hazards generally occurring within

the sediment cascade, capacity assessment meth-

ods must be able to take into account the effect

of the whole check dam series on the hazard mod-

ification (e.g., Remâıtre et al., 2008). Namely, a

potentially complicated exercise of data synthe-

sis must be done once i) the complete catchment

study has been performed, ii) the structures’ func-

tions have been identified, iii) their respective ex-

pected effects on hazards (capacities) determined,

and iv) their structural and functional potential

failures identified. This work will conclude to the

check dams’ functional effectiveness, i.e., to an

estimation of the beneficial effects of the struc-

tures, compared to what could be technically ex-

pected from them (reaching the level of an objec-

tive, AFNOR, 2001).

Effectiveness assessment must also consider

potential structure failures. It is worth stress-

ing that check dam failures are most of the time

not considered as heavily aggravating hazards,

even after cascade failure of a complete check

dam series (Jaeggi and Pellandini, 1997; Wang,

2013; Chen et al., 2015). However the 1996 Aras

disaster near Biescas (Central Pyrenees, SPA.),

where eighty seven people died on a campsite, is

an important counterexample of dramatic conse-

quences related to the failure of 35 check dams of

a 40-dam series (Garc̀ıa-Ruiz et al., 1996; Benito

et al., 1998). The lack of correct maintenance

of some structures is increasingly pointed to as

a potential source of additional hazards (Sodnik

et al., 2014) and other equivalent situations are

likely to be expected.

Field feedbacks, notably from specific disas-

ters that are meaningful case studies (e.g., Aras

1996) or from the existing structure management

database (Carladous et al., 2014a), can help to
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analyze failure modes (Vuillet, 2012), their re-

lated effects, and later proposing possible pre-

ventive actions. For instance, a retention check

dam does not retain (function) the expected vol-

ume of sediments (capacity) because it is laterally

by-passed (functional failure mode) or because

it is ruined (structural failure mode) (Tacnet et

al., 2012; Carladous et al., 2016b). These failure

modes have been studied in various works (e.g.,

Rudolf-Miklau and Suda, 2011; 2013; Comiti et

al., 2013) that would also be worth a compre-

hensive review, which in a second step will help

to provide recommendations in structure design

(e.g., Bergmeister et al., 2009; Suda et al., 2010;

Rudolf-Miklau and Suda, 2013).

In sum, further works are still needed to pro-

pose complete methods aiming to combine the in-

formation on the capacities and potential failures

of structures, to a structural and functional point

of view, in order to provide catchment scale effec-

tiveness assessments.

C. Risk analysis and efficiency

assessment

The fourth step for quantifying the potential

effects of check dams would likely be to estimate

the structures’ efficiency (AFNOR, 2001), i.e., to

compare their effect on hazards and associated

risk with the resources used (e.g., maintenance

cost) to help decision makers in land use and

structure management. Implementing complete

hazard and risk analysis with structures needs

to take into account their expected functional ef-

fect, but also potential negative effects such as

sediment cascade disconnectivity (Fryirs, 2013)

and consequences of structure failures. Moreover

risk evaluation (Tacnet et al., 2014b) must in-

tegrate excessive decrease in risk perception af-

ter check dam implementation (Eisbacher, 1982;

White et al., 1997). Comparing several alterna-

tives to choose which one is the more relevant to

implement is a complicated decision problem.

Decision-aid methods such as Cost-Benefit Anal-

ysis (CBA - more adapted to compare invest-

ments), Cost-Effectiveness Analysis (CEA - more

adapted to compare maintenance scenarios), Multi-

Criteria Decision Analysis (MCDA – able to take

into account damages on domains hardly moneta-

rized, such as environment and health) have been

applied to natural hazards since the 1990s (Gam-

per et al., 2006; Carladous, 2013). They aim to

compare alternatives through aggregation of sev-

eral criteria (Schärlig, 1985). CBA application

tools have been notably developed in Switzer-

land (Greminger, 2005; Bründl et al., 2009) and

in Austria (BLFUW, 2009). In France, CBA was

first tested on the Saint-Antoine torrent (Modane,

73 - Verrier, 1980) and then on the Manival tor-

rent (St Nazaire les Eymes, 38 - Brochot et al.,

2003), demonstrating dramatic lack of sufficient

data for correct application in torrent hazard con-

texts, a general problem in torrent hazard studies

(Poncet, 1975). Conversely, it is used in lowland

river flood problems (Erdlenbruch et al., 2008)

which are less complex.

To make the decision problem on maintenance

of existing structures even more complicated, the

decision context has changed over time since the

19th century (Carladous et al., 2016c): i) Ex-

posed elements have evolved from a native per-

manent population to a touristic temporary one

(de Crécy, 1983; Brugnot, 2002; Comiti, 2012);

ii) torrent activity and catchment morphodynam-

ics have changed due to spontaneous or planned

reforestation or to the implementation of check

dams which fundamentally impact upon the geo-

morphic functioning of landscapes; iii) new alter-

natives to old torrent control techniques emerged

with the advent of earth-moving machinery (e.g.,

direct torrent bed mechanical dredging) and open

check dams (Piton and Recking, 2016a; 2016b);

and finally iv) the importance of the sediment

cascade and continuity within the river system is

now better understood and is taken into account

in various policies, e.g., within the European Wa-

ter Framework Directive (EU, 2000).
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Consequently mountain stream morphodynam-

ics continue to be worthy of investigation, at least

in order to provide the necessary data for the im-

plementation of decision aid methods in changing

climatic, biological, technical and societal envi-

ronments.

1.5. Conclusion

Thousands of alpine torrents are equipped with

check dam series. As their maintenance is very

expensive, one can question their effectiveness to

reduce risk and could be tempted to abandon

old structures. This is also often discussed as

a solution to reactivate sediment stocks trapped

and stabilized by torrent control works (Bravard,

1991; Liébault et al., 2008; Pont et al., 2009; Ri-

naldi et al., 2011). However, to decide mainte-

nance strategies, it is of utmost importance to be

aware of their effect on morphological processes.

These effects are assessed conceptually through

their functions, and quantitatively through their

capacity, this, at the structure and the catchment

scales. Comparing their effects with given objec-

tives helps to assess their effectiveness, whereas

their costs aid assessing their efficiency.

In some cases, abandonment may be justified

because the original risk (related to morphological

process and exposed elements) that the structure

was intended to remedy no longer exists: e.g.,

structures used to be built to protect agricultural

areas or villages that are now abandoned. In other

cases, the removal of such a structure could be

catastrophic in terms of risk mitigation, because

it has been so effective over time that we have sim-

ply forgotten their function, i.e. why the structure

was built in the first place. Our present expecta-

tion of the structure’s functions can also be com-

plicated by changes in the socioeconomic and en-

vironmental contexts (Dufour and Piégay, 2009;

Carladous et al., 2016c): for instance, our un-

derstanding of sediment continuity processes has

evolved, and many watersheds have been sponta-

neously or artificially reforested since the struc-

tures’ construction.

The review and historical analysis of French

developments presented in this paper should be

helpful for closing this gap. The main check dam

design and functions are recalled and summa-

rized in Table 1.1 and Figure 1.5. This sum-

mary may not be exhaustive and we must keep

in mind that most of structures may play several

functions, sometimes through complex secondary

effects (e.g., Fig. 1.4). However, the authors be-

lieve that it offers a useful framework to define

the potential effects of a given structure consid-

ered in the current environment and with regard

to the recent catchment history.

In a complementary section, the next steps to-

ward a comprehensive analysis of torrential haz-

ard and check dam efficiency have been discussed.

Torrential hazards result from complex environ-

ments and coupled processes (bed – hillslopes,

vegetation - channel). Hazard studies will al-

ways need multidisciplinary works gathering in-

formation of hydrology, geology, geotechnics, hy-

draulics, forestry and geomorphology. The lack

of a sufficient comprehension of each process and

of their coupling make expert assessments still

the main basis of torrential hazard studies (Tac-

net et al., 2014b). Several research topics worthy

of further investigation have thus been stressed

throughout this paper.

From a broader geomorphic point of view,

modern and future river system management must

take into account sediment transport dynamics

(EU, 2000), which requires sufficient comprehen-

sion of the watershed sediment cascade (Church

and Ferguson, 2015). The description of the lat-

ter must take into account the multiple human

impacts on mountain streams (Wohl, 2006), and

especially the sediment cascade “barriers” and

“blankets” (sensu. Fryirs, 2013) created by check

dams and their side effects. The present review

will hopefully help geomorphologists to determine

how the structures may influence catchment dy-
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namics, to extend their approaches correctly to

take into account this influence; and to determine

to what data and proxies they must pay atten-

tion to correctly grasp the subtle and multiple

geomorphic roles played by check dams.
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”If I have seen further, it is by standing on the shoulders of giants.”

Bernard de Chartres, 12th century.

Here are synthesis of giants’ works.

CHAPTER 2

Design of Sediment Traps with Open Check

Dams. I: Hydraulic and Deposition Processes

Guillaume PITONa, Alain RECKINGa

a Université Grenoble Alpes, Irstea, UR ETGR, St-Martin-d’Hères, France.

This chapter is the first part of two yet published companion papers1.

It aims at summarizing the state of knowledge concerning hydraulic and sediment transport pro-

cesses that occur in open check dam basins. This constitutes the foundation of the subsequent

researches presented in this thesis. Chap. 3, its companion paper, addresses the same question but

for woody debris. The scientific gaps that remains are stressed, and three of them have been ad-

dressed in subsequent works treated in Chap. 4, Chap. 6 & Chap. 7.

NOTA: The additional notes brought to this chapter since its journal publication are highlighted in grey.

1Piton, G. and A. Recking, (2016). ”Design of Sediment Traps with Open Check Dams. I: Hydraulic and Deposition
Processes”, J. Hydraul. Eng. ASCE, Vol. 142, no. 2, 23 pp.
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Abstract
Sediment traps with open check dams are widely used structures in flood hazard mitigation. This

paper reviews the literature dedicated to their design. First, the general context in which sediment

traps are built and their functions are presented. The second part proposes hydraulic design criteria

for classical types with details on the opening shapes and dam crest spillway. The third part details

sediment deposition dynamics: its initiation, its controls through the trap basin and open check dam

shapes, the effect of hydrographs and the control of trap self-cleaning. The methods to determine the

deposit slope and height are discussed. To finish, a step-by-step design procedure is proposed and

future research challenges are highlighted. Field feedback has shown that driftwood can substantially

influence sediment trap behaviour. A companion paper thoroughly covers the production and transfer

of driftwood and the interactions with open check dams.

Author key words: bed-load trap, debris flow basin, torrent hazard mitigation, torrential barrier

2.1. Introduction

”Sediment trap” is a common term used in

very different contexts. Farmers throughout the

world have built small sediment traps in erosion-

sensitive agricultural areas to protect rivers from

suspended load and related pollution (e.g., Za-

heer et al., 2003). Suspension and bed load are

major threats to the duration of dam reservoirs

(Julien, 1998; Morris et al., 2008), some of them

are therefore equipped with sediment traps. In

lowland gravel bed rivers, natural and anthro-

pogenic discontinuities in sediment transport ca-

pacity sometimes make it necessary to trap sed-

iments and dredge them to prevent aggradation

and flood hazard aggravation (e.g., Cazaillet et

al., 2008). In steep slope streams, this type of

facility has become even more crucial when de-

bris flows and hyperconcentrated flows are likely

to occur. In this case, retention basins are built

on alluvial and colluvial fans (Zollinger, 1983) or

even upstream in steep slope mountain channels

to break the energy and erosive power of debris

flow surges (e.g., Mizuyama et al., 1996; Rudolf-

Miklau and Suda, 2013).

This paper investigates the hydraulic design of

sediment traps that aim to trap bed-load trans-

Figure 2.1 – Characteristic components of a sediment
trap with an open check dam: a) in-
let structure: solid body dam, b) scour
protection, c) basin, d) lateral dykes, e)
maintenance access, f) open check dam,
g) counter-dam (adapted from Zollinger
1983, with permission)

port (pebbles, cobbles and occasional boulders),

possible debris flow surges and driftwood in mild

and steep slope streams. The characteristic com-

ponents of these traps are illustrated in Fig. 2.1.

A sediment trap comprises a basin and an outlet

structure hereafter called an open check dam. De-

pending on the site configuration, designers add

lateral dykes and an inlet structure, often a grade

control structure, hereafter referred to as a solid

body dam.
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Human structures placed on fans are mor-

phologically threatened over the short and long

terms, especially where watersheds and channels

continue to be morphologically active (Schumm

and Harvey, 2008). In steep slope areas, where

morphological changes are characteristically short

and abrupt, torrential hazard mitigation is still an

important issue and new protection methods are

constantly being developed (Mizuyama, 2008).

Various methods and techniques have been

used in torrent mitigation projects (Van Effen-

terre, 1982; Heumader, 2000; Chanson, 2004;

IRASMOS, 2008). For instance in France, torrent

hazard mitigation began during the second part

of the 19th century with forestry engineers who

theorised and managed watershed-scale projects.

They undertook large headwater reforestation plans

aiming to curtail sediment production in active

gullying areas and stream-bed stabilisation op-

eration using series of solid body dams (Surell,

1841; Gras, 1857). Older structures have been

reported in the literature but remain rare, e.g.,

in 1537, a dam was built upstream of Trento,

Italy (Armanini et al., 1991), as was a dam se-

ries around 1697 in the Fukuyama domain, Japan

(Okamoto, 2007). Vischer (2003) reported that

the first Swiss deposition basins aiming to trap

sediment were built in the 1840s, nearly at the

same time as the first check dams, hereafter re-

ferred as solid body dams (Fig. 2.2i). At that

time, a filled sediment trap had to be dredged

manually or abandoned. Such facilities were used

only in specific cases and as a last resort. Up-

stream bed stabilisation works or reforestation

were preferred (Van Effenterre, 1982). Nowadays,

earthmoving machinery can easily dredge filled

traps, while it has become complicated and ex-

pensive to maintain difficult-to-access structures

or to undertake extensive reforestation programs.

After first tests and trials during the 1950s and

the 1960s, (Reneuve, 1955; Clauzel and Poncet,

1963), or even before in California (Dodge, 1948),

sediment traps with open check dams grew in

number during the 1980s and the 1990s. For in-

stance in France, the number of traps managed by

the French Torrent Control service increased from

21 in 1970 to 176 in 1996 (Gruffaz, 1996). This

great increase in the number of works triggered

a need for design criteria (though some quite de-

tailed guidelines were ever due to Dodge, 1948).

During the 1980s, various researchers published

articles on open check dams, including general

papers presenting this kind of structure (Van Ef-

fenterre, 1982; Johnson and McCuen, 1989) and

basic design criteria specifying the dimensions

necessary for outlet openings (Watanabe et al.,

1980; Senoo and Mizuyama, 1984; Mizuyama,

1984; Ikeya, 1985; Mizuyama et al., 1988; Ikeya,

1989). In his pioneering work, Zollinger (1983;

1984b; 1985) proposed descriptions of trap filling

based on Froude-scale analogue models and de-

scriptions of the existing wide variety of different

outlet structures in Europe. During the 1990s,

authors continued to stress the advantages of

open check dam sediment traps. Papers were pub-

lished concerning the structures’ objectives and

complementary design criteria (e.g., Armanini et

al., 1991; Chatwin et al., 1994; Poncet, 1995;

Deymier et al., 1995; VanDine, 1996; Mizuyama

et al., 1996). Since 2000, authors have detailed

what can be expected from open check dams in

watershed-scale hazard mitigation plans. These

plans have to be adapted to each site with its

own specificities (Leitgeb, 2002; Hübl and Suda,

2008); therefore, a single universal relevant struc-

ture shape does not exist. In addition, feedback

from the field has brought out the need to pay par-

ticular attention to the effect of driftwood. Com-

plementary approaches designed for this problem

have been developed (Kasai et al., 1996; SABO

Division, 2000; D’Agostino et al., 2000; Bezzola

et al., 2004; Lange and Bezzola, 2006; Koulinski

and Richard, 2008). Complementary to field and

small-scale models, numerical approaches have

been and are being developed to model sediment

and driftwood deposition processes (e.g., Busnelli

et al., 2001; López et al., 2010b; Shrestha et al.,

2012; Campisano et al., 2014). More recently,

some authors and government entities have at-
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tempted to propose design standards1 (Ono et al.,

2004; ONR24803, 2008; ONR24800, 2009; Suda et

al., 2010; ONR24802, 2010; ONR24801, 2013; Os-

anai et al., 2010; Rudolf-Miklau and Suda, 2013),

but they mainly have focused on civil engineer-

ing aspects rather than hydraulics and sediment

transport.

Torrential hazard mitigation converges at the

border of very different technical and scientific do-

mains such as applied geomorphology and geol-

ogy, fluid dynamics, forestry and structural en-

gineering. More than a century of empirical ap-

proaches made it possible for practitioners to ad-

just management technics of steep slope streams

(Hübl et al., 2005; Fiebiger, 2008). Nonetheless

scientific knowledge remains incomplete. This pa-

per has gathered and compared the results of em-

pirical approaches, feedback from the field and

applications of open check dam hydraulic design.

These studies have often been undertaken by joint

teams of practitioners and researchers and have

sometimes not yet been published in English.

This paper primarily reports a classification

aiming to standardise the varied vocabulary used

to describe structures, presents their objectives

and describe their management. In the second

part, the general hydraulic functioning of these

structures is detailed, stressing the importance

of each structural part. The processes leading

to sediment deposition are then described. The

existing design criteria are reported and a step-

by-step design procedure is proposed. To finish

the remaining gaps in today’s knowledge are high-

lighted.

1Since the pioneering work of Dodge (1948) in the Los
Angeles region, updated versions of debris basin design
standards are regularly published (L.A. County, 1979;
2006). These ”Californian Debris Basins” look like earth
dams or urban rainfall retention basins, from which they
are closer than from Japanese and European open check
dams. They however constitute a tried and tested alterna-
tive. They sometimes have to cope with debris flows, espe-
cially after forest wild fires. In this case, adaptations to the
L.A. County guidelines have been proposed by Prochaska
et al. (2008).

Disaster feedback indicates that in addition to

massive sediment releases, numerous flood prob-

lems occurring in steep slope streams are related

to driftwood. In open check dams, driftwood

management is often considered a key point (Bez-

zola et al., 2004; Lange and Bezzola, 2006). This

subject required a detailed literature review and

is treated in a companion paper.

2.2. General design

considerations

2.2.1. Design input data

Prior to any mitigation measure design, a mor-

phodynamic study is needed to better understand

the catchment’s behaviour (Mériaux et al., 2013).

Details on the methods to use in this study are not

within the scope of this paper. The following list

is not exhaustive but reviews the main necessary

data: types of solid transport processes likely to

occur (bed-load, debris floods, debris flows, drift-

wood presence, etc.); the hydrology of the river

and the related uncertainty (peak flows for differ-

ent return periods, flood volumes and durations,

etc.); catchment sediment production (grain size

distributions, solid discharges and transported

volumes); and downstream channel features and

hydraulic capacity (IRASMOS, 2008).

The general design will be undertaken for a

flood with a given probability, hereafter referred

to as design-event (see Rudolf-Miklau and Suda,

2013, for details). A stronger flood, hereafter

called the extreme-event, is generally used to de-

sign the spillway capacity (see below). The sta-

tistical return period of the design and extreme

events are often set between 100 and 200 years

and between 500 and 1000 years, respectively

(VanDine, 1996; Böll et al., 2008; Rudolf-Miklau

and Suda, 2013; CFBR, 2013). However, the

probabilities of these events must be adapted to

the local regulations and to the potential damage

in the area to protect.
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2.2.2. Denomination and

classification

No universal name exists for sediment traps.

In the literature, similar structures have been

called debris / detention / deposition / sedimen-

tation / retention / sediment retarding basins,

sediment traps, open / slit check dams, SABO

dams, torrential barriers, debris flow breakers.

Any structure designed to manage bed-load / de-

bris floods / debris flows and/or driftwood, made

up of a transversal dam with an opening, is here-

after called a sediment trap in this paper.

Given that multiple shapes of open check dams

have been tested by designers throughout the

world, it is worth clarifying the main type of

structures. Wehrmann et al. (2006) proposed

a classification of structures depending on crest

shape and opening dimensions (Fig. 2.2) that will

be used throughout this paper and its companion.

Other common names proposed in the literature

will only be reviewed when first mentioned.

2.2.3. Objectives and functions

Consistency can be found between authors on

the main functions of open check dams (Zollinger,

1985; Armanini et al., 1991; Fiebiger, 1997; Hübl

et al., 2005). Open check dams can have the same

function as solid body dams (Bernard, 1927): (i)

stabilization: Fixation of the longitudinal profile

of a torrent bed at a distinct elevation to stop in-

cision and/or lateral erosion; (ii) consolidation :

elevation of the longitudinal profile for the same

purpose and to stabilise upstream hillslopes; (iii)

upstream slope reduction: in order to reduce the

flow erosive power and ability to transport boul-

ders; (iv) retention: storage of water and/or de-

position of sediment during an event aiming to

reduce total transferred volume.

Complementary function are possible with the

openings: (v) sorting or sizing : filtration and

storage of undesirable components during an event

(bed-load sizing and/or wood grading); (vi) dos-

ing : peak flow modulation by temporarily re-

taining water/sediment, an effect obtained with

a lower slope in the trap basin and/or the open

check dam shape; (vii) debris flow breaking : re-

ducing the high-energy level of a debris flow to a

lower level (energy dissipation).

2.2.4. Location

Sediment traps are generally built near the

fan apexes, where enough allowable surface exists

close to human settlements and areas needing pro-

tection. Feedback from the field has shown that,

downstream of the sediment trap, flows often con-

sist of clear water with high erosive power. If the

downstream channel is not naturally armoured or

equipped with bank protection and ground sills,

lateral erosion and incision will occur, reload-

ing the watercourse with sediment (Breton, 1867;

Brandt, 2000). The channel downstream of the

trap has to be as short as possible to prevent this

problem so that new protection structures will be

less necessary.

Nonetheless, some open check dams, often re-

ferred to as debris flow breakers or torrential

barriers, are built upstream in gorges or other

adapted sites if accessibility and land use allow.

Their purpose is principally to break debris flows

energy. Debris flow tend to have a huge ero-

sive and scouring effect, and to grow in volume

and discharge during their propagation along the

channel (Remâıtre et al., 2008; Remâıtre and

Malet, 2013). Sometimes it can be more rele-

vant to break their energy in the upper part of

the catchment. An open check dam can be de-

signed far from the fan, close to the reaches where

debris flows initiate for this purpose.

The maintenance access to the basin is a key

point in sediment trap management (Dodge, 1948;

VanDine, 1996; Garc̀ıa et al., 2008) because a

lack of maintenance inducing lower mitigation ef-

ficiency often results from difficult access. Dodge

(1948) also stressed the importance to choose a

sediment trap location close to a suitable stor-
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Figure 2.2 – Wehrmann et al. (2006) classification with definition of shape parameters, main classes and sub
classes of structures, shape criteria and examples (adapted from Hübl et al. 2005, with permission)
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age area, i.e., with a sufficient capacity to store

the mechanically excavated material. Evacuat-

ing poor quality materials far from confined traps

make their maintenance cost exploding.

In addition, whenever possible, direct access to

check dam openings for earth moving machinery

are necessary. This access is well worth the invest-

ment so that driftwood and boulders jams can be

cleared from the open check dam to initiate the

structure’s self-cleaning (see below).

2.2.5. Basin shape

Observation of existing sediment traps shows

that the basin shapes are mainly determined by

local topographic constraints to limit levelling

costs and the number of retaining walls to build.

As a consequence, secondary currents sometimes

result from basin curvature, influencing deposi-

tion patterns and driftwood accumulations (e.g.,

Itoh et al., 2013).

If the allowable area is long and narrow, the

creation of a sediment trap series is a good op-

tion (e.g., Kaitna et al., 2011). Basins regularly

adopted a pear shape (Zollinger, 1983; VanDine,

1996). A large inlet side with a narrow outlet

side tends to maximise sedimentation. On the

contrary, a narrow inlet side with a large outlet

side promotes self-cleaning (Zollinger, 1985).

For structures with an expected self-cleaning

trend, Mizuyama and Fujita (2000) suggested

that deposit areas be prepared not only upstream

but also downstream of the open check dam.

2.2.6. Bottom outlet

To limit mechanical excavation and mainte-

nance costs, it can sometimes be advantageous

to design structures able to transfer, with a mini-

mum trapping effect, low floods unlikely to threaten

downstream areas. Within this objective some

sediment traps have an open bottom outlet (Fig-

ure 2.3a & b).

Figure 2.3 – Definition of shape parameters for water
stage-discharge equation; example of a) a
slit dam with horizontal beams and a slot
as the bottom outlet, b) a slot dam, c) a
slit dam and d) a slit dam with horizon-
tal beams (adapted from Zollinger, 1983,
with permission)

Its hydraulic capacity must be adapted to each

site’s specificities and to potential damage for all

flood magnitudes. For instance, in their case-

studies, Rimböck (2004) and Jordan et al. (2004)

both proposed bottom outlets able to transfer the

20-year-return-period flood with minor influences.

This structural part must be carefully studied;

otherwise it can have unexpected consequences.

See, for instance, Bezzola et al. (2004) for a case

study reporting dramatic consequences related to

a problem with the bottom outlet.

2.3. Hydraulics of open check

dams

2.3.1. Hydraulic vs mechanical

control

Two complementary approaches are generally

considered in the design of open check dams: hy-

draulic and mechanical controls of deposits (Fig-

ure 2.4 - Armanini et al., 1991; Deymier et al.,

1995; D’Agostino, 2006):
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Figure 2.4 – Plan and longitudinal schemes of a) hy-
draulic control of the deposits: shear
stresses collapse in tranquil water, b) me-
chanically controlled deposits: boulders
and driftwood jamming leading to open
check dam clogging, and c) mixed con-
trolled deposits: mechanically blocked
driftwood generates a calm water area
and thus a hydraulically controlled de-
posit of sediments (adapted from Lange
et and Bezzola 2006, with permission)

A. Hydraulically controlled deposits

Hydraulically controlled deposits are related to

a decrease in shear stresses. This decrease often

results from a head-loss induced by an obstacle to

the flow (narrower dam openings when compared

to the natural channel section or driftwood jam -

Fig. 2.4a & c). The thus created calm water area,

shows higher water depths and a lower energy-

slope likely to induce a drop in flow velocities

and shear stresses. As soon as these values fall

under the threshold transport value, sediments

tend to deposit. In a fixed section, the head loss is

correlated to water discharge and is maximum at

the flood peak, as is the trapping effect.This kind

of control more generally concerns gravel and sand

transport. Open check dams with large slits and

slots characteristically use this control.

Such structures are almost completely trans-

parent to small floods. Nonetheless, disaster feed-

back shows that, during extreme events, debris

flows are sometimes able to clog several-metre-

wide slits with a few large boulders (Fig. 2.5)

or to create dense wood jams that can be higher

than the dam structure (Masuko et al., 1996).

B. Mechanically controlled deposits

Mechanically controlled deposits are related to

direct clogging of small openings when compared

to coarse transported materials (Fig. 2.4b & 2.5).

This trapping process mainly concern debris flow

boulders and driftwood. The outlet capacity de-

creases and deposits grow in correlation with the

clogging ratio. The flood magnitude, and more

precisely the supply of coarse materials, control

the trapping efficiency. Sectional, lattices, frame

or net open check dams (Fig. 2.2iii-viii) use me-

chanical control design criteria (SABO Division,

2000).

D’Agostino (2006) and Takahashi (2014, p.451)

considered that the mechanical collisions between

boulders approaching the open check dam also

have a significant effect in addition to the direct

mechanical blockage of the openings.
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Figure 2.5 – Downstream view of the St Antoine sed-
iment trap after the 31 July 2014 debris
flows: mechanical blockage of the 5-m-
wide, 8-m-high slit dam by three boulders
3-4 m in diameter (image by Guillaume
Piton)

C. Mixed control

Hydraulic control and mechanical control do

not necessarily occur alone and may occur to-

gether (Fig. 2.4c). In bed-load and driftwood-

laden flows, mechanically controlled driftwood

jams at the open check dam can generate up-

stream hydraulically controlled sediment depo-

sition (Lange and Bezzola, 2006; Comiti et al.,

2012). Dams with vertical openings (e.g., Fig.

2.2vii) tend to be rapidely clog in case of mas-

sive driftwood supply while dams equiped with

inclined structures (e.g., Fig. 2.2v) tend to main-

tain a partial sediment transfer capacity (see com-

panion paper). In traps where mixed controls is

possible, designers must pay attention to a possi-

ble upstream channel backfilling (Zollinger, 1983;

Jordan et al., 2003; Kaitna et al., 2011) that can

promote dyke over-topping and open check dam

bypassing (e.g., Böll et al., 2008, p.34). The sen-

sitivity of open check dam shapes related to drift-

wood are presented in the companion paper. To

summarise, once the basin features and structure

shape have been chosen, designers will first esti-

mate the probability that boulders will clog the

structure following the mechanical control crite-

ria presented below. In the second step, they

will compute the hydraulic capacity of the open

check dam and the induced hydraulically con-

trolled trapping (criteria detailed further). To

finish, possible driftwood influences will be con-

trolled: (i) using a mechanical approach for logs

to estimate the accumulation probability and (ii)

using a formula to estimate the related accumu-

lation head loss (see companion paper). If the

theoretical trap behaviour is not satisfactory, the

open check dam type or shape has to be adapted.

2.3.2. Design of mechanically

controlled structures

A. Opening dimensions

The probability of clogging is estimated with

the relative opening, which is the ratio between

n0 the shorter dimension of the opening (Fig.

2.2) and the relevant material dimension, which

is Dmax, the maximum sediment diameter in the

case of boulders. An equivalent criterion exists

for driftwood; see companion paper for details.

D’Agostino (2013a) proposed retaining Dmax ≈
D75 to D84 of the armoured bed surface.

Relative Opening = Opening size

Material size
= n0
DMAX

(2.1)

Table 2.1 shows the usual values reported in

the literature and the related sediment clogging

probability. To summarise, it is generally ac-

cepted that relative openings of 3 and 1.5 are

unlikely and likely, respectively, to be clogged by

boulders (Tacnet and Degoutte, 2013).

Takahashi (2014, p.454) analysed small scale

models results of grid check dams (horizontal, ver-

tical, both of them and frame configurations). Us-

ing sediment mixtures with Relative openings =
0.5 − 0.6, complete structure clogging was sys-

tematically observed, except in horizontal bars

configurations, the sediment accumulation then

partially self-cleaned. For small-boulders’ trans-

portation, consistently with Zollinger (1984b), he
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Figure 2.6 – Sketch of boulder jamming process de-
pending on the verticality or the hori-
zontality of equivalent Relative Opening
slots: a) h0/DMAX ≈ 2 jamming weakly
probable; b) h0/DMAX ≈ 1, jamming
probable; c) h0/DMAX < 1, certain jam-
ming; d) w0/DMAX ≈ 2, quite probable
jamming, e) w0/DMAX ≈ 1, even more
probable jamming; and f) w0/DMAX <
1, certain jamming.

concluded that ”the vertical bars play the major

role in checking the large particles in the forefront

of the debris flow and the addition of horizontal

bars enhances the engaging between particles that

stabilize the deposited sediment”.

In structures subjected to debris flows with

boulder front, if trapping is sought for the front

boulders but not for the subsequent debris flow

tails constituted of hyperconcentrated flows, large

slits and slots with n0 = w0 ≈ 1.5−2DMAX seems

a suitable design (e.g., Fig. 2.5). If the debris flow

tails must also be trapped, w0 ≈ DMAX seems

better since even ≈ DMAX/2-boulders will also

likely jam (Fig. 2.6). Obviously smaller open-

ings will have even better trapping efficiencies, al-

though it will also make the structure more prone

to woody debris jamming, not necessarily for ex-

treme floods, making heavier the structure main-

tenance.

It remains difficult to estimate the maximum

probable size of large materials. To take this

uncertainty into account, Osanai et al. (2010)

recommended a relative opening of 1 as the design

criterion, even if they assumed that a value of 2

would be sufficient to clog the openings if DMAX

was accurately determined.

To ensure clogging even for smaller transported

diameters, a lower relative opening was also con-

servatively recommended by Ono et al. (2004)

and Itoh et al. (2011). During the basin filling

process, a grain size sorting effect in the deposits

is regularly reported (López et al., 2010a; Itoh

et al., 2011). A decrease in the frame’s upper

opening sizes has to be adopted if the designer

wishes to trap the fine tail of the flood hydro-

graph (Mizuyama et al., 1996; Itoh et al., 2011).

Driftwood can have an equivalent effect by clog-

ging the upper part of the openings.

B. Decrease in instantaneous debris

flow discharge

Debris flows can induce catastrophic erosion

which, in addition to bank / hill-slope destabil-

isation and structure failures, leads to a general

increase in the debris flow volume along the chan-

nel (Hungr et al., 2014; Remâıtre et al., 2008; Re-

mâıtre and Malet, 2013). The debris flow can be

more complicated to trap and store if it has the

time and space to fully develop. Sectional and lat-

tice dams can be used to trap debris flow surges in

the upper part of the watershed, especially their

coarse granular front. They must however be lo-

cated on reaches where the debris flow front are

ever developer (Takahashi, 2014, p.463), if built

too upstream, debris flow main body may reform

downstream of the structure.

Such structures are basically designed using

Eq. (2.1). Using small-scale models and some-

times numerical reanalysis, some authors have

attempted to estimate the trapped volume or

decrease in sediment discharge induced by this

type of structure. Equations can be found for slit

dams in Watanabe et al. (1980); for frame dams

in Mizuyama et al. (1996), Wu and Chang (2003),

Ishikawa et al. (2004) and Takahashi (2014, p.454);

and for sectional dams with multiple fins (narrow

side charged walls - Fig. 2.2 v) in Lien (2003) and
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Table 2.1 – Relative opening clogging probability

Opening* Relative Clogging Sources

opening† probability

w0 1.5 100% Watanabe et al. (1980)

- 2 0% -

w0 1.6 High Zollinger (1983)

h0 1.2 High -

w0 1.5 High Ikeya (1989)

w0 1.5 100% Frey and Tannou (2000)

- 2 33% -

h0 1.5 100% -

- 2 0% -

n0 1‡ (2) 100% Ono et al. (2004), Osanai et al. (2010), Itoh et al. (2011)

* w0, h0 and n0, the horizontal and vertical and minimum size of the opening, respectively (Fig. 2.2)
† Opening dimension/Material dimenson = w0 or h0

DMAX

‡ see comments in the text.

Choi et al. (2014). We recommend using these

formulas carefully, because their results likely de-

pend a great deal on experimental features such

as the grain size distribution, flume characteris-

tics, the initial bed state, etc. In addition, all

these results address the decrease induced on a

singular debris flow surge; the effect of multiple

surges is generally not considered. As stated by

D’Agostino (2013a), these data give a preliminary

rough analysis of the structure effect.

2.3.3. Hydraulic capacity of

check dam openings

In hydraulically controlled structures, ∆zdep,
the deposit heigh (Fig. 2.4a), is directly related

to the backwater effect induced by the open check

dam. The backwater effect is computed using wa-

ter stage-discharge equations that can be analyt-

ically deduced from formulas found in the litera-

ture for the simplest shapes (Zollinger, 1983).

In orifices, free surface and pressured flows are

not computed with the same equations: In free

surface flow conditions, i.e., if dw < h0, Eqs. (2.3)

or (2.5) are used. A pressure flow occurs once the

top of the orifice is reached, i.e., for dw > h0, then

Eq. (2.2) is used.

When the inertia term linked to the approach-

ing velocity is not negligible, dw has to be replaced

with dw + v2
w/2g ≈ dw + Q2/2gW 2d2

w, with vw

the approaching velocity (m.s−1) and W the basin

width (m) (Lencastre, 1983). Neglecting the in-

ertia term in steep slope contexts may result in

dramatic deviation from the actual flow configu-

ration (e.g., Le Boursicaud et al., 2016).

Theoretical hydraulic laws concerning more

complicated slit shapes allowing linear water stage-

discharge or constant velocity in the slit, are re-

ported in Ferro (2013). All the studies related to

stage-discharge formulas presented below provide

few details on errors and accuracies. As regularly

done for water sreservoir dam spillways , small-

scale experiments are appropriate tools to confirm

theoretical results (Lefebvre and Demmerle, 2004;

CFBR, 2013).

A. Grand Orifice formula (Fig. 2.3b

dam type)

To compute the hydraulic capacity of slot and

continuous crested slit check dams (Fig. 2.2ix to

xi), Zollinger (1983), Mizuyama et al. (1988) and

Sasahara et al. (2002) retained the Grand Orifice

formula:
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Q = µ0w0
2
3
√

2g(d3/2
w − (dw − h0)3/2) (2.2)

where Q is the water discharge (m3.s−1), w0 and

h0 are the slot width and height (m), respectively,

g the gravitational acceleration (m.s−2), dw the

water depth over the slot bottom (m) (Fig. 2.3a)

and µ0 is the slot coefficient (-), taken as 0.65

(Zollinger, 1983; or 0.68: Mejean, 2015; Piton et

al., 2016a).

B. Slit formula (Fig. 2.3c & d dam

types)

Zollinger (1983) proposed an adaptation of Eq.

(2.2) for gap crested slit dams:

Q = µw0
2
3
√

2gd3/2
w (2.3)

µ0 is the slit coefficient (-), also taken as 0.65

(Zollinger, 1983; Mejean, 2015; Piton et al., 2016a).

When horizontal beams are added (e.g., Fig. 2.3a

& d), a correction factor of µ has to be taken into

account. The authors used the original graphs of

Zollinger (1983) to estimate values of µ for differ-

ent bar spaces1 (Table 2.2).

Armanini and Larcher (2001) retained a critical

water depth condition hypothesis in their analysis

of single slit dams (Fig. 2.3c). If the contraction

effect is strong enough, a subcritical regime is

forced in the basin upstream of the open check

dam. The slit flow is therefore generally critical

and the water stage-discharge equation directly

upstream of the open check dam (section w in

Fig. 2.4) can be expressed by:

dw + Q2

2gW 2d2
w

= 3
2

3

√
Q2

w2
0g

(2.4)

1 A detailed back analysis of these µ values showed that
the original author considered the water stage - discharge
capacity of a grill to be the sum of the capacity of the spaces
between beams, considered as orifices (Eq. 2.2) plus, for
the uppermost flooded space of the slit, the capacity of a
slit (Eq. 2.3) taken from the last submerged beam.

Table 2.2 – Horizontal beam influence on slit coeffi-
cients

h1 [m]* ψ = h1
h1+Dbar

†
µ‡ β◦ = µ/µ0

No beam 1 0.65 1

2 0.91 0.60 0.92

1 0.83 0.53 0.82

0.5 0.71 0.45 0.69

0.2 0.5 0.31 0.47

* Space between beams [m]: see Figure 2.3

† Grill void ratio, Dbar = 0.2m in Zollinger (1983)

‡ Slit coefficient in Eq. (2.3)

◦ Equivalent contraction coefficient = µ/µ0

If the basin is wide enough, the upstream inertia

term becomes negligible and the equation can be

rearranged as follows:

Q = w0

(2
3

)1.5√
gd3

w (2.5)

Other versions of Eq. (2.4) can be used for de-

bris flows and muddy flows (see Larcher and Ar-

manini, 2000; Armanini et al., 2006 for details).

Equation (2.5) provides an 11% lower discharge

capacity when compared to Eq. (2.3), or in other

words is equivalent to Eq. (2.3) with a slit coeffi-

cient µ = 0.58. The pure-water-measurements of

Mejean (2015), presented in Piton et al. (2016a),

let the authors think that Eq. (2.3) is more ap-

propriate to use than Eq. (2.5) in bed-load and

debris flood traps with relatively thin dams (i.e.,

with dam thickness/dw ∈ [0.05; 0.47]).

C. Sectional and rack formula (Fig. 2.2

iii-vi dam types)

Vertical and inclined rack or fin outlets are

commonly used in Austrian open check dams

(Rudolf-Miklau and Hübl, 2010; Rudolf-Miklau

and Suda, 2011; Moser and Jäger, 2014). They

can be composed of beams or fins sometimes with

an inclination. Di Stefano and Ferro (2013; 2014),

and Vatankhah (2014) analysed water stage-discharge

equations in small-scale experiments on these struc-

tures and proposed the following equation:
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dw
WOS

= c0ψ
c1

3
√
Q2/W 2

OSg

WOS
(2.6)

with the open structure total widthWOS =
∑
n(w0

+ws) with n the number of spaces in the structure

(see Fig. 2.2), ws the solid part width: the rack

bar diameter or fin width (m), w0 the open space

between solid components (m), ψ the void ratio

= w0
w0+ws and two coefficients depending on the

rake angle with horizontal α (◦): c0 = 0.957 +
(sinα)1.833 and c1 = 0.9 − 1.5(sinα)0.11. The

equation was calibrated in the following range of

dimensionless parameters ψ ∈ [0.16; 0.74], dw/WOS

∈ [0.09; 0.71], 3

√
Q2

gW 2
OS
/WOS ∈ [0.05; 0.17], α ∈

[45◦; 90◦] and without sediment or driftwood. Re-

arranging their equation gives the following hy-

draulic capacity:

Q = WOS

√
g

c3
0ψ

3c1
d3/2
w (2.7)

Di Stefano and Ferro (2013) additionally re-

viewed the hydraulic capacity of bottom rack

structures with floor grills, often used as water

intake and called Tyrolean weirs. Complemen-

tary details on the use of Tyrolean weirs in tor-

rent control works can be found in Clauzel and

Poncet (1963), Okubo et al. (1997), Lefebvre and

Demmerle (2004), Mizuyama (2008) and Kim et

al. (2012).

D. Compound shapes

If the open check dam has multiple openings

(e.g., Fig. 2.2ii, ix -xi), the hydraulic capacity of

each opening, computed with Eq. (2.2), (2.3) or

(2.5), must be summed to take into account the

total flow section for a given water depth (SO-

GREAH, 1994). In case of a slit over a slot struc-

ture (e.g., Fig. 2.3a), the discharge is computed

by adding the hydraulic capacities of the bottom

slot and of a slit starting on the top of the slot

(Zollinger, 1983). For sectional and rake dams,

Eq. (2.7) integrates the total flow section through

the parameters WOS and ψ.

Theoretically, all the formulas presented above

should depend the basin to open check dam con-

traction, i.e., on
∑
w0/W . The authors can sim-

ply report that, for an equivalent WOS , the con-

traction effect increases with the number of slits.

For example, Hasegawa et al. (2004) observed

that a singular slit dam tended to store less sedi-

ments and to have a better self-cleaning behaviour

than a double slit dam with an equivalent total

width. Equations (2.3), (2.5) compare to (2.7)

highlight this phenomenon when used on a site

with an equivalent total width opening.

E. Complementary head loss

In addition to the head losses directly related

to the openings, some authors stressed the ne-

cessity to take into account upstream additional

head losses. Armanini and Larcher (2001) recom-

mend taking into account ∆Hdep−w, the equiva-

lent Borda head loss, related to the energy dissi-

pation at the transition between the dep and w

sections in Fig. 2.4 (Borda, 1769):

∆Hdep−w = Q2

2gW 2d2
dep

(
1− ddep

dw

)2
(2.8)

The above simple hydraulic equations proba-

bly remain valid as long as the sediment deposit

does not disturb the outlet flow. An additional

increase in the water level was detected in vari-

ous experiments once the sediment deposit front

had reached the outlet and bed-load transfer had

begun. Uchiogi et al. (1996) and Frey et al. (1999)

proposed estimating the additional head loss re-

lated to sediment transport through the outlet us-

ing:

∆Hsed = 1 to 1.5DMax (2.9)

withDmax the maximum sediment diameter. This

detected increase in the water depth is likely to

be the sum of (i) the volume taken by the trans-

ported sediment layer below the water and (ii)

the additional energy losses induced by sediment

transport (e.g., Recking et al., 2008b).
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hd, the overflow dam height (Fig. 2.3a), is the

sum of all the different head losses:

hd = dw + ∆Hdep−w + ∆Hsed + ∆HLWD (2.10)

with ∆HLWD, the additional head losses related

to driftwood accumulation (see companion pa-

per).

2.3.4. Dam crest spill flow

capacity

Hydraulics and hydrology of torrents still present

a large stochastic element. Phenomena such as

driftwood clogging and debris flows remain par-

tially unpredictable. By-pass flows caused by un-

controlled dam over-topping are a major threat

and must be prevented (Chatwin et al., 1994;

Hübl et al., 2005; López et al., 2010a). Taking

into account the probability of complete clogging

of the openings, the open check dam crest is gen-

erally designed as a trapezoid spillway able to

transfer the extreme event’s instantaneous peak

discharge (Deymier et al., 1995; VanDine, 1996;

Ono et al., 2004; Rudolf-Miklau and Suda, 2013;

CFBR, 2013), alternatively, the structure must

be reinforced to resist to a general over-topping.

The lateral dyke crest level is deduced in-

cluding a reasonable freeboard adapted to the

deposition slope (Dodge, 1948) and to the tor-

rent’s hydraulic uncertainties and high velocities

(see Hunzinger, 2014 for a freeboard computation

method).

2.4. Open check dams and

sediment transport

Sediment trap filling processes are clearly non-

equilibrium events. Since stream floods are rapid

and unpredictable, no direct observations of sed-

iment trap filling have yet been reported in the

literature. The processes described hereafter were

generally observed in small-scale models or through

field analysis of deposit shapes after floods.

2.4.1. Deposition initiation

Four different effects lead to sediment deposi-

tion in sediment traps (Zollinger, 1983):

1. a decrease in transport capacity due to a

milder energy slope in the basin,

2. a decrease in transport efficiency due to

flow spreading in a basin wider than the

upstream channel,

3. a drop in the shear stresses related to the

tranquil calm water area formation (hy-

draulic control), and

4. a mechanical blockage against the open check

dam (mechanical control).

Depending on the basin shape (narrow / wide,

steep / mild slope) and on the flood features (bed-

load / debris floods / debris flows / driftwood),

each effect can contribute to initiating and devel-

oping the deposition. The two first effects, related

only to the basin shape, must not be underesti-

mated. They can induce a significant trapping

if used efficiently (e.g., Kaitna et al., 2011). At

a larger scale, they are responsible for all debris

and alluvial fan creations.

A. Basin width influence

Deposition initiation first depends on the trap

basin width. In a wide basin without lateral flow

confinement, significant deposition takes place at

the inlet structure’s toe (Dodge, 1948; Zollinger,

1983; Le Guern, 2014; Takahashi, 2014, p.447).

If the basin bottom slope is milder than the de-

position slope, deposits in the basin’s upper part

must be expected. Backwater effects and mechan-

ical blockage thus influence deposition processes

only once the basin’s upper part has been com-

pletely filled and the deposit front has reached the

calm water area or the open check dam.
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In a narrow, steep and totally flooded basin,

deposition is mainly initiated by the structure’s

control type. (i) In a mechanically controlled sed-

iment trap, the deposition directly depends on the

opening clogging rate. The boulder or driftwood

jams constitute a fixed point from which basin

backfilling propagates backward (Fig. 2.4b). (ii)

In a hydraulically controlled structure, small-scale

experiments demonstrate that the deposit is gen-

erally initiated when sediments enter the calm

water area (Fig. 2.4a & c). In supercritical flows,

deposition initiation occurs immediately down-

stream of the hydraulic jump between channel

flow and the check dam backwater-influenced-

area (Hunzinger and Zarn, 1996). This deposi-

tion tends to propagate downstream like a delta

and upstream through a backfilling process. The

hydraulic jump is prone to disappear due to a re-

duction of the upstream Froude number related

to the new milder slope (Armanini and Larcher,

2001; Busnelli et al., 2001).

B. Similarities with deltas

Dodge (1948), Zollinger (1983), Frey et al.

(1999), Jordan et al. (2003; 2004) and Le Guern

(2014) report clear similarities between sediment

trap filling and delta formations.

The deposit longitudinal profiles present the

characteristic two slopes of a delta profile (Fig.

2.4a & c). An underwater steep slope progrades

in the calm water area. A milder slope of ”dry”

deposits, hereafter called Sdep, is found above

the water surface. Like an alluvial equilibrium

slope, Sdep is reported to increase with the sup-

ply’s solid concentration (Frey et al., 1999; Le

Guern, 2014). Constituting the border between

the two domains, a fixed point called a fulcrum

is found near the water’s surface (Van Dijk et al.,

2009).

The literature dedicated to fan and delta geo-

morphology contains interesting descriptions. They

can help to better understand the geomorphic

phenomena occurring in sediment traps at a sig-

Figure 2.7 – Self-cleaning main steps: a) backward
channel incision, b) channel widening
(adapted from Zollinger 1983, with per-
mission)

nificantly shorter time scale (see Parker et al.,

1998; Van Dijk et al., 2009; Van Dijk et al., 2012;

Reitz and Jerolmack, 2012).

2.4.2. Hydrograph recession and

self-cleaning effect

In his review on coupling effects between fans

and fluvial systems, Harvey (2012) stressed that

fan and delta morphologies are highly sensitive to

downstream boundary conditions, such as changes

in the water level or fan toe cutting.

The self-cleaning trends showed by some open

check dams, have similarities with fan and delta

toe cutting phenomena. All authors agree that

the hydrograph recession and the subsequent ero-

sion are clearly not the symmetric effect of basin

filling (Compare Fig. 2.4 and Fig. 2.7). In a hy-

draulically controlled basin, the calm water level

decreases with the instantaneous water discharge

during hydrograph recession. The former under-

water steep slope becomes exposed to direct flow

erosion. Small-scale modelling, as well as field

observations, report the creation of a deep sin-

45



Chapter 2. Design of Sediment Traps with Open Check Dams. I: Hydraulic and Deposition Processes

gular channel (Fig. 2.7a & Zollinger, 1983; Ar-

manini and Larcher, 2001; Busnelli et al., 2001;

Catella et al., 2005). This phenomenon is sim-

ilar to water dam reservoir flushing, which gen-

erally results in a channel formation in the de-

posit (Morris et al., 2008). Once the incision

reaches a fixed point (basin bottom or mechani-

cally blocked material in the open check dam),

bank erosion and collapses tend to widen the

channel (Fig. 2.7b). If a clear water flow lasts

long enough, a substantial part of the basin can

be cleaned. This self-cleaning process is gener-

ally sought for hydraulically controlled structures.

Clogging of the openings, for instance related to

large woody debris, is the worst enemy of this

interesting behaviour. The use of inclined struc-

tures limits driftwood clogging (see companion

paper). Dodge (1948) alternatively reported suc-

cessful experiments of post-flood boulder and log

jam removing, thus initiating an economical par-

tial self cleaning of the traps. In addition, this

partial restoration of the sediment continuity help

limiting the undesirable incision trends nearly

systematically observed downstream of sediment

traps. Mechanically controlled structures gener-

ally show no or weak natural self-cleaning trends

(IRASMOS, 2008).

2.4.3. Deposition slope

A. General considerations

If the sediment trap and the upstream chan-

nel widths are similar, the deposition slope in the

trap is likely to be comparable to the alluviation

slope above solid body check dams. Field mea-

surements above existing check dams or bedrock

outcrops are probably the most accurate method

to determine Sdep (Deymier et al., 1995). Field

measurements must take into account former pat-

terns of torrential activity (Kaitna and Hübl,

2013) and be completed with historical analysis

(D’Agostino, 2013b).

In laterally unconstrained areas, the estima-

tion of deposition slopes remains complex and,

until now, insufficiently known. In sediment traps,

mechanical dredging generally levelled the basin

bottom and no stable and predetermined chan-

nel exists. During trap filling, aggradation is fast

and flow paths highly unstable. When trapping

bed-load, cycles of sheet flows (thin layer of water

spreading on a large width of the deposit, Parker

et al., 1998) and channelisation are likely to occur,

resulting in high morphological instability. Grain

size sorting plays a key role in these instabilities

and fluctuations (Le Guern, 2014).

The flow spreads when entering a wider area,

which tends to produce shallower water depths

and lower shear stresses. This results in equi-

librium slopes that are steeper in alluvial wide

reaches than in narrow reaches, i.e., upstream of

solid body dams (Thiéry, 1891; Hunzinger, 2004).

Koulinski (1993), Lala Rakotoson (1994), Frey et

al. (1999) and Le Guern (2014) all highlighted de-

creases in sediment transport capacity when flows

in narrow constrained channels enter a wider area.

B. Existing equations

Rough formulas developed for solid body dams

can be used to determine deposition slopes (Osti

and Egashira, 2013; D’Agostino, 2013a):

Sdep ≈ 1/2 Sinit (2.11a)

Sdep ≈ 2/3 Sinit (2.11b)

with Sinit the natural initial slope of the upstream

reach before construction of solid body dams.

Equation (2.11a) is often used for low flows and

afters several small floods1, thus for initial con-

ditions prior to a disaster. Equation (2.11b) is

proposed for deposition occurring during extreme

floods with higher solid concentrations (SABO

Division, 2000). These differences in slopes, de-

pending on sediment supply and hydrology, illus-

trate that slope values fluctuate over time, result-

1This subject is discussed further in details in §2.7,
p.55 within a Closure paper and a synthesis of the related
Discussion paper.
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ing in a small dosing effect through a sediment

buffering effect (Gras, 1857; Jaeggi, 1992; López

et al., 2010a).

Some authors have attempted to apply clas-

sical sediment transport formulas to small-scale

models of sediment trap filling. Jordan et al.

(2003) and Kaitna et al. (2011) reported that the

Smart and Jaeggi (1983) equation provides good

estimations of their results. Frey and Tannou

(2000) reported that the Rickenmann (1991) and

Couvert et al. (1991) formulas provided a good

estimation of the deposit slope in the upstream

channel but only the lower value of the slope range

in the basin. Le Guern (2014) also observed that

these three formulas, although calibrated for tor-

rential flows, underestimate Sdep in laterally un-

constrained flows.

More recent approaches had been tested on

numerical models. Osti and Egashira (2008) and

Osti and Egashira (2013) presented an application

of their debris flow propagation model on a case

study of check dam design in Venezuela.

Armanini (2014) recently proposed constitu-

tive relations for sediment-laden flows, without

clay in the interstitial fluid that would change

its rheology. The equations describe debris flow

to bed-load transition but still need to be val-

idated on other field and laboratory datasets.

The use of these approaches remains difficult in

self-formed channels, where the active width is

unknown. New formula taking into account the

channel width adjustment are needed. Similar

problem exist in braided rivers (Ashmore et al.,

2011; Ashmore, 2013).

For sediment-laden flows with a substantial

clay concentration in the interstitial fluid, i.e.,

muddy debris flows, deposit slopes in the sed-

iment trap can be very low due to changes in

rheology and constitutive equations (e.g., muddy

debris flows of the Saint Antoine stream, July,

31th 2014 Modane, FRA., Sdep ≈ 3%, Tacnet et

al., 2014a).

To summarise, the methods to estimate the

maximum value of the deposits’ slope have not

yet been sufficiently validated in the field. The

detailed methods presented above still lack field

confirmation. This is particularly true in laterally

unconstrained areas and under low excess shear

stresses, even though such conditions often seem

to take place in steep slope streams and gravel bed

rivers during floods (e.g., Recking et al., 2012a;

Pitlick et al., 2013). Observations of large fluctu-

ations of deposition slopes, even if reported from

field observations over a long period of time (e.g.,

Fabre, 1797; Thiéry, 1891; Jaeggi, 1992), have

only recently begun to be studied in detail and

this is still an active field of research (e.g., Reck-

ing, 2013a; Bacchi et al., 2014). The potential

expression of these phenomena in laterally uncon-

strained channels needs to be addressed in the fu-

ture.

2.4.4. Deposit height

A. Mechanically controlled deposits

In mechanically controlled structures, the de-

posit level is controlled by the level of the coarse

materials jammed against the structure. If the

sediment supply is comparable to the sediment

trap volume, the basins are generally filled up to

the crest level:

∆zdep = hd (2.12)

with hd dam height between the outlet bottom

and crest levels (Fig. 2.2).

B. Laterally unconstrained flows and

hydraulic controlled deposits

The deposit height ∆zdep has to be estimated

once the water stage-discharge formula directly

upstream of the open check dam has been deter-

mined, taking into account additional head loss

induced by bed-load and driftwood (Fig. 2.3 and

2.4). In a basin large enough to allow a non-

constraint flow, Jordan et al. (2003) reported that
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∆zdep was comparable to the mean value of the

water depth in the basin during the flood, and

not to the dam height or to the maximum water

depth. ∆zdep can thus be estimated by comput-

ing the mean value of dw,tot = dw + ∆Hdep−w +
∆Hsed + ∆HLWD, the total water depth during

the flood:

∆zdep = 1
Tflood

∫
Tflood

dw,tot(t) dt (2.13)

with Tflood the duration of the flood. This high-

lights the importance of the water stage-discharge

capacity of the outlet and the sensitivity to the

hydrograph when assessing the trap’s theoretical

behaviour for a given event.

C. Laterally constrained flows and

hydraulic controlled deposits

Armanini and Larcher (2001) theorised and

experimented single slit check dams installed in a

relatively narrow basin such that the flow covers

its entire width. Their approach is more likely

to concern sediment traps built directly in the

channel or in gorges and without widened basins.

If the sediment supply is high enough, experi-

ments have shown that the deposition process

looks like nearly steady states of transport over

a topset equilibrium slope. Assuming that the

Froude number in the calm area is subcritical, a

preliminary approximation of the deposit height

for slit check dams can be estimated using:

∆zdep ≈ ddep
(
W − Σ w0

Σ w0

)
(2.14)

with ddep the water depth above the deposit at

section dep of Fig. 2.4, W the basin width up-

stream of the open check dam and Σ w0 the sum

of the opening widths (Fig. 2.2). D’Agostino

(2013a) also suggested using use Eq. (2.14) but

recommended using it only for slit dams with Σw0

< 0.4W . Armanini and Larcher (2001) proposed

abacuses giving the percentage errors when us-

ing this simplified formula compared to the more

precise equation described below. A more precise

estimation of the deposit height ∆zdep depend-

ing on ddep the flow depth over the deposit, can

be computed if Frdep the flow Froude number on

the deposit, is known ≈ vdep√
gddep

, with vdep flow

velocity on the deposits (m/s):

∆zdep
ddep

= 3
2

(
Frdep.

W

w0

)2/3
− 1

−
Fr2

dep

2

1−
[
1− 2

3

(
Frdep.

W

w0

)−2/3
]2

(2.15)

The drawback of this approach is that it requires

prior knowledge of the relevant friction law and

solid transport formula on massive deposits oc-

curring in sediment traps, which have not yet

been determined. The accurate estimation of the

Froude number and the water depth remains dif-

ficult.

The deposit formation behaves more like a

delta prograding in the basin if the sediment

supply is low, i.e the dimensionless dam trap-

ping parameter M = Vsed,supply/Vsed << 1, with

Vsed,supply the volume of sediment supplied by the

flood to the trap and Vsed the maximum volume

of sediment trapped in the open check dam basin

(Armanini and Larcher, 2001). It this case, Eq.

(2.15) cannot be applied to assess the deposit

height directly upstream of the open check dam.

In specific conditions with a sufficiently wide

slit, the basin flow could remain supercritical,

including directly upstream of the slit. In this

case, Eq. (2.15) is no longer valid and alterna-

tive equations were proposed by Armanini and

Larcher (2001). In mudflows and debris flows,

the framework of Armanini and Larcher (2001)

was tested in small-scale models and additional

formulas were proposed to take into account the

complementary head loss induced by dead and

recirculation zones (Larcher and Armanini, 2000;

Armanini et al., 2006).
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Busnelli et al. (2001), Campisano et al. (2013)

and Campisano et al. (2014) accurately numer-

ically modelled Armanini and Larcher’s (2001)

small-scale experiments after a recalibration of

the Meyer-Peter and Müller (1948) transport equa-

tion. For a given hydrograph, numerical simula-

tions showed that ∆zdep is slightly overestimated

by Eq. (2.15) at the peak flow. In addition, dur-

ing the falling part of the hydrograph, significant

self-cleaning of the basin was modelled, resulting

in thin remaining deposit heights (Campisano et

al., 2014). During post-flood field investigationss

Catella et al. (2005) also observed that deposition

heights in four slit dams were slightly less than

expected with Eq. (2.15). These results could be

explained by non-saturated solid transport con-

ditions, partial self-cleaning processes, different

processes related to the wide basin width and lat-

erally unconstrained flows or the quasi-steady as-

sumptions used by Armanini and Larcher (2001)

can fall in defect. In summary, Eq. (2.15) can

be considered as the envelope of the maximum

potential deposit height before self-cleaning.

2.4.5. Basin maintenance slope

and low flow channel

Using various basin longitudinal profiles in a

small-scale models, Ishikawa et al. (1996) and

Frey et al. (1999) showed that the final deposit

shape does not depends on the initial basin to-

pography. The latter plays a role in the total

storage capacity and low-flow transfer but not on

the final volume deposit shape. The basin bot-

tom topography of a sediment trap is generally

only representative of the last dredging campaign

and/or past partial filling by previous floods.

Designers have sometimes been tempted to

adopt a low basin longitudinal slope to increase

the total storage capacity for a given open check

dam height. This type of design curtails nearly

all the transport capacity of low-floods. Strong

problems of incision often appear downstream of

this kind of structures (SOGREAH, 1992). Costs

Figure 2.8 – Upstream view of the Reninge stream
parallel sediment trap with its low-flow
channel and excavated trap basin with
a trapping capacity of 5,000m3 (Haute
Savoie, French Alps - image by Guillaume
Piton)

related to regular dredging and downstream chan-

nel protection-structures added to prevent sedi-

ment starvation effects (Brandt, 2000; López et

al., 2010a) must be taken into account in long-

term project costs. After dozens of years using

sediment traps, French dams managers now seek

to minimise trapping effects on floods that do

not threaten downstream areas (e.g., Koulinski,

2010).

An alternative solution to increase trap vol-

ume while keeping slight influences on low-flows

is to build a steep relatively narrow channel in

or on the side of the trap (Fig. 2.8 & De Mont-

mollin and Neumann, 2014). Such structures are

called parallel sediment trap, in contrast to traps

in series, directly built transversally to the chan-

nel (SOGREAH, 1992 , Lefort, 1996). The basin

is sometimes dug lower than the low-flow-channel

(Fig. 2.8 & e.g., Ghilardi et al., 2012). When

significant floods occur, they overflow the chan-

nel and spread in the basin where massive depo-

sition occurs. The cost of the reinforced channel

increases the initial cost of the trap, but over the

long term, it can significantly decrease mainte-

nance costs, especially in watercourses with regu-

lar but rarely dangerous sediment production. As

stressed by IRASMOS (2008), cost-benefit analy-

sis must be undertaken to highlight the short and

the long-term relevance of the various possible so-

lutions adapted to each site.
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2.4.6. Scour and erosion

protection

Erosive stream power at the toe of check dams

can be extremely high and is a major threat for

structures (Deymier et al., 1995; Hübl et al., 2005;

Comiti et al., 2013). Downstream of a sediment

trap, it can become even stronger because the flow

is often constituted of clear water: in addition to

local scouring due to energy dissipation, sediment

starvation can lead to a general incision and check

dam toe destabilisation (e.g., Fig. 2.9). Like

for solid body dams, open check dams must be

protected. Ground sill or counter-dams are often

built downstream of the main structure (Fig. 2.1).

Formulas calibrated to estimate scour depths can

be found in Comiti et al. (2013) and D’Agostino

(2013a). The inlet structure must also be pro-

tected even if its toe generally shows deposition

trends. Its failure would induce dramatic conse-

quences such as upstream channel destabilisation.

In addition to vertical erosion on hydraulic

falls, steep slope streams generally show a strong

tendency to lateral erosion and channel shifting.

In sediment traps, strong deposition takes place

at the centre of the basin and flows regularly split

into multiple channels often following the basin

sides. Riprap and riprap masonry are often used

to protect lateral dykes from erosion. Details on

riprap design in the steep slope context can be

found in Recking and Pitlick (2013).

2.5. Design procedure steps

In summary, the following steps are recom-

mended in the design of a sediment trap with an

open check dam:

1. Determination of torrential hazards on the

area to protect through a complete water-

shed study determining flood features (data

input) and stressing, as precisely as possi-

ble, the processes leading to potential dam-

age (e.g., driftwood/boulder accumulation

Figure 2.9 – Downstream view of the slit dam with
horizontal beams of the Ravoire de
Pontamafrey stream (Maurienne, French
Alps), 3 to 4-m incision following two sub-
sequent debris flows (Jul. 27 & 30, 2014),
deep foundations protect the structure
from failure; partial mechanical blockage
of large boulders in the slit (image by
Guillaume Piton)
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in a given section, insufficient channel hy-

draulic capacity due to deposits, solid trans-

port insufficient capacity, etc;); field investi-

gations (Kaitna and Hübl, 2013) and histor-

ical analysis (D’Agostino, 2013b) must be

used to complete theoretical and numerical

approaches (Zollinger, 1985);

2. Choice of the structure’s location;

3. Determination of the structure’s objectives

(qualitative functions as described above

and quantitative objectives such as the ex-

pected trapped volume) leading to the choice

of the outlet shape;

4. Depending on the available area, design of

the basin shape and type (series or parallel);

5. Choice of the basin bottom slope and main-

tenance practices;

6. Computation of Sdep and its uncertainty

(Eq. (2.11) and field data);

7. Estimation of the necessary ∆Zdep to reach

the volume of the structure, depending on

the bottom and deposition slopes and avail-

able area;

8. Determination of the opening sizes and dw,tot

with the appropriate formula (Eqs. (2.12)

to (2.15)) to achieve the targeted value of

∆Zdep;

9. Control of the consistency between the func-

tions and the likelihood of the mechanical

blockage of coarse sediments with Eq. (2.1)

and of driftwood (see companion paper);

10. Control of the consistency between the func-

tions and the possible hydraulic trapping

with Eq. (2.2) to (2.7), taking into ac-

count the possible influence of additional

head losses (Eqs. (2.8) & (2.9) and related

to driftwood - see companion paper);

11. Determination of hd the check dam height

with Eq. (2.10);

12. Design of the spillway and lateral dykes

with a suitable freeboard;

13. Design of scour and erosion protections.

If the dam height and lateral dyke sizes deduced

are excessive, designers must decide whether it

is more relevant to (i) increase the available area

for the basin and dykes, (ii) design multiple sed-

iment traps in a series or (iii) review and lower

the trapping objectives. If a verification demon-

strates inconsistencies between the trap’s theoret-

ical objectives and the expected behaviour based

on expert assessment and design criteria, the open

check dam shape must be revised.

2.6. Future research

challenges

Much remains unknown in torrent mitigation

and more particularly concerning the processes

occurring in sediment traps with open check dams.

2.6.1. Sediment production

assessment and field survey

A key question, which is not directly addressed

in this paper, is the assessment of sediment pro-

ductivity and transport during disasters and low-

floods. These basic parameters are needed by

engineers to design sediment traps. Until now, to

our knowledge, no simple and accurate method

has been developed. The structure must be adapted

to local geomorphology, geology, hydrology, land

use, etc..

From this point of view, existing traps are use-

ful structures. Trap dredging provides data on

sediment production and transfer. Long-term

analysis and surveys of sediment traps will im-

prove our knowledge of the natural variability of

sediment production over time and between wa-

tersheds. Once enough data have been collected,

regional methods can be calibrated to give an ap-
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proximation of sediment production of watersheds

(e.g., Peteuil, 2010; Peteuil et al., 2012).

In addition to natural watershed sediment pro-

duction, the influence of upstream torrent con-

trol works, such as solid body dams, on sediment

transport has not been sufficiently understood.

Numerous design criteria address toe scouring,

slope adaptation and the structure design of solid

body dams. However, how a series of upstream

solid body dams changes sediment transport at

the instantaneous or the flood scale is not yet

clear. Preliminary results are reported in Re-

mâıtre et al. (2008) and in Piton and Recking

(2014; 2016cc), but more small-scale experiments

and confirmation by field surveys are needed.

This is important because designers have to be

able to take into account upstream torrent works

in the design of a sediment trap.

In addition to the basic data concerning sedi-

ment volume production, it would be worth sur-

veying trap filling and self-cleaning in greater de-

tail. Grain size sorting, channel shifting, drift-

wood production and their influences are exam-

ples of natural processes taking place when dis-

aster occurs, which has not been properly under-

stood. A large number of the processes discussed

in this paper come from small-scale and numerical

models. Confirmations of laboratory results by

field observations are clearly needed. Extensive

field surveys such as those conducted by López et

al. (2010a) on the structures built after the Vargas

disaster (Dec. 1999, VEN.) are useful.

2.6.2. Hydraulic and deposition

processes

Mechanical blockage criteria exist, but remain

based on few small scale experiments. The de-

velopment of Discrete Element Models of debris

flows seems promising for numerical simulation

able to determine impact forces and detailed gran-

ular and mechanical behaviour (e.g., Ishikawa et

al., 2014; Albaba et al., 2014). Adding an intersti-

tial fluid with non-Newtonian rheology will prob-

ably be the next challenge1 to address to extend

the types of debris flow that can be simulated.

Water stage-discharge equations to determine

slot and more exotic shapes exist but, to our

knowledge, they generally came from fluvial, low

Froude-number and clear-water hydraulic studies.

Thorough studies of these simple hydraulic formu-

las in the torrent context with upstream changing

regime flow and massive sediment transport are

still lacking.

Better comprehension of sediment transport

and torrential hydraulics is clearly needed and

must be integrated into numerical models (Egashira,

2007). The effect of lateral confinement absence

needs further study. The general comprehension

of torrential processes has to address constrained

and unconstrained flows in and out of equilib-

rium conditions. This general comprehension of

the processes will make it possible to develop 1D,

2D and 3D numerical models that are useful tools.

Fan and delta similarities with trap filling pro-

cesses are clear. The literature generally ad-

dresses fluvial processes. Torrential processes

with lower excess shear stress and highly pulsatil

behaviour compared to low-land alluvial fans and

deltas also require further study. Grain size sort-

ing and channel sediment recharge are also sub-

jects of interest. The assessment of precise sedi-

ment transport capacity, deposition slope, deposi-

tion height and self-cleaning processes are among

the many key questions all related to the precise

understanding of sediment transport in laterally

unconfined deposits.

In addition, the specific effect of hydrographs

and related hysteresis in sediment concentration

is a point to highlight in order to compute sedi-

ment trap filling and self-cleaning with more re-

1Actually, coupled DEM-SPH (Discrete Element
Model for coarse grains coupled with Smooth Particle Hy-
drodynamics for the interstitial fluid) with Non-Newtonian
rheology as ever been developed by Canelas et al. (2015)
who shows preliminary results comparing small scale mod-
els and numerical simulations of debris flow breakers, a
promising tool, though currently heavily costly in compu-
tational power.
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alistic boundary conditions. Preliminary results

coming from small-scale models (e.g., Mao, 2012)

have to be verified in the field.

Self-cleaning optimisation and sediment con-

tinuity for low flows have been insufficiently ad-

dressed. Numerous open check dam shapes have

been tested, with often disappointing results (Mizu-

yama 2008). Solutions can probably be found to

prevent downstream sediment starvation related

to total trapping, which results in numerous prob-

lems and useless maintenance costs. Too conser-

vatively designed structures, e.g., with too low

relative openings, systematically generate impres-

sive incisions in downstream alluvial reaches. The

Ebron sediment trap (Fig. 2.10 - Tréminis, FRA.;

capacity≈ 100, 000m3, 5-m high) exemplifies this

situation: a wide slit has been cut in the formerly

triple slot dam after few years of operations: sev-

eral meters deep incision downstream on the fan

threatened bank protections and bridges of col-

lapse. The new configuration give satisfactory

results, illustrating how conservative was the ini-

tial design. The use of channels in the trap basin

is likely to be a solution, but research is needed on

this point. Further research is required to define

structures with only a slight influence on sedi-

ment transport for low floods and, at the same

time, able to mitigate disasters.

Interactions between torrential flows and struc-

tures is another key scientific field in need of at-

tention. A better comprehension of flow details

could improve debris flow breakers and similar

structures. One can hope that more detailed cri-

teria will be proposed in the future using numer-

ical models, new small-scale experiments and key

calibration field surveys.
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Piton)
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Notation

The following symbols are used in this paper:

c0 & c1 = coefficients of Eq. (2.7) depending on α

(-);

Dbar = piles, beams or rake bar diameter (m);

DMax = maximum diameter of transported

sediments (m);

Dx = diameter such that x% of the grains are

finer (m);

dcr = critical flow depth upstream of the open

check dam ≈ 3
√

Q2

gW2 (m);

ddep = water depth on the deposits (m);

dw = water depth upstream of the open check

dam due to the open check dam water

stage-discharge law(m);

dw,tot = water depth upstream of the open check

dam, taking into account all head losses

= dw + ∆Hdep−w + ∆Hsed+ ∆HLWD (m);

Frdep = Froude number of the flows on the

deposits =
vdep√
gddep

(-);

g = gravitational acceleration (m/s2);

hd = dam height from the top edge of the

footing up to the overflow level (m);

h0 = opening height: vertical dimension of the

opening (m);

h1 = distance between beams in a slit dam

with horizontal beams (m);

l0 = long side of the opening = maximum of

h0 and w0 (m);

M = dimensionless trap capacity

= Vsed,supply/Vsed (-);

n = number of spaces between rack bars or

fins in a rake or sectional dam (-);

n0 = narrow side of the opening = minimum of

h0 and w0 (m);

Q = water discharge (m3/s);

Sdep = deposition slope (m/m);

Sinit = initial slope of the upstream stream in a

reach not disturbed by anthropogenic

structures (m/m);

Tflood = flood hydrograph duration (s);

Vsed = volume of sediment trapped in the open

check dam basin (m3);

Vsed,supply = volume of sediment supplied by the flood

to the trap(m3);

vdep = flow velocity on the deposits (m/s);

vw = flow velocity upstream the open check

dam (m/s);

w0 = opening width (m);

ws = width of the dam’s solid part between the

opening: horizontal dimension of the solid

part (m);

W = river or basin width (m);

WOS = open structure total width =∑
n
(w0 + ws) (m)(see Fig. 2.2);

α = rake inclination : angle between the rake

and the horizontal (◦);

β = contraction coefficient due to beams

presence in slits = µ
µ0

(-);

∆Hdep−w = Borda head loss at transition between dep

and w section in Fig. 2.4 a (m);

∆HLWD = head loss induced by large woody debris

jam upstream of the open check dam (m);

∆Hsed = head loss induced by sediment passing

through the open check dam (m);

∆zdep = deposit maximum height (m);

µ0 = slot coefficient (-);

µ = slit coefficient corrected to take into

account beams (-);

ψ = Void ratio = h1
h1+Dbar

for slits with beams

and = w0
w0+ws

for rakes fins (-);
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2.7. Discussion and Closure additional papers

Following the publication of Piton and Recking (2016a, i.e., Chap. 2), Chen et al. (2016) submitted

a discussion paper, to which we reply by a Closure paper1. This short section gathers a synthesis of

the remarks of Chen et al. (2016) and a complete version of our Closure note.

2.7.1. Synthesis of the Discussion

by Chen et al.

Chen et al. (2016) do not fundamentally dis-

cuss a particular point of the Chap. 2, but even-

tually provide complementary results, so far only

available in Chinese.

Their works address the question of the depo-

sition slope estimation. They concede that ”there

is no reasonable and scientific method of deter-

mining the deposition slope upstream of a check

dam, and the coefficient range of the natural ini-

tial slope is relatively broad and highly random”.

They cite several older analysis also focusing on

this problem and often providing analysis of the

ratio Sdep/Sinit ranging from 0.5 to 0.95, with

the deposition slope upstream of check dams Sdep

(m/m) and the initial streambed slope, without a

structure Sinit (m/m).

More recently, experimental investigations were

undertaken on the same subject in typical gully

small scale models. The experimental conditions

allowed complementary measurements, concern-

ing, for instance, flow mixture rheology and den-

sity. The following equations were then proposed

and the results are gathered in Fig. 2.11.

Sdep = 0.6041γ0.0526S0.9470
init (2.16)

Sdep = Sinit + tanφ− Sinit
tan2(45− φ/2)

(2.17)

Figure 2.11 – Discussion paper Figure: ”Comparison
of the experimental data with the empir-
ical formulae” (after Chen et al., 2016,
see the original paper for the cited ref-
erences)

with γ = ρg, (kN/m3 ), ρ being the density of the

debris flows, and the internal friction angle of the

debris flow φ (°).

Equivalent approaches were already available,

but raise two problems that made us avoiding

their presentation in Chap. 2: i) in our knowledge,

no method are available so far to estimate a priori

the debris-flow rheology, making Eqs. 2.17 & 2.17

hardly usable by a lack of data; and ii) small scale

models of gully erosion may present some limits

that are summarized in the closure paper.
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2.7.2. Closure paper by G. Piton

and A. Recking

The authors appreciate the opportunity af-

forded by the Journal to enrich their work with

details concerning the point raised by the dis-

cussers. The discussers Chen et al. (2016) com-

pleted the recent review of Piton and Recking

(2016a) by providing additional information on

the challenging topic of deposition slope assess-

ment, most particularly two formulas based on

small-scale experiments. This question is impor-

tant because i) it is a key step in the determina-

tion of structure volume capacity, and ii) it plays

a significant role in protecting the structure from

failure: the lateral basin dikes must be designed

with a sufficiently steep crest slope to prevent

dike overflow, which eventually would result in

open check dam by-pass and structure failures

(e.g., Böll et al., 2008 p. 53). In response to Chen

et al.’s (2016) comments, this note first seeks to

clarify the origin of the deposition slope and its

comparison with the streambed slope within a ge-

omorphological perspective. This perspective is

then tested with a field data set and a number

of comments on small-scale model results are re-

ported. Finally, a few words address the question

of lateral confinement.

A. Origin of the milder slope upstream

of check dams

In most cases the deposition that occurs up-

stream of check dams has a gentler slope Sdep

(m/m) than the initial streambed slope, without

a structure Sinit (m/m), which has been known

since the first design guidelines of torrent control

works (Demontzey, 1882; Thiéry, 1891). Interest-

ingly however, in lowland rivers, this slope reduc-

tion upstream of a chute structure is not expected

(Malavoi et al., 2011). In the authors’ opinion, it

should be emphasized that the geomorphic origin

of these observations has resulted in misunder-

standing and unsuitable structure design (Piton

et al., 2016c).

Mountain streams, by definition, are surrounded

by hillslopes that eventually supply them with

sediment of all sizes, from clay to boulders, through

slow (soil creeping, gullying) to fast transport

processes (rock avalanches, rock falls, avalanches,

debris flows, shallow and deep-seated landslides).

In addition, bedrock outcrops or even bedrock

channels are quite common in some mountain ar-

eas. The initial slopes of mountain streams are

consequently not graded alluvial slopes (sensu.

Lane, 1955), but rather armored beds, paved by

seldom moved boulders (Recking et al., 2012a),

often steeper than the alluvial equilibrium, and

thus supply-limited rather than transport-limited

(Montgomery and Buffington, 1997).

Check dams are usually built above the initial

bed level for several reasons (Piton et al., 2016c):

basically to trap sediment in their backfilled up-

stream reach, but also to take advantage of the

resulting decrease in slope that promotes boulder

deposition and less intense sediment transport,

and finally for ease of construction (Demontzey,

1882; Jaeggi and Pellandini, 1997). Sediments

transported by the stream then deposit upstream

of these raised fixed points in the stream’s longitu-

dinal profile, resulting in the creation of alluvial

sections in an eventually excessively steep envi-

ronment, influenced by hillslopes or bedrock. The

deposition slopes that settle in these sections are

graded alluvial slopes, i.e., they depend on water

and sediment supplies and sediment grain size. In

contrast, the initial stream slope depends strongly

on its armoring state related to non-alluvial influ-

ences, combined with a classical alluvial influence

related to the supply conditions.

There are a few particularly active streams

with unlimited sediment supply where strong ar-

moring and stable bed structures, such as step

pools, tend to disappear (Recking et al., 2012a).

These transport-limited mountain streams more

likely have bed slopes entirely in equilibrium with

their specifically high-supply conditions, i.e., their

initial bed slope is likely an equilibrated deposi-

tion bed slope.
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To conclude, in mountain streams, the initial

bed slope is likely only an upper limit of the de-

position slope (Gras, 1850, p. 26). Such steep

deposits are observed i) along the entire chan-

nel of a few particularly active streams that are

supply-unlimited and ii) more generally where

non-alluvial influences are weak, e.g., near or on

the fans, provided that i) the bed width varies

only slightly, i.e., the flow is still laterally con-

fined (see below), and ii) no changes occur in

the supply conditions, i.e., in the alluvial influ-

ences (e.g., in case of dramatic sediment supply,

the stream slope increases, after landslides for

instance - Logar et al., 2005; Chen et al., 2015).

Where the non-alluvial-pavement influence ampli-

fies, e.g., with increasing boulder supply from hill-

slopes, the deposition slope should deviate from

this upper envelope toward a general decrease.

Consistently, in lowland alluvial rivers, the non-

alluvial influences are often negligible, explaining

that a decreasing slope upstream of weirs and

sills, which form mere steps in the river profiles,

is not observed.

Dodge (1948) reported from observations in 22

debris basins built near the fans’ apexes in the Los

Angeles county (CAL.) that:

Sdep ≈ 0.6Sinit (2.18)

with Sinit taken as the initial slope of the

channel at the basin location. He reported that

Eq. (2.18) was reasonably consistent with the ob-

servation made during the 1938’s major floods.

Eq. (2.18) may thus been used to design the debris

basin volume capacity, or eventually more conser-

vatively with a coefficient of 0.4-0.5 (some concave

upward profiles have been observed during the

1938 floods). However, knowing that this deposit

slope varies between events and sites, when esti-

mating Sdep to design the lateral dike crest and

considering that preventing structure bypass is of

prime importance, he recommended using:

Sdep ≈ Sinit (2.19)

Eq. (2.19) must be considered for a longitudi-

nal profile taken from the open check dam spill-

way.

B. Field proof of concept

In order to test the Dodge’s (1948) guidelines,

the authors gathered data sets of field measure-

ments of Sinit and Sdep upstream of check dams

built in gullies and mountain streams (Fig. 2.12;

data sets of Hampel, 1975; Iroume and Gayoso,

1991; Liu, 1992; Maita, 1993; Kostadinov, 1993;

Porto and Gessler, 1999; Todosijević and Kostadi-

nov, 2006; Conesa-Garcia et al., 2007; Böll et

al., 2008; Esmaeili Nameghi et al., 2008; Zeng et

al., 2009; López et al., 2010a; León Maŕın, 2011;

Kostadinov et al., 2011; Dı̀az et al., 2014; Chen et

al., 2016; Galia et al., 2016). This quite large data

set (456 data) covers two orders of magnitude of

slopes [0.005; 0.5], representing geomorphic con-

texts from steep gullies and headwater channels

down to gentle fan channels.

Consistent with the proposal developed above

and with the Dodge (1948) guidelines, it can be

noted that the equality line between Sinit and Sdep

constitutes a clear upper envelope.

Beneath the equality line envelope, scatter-

ing is considerable. The existing equations for

the deposition slope mentioned in SABO Divi-

sion (2000); D’Agostino (2013a), and Osti and

Egashira (2013) (Sdep ≈ 1/2Sinit - Eq. 2.11a and

Sdep ≈ 2/3Sinit - Eq. 2.11b) provide a good av-

erage estimation, although the complete envelope

is roughly provided by:

Sdep,MAX ≈ Sinit (2.20a)

Sdep,min ≈ 1/3 Sinit (2.20b)

It is important to stress that these data are

all measured in laterally confined beds and that,

to the authors’ knowledge, there is no equiva-
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Figure 2.12 – Comparison of the deposition slope and
the initial channel slope on a data set
with 456 field measurements: a) within
the complete range and b) zoom on
the slopes < 0.15. Confirmation of
the nearly systematic relation Sdep ≤
Sinit (Numbers between brackets are the
number of data of each reference)

lent data set of slope measurement in artificially

widened basins such as upstream of open check

dams (see below).

C. Hillslope–channel coupling in

small-scale models

Small-scale experiments are useful tools, but

they must be used with caution when studying

erosion processes. One of the multiple problems

emerging in gully laboratory models is that re-

specting similitude of geomechanics (to correctly

represent hillslope dynamics) requires increasing

gravity when the scale decreases (Heller, 2011),

which is not done in typical hydraulic labora-

tories. In other words, classic small-scale mod-

els represent the channel sediment transport pro-

cesses fairly well, but poorly represent the actual

hillslope stability. The representativeness of the

initial slope and its coupling with the hillslope

stability, which are known to be key drivers of

river longitudinal profiles (Egholm et al., 2013)

and thus of Sinit, are consequently subject to dra-

matic uncertainties in small-scale models. This is

the main reason why the authors did not include

laboratory data in the Fig. 2.12 data set: Sdep is

likely to be reliable but Sinit is likely to show poor

reliability.

In one case of a small-scale model experiment,

without hillslope coupling, with rigorously similar

supply conditions and sufficient time to wait for

the dynamic equilibrium settling, the deposition

slope with check dams was observed not to dif-

fer from the reference slope without check dams

(Piton and Recking, 2016c), i.e., Sdep ≈ Sinit.

On a simple laboratory case, it confirmed that

in pure alluvial contexts, check dams do not in-

duce slope reduction. Conversely, although the

mean value and dynamics of the initial slope –

products of long-term geomorphic adjustments

between geology, climate, land use, hydraulics

and hillslope, and tributary dynamics – are com-

plicated to model rigorously in the laboratory,

it seems more reliable to attempt to determine

methods to estimate the deposition slope based
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on measurable flow features as the equations pro-

posed by the discussers.

D. Influence of the lateral constraint

relaxation

In bed-load transport reaches, the transport

capacity and thus the slope equilibrium depend

on the river width (Hunzinger, 2004). Böll (1997),

for instance, following consideration based on the

gravel threshold of motion, proposed :

Sdep = 0.4 D
9/7
90

(Qmax/W )6/7 (2.21)

with Qmax the maximum water discharges in the

channel (m3
³/s), W the channel width (m) and

D90 the sediment diameter such that 90% of the

sediment mixture is finer (m). Eq. 2.21 gives

similar deposition slopes on both the fan channel

and upstream of a check dam, if the discharge,

width and sediment sizes are similar. Conversely,

the deposition slope should increase if the deposit

occurs in an artificially widened basin.

Similarly, but for debris flow deposition, Hungr

et al. (1984) reported that deposition slope mea-

surement of debris flows occurring on the Cana-

dian west coast usually settled between 8 and 12°,

i.e., Sdep ≈ 0.14−0.21 when confined and 10–14°,

i.e., Sdep ≈ 0.18−0.25 when laterally unconfined.

However, to the authors’ knowledge, no clear

quantification of this lateral constraint relaxation

exists to date. It is not yet clear if Eq. (2.21) can

be applied when multi-channel braided patterns

appear, as is usually the case in wide reaches. De-

termining which value of W is relevant to use in

the sediment transport formula is a recurrent is-

sue in braided river morphology (Recking et al.,

2016). The question of determining the deposi-

tion slope upstream of check dams and open check

dams is therefore still worthy of investigation.

Notation

The following symbols are used in this section:

D90 = sediment diameter such that 90% of the

sediment mixture is finer (m).

g = gravitational acceleration (m/s2);

Qmax = maximum water discharge in the channel

(m3 /s);

Sdep = deposition slope (m/m);

Sinit = initial slope of the upstream stream in a

reach not disturbed by anthropogenic

structures (m/m);

W = river or basin width (m);

γ = dimensional debris flow density = ρg

(kN/m3 );

φ = internal friction angle of the debris flow

(°);

ρ = debris flow density (kg/m3);
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”Sometimes, a picture is worth a

thousand words.”

Incredible woody debris accu-

mulation, jamming an open check

dam on the Trübenbach, Kärnten

AUT. (Photo: WLV in Hübl et al.,

2003) CHAPTER 3

Design of Sediment Traps with Open Check

Dams. II: Woody Debris

Guillaume PITONa, Alain RECKING a

a Université Grenoble Alpes, Irstea, UR ETGR, St-Martin-d’Hères, France.

This chapter is the second part of two yet published, companion papers1.

As developed in Chap. 1, flood hazards in torrents are strongly related to their capacity to erode

and transport massive amounts of sediment. Everywhere vegetation grow, these flood erosions also

recruit floating materials as dead-wood pieces and living trees. Experience demonstrates that woody

debris sometimes play a key role in the functioning of hydraulic structures, as, for instance, open

check dams; generally perturbing the theoretical ”pure hydraulics” functioning. As a consequence,

it is important to take them into account when designing such structures. This work thus aims at

summarizing the state of knowledge concerning woody debris production and their interaction with

open check dams.

NOTA: The additional notes brought to this chapter since its journal publication are highlighted in grey.

1Piton, G. and A. Recking, (2016). ”Design of Sediment Traps with Open Check Dams. II: Woody Debris”, J.
Hydraul. Eng. ASCE, Vol. 142, no. 2, 17 p.
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Abstract
Sediment traps with open check dams are widely used structures in flood hazard mitigation. This

paper and its companion review the literature on their design. The companion paper examines

hydraulic and deposition processes associated with sediment transport. However, field feedback has

shown that open check dam behaviours during floods are dramatically influenced by the presence or

absence of driftwood. To better assess large woody debris hazards and influences, this paper first

reports the methods available to estimate driftwood production in terms of volume and dimensions.

Information is given on their recruitment and transfer in the catchment. The presence of driftwood

and the relevance of trapping them strongly influences the choice of the suitable shape and type of

the open check dam. The performance of the different open check dam shapes in terms of driftwood

management are detailed. Design criteria to estimate clogging probabilities, trapping efficiencies,

volume capacities to trap driftwood and hydraulic head losses due to driftwood accumulations are

detailed. A step-by-step design procedure is proposed, and finally, suggestions to complete today’s

knowledge are outlined. Author key words: Driftwood, floating material, wood jam, sediment basin

3.1. Introduction

In addition to water and sediments, rivers trans-

port floating materials during floods, generally

mainly composed of woody debris. In torrents,

driftwood likely to cause problems in hydraulic

structures, hereafter called large woody debris

(LWD), can be defined as being longer than 1 m

and greater than 10 cm in diameter (Braudrick

et al., 1997). Naturally, this definition must be

adapted to the size of the river and the structures

studied (Wohl et al., 2010). For instance, in large

lowland rivers, bridges and dam spillways are gen-

erally designed to be unaffected by logs that are a

few metres long. Driftwood can be dead wood, re-

cently uprooted stand trees or logged trees stored

by human activities in the flooded area and re-

cruited by floods with an unusually high water

level. Anthropogenic floating material such as

cars, caravans, gas cisterns and plastic pipes can

participate in floating debris accumulations. All

these materials are considered to cause similar

problems to LWDs.

The stabilising effects of vegetation have been

understood for centuries and were emphasised

in old documents on torrential hazard mitiga-

tion, for instance in Japan, France and Switzer-

land during the late 17th and the 18th centuries

(Fabre, 1797; Vischer, 2003; Okamoto, 2007).

Good practice guidelines are currently to main-

tain riparian forests but prefer vegetation in the

coppice state (Poncet, 1995; Rudolf-Miklau and

Hübl, 2010). Even if they reinforce banks against

flow shear stress, stand trees are sometimes up-

rooted and conveyed by floods. Narrow sections

and under-designed bridges and culverts are then

preferential areas for LWD accumulation. They

generally aggravate hazards related to water and

sediment transport (Ishikawa and Mizuyama, 1988;

D’Agostino et al., 2000; SABO Division, 2000;

Jaeggi, 2007; Rudolf-Miklau and Hübl, 2010; Schmocker

and Hager, 2011; Schmocker and Weitbrecht, 2013)

but are seldom taken into account in hazard map-

ping (Mazzorana et al., 2009). Although the

transport of a single log generally does not in-

duce flooding or overflows, when congested, LWD

can abruptly accumulate on a structure or a nat-
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Figure 3.1 – Schematic downstream view of a) a
”check dam” or solid body dam, b) a mul-
tiple small slot dam and c) a sectional
dam with 2 piles (structures’ names fol-
lowing the Wehrmann et al. 2006 classifi-
cation ; reprinted from Hübl et al. 2005,
with permission)

ural obstacle and become an unpredictable source

of hazard (D’Agostino et al., 2000).

Check dams are transversal structures built

in stream beds for torrent control purposes (Fig.

3.1). Structures without openings, hereafter ref-

ered as solid body dams, have been built in num-

ber since the mid 19th century (Vischer, 2003).

Check dams with openings increased in num-

ber, since the 1970s, to improve sediments and

LWD management structures. The companion

paper explores the design of sediment traps with

open check dams. It more specifically details hy-

draulic and deposition processes associated with

sediment transport. In sediment traps as well as

in all structures built across watercourses, LWD

can dramatically influence flow transfer. Since

the 1997 floods in Switzerland, greater atten-

tion has been paid to LWD and structure in-

teractions (e.g., Bezzola et al., 2004; Lange and

Bezzola, 2006; Schmocker and Weitbrecht, 2013;

Schmocker and Hager, 2013). Pioneering work

was undertaken in Japan during the 1990s (e.g.,

Uchiogi et al., 1996; Kasai et al., 1996).

A good assessment of the potential influence of

LWD in open check dams is crucial and is there-

fore investigated in this paper, which, in the first

part, reviews the literature on LWD production

in torrential watersheds, recruitment and trans-

fer by floods. In the second part, the sensitivity

to LWDs of the main types of open check dams

is reported. Finally, design criteria concerning

LWD and open check dams are provided, a step-

by-step design procedure is proposed and what

remains to be investigated is noted. For similar

aspects in larger low-land rivers, see the review

by Schmocker and Weitbrecht (2013).

3.2. Assessing woody debris

volume

3.2.1. Preliminary remarks

As for watershed sediment production, LWD

recruitment and transfer remains a largely open

question (Comiti et al., 2012). The following sec-

tion reports formulas and methods to estimate

naturally produced LWDs. If significant wood

has been logged or has accumulated in the wa-

tershed due to human activity, engineers must

take this point into consideration when estimat-

ing LWD watershed production (Lange and Bez-

zola, 2006). Historical forest management can

also play a role on LWD production (Nowakowski

and Wohl, 2008).

When assessing LWD volumes and accumula-

tion, the first variable underreported in the liter-

ature is the porosity of the LWD accumulation:
VLWD−ΣVlog

VLWD
with VLWD the LWD accumulation

volume (m3) and ΣVlog, the sum of the volume

of each individual log (m3). It can significantly

change depending on the shapes of the logs and

on the hydraulic constraints that led to the ac-

cumulation, from 0.5 to 0.8 for dense to loose

accumulations (Lange and Bezzola, 2006). Few

authors have clarified whether the method gives

a sum of the log volumes or an accumulation vol-

ume with a given porosity. Actually, taking into

account the natural strong stochastic component

of the phenomenon, today’s methods generally do

not target a highly accurate result but seek to give

an order of magnitude of potential LWD produc-

tion.

63



Chapter 3. Design of Sediment Traps with Open Check Dams. II: Woody Debris

3.2.2. Woody debris production

LWDs mainly come from three different areas:

(i) landslides and hill slopes (avalanches, windfall,

etc.), (ii) steep slope tributaries and (iii) banks

and vegetated terrace erosion (SABO Division,

2000; Mazzorana et al., 2009; Wohl et al., 2009).

In steep small mountainous watersheds, LWD

catastrophic production is regularly reported to

mainly come from landslides (e.g., Masuko et al.,

1996; Comiti et al., 2008). In contrast, large low-

land rivers, especially former braider rivers with

numerous vegetated terraces, usually mainly re-

cruit LWDs through bank erosion (e.g., Comiti

et al., 2012; Bertoldi et al., 2013). Between these

two types of torrential watercourses, in mountain

valley rivers, the LWD supply tends to be strongly

influenced by debris flow-prone tributaries as well

as both of the aforementioned production areas

depending on sites’ features (Wohl et al., 2009;

Wohl et al., 2012). Two main types of meth-

ods are proposed in the literature to assess LWD

production: (i) empirical methods based on flood

characteristics and, (ii) map analysis of produc-

tion areas.

A. Flood characteristic methods

These methods have generally been calibrated

in deposition areas where LWDs and sediments

were mechanically excavated or in accumulation

areas close to a gauging station. The expected

LWD volume can be estimated using the following

formulas for each flood event:

VLWD = 4× V 2/5
Wat (Rickenmann 1997)

(3.1)

VLWD = β × Vsed,trapped (Uchiogi et al. 1996)
(3.2)

with the LWD, water and sediment volumes (m3)

expressed by VLWD, VWat and Vsed,trapped , respec-

tively, and β the LWD to sediment volumes ratio.

Uchiogi et al. (1996) retained β = 0.02. The

Japanese Guideline for Driftwood Countermea-

sures shows that this value is the higher limit of

scattered values measured during the major disas-

ters that occurred in Japan in the 1980s and 1990s

(SABO Division, 2000). A higher ratio than the

basic 2% can be expected in small forested water-

sheds, as observed in Switzerland during the 1997

floods (Bezzola et al., 2004). Actually, SABO Di-

vision (2000) report events when β reached 0.20

to 0.30 in small watersheds with SBV the wa-

tershed surface . 1km2. Even for larger water-

sheds (SBV ∈ [70; 460km2]), a post-analysis of the

2005 floods in seven Switzerland streams using

Eq. (3.2) showed that β varied between 0.02 and

0.17 (mean value, 0.06; standard deviation, 0.054;

Schmocker and Weitbrecht, 2013). To date, the

data coming from disaster feedback have been

too scarce to develop more detailed and precise

methods taking into account watershed features

in addition to flood intensity, as done for normal

LWD densities in watercourses (e.g., Nowakowski

and Wohl, 2008; Wohl and Goode, 2008; Cadol et

al., 2009; Wohl and Jaeger, 2009). The drawback

of Eqs. (3.1) and (3.2) is that the water and sedi-

ment volumes have to be accurately estimated, a

complex task; on the other hand, it relates LWD

volume to flood magnitude.

B. Production areas analysis methods

These methods consist in map analysis with

various degrees of complexity. Recent work and

GIS development have improved their accuracy.

Following the 1997 floods in Switzerland, Rick-

enmann (1997b) proposed three simple empirical

formulas:

VLWD = 40× L2
For for LFor < 20 km (3.3)

VLWD = 45× S2/3
BV for SBV < 100 km2 (3.4)

VLWD = 90× SBV,For (3.5)

with LFor the forested length of the upstream

reach (km), SBV the watershed surface and SBV,For

its forested part (km2). Similar to Eq. (3.5),

Uchiogi et al. (1996) suggested considering a pro-

64



3.2. ASSESSING WOODY DEBRIS VOLUME

portionality between the LWD volume and the

forested watershed surface, but only the part

steeper than 5◦, denoted as SBV For>5◦ (km2):

VLWD = γ.SBV For>5◦ (3.6)

Equation (3.6) has been calibrated on water-

sheds with SBV For>5◦ . 2km2. Depending on

whether the forest is evergreen or deciduous, γ

belongs to a range of [10; 1000] or [10; 100], respec-

tively. The upper values represent the envelop of

the maximum possible production (see SABO Di-

vision, 2000 for details). Equations (3.3 - 3.6)

do not take into account parameters represent-

ing the flood magnitude, these formula evaluate

the maximum LWD production based on disaster

feedback.

After the June, 13th 1993 typhoon in Japan,

Masuko et al. (1996) reported that in case of

substantial windfall and large landslides, VLWD

reached six times the volume computed with Eq.

(3.2) (β = 0.02) and nine times the volume com-

puted with Eq. (3.6) in a 0.84-km2 watershed,

highlighting the key role played by landslides in

LWD production.

More recently with the same idea of volume

conservation between production area (Fig. 3.2)

and deposition sites, a more detailed approach

was proposed by Mazzorana et al. (2009). The

procedure consists in mapping five different pro-

duction areas from existing GIS databases (relief,

flood hazard, landslide sensitivity, etc.). A re-

cruitment coefficient is adjusted for each type of

area depending on forest density. A more detailed

procedure was later proposed to take into account

flood dynamics, LWD recruitment depending on

velocity and water depth and estimation of the

clogging probability of existing structures (Maz-

zorana et al., 2011).

All authors agree that field surveys are abso-

lutely necessary to assess forest erosion, debris

flows and landslide sensitivity and to adjust the

Figure 3.2 – Schematic spatial delimitation of the dif-
ferent woody debris recruitment areas de-
fined in the Mazzorana et al. (2009)
method (adapted from Mazzorana et al.
2009, with permission)
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method’s parameters (e.g., dead wood and stand

tree density, average log volume, tree height).

3.3. Woody debris

recruitment

The different LWD production estimation meth-

ods generally take into account the recruitment

and transport from production areas to the site

studied. Nonetheless, some authors have focused

on recruitment and transport problems.

3.3.1. LWD recruitment process

For a given flood, LWD recruitment depends

on the past floods’ recruitment, which is influ-

enced by the hydrological history, most particu-

larly the time since the last severe flood event.

Dead wood density and stand trees on terraces

grow with time. When extreme events occur,

banks are eroded and flood plains are inundated;

standing trees are then uprooted and floating logs

captured by the flow. It is generally considered

that LWDs appear when the hydrograph rises

(Zollinger, 1983), but detailed field surveys are

still needed on this point.

At the log scale, the threshold for motion by

flotation depends on the water depth, the log di-

ameter, the water and log density and the channel

features (see Braudrick et al., 1997; Braudrick and

Grant, 2001; Mazzorana et al., 2011 for details).

LWDs can be transported in uncongested, semi-

congested or congested regimes, i.e., with increas-

ing piece-to-piece contact and influences. Trans-

ported logs tend to be trapped by existing LWD

accumulations, or simply individual large trunks,

especially if they occupy a substantial width of

the riverbed (Wohl and Jaeger, 2009; Wohl et

al., 2009; Chen and Chao, 2010; Beckman and

Wohl, 2014). Once destabilised, their transporta-

tion tends to occur in the congested regime (Brau-

drick et al., 1997). The ratio between LLWD the

entire LWD length with the root wad (m), and

W stream width (m) play a key role in the trans-

fer. Low-order streams with W/LLWD ≈ 1 are

prone to creating LWD accumulations and thus

to undergoing congested transport.

Small-scale experiments have shown that hy-

draulic jump tends to disaggregate log clusters,

giving back a less congested log flow. This prop-

erty could be used where LWD clogging has to

be prevented, since congested transport increases

jamming probability (D’Agostino et al., 2000;

Degetto and Righetti, 2004). However, sediment

deposition often occurs in the vicinity of hydraulic

jumps and tends to make them disappear (Hun-

zinger and Zarn, 1996, see companion paper).

3.3.2. LWD length

When log dimensions and channel width are

on the same order of magnitude, stable LWD ac-

cumulations can be created and the longest logs

are generally not transferred downstream. In gul-

lies with longer LLWD than channel width, LWDs

often create stable accumulations and are some-

times considered to stabilise the system (Poncet,

1995; Lancaster et al., 2001).

Uchiogi et al. (1996) and Hasegawa et al. (2010)

estimated Lmax,LWD the maximum transportable

log length using L∗Stand tree = LStand tree/W , the di-

mensionless stand tree length:

Lmax,LWD = LStand Trees if L∗Stand tree < η

(3.7a)

Lmax,LWD = ηW if L∗Stand tree > η (3.7b)

with η the dimensionless threshold length, ≈
1.3-1.67 based on small scale debris flow exper-

iments. Field surveys of mountain rivers sel-

dom report mobile LWD longer than the channel

width, i.e., η ≈ 1 (e.g., Nowakowski and Wohl,

2008; Wohl and Goode, 2008; Wohl et al., 2009).

However, not only Lmax,LWD must be esti-

mated for structure design but also the Lmean,LWD
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the mean log length (Shibuya et al., 2010; Ishikawa

et al., 2014). Field survey and historical analy-

sis are necessary to determine LWD characteristic

sizes: Lmean,LWD, Lmax,LWD and DLWD.

3.3.3. LWD velocity

The particle tracking velocimetry (PTV) tech-

nique used by D’Agostino et al. (2000) and Degetto

and Righetti (2004) showed that LWD and mean

surface water velocity were nearly equal. The

SABO Division (2000) also considers that LWD

velocity is equal to the water surface velocity in

bed-load reaches (≈ 1.2 mean section velocity)

and equal to the mean flow velocity in debris flow

reaches. Mizuyama (1984) used video analysis to

explain how velocity distribution in debris flow

fronts and low LWD density result in LWD ac-

cumulation on debris flow fronts. Using PTV,

D’Agostino et al. (2000) observed that LWD axes

and the flow direction were not parallel in 97% of

the logs observed. Degetto and Righetti (2004)

showed that LWD transported at the centre of

the flow tends to present a more transversal posi-

tion, compared to the flow direction, than LWD

transported near the banks. Finally Shrestha et

al. (2012) showed that the mean plane rotation

velocity was null on average, but its variability

was proportional to the Froude number.

3.4. Woody debris

entrapment

A number of different open check dams designs

were tested and built (Zollinger, 1985). To en-

courage consistency in the vocabulary used to re-

fer to all these structures, the Wehrmann et al.

(2006) classification is used in this paper and its

companion. Even if LWD trapping shows a strong

intrinsic stochastic component (D’Agostino et al.,

2000), some general trends can be drawn from the

literature and field feedback.

3.4.1. LWD accumulation pattern

Schmocker and Hager (2013) described how

LWD accumulations tend to develop against a

vertical rack (Fig. 3.3). These small-scale exper-

iments seem consistent with feedback from the

field for different types of structure (e.g., Lange

and Bezzola, 2006). At the beginning, LWD tends

either to get trapped against the structure or to

pass it if it approaches it with the proper an-

gle and velocity (Fig. 3.3a). As soon as some

LWD has been trapped, the structure porosity

decreases, the probability of LWD being trapped

increases and accumulation begins. LWD be-

ing stuck by the approaching velocity, the ac-

cumulation first develops against the structure

(Fig. 3.3b). The diminishing structure’s porosity

increases the water head loss, the upstream wa-

ter depth and thus the upstream Froude number

and approaching velocity. Once the water depth

has significantly increased, approaching velocities

become too low to carry LWD underwater and

stuck them against the structure. The LWD then

tends to accumulate as a floating carpet and no

longer as a dense accumulation against the struc-

ture (Fig. 3.3c). The time it takes to fully develop

the first step of dense accumulation depends on

the total open surface to clog.

In low-slope basins with a sufficient water-

depth-to-log-diameter ratio, processes separating

sediments and LWDs can occur (Bezzola et al.,

2004; Comiti et al., 2012 & Fig. 3.4). Sediments

are expected to deposit upstream when enter-

ing the backwater-influenced area and LWDs are

likely to be transported and clog the open check

dams. This phenomenon can also occur if the vol-

ume of sediment supplied during a flood is lower

than the basin volume. If the basin is filled up to

the crest, LWDs have often been released or are

stored on the sediment. In addition to the natu-

ral accumulation of LWD against structures, sedi-

ment deposit tends to store significant amounts of

LWD as soon as flow depth becomes comparable

to LWD diameter, as in braided rivers (Welber

et al., 2013; Bertoldi et al., 2013; 2014).
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Figure 3.3 – Main steps of a LWD accumulation
formation: a) initial trapping of the
first pieces, b) LWDs are stuck against
the structure by drag forces and sedi-
ment loading, they decrease the structure
porosity and increase its backwater effect,
and c) development of a floating carpet
when flow velocities are no longer able to
entrain LWDs underwater (adapted from
Lange and Bezzola 2006, with permis-
sion)

3.4.2. Structure type

performances in LWD and

sediment trapping

The choice of the structure type and shape is

often mainly dictated by the presence and the

absence of LWD, and whether or not it must

be trapped. Table 3.1 summarises the different

structure types’ performances in LWD and sedi-

ment trapping.

Structure overloading and LWD release in-

duced by structure saturation must be prevented.

Rimböck (2004) proposed simple indicators to es-

timate this overloading state (see Fig. 3.5 for

recommendations): he recommended restricting

the use of light structures (net and pile sectional

dams) to streams with limited VLWD/W , LWD

unit accumulation volumes (m3/m) and limited

Q/W , water unit discharges (m3/s.m) with Q

the water discharge (m3/s), VLWD the LWD vol-

ume (m3) . The following sections describe the

specificities of the main types of structure cited

in Table 3.1.

A. Rope nets

Rope net barriers are light structures (Fig.

3.5b). Depending on their location and the type

of stream they equip, they are mainly designed

for LWD or debris flows trapping (Rimböck and

Strobl, 2002; Volkwein et al., 2011). Net dams

can be very effective in trapping sediment due

to their backwater effect (Rimböck, 2004; Lange

and Bezzola, 2006). Rimböck (2004) proposed

limiting the use of this kind of structure to nar-

row mild-slope streams (W < 15m; slope< 5%)

with limited sediment accumulation unit volumes

(Vsed,trapped/W < 100m3/m) in addition to the

restrictions illustrated in Fig. 3.5. These struc-

tures have to be carefully located to avoid asym-

metrical currents and loading (see Rimböck, 2004

for a detailed design procedure). A ground sill

must be built under net dams and sectional dams
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Figure 3.4 – Separation of bed-load and LWDs as a consequence of a provoked backwater (reprinted from
Bezzola et al. 2004, with permission)

Table 3.1 – Structure type performances in LWD and sediment trapping

Sediment trapping Nearly total LWD trapping Partial LWD trapping Limited LWD trapping

Nearly total trapping

Net dams

Sectional dams

†Lattice & frame dams

”Small”∗ slot & slit dams

Partial trapping
Inclined rakes and fins dams Solid body dams

Slot & slit dams with crest baffle Chicane dams

Note: ”Large”∗ slot and slit dams present highly changeable behaviour depending on LWD presence, see text.
∗ ”small” and ”large” in term of relative opening, see Eq. (3.8) and companion paper Eq. (2.2).
† In torrential context, no structure traps all sediments but no LWD, both are linked, at least partially.
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Figure 3.5 – Recommended range of use for differ-
ent woody debris entrapment construc-
tions: a) graph of adapted structure type
depending on specific LWD accumula-
tion volume and specific water discharge
at the structure; b) net dams [(a) and
(b) reprinted from Rimböck 2004, with
permission]; c) V-shaped sectional dams
with piles; d) additional inclined rakes
upstream of slot dams; and e) Austrian
type integrated structures with multiple
inclinations upstream of large slot dams
[(c), (d), and (e) reprinted from Lange
and Bezzola 2006, with permission]

Figure 3.6 – Shape details of Austrian sectional dams
tested by Ishikawa and Mizuyama (1988)
and their respective TEx, Trapping Ef-
ficiency of LWD and sediment, in their
experimental conditions. All shapes were
tested with and without a grill; shapes
(a)-(f) are classified from the lowest to
the highest TELW D without a grill

to prevent structure failures due to toe scouring

and bank erosion (e.g., Fig. 3.5b).

B. Sectional dams: piles or fins

Sectional dams are structures opened over more

than half the dam-width and height (Fig. 3.1 iii).

The structure’s centre is generally composed of

piles (columnar bodies, e.g., Fig. 3.5c) or fins

(narrow side charged walls, e.g., Fig. 3.6).

Sectional dam designers seek a modest influ-

ence on low flows and small floods using large

openings. Economical maintenance is expected

in their use. In presence of LWD during a flood,

the accumulation on the sectional dams creates

a self-built dam, trapping other LWD and sedi-

ments.

Different shapes have been tested: the V-shape,

∧-shape (Fig. 3.7) and straight-shape (Bezzola

et al., 2004; Lange and Bezzola, 2006; Koulin-

ski and Richard, 2008). The choice is dictated

by the need to increase the dam discharge ca-

pacity, which is nearly proportional to the total
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Figure 3.7 – Pile sectional dams: a) V-shape guiding
flows toward banks and b) ∧-shape con-
centrating flows in a central scour hole;
bed sill and bank protection are not rep-
resented for the sake of clarity (reprinted
from Lange and Bezzola 2006, with per-
mission)

structure’s length. A V-shape will store LWD

in the middle of the channel and guide passing

flows toward the banks. In contrast, a ∧-shape

will concentrate passing flows in a central scour

hole (Lange and Bezzola, 2006 & Fig. 3.7). The

straight-shape allows a continuity in flow direc-

tion but tends to store higher LWD unit volumes

on a narrower structure, thus inducing a greater

backwater effect.

If the structure is only built to trap LWDs and

limited sediment trapping is sought, the design

can be optimised to enhance the effect of sec-

ondary currents to store LWDs on one side when

the main current still transports bed-load (Oda

et al., 2008; Schmocker and Weitbrecht, 2013).

C. Frame dams and lattice dams: grills

and racks

Japanese engineers have been developing frame

dams and lattice dams made up of rakes and grills

since the beginning of the 1970s (Kasai et al.,

1996 & Fig. 3.8). Frame and lattice dams trap

more LWD and sediments than sectional dams

due their to narrower openings. Frame and lat-

tice dam wings must be well designed, taking

into account large over-topping and secondary

currents in curves (Masuko et al., 1996; Rim-

böck and Strobl, 2002): designers have to pre-

vent possible dam by-pass leading to significant

bank erosion and probable dam failure (Hübl et

al., 2005). Whenever possible, frame and lattice

dams have to be designed sufficiently high to pre-

vent over-topping; otherwise the check dam tends

to store LWDs during the rising part of the hy-

drograph and can release it abruptly at the peak

flows (Ishikawa et al., 2014).

Frames or lattices are sometimes added to a

secondary dam (also called a counter-dam) on the

foot of another first check dam (Fig. 3.8 a). Dur-

ing the 1967 disaster in Japan, Mizuyama (1984)

reported that ”innumerable logs were found be-

tween main and secondary check dams”. Small-

scale experiments were undertaken to explore the

phenomenon. It was observed that the reverse

current taking place at the foot of main dams, up-

stream of counter-dams, tends to naturally store

LWD. Counter-dam rakes are designed to improve

this natural tendency.

D. Slit and slot check dams

Slit and slot dams present highly changeable

behaviour depending on LWDs. Field feedback

emphasises that the natural self-cleaning behaviour

of slit check dams is particularly efficient (Mizuyama

et al., 1988; Sasahara et al., 2002). Nonetheless,

it generally no longer occurs once LWD clogs the

opening. For example, in a small-scale model this

phenomenon leads to three times more sediment

storage with LWD than without (Koulinski et al.,

2011). A number of specific structures have been

developed to improve the basic behaviour of slit

and slot check dams.

71



Chapter 3. Design of Sediment Traps with Open Check Dams. II: Woody Debris

Figure 3.8 – Configurations and shapes of lattice
check dams and grills: a) possible im-
plantations of the grills on the check dam
or its counter-dam. Configurations classi-
fied, from top to bottom, from the least to
the most efficient in terms of trapping effi-
ciency (Ishikawa and Mizuyama 1988); b)
details of grill shapes tested by Ishikawa
and Mizuyama (1988) to calibrate Eqs.
(3.10) and (3.11) and c) details of grill
shapes tested by Shibuya et al. (2010) to
calibrate Eq. (3.12) (Note: shapes B and
C were also used directly in a basin out-
let configuration in the Eqs. (3.10) and
(3.11) calibrations)

D.a. Austrian open check dams

Austrian open check dams are open check dams

designed with inclined fins or racks emerging in

the basin and forming an obstacle to the com-

plete clogging of the dam slits or slots (Figs. 3.5e

and 3.6). These open check dams maintain a

sediment transfer capacity even in presence of

LWDs (Ishikawa and Mizuyama, 1988; Lange and

Bezzola, 2006; Rudolf-Miklau and Hübl, 2010)

because the LWD accumulation slides up and

down on the inclined structure (D’Agostino et

al., 2000). On a vertical open structure, LWD

tend not to move, once clogged against the open-

ings, due the flow drag force and sediment load-

ing (SedAlp, 2015b, App. 5.1). This sliding of

the LWD accumulation frees the lower part of the

inclined outlet allowing bed-load transport un-

der the LWD accumulation. According to prac-

titioners, the longer the bottom part with a low

inclination, the better the sediment self cleaning

capacity (M. Moser, pers. com. 2015). Fig. 3.6

also reports the lower sediment trapping of shapes

(b) & (e) compare to other shapes with equivalent

opening widths.

Using small-scale models, Ishikawa and Mizu-

yama 1988 showed that TEsed = Vsed,trapped/Vsed,supply

the sediment trapping efficiency of this kind of

structure was only 0.40-0.70 depending on the

space between fins, the fins’ shape and the basin

slope (Fig. 3.6). The LWD trapping efficiency,

i.e., VLWD/VLWD supply was of 0.20-0.60. In these

tests, more than half of the LWDs were also trans-

ferred downstream because of the large space

between the fins compared to DLWD or LLWD.

Adding grills to these structures transformed them

into rapidly clogged lattice dams with sediment

trapping efficiency of almost 0.95 and LWD trap-

ping efficiency of 0.60-0.80.

D.b. Dam crest baffle

Dam crest baffles are reported by Bezzola et

al. (2004) in their review of driftwood retention

works in Switzerland (Fig. 3.9). Such structures

serve much the same purpose as upstream inclined
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Figure 3.9 – a) Downflow baffle to retain driftwood
in a slot dam (adapted from Bezzola et
al. 2004, with permission) and b) flow
conditions at a bottom slot dam equipped
with a baffle (reprinted from Bezzola et
al. 2004, with permission)

racks or fins but are lighter (compare Figs. Fig.

3.4 / 3.5d with Fig. 3.9). A baffle fixed upstream

of the dam crest prevents floating material from

over-topping the dam while bed-load and water

can flow under the baffle. The hydraulic criteria of

these structures are based on: (i) a minimum wa-

ter depth, not to disturb bed-load transport; (ii)

a maximum approach velocity to prevent an ex-

cessively dense log accumulation, and (iii) a maxi-

mum transfer velocity under the baffle, to prevent

aspiration of logs, which could clog the structure

(Bezzola et al., 2004). See Campisano (2009) for

dimensionless equations describing floating mate-

rial entrapment conditions upstream of dam crest

baffles.

D.c. Chicane dam

In contrast, sediment sometimes needs to be

partially stopped, but not LWD. An original solu-

tion was tested by Koulinski and Richard (2008).

The structure looks like 25-m-spaced groynes.

Since the opening is very large compared to other

sediment traps, only a small proportion of the

incoming sediment supply can be stored by this

kind of structure (e.g., 0.2Vsed,supply in Koulin-

ski and Richard, 2008). The initially planned

slit dam showed an unsatisfactory tendency to be

clogged by LWD. The chicane check dam never

clogged during experiments but was able to store

the targeted sediment volume.

3.5. Design criteria

Once the structure shape is chosen, the sedi-

ment trap is designed following the criteria given

in the companion paper. If LWDs are expected

during floods, the design has to take into account

their possible influences on the structure’s be-

haviour. The following section presents methods

to assess structure and LWD interactions.

3.5.1. Relative opening

The mechanical LWD clogging of open check

dam outlets is clearly similar to boulder clogging,

as described in the companion paper. The relative

opening, i.e., the ratio between the check dam

characteristic opening size and LLWD determines

the likelihood of the structure clogging:

Relative Opening = Opening dimension

Material dimension
= w0
LLWD

(3.8)

For floating materials, w0, the horizontal width

(m), is generally taken as the relevant opening

dimension to assess clogging probability. LLWD

the LWD length is preferred to LWD trunk or

root diameter because LWD tends to accumulate

transversally to structures and seldom to flow

exactly parallel to the flow direction (D’Agostino

et al., 2000). Different authors have proposed

various critical values for w0/LLWD below which

clogging is probable (see Table 3.2). In sum,

logs two and three times longer than the opening

width are, respectively, likely and very likely to be

trapped. The method proposed by D’Agostino et

al. (2000) and detailed in the next section, can
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Table 3.2 – Relative opening below which clogging is
highly probable

Flood Relative Sources

type* opening†

DF 1/3 Mizuyama et al., 1988

DF & BL 1/2-1/3 Uchiogi et al., 1996

DF & BL 1/2 SABO Division, 2000

DF & BL 2/3 Bezzola et al., 2004

BL 1/2-1/3 Wallerstein et al., 2013

* Debris Flow (DF) or Bed load (BL)
†Opening dimension
Material dimenson = w0

LLWD

also be used to design an open check dam with

a given trapping efficiency (e.g., Comiti et al.,

2012).

If absolutely all LWD has to be trapped, n0

the smallest dimension of the openings must be

lower than DLWD the LWD diameters (Ishikawa

and Mizuyama, 1988). This induces a substantial

increase in the clogging frequency. This conser-

vative choice has to be reserved only for highly

sensitive sites because traps will need more main-

tenance work to remove the regularly trapped

woody debris.

3.5.2. Trapping efficiency

As for sediment, the more basic index of trap-

ping efficiency is expressed as the ratio between

trapped and supplied LWD volumes:

TELWD = VLWD/VLWD supply (3.9)

with VLWD, the volume of LWDs trapped in

the open check dam basin (m3) and VLWD supply

the volume of LWDs supplied by the flood to the

trap (m3) estimated, for instance, using Eq. (3.1)

to (3.6). TELWD = 1 means that all supply logs

were trapped and TELWD = 0 that the structure

is transparent to LWDs.

Generally speaking, LWDs tend less to be trapped

when the water discharge, the Froude number

or the relative opening increase (Ishikawa and

Mizuyama, 1988; Campisano, 2009; Schmocker

and Hager, 2013; Wallerstein et al., 2013; Ishikawa

et al., 2014).

A. In high Froude number context with

sediment deposits

Ishikawa and Mizuyama (1988) used small scale

models of rake and grid dams to calibrate Eq.(3.10)

(see Fig. 3.8a and b for shape and configurations).

The authors tested varying relative openings, rake

shapes, basin slopes, sediment supply volumes

and presence or absence of a counter-dam. As

the experiments were conducted in constant wa-

ter supply, it is not clear if Frw and dw must be

computed for the mean flow discharge or the peak

flow, with Frw = vw√
gdw

(-), the Froude number

of the flow (at section w in Fig. 3.3), dw the wa-

ter depth and vw the mean water velocity. Both

might be tested and compared. In torrential con-

ditions (Frw ∈ [0.9; 3]), they proposed estimating

TELWD by:

TELWD = 1 if ϕ ∈ [0; 0.8] (3.10a)

TELWD = log10

( 8
ϕ

)
if ϕ ∈ [0.8; 8] (3.10b)

TELWD = 0 if ϕ ∈ [8;∞] (3.10c)

where ϕ is estimated with:

ϕ = Frw
dw

DLWD

(
w0

Lmax,LWD

)2

(3.11)

Shibuya et al. (2010) recently undertook com-

plementary experiments. They confirmed the rel-

evance of using Eq.(3.10) for pile sectional dams

in high Froude flows but, paying attention to the

influence of the logs’ lengths, slightly modified the

formulation of ϕ to increase the method’s accu-

racy:
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ϕ = Frw
dw

DLWD

(
w0 + 2ws
Lmean,LWD

)2

(3.12)

with ws the solid structure width: pile diame-

ter or fin width. They demonstrate that using

Lmean,LWD rather than Lmax,LWD in the ϕ com-

putation give better results (see Fig. 3.8c for rake

shape and parameter definitions).

B. In low Froude number context not

influenced by sediment deposits

In pure water and subcritical conditions (Fr ∈
[0.1; 0.2]), D’Agostino et al. (2000) suggested ex-

pressing TELWD with parabolic curves adjusted

on experimental results for each rake inclination:

TELWD = aα.ξ
2
LWD + bα.ξLWD + cα (3.13)

with ξ the single parameter of flow conditions,

estimated with:

ξLWD = 1
Fr2

w

.
w0

Lmean,LWD
(3.14)

The values of the curve parameters aα, bα and

cα for different inclinations are given in Table 3.3.

Using Eqs. (3.13) and (3.14), LWDs tend more

to be trapped in higher Froude numbers. The

Froude number plays an inverse role when com-

pared to other experiments (e.g., Ishikawa and

Mizuyama, 1988; Campisano, 2009; Schmocker

and Hager, 2013). This inverse trend is likely

to result from narrow range of Froude numbers

tested in the experiments used to calibrate these

equations. We therefore recommend not using

Eqs. (3.13) in conditions with significantly differ-

ent Froude numbers than those used for the cali-

bration (Fr ∈ [0.1; 0.2]). Since their experiments

were performed without sediment and with high

LWD submersion dw/DLWD, LWDs could not be

trapped on deposits or on the channel bed.

Table 3.3 – LW Trapping efficiency curve parameters
of Eq. (3.13)

Rake angle with aα bα cα

horizontal

90◦ 0.0006 -0.054 1.16

60◦ 0.0007 -0.068 1.20

45◦ 0.0015 -0.092 1.23

30◦ 0.0026 -0.120 1.26

20◦ 0.0064 -0.190 1.27

Note: Parameters calibrated for QLW D

= 1 log/s, see text for higher QLW D

Equation (3.13) was fitted on low instanta-

neous LWD supply (QLWD= 1 log/s). Other tests

done with higher log discharges (50 and 100 log/s)

showed 0-20 % higher trapping efficiency; so Eq.

(3.13) is conservative with regard to the mini-

mum expected TELWD. The positive correlation

between jamming probability and log discharge

was confirmed by Shrestha et al. (2012) in exper-

imental and numerical models.

3.5.3. Maximum trapping volume

The structure maximum trapping volume has

to be controlled when a high VLWD is expected to

deposit in a small trap basin. An excess of LWD

supply can induce undesirable effects as, for in-

stance, abrupt LWD releases or obstruction of the

basin upstream part. Japanese guidelines consid-

ers that the maximum LWD trapping volume is

proportional: to the volume of trapped sediment

for debris flow and, to the surface of the trap basin

for bed-load transport (see Uchiogi et al., 1996;

SABO Division, 2000 & Table 3.4).
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Table 3.4 – LWD maximum storage volume depending on transport phenomena and type of structure

Structure type Debris flows Bed-load transport

Solid check dams 0.01Vsed,trapped 0†

Open check dams 0.1 to 0.3Vsed,trapped Trap basin surface×DLWD

† Solid body dams are generally considered not to trap LWD (Maricar and Hashimoto, 2014)

Figure 3.10 – In a slot check dam equipped with a vertical rake, illustration of the probable influence of LWD
presence or absence, a) thicker deposit related to LWD accumulation: ”hidden reserve”b) thinner
deposit without LWD accumulation (reprinted from Bezzola 2004, with permission)

3.5.4. Head loss due to LWD

accumulation

A. Conceptual approach

As detailed in the companion paper, general

sediment deposit patterns first depend on the wa-

ter level in the basin (Zollinger, 1984b; Jordan et

al., 2003; Kaitna et al., 2011). Hydraulic analy-

sis of outlets and spillways provides a fairly good

estimate of the water level, as long as LWD does

not accumulate on the structure. LWD accumula-

tions induce hydraulic head losses that designers

must assess to better estimate the uncertainty on

the deposit level. A thicker deposit in the basin

can propagate upstream and potentially threaten

the upstream channel with backfilling (Jordan et

al., 2003; Kaitna et al., 2011) or generate lateral

dyke over-topping and structure failure (Böll et

al., 2008, p. 34).

The formulas presented below have generally

been calibrated on small-scale models. As for

all phenomena related to LWD, a strong natural

variability is likely to exist in the field. The head

loss formulas give an idea of the magnitude of the

influence of LWD on a given structure. However,

their results could be significantly influenced by

stochastic effects in the LWD accumulation, the

presence of small woody debris likely to increase

the LWD accumulation density and the related

head loss, etc.

The increase of sediment trapping capacity due

to LWD jamming is highly probable but hard

to guarantee. Unexpected phenomena such as

secondary currents, asymmetric accumulations or

even upstream jamming freeing the sediment trap

of LWD can occur (Rimböck and Strobl, 2002;

Rimböck, 2004; Koulinski et al., 2011). As pro-

posed by Bezzola et al. (2004), the additional sed-

iment storage related to LWD jamming has to be

taken into account to ensure the safety of the de-

sign (freeboard, backfilling, etc.), but it should

be considered as a ”hidden reserve” in the design

procedure (Fig. 3.10).

B. LWD induced head losses

Different formulas exist to assess the head loss

due to LWD jamming ∆HLWD for different struc-

ture types.

Net dams

Rimböck (2004) proposed a formula calibrated

on net dam prototypes:
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∆HLWD = 3.22(VLWD/W )Ω (3.15)

with VLWD the LWD volume (m3), W the stream

width and Ω depending on the upstream slope

(Ω=0.2 for S=1%, Ω=0.25 for S=3%, Ω=0.26 for

S=5%). Equations (3.15) provides a significantly

higher estimation of ∆HLWD compared to the

equations presented below that are calibrated for

sectional and frame dams. This is likely to be the

result of the condition in which Eq. (3.15) was

calibrated: rectangular, relatively narrow section

and relatively small logs (see Rimböck and Strobl,

2002; Rimböck, 2004).

Frame dams

For frame dams, the SABO Division guidelines

(2000) propose:

∆HLWD = 2×DLWD (3.16)

The authors recommend using a minimum of 1 m

if 2×DLWD <1 m (Uchiogi et al., 1996).

Rake dams / sectional piles dams

Schmocker and Hager (2013) provide a tempo-

ral analysis of headwater loss at a straight ver-

tical rake / sectional dam depending on various

parameters (rake bar diameter, LWD size, LWD

soaking duration, VLWD, LWD discharge). They

demonstrated the key influence of the approach-

ing Froude number for the LWD accumulation

density, size and influence on hydraulics. They

proposed the following simple formula to assess

the headwater loss depending on d0 the undis-

turbed approaching water depth at section 0 of

Fig. 3.3 (Fr0 ∈ [0.5;1.5]).

∆HLWD = d0(0.4 + 1.9Fr0) (3.17)

Lange and Bezzola (2006) cite the approach

proposed by Knauss (1995) for V-shape sectional

dams with piles (Fig. 3.5c and 3.7a). The head

loss is directly expressed as:

∆HLWD = µ
v0
2g (3.18)

with v0 the undisturbed velocity in the reach

(m/s), g the gravitational acceleration (m/s2) and

µ the head loss coefficient equal to 1.5 to 2.5 for

LWD accumulation with large and small logs, re-

spectively.

C. Total dam height design

These formulas can help designers to deter-

mine the open check dam height. If LWD re-

leases have to be prevented, a reasonable free-

board has to be taken in addition to LWD accu-

mulation head losses and hydraulic and sediment

transport-related head losses (see companion pa-

per for details).

A spillway must be added above the dam open-

ings to prevent lateral dyke over-topping for floods

stronger than the project flood, or in case of un-

expectedly severe clogging of the openings. If

LWD releases have to be prevented for the project

flood, a reasonable freeboard has to be taken be-

tween the spillway crest and the flood height =

∆Hsed + dw + ∆HLWD.

Small-scale models are accurate tools to esti-

mate the influences of LWD accumulations on the

hydraulic behaviour of a structure (CFBR, 2013).

However, they require an hypothesis on LWD

sizes. Field feedback showed that the presence of

small woody debris increases the LWD accumula-

tion density and its influence on hydraulics (e.g.,

Knauss, 1995; Rimböck, 2004). To gain an idea of

the maximum possible effect of a LWD accumula-

tion on the structure’s behaviour, an exploratory

test can be performed with a board completely

clogging the structure, representing an extremely

dense LWD accumulation (L. Schmocker, pers.

com. 2014). This test is conservative but will

give an idea of the higher limit of the possible

influences of driftwood.
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3.6. Design procedure

In summary, the following steps are recom-

mended in the design of a sediment trap with an

open check dam:

1. Undertake a catchment study aiming to

determine sediment and LWD-related haz-

ards and the resulting potential damages.

This will include the estimation of: (i) the

potential solid transport phenomena that

can occur (debris flows, debris floods, bed-

load), (ii) the sediment and water discharges

and volumes for different event probabili-

ties, (iii) LWD potential production (Eqs.

(3.1 - 3.6) and the method illustrated in

Fig. 3.2), and (iv) LWD characteristic sizes

(Lmax,LWD with Eq. (3.7), Lmean,LWD and

DLWD). This study must be based on field

surveys, historical analysis of past disasters

(D’Agostino, 2013b) and expert assessment.

2. Define the best-adapted sediment and LWD

management policies depending on poten-

tial problems and damage (e.g., under-designed

bridges or culverts, deposition and accumulation-

prone areas, sediment deposition-prone reaches

but with a sufficient hydraulic capacity, etc.).

3. Determine the relevant location of the struc-

ture depending on LWD and sediment fluxes

along the watercourse (e.g., Schmocker and

Weitbrecht, 2013).

4. Define the trap objectives concerning sed-

iment management (see companion paper)

and LWD management qualitatively (e.g.,

maximum trapping, partial trapping, trap-

ping as a side effect, minimum trapping)

and quantitatively (e.g., volume, size).

5. Determine the best-adapted structure type

and shape to satisfy these objectives and

depending on the stream features, LWD

and sediment volumes, and water discharges

(Table 3.1 and Fig. 3.5).

6. Determine the opening sizes depending on

sediment trapping functioning (see compan-

ion paper).

7. Check that the trap objectives and opening

sizes are consistent (Eq. (3.8) with Table

3.2 and Eqs. (3.13) & (3.14) or (3.10) &

(3.12)).

8. Determine the minimum dam height de-

pending on hydraulic and sediment trans-

port criteria (see companion paper);

9. Compute the additional dam height neces-

sary to prevent LWD overflowing related to

the additional head loss induce by LWD:

Eqs. (3.15) to (3.18).

10. Check that the size of the trap basin, de-

signed depending on sediment deposition

and maintenance management (see compan-

ion paper), is sufficient to store the targeted

LWD volume (Table 3.4).

11. Design the dam crest spillway, dam wings

and lateral dykes taking into account the

structure clogging probability for an ex-

treme event and a sufficient freeboard (see

Hunzinger, 2014 for freeboard computation).

If one or more verifications show inconsistencies

between the trap’s theoretical objectives and the

expected behaviour based on expert assessment

and design criteria, the trap design must be re-

vised: trap objectives can lowered / the allowable

area and budget can be increased to satisfy the

objectives / smaller multiple structures can be

built in series with different shapes and specific

objectives.
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3.7. Incomplete knowledge

In addition to the questions stressed in the

companion paper, this literature review stresses

the need to continue general research on the sub-

ject of LWD production, recruitment, transfer

and trapping.

Following disasters, rapid surveys are needed

to gather more data on LWD accumulation and

production. A few papers have reported feedback

from extreme floods in Japan and Europe, but

data remain sparse. LWD often accumulates on

key facilities and emergency post-flood works re-

move them, which complicates the evaluation of

LWD accumulation volumes. Data must be col-

lected quickly following disasters (e.g., Uchiogi

et al., 1996; Rickenmann, 1997b). Sediment and

LWD traps are artificial accumulation areas. Dam

managers should measure and record the volumes

and sizes of the LWD trapped in the structures to

extend datasets and adjust their trap design when

sufficient feedback is available. To allow compar-

isons between data sets, common metrics have to

be used such as those proposed by Wohl et al.

(2010).

Continuous field surveys are also needed to

better estimate when LWDs are recruited dur-

ing the flood (e.g., Kramer and Wohl, 2014). The

hysteresis between water, sediment and LWD dis-

charges must be better understood to improve the

realism of boundary conditions in models.

Field feedback leads us to believe that in some

debris flow torrents, LWDs tend to be crushed by

transported boulders and therefore only slightly

influence open structure behaviour. To bring

small-scale experiment closer to field conditions,

research on material resistance mechanics could

help to find a relevant material able to respect

floating and mechanical resistance similitudes in

Froude-scale models. In small-scale debris flow

experiments, natural wood mechanical resistance

induces bias through the possible over-estimations

of the LWD influence on the structure’s behaviour.

To extend the work done by Schmocker and

Hager (2013) on the influence of LWD accumula-

tion against rakes, similar experiments with sed-

iment transport and for other elementary shapes

notably the widely used inclined rakes and fins,

would be useful (Fig. 3.6 and 3.8).

Numerical models taking into account LWD

have recently shown promising results (e.g., Shrestha

et al., 2012; Ishikawa et al., 2014). Continuous

efforts in this direction will develop useful tools

that can complete field analyses and small scale

experiments. The development and calibration

of models with coupling effects between fluid,

sediments and LWDs, in Newtonian and non-

Newtonian rheologies will be a significant chal-

lenge for the future.

Today’s methods to assess LWD production

and trapping remain highly empirical and / or

need expert assessment. Nonetheless, the natu-

ral variability and the complexity of the coupling

effects of extreme phenomena linking fluids, sedi-

ments and LWD is so great that expert assessment

will always be necessary.
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Notation

The following symbols are used in this paper:

aα, bα and

cα

= coefficients of equation (3.13) depending on α

(-);

ws = dam solid part width: piles, beams or rake

bar diameter or fins’ width(m);

DLWD = LWD diameter (m);

dw = water depth in the basin directly upstream

the open check dam (m);

d0 = water depth in the basin, considered

undisturbed by the open check dam (m);

Frx = Froude number of the flow at section x,

Frx = vx√
gdx

(-);

g = gravitational acceleration (m/s2);

h0 = opening height: vertical dimension of the

opening (m);

LFor = forested length of the upstream reach (km);

LLWD = large woody debris length (m);

Lmax,LWD = maximum length of the supplied LWD (m);

Lmean,LWD = mean length of the supplied LWD (m);

Lstandtree = living stand tree length in production areas

(m);

L∗
Stand tree = dimensionless stand tree

length= LStand tree/W (-);

n0 = narrow side of the opening = minimum of h0

and w0 (m);

Q = Water discharge (m3/s);

QLWD = LWD discharge (m3/s);

S = River or trap basin slope (m/m);

SBV = watershed surface (km2);

SBV,For = forested watershed surface (km2);

SBV,For,>5◦ = Forested watershed surface, part steeper than

5◦ (km2);

TEx = Structure Trapping Efficiency for x :

= Vtrapped

Vsupplied
(-);

vw = flow velocity in the basin directly upstream

the open check dam (m/s);

v0 = flow velocity in the reach undisturbed by the

open check dam (m/s);

VLWD = volume of an accumulation of LWD taking

into account the porosity (m3);

VLWD supply = volume of LWD supplied by the flood to the

trap (m3);

Vlog = volume of a singular log (m3);

Vwat = volume of water of the hydrograph (m3);

Vsed,trapped = volume of sediment trapped in the open

check dam basin (m3);

Vsed,supply = volume of supplied by the flood to the trap

(m3);

W = river or basin width (m);

w0 = opening width (m);

α = rake inclination : angle between rake and

horizontal (◦);

β = ratio of volume of LWD to volume of

sediment = VLW D
Vsed,trapped

(-);

γ = unitary production of LWD depending on

forest type:evergreen or deciduous (m3/km2);

∆HLWD = energy head loss induced by the LWD

accumulation upstream of the open check

dam (m);

η = dimensionless LWD threshold length, see Eq.

(3.7) (-);

Ω = power coefficient of Eq. 3.15 depending on

the upstream slope (-);

µ = head loss coefficient of equation (3.18);

ϕ = dimensionless parameter of Eq. (3.10), we

recommend to use Eq. (3.12) to compute it

(-);

ξ = dimensionless parameter of Eq. (3.13) =
1
Fr2 .

w0
LLW D

(-);
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”Ainsi pendant que l’on croit le torrent au repos, il recueille, sans

qu’on y prenne garde, les éléments de ses ravages : il fait, si l’on

peut parler ainsi, ses approvisionnement.”

Scipion Gras (1850, p. 94).

CHAPTER 4

Quantifying sediment supply

The concept of “travelling bedload” and its

consequences for bedload computation in

mountain streams

Guillaume PITONa, Alain RECKINGa

a Université Grenoble Alpes, Irstea, UR ETGR, St-Martin-d’Hères, France.

Sediment supply quantification is a prerequisite for any rigorous torrent hazard study and open

check dam design (Mériaux et al., 2013). At the same time, numerous open check dams yet exist and

their dredging provide interesting information about the actual sediment supply. In the continuation

of his works on bedload transport computation, Alain RECKING had some ideas, that are used

here, on a way to account for armouring and armour breaking in mountain streams. After some

preliminary analysis of literature data, we show how to take advantage of an existing open check

dam to better understand a catchment sediment transport dynamics, while stressing the difference

between background and extreme event-related sediment supplies. Most of all, this chapter seeks to

clarify, when using this or that equations, e.g., for design purposes, which underlying assumptions

exist concerning the modelled-geomorphic processes.
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Chapter 4. Quantifying sediment supply
The concept of “travelling bedload” and its consequences for bedload computation in mountain streams

Abstract
In bedload transport modelling, it is usually presumed that transported material is fed by the bed

itself. This may not be true in some mountain streams where the bed can be very coarse and

immobile for the majority of common floods, whereas a very different finer material, supplied by

bed-external sources, is efficiently transported during floods, with marginal interaction with the

bed. This transport mode was introduced in an earlier paper as “travelling bedload”. It could be

considered as an extension of the washload concept of suspension, applied to bedload transport in

high energy streams. Since this fine material is poorly represented in the bed surface, standard

surface based approaches are likely to strongly underestimate the true transport in such streams.

This paper proposes a method to account for travelling bedload. The method is tested on published

datasets and on a typical Alpine stream, the Roize (Voreppe, France). The results, particularly

on active streams that experience greater transport than would be expected from the grain sizes

of their bed material, reinforce the necessity of accounting for the ”travelling bedload concept” in

bedload computation. The application of the concept is discussed, as are the methods accounting

for the opposite situation of full bed mobility in the case of armor breaking. To conclude, this paper

considers the computation strategy for a wide range of situations, ranging from sediment starved

cases, to general armor breaking, including the intermediate case of external source supply.

Author key words: Armouring, Paved Bed, Torrent, Armour Breaking, Sediment Transport

Efficiency

4.1. Introduction

Bedload transported by rivers is a central com-

ponent of our environment. It conditions the

rivers morphology and is the support for the

river ecosystems (Wohl, 2013a). The prediction

of bedload transport is therefore very important,

yet many aspects of this remain very challenging

(Parker, 2008). An important question that the

research community aims to answer is how to pre-

dict sediment transport in mountain streams, as

these streams often represent the main sediment

input to the downstream fluvial system (Wohl,

2006), and this sediment load aggravates damage

during floods (Badoux et al., 2014). From an en-

vironmental perspective, a better understanding

of input from mountain streams is essential for

the preservation and restoration of sediment con-

tinuity in alpine stream networks. From a risk

mitigation perspective, the design of structures

such as sediment traps, still suffers from substan-

tial difficulties in estimating the sediment volumes

concerned (Piton and Recking, 2016a; 2016b).

Among the difficulties associated with estima-

tion of bedload transport in mountain streams, re-

cent studies have shown that steep slope streams

develop specificities, preventing a direct transfer

of standard equations that were initially estab-

lished for mild slope, alluvial rivers (Rickenmann,

2001). Particular aspects include the changing

critical Shields stress with slope (Mueller et al.,

2005; Lamb et al., 2008; Recking, 2009; Bunte

et al., 2013), transport regulation by grain sort-

ing and rearrangement (Recking et al., 2009; Tur-

owski et al., 2011; Bacchi et al., 2014; Recking,

2014), and form resistance due to poorly mobile

large stones (Canovaro and Solari, 2007; Ricken-

mann and Recking, 2011; Nitsche et al., 2012;

Yager et al., 2012b; Yager et al., 2012a; Ghilardi

et al., 2014b). There have been several attempts

to accommodate these steep slope specificities,
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but one aspect that remains less predictable and

limits application is sediment availability (Reck-

ing et al., 2012a).

Different sediment contexts exist in mountain

streams. In lowland streams, hereafter referred

to as alluvial streams, the bed is generally com-

posed of loose sediments that are deposited by the

stream itself (Church and Ferguson, 2015). The

channel geometry and the slope are self-formed in

the alluvial material, and the associated morphol-

ogy in mountain valley rivers is usually braided or

plane-beds. Conversely, many mountain streams

are not purely alluvial, having bed sediment com-

posed of immobile or poorly mobile large stones

(or bedrock). Finally, many streams are semi-

alluvial, with alternating alluvial and non-alluvial

reaches. In such streams the non-alluvial reaches

usually act like ‘tubes’ efficiently transporting the

load imposed by the alluvial section, though with

marginal morphological response (Mueller and

Pitlick, 2005).

In these streams the prediction of bedload con-

sidering only the bed material, as is usually done

in alluvial rivers, can be strongly misleading. In-

deed, in contrast to lowland rivers, where the bed-

load of a given section is fed by remobilization of

bed material from an upstream section, moun-

tain streams can be locally fed by very active

colluvial inputs (Recking et al., 2012a), through

event-related processes such as hill-slope / bank

collapses (Schuerch et al., 2006; Molnar et al.,

2010). These incoming sediments usually have a

grain size distribution very different to that of the

bed material, eventually extending over a wide

range, from clay to boulders. The coarser parts

tend to recharge the bed, while the finer sedi-

ments may be very efficiently transported down-

stream (Schuerch et al., 2006). In field surveys,

Yu et al. (2009) demonstrated how this incoming

fine material can enhance bedload (up to three or-

ders of magnitude) under a given flow condition,

in comparison with transport of the bed forming

material. They called this transport of fine ma-

terial “travelling bedload”, to distinguish it from

“structural bedload”, which is associated with bed

remobilization.

The concept of travelling bedload consists of

transport of bedload material from an upstream

injection point to a downstream deposition zone,

with little or no interaction with the bed (no mor-

phological effect). This could be considered an

extension of the washload concept (fine suspen-

sion not interacting with the bed) to bedload in

high energy streams. Structural bedload plays a

very important role in terms of geomorphology,

since it fixes the channel slope. However, it may

sometimes have a secondary influence on trans-

ported volumes, influence limited to large and

rare flood events. Conversely, travelling bedload

has only a limited impact on geomorphology, al-

though in many streams, travelling bedload could

be responsible for a non-negligible supply of bed-

load material to the downstream systems or sed-

iment trapping structures.

This paper aims to investigate methods to

account for the travelling bedload concept, and

improve computation of bedload estimation for

mountain streams. We initially present a method-

ology based on a distinction between the different

sediment populations (the bed and incoming sed-

iments), and their respective roles on friction and

transport. In the second step, we test the method-

ology using some previously published examples,

and data from the Roize, a French Alpine moun-

tain stream. Finally, the results are discussed and

we conclude that the concept of travelling bed-

load deserves more attention in mountain streams

where the bed is poorly mobile, and where stan-

dard approaches strongly underestimate trans-

port rates. In these situations this approach is

shown to improve the computation accuracy.
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4.2. Travelling versus

Structural grain size

distributions

In most computation strategies, qualitative

and quantitative knowledge of the sediment present

in the channel bed is required. This is sufficient

for predicting both the hydraulics and the as-

sociated transport, with appropriate equations

linking the fluid forces to bed surface sediment

features (Wilcock and Crowe, 2003). We consider

a contrary situation, where transported material

is only marginally present at the bed surface, with

the surface being strongly paved by poorly mo-

bile elements. The transported material is in-

jected into the channel by floods (bank erosion)

or colluvial processes (landslides), and is trans-

ferred downstream, with only weak interaction

with the bed. In this situation, special attention

must be paid to the sediment grain size distribu-

tions, which acts at two levels:

i) the bed surface grain size distribution con-

trols the hydraulics, and consequently the shear

stress τ = ρgRS, which can be represented by

friction equations usually given in the following

form:
U

u∗
= f

(
R

Dfriction

)
(4.1)

where U is the mean flow velocity (m/s), u∗ =
√
gRS is the shear velocity (m/s), R is the hy-

draulic radius (m), S is the slope (m/m), and

Dfriction is a characteristic grain size of the bed

surface (m);

ii) the travelling bedload grain size distribution

controls bedload computation through the dimen-

sionless shear stress defined by the Shields pa-

rameter τ∗ (Shields, 1936) and the dimensionless

sediment discharge defined here by the Einstein

parameter Φ (Einstein, 1950):

τ∗ = τ

g(ρs − ρ)Dbedload
(4.2)

Φ = qsv√
g(ρs/ρ− 1)D3

bedload

(4.3)

where Dbedload is a characteristic diameter rep-

resentative of the transported material (m), qsv

(m3/s.m) is the volumetric unit solid discharge,

ρs (kg/m3) is the sediment density, and ρ (kg/m3)

is the water density.

The standard approach used in most bedload

computation strategies consists of assuming a

unique grain size distribution, measured at the

bed surface, and defining Dfriction and Dbedload

as quantiles of the bed surface (e.g., D84 for fric-

tion and D50 for bedload, with DX diameter such

that X% of the mixture is finer). However, this

approach may not always be valid. For exam-

ple, if the material transported during floods is

not the surface material, but remobilized subsur-

face material, some authors have distinguished

two grain size populations, the surface and sub-

surface, for computation of friction and transport

respectively (Parker and Klingeman, 1982).

Similar properties emerge with the study of

travelling bedload in mountain streams. In this

case the strategy could consist of distinguishing:

Dfriction = D84,BS , D84 of the bed surface con-

trolling the hydraulics; and for the transported

material Dbedload = D84,T raBL, D84 of the trav-

elling bedload material, possibly measured in a

downstream deposition area (see below).

Dozens of bedload equations exist, and it is

not the objective of this paper to test their abil-

ity to compute bedload transport in mountain

streams. Instead, we aim to investigate how the

above distinction regarding grain size distribu-

tion can improve the predictive ability of a given

equation that ever proved to perform well for a

wide range of river morphologies (Recking, 2013a;
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2013b; Recking et al., 2016):

Φ = 14τ∗2.5

1 + ( τ
∗
m
τ∗ )4

(4.4)

τ∗m = 1.5S0.75 (4.5)

where τ∗ (Eq. 4.2) and Φ (Eq. 4.3) must be

computed for D84. In the following, two terms

will be computed to consider two options: the

bed surface D84,BS and the incoming lateral in-

put sediments D84,T raBL. The parameter τ∗m (Eq.

4.5) gives the transition between partial transport

and full mobility, and is dependent on morphol-

ogy (Recking et al., 2016). As discharge rather

than depth measurements are usually available,

the hydraulics are computed using Eq. 4.6, de-

rived from the flow resistance equation proposed

by Rickenmann and Recking (2011) for all flow

ranges, including steep-slope streams.

d = 0.015D84,BS
q∗2p

p2.5 (4.6)

where q∗ = q/
√
gSD3

84,BS and p = 0.24 if

q∗ < 100 and p = 0.31 otherwise.

4.3. Method validation

4.3.1. Evidence from published

datasets

We illustrate the above scenarios using a se-

lection of six mountain streams described in the

literature (Table 4.1): the Egger Creek (King et

al., 2004), the Toots Creek (Marion and Weirich,

2003), the Rio Cordon (Billi et al., 1998; D’Agostino

and Lenzi, 1999; Lenzi, 2001; Mao and Lenzi,

2007), the Pitzbach (Turowski and Rickenmann,

2009; Turowski et al., 2011), the Diagoa Yu et al.

(2009; 2010; 2012), and the Erlenbach (Ricken-

mann, 1997a; Rickenmann, 2001; Schuerch et al.,

2006; Molnar et al., 2010).

The results are shown in Fig. 4.1. Egger creek,

Toots Creek, Rio Cordon and Pitzbach are de-

scribed as alluvial channels, with no particular

mention of hillslope influences being made. For

these four streams, the computation using the

bed surface grain size distribution gives satisfac-

tory results. This is not the case for the Erlen-

bach and Diaoga streams, where lateral bank ero-

sions were mentioned as major sediment contrib-

utors. For both of these, the use of the bed grain

size distribution (Erlenbach D90 = 400mm, Rick-

enmann, 2001; Diaoga - D84 = 300mm, Yu et

al., 2009) results in a substantial underestima-

tion of transport. Conversely, using the grain

size distribution of transported material (Erlen-

bach D90 = 140mm; Diagoa D84 = 61mm for

the coarsest bedload curve) for τ∗ and Φ strongly

improves the results.

These tests support the hypothesis that in

some streams consideration of the traveling bed-

load concept can considerably improve bedload

transport computation. This analysis was there-

fore extended to a typical torrent: the Roize.

4.3.2. Case study: the Roize

We tested the above concepts in the Roize tor-

rent, which exemplifies a typical situation where

managers need to predict bedload transport for

reasons of risk mitigation and estimation of sed-

iment trap dredging requirements. A detailed

presentation on this study site can be found in

Lamand et al. (2015).

A. Catchment presentation

The Roize torrent is a tributary of the Isere

River located in the south western part of the

Chartreuse massif (FRA. – Fig. 4.2). Its 16.1 −
km2 catchment is drained by two main-stems:

The Upper Roize is the more active in term of sed-

iment transport, although it has half the catch-

ment area of the Roizette.

Limestone cliffs founded on marl layers consti-

tute the main catchment sediment sources (Fig.

4.3a) and extend over a 0.38−km2 area (RTM38,
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Figure 4.1 – Comparisons of Eq. 4.4 on published datasets, distinguishing between the bed surface and the
travelling bedload material
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Table 4.1 – Six mountain streams considered from published studies

Catchment size Slope D84,BS Sediment context

(km²) (m/m) (mm)

Egger Creek 1.29 0.070 100 Relatively fine and loose material

Toots Creek 0.39 0.088 126 Step-pool in alluvial loose material

Rio Cordon 5 0.136 260 Step-pool in alluvial loose material

Pitzbach 27 0.090 150 Step-pool in alluvial loose material

Diaoga 18 0.050 300 Step-pool strongly impacted by human activities,
frequent landslides*

Erlenbach 0.74 0.100 400 Step-pool with very active small landslides on hill-
slopes adjacent to the channel*

* Bedload material is fed by event-related bank collapses (Schuerch et al., 2006; Yu et al., 2009).

Figure 4.2 – Location of the Roize catchment and main geomorphology and structures, indication of catchment
and sub-catchment area, lower and top elevation, roughness index (Melton, 1965), outlet bed slope,
bed-surface grain size and channel width
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2009). The headwaters experience sediment trans-

port through debris flows that deposit into several

wider reaches, distributed along the 3.3-km-long

downstream gorge (Fig. 4.2). Consequently, sedi-

ment transport shifts from debris flows to bed-

load, which is the main transport process ob-

served in the final gorge reach and in the sedi-

ment trap (Fig. 4.3b & c). The bed morphol-

ogy changes from bedrock/cascade to step-pools

along the gorge (sensu. Montgomery and Buffin-

gton, 1997). Conversely, the Roizette catchment

consists of woodland and fields and presents no

clear sediment source. Its bed, which consists

of very stable step-pools, is much narrower than

in the Roize, and is heavily constrained by stable

vegetation. It appears that solid transport is neg-

ligible outside of extreme events (Jail and Martin,

1971). The Roize-Roizette confluence is located

200 m upstream of a sediment trap (Fig. 4.2).

The water input of the Roizette into the Roize

induces an increasing sediment transport capac-

ity, with negligible sediment input. Consequently,

the bed is considerably more paved downstream

of the confluence. The sediment trap is assumed

to nearly totally disrupt bed-load transport, since

the morphology changes drastically immediately

downstream of the structure (only few pebble

patches, vegetation much more present, numerous

bedrock outcrops, nearly no evidence of sediment

transport, Fig. 4.3d). The apex of the Roize fan

is located about 1.3 km downstream of the sedi-

ment trap. The Roize fan is well developed and

is currently nearly completely urbanized by the

town of Voreppe (≈ 10, 000 inhabitants in 2015).

The historical workings on the Roize catch-

ment are typical of a large French torrent, and in-

clude the following features (Lamand et al., 2015;

Piton et al., 2016b): i) a fully-trained fan chan-

nel (Fig. 4.3d), stabilized with bed-sills and sur-

rounded by cut-stone protected dikes. This pro-

tection system dates to the 18th century, and was

completed during the 19th century; ii) about 140

small check dams located in the headwaters, built

in the late 19th and early 20th centuries; iii) a sed-

Figure 4.3 – Pictures of the Roize catchment: a) head-
waters: marl-limestone cliffs drained by
check dam-equipped steep channels; b)
coarse Roize bed at the measurement
reach c) sediment trap and its open
check dam and d) trained fan channel
experiencing weak sediment transport as
demonstrated by the well-developed grass
(Photos by Guillaume PITON)

iment trap with an open check dam built in 1985.

This is located upstream of the fan apex, in the

vicinity of the (now-ruined) first modern torrent

control check dams built in France, dating from

1851 (Gras, 1857; Piton et al. sub.).

The measurement reach, in which sediment

transport computations are performed, is located

in the lowest part of the gorge (Fig. 4.2). The

slope S is deduced from a linear fit of a longitu-

dinal profile consisting of more than ten elevation

measurements along 30–60 m-long profiles, mea-

sured using a laser telemeter (Trupulse 300X©).

Three transversal geometry profiles have been

surveyed within this reach; the slopes and widths

for other locations within the catchment are also

given (Fig. 4.2).
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Figure 4.4 – Sediment dredging in the open check
dam, a useful proxy for sediment produc-
tion in the catchment

B. Sediment data

In the last 25 years, an accumulated volume

of 21, 200 m3 has been dredged from the Roize

sediment trap (Fig. 4.4), i.e., 820 ± 1000 m3/yr

(mean ± standard deviation σ). This dredging

shows a strong inter-annual variability, with no

dredging or low supply some years (e.g., 350 m3

in 2004), and a much greater supply in other years

(e.g., 4000 m3 in 2005).

In addition to these measurements, archives

report on catastrophic floods in 1971, with an

estimated rainfall of between 150 mm and 200

mm in less than 9 hr. The bed width increased

by a factor of five in several reaches (Jail and

Martin, 1971), specifically downstream of the

Roize-Roizette confluence, where the catchment

area triples compared to our calculation point.

This induced considerable increases in the trans-

port capacity (Piton et al., 2016b). The cumu-

lated sediment transport is very uncertain, but all

historical testimony and reports refer to several

dozens of thousands of cubic meters (Lamand et

al., 2015). In this study the event-related esti-

mated volume will be referred to using only dif-

ferent orders of magnitude.

Figure 4.5 – Complete grain size distributions of the
travelling bedload measured in the sedi-
ment trap, and of the bed surface mea-
sured in the step-pool section of the mea-
surement reach

C. Grain size distributions

The bed surface grain size distribution was

measured in the main channel of the torrent,

within the step-pool morphology (Fig. 3b). The

resulting D84,BS was 238 mm. Conversely, the

travelling bedload grain size distribution was mea-

sured in the sediment trap, where the transported

bedload is fully deposited; the correspondingD84,T ravBL

was 112 mm. Both grain size distributions were

measured using the standard Wolman (1954) sur-

face count technique, and are plotted in Fig. 4.5.

D. Hydrology

No gauging station exists in the Roize catch-

ment. The hydrology has therefore been recon-

structed using a classical regionalization approach,

utilizing stations present in neighboring water-

sheds. A very brief summary is given here, with

more information available in Piton et al. (2016b),

and all details being provided in Lamand et al.

(2015). Data from discharge stations and rain

gauges located in the Chartreuse, Vercors and

Bauges massifs, which are mountains located within

a quite homogeneous hydrological region (Mathys

et al., 2013), were downloaded from the Banque

Hydro database (hydro.eaufrance.fr) and Meteo

France database (publitheque.meteo.fr). A pre-

liminary examination of the data resulted in the
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exclusion of stations showing excessive karst in-

fluence, insufficiently long time series, and ex-

cessively large catchments (> 115km2). The

flow-duration curves (curve QX% vs X; X: non-

exceedance frequency; QX%: quantile of probabil-

ity X ) were determined on the remaining seven

small catchment stations (10 < A < 63km2) with

a homogeneous rainfall regime. The catchment

size influence was de-trended using a simple power

law (Mueller and Pitlick, 2005):

Q∗ = Q

S0.75
BV

(4.7)

with the discharge Q (m3/s), the station catch-

ment area SBV (km2) and the pseudo-specific dis-

charge Q∗ (m3/s.km1.5). The power coefficient

0.75 has been found as optimal for collapsing the

pseudo-specific flow-duration curves of the sam-

ple, specifically for high flows that influence sedi-

ment transport (non-exceedance frequency> 0.5;

Fig. 4.6a). Additionally, this value is consistent

with other equivalent works (Mueller and Pitlick

2005), as well as classical flood hydrology meth-

ods (Cipriani et al., 2012; Mathys et al., 2013).

The inter-annual variability of the flow-duration

curves was estimated using the Vence catchment

data, a directly eastern neighbor of the Roize. In

addition to the mean flow duration curve, the

flow-duration curves for all of the 25 years of

the Vence data were computed, i.e., 25 quantile

Q∗X% per non-exceedance frequency X. We defined

”Dry” or ”Wet” years with a 10-yr return period

as the 10% and 90% quantiles of each of these 25-

Q∗X% samples ([Q∗X%]Y%, with Y = 10% and 90%;

Fig. 4.6b). Interestingly, the dry and wet curves

envelop the curves of the Albane and Gresse sta-

tions (lower and higherQ∗ on Fig. 4.6a), implying

that the temporal variability of Q∗ in one station

is here more pronounced than the inter-station

variation in mean Q∗.

Figure 4.6 – Pseudo-specific flow-duration curves: a)
data from the seven small mountain
stream stations (numbers between brack-
ets are the station catchment surface ar-
eas in km2) and regional mean value;
and b) envelope of the Vence pseudo-
specific discharge, regional mean curve,
correction for wet and dry years (empir-
ical quantiles [Q∗X%]Y %, with Y = 10%
and 90% ) and pseudo-specific discharge
of the Albane and Gresse stations: lower
and larger pseudo-specific discharges: the
inter-annual variability is higher than the
inter-station variability
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E. Bedload transport computation

The bedload data in Figure 4.4 are cumula-

tive volumes for a given year. Additionally, as

no measurements were available for the Roize hy-

drology, event related transport evaluation was

not sufficiently rigorous to provide a satisfactory

validation of the method (reconstruction of flood

hydrographs would have been too speculative,

and is only addressed in the discussion). Instead,

the mean annual transport was computed with

the Wolman and Miller (1960) frequency distri-

bution approach, using the above presented flow-

duration curves. The computation was performed

considering the two different grain size distribu-

tions, D84,BS and D84,T raBL, and results are plot-

ted in Figure 4.7. Nine estimations were obtained

by using three values of stream width (measured

at the three transversal profiles located in the

measurement reach), and the dry, mean, and wet

flow-duration curves, thus taking into account the

uncertainty and natural variability in the stream

width and annual discharge distribution.

Figure 4.7 indicates that estimations made us-

ing the bed D84,BS lead to substantial underesti-

mation (by more than one order of magnitude) of

the mean annual transport measured in the sed-

iment trap. Conversely, if the D84,T raBL is used

as the reference diameter, the computed volume

range is precisely within the range of variability of

dredged volumes in years with notable sediment

transport (350− 4000 m3/yr). This result is ob-

tained without using the data to tune the equa-

tion, thus constituting an additional validation of

the method and equations.

Furthermore, the variability in results is much

more related to variability in the hydrology, than

to uncertainty in the width (Piton et al., 2016b).

This means that the inter-annual variability in

the hydrology, here estimated using dry, mean

and wet flow-duration curves, is sufficient to ex-

plain the high variability in sediment transport,

without consideration of fluctuations in sediment

source production. Non linearity will transform

Figure 4.7 – Annual transport computed from Eq. 4.4
using the bed surface grain size and trav-
eling bedload grain size, V: empirical es-
timation is the mean inter-annual 820 m3

/yr, u(V) being the variability range of
years with sediment transport. The mean
empirical estimation and the uncertainty
u(V) envelop are of similar order of mag-
nitude than the computed volumes using
the travelling bedload approach. Using
the bed surface, coarser grain size results
in substantial underestimation

small variations in discharge (approximately±50%)

into changes of an order of magnitude in the trans-

ported volume. Characterization of variability in

the natural hydrology is therefore very important

for annual sediment transport computation.

F. Travelling versus Structural bedload

The Roize example suggests that the concept

of travelling bedload could help to explain why

standard computation strategies sometimes fail to

accurately estimate bedload production in moun-

tain streams. The new method, however, still

needs to be confirmed with other field observa-

tions.

Additionally, travelling bedload should always

be considered as part of a more general trans-

port process. Indeed, as explained in the intro-

duction, travelling bedload co-exists with struc-

tural bedload, which is bedload associated with

bed remobilization. In the case of the Roize tor-
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rent, structural bedload should be considered in

two situations:

1. When travelling sediments were flushed from

the upstream production zones (very low

transport). Figure 4.4 indicates years with

no sediment trap dredging, and such years

are assumed to be related to nearly total in-

activity of the headwater sediment sources,

i.e., to the absence of travelling bedload

production. With such an absence, the

Roize becomes a classical paved stream,

with marginal primary sediment produc-

tion. Consequently, it is more likely to be

represented by the computations performed

using the classical method, with the bed

surface as reference (e.g., Pitzbach, Toot

Cr., Egger Cr. and Rio Cordon in Figure

4.1). For the Roize torrent, estimations of

annual transport using this method are of

only a few tens of cubic meters per year,

a result which is very consistent with our

latest observations (a camera taking daily

pictures of the sediment trap basin was in-

stalled in 2015, and showed negligible sup-

ply in an 11-month period1).

2. For extreme floods (very high transport)

that remobilize the armor and for which

Dbedload should take into account the ar-

mor material. The only available informa-

tion for extreme floods is the 1971 event.

Unfortunately, in addition to the very un-

certain volume, there is no information on

the related flood discharge and duration, or

on grain size distribution of the bed mate-

rial preceding this event. It would thus be

excessively speculative to compute bedload

specifically for this event. However, com-

puting extreme events still remains a chal-

lenge and is very important for risk mitiga-

tion; a section proposing a way to account

for these extreme floods is therefore pre-

sented in the discussion.

1See pictures in the Perspective section, p. 181

4.4. Discussion

4.4.1. The nature of travelling

bedload

Travelling bedload usually concerns materials

that are not alluvial bed-forming material, but

materials that are event-related, in-channel sup-

ply. This supply may be from either material that

is stocked temporarily and locally in the water-

shed before being remobilized, or materials that

are injected into the channel from a colluvial pro-

cess during an event (Fryirs, 2013). Situations

leading to travelling bedload are therefore not

limited to active hill-slope processes and bank

collapses, but also to any situation where the

coarse fractions are retained upstream and the

finer fractions can freely transfer downstream.

For example, some deposition basins may re-

tain coarse material for risk mitigation, but allow

gravel to pass. The presence of such structures

can explain the segregation between structural

and travelling bedload. This is the situation in

the Arve River (a snow-melt regime, cobble and

boulder-bed river in Chamonix, supplied by steep

periglacial streams; Peiry, 1990), where dredg-

ing operations in sediment traps located at the

tail of the Houches hydroelectricity reservoir dam

(Les Houches, FRA.), suggest transport of up to

60,000 m3/yr of sand, gravel and small cobbles,

whereas computations using standard approaches

that consider the unique bed surface grain size

indicate no bedload (there is not yet enough in-

formation on the travelling material to test the

above computation method).

Travelling bedload can also result from kine-

matic sorting, which is responsible for a natural

regulation of fine sediment, successively captured

and released by the bed armor (Bacchi et al.,

2014). Such a process can explain the alternation

of dormant periods without sediment production

(bed recharge; Recking, 2014), and pulses of in-

tense transport of fine material (released by the

bed). This situation could have been present in
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the Roize torrent (unfortunately the difficulty in

accessing the upstream part of the Upper Roize

gorge did not allow enough evidence of meter-

scale bed level fluctuations to be found).

4.4.2. Limitations: transport

capacity

The concept of travelling bedload implies that

no adjustment exists between transport and bed,

and that what is computed is a transport at

capacity for the given discharge and slope. In

other words, the method computes a maximum

capacity for the given morphological slope and

discharge. This should correspond to the actual

transport each time the event related sediment

supply is sufficient. Thus, the computation strat-

egy should be considered with regard to travelling

material production within the watershed. This

is illustrated in Figure 4.4 where productive years

alternate with unproductive years.

4.4.3. Selection of measurement

sites for appropriate grain size

distributions

In the Roize case study, the non-truncated

Wolman count method was applied at the follow-

ing locations: (i) in the main channel, directly

along the stream axis on the step-pool series,

to determine D84,BS ; (ii) on an untouched 1.5-

m-thick deposit in the sediment trap to deter-

mine D84,T raBL; (iii) on gravel patches located

aside the main channel within the gorges. The

grain size distribution of these gravel patches

was generally finer than in the main channel,

but only by a factor of 1.5–2 (conversely in the

gorgesD84,BS/D84,T raBL ≈ 4 for most of the com-

plementary measurement sites, Lamand et al.,

2015). The sediment transport computations us-

ing grain size distributions measured on the gorge

patches as an estimator of D84,T raBL resulted in

equivalent underestimation to using only D84,BS ,

though not as strong (Lamand et al., 2015). A

reach with near total bedload trapping must be

found to qualify the travelling bedload features.

Existing sediment traps are useful structures to

facilitate the measurement of D84,T raBL, in addi-

tion to gathering bulk sediment transport data.

Such data should be used to try and test trans-

port approaches, as done here on the Roize and

in previous works by Rickenmann (1997a); Rick-

enmann and Koschni (2010); Peteuil et al. (2012)

and Rickenmann et al. (2015).

An alternative would be to directly measure

the grain size distribution in an area of deposition

as a laterally unconfined reach with pure alluvial

equilibrium. Examples include the fan, or if the

stream is confined on the fan, in the vicinity

of the confluence between the stream and the

downstream main-stem.

4.4.4. Accounting for extreme

events

The travelling bedload concept can help in es-

timation of the annual production of a catchment.

However, in the event of extreme floods that gen-

erate major changes in the bed structure, the in-

fluence of structural bedload could drastically in-

crease. The travelling bedload approach, which

assumes a fine transport on a somewhat fixed and

rough bed structure, may then no longer apply.

Its use is a scenario (sensu. Mazzorana et al.,

2012) requiring further study, with appropriate

attention paid to both the sediment source vol-

ume and activity.

Sediment also comes from recruitment from

the stream bed (Warburton, 1992; Lenzi et al.,

2004; Turowski et al., 2009; Molnar et al., 2010).

This can be a priori computed using Equation 4.4

with the bed material grain size distribution, al-

though this would only give an average transport

assuming a constant bed surface texture. From

a risk mitigation perspective it is the high mag-

nitude peak solid discharges that must be esti-

mated. These peak solid discharges especially

concern short time duration transport, immedi-
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ately following possible armor breakup; this is

where the transport rate efficiency was shown to

be considerably enhanced (Recking et al., 2009;

Bacchi et al., 2014). The released fine subsur-

face then smooths the bed, enhancing transport

efficiency and generating a self-reinforcing feed-

back, since collective grain motions increase the

recruitment of bed sediment by the flow (Hey-

man et al., 2013). Flume experiments have indi-

cated that asymptotic transport equations estab-

lished for high transport rates, appear adequate

for capturing solid discharge associated with ar-

mor breaking, when applied to the full range of

transport regimes (Recking, 2006, p. 159; Recking

et al., 2009).

Such an asymptotic approach was previously

used by Meunier (1989), who deduced the follow-

ing equation from the steep slope, flume data of

Smart and Jaeggi (1983):

Qsv = βQS2 (4.8)

with β a coefficient equal to 6.3 on average.

All Smart and Jaeggi (1983) data, and data later

published in Couvert et al. (1991), are nearly com-

prised in the range β = [3; 10] (Meunier, 1989).

Equation 4.8 is still used as a rough and easy

approximation of event related transport by the

French torrent control service. It does, however,

have the drawback of not taking into account the

grain size of the transported material, which is a

key parameter of the stream transport capacity.

Rickenmann and Koschni (2010) also proposed

simplified equations for bulk bedload transport

estimation that related Qs to Q, S and DX . For

example, Rickenmann and Koschni (2010) reused

the Recking et al. (2008b) asymptotic equation

Φ = 14τ∗2.45 (flume-based, determined for high

transport stage, i.e., τ∗/τ∗cr � 1). They intro-

duced to it: i) a Chézy friction law (coefficient

C ), ii) a rectangular channel hypothesis, iii) a

sediment density of 2.68, and iv) a pore space hy-

pothesis (30% of the volume). The purpose was

to compare the computations with trap dredging

data. This resulted in the simplified equation:

Qsv = 1.35.09
C

(
d

Dm

)0.95
QS1.95 (4.9)

where Dm is the mean sediment diameter (m).

Estimations made using Equation 4.9, and an

equivalent form derived from the Meyer-Peter

and Müller (1948) equation, were compared to

transport volumes measured from flood events

in Switzerland in 2005. The parameters C and

d/Dm were assumed to vary in the range 4.7 <

C < 17.1 and 5 < d/Dm < 20. Overall, for Equa-

tion 4.9, it was stated that ”the predicted transport

loads are about a factor of 5–10 larger than the

observed values”; however, this overestimation de-

pended on the uncertainty of the aforementioned

hydraulic parameters C and d/Dm.

To confront this problem, an alternative pro-

posed here consists of combining the asymptotic

limb of Eq. 4.4: Φ = 14τ∗2.5 with the friction

law proposed in Equation 4.6, considering the di-

mensionless discharge q∗ = q/
√
gSD3

84,BS , which,

taking into account a 30% void in the deposit, a

sediment density of 2.65 and a rectangular chan-

nel hypothesis, leads to:

Qsv = 5.8× 10−4

p6.25g2.5p WD1.5−7.5p
84,BS q5pS2.5(1−p) (4.10)

where p = 0.24 if q∗ < 100, and p = 0.31 if

q∗ > 100.

This equation has been tested on the Roize for

event related transport (Lamand et al., 2015). As

detailed previously, the Roize is known to occa-

sionally experience bedload transport of dozens

of thousands of cubic meters, as was the case in

1971. As a rough case study, the 100-yr return

period peak discharge was determined using clas-

sical hydrology methods (CFGB, 1994; Mathys et

al., 2013). Its value remains uncertain due to the

necessary regionalization (no data on the Roize),

combined with extrapolation towards high mag-

nitude events; however, the target accuracy was

only concerned with orders of magnitude. Hy-
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Table 4.2 – Comparison of event-related sediment
transport at the Roize apex

Transport equation Mean± σ
Units [m3 ]

Eq. (4.4) 2, 000± 1, 500
Eq. (4.10) 23, 000± 15, 000

drographs were created with varying durations:

three values enveloping the variability range were

considered (floods lasting 4 hr, 8 hr and 16 hr).

The classical Equation 4.4 and the new Equation

4.10 were both applied to the reach located di-

rectly upstream of the fan apex (Table 2). The

quite strong variability in the computation results

is related to the varied duration of floods.

The normal transport equation (Eq. 4.4) is

used with D84,BS , as the paved bed surface is

assumed to be transported for such rare events.

This results in dramatic underestimation of the

transport volume, on the order of a few thou-

sand cubic meters of transport; events that re-

garding the sediment trap dredging data are cer-

tainly more common than a 100-yr return period

(Fig. 4.4). Conversely, the asymptotic approach

of Eq. 4.10 provided reasonably consistent es-

timations, within a few dozens of thousands of

cubic meters.

The asymptotic approach proposed for high

magnitude events in Equation 4.10 seems consis-

tent with the basic and uncertain data available

for the Roize. It deserves to be tested on other

strong sediment transport events, with sufficient

data available. This would allow testing whether

it could make reliable predictions within the cor-

rect order of magnitude, in high magnitude sedi-

ment transport computation.

4.5. Conclusion

Bedload transport computation in mountain

streams is still a challenging issue. In addition

to the natural complexity of the process itself,

some streams experience strong influences from

their environments. One possible consequence of

the coupling between streams, their underlying

bedrock, and surrounding hillslopes, is a general

trend to be armored, sometimes by boulders that

are seldom moved by the flow. Transported ma-

terial may consequently be very different from ar-

mor material. Depending on the sediment source

and hillslope activity, a calm brooklet may some-

times became a rushing torrent prone to debris

flows (Chen et al., 2015). In essence, sediment

transport in mountain streams is necessarily a

multidisciplinary topic combining (Church and

Ferguson, 2015):

• Geomorphology through the distinction of

process types and the relative activity of

catchment sources, with

• Physics through the varied sediment trans-

port formulae and their physical meaning.

This makes the subject both complicated, be-

cause of difficulties in attaining measurements,

and complex because of feedback loops and cou-

plings between processes, which may generate un-

expected outcomes (Keiler, 2011).

This work continues from that of Recking et

al. (2016), who demonstrated the importance of

accounting for morphology in the bedload compu-

tation strategy. Within the present work, we ad-

ditionally demonstrate the importance of paying

attention to the material that structures the mor-

phology of mountain streams; material that may

be different from that transported. Three geo-

morphological situations that necessitate distinct

computational strategies have been presented within

this paper:

• Streams fitting more classical descriptions

usually only transport the material present

at their bed surface. In their headwaters,

there are no significant sediment sources

that would supply relatively fine sediment.

Such streams usually experience relatively

low sediment transport considering their
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gradient, and are variably paved. Appli-

cation of the classical bedload computa-

tion approaches, e.g., Recking (2013b) and

Recking et al. (2016), seems reasonable in

these cases.

• Some mountain streams have inherited mostly

paved beds from their geomorphic construc-

tion, but are currently supplied by sediment

sources providing finer material. This ma-

terial is eventually massively transported

downstream, with marginal interaction with

the bed structural morphology. Such travel-

ling bedload necessitates a specific compu-

tation approach, as presented in this work.

• Bed armor breakings sometimes occur. The

release of the fine subsurface and some self-

reinforcing feedbacks then enhance the sedi-

ment transport efficiency. Alternative equa-

tions, based on knowledge of the high in-

tensity sediment transport asymptotic be-

havior, must be used in these situations. A

simplified equation has been proposed for

such cases.

Mountain streams are high energy systems be-

cause of their gradients. Self-stabilizing processes,

such as heavy armoring, limit the erosion rate and

the transport of material in the downstream flu-

vial system. Many streams are thus mostly dor-

mant, despite their steep slopes. However, sedi-

ment sources erratically provide massive sediment

amounts to mountain streams, which may possi-

bly change their activity. Extreme hydrological

events may also trigger general armor breaking.

This work aimed to clarify how such geomorphic

processes affecting stream sediment supply and

bed stability may fundamentally influence sedi-

ment transport, and how this perspective should

influence the computation strategy used in pre-

diction.

More generally, performing such computations

for mountain streams with only poor knowledge of

the geomorphic processes affecting sediment sup-

ply, would be unreasonable, if not irresponsible,

when focusing on hazard assessment.
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Notation

The following symbols are used in this paper:

= Parameters:

C = Chézy coefficient (-);

Dbedload = sediment diameter to use in sediment

transport formula (m);

Dfriction = sediment diameter to use in friction law

(m);

Dm = mean sediment diameter (m);

DX = sediment diameter such that X% of the

mixture is finer (m);

D84,BS = bed surface D84 (m);

D84,TraBL = Travelling bedload D84 (m);

d = water depth (m);

g = gravitational acceleration (m/s2);

Q = water discharge (m3/s);

Q∗ = pseudo-specific water discharge = Q/S0.75
BV

(m3/s.km1.5);

Qsv = volumetric sediment discharge (m3/s);

q = water unit discharge = Q/W (m3/s.m);

qsv = volumetric sediment unit discharge

= Qsv/W (m3/s.m);

qs = sediment unit discharge (g/s.m);

q∗ = dimensionless water unit discharge

= q/
√
gSD3

84,BS (-);

p = dimensionless transition parameter

between intermediate and high

submersion (Eq. 4.6) (-);

R = hydraulic radius (m);

S = slope (m);

SBV = catchment surface area (km2);

U = water mean section velocity (m/s);

u∗ = shear velocity =
√
gRS (m/s);

W = channel - bed width (m);

Van = mean annual sediment production

(m3/yr);

ZBed = channel bed elevation at the catchment

outlet (m.osl);

ZMAX = maximum catchment elevation (m.osl);

β = dimensionless coefficient of Eq. 4.8, =6.3

on average (m);

∆Z = ZMAX − ZBed(m);

Φ = Einstein parameter: dimensionless solid

discharge (Eq. 4.3) (-);

σ = standard deviation of the transported

volume (m3);

ρs = sediment density (kg/m3);

ρ = water density (kg/m33);

τ∗ = Shield parameter: dimensionless shear

stress (Eq. 4.2) (-);

τ∗
m = dimensionless transition parameter

between partial and full mobility (Eq.

4.5) (-);

= subscripts:

. . .X% = quantile of . . . with probability X ;
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”la correction d’un torrent se borne le plus souvent à le contraindre

à délivrer ”au détail” ce qu’il livrait trop brutalement ”en gros”.”

Marcel Widmann in Poncet (1995, p. 713)

CHAPTER 5

Effects of check dams on bed-load transport and

steep-slope stream morphodynamics

Guillaume PITONa and Alain RECKINGa

a Université Grenoble Alpes, Irstea, UR ETGR, St-Martin-d’Hères, France.

Since the physics of sediment transport in steep slope streams is still an unresolved issue (Chap. 4),

one can imagine that the question of the possible emergence of retroactive loops between bed-load

transport and artificial structures are even more fuzzy.

The simple experiments reported in this, recently published1 chapter, were undertaken in a ”reduced

complexity approach” (Paola and Leeder, 2011). They aimed at exploring the possible effects of check

dams on sediment transport within classical flume experiments. Trying to observed the possible

sediment transport regulation pointed in Chapter 1 was the leading idea.

1Piton, G. Recking, A. ”Effects of check dams on bed-load transport and steep slope stream morphodynamics”, in
Geomorphology, 2016, (in press.)
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Abstract
Check dams are transversal structures built across morphologically-active streams in mountainous

regions. These structures have been used widely in torrent-hazard mitigation for over 150 years.

Thousands of them are regularly maintained by stream managers and torrent-control services. The

stabilization role of these structures is well known, i.e., they durably constrain the stream-bed through

the creation of vertical and planar fixed points. What is not yet clear is to what extent check dams

influence bed-load transport: How do peak solid discharge or flood-transported volume change when

check dams are added to a reach? To address these questions, long-lasting small-scale experiments

were conducted in a 4.8-m-long flume with either one, three or no structures. The results show

that the addition of structures creates independent compartments in the bed level, which have a

strong influence on bed surface armouring and stream morphodynamics: the consequence is that

instantaneous transport intensities are unchanged, but peak solid discharge occur more often and for

shorter duration. This results in the same total transported volume over the long term, but reduced

volume for a single transport event. It reaffirms the observation of pioneering authors of the mid-

19th and early 20th century who conceptualized the possible sediment transport regulation function

of check dams: in addition to stabilizing the stream-bed, check dams influence bed-load transport

through a buffering effect, releasing frequently and in small doses what, in their absence, would be

transported abruptly en masse during rare extreme events.

Author key words: torrent control works; bed-load transport; mountain streams; small scale models

5.1. Introduction

Some steep slope streams (i.e., with slope S >

2% approximately) are characterized by flash floods

with intense solid transport (Fabre, 1797). In

such streams, the transport of substantial amounts

of sediment increases flood hazards and related

costs to society (Badoux et al., 2014). Since the

mid-19th century, special attention has been paid

to curtailing part of the sediment transport by

the use of soil conservation and stream bed stabi-

lization measures, especially check dams (Surell,

1841; Gras, 1857; Demontzey, 1882).

The origins of the first grade control structures

are unknown, however, they are probably very old

(Jaeggi and Pellandini, 1997; Doolittle, 2013). To

our knowledge, only occasional and very few high

check dams were built before the 19th century

(see Armanini et al., 1991; Okamoto, 2007, for

examples of early descriptions). Watershed-scale

erosion-control plans emerged in European moun-

tains in the mid-19th century, in order to protect

strategic network facilities such as roads, railways

and fluvial embankment systems (Liebault and

Taillefumier 2000, Vischer 2003, Hugerot 2015,

Piton et al., sub.). The specific-features of tor-

rents and the geomorphic processes leading to tor-

rential hazard were theorized and highlighted dur-

ing this period (Surell, 1841; Gras, 1857). In

addition to soil conservation measures, drainage

networks and reforestation, streams and gullies

have been stabilized using longitudinal structures

as groynes, dykes, bank protection and transver-

sal structures (Fig. 5.1) such as check dams (Van

Effenterre, 1982; Chatwin et al., 1994; VanDine,

1996).

Guidelines from the 19th century list the var-

ied purposes of check dams (Piton et al., sub.):
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Figure 5.1 – Check dam series in the Saint Julien Tor-
rent (73) Fr – 2015, grade control struc-
ture built above the bed level (photo
courtesy of S. MEJEAN)

(i) bed stabilization: fixation of the stream longi-

tudinal profile to prevent long term incision and

lateral shifting, (ii) hillslope consolidation: eleva-

tion of the stream bed specifically to slow down

unstable hillslope activity and the related sedi-

ment supply, (iii) decrease in slope: settling of

an alluvial backfilled reach with a gentler slope

compared to the initial torrent slope in order to

limit flow energy and capacity to transport large

boulders; (iv) retention: long-term trapping of a

maximum volume of sediment in an area where a

strong aggradation is acceptable (this effect stops

once the structure is filled) and (v) solid trans-

port regulation by temporary deposition of sed-

iment. This later effect results from the natu-

ral bed-level fluctuation that commonly occurs in

these streams (Fig. 5.2).

Functions (ii–v) are all consequences of the

fact that check dams are usually built above the

initial stream bed longitudinal profile (Fig. 5.1)

(Thiéry, 1891; Bernard, 1927; Deymier et al.,

1995). After a given time and sufficient sediment

supplies, structures are filled and alluvial reaches

are created upstream of structures. An alluvial

dynamic then takes place on the reaches (function

(iii)) with regularly reported deposition and re-

erosion processes (function (v), Fig. 5.2). The

initial check dam filling that usually results in

Figure 5.2 – Illustration of slope fluctuations in the
vicinity of old check dams in the Manival
torrent -Fr. (visible part of the upstream
check dam colored in yellow): a) eroded
reach with a mild slope in Oct. 2012, b)
filled reach with a steeper slope, deposit
burying the upstream structure in Nov.
2013 and c) partially eroded deposits in
Jul. 2014 (Photos courtesy of C. BEL)

nearly total bed-load trapping (function (iv)) may

take some times, possibly dozens of years (e,g.,

Rickenmann and Zimmermann, 1993). However,

hazard mitigation structures are built for much

longer life duration. To better highlight the effect

of the numerous check dams built for decades, this

paper study the long term dynamic equilibrium

(see López et al., 2010a; 2010b; 2010c; Zou et al.,

2014 for studies addressing the transient initial

filling period).

Nowadays river managers are maintaining thou-

sands of check dams in mountainous catchments
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(Carladous et al., 2016a) which is a complex and

endless task (Van Effenterre, 1982). A better

understanding of the influence of check dams on

solid transport dynamics in streams is needed, in

order to determine how to take them into account

in downstream mitigation measures such as haz-

ard mapping, land use plans, design of sediment

traps and channel management on fans. More

fundamentally, an improved understanding is also

required in order to better adapt maintenance

plans. In terms of risk mitigation, it will help to

judge the relevance of continued maintenance of

structures in hard to access headwaters and allow

comparison with alternative structures, such as

open check dams, which have emerged since the

advent of mobile earth-moving machinery (Piton

and Recking, 2016a; 2016b).

To what extent sediment transport dynamics

are influenced by check dams is still poorly un-

derstood. The effect of check dams on sediment

transport rate, on mean and peak values or on

transient bed storage dynamics is not yet clear.

Also to be discerned is the influence of structures

on the temporal fluctuations of solid transport

and bed level and their characteristic frequencies.

In this paper we describe new flume experi-

ments to investigate the effects of check dams

on bedload transport. We focus particularly on

how check dams interfere with the highly fluctu-

ating nature of bed-load transport on steep slope

streams. After a presentation of the experimental

conditions, the key results highlighted by our ex-

periments are presented, discussed and compared

with field examples.

5.2. Material and methods

5.2.1. Flow specificities

Flows in a reach downstream of a check dam

typically take three specific forms (Figure 3 and

Whittaker 1987): (i) a jet flow, plunging as a

chute from the check dam crest, (ii) a tumbling

flow, highly turbulent, dissipating the energy of

Figure 5.3 – Flow configuration in a reach between
two check dams: the uniform flow length
mainly depends on L the distance be-
tween structures.

the jet in rollers and digging a scour-hole; and

(iii) a more uniform flow on the downstream allu-

vial section with established sediment transport.

Each form can be more or less developed depend-

ing on the distance L from the next structure

(Lenzi et al., 2003b; Marion et al., 2004; Comiti

et al., 2013).

The plunging flow development is related to

the check dam height over the downstream stream

bed and also to the initial velocity, which will

control the parabolic trajectory of the jet. The

scour-hole depth results from the erosion power

of the turbulent flow dissipating the energy in

the tumbling-flow. Scour-hole development has

been widely studied (Veronese, 1937; Couvert et

al., 1991; D’Agostino, 1994; Gaudio et al., 2000;

Lenzi et al., 2002; Lenzi et al., 2003b; Lenzi et al.,

2003a; Marion et al., 2004; Marion et al., 2006;

D’Agostino and Ferro, 2004; Comiti et al., 2005;

Comiti et al., 2006; Lin et al., 2008; Comiti et al.,

2013) .

Lenzi et al. (2003b) demonstrated that when

check dams are close enough to each other, scour-

hole dimensions tended to decrease for equivalent

discharge and check dam height, thus limiting the

scouring threat to structures. They called “geo-

metrical interference” this influence of the down-

stream structure on the upstream scour-hole. In

streams with very steep slopes the distance be-

tween structures can be comparable to the stream
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width. In this case, the alluvial part of the reach

almost disappears, check dam series resemble step

pool rivers (Whittaker, 1987; Jaeggi, 1992; Lenzi,

2002) and the energy dissipation by tumbling

flows are maximized (Canovaro and Solari, 2007).

For structures spaced more than 15 to 20 Hc

(with Hc the critical flow energy ≈ 1.5hc and hc

the critical flow depth), the geometrical interfer-

ence is considered to be negligible (Lenzi et al.,

2003b; Comiti et al., 2013). In such conditions

it can be assumed that the bed development is

not influenced by by the upstream scour-hole flow.

The slope of this reach can thus be considered as

an “alluvial slope” with slope S dependent on hy-

drological and solid transport features (Fig. 5.3).

This analysis focuses on such widely spaced struc-

tures, i.e., with L >> Hc.

5.2.2. Experimental set-up

New experiments1 were performed in the man-

ner described in a previous analysis of the bed-

load transport dynamics in a steep slope flume

(Bacchi et al., 2014). A titling flume 4.8 m long,

0.107 m wide, and 0.4 m deep was set to a slope

of 12% (Fig. 5.4).

Three configurations were tested (Fig. 5.4): (i)

noCD: a reference test without a structure in the

flume, (ii) 1CD: one check dam in the middle of

the flume, and (iii) 3CD: flume with three equally

spaced check dams. In the case of the noCD test,

the experiment was allowed to run for 20 h in

order to be sure to to reach a dynamic equilib-

rium, following which 30 h of measurements were

undertaken (actually a shorter period than 20-h

would have been sufficient, as to our experience,

two cycles of complete aggradation and degrada-

tion lasting 8-10 h were expected. In the case of

the present study, the 30-h of experiments were

sufficient to highlight the changes in the 1CD and

3CD tests, the statistical analysis has thus been

performed with the end of the 50-h time series

1See details in measurement and setup definition in
§5.7, p. 119.

Table 5.1 – Grain size distribution features

Dmin D50 D84 Dmax Dmean

[mm] [mm] [mm] [mm] [mm]
0.8 3.0 8.2 20 5.6

Note: Dmin and Dmax, minimum and maximum

sediment diameter respectively and Dmean, mean

arithmetic sediment diameter.

of the noCD test). Shorter periods of stabiliza-

tion were required for 1CD and 3CD tests due

to the shorter distances concerned. Check dams

were modelled by horizontal plastic plates fixed

across the entire flume width. The possible ef-

fects of the spillway design or of permeable body,

e.g., for structures made of gabions, are thus ne-

glected in this study. Small counter check dams

were added to each check dam toe in order to limit

scour depth, as is usually done in the field (De-

montzey, 1882). Grains with diameter between

D16 and D84, with Dx the sediment mixture di-

ameter such that x% are finer, were glued onto

the side-walls to reproduce the natural roughness

of steep slope stream banks (Fig. 5.5).

5.2.3. Sediment mixture

A poorly sorted natural sediment mixture was

constructed with respect to grain size distribu-

tion ratios observed by Recking (2013a) in a large

gravel bed river dataset. The grain size distribu-

tion features of this mixture are summarized in

Table 5.1. To highlight grain size sorting, coarse

grains were painted in red and green, the coarsest

fraction was painted in blue. The medium sizes

were naturally brown and grey while the fine frac-

tion was naturally white.

5.2.4. Supply conditions

In order to identify the intrinsic average re-

sponse of a check dam to a long hydrological pe-

riod, the water and solid discharges were set at a

constant rate during all runs. The water discharge

was recirculated and fixed to 0.55l/s (±0.03l/s)
with a constant-head reservoir. It was controlled
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Figure 5.4 – Flume configuration: a) noCD test: reference test without structure in the flume, b) 1CD test:
one check dam test with one structure in the middle of the flume and c) 3CD test: three check
dam test with three structures regularly installed along the flume. Reaches between structures
are numbered from upstream to downstream.

Figure 5.5 – Rough flume side walls and bed states at
the same position at different time: a)
fine bed during a bed-load sheet event,
b) paved bed with high grain protrusion,
3’30” later

and recorded by an electromagnetic flowmeter at

a 10-Hz frequency. The solid discharge of 44g/s
(±2g/s) was fed by a hoper delivering sediments

to a velocity-controlled conveyor belt which was

also measured at a 10 Hz frequency. The system

was a sediment fed configuration according to the

definition of Parker and Wilcock (1993). Sedi-

ments were carefully mixed before introduction

to the hoper in order to ensure a constant grain

size distribution at the inlet. The experimental

conditions were chosen very similar to those used

in Bacchi et al. (2014) to make possible some com-

parison.

5.2.5. Measurements

The outlet solid discharge (Qs) was measured

by weighing the cumulative solid discharge ev-

ery 3 to 4 minutes (±1g/s). A correction fac-

tor for the water content of the measured solid

discharge was derived by drying 32 randomly se-

lected samples. The bed levels (zi) of the reach
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(i), numbered from upstream to downstream,

were measured in the upstream part of each reach

(Fig. 5.4), downstream of the scour-hole extension

and with a precision of ±2mm. The measure-

ments were performed visually using staff gauges

on the side walls viewed through windows pierced

in the glued grains. Complementary measure-

ments were done using ultrasonic sensors at the

staff gauge abscissa. The bed-level under the ul-

trasonic sensor was computed assuming a con-

stant water depth: the bed level is considered to

be the free surface level (measured by ultrasonic

sensors) minus the water depth. The latter is

considered constant and equal to the mean com-

puted value of Table 5.2. The precision of the

measurement using this assumption is degraded

compare to direct visual measurement and was

considered to be of ±5mm mainly due to the

varying water depth which was dependent on

bed state and roughness (see e.g., Fig. 5.5 or

Ghilardi et al., 2014b). Such variations of the

water depths (±5mm) are equivalent to varia-

tions in the Froude number between 0.7 and 2.4:

a pretty large range, for instance compared to

Froude number variations observed in constant

feeding long lasting experiments by Ghilardi et al.

(2014b) (Slope: 0.067, Fr = [0.6;1.14], presence of

immobile boulders in the flume) or regarding the

variations of measured velocity and water depth

(Table 2); the ±5mm-uncertainty range is thus

considered conservative.

At the reach scale, i.e., between two dams, the

reach mean slope can be deduced from the bed

level and assuming a constant level of the bed

fixed by the check dam crest level (Fig. 5.4):

Si = zi − zdam,i
Li

(5.1)

with Si, the slope of the ith reach, zi and zdam,i the

bed level of the upstream part and the dam level

downstream of the ith reach, and Li the length of

the ith reach. Complementary intra-reach ultra-

sonic measurements taken just upstream of the

check dam suggested that the hypothesis of a

constant bed level at the check dam abscissa was

reasonable. An error analysis concluded on a

slope precision of ±0.005 (c.f. § 5.7).

5.2.6. Main flow conditions

The main characteristics of the flow conditions

are reported in Table 5.2, they were estimated

through 3 independent approaches that gave very

consistent results.

1. The mean water velocity U was measured

by manually tracking the trajectories of 92

polystyrene beads individually released in

the 1CD test (> 4, 400 instantaneous bead

velocity measurement, i.e., couple of frames).

The video (30 frame/s) was filmed from the

ceiling (see timelapse video in supplemen-

tary material). This surface velocity esti-

mation was corrected by a factor of 0.85 to

compute the mean velocity, following the

recommendation of Muste et al. (2010).

2. The water depth was independently mea-

sured during the noCD test on a series of

68 side pictures of staff gauges.

3. The velocity was also computed using the

Rickenmann and Recking (2011) equation

and results are consistent with the measure-

ments (Table 2):

Ucalc√
gSD84

= 1.443q∗0.6[1.+( q∗

43.78)0.8214]−0.2435

(5.2)

with q∗ = Q/W
√
gSD3

84.

From either water depth or velocity measure-

ments, it is possible to computed the other pa-

rameter from the mass conservation equation Q =
WdU (where W was the flume width). We com-

puted the Shields stress = Sd/∆D84, the Froude

number Fr = U/
√
gd, the flow and grain Reynolds

numbers Re = Ud/ν, and Re∗ = D50
√
gdS/ν

(where ν is the kinematic viscosity) for measured

and computed estimations of the flow parameters.

The critical shear stress, τ∗cr = 0.15S0.275, was
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considered slope dependent according to Recking

et al. (2008b). As sediment and water discharges

were kept constant using the same grain size dis-

tribution, providing that the mean slope weakly

varied (see later), the main flow features sum-

marized in Table 5.2 are assumed not to change

between the 3 tested configurations.

5.3. Results

5.3.1. General observations

All runs (noCD, 1CD and 3CD) showed dra-

matic changes in bed state (see videos in sup-

plementary materials), ranging from highly mo-

bile bed-load sheets during bed erosion events

(Fig. 5.5a) to nearly fixed paved beds (Fig. 5.5b).

These effects were consistent with previous obser-

vations (e.g., Kuhnle and Southard, 1988; Ghi-

lardi et al., 2014b; Bacchi et al., 2014) and could

be attributed to kinetic sorting (Frey and Church,

2009; 2011). A complete description of this natu-

ral and autogenic (internally generated) process of

fluctuations in constantly fed flume can be found

in Kuhnle and Southard (1988); Recking et al.

(2008b); Recking et al. (2009); Ghilardi et al.

(2014b); and Recking (2014). It may be sum-

marized as follows Recking et al., 2009; Bacchi

et al., 2014: during armouring, coarse grains are

trapped by the protrusion of other coarse grains

at rest and create a rough and paved bed sur-

face. At the same time, fine grains are efficiently

trapped in the armour porosity by kinetic sieving,

creating a layer of fines below the armour. The

combination of a stable rough surface layer, with

a fragile subsurface layer of fines leads to unstable

slopes. The rough bed aggrades until the armour

is destabilized due to steepness or by a stochastic

destabilization of key grains in the armour force

chains. Once the armour starts breaking, the

fine sub-surface released in the transport layer

smoothes the bed and leads to high transport ef-

ficiency of the coarse fraction and strong bed ero-

sion. This sediment flushing develops until a new

milder equilibrium slope is reached on which sedi-

ment transport is no longer possible. A new cycle

of aggradation then begins. As a consequence the

bed slope and solid discharge fluctuate with time,

and sediment is transported through some kind

of sediment wave, as observed in previous similar

experiments, e.g., Kuhnle and Southard (1988)

and Whittaker (1987).

Evolution over time of the downstream reach

mean slope and solid discharge at the flume outlet

are shown in Figure 5.6 for the three runs. The

initial evidence is that for identical flow and sedi-

ment conditions (identical flume slope, grain size,

and feeding), the presence of check dams strongly

affects the fluctuation process observed both in

the flume and at the outlet, through an increase

in the frequency of fluctuation. The changes in

the outlet solid discharge signal of Fig. 5.6c are

not as obvious as the changes in the slope signal:

due to technical limitation it was not possible to

perform a high frequency measurement of the out-

let solid discharge (limited to once every 3 to 4

minutes). On the contrary, the use of ultrasonic

sensors made it possible to measure bed fluctua-

tions at a frequency of 10 Hz during the 3CD test.

Comparison with the ultrasonic measurements on

the 1CD test demonstrated that visual measure-

ments every 3-4 minutes were sufficient to catch

the fluctuation cycles without subsampling (c.f. §
5.7).

5.3.2. Instantaneous solid

discharge variations

Due to successive phases of bed armouring and

erosion, the outlet solid discharge varied substan-

tially between 1% and 300% of the feeding rate

(Fig. 5.6). The strong grain size sorting observed

on the bed state was confirmed in the transported

material which, during aggradation events, con-

sisted mainly of medium diameters i.e., transient

reversed mobility events were observed (sensu.

Solari and Parker, 2000), as fine and coarse grains

were preferentially trapped by the above men-
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Table 5.2 – Main flow features

Parameter U d Fr τ∗84 τ∗84,cr τ∗84/τ
∗
84,cr Re Re∗

Units [m/s] [mm] [−] [−] [−] [−] [−] [−]
Umeasured 0.46± 0.10 11† 1.4† 0.099† 0.083 1.3† 5, 150† 344†

dmeasured 0.37† 13± 3 1.1† 0.115 - 1.5 - 371
Computed 0.42 12† 1.2† 0.109† - 1.4† - 360†

†: Deduced from the mass conservation, i.e., through Q = WdU .
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Figure 5.6 – 25-h time evolutions of solid transport Qs and downstream reach slope Si for the 3 configurations
tested: a) noCD test without structure, b) 1CD test with one check dam and c) 3CD test with
three structures; illustration of the increase in fluctuation frequency with segmentation of the
flume by structures
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Figure 5.7 – Statistics of the outlet bed-load dis-
charge Qs: no consistent trend to smaller
or higher variation of the instantaneous
solid discharge with and without struc-
ture

tionned grain size sorting process. During erosion

events the transport rate increased and fines and

coarse sediments were released from the bed and

transported as bed-load sheets with clearly higher

transport efficiency consistently with Kuhnle and

Southard (1988).

Despite these high temporal fluctuations, the

solid discharge values at the outlet were nearly

statistically identical in the three configurations

(Fig. 5.7), demonstrating that the instantaneous

intensity of the transport rate seems to be poorly

influenced by check dams. Conversely, changes in

fluctuation frequencies and durations play a key

role that is discussed later.

5.3.3. Bed level and slope

fluctuations

A time-fluctuating outlet sediment transport,

observed in constant solid feeding conditions, nec-

essarily imposes, by mass conservation, a fluctu-

ating storage in the flume bed. Indeed, bed level

variations were observed during all experiments

with amplitude of several times the coarse grains’

diameter. However, the frequencies of these fluc-

tuations tend to collapse when check dams seg-

ment the flume (Fig. 5.8). Bed fluctuations can

be observed as reach mean slope fluctuations (see

Eq. 5.1 & Fig. 5.6).
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Figure 5.8 – Bed level zi fluctuations measured in each
downstream reach for different time dura-
tion: a) 10 h of noCD test without struc-
ture, b) 3 h of 1CD test with one check
dam and c) 1 h of 3CD test with three
structures. Illustration of the accelera-
tion of the fluctuation periods

One important result we would like to highlight

here is that contrary to what is often reported

(Iroume and Gayoso, 1991; Kostadinov, 1993;

Porto and Gessler, 1999; Porto and Gessler, 1999;

Ferro and Porto, 2011; Kostadinov and Dragović,

2013), the addition of check dams does not nec-

essarily lead to a decrease in slope (Fig. 5.9).

This result is important in terms of structure de-

sign as it contradicts the classical design criteria

S ≈ 2/3Sinit, with Sinit the initial slope of the

stream before check dam construction (Fig. 5.9),

a criteria which is regularly reported in the liter-

ature (Sabo Department., 2000; Böll et al., 2008;

Osanai et al., 2010; Kostadinov and Dragović,

2013). These different conclusions are not incon-

sistent, and can be explained when the alluvial

nature of the initial bed and the supply condi-

tion of the system is considered (see discussion

section). Another point worthy of discussion is

that the range of fluctuation in slope tends to in-

crease from upstream to downstream in a given

configuration, i.e., with an increasing number of

reaches between the constant supply point and

the analysed reach.
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5.4. Analysis of Results

5.4.1. Fluctuation period

A Fast Fourier Transform (FFT) of the slope

signals presented in Fig. 5.6 demonstrates that

the signal-power shifts from low frequencies to

high frequencies with the flume segmentation (Fig.

5.10): in the noCD test the highest power fre-

quency were made at 7 and 10 h cycles. These

decreased to 1 and 2 h in the 1CD test and finally

collapsed to 9 and 7 min in the 3 CD test.

It is likely to be the result of equivalent sedi-

ment discharge (Fig. 5.7) feeding smaller volumes,

thus filling them more rapidly. The active volume

of a reach i, Vact,i, i.e., the maximum volume filled

and eroded in the reach, can be expressed by:

Vact,i = W.L2
i (Si,max − Si,min) (5.3)

where W is the flume width, Li its length, Si,max

and Si,min the maximum and minimum slope val-

ues. For slopes with the same order of magnitude

(Fig. 5.9), the volume of sediment that can po-

tentially be stored and released by a reach is thus

mainly controlled by the square of its length (Eq.

5.3).

The whole flume active-volume decreases when

structures are added (Eq. 5.3. & Fig. 5.4).

Smaller reaches located behind each check dam

have shorter time responses to boundary solicita-

tions (Jerolmack and Paola, 2010). As a conse-

quence, for a given feeding rate, the bed active

volumes are filled and emptied more rapidly, and

bed level fluctuations (e.g., Fig. 5.2) are more

frequent in check dam equipped streams than in

streams without structure, where bed recharge

takes much longer.

5.4.2. Solid transport

autocorrelation

Signal-autocorrelation in time-series eventu-

ally results in what is sometimes called the“Hurst
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h experiments compared to the median
slope value of the noCD test, SnoCD,50%.
Median values are fairly stable while ex-
treme values evolve from upstream to
downstream direction in each configura-
tion.
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Chapter 5. Effects of check dams on bed-load transport and steep-slope stream morphodynamics

phenomenon”, also known as long memory or mul-

tiscale fluctuations (Koutsoyiannis, 2002; Kout-

soyiannis and Montanari, 2007). In the case of

sediment transport, it would essentially be the

tendency of high or low solid discharge values to

form temporal clusters, rather than being ran-

domly distributed (Ghilardi et al., 2014b). In

other words, studying autocorrelation highlights

and quantifies a kind of system memory (Kout-

soyiannis and Montanari, 2007). A memory-

less system, for instance a random signal, would

not be autocorrelated. On the contrary, a long-

memory system could show tendencies for multi-

scale fluctuations, with increases in activity dur-

ing some periods while other periods would ex-

perience weak activity. The autocorrelation on

a given time window of duration l can be anal-

ysed by computing the autocorrelation factor γl

defined by Eq. 5.4 in the case of solid transport

time series.

γl =
∑N
i=l+1(Qsi− < Qs >)(Qsi−l − 〈Qs〉)∑N

i=1(Qsi − 〈Qs〉)2

(5.4)

with Qsi, the outlet discharge at time i, 〈Qs〉,
the mean value of the Qs time series and N the

number of measurements in the Qs time series.

The autocorrelation factor γl varies in the range

[−1; 1]. A “white noise” (i.e., random) signal

would not show any autocorrelation, and would

have a theoretical γl = 0 (though it can be slightly

positive or negative due to sampling effect; see

later). A positive autocorrelation, i.e., γl > 0,

means that Qs(t) and Qs(t + l) are correlated,

having similar differences with the mean value of

the time series 〈Qs〉. A negative autocorrelation,

i.e., γl < 0, means that Qs(t) and Qs(t + l) are

distributed around 〈Qs〉, with sort of out-of-phase

signals around the mean.

The autocorrelation factor γl had been calcu-

lated for the Qs time series of the three configu-

rations for values of l varying between 1 minute

and 6 hours (Fig. 5.11). Random ”white noise”

signals were also created in order to highlight the
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Figure 5.11 – Autocorrelation coefficients vs lag dura-
tion for solid transport Qs time-series
of noCD, 1CD and 3CD experiments;
White noise p-value extracted from 1000
random signals with similar mean and
standard deviation than QsnoCD. Pos-
itive autocorrelation can be seen for a
short time, rapidly followed by nega-
tive autocorrelation. These autocorre-
lated periods shorten when structures
are added to the flume.

statistical significance of the experimental γl val-

ues: one thousand 30-h time series were randomly

generated based on a normal distribution with the

same mean and standard deviation as QsnoCD.

For each l value, 1000 γl values were computed

(one per random time-series) from which the γl

quantiles with probability 0.005 and 0.995 were

extracted. The range between these two quan-

tiles is drawn in red on Fig. 5.11 to represent the

extent of γl variation of a signal with no autocor-

relation. In other words, only γl values outside of

the red range have autocorrelation higher than a

random signal at a statistical significance level of

p = 0.01.

On one hand, Fig. 5.11 indicates that for long

time periods (l > 60–90 min), γl fall within the

red range, i.e., the Qs time-series show little or no

correlation over such long periods. On the other

hand, γl values may be high for short time peri-

ods ( 10 min for QsnoCD to 1 min for Qs3CD),

illustrating that high or weak sediment transport
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events tend to last longer than 1 min, even reg-

ularly attaining around 10 min in QsnoCD. Con-

versely, after such strong positive autocorrelation

occurs, all signals then show inverse correlation,

i.e., γl <0, which means that after a given period

of strong or weak sediment transport, the trend

tends to inverse. As our feeding conditions were

constant in time, all erosion events were followed

relatively rapidly by aggradation events and vice

versa. Finally and more interestingly, the dura-

tion of periods with strongly autocorrelated val-

ues tends to collapse dramatically with flume seg-

mentation, i.e., long-lasting erosion or aggrada-

tion events disappear and fast cycles of storage

and release emerge when check dams are added

to the system. In other words, the ’memory’ that

allows multiscale fluctuations to occur in a natu-

ral bed tends to disappear when check dams are

added.

5.4.3. Extinction of extreme solid

transport events

To confirm the disappearance of extreme ero-

sion events, the outlet solid discharge was aver-

aged over a moving time window (T ) with du-

ration varied from 1 min to 10 h. The medians

〈Qs〉T,50% and quantiles 〈Qs〉T,90% and 〈Qs〉T,99%

(i.e., with probability of 0.9 and 0.99, respec-

tively) for all T -values and each run are presented

in Fig. 5.12.

The first conclusion from Fig. 5.12 is that with

increasing window T , all series converge toward

the value of the feeding rate (≈44 g/s). This

illustrates that on average the flux is balanced:

i.e., when T is longer than several cycles, the

mean outlet flux is equal to the mean inlet flux.

For time windows shorter than 120 min, differ-

ent trends appear: first, the medians, 〈Qs〉T,50%

are inferior to the feeding rate, which means that

the flux is unbalanced toward storage in the flume

(the bed was aggrading more than 50% of the

time with a low intensity, on the contrary ero-

sion are shorter and more intense). Secondly, the
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Figure 5.12 – Outlet solid discharge quantiles of 〈Qs〉T
the mean solid discharge on variable av-
eraging time windows of duration T. Ev-
idence of long-lasting and intense solid
transport events (deviation on the noCD
data), which tend to disappear with the
flume segmentation

rare and strong events, represented by 〈Qs〉T,90%

and 〈Qs〉T,99%, decrease with time window dura-

tion, illustrating that bed-erosion events and sed-

iment recruitment from the bed are finite in vol-

ume and cannot last infinitely. Finally 〈Qs〉T,90%

and 〈Qs〉T,99% decrease more rapidly when the

flume is segmented by check dams, whereas a sud-

den deviation exists in the noCD experiment data:

This is the signature of rare but long-lasting and

intense sediment-release events (global bed ero-

sion) which no longer exist when the flume is seg-

mented.

An analysis of bed volume fluctuations has

been undertaken to confirm the signature of ero-

sion events in the outlet solid discharge. The ero-

sion event volumes V (continuous negative evolu-

tion of volume stored in the bed, integrated over

the duration of each event) have been computed

based on the zi time-series. These volumes have

been made dimensionless by dividing them by the

active volume of the noCD test (computed with

Eq. 5.3). They are hereafter called V ∗ and are

analysed in Fig. 5.13.

111



Chapter 5. Effects of check dams on bed-load transport and steep-slope stream morphodynamics

Two erosion events with V ∗ > 0.5 occurred in

the noCD test (Fig. 5.13a). They corresponded

to global armour breakages concerning the whole

flume length generating big sediment pulses at

the outlet. When check dams were added to

the flume, the erosion-event volumes decreased

and extreme armour-breaking events disappeared.

One must note that the 3CD test volumes are

overestimated: they had been computed based on

one bed level visual measurement per 3 min pe-

riod and thus comprised multiple smaller events in

each represented event (ultrasonic measurements

were not taken in all reaches, making a 10-Hz to-

tal flume volume estimation impossible). Despite

this overestimation, the trend towards decreas-

ing event volumes remains visible. The reduction

should actually be stronger in Figure 5.13c.

Event durations were also extracted from the

times series. Event volumes and durations are

plotted in Fig. 5.14 to take into account not only

the magnitude of events, but also their inten-

sities. Two lines, one representing the dimen-

sionless supply sediment discharge 〈Qs〉* and the

other 50% of 〈Qs〉* (rendered dimensionless with

the same method as V ∗) are plotted to act as

comparison elements. As an interpretive exam-

ple, an erosion point located on the 0.5〈Qs〉* line

would correspond to a continuous recruitment of

a volume V ∗ during a given duration which would

be equivalent to an average rate of 0.5〈Qs〉. Con-

sequently, the outlet flux would on average be

1.5〈Qs〉 during this erosion event.

Multiple points appear between the two lines,

including most of the strong magnitude intense

events (e.g., V ∗>0.3) with recruitment from the

bed constituting 1/3 to 1/2 of the outlet flux.

Sediment coming from the bed would thus often

constitute a significant part of the outlet flux.

As mentioned previously, the number of events

increases with the presence of check dams, how-

ever, the cumulative effects of multiple small ero-

sion events (Fig. 5.14c) do not exceed rare but

intense global armour breaking occurring during
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Figure 5.13 – Number of events depending on
their dimensionless erosion volume
(V ∗=Erosion event volume divided by
the active volume of noCD test) for a)
the noCD test; b) the 1CD test and c)
the 3CD test. There is a a general trend
to a decrease in erosion volume with
flume segmentation and disappearance
of extreme events recruiting more than
half of the active volume (V ∗ > 0.5)
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events recruiting more than half of the
active volume (V ∗>0.5) disappear when
check dams are added. In addition the
event volumes and durations tend to de-
crease with segmentation of the flume
(side boxplots).

the noCD test (Fig. 5.14a). As a consequence,

check dams generate a decrease in outlet sediment

discharge over periods longer than a few minutes

(Fig. 5.12); i.e., they regulate sediment transport.

5.5. Discussion

5.5.1. Comparision with sand bed

experiments

The results presented in this paper somewhat

depend on the grain size distribution shape (poorly

sorted) and on the transport stage (τ ∗ /τ∗cr ≈
1.2 − 1.4, i.e., low). For instance, quite similar

experiments have ever been performed by Mart̀ın-

Vide and Andreatta (2006; 2009), but addressing

gentler slopes (0.01-0.04) and, most importantly,

using a nearly uniform sand (D84/D50 ≈ 1.2)

in very high transport stage (τ ∗ /τ∗cr ≈ 12).

Different results were observed, which can be ex-

plained by two reasons investigated in Recking et

al. (2009): i) bedload transport fluctuations tend

to disappear when transport stage increases and,

ii) the fluctuations are, at least partially, a conse-

quence of a very intense grain size sorting which

weakly develop on uniform grain size mixtures.

Steep Alpine streams where check dams are regu-

larly built have generally very poorly sorted cob-

ble and gravel beds. In addition, transport stages

in such streams are seldom very high (Parker et

al., 2007; Recking et al., 2012a). This context

justified the studied experimental conditions that

are fundamentally different from the milder rivers

with stronger discharges modelled by Mart̀ın-Vide

and Andreatta (2006; 2009).

5.5.2. Influence of structures on

slopes

A. A cascading process

Check dams partially segment the flume creat-

ing sediment barriers following the Fryirs (2013)

definition, i.e., structures that ”disrupt longitudi-

nal linkages in the sediment connectivity through
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their effect on the base level or bed profile of a

channel”. In the reaches downstream of a check

dam sediment supply directly depends on the up-

stream reach dynamics. For example, during an

aggradation of reach n, reach n + 1 is partially

sediment starved and often tends to incise. In an

alluvial reach without structures, a downstream

incision would destabilize the upstream bed by

backward erosion propagation. Once check dams

have been built, this propagation is no longer

possible. A nearly total trapping in reach n,

starves reach n+ 1 inducing its incision, but this

downstream lowering of the bed level no longer

destabilizes the upstream reach bed n. Partially

independent compartments (i.e., independent in

term of bed level but dependent considering the

sediment cascade process) have been created by

adding check dams.

As distance from inlet increases, the more the

sediment supply depends on varied upstream reachs’

dynamics, and the longer the starving period can

last. Consequently, a deeper incision can develop

as suggested by the decreasing minimum slope in

the downstream direction (Fig. 5.9). Symmetri-

cally, the shorter the reaches, the smaller are the

volumes to fill and the closer are downstream sta-

ble check dam crests. These changes, when com-

pared to an alluvial structureless reach, promote

higher maximum slope values in the downstream

direction.

B. Project slope

The great majority of studies examining a

new equilibrium after torrent control works re-

port milder slope between structures than existed

before construction (Ratomski, 1988; Iroume and

Gayoso, 1991; Kostadinov, 1993; Porto and Gessler,

1999; Porto and Gessler, 1999; Conesa-Garcia

et al., 2007; Böll et al., 2008; Ferro and Porto,

2011; Kostadinov and Dragović, 2013). Follow-

ing the results presented above, the authors hy-

pothesize that “the effect of check dams on the

mean-slope of an alluvial reach is nearly null,

under similar supply conditions”. Reaches with

colluvial or bedrock influences, i.e., non-alluvial

reaches, and reaches with changing feeding condi-

tions present two situations where structures are

often encountered in the field and that do not ful-

fil the conditions of the hypothesis. These may

go some way in explaining the widely observed

decreases in slope after check dam construction.

Non alluvial channel

On mountains and hills, a large number of

streams flow on beds with material supplied by

alluvial and more importantly in this analysis,

colluvial processes, i.e., debris flows, avalanches,

rock falls, landslides and bedrock outcrops. Thus,

the initial reach can either be bedrock or large

boulder covers, with steep slopes generally poorly

representative of the upstream water and sedi-

ment supplies, i.e., steep slope streams are often

sediment supply limited (Montgomery and Buff-

ington, 1997).

Check dams are usually built above the initial

bed level (Piton et al., sub.). When building

a structure above a steep boulder paved bed, a

purely alluvial reach can develop. It settles with

a slope representative of the real solid transport

occurring in the stream, in terms of rate and grain

size. This slope is generally milder than the initial

colluvial or bedrock slope. Conversely, bed-sills in

lowland alluvial rivers generally generate a step

in the river longitudinal profile but no decrease

in slope, because of this lack of colluvial influence

(Malavoi et al., 2011).

For this reason old torrent control guidelines

recommended building check dams at the initial

bed level in alluvial fans, like ground sills, and not

to build check dams above the bed level (Breton,

1867; Piton et al., sub.). This would help to avoid

a fast aggradation upstream on a thickness equiv-

alent to the check dam height (which is generally

not desirable to limit flood hazard).
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Varying supply conditions

With or without colluvial influence, changes in

water and/or sediment supply often generate bed-

slope adjustments. It can be due to increase in

water supply following land use changes (Mart̀ın-

Vide and Andreatta 2006; 2009; Wohl, 2006),

or to sediment supply decrease due to gravel

mining (Liébault and Piégay, 2002; Martson et

al., 2003), dam constructions (Brandt, 2000) or

medium term climatic evolutions and related veg-

etation adaptation (Liébault and Piégay, 2002;

Liébault et al., 2008). Finally, torrent control

works were undertaken with the objective to cur-

tail sediment supply from soil and streambed ero-

sion (Demontzey, 1882; Thiéry, 1891; Liébault

and Zahnd, 2001; Evette et al., 2009). In all these

watersheds, the alluvial-equilibrium slope dimin-

ishes when the sediment supply decreases or the

water discharge increases. Both these effects can

thus result in river bed incision.

As a counterexample, in streams with an in-

crease in sediment supply, for instance resulting

from landslide reactivations, check dams series

are generally partially or totally buried while the

equilibrium slope increases (Logar et al., 2005;

Koulinski, 2010). Examples of check dam series

built in aggrading streams are scarce, but clearly

demonstrate that check dams do not intrinsically

generate decreases in slope.

5.5.3. Consequences for risk

mitigation

A. Influence of structures on bed-load

transport dynamics

The high instantaneous variability of the bed-

load transport rate for equivalent flow conditions

no longer needs to be demonstrated (Whittaker,

1987; Kuhnle and Southard, 1988; Warburton,

1992; Whitaker and Potts, 2007; Jerolmack and

Paola, 2010; Van De Wiel and Coulthard, 2010;

Ghilardi et al., 2014b). The stochastic nature of

supply conditions in mountain catchments is a

first cause of fluctuations (Recking, 2014). How-

ever, Jerolmack and Paola (2010) considered that

systems driven by nonlinear threshold processes,

such as bed-load transport, can completely oblit-

erate sediment supply signals depending on the

timescale of their fluctuations, i.e., the down-

stream sediment flux signal can be significantly

different from the upstream signal due to a sort

of transport-system filtering. Recent works have

demonstrated a grain size sorting influence on the

autogenic fluctuating trends of sediment trans-

port in gravel bed rivers (Recking, 2006; Recking

et al., 2008b; 2009; Bacchi et al., 2014).

In our experiments, as the local alluvial be-

haviour is little changed when check dams are

added, no clear influence on the instantaneous

bed-load transport intensity was detected. How-

ever, the main influence of check dams was ob-

served when transported volumes were considered

through varied time windows.

B. Influence of structures on erosion

volumes

The problem brought by torrential floods is

more related to the volume of sediments trans-

ported and deposited during short and intense

events than to the instantaneous transport in-

tensity (Costa de Bastelica, 1874; Armanini et

al., 1991). It is thus highly related to sediment

supply and availability. In addition to colluvial

processes, armour-breaking will allow erosion in

the stream-bed which may supplies a substan-

tial part of the transported volume during catas-

trophic events (Lenzi, 2001; 2002; Vericat et al.,

2006; Theule et al., 2012; 2015; Recking, 2014).

Our results demonstrate that check dams can

considerably reduce the sediment transported vol-

ume recruited in the bed. Consistent with this,

Jaeggi and Pellandini (1997) pointed out that the

role of check dams is partially to prevent stream

bed material recruitment. The creation of par-

tially independent compartments and the related

decrease in active volumes prevents large-scale ar-
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mour breaking from inducing massive stream bed

sediment recruitments. The system is even able to

regulate upstream supply by temporarily storing

sediment.

This effect of sediment transport regulation by

check dams was theorized by Gras (1857). Nearly

150 years later, after decades of field observa-

tions, Poncet (1995) stated that “Check dams are

built to deliver in small amounts, what the torrent

would have release abruptly en masse”. Down-

stream of a series of check dams with alluvial

reaches long enough to allow significant transient

storages, i.e., buffer effects (Jaeggi, 1992), sedi-

ment releases are probably more frequent but each

volume is smaller on average, thus easier to man-

age regarding hazard mitigation.

5.5.4. Flume limitation

A. Lateral confinement

Our model forbade lateral erosion and flow

spreading. The authors assume that it could be

compared to check dams built in the gorge part

of a catchment; area prone to high bed fluctua-

tions. In the more classical case of a wider valley,

high aggradation would result in flow spreading

and lateral sediment deposit in the flood plain.

Conversely, high incisions would result in bank

and hill-slope destabilizations and lateral sedi-

ment supply. Both effects may diminish the ver-

tical development of bed fluctuations. As a conse-

quence, the fluctuation trends in our model may

be exacerbated.

However, feedback from French and Italian

practitioners confirms the existence of fluctua-

tions in most studied torrential stream beds, some-

times measuring several meters in height, such as

the example presented in Fig. 5.2 (see also Fabre,

1797; Glassey, 2010; Astrade et al., 2011; Theule

et al., 2012; Theule et al., 2015). These observa-

tions let us think that the observed fluctuations

in the flume are not model effects.

B. Steady supply

In the field, water and sediment supply are

highly transient, i.e., often occurring during flash

floods, one of the most characteristic features of

torrential streams (Fabre, 1797). In these exper-

iments undertaken in a reduced complexity ap-

proach (Paola and Leeder, 2011), the water and

sediment supplies were constant. Indeed, it is in-

teresting to denote that even in completely con-

stant feeding conditions, sediment transport and

storage demonstrated autogenic fluctuating dy-

namics.

Transient hydrology and sediment supply would

make it more complex and probably create a su-

perimposition of autogenic fluctuations on supply

forcing fluctuations (Van De Wiel and Coulthard,

2010). In the case of extreme floods, the signifi-

cance of check dam influence on sediment trans-

port depends on the volume brought by the ex-

ternal supply source (e.g., landslides) when com-

pared to the system volume. Jerolmack and Paola

(2010) demonstrated that above a given sediment

input amplitude the filtering effect of a sediment

transport system has little effect on the input

signal: ”a sufficiently large-amplitude input signal

must be able to overwhelm the autogenic dynamics

and pass through the transport system regardless

of its time scale”. Complementary experiments

addressing varying magnitude transient supply

conditions should be performed to confirm the

results of this preliminary work.

To finish, our study concerned streams with

noticeable sediment supply, which are those usu-

ally equipped with check dams. Many moun-

tain streams are supply limited and develop stable

step-pool morphologies; they were not considered

here.
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5.6. Conclusions

Check dams are grade control structures that

are often presented as simply stabilizing stream

beds with the purpose of preventing long term in-

cision and lateral bed shifting. They have been

built for over 150 years, mainly in streams show-

ing high transport rates and long term incision

trends. These trends can be due to changes in

feeding condition or to long term disequilibrium in

streams initially influenced by colluvial processes,

i.e., in supply-limited streams.

Building check dams affects the sediment cas-

cade by fixing, and more generally elevating, the

stream base level, thus creating bed-level inde-

pendent compartments. Slopes representative of

an alluvial (dynamic) equilibrium can settle in

these compartments. In many streams (not ini-

tially at equilibrium) they result in milder slopes

as the initial slopes were not yet representative of

a purely alluvial equilibrium.

The experiments presented in this paper demon-

strate that check dams do not intrinsically induce

lower slopes or changes in instantaneous solid dis-

charge when compared to structure-less alluvial

streams. However, they change the dynamics of

the natural erosion and deposition propagation in

the streams. In the long term, once filled, they

do not change the total sediment yield (fluxes are

balanced). However, at the flood scale or at a bed-

load pulse scale, they are able to temporarily store

and then later release sediment. By creating in-

dependent compartments the effect of the stream

on the sediment discharge signal changes depend-

ing on the distance between dams, consistent with

the theory of Jerolmack and Paola (2010). Inter-

estingly, strong sediment release events tend to

disappear and a more regulated sediment trans-

port emerges.

This effect must be confirmed for extreme events

and is important in torrent hazard mitigation;

deeper attention should be paid to it in the fu-

ture. Further field and laboratory experiments

could identify in which configurations, sites and

contexts, this effect is the most pronounced. This

would allow practitioners and researchers to take

the effect into account when estimating torren-

tial hazard and sediment transport downstream

of check dam-equipped streams.
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Notation

The following symbols are used in this paper:

= Parameters:

Dx = Diameter such that x% of the mixture

is finer (m);

d = water depth (m);

Fr = Froude number ≈ U√
gd

(-);

hc = critical water depth (m);

Hc = critical energy (m);

g = gravitational acceleration = 9.81
(m/s2);

L = distance between check dams (m);

l = lag time (s);

Q = water discharge (m3 /s);

QS = sediment discharge (g/s);

〈QS〉∗ = Dimensionless feeding rate, see text.

(-) ;

q∗ = dimensionless water discharge

= Q/W
√
gSD3

84(-);

Re = Flow Reynolds number Ud/ν (-);

Re∗ = Grain Reynolds number D50
√
gdS/ν

(-);

S = Slope (m/m);

T = Time window (s);

U = water mean section velocity (m/s);

V = Volume of sediment (m3 );

Vact = Active volume of sediment (Eq. 5.3)

(m);

V ∗ = Dimensionless volume of sediment

= V/Vact (m);

W = Flow width (m);

z = bed level elevation (m);

zdam = dam crest elevation (m);

∆ = sediment submerge density (-);

γl = Autocorrelation factor for lag time l

(Eq. 5.4)(-);

ν = water kinetic viscosity (-);

τ∗ = Shields number Sd/∆D84 (-);

τ∗cr = Critical Shields number (-);

= Subscript:

. . .noCD = Value of the noCD run ;

. . .1CD = Value of the 1CD run ;

. . .3CD = Value of the 3CD run ;

〈. . .〉 = Mean value of . . . ;

〈. . .〉T = Mean value of . . . on a time window of

T duration ;

. . .max = Maximum value of . . . ;

. . .min = Minimum value of . . . ;

. . .X% = Quantile of . . . with probability X%;

. . .i = . . . of reach i ;

. . .Calc = Computed value of . . .;

. . .Meas = Measured value of . . .
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5.7. Narrow flume experimental details

This sub-chapter provides additional information on the experimental setup used for the Chap. 5’s

experiments.

Preliminary remark: some details on error propagations methods are provided in Appendix A.

5.7.1. General approach

A few words about error assessment and propagation.

A. Measurements’ uncertainties

For each primary measurement Xi, we made a first assessment of the uncertainty u(Xi). When it

was possible (technically and in a reasonable time), several measurements were done to use standard

error approaches and thus reduce the uncertainty (see Appendix A). The variance and standard

error were then deduced. However, in some cases where an alternative independent measurement, or

multiple measurement of the same phenomena, were too complicated to perform, the uncertainty on

the measurement was based on expert assessments which are detailed within the text.

B. Uncertainty / Error propagation

In further steps, for each secondary variable Yi, i.e., compound variable estimated through

formula involving primary and/or other secondary variables Y = f(x1, · · · , xj , yj+1, · · · , yn), the

classical error propagation formula1 was used. It combines the basic uncertainties estimated at

the previous step for each direct measurement and compound uncertainty defined through error

propagation (later we will not differentiate primary or secondary variable, all being called xi). All

the details of the derivative equations are not detailed in the text, we simply recall the basic function

Y = f(x1, · · · , xn), the values of the basics uncertainties u(xi), ∀i and the resulting uncertainties on

Y , u(Y ). u(Y ) designate the standard uncertainty, the uncertainty range U(X) is not recalled but

may be deduce by multiplying u(Y ) with a simple factor depending on the confidence interval, e.g.,

1.96 for a confidence interval ±95% (see details in Appendix A). A constant physical scale Y is thus

expressed as Y = 〈Y 〉 ± u(Y ).

1(Eq. (A.3) of Appendix A)
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5.7.2. Narrow flume experimental setup

All the laboratory experiments presented in this thesis had been undertaken in the IRSTEA

laboratory of Grenoble. This work had the opportunity to re-use the Grenoble Multi-Use Flume,

after three previous PhD works: Recking (2006); Bacchi (2011); Leduc (2013). Alain Recking, in

particular, spent a lot of time to develop the sediment feeding system, its stability is thoroughly

analysed and described in his PhD thesis (Recking, 2006). Ten years after his defence, the setup is

still very adapted to our experiments.

Two sets of experiments had been done within this PhD work. The first one deals with the effect

of check dams on bed-load transport and is described in the present chapter. Its experimental setup

was basically the same than Bacchi (2011). Following this first set of experiment, adaptations of the

feeding conditions and of their remote control had been done. They are detailed in chapters 6 and 7.

A. The flume

The experimental area of investigation is built on a 6-m long, 1.25-m wide, 0.40 m deep titling

flume. Its slope varies from 0 to 12% (0-6.8◦). In the first set of experiments, only 4.8 m of the

flume were used because the constant head reservoir occupied the elevating table and the sediment

feeding system occupied the 1.2 m of the upper flume part (see later). The glass side walls can be

moved to decrease the flow width. It has been fixed to 0.115 m, taking into account the wall artificial

roughness.

Despite the great interest of keeping transparent side walls to be able to observed flow and solid

transport processes, we decided to use relatively rough side surfaces (Fig. 5.5): If most of low

lands natural rivers have generally quite high width / depth ratios (Yalin, 1992, p.1), mountain rivers

often flow in impressively rough beds with quite low width / depth or width / boulder diameter ratios.

Channel armouring was expected to be an important process in our observations of steep slope stream

morphodynamics. The armouring development was expected to be partially related to chain force

formation from stable points of the bed (e.g., boulders, bedrock outcrops, check dams - Church and

Zimmermann, 2007). To ensure that no unreasonable armour instability emerge from a model effect

(i.e., unreasonably smooth walls preventing side force chains’ creations), poorly sorted sediment with

diameter between the D16 and D84 of the sediment mixture, randomly distributed, were glued on the

walls. For very stable system as step-pool streams, even greater side roughness may be used (e.g.,

Zimmermann, 2009).

In addition to the creation of probably stronger armours, an obvious consequence of this adaptation

is an increase in the energy dissipation by friction on the side walls. These combined effect of stronger

armour and increased flow friction results in (fortunately but unexpected) very similar average

equilibrium slope in both Bacchi et al. (2014) and our experiments, though his solid discharge was

60 g/s while our is only of 44 g/s. This observation is not investigated further, but it demonstrates

that the choice of rough against smooth side walls in a flume is possibly equivalent to an increase of

≈ 40% of the solid discharge. This effect likely depends on the flow aspect ratio (W/d ≈ 10 in our

case).
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Figure 5.15 – Water discharge during the 110 h of experiments in the narrow flume. Some noise can be seen
on the signal, a low amplitude (≈ ±0.015l/s) and few peaks of high amplitude that we relate to
experiment stop and to problem in the record. A ’step’ can be seen at about 40 h, we do not
know what is it source; taking it into account, Q = 0.55± 0.03l/s

B. Water feeding

The water discharge was recirculated with a pump from a 1,500-l reservoir at the flume outlet

to a 1,000-l reservoir upstream of the flume, put on an elevating table. The upstream reservoir

had a nearly constant head level thank to an overflowing orifice. From the constant head reservoir,

water passed by a flowmeter (electromagnetic Khrone Model), a spherical valve adjusted to fix the

discharge thanks to its head-loss and finally flowed at the flume inlet. The valve as been adjusted at

the beginning of the NoCD run and never touched before the end of the 3CD run.

The stability of the system is considered as satisfying (Fig. 5.15) with instantaneous measured

fluctuations of less than 2% of the water discharge, fluctuation that probably have a partial electronic

source. One can see the range ±0.015l/s envelop most of the measurements, thus we empirically

conservatively defined u(Q) = 0.03 l/s, i.e., Q = 0.55± 0.03 l/s.

C. Sediment feeding

The solid discharge was fed using the device developed by Recking (2006). It consists in a nearly

200-l transparent hooper that delivers sediment on a conveyor belt. The sediment discharge is not

fixed by the hooper orifice (that is oversized), but by the belt velocity (controled by a brushless-

motor). An additional special tachometer device (an adapted potentiometer) was fixed on one of the

conveyor belt axis and measured its velocity. This experimental setup allows to use wet sediment

which is an important point to facilitate experimental procedures; however, it makes necessary to

supply a thin water layer on the belt to make sure that surface tension do not glue the finest grains

to the belt (see for details Bacchi, 2011; Leduc, 2013).

The experimental setup was used in a ’sediment fed’ configuration (definition of Parker and

Wilcock, 1993). Relatively long lasting experiments were planned with steady supply conditions.

Bed-load transport autogenic fluctuations were expected. If the feeding system itself amplified any

fluctuations, it would had been impossible to judge whether the fluctuations: i) were generated by the

sediment transport process or; ii) they were simple ’noise’ multiply amplified by the feeding system,

which would had been possible in a ’sediment recirculation’ configuration (Parker and Wilcock, 1993).
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Figure 5.16 – Sediment discharge deduced from the belt velocity during the 110 h of experiments in the narrow
flume. A low amplitude noise (≈ ±1 g/s) can be observed, it is related to the tachometer sensor
that was not perfectly aligned on the conveyor belt axis; a small axis oscillation resulted in the
oscillating measurement. Considering how complicated it can be to obtain a stable sediment
feeding device, this signal is considered as fully satisfying.

Figure 5.17 – Cumulated solid discharge at the outlet of the flume. Linear best fit give an average solid
discharge of 44g/s, the range ±2 g/s give a satisfying envelop of the inlet discharge considering
that storage and release occur in the flume.

Fig. 5.16 shows the sediment discharge deduced from the belt velocity measurement. It was stable

in time and considered to be of 44g/s± 2g/s on average (Fig. 5.17).

D. Sediment mixture

D.a. Grain size distribution choice

The sediment mixture has been reconstructed to be compared to the mixture used in the experi-

ments of Bacchi (2011). About 500 kg of poorly sorted sediments, with diameter ranging from 0.8 to

30 mm, were separated using sieves of 2, 5, 8, 9, 10, 14, 15, 18, 20 and 40 mm. Only gravels coarser

than 5 mm were re-used. For the portion finer than 5 mm, the coarse white sand of Leduc (2013) has

been used. We were then able to reconstruct a grain size distribution with a greater detail than the

data available to describe the Bacchi (2011) material. The model for grain size distribution recon-

struction proposed by Recking (2013a) has been used to determine the detailed shape of a ’natural’

122



5.7. NARROW FLUME EXPERIMENTAL DETAILS

Figure 5.18 – Grain size distributions: a) comparison of Bacchi (2011) and Chap. 5 sediment mixture and
b) result of control of the grain size distribution randomly sampled in the hooper during the
experiments: reasonably stable, though a bit coarser than expected.

Figure 5.19 – Sieved sediment after a hooper mixture control: coarse white sand finer than 2 mm, brown and
grey gravel [2;10mm] and partially painted gravel coarser than 10 mm.

grain size distribution that fit the Bacchi (2011) main features. Fig. 5.18a illustrates the Bacchi

(2011) and our grain size distributions, they can be considered as fairly similar.

D.b. Grain size distribution stability

The sediment mixture transported in the flume was subject to a very intense sorting process. To

ensure the stability of the grain size distribution at the inlet, the mixture was carefully manually

mixed before to be reintroduced in the hopper. The homogeneity of the mixture and the absence

of sorting was verified visually during all runs. In addition, 11 samples were randomly taken from

the hooper, dried and sieved with sieves of 0.8, 2, 10 and 25 mm (Fig. 5.19), to verify the overall

stability of the mixture. Fig. 5.18b shows the results of these controls. Two remarks: i) the grain size

distribution was reasonably stable on time, one sample showed a globally finer distribution but, on

average, the grain size distribution is very stable taking into account the huge variability of the outlet

sediment mixture, but ii) the finest part was finally a bit coarser than expected (the introduction of

the fine white sand has been based on the Leduc (2013, p.53) sieving data).
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D.c. Painting gravel: the ’Canadian trick’

Painting gravels without making them sticking to each other is not straightforward. We used

a cunning and helpful ’trick’ reported by Jeremy G. Venditti from UBC that was used for the

experiments reported in Sklar et al. (2009); Venditti et al. (2010): put gravels in a concrete mixer,

add paint (not too much, it would make the mixture too viscous and make the concrete mixer forcing

to mix it) and make the concrete mixer turning several hours until the paint is closed to be dried or

even completely dry (but you then obtain a nice coloured concrete mixer). We use paint with strong

resistance to abrasion that is normally dedicated to road marking (heavy traffic type). The pebbles

kept their color about 400− 500 h of experiment.

E. Measurments

As presented before, the water discharge and the inlet sediment discharge (trough the belt velocity)

were measured and recorded on a computer at a 10-Hz frequency. Their respective uncertainties were

u(Q) = 0.03 l/s, determined from constructor informations and u(Qs) = 2g/s, determined from the

calibration data.

E.a. Outlet solid discharge

The cumulated outlet solid discharge was weighted each 3 to 4 minutes after being drained.

Sediments were still wet during the measurement. We weighted, dried and re-weighted 31 samples

of 3-6 kg of randomly selected samples from the outlet measurements. Water contents (W% =
Masswet−Massdry

Massdry
) varied between 0.03 and 0.068 (〈W%〉 = 0.044, u(W%) = 0.002 by Eq. A.1). All the

solid discharge measured at the outlet of the flume were thus corrected by a factor 1
1+〈W%〉 = 1

1+0.044 .

The outlet solid discharge is finally estimated by:

Qs = 1
1 + 〈W%〉 .

Masssediment+bucket −Massbucket
∆t (5.5)

with the time duration from the last sampling ∆t (〈∆t〉 = 240s, u(∆t) = 5s based on our experience),

the weight of the bucket filled by wetted sediment and the bucket weight: Masssediment+bucket and

Massbucket, respectively (〈Masssediment+bucket〉 = 12.22kg, 〈Massbucket〉 = 0.66kg & u(Massi) =
0.01kg from the weighting scale constructor information) and u(W%) = 0.002 as mentioned previ-

ously.

The uncertainty on the outlet solid discharge is estimated as uc(Qs) = 1g/s by using Eq. (A.3),

mainly due to the uncertainties on the water content of the wet sediments.

E.b. Bed level measurements

Visual measurements

Windows pierced in the wall roughness and equipped with transparent staff gauge were used

to perform bed level measurements (Fig. 5.20). Staff gauges were mm-accurate, however the

measurement is less precise mainly because of the bed coarse, granular constitution makes its

representative level leaving room for interpretation. We considered the bed level to be the average

level of unmoving bed materials (on the width of the window i.e., 2-4 cm). This wider window than

the unique staff gauge abscissa allowed to take into account, for instance, the presence of one coarse
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Figure 5.20 – Picture of a bed level measurement window with the transparent staff gauge. The coarse material
of the bed was the biggest source of uncertainties. Here, for instance, the bed level would have
been estimated as 18.1± 2 mm

grain protruding over a lower bed and to consider the average bed level. Mobile grains passing

the window during the measurement were considered to belong to the flow and not to the bed. The

uncertainty on this measurement is assumed to be u(zi) = 2 mm, which is close from the D/4 criteria

adopted by Recking (2006), with D the sediment diameter.

Ultrasonic measurements

Ultrasonic sensor were installed and moved at different points of the flume during the 1CD run

and durably installed at the upper part of reaches 2, 3 and 4 during the 3CD run. They were installed

20-cm downstream of the PVC plates figuring check dams (Fig. 5.21 (a)). These sensors measure,

on a range of 5-25 cm, the distance between the water surface and the sensor head. We installed

them on PVC plates, whose altitude were tuned to ensure that the bed level and the water surface

fluctuated in the measurement range.

While the visual measurement is a direct measurement of the bed level, the ultra sonic sensor

measured the water surface level. An additional assumption on the water layer thickness had to

be done. The water depth had been considered equal to 12 mm. This average water depth was

consistent with both theoretical formula and few rough Particle Tracking Velocimetry measurements

(Table. 5.2). This assumption is obviously questionable. Depending on the bed state, the bed

roughness evolved and consequently, the Froude number and flow thickness (discharge was fortunately

constant). The measurement uncertainties of the bed level has been considered to be ±5 mm when

using ultrasonic sensor. Assuming that this uncertainty mainly come from the varying water depth,

a 5 mm variation in the water depth (compare to the mean) would be equivalent to a variation of the

Froude number between 0.7 and 2.4, compare to the mean value of 1.2. Such variations of the Froude

number seems relatively high but reasonable, which lead us in adopting u(zi,ultrasonic) = 5 mm.

The visual and ultrasonic measurements of the bed level at a given position during the 1CD run

are compared on Fig. 5.21 (b). It demonstrates that the relatively low frequency of the visual

measurement (one every three minutes) was sufficient to catch the high amplitude cycles of the bed

level.
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Figure 5.21 – a) Illustration of the configuration of a check dam, its counter dam, the window and ultrasonic
sensor; and b) Comparision between ultrasonic and visual measurement of the bed level: fluctu-
ation amplitude are correctly cough, though a weak under-sampling may appear on the fastest
fluctuations.

High frequency - low amplitude fluctuations can be observed on the ultrasonic measurements.

They are likely the mixed consequences of (i) water depth variation and waves, classical features

of supercritical flows, (ii) coarse sediment protruding over the free surface; and (iii) fast moving

congested grains that create a moving obstacle to the flow, increasing transiently the free surface

level. We do not seek to analyse them, only bed variation of several times the coarse grain diameter

are considered as meaningful.

An equivalent comparison had been performed on the result of the 3CD test showing clear sub-

sampling. The high magnitude cycles of the bed fluctuations of the 3CD had thus been correctly

grasped only using ultra-sonic sensor. We maintained the visual measurements to get additional data

to validate the magnitude of the cycles, conversely their frequency were not correctly grasped too

(Shannon law violation).

Reach’ geometrical mean slope

The mean geometrical slope of each reaches had been deduced from the bed level zi using Eq. 5.1

that we remind here:

Si = zi − zdam,i
Li

(5.6)

with the slope of the ith reach Si, the check dam elevation downstream of the ith reach zdam,i, and

the distance between the staff gauge and the check dam downstream of the ith reach Li . Li varied

between runs: from 4.2 m during the NoCD run to 1.0 m during the 3CD run. The Li accuracy

depends on where exactly was taken the bed level within the staff gauge window (Fig. 5.20), we

assume that u(Li) = 1 cm.
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For the sake of simplicity, the worst case is taken into account for uncertainty assessment, i.e.,

Li = 1.0m (3CD run) and u(zi) = 5 mm (for ultrasonic measurements, see above). The PVC plates

figuring the dams were carefully made and fixed with a millimetric precision, the uncertainty on their

final level is considered to be u(zdam,i) = 2 mm. 〈zi−zdam,i〉 ≈ 0.12 m in the 3CD run. The standard

uncertainty on the reach’ geometrical mean slope is finally estimated as u(Si) = 0.0055 by using Eq.

(A.3).
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”There is a clear need for further research directed toward identi-

fying effective topographic indices of resistance, and for detailed

flow and turbulence measurements in streams or self-formed labo-

ratory channels to help elucidate the physics of shallow flows over

irregular beds.”

Rob Ferguson (2007), Water Resour. Res. 43 p. 12

CHAPTER 6

Combining LS-PIV and photogrammetry to

capture complex flows with low submergence and

highly mobile boundaries

Guillaume PITONa, Alain RECKINGa, Jérôme LE COZb, Hervé BELLOTa, Alexandre HAUETc,

Magali JODEAUd
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c Electricité de France, LNHE, Chatou, France.

d Electricité de France, DTG, Grenoble, France.

This chapter describes a measurement procedure that has been developed to get insights from flows

over massive bedload depositions. Namely, laterally constrained flows in steep slope channels yet show

complex behaviours with sorting and armor breaking issues (Chap. 4) and exchanges between bed and

flows, resulting in changes in sediment transport signals (Chap. 5). When entering a wide sediment

trap basin, sediment-laden flows spread, depositing their load and building new bed topographies.

This out-of-equilibrium process was poorly known, though its comprehension is required to secure and

improve structure design (Chap. 2). It was thus worthy of investigation. This chapter presents the

measurement procedure, while Chapter 7 reports a preliminary analysis of the measurement results.
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Abstract
Steep slope streams with massive sediment supply are among the most complex systems to study,

even in the laboratory. Their shallow sediment-laden flows create self-adjusting bed geometries

that rapidly evolve. Consequently morphological changes and flow processes cannot be dissociated.

Because these very shallow and unstable flows cannot be equipped with measurement sensors, image

analysis techniques, such as photogrammetry and Large Scale – Particle Image Velocimetry (LS-PIV)

are interesting alternatives to capture descriptions of these systems. The present work describes a

complete procedure using both techniques to measure bed geometries (deposit pattern, channel slope,

local roughness) and flow spatial distributions (surface velocity). The velocity data are used to assess

the local flow directions and to extract the flow slope and roughness from the photogrammetry

digital elevation models. In a second step we used the collected data with the Ferguson’s friction law

(previously validated by comparison with a few local flow depth measurements) for reconstructing

a complete mapping of the hydraulics. The assumptions, details and limits of the procedure and

possible sources of errors are discussed in the paper, as well as improvement possibilities. Overall,

this affordable and simple-to-implement procedure can provide large amount of data for complex

hydraulic systems.

Author key words: Small scale model, Large Scale Particle Image Velocimetry, Photogrammetry,

Friction laws, Hydraulic Inverse Problem

6.1. Introduction

Measuring appropriate hydraulics parameters

(water depth, velocity) is the keystone and chal-

lenge of most hydraulics studies; especially in

small scale models, which are commonly used for

cases with sediment transport and geomorphic

changes (Oda et al., 2002; Paola et al., 2009).

Small scale models are particularly useful in steep

slope streams studies (i.e., with slope > 0.02) be-

cause, i) on the one hand, the physics of sedi-

ment transport and steep slope hydraulics is not

sufficiently understood which limits the capac-

ity of numerical models (Ferguson, 2007); and ii)

on the other hand, the rough beds of mountain

streams minimize unwanted scale effects related

to Grain Reynolds similitude relaxation (Peakall

et al., 1996; Kleinhans et al., 2014). The theoreti-

cal suitability of steep slope flows to be studied in

small scale models is however strongly jeopardized

by the difficulty of measuring such shallow and

morphologically active systems (Fig. 6.1). Wa-

ter depth measurement may be done at specific

locations using a point gauge (Fig. 6.1a). How-

ever, few millimeters to centimeters-deep, steep,

shallow flows on rough beds tend to have a fluctu-

ating free surface (traveling and standing waves,

hydraulic jumps, boulder wake), making its el-

evation measurement using a point gauge quite

inaccurate. It is even worse for the bed eleva-

tion measurement, which is possibly moving by

bedload transport. Modern techniques like ultra-

sonic sensors and laser distance-meter are possi-

bly more accurate, but still only give a local mea-

surement. In brief, even in small scale models,

flow depth measurements in steep sediment-laden

flows are complicated and necessarily affected by

large errors.

More generally all direct measurements with

intrusive velocity sensors (e.g., ACVP, flow-meters)

are impossible or dangerous because: (i) the sen-

sor size can be larger than the flow depth, (ii)

sediments can potentially damage sensors (for in-
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Figure 6.1 – View through a flume glass side of steep
flows over a mobile bed made of nearly
uniform grains: a) illustration of the use
of a point gauge: intrinsic uncertainty re-
lated to the variable bed level and free
surface, b) side view showing mobile grain
clusters and perturbed free surface high-
lighting how uncertain/variable is the wa-
ter depth

stance the flow meter propeller), and (iii) the sed-

iment transport intensity make flow paths unsta-

ble, shifting and wandering in the flume. In ad-

dition to the planimetric instability, the vertical

bed adjustment may be of several times the wa-

ter depth, so that the sensors are intermittently

buried in sediment or perched over an eroding

channel. Overall, it is quite complicated to equip

channels with intrusive sensors in steep, freely ad-

justing bed geometry, with high solid transport

and thus bed mobility.

To face the above limitations, steep slope flow

velocities have traditionally been measured by in-

jection of tracers. For instance the salt tracing

technique uses the electrical response of two pairs

of electrodes to a saline marker injected into the

flow (Smart and Jaeggi, 1983; Cao, 1985; Rick-

enmann, 1990). Such technique has two limita-

tions, especially in shallow flows with sediment

transport: firstly it is intrusive (electrodes); sec-

ondly the shape of the electrical response may

be very deformed by interactions with the sedi-

ments, making the reading of the output signal

very difficult and uncertain (Cao, 1985). To face

the intrusive problem, the measurement of salt

with electrodes was replaced by the dye measure-

ment by image capture (Recking et al., 2008a;

Ghilardi et al., 2014a). However specific problems

persist in very shallow flows because partial infil-

tration of the injected tracer in the alluvial ma-

terial and later restitution to the main flow bias

measurements toward underestimation (Recking,

2006, p. 25). In addition, such methods present

some problem in multichannel flows, e.g., braided

patterns, in which the response signal is strongly

deformed by diffusion in the multichannel flow

system (Leduc, 2013). Finally these techniques

measure a value of flow velocities integrated over

space, velocity that may be of secondary interest

in some varied environments as braided patterns.

Considering all the difficulties to measure the

depth average velocity, an alternative consists

in measuring the surface flow velocity by image

tracking of floating particles. In the field, the

LS-PIV (Large Scale Particle Image Velocimetry)

technique (Fujita et al., 1998) enables measure-

ments in difficult flow conditions (Jodeau et al.,

2008; Dramais et al., 2011; Le Boursicaud et al.,

2016). It has also been used in the laboratory

to measure flow velocities in small scale models

(Weitbrecht et al., 2002; Admiraal et al., 2004;

Kantoush et al., 2008; Le Coz et al., 2010; Kan-

toush et al., 2011; Legout et al., 2012; El Kadi

Abderrezzak et al., 2014), though, to our knowl-

edge, never on rapidly evolving geomorphic sys-

tems. The simplest practice consists in measuring

the velocity of floating tracers, e.g., polystyrene

balls, small wood marbles, confettis. However, in

low submergence flows, such large particles can

strongly interact with the emerging roughness or

the banks, leading to severe underestimation of

the surface flow velocities (Bacchi, 2011; Leduc,

2013). Such measurement needs the user to care-

fully select the few particles which are maintained

in the center of the flow, which makes its au-

tomatization difficult. An alternative consists in

using very small particles easily transported by

the main flow; however it requires accurate sur-

face images, complicated to acquire on wandering

channels.

The present work takes advantage of the devel-

opment of a user-friendly LS-PIV, free software

(Fudaa LS-PIV – Jodeau et al., 2013; Le Coz et
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al., 2014) combined with detailed photogramme-

try measurements, two affordable image-analysis

measurement techniques, to reconstruct detailed

flow fields of steep, low submergence and freely

adjusting systems as well as their geomorphic ad-

justments. Because the objective was to develop a

methodology for measuring complex hydraulics,

we chose to reproduce in the flume the fan-like

deposition process occurring in sediment traps

located in mountain streams, a topic which is

still poorly known (Piton and Recking, 2016a).

It is possibly one of the most restrictive situa-

tions, with sometimes very low relative depths,

over very coarse sediments in highly mobile, out

of equilibrium and rapidly evolving beds.

This paper proposes a complete methodology

comprising (i) the LSPIV measurement of surface

velocity, (ii) the photogrammetry measurement

of the bed topography and bed roughness mea-

surement deduced from the bed topography, and

(iii) a friction law inversion procedure for deter-

mination of the 2D flow depth from the measured

slope, roughness and flow velocity. Some possi-

ble improvements of the technique are finally dis-

cussed.

6.2. Materiel and Methods

Bedload laden flows in laterally unconfined

beds have freely adjusting morphology. Water

flowing on coarse and steep beds tends to have

quite low submergences (Fig. 6.1), to be highly

mobile and overall to be really poorly known (Fer-

guson, 2007). In such complex environment, to-

pographical adjustments by sediment transport

are fast and fundamentally driven by hydraulics;

while the flow features (friction losses and en-

ergy balance) are themselves back-influenced by

the sediment transport (Recking et al., 2008b;

Recking, 2009; Revil-Baudard et al., 2015). De-

tailed hydraulics features have ever been studied

in 1D flumes (Recking et al., 2008b; Ghilardi et

al., 2014b) but, to date, the relaxation of the lat-

eral constraint has been poorly addressed. Nev-

ertheless, a better understanding of the coupled

hydraulics - morphodynamics is increasingly pos-

sible using recent techniques. A first step will be

to make possible flow spatial distribution mea-

surement, with a better accuracy than local point

gauge measurements and averaged injection ve-

locity measurements.

6.2.1. Experimental set up

The flume of IRSTEA Grenoble, ever pre-

sented in Bacchi et al. (2014) and in Piton and

Recking (2016c) has been used to perform the

experiments.

A. Flume features

The flume was 6-m-long, 1.25-m-wide and 0.4-

m-deep (Fig. 6.2). Its varying slope (0-12%)

has been fixed at 10% (5.7°) for all experiments.

A 2.5-m long basin, the investigation area, was

constructed in the flume (Fig. 6.3). Sediments

were glued on the side walls to make them rough,

similarly to rip-rap or sediment covered dikes.

Three configurations were tested (Fig. 6.3 &

Table 6.1): the first with a slit dam at the out-

let (details on the flume shape are given in Car-

bonari, 2015); the second and the third with a

simple ground sill at the outlet across the en-

tire basin width (details in Mejean, 2015). The

basin maximum width was 1.25 m in the two first

set of experiments and 0.62 m in the third one.

The flume was manually dredged at the beginning

of each experiment, leaving behind a transver-

sally flat bed with a sediment thickness of 5 cm.

This preparation, without pre-existing channels,

is purely artificial and figured the mechanical ex-

cavation that is normally done in sediment trap

basins after each sediment supply.

In the first configuration, the slit was wide

enough (60-mm, i.e., ≈ 3DMAX) to prevent any

coarse grain jamming (Piton and Recking, 2016a).

The structure thus generates a mere ”hydraulic

control” of the deposit, i.e., sediment formed a
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Figure 6.2 – Experiment set up : sediment fed configuration and recirculation of water Investigation area

Figure 6.3 – Basin shape configurations: a) slit dam and simple bed sill at the outlet with b) basin
width=1.25 m; and c) basin width=0.62m
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delta in the high water depth area located directly

upstream of the dam. This backwater area is a

simple consequence of the head loss related to

the slit contraction. The delta prograded toward

the slit, down to fill the backwater area and only

leave an ’aspiration cone’ (Fig. 6.3a) in the direct

vicinity of the slit, where velocities remain high

enough to entrain all grains (Zollinger, 1983).

In the second and third configurations, channels

could freely flow at any point of the outlet bed

sill (Fig. 6.3b & c).

A.a. Water and sediment supply/feeding

The water was recirculated directly from the

pump, without constant head reservoir (Fig. 6.2).

The water discharge Q was remotely controlled by

a computer through the pump speed controller.

Unsteady hydrographs were used with a maxi-

mum discharge of 2.75 l/s (Fig. 6.4): The com-

puter interpolated a given time series of water

discharge at a 10-Hz frequency and consequently

varied the pump speed according to a prelimi-

nary calibrated pump speed – discharge equation.

The water discharge was measured with a flowme-

ter at a 10-Hz frequency (accuracy ±0.03l/s) and

recorded on a computer.

The sediment feeder was composed of a hopper

associated with a conveyor belt, with a maximum

solid discharge capacity of 292 g/s and 214 g/s

with two distinct grain size distributions (GSD),

respectively (see later). The system works in a

sediment-fed configuration (sensu. Parker and

Wilcock, 1993). The conveyor belt delivered sed-

iment in a 3.5-m-long, 15%-steep pipe, where wa-

ter and sediment mixed. The pipe figured the

stream bed upstream of the basin. It had coarse

grains (15-20 mm in diameter) glued on the bot-

tom and sides to prevent excessive Froude num-

bers at the inlet flow. No depositions were ob-

served in the pipe (except due to backfilling from

the basin), so the instantaneous sediment and wa-

ter discharges Qs and Q at the basin inlet are as-

sumed to be equal to the belt and pump-delivered

discharges.

Figure 6.4 – Typical boundary conditions: solid and
water discharges at the inlet and times of
DEM measurements.

A.b. Boundary conditions

This work did not aim at studying a specific

stream, but rather to be a ”generic”study of flows

in steep and wide streams (Peakall et al., 1996)

addressing the influence of i) transient flows, ii)

unsteady sediment load, iii) varying sediment

mixtures, iv) varying lateral confinement and v)

low submergence. Floods and sediment supply

in mountain streams being a complex problem

(Van De Wiel and Coulthard, 2010), several sim-

plification assumptions must be taken, accepting

that the study is done in a ”reduce complexity

approach” (Paola and Leeder, 2011).

Simple triangular hydrographs were used with

a recession duration 1.7-time longer than the ris-

ing limb (Fig. 6.4, same shape as in Armanini and

Larcher, 2001): slightly longer recession limbs are

generally observed in torrent floods (e.g., D’Agostino

and Lenzi, 1999; Rickenmann et al., 1998; Lenzi,

2001; Turowski et al., 2009).

A correction regarding the infiltration must

be considered: the water discharge necessary to

saturate the initial sediment layer (0.23 l/s) has

been added to all hydrographs. It is assumed to

infiltrate and not to participate to surface run-
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Table 6.1 – Experimental plan

Code Slit GSD Basin width Q Qs Tpeak C=Qs/Q NDEM NP IV Nwater

Units dam code [m] [l/s] [g/s] [min] [%] depth

DaG1/C0. 1 Yes 1 1.25 2.75 73 90 1 6 3* 8*

DaG1/C0.2 - - - - 146 45 2 8 6* 12*

DaG1/C0.3 - - - - 219 30 3 4 2* 4*

DaG1/C0.4 - - - - 292 22.5 4 5 3* 6*

nDG1/C0.1 No - - - 73 90 1 7 5 10

nDG1/C0.2 - - - - 146 45 2 6 4 8

nDG1/C0.3 - - - - 219 30 3 4 2 4

nDG1/C0.4 - - - - 292 22.5 4 5 3 6

nDG2/C0.2 - 2 - - 146 45 2 6 2 4

nDG2/D0.2 - - - - - - - 6 5 10

nDG2/C0.3 - - - 2.69 214 30 3 4 2 4

nDG2/D0.3 - - - - - - - 16 14 19

nDG2/C0.4 - - - 2.02 - - 4 4 2 4

nDG2/D0.4 - - - - - - - 9 7 11

nDG2/C0.5 - - - 1.62 - - 5 4 1 2

nDG2/W2.3 - - 0.62 2.69 - - 3 10 7 7

nDG2/W2.4 - - - 2.02 - - 4 9 7 7

Note: Q: peak water discharge; Qs: peak solid discharge, Tpeak: duration before

hydrograph peak, C: sediment concentration (assuming a sediment density of 2.65), NDEM : number of DEM

acquisition; NP IV : number of LS-PIV acquisition; and Nwaterdepth : number of reference points , i.e., water

depth measurement using the point gauge.

*The first LS-PIV measurements were done without crushed charcoal seeding; the velocity fields are thus

questionable and were excluded from the dataset.
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Table 6.2 – Grain size distribution features

GSD D16 D50 D84 Dm

Units [mm] [mm] [mm] [mm]

GSD1 1.7 3.8 8.1 6.4

GSD2 1.2 2.4 6.2 4.9

DX diameter such that X % of the mixture

is finer, Dm mean arithmetic diameter

off; consequently this infiltrated discharge is not

drawn in the graphs nor taken into account in the

computations presented later on.

The sediment discharge was arbitrarily set pro-

portional to the water discharge. Various sedi-

ment concentration C = Qs/Q ∈ [0.01; 0.05] were

used in order to observe varying deposition in-

tensity: from near equilibrium up to nearly to-

tal deposition. Conversely, to compare the var-

ious experiments the total volume injected was

kept constant between runs (≈ 500kg). Main-

taining a total sediment supply while varying the

instantaneous concentration imposed either: (i)

to modify water discharge, or (ii) to keep the

water discharge magnitude constant while chang-

ing the flood duration. The second option was

chosen to keep a maximum instantaneous water

discharge, whenever it was possible. As a conse-

quence, the experiment durations were inversely

proportional to the concentration and the water

discharges were maintained as high as possible.

Table 1 summarizes the experiment plan.

A.c. Sediment mixtures

Two sediment mixtures were used, hereafter

referred to as GSD1 and GSD2, consisting in nat-

ural poorly sorted sediment with diameter from

0.2 to 20 mm (Fig. 6.5 & Table 6.2).

B. Image analysis techniques

A 6-m-long rail was fixed to the ceiling of

the laboratory, about 2 m above the flume axis

(Fig. 6.2). A trolley circulated on the rail, car-

rying a high speed camera Phototron FASTCAM

(equipped with a polarizing filter minimizing light

Figure 6.5 – Grain size mixtures: a) grain size dis-
tribution of the two mixtures GSD1 and
GSD2; and b) picture of the colouration
of the different grain sizes: blue for the
coarsest fraction, red, brown and grey for
the intermediate, white and beige for the
finest.

reflections on the free surface, focal length: 35

mm, 10 Mpix/frame) and two CANON 100D

cameras (focal length: 28 mm, 18 Mpix/frame).

In addition, a CANON 450D camera (focal length:

32 mm, 12 Mpix/frame) was fixed at the down-

stream end of the rail, taking pictures (cf. Fig.

6.3) every 5 seconds to later construct a time-

lapse video of each experiment. All the cameras

were remotely controlled from a computer. A

special attention has been paid to ensure a homo-

geneous distribution of the light intensity, a key

point in LSPIV (Muste et al., 2004; Kantoush et

al., 2011): 4 lights were installed at the edges of

the flume (2×250 W+2×500 W - continuous cur-

rent necessary if videos are acquired at frequency

> 50-60 Hz).

B.a. Photogrammetry

The pump was switched off immediately after

the fast camera acquisitions, stopping the flow

nearly instantaneously and draining the deposit

with marginal relief changes: the photogramme-
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try measurements were then undertaken. High

quality pictures of the flume (≈ 30 images) were

taken with the trolley cameras to be used in a

photogrammetry software (Agisfost Photoscan).

The overlapping was quite high, since most points

of the flume were covered by at least 10 images

taken from different positions (6 images mini-

mum for any point). Twenty-four ground con-

trol points were used to scale the images (white

targets in Fig. 6.3). Their X,Y, Z positions

were measured with a total station (accuracy

±1 mm in all directions). The classical pho-

togrammetry procedure has then been applied

(Agisoft LLC, 2014): i) positioning of the ground

control points in each image (semi-automatic in

Agisoft Photoscan), ii) back calculation of cam-

era alignments, iii) construction of a dense point

cloud by cross-correlation between images, iv)

construction of a 3D polygonal mesh based on

the dense point cloud. In addition, v) orthorec-

tified HD images of the complete flume were re-

constructed (25 pix/mm2) and vi) high density

Digital Elevation Models (DEM) were extracted

from the mesh as bed elevation matrices ZX,Y

(∆X = ∆Y = 1mm, i.e., 3,125,000 elevation

points per acquisition). Considering the image

resolution and coverage, it would have been pos-

sible to increase the DEM density by one order

of magnitude. However, the data density of these

DEMs was yet greatly sufficient to describe the re-

lief and armoring of the deposits, while being rea-

sonably heavy to handle. The vertical accuracy

of the measurement is considered to be ±1mm
(Le Guern, 2014).

B.b. LS-PIV

Large Scale – Particle Image Velocimetry (LS-

PIV, Fujita et al., 1998) has been used to measure

surface velocity fields. The technique proved to

be robust in highly varied contexts (Muste et al.,

2010). The Fudaa LS-PIV software has been used

(Jodeau et al., 2013; Le Coz et al., 2014; Hauet

et al., 2014). This technique showed satisfying

performances in small scale models measurements

with low submersion and relatively steep slopes

(Nord et al., 2009; Legout et al., 2012) as well as

for fast torrential flows in the field (Le Coz et al.,

2014; Le Boursicaud et al., 2016).

The same ground control points as for the pho-

togrammetry were used to scale the images and

orthorectify them. Fifteen to twenty points were

manually identified in each picture series. The

minimum of 10 ground control points per image

to fully constrain the orthorectification equations

involved in the procedure, and to allow a veri-

fication of the points coordinates, has thus sys-

tematically been respected (Jodeau et al., 2013).

The errors of the ground control point planar co-

ordinates, after orthorectification, were generally

of 2 ± 1mm; a satisfying result equal to the fast

camera pixel size.

Several times in each run, the fast camera took

videos of the flow at 125 frames/s during 10 sec-

onds. A series of N=50 images lasting for 0.4 s

was selected to be subsequently analyzed. It is as-

sumed that the flow velocity did not significantly

vary during the 0.4 s of measurement. In their

parametric study, Legout et al. (2012) demon-

strated that 50 images were sufficient to grasp a

correct value of the velocity and that more images

did not improve the results. Based on these N im-

ages, correlation analysis built N-1 velocity spa-

tial distributions by tracking the displacements of

patterns in the orthorectified-image pairs (Jodeau

et al., 2013). At each calculation point, the cor-

relation is computed on interrogation areas which

are 20-pixels side squares, size large enough to

comprise the typical greyscale pattern sizes, while

smaller than braided channel width. The search-

ing area, in which the patterns are tracked, has

been defined to be able to handle velocities up to

2m/s, a value that has never been reached in the

measurement.

Some classical experimental adjustments have

been necessary to adapt the measurement to our

complex hydraulics (see Muste et al., 2004; Kan-

toush et al., 2011 for recommendations). First,
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manual particle tracking (PTV) measurements of

confetti seeded in the flow were used for compar-

ison (Carbonari, 2015). A few red confettis were

manually seeded in the inlet pipe during fast cam-

era acquisitions. Manual tracking of these float-

ing materials was then performed on orthorecti-

fied pictures to measure the local velocities along

their trajectories. The LSPIV velocity was inter-

polated precisely at each confetti PTV measure-

ment. Both velocity estimations are compared

in Figure 6.6. PTV is a reliable estimate of the

surface flow velocity and can be used as refer-

ence measurement, but is fastidious because, in

our experimental conditions, the particles must

be tracked individually, excluding all particles in-

teracting with the channel banks.

The LS-PIV technique is basically able to in-

form us on the velocity of what is being seen

as moving on the videos. The problem is that

in clear water flows, one can see not only sur-

face water movements (travelling perturbations,

standing waves, tracers) but also sediment move-

ments beneath the water surface and sometimes

tracer shadows on the bed. These two differ-

ent movements resulted in highly variable ve-

locity fields, which in our case globally under-

estimated the actual flow velocity by a factor

of 3.3 ± 2.2 (mean ± standard deviation - Fig.

6.6), when LSPIV measurements are compared

to PTV assessment. TiO2 powder has been used

to dye the water, thus removing the bed grain

movements from the pictures, and resulting in a

lower underestimation of the LS-PIV measure-

ments (VPTV /VLSPIV = 1.8 ± 0.8). Finally, cor-

rect, though not perfect, estimations of the ve-

locities were obtained using TiO2-dyed water and

seeding the flow with crushed charcoal powder

directly injected to the flow just before triggering

the fast camera acquisition. Charcoal powder cre-

ated black patterns advected by the flows which

improved significantly the measurement perfor-

mance: VPTV /VLSPIV = 1.2 ± 0.4. Despite its

uncertainty, this result is considered satisfying in

Figure 6.6 – Influence of the dying and seeding of flows
analyzed through the ratio between man-
ual particle tracking velocities, VP T V ,
considered as references and the LS-PIV
velocities, VLSP IV : only combined TiO2
and Charcoal seeding gave satisfying ap-
proximation of the surface flow velocities

the context of such rapidly mobile, low submer-

sion and perturbed flows.

Surface velocity fields VLSPIV that contained

≈ 20, 000 calculation points (on an irregular cen-

timetric grid with a total area ≈ 1 m× 2 m, Fig.

6.7a) have been transformed into mean velocity

fields on the entire water depth VX,Y by multi-

plying VLSPIV with the velocity index α = mean

water depth velocity/surface velocity. Muste et

al. (2010) report that α weakly varies, even in rel-

atively low submergence (Polatel, 2006; Le Coz et

al., 2010; Welber et al., 2016). It has thus been as-

sumed that α = 0.85± 0.04 based on Muste et al.

(2010) recommendations and Polatel (2006, p. 39)

variability data. Finally, velocities were interpo-

lated on a regular grid using a homemade code (R

software). This grid, that supported the resulting

flow field (Fig. 6.7b), is coarser than the eleva-

tion grid (∆X = ∆Y = 5mm, i.e., ≈ 75, 000VX,Y
points per acquisition; more detailed grids can be

built, it requires more computational time and

was not necessary in this study).
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Figure 6.7 – Velocity surface distributions: a) LS-PIV velocity vectors VLSP IV,X,Y on an irregular grid; b)
Interpolated mean velocity VX,Y on a regular grid (∆X = ∆Y = 5mm)

C. Water depth

A movable point gauge (Fig. 6.1a) was used

for flow surface and bed level measurements. The

accuracy of the sensor itself is as low as 0.01 mm.

However, the highly perturbed free surface typical

of steep flows on rough beds (e.g., Fig. 6.1b);

and the dyed opaque flows with moving sediment

transported on the bed (e.g., Fig. 6.3), made the

measurements very inaccurate. The uncertainties

are assumed to be of the order of a grain diameter,

±2mm for the free surface level ZFS and ± 5mm
for the bed level ZB. As a consequence, the

accuracy of the water depth (d = ZFS − ZB) is

±6mm (quadratic sum used in error propagation

- JCGM, 2008). One or two point gauge water

depth measurements were done before each LS-

PIV measurement (Table 6.1). They are hereafter

referred to as ”reference points”.

6.2.2. Photogrammetry analysis

Several proxies of both the deposit thickness

and the surface roughness were extracted from

the DEMs and the HD orthorectified images (Fig.

6.8).

A. Relief data

The elevation field ZX,Y could be used to ob-

serve the bulk deposit relief (Fig. 6.8a). By

subtraction of the flume bottom slope, the de-

posit thickness TX,Y is deduced (Fig. 6.8b). This

flume-slope de-trended elevation yields a clearer

view of the deposit morphology.

A local roughness indicator KsX,Y has been

computed by subtracting the mean local bed ele-

vation to the point bed elevation ZX,Y . The mean

local bed elevation is averaged over a DMAX -side

square, centered on the point (one value per mm2-

pixel), with DMAX the coarsest grain diameter

(20 mm). KsX,Y is an indicator of the pixel ele-

vation compared to the local mean elevation. It

tends to 0 in smooth areas (Fig. 6.8c), while it is

positive or negative where grains protrude from

the bed level. Smooth and rough areas, i.e., cov-

ered with fine sands or paved by coarse gravels

can easily be distinguished on the Ks maps.

B. Flow slope

A key parameter for hydraulics and sediment

transport is the energy slope S, hereafter consid-

ered to be equal to the bed slope following the

flow paths SX,Y . The flow being generally close

to the critical regime in rough and steep streams

(Grant, 1997; Ghilardi et al., 2014b; Schneider

et al., 2015; Ran et al., 2016), it is assumed that

the free surface is locally adjusted to the slope

and roughness. Free surface is thus assumed to

be globally parallel to the bed slope, i.e., that no

extensive backwater effects occurred, a result ob-

served in steep slopes by Ran et al. (2016) (a pos-

sibly excessive assumption in other configurations

with gentler slopes). Namely, as water flowed in
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Figure 6.8 – Relief proxies and image of the flow field: a) Bed elevation ZX,Y ; b) Deposit thickness TX,Y ; c)
Surface roughness KsX,Y ; and d) orthorectified grey-levels image taken from LSPIV results.

sometimes poorly-defined channels shifting and

wandering on the deposit (e.g., Fig. 6.8d), the

flow slope SX,Y is sometimes lower than the de-

posit slope Sdep along the X axis. In other words

the curvilinear flow direction is often longer than

the deposit main axis. SX,Y was measured at a

given position X,Y following several steps sum-

marized in Figure 6.9:

1. VX,Y is interpolated based on the LS-PIV

velocity vector field (Fig. 6.7a & b);

2. A transversal profile, perpendicular to the

flow direction is defined;

3. The flow width is defined as the transversal

profile length such that V > V0 = 0.02m/s:
with V0 lower limit velocity; defined such

that the water depth is negligible and no

geomorphic activity occurs;

4. A local main longitudinal profile axis, was

considered over a distance equal to 3 times

WX,Y , defined parallel to the flow direction,

i.e., along the surface streamline passing by

the point (X,Y ).

5. A linear fit of the bed elevation along the

curvilinear abscissa of the longitudinal pro-

file defines the local flow slope SX,Y .

Specifically at the reference point locations addi-

tional extractions were performed to quantify the

uncertainties (Fig. 6.9). Four additional profiles

were defined whose slope was also extracted. The

Slope uncertainty u(S) at the reference points was

considered to be the standard deviation of the

five profiles slopes values: u(SX,Y ) = σSX,Y ,∀ 5

profilesX,Y .

The procedure has been applied in all flowing

areas of the flume (Fig. 6.10a), determining the

field of flow Slope SX,Y .

C. Flow roughness proxies

In addition to slope, flow features are funda-

mentally correlated to the bed roughness. The

roughness of gravel bed rivers is classically de-
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Figure 6.9 – Sketch of the friction law parameters extraction algorithm: extraction of the flow slope SX,Y and
roughness standard deviation σKX,Y

along curvilinear profiles following the flow direction defined
by LS-PIV velocity data. Main profile defined parallel to the main stream line passing by X,Y
and additional uncertainty measurements at reference points (underlined steps).

Figure 6.10 – Friction law parameters: a) Slope in the flow direction SX,Y ; and b) Roughness standard
deviation in the flow direction σKsX,Y

Figure 6.11 – a) Detailed implantation of the 5 longitudinal profiles defined at each reference points supporting
both the Wolman count marks and the u(SX,Y ) and u(σKsX,Y

) computations; and b) Grain Size
Distributions defined by Wolman counts: illustration of the great variability of the bed texture
due to intense grain size sorting
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scribed using a proxy Di often derived from the

grain size distribution of the surface material,

usually D50 or D84 (Ferguson, 2007). However,

the advent of accurate topographical measure-

ment devices increasingly results in the use of

alternative roughness indicators such as the stan-

dard deviation of the bed elevation (Aberle and

Smart, 2003; Nitsche et al., 2012; Schneider et al.,

2015). Both approaches were considered here.

C.a. Wolman count

Classical GSD measurements were done with

the Wolman surface counting method (Wolman,

1954). To later look at representativeness and

correlation of the various proxies, the counting

was also performed precisely along the aforemen-

tioned profiles characterizing the reference points’

vicinity (Fig. 6.11a): The HD-orthorectified im-

ages of the bed surface coming from the pho-

togrammetry analysis were displayed, with marks

spaced of DMAX −mm, along the 5 longitudinal

profiles. The diameter of the grain located under

each mark was measured manually.

An average number of 112 ± 45 pebble diam-

eters were measured at reference points (55 to

260 pebbles, depending on the profile length =

3WX,Y ). The distributions (Fig. 6.11b) and their

quantiles D50 and D84 are proxies of the local bed

roughness. Through error propagation, the accu-

racy of the grain size measurement is estimated to

be ±0.6mm as digitized points have an accuracy

of ±1 pixel and that the pixel size is 0.2mm.

C.b. Roughness along streamlines

The standard deviation of Ks was computed

along the flow longitudinal profile (Fig. 6.9) at

each pixel of the rough grid (Fig. 6.10b). Like

SX,Y , this parameter depends on the flow direc-

tion and is not computed out of flooded areas,

contrary to KsX,Y .

In order to quantify the uncertainty of this pa-

rameter at reference points, the roughness stan-

dard deviations σKX,Y along the secondary lon-

gitudinal profiles have also been computed at

these specific locations. The uncertainty of σKX,Y
is considered to be standard deviation of the

five profiles σKsX,Y : u(σKX,Y ) = σσKX,Y , ∀ 5

profilesX,Y .

6.2.3. Hydraulics reconstruction

by Friction law inversion

Some authors used spatial distribution of flow

features (e.g., free surface width, free surface ele-

vation) and a suitable friction law to reconstruct

unmeasured data by inversion problem. Roux and

Dartus (2008) implemented an optimization ap-

proach to reconstruct bed topography only based

on flooded area limits and discharge. Bed eleva-

tion were also reconstructed using discharge data

and free surface elevation from LIDAR (Smart et

al., 2009), or free surface computation and labo-

ratory measurements (Gessese et al., 2011; 2013).

Their approaches are usually iterative or based on

data assimilation due to lack of data concerning

the flow features.

Friction laws are equations that relate flow ve-

locity to flow depth (or alternatively hydraulic ra-

dius or specific discharge, Rickenmann and Reck-

ing, 2011). Their simplest forms relate the veloc-

ity V to the water depth d, flow slope S and a

roughness parameter K through an equation gen-

erally given in the dimensionless form:

V

u∗
= f(S, d,K) (6.1)

where u∗ =
√
gdS is the shear velocity. Sev-

eral friction laws were proposed in the literature.

The Manning-Strickler formula is likely the fric-

tion law most commonly used in gravel-bed rivers.

The version of the Manning Strickler formula re-

tained here is (Rickenmann and Recking, 2011):

V

u∗
= 6.5

(
d

D84

)1/6
(6.2)

D84 is considered as the best suited roughness

parameter rather than D50 because the coarsest
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grains are often the main source of friction loss in

gravel bed rivers (Ferguson, 2007; Nitsche et al.,

2012). The Manning-Strickler formula is partic-

ularly suited for high submersion flows, i.e., for

d/D84>7-10 (Ferguson, 2007; Rickenmann and

Recking, 2011).

Aberle and Smart (2003) proposed a friction

law specifically adapted to low submergence depths

of steep, boulder-paved mountain streams. Point-

ing out that DX -based indicator do not consider

the possible bed structuration, e.g., step-pools,

Aberle and Smart (2003) retained the standard

deviation of the bed surface elevation as the most

relevant roughness parameter:

V

u∗
= 0.91 d

σKs
(6.3)

The resulting friction law has a different power

coefficient than the Manning Strickler equation,

which illustrates the changes in the flow profile

related to the lower submersion. Gathering these

two asymptotical forms (or similar equations from

other works), Ferguson (2007) built a so-called

variable power equation:

V

u∗
= 2.5(d/D84)√

1 + 0.15(d/D84)5/3
(6.4)

Rickenmann and Recking (2011) tested several

friction laws on a large gravel bed rivers data set.

They observed that Equation 6.4 had the best

performances, this from low to high submergence.

Determining d from the measured V, S and

D84 or σKs is an inverse problem (see Gessese et

al., 2013 for a complete presentation of the prob-

lem). It is straightforward for Equations 6.2 and

6.3, i.e., the function d = f−1(V, S,K) has an ob-

vious explicit form. Conversely, the water depth

d computed using Equation 6.4 is the numerically

solved solution on d of equation:

VX,Y −
√
gdSX,Y ) 2.5(d/D84)√

1 + 0.15(d/D84)5/3
= 0

(6.5)

Equation 6.5, or an equivalent with another

friction law, may be applied to the entire flooded

area, providing that: (i) it has been determined

which friction law is best suited to describe the

measured flows, and a surface distribution of D84

is available. With such a method, it is possible

to reconstruct 2D flow fields of water depths d

based on 2D spatial distribution of mean depth

velocities V, flow slope S and roughness parame-

ter D84 (by large scale image analysis, e.g., Leduc

et al. 2015) or its proxy (using a direct roughness

measurement as σKs).

6.3. Results

6.3.1. Comparison of roughness

proxies

Both the grain size distribution and the rough-

ness standard deviation were measured along the

longitudinal profiles defined at the 96 reference

points (point gauge depth measurements). The

correlations between these roughness proxies are

analyzed in Figure 6.12.

A natural and obvious correlation exists be-

tween D84 and D50 (D84 ≈ 2D50 - Fig. 6.12a).

Small scatter remains related to the various shapes

of GSDs (Fig. 6.11b). Similarly, coarser profiles

are also rougher since D84 ≈ 7σKs (Fig. 6.12b)

and D50 ≈ 3σKs (Fig. 6.12c).

The correlations relations were chosen propor-

tional (DX = AσKs) rather than linear (DX =
AσKs + σ0) to simplify the approach, thus creat-

ing a simple dimensionless ratio between DX and

σKs. Consequently these linear models do not

contain a dimensional term origin.

The scatter remains quite high, which demon-

strates that similar gravel mixtures (same DX)

may have variable granular arrangements and in-

terlocking, leading to variable surface roughness

(Smart et al., 2002). In other words, similar mix-

tures with very different imbrication will present

different vertical roughness, i.e., roughness to the
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flow. This drawback of the Wolman count has

ever been pointed by several authors (Aberle and

Smart, 2003; Ferguson, 2007). However, increas-

ing roughnesses are definitively related to increas-

ing sizes of sediments and equations using D84

may be tested with an estimation of D84 based

on another roughness proxy and its linear regres-

sion (see later).

6.3.2. Friction law validation

At the 96 reference points, 7 outliers were re-

moved because of the large uncertainties of their

roughness due to their uncertain X,Y locations

and proximity to intensively sorted areas. The

SX,Y and σKs extraction procedure and the three

aforementioned friction laws were applied at all

reference points. The reference points’ water

depths and the computed water depths can be

compared to test the relevance of each friction

law in describing the measured flows (Fig. 6.13).

The Manning-Strickler formulation shows a

general trend to underestimation of the measured

depth (Fig. 6.13a), as do the Aberle and Smart

(2003) formulation (Fig. 6.13b). On the contrary,

despite being inevitably scattered considering the

depth measurement uncertainties, the data are

centered on the equality line using the Ferguson

(2007) formulation (Fig. 6.13c). The scatter re-

mains very high and is related, on one hand, to

the natural variability of sediment-laden flows on

such steep and rough beds and, on the other hand,

to quite high measurement uncertainties (see be-

low). Actually, measuring any of the 4 studied

parameters (d, V, S and σKs or D84 - all being

necessary for closing and validating the equation),

is a simple experimental nightmare in such rapidly

shifting, heavily active and intrinsically complex

flows.

Fig. 6.14 show that, using the Fergusson law,

the ratio computed / measured velocity has a sta-

tistical distribution with mean and median val-

ues centred on one, i.e., underestimations balance

overestimations. These deviations are likely due,

at least partially, to the quite high uncertainties

on the measured values; in addition to the intrin-

sic imperfection of an equation as simple as Eq.

6.4: its author for instance wrote ”it is unlikely

that any single relation does exist between d and

V if there is a combination of skin and drag resis-

tance” (Ferguson, 2007). Overall, we considered

that the results are quite satisfying considering

the complexity of the problem and that the best

suited friction law to describe the measured flow

is the Ferguson (2007) formulation. This is con-

sistent with the results obtained by Rickenmann

and Recking (2011) on a large data set compris-

ing well controlled flow conditions or (Schneider

et al., 2015) in a steep heavily paved stream.

A specific attention has been paid to uncer-

tainty quantifications. The error propagation has

been done through classical analytical uncertain-

ties combinations, whenever a model related an

estimation y to its estimator xi, i.e., if the rela-

tionship y = f(x1, x2, . . . xn) is known (JCGM,

2008). Eq. 6.4 has a formulation depending on

both d and d5/6, which make it unsuitable to di-

rect analytical error propagation. A numerical

approach has thus been implemented: the uncer-

tainties u(V), u(S) and u(σKs) have been inserted

in Equation 6.5 to compute the resulting water

depth uncertainty u(d). A Monte Carlo simula-

tion generated 10,000 values of (small) param-

eter variations ∂V , ∂S and ∂σKs from normal

distributions (x̄i = 0 and σxi = u(xi)). These

variations were introduced in Equation 6.5 and

the corresponding water depth d′ = d + ∂d was

computed. The water depth uncertainty u(d) is

considered to be the standard deviation of the

10.000d+ ∂d sample.

The method proved to give similar results as

analytical methods, when applicable. Error bars

plotted in Figure 6.13 correspond to u(dX,Y ) at

each data point determined through error propa-

gation, thus depending on the local value of the

parameters xi = (VX,Y , SX,Y , D84,X,Y , σKs,X,Y )

and on their related uncertainties u(xi), either

determined analytically, whenever possible (mea-
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Figure 6.12 – Statistical correlation between roughness proxies: a) D84 ≈ 2D50; b) D84 ≈ 7σKs and c)
D50 ≈ 3σKs
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Figure 6.13 – Comparison between measured and computed water depths at reference points with: a) Eq. 6.2;
b) Eq. 6.3; c) Eq. 6.4 and d) Eq. 6.6. The underestimation observed in the two first Eqs. is not
present using the Ferguson (2007) equation which take into account the changing flow hydraulics
related to varied submersions
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surement, Eqs. 6.2 & 6.3), or numerically (Eqs.

6.5 and 6.6).

6.3.3. Reconstitution of 2D flow

fields

Considering that the Fergusson formulation is

suitable to describe our small scale model flows,

it may be used for an inverse computation of the

water depths. It is possible to rebuilt 2D water

depth spatial distribution if spatial distributions

of velocities, slopes and roughness (D84 in Eq.

6.4) are known. The roughness standard devia-

tion was used by injecting the linear relation be-

tween D84 and σKs (Fig. 6.12b) in the inversed

friction law (Eq. 6.5):

VX,Y −
√
gdSX,Y

2.5(d/7σKs,X,Y )√
1 + 0.15(d/7σKs,X,Y )5/3

= 0

(6.6)

The performances of this modified Fergusson

equation in estimating the water depths are equiv-

alent to the initial formulation using D84 (cen-

tered median and mean, fewer outliers - Fig.

6.13d & Fig. 6.14). This result was actually ex-

pected considering that D84 is used as an indirect

roughness proxy, while σKs is a direct roughness

measurement, thus more robust and increasingly

used in the field (Nitsche et al., 2012; Schneider

et al., 2015).

From the measured flow velocity it is possible

to map all hydraulics parameters, as illustrated

in Figure 6.15 for Run nDG1/C0.3 (Table 6.1).

Water depth 2D fields can be rebuilt by apply-

ing the complete procedure of velocity measure-

ment, SX,Y and σKs extraction and application of

Equation 6.6 to the entire LS-PIV measurement

area (Fig. 6.15a). Other meaningful flow dimen-

sionless parameters based on the computed data,

such as the relative submergence (here defined as

d/7σKs ≈ d/D84), the Froude number (here de-

fined as V/
√
gd) or the Shields number (here de-

fined as = Sd/(s− 1)7σKs ≈ Sd/(s− 1)D84 with

the sediment density s, can also be mapped allow-

ing detailed analysis of flow features (Fig. 6.15b,

c & d).

6.4. Discussion

6.4.1. A simple and affordable

technique

This procedure could be extended to other ex-

perimental conditions, including field studies, and

seems promising considering that: (i) it is rela-

tively simple to implement (the authors are happy

to share the code with anybody interested), and

(ii) the necessary equipment such as cameras and

a photogrammetry software is quite affordable.

Videos filmed at 60 frames/s – classical on

modern HD-cameras – are sufficient in most cases

(see review of Kantoush et al., 2011). The fast

camera was needed in our case only because of

the particularly high velocity of the chosen ex-

perimental conditions (V up to 1m/s).

The application of the technique is however

limited to flow conditions with reasonably limited

3D-flow patterns since it only takes the surface ve-

locity as a proxy of the flow field. Secondary cur-
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Figure 6.15 – Inversely computed flow fields: a) water depth d, b) relative submergence d/7σKs, c) Froude
number V/

√
gd and, d) Shield parameter Sd/(s− 1)7σKs

rents cannot be directly measured or indirectly as

deviations from the nearly uniform reconstructed

flows. Configuration with marked backwater ef-

fects, where energy slopes are not equal to bed

slopes, are not favorable as well, in the present

version of the procedure, though simple improve-

ments would make such configurations measur-

able.

6.4.2. Improving the technique

A. Horizontal flow surface assumption

The horizontality of the free surface is implic-

itly assumed in LSPIV which seems reasonable in

most laboratory application (e.g., Fujita et al.,

1998; Kantoush et al., 2011). Recent applica-

tions in steep slope contexts addressed the pos-

sible bias resulting from an excessively steep free

surface (Le Boursicaud et al., 2016; Ran et al.,

2016) or from 3D flow patterns related to obsta-

cles (bridge piers, protruding boulders – Dramais

et al., 2011). To resolve this problem, Ran et

al. (2016) performed stereo-picture acquisitions

and compute the free surface as a bi-dimensional

plane with a variable slope. In the same idea, for

more controlled laboratory applications, an alter-

native could be to orthorectify the fast camera

pictures in the flume-plan rather than horizon-

tally. It would then be possible to perform the

velocity computation in this local referential sys-

tem, and to later bring back these results in the

laboratory referential system. More complicated

and rigorous 3D flow analysis could be performed

by projecting the flow pictures on the DEM and

tracking pattern correlation on this 3D shapes.

B. Improving flow depth measurements

The determination of the suitable friction law

to use in the inversion procedure is a key step.

The reference depth measurements that have been

used in this work have strong uncertainties that

encourage us to prudent conclusions concerning

the reconstructed flow fields. In future similar

flow depth reconstruction, the use of more precise

reference depth measurement techniques, for the
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friction law validation step, is recommended. Pro-

viding that the water surface must be dyed and

seeded with black patterns, its elevation measure-

ment seems possible using photogrammetry, just

as the bed surface.

The technical challenge here is to take enough

pictures of the flume at exactly the same time

in order to capture an instantaneous image of

the flow surface with its patterns. It would need

several cameras and, according to dynamic pho-

togrammetry monitoring of avalanches (Pulfer et

al., 2013) and torrential flows (Ran et al., 2016),

the use of accurate remotely control camera trig-

gering.

This image acquisition would optimally be si-

multaneous with the LS-PIV measurement. The

flow must subsequently be stopped, as fast as

possible, to prevent bed geometry and rough-

ness adjustments between the flow measurement

and its representative bed measurement. Us-

ing such a technique would theoretically allow

surface-flow DEM computation, which by differ-

ence with the bed level DEM (and providing that

bed changes between both measurements are rea-

sonably small), would give us the spatial distri-

bution of water depths.

A specific attention must be paid to error prop-

agation when manipulating such great amount

of partially automatically computed data. Com-

parison between reconstructed and measured flow

depth fields should come with 2D spatial distribu-

tion of measurement uncertainties, after combina-

tion and propagation of the spatially distributed

input parameter uncertainties. This would extend

the validation dataset of the friction law selection

and give additional information on its accuracy

and bias. It would eventually allow the devel-

opment of new and more accurate friction laws

based on new flow, relief and roughness proxies.

C. Stream line tracking

Friction laws are basically closure equations

of the Bernoulli equation which express the evo-

lution of the flow energy along stream lines, i.e.,

along lines tangent to the velocity vectors (Lencas-

tre, 1983). The slope and roughness parameters

should thus been computed along the streamlines.

Surface streamlines can be computed from sur-

face velocity measurements (e.g., Weitbrecht et

al., 2002; Muste et al., 2004). Assuming that sec-

ondary currents are negligible compared to hori-

zontal flow patterns (a reasonable assumption in

context of application of the shallow water equa-

tion - Muste et al., 2004), surface streamlines are

an interesting proxy of the mean flow local direc-

tions.

In a narrow flume or along a given river reach,

the streamlines are assumed to follow the flume

or river main direction. Conversely, in 2D flow

computations or reconstructions, flow directions

are not systematically parallel to the average

flume/river direction. In our case, they are rather

locally diverging, converging and wandering over

the deposit. As discussed previously, the slope

and roughness estimations have thus not been

computed along the flume direction (X-direction

in our case) but on local, 3W-long longitudinal

profiles, defined parallel to the flow direction (an

initial step toward a streamline computation).

The procedure is assumed to be reasonably cor-

rect as long as the flow curvature radius is small

compared to the flow width. For highly mean-

dering flows with curvature radius of the order

of magnitude of the flow width, the procedure

may fail and the σKs and S extractions should

be done along the curved streamlines rather than

along profiles locally parallel to the stream line.

D. Surface velocity correction

A strong hypothesis of this work is the use of a

constant velocity index α=0.85 between the sur-

face velocity and the mean depth velocity. The α

parameter fundamentally depends on the vertical

velocity profile (Le Coz et al., 2010), which itself

varies depending on the flow aspect ratio, micro

and macro-roughness, Froude and Reynolds num-

bers and macro-roughness relative submergence
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(Muste et al., 2010). Polatel (2006, p. 39) un-

dertook a comprehensive study of the α variation

depending on flow velocity and macro-roughness

sizes in a 1D flume, tested with smooth bed and

with bed cover of dunes and ribs. Her experimen-

tal conditions covered a range of relatively low

submergence (d/macro-roughness vertical size =

3-10) with subcritical flows (Froude = 0.39 −
0.51) and resulted in a α-range of variation fairly

small: 0.88±0.04 (mean± σ; envelop: 0.80-0.94 ).

Such values are typical of uniform flows (Costa et

al., 2006; Le Coz et al., 2010), even for higher

submergence, though it is generally slightly lower

(AFNOR, 2009; Dramais et al., 2011). The ex-

tensive analysis of Welber et al. (2016) highlights

the major influence of the roughness submergence

on α.

Similar works addressing nearly critical and

super-critical flows, as well as, even lower sub-

mergence down to d/Ks ≈ 1, eventually with

sediment transport, are however still lacking, an

issue regularly pointed in the literature (Le Coz et

al., 2010; Dramais et al., 2011; Ran et al., 2016;

Welber et al., 2016). It would possibly lead to

different results than Polatel (2005) since two lay-

ers flows (a slow sub-layer under macro roughness

height, below a faster layer overflowing the macro-

roughness, Aguirre-Pe and Fuentes, 1990) are ex-

pected in steep rough channels. This change in

the flow profile and the influence of the submer-

gence is fundamentally the reason of the differ-

ence between the Manning Strickler (Eq. 6.2) and

the Aberle& Smart (Eq. 6.3) formulations that

drove Ferguson (2007) in proposing his Variable

Power Equation (Eq. 6.4). Additional modifi-

cation of the flow profile may emerge from feed-

back related to sediment transport (Recking et

al., 2008b; Revil-Baudard et al., 2015). In the

current state of knowledge, the authors must as-

sume the recommended 0.85 value of α (Muste

et al., 2010).

6.5. Conclusions

The present work describes a measurement

procedure that takes advantage of the recent de-

velopment of affordable HD-cameras and of user-

friendly image-analysis software. Using HD-pictures

of the flows and the beds, it is now easily possi-

ble to reconstruct mm-accurate elevation models

and detailed velocities spatial distribution. Com-

bining the resulting data make it possible to de-

scribe the spatial distribution of deposit thick-

ness, slope S, roughness σKs and velocity V at

unprecedented spatio-temporal resolution. Care

has been paid to measuring slope and roughness

along the flow directions which, in freely adjust-

ing beds, are often not the main flume direction.

A set of manual water depth measurements were

used to test several friction laws in their ability

to describe the measured velocity and depth un-

der their slope and roughness conditions. The

Ferguson (2007) Variable Power Equation (Eq.

6.4) has, once again, proved to be the best suited

to our steep variably-deep flows. Using the lo-

cal standard deviation of the bed roughness σKs

as a proxy of the D84 parameter in the Ferguson

(2007) friction law, it proved to be possible to

extend the water depth computation by inverting

the friction law (d = f−1(V, S, σKs)) throughout

the entire flooded area. Complete spatial distri-

bution of the flow features (flow slope, roughness,

mean depth velocity and depth) can be recon-

structed thus providing numerous data on these

freely adjusting systems, currently still poorly

known. The method is simple in essence and rel-

atively affordable regarding the amount of data

it can produce. The authors hope that it will

be tested and improved in other experimental

situations, including field observations, and help

understand the dynamics of freely adjusting geo-

physical flows.
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Notation

The following symbols are used in this paper:

C = sediment concentration = QS/Q (-);

D = sediment diameter (m);

d = water depth (m);

∂ . . .) = small variation of . . . used in error

propagation ;

g = gravitational acceleration = 9.81 (m/s2);

KS = local bed roughness

= ZX,Y − ¯ZX±DMAX/2,Y±DMAX/2 (m);

Q = water discharge (m3/s);

QS = sediment discharge (g/s);

S = slope (m/m);

s = sediment density = 2.65 (-);

T = deposit thickness, de-trended bed

elevation, i.e., = ZX,Y − Sflume ×X (m);

Tpeak = hydrograph rising limb duration (min);

u(. . .) = uncertainty on . . . used in error

propagation ;

u∗ = shear velocity =
√
gdS (m/s);

V or V̄ = mean velocity integrated over the flow

depth(m/s);

V0 = threshold velocity below which no d

inversion is done (m/s);

VLSPIV = surface velocity measured by LSPIV

(m/s);

VPTV = surface velocity measured by PTV (m/s);

W = flow width (m);

X,Y = point spatial coordinate (m);

Z = bed elevation (m);

ZB = bed elevation, measured with the point

gauge (m);

ZFS = free surface elevation, measured with the

point gauge (m);

σ... = standard deviation of . . .;

α = velocity index = V̄ /Vsurface (-);

∆X,∆Y = grid size in the X and Y direction,

respectively (m);

¯. . . = mean value of . . . ;

. . .MAX = maximum value . . . ;

. . .m = mean arithmetic value . . . ;

. . .X,Y = value of . . . at the coordinate X,Y ;

. . .X% = Quantile of . . . with probability X%;

. . .i = ith element of . . .;
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”Simple interactions at small scales can produce complex be-

haviours at larger scales; and complicated small-scale processes

can add up to relatively simple large-scale dynamics.”

Chris Paola (2011), Nature 469 p.38.

CHAPTER 7

Hydraulics and geomorphic dynamics in bedload

deposition basins:

A generic Froude scale model study

Guillaume PITONa, Alain RECKINGa, Ségolène MEJEANa, Costanza CARBONARIa,b , Jules

LE GUERNa

a Université Grenoble Alpes, Irstea, UR ETGR, St-Martin-d’Hères, France.

b University of Florence, Dipartimento di Ingegneria Civile e Ambientale, Firenze, Italy.

Our study of the general process of bedload deposition in wide basins required several experimental

choices that are presented in the first part of this chapter. The second part is a preliminary analysis

of our results. I must confess that we were surprised by the complexity and the changing aspect of

the depositions observed in the model. I am now convinced that they are not mere model effects.

Since they may be observed in the field, we spend time to describe them and explain their origins. In

a second step, we performed simple analysis of the deposition slopes and Froude numbers, with quite

consistent results. It is somewhat reassuring that, as regularly stressed by Chris PAOLA (Paola et al.,

2009; Paola and Leeder, 2011), complexity is a matter of scale, and that engineers will obviously not

have to wait for a complete deterministic description of bedload / water mixtures to obtain simple

criteria for structure design, although we must accept that our criteria are necessarily partially wrong

and unable to grasp the complete complexity of Nature.
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Abstract
Sediment trapping structures, such as gravel deposition basins, are regularly implemented in moun-

tainous context for flood hazard mitigation. These structures should ultimately trap gravels when

their excess may aggravate the downstream flood hazard, while, the remaining time, allowing a suit-

able background sediment continuity. Such optimized designs require a sufficient knowledge of the

flow features and geomorphic processes implied in gravel trapping. A generic Froude scale model of

a 10%-steep, bedload deposition basin, with a slit dam and without outlet structure, is presented in

this paper. Accurate photogrammetry and large scale particle image velocimetry (LS-PIV) were com-

bined to study the geomorphic patterns and to reconstruct the flows. The emergence of self induced

cycles of braided and channelized flows, with intense grain size sorting, is described. It sheds light on

the similarity of bedload trapping with alluvial fan formation or fluvial delta development. The de-

position slope, a key parameter in the structure design, is more precisely studied. The measurements

are correctly estimated by a new simple equation, which is developed from prior works dedicated to

steep slope stream hydraulics and bedload transport. The analysis demonstrates additionally that,

despite the steepness of the studied conditions, most flows are subcritical due to roughness adjust-

ment. We finally highlight that morphologically-active flows, i.e., with dimensionless shear stress

higher than the threshold for motion, have Froude number ≈ 1; i.e., that a critical flow hypothesis

seems reasonable, as a first approximation, to describe flows over massive bedload depositions. This

new dataset, with complete geomorphic and flow measurements, in diverse conditions, may be used

as reference to try and test numerical approaches of the phenomena.

Author key words: Generic Froude Scale Model, Large Scale Particle Image Velocimetry, Autogenic

Cycles, Deposition Slope Estimation, Critical Flow Hypothesis.

7.1. Introduction

Damages induced by floods in mountains streams

are significantly related to excess in sediment sup-

ply (Badoux et al., 2014; Rickenmann et al.,

2015). Sediment trapping structures are conse-

quently regularly implemented to protect urban-

ized areas or strategic transportation networks

(Van Effenterre, 1982; Zollinger, 1984b; Ikeya,

1989; VanDine, 1996). Gravel deposition basins

were for instance built as soon as 1843 in Switzer-

land (Vischer, 2003). They considerably increased

in number since the advent of mobile earth-moving

machinery allowing affordable basin dredging (Van

Effenterre, 1982).

Sediment trapping structures are basically com-

posed of an artificially widened river reach, con-

stituting their basin. Their outlet section is usu-

ally equipped with a ground sill. Some outlet

sills have an open check dam built atop, with a

specific shape depending on the expected struc-

ture function, e.g., total retention, woody de-

bris and boulder filtering, solid discharge dosing

(Zollinger, 1984b; Ikeya, 1989; Piton and Recking,

2016a; 2016b). These functional check dams, with

an optimized design adapted to the site-specific

hazards (Armanini et al., 1991), are expected to

progressively replace some older structures whose

effect was usually to excessively trap the sediment

load (Mizuyama, 2008; Papež et al., 2015), this

even during mere high flows that do not threaten

elements at risk.

Using functional check dams, in addition to

classical check dams, is desirable for two main
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reasons: (i) it is necessary to mechanically exca-

vate and evacuate sediment supplied by extreme

floods - fundamental function of the structure -

but also the background sediment supplied by

small floods, the latter sometimes deeply impact-

ing the structure maintenance costs (Dodge, 1948;

Mazzorana et al., 2015). In addition, (ii) exces-

sive sediment trapping induce sediment starva-

tion downstream of dams, leading to incision and

downstream structures destabilization (Brandt,

2000). At a broader scale, sediment disconnec-

tivity impairs ecological status of fluvial systems

(EU, 2000, p. 40). In some catchments (with

sufficient downstream sediment transport capac-

ity), a better sediment continuity of open check

dams seems desirable. Adaptations and optimiza-

tions of existing and new structures are necessary,

which requires a sufficient comprehension of the

hydraulics and sediment processes occurring in-

side the deposition basins, not to impair their

hazard mitigation effects.

Defining guidelines for such adaptations is chal-

lenging because: i) the diversity of catchments

make the flood processes even more diverse (from

clear water transporting woody debris to large

scale debris flows related to natural dam out-

bursts, Schuster, 2000; D’Agostino, 2013b; Hungr

et al., 2014); and consequently, ii) the seldom

directly-observed, violent and fast trap filling pro-

cesses, which are likely as diverse as the flood

types, are poorly known. Piton and Recking

(2016a) reviewed the existing design criteria and

highlighted that some simple questions necessary

for sediment trap design or optimization are far

from having clear answers, e.g., i) how to compute

the deposition slope in the basin?; or ii) what are

the typical flow conditions during massive bed-

load deposition?

Design and optimization of deposition basins

are consequently a regular subject of investiga-

tion, particularly using small scale models, often

for specific case-studies (Zollinger, 1983; Ishikawa

and Mizuyama, 1988; Armanini and Larcher, 2001;

Lefebvre and Demmerle, 2004; Itoh et al., 2011;

Kaitna et al., 2011; Shrestha et al., 2012; Ghilardi

et al., 2012; Itoh et al., 2013; SedAlp, 2015b).

The understanding of the morphodynamics is

increasingly enhanced by additional and always

more accurate topography measurements tech-

nique (laser-scan or photogrammetry), down to

grain size sorting assessment (Leduc et al., 2015).

Cross-comparison with numerical models com-

plete laboratory experiments with a twofold gen-

eral objective: developing operational design tools

and improving the comprehension of the processes

from a scientific perspective (Kaitna et al., 2011;

Shrestha et al., 2012; Itoh et al., 2013; Gems et

al., 2014; Canelas et al., 2015).

However, dynamics acquisitions of the flows

features are lacking most of the time. Conse-

quently, the numerical models are indirectly vali-

dated by comparing the resulting computed and

measured deposit patterns, without validation of

the flow conditions. This global lack of knowl-

edge concerning the flow features impairs design

optimizations because: (i) the use of numerous

design criteria necessitate to know some flow and

geomorphic parameters, usually unobtainable out

of laboratory experiments, e.g., velocity, depth,

Froude number, Shields number, depostion slope

(e.g., Armanini and Larcher, 2001; Schmocker

and Hager, 2013; Di Stefano and Ferro, 2014); (ii)

considering that we do not really know in which

extend the numerical models can be trusted in

extreme flow conditions, their use must be pro-

foundly cautious in the design of key hazard mit-

igation structures in the highly varied situations

encountered in the fields.

Investigation of both the morphodynamics and

the flows are necessary to improve our comprehen-

sion of their coupling and to constitute complete

data set for eventual complementary validations

of numerical approaches.

Here we used the flow reconstruction proce-

dure by inverse approach presented in Chapter

6, to investigate a generic Froude scale model of

bedload deposition basin (i.e., a model that is
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not site or scale-specific but rather seek to fig-

ure a typical deposition basin). This chapter

details how has been defined the experimental

conditions, based on literature dataset whenever

existing, and on field surveys when the typical

prototype features were not known. It secondly

describes the morphodynamics and flow features

that were observed under massive bedload sup-

ply, in basins equipped with a slit dam or with-

out open check dam. These results are finally

discussed and synthesized.

7.2. Materiel and Methods

The technical details concerning the exper-

imental set up used for this chapter has been

thoroughly presented in Chap. 6. Some details

concerning the choice of the basin features and

boundaries condition were however not addressed

in the previous methodological chapter and are

justified hereafter.

7.2.1. Definition of the generic

model

A. Basin shape

Comparison with other scales is done through

the Froude similitude (Peakall et al., 1996). The

similitude concept has been used for decades in

hydraulics studies, and has proved to be ”unrea-

sonably effective” (Paola et al., 2009). It is partic-

ularly adapted to mountain streams that are rel-

atively small systems with coarse material, thus

imply reasonable scale reduction and maintain-

ing turbulent rough flows (Couvert and Lefeb-

vre, 1994). The similitude concept will not be

presented here further in details (see reviews of

Sharp, 1981; Peakall et al., 1996; Paola et al.,

2009; Heller, 2011; Kleinhans et al., 2014; El Kadi

Abderrezzak et al., 2014).

This work did not concern a specific stream

as a case-study that would imply to use a classi-

cal Froude scale model with a specific and fixed

geometrical scale reduction. The idea was, on

the contrary, to perform a small scale version

of a general geomorphic process, model defined

as ”generic Froude scale model” in Peakall et al.

(1996). To design this average deposition basin,

it was first necessary to define a typical geom-

etry roughly representative of the field reality.

While grain size distributions were taken from

the literature (see later), typical sediment trap

basin geometries are, to our knowledge, poorly

available in the literature. Regarding this lack of

information, field investigations were performed:

we visited 31 sediment traps in the French Alps,

in various contexts of slope, sediment transport

process, geology, climate and land use (complete

field visit report in Piton et al., 2015).

The basin shapes, sediment deposition and

basin dredging slopes were measured with a laser

telemeter (Truepulse 300X©). Three dimension-

less parameters were defined to describe the basins’

planar shapes (Fig. 7.1). We introduced the as-

pect ratio L∗, representing the elongation of the

basin along the flow direction:

L∗ = LTot
WTot

(7.1)

with the basin total length LTot (m) and the basin

maximum width WTot (m). We also introduced

the compactness Co∗, which inform on the effec-

tive available area, through the ratio between the

trap basin area and the surface of rectangle with

an equivalent L∗:

Co∗ = Trap basin surface

Maximum surface(L∗) =
∑
iAi

WTot × LTot
(7.2)

with the surface area of the elementary subsur-

face Ai (Fig. 7.1a). The skewness Sk∗ describes

the surface distribution along the flow direction.

It uses values of each subsurface areas, made di-

mensionless with the basin surface Ai/
∑
iAi, and

subsurface gravity center abscissa (Fig. 7.1as),

taken from the basin inlet, L∗Gi, made dimension-

less with half the basin length:
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Figure 7.1 – Definition of the basin shape parameters: a) example of the Roize deposition basin (Voreppe,
FRA.): LX distance along the flow direction, WX transversal width, Ai and Gi elementary
surface area and its gravity center, respectively (aerial photo from geoporail.fr); and b) illustration
of the shape changes depending on each dimensionless parameters on simplified shapes: extreme
examples are simply illustrative, central examples are quantile 20%, the median and quantile 80%
of the 31 trap sample

Sk∗ =
∑
i

LGi
LTot/2

× Ai∑
iAi

(7.3)

The statistical analysis of the 31-structure sam-

ple demonstrated that:

• L∗ varies significantly between traps: L∗20% =
2 while L∗80% = 4.6 highlighting that short

as well as long basins exist;

• Co∗ varies in a less extend with the 20%

and 80% quantiles equal to 0.65 and 0.83

respectively; it means that 1 − Co∗50% ≈
30% of the available area is lost to connect

the basin to the inlet and outlet narrower

sections; and

• Sk∗ nearly does not vary around a centred

value of 0.5 : divergent part of basins are

often quite the symmetric of the convergent

part.

This analysis guided the design of the shape of the

investigation area built in the flume (Carbonari,

2015). On a more general perspective it demon-

strates that basin shapes are not designed follow-

ings some accurate guidelines, but merely adapted

to local topography and constraints.

An aspect ratio of 2 has been chosen for our

experiments. This value corresponds to the quan-

tile of probability 20% of the 31-structure sample,

i.e., to a relatively short configuration. This short

basin has been selected to particularly highlight

the influence of the outlet structure. Conversely,

longer basins would increasingly look like braided

reaches submitted to intense aggradation and the

outlet influence would eventually decrease. The

median values of the Co∗ and Sk∗ were chosen

for the model considering them as influencing the

flows and geomorphic features at the second or-

der, compare to basin aspect ratio.

Three sets of experiments were performed (Fig.

6.3): the first with a slit dam at the outlet (de-

tails in Carbonari, 2015); the next with a simple

ground sill at the outlet on the entire basin width

(details in Mejean, 2015). The basin slope was

fixed for all experiments at 10% (i.e., ≈ Sbasin,50%

of the 31 trap sample, Piton et al., 2015, p. 22).

The basin width of the last set was reduced by

a factor two, to highlight the possible effect of

L∗. In the first configuration, the slit was wide

enough to prevent coarse grain jamming (60-mm

= 3Dmax, Piton and Recking, 2016a). The de-

posit is thus a pure hydraulic control (sensu.

Piton and Recking, 2016a), i.e., steep submerged
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deposit in the backwater area of the slit dam, pro-

grading until establishment of sediment transfer,

in the form of an aspiration cone around the slit

(Zollinger, 1983).

B. Sediment mixtures

Grain size distribution (GSD) of some accu-

rately monitored, steep slope streams were used

to define an analogue GSD shape: the Rio Cor-

don, (ITA.) (Lenzi et al., 1999; Mao and Lenzi,

2007); the Erlenbach and the Pitzbach (CHE.)

(Rickenmann and Fritschi, 2010) and the Manival

(FRA.) (Theule et al., 2012; F. Liébault and A.

Recking, pers. dataset). These streams are here-

after referred to as the ”reference streams”. Each

GSD was made dimensionless with its D50 (diam-

eter such that 50% of the mixture is finer), thus

collapsing all the dimensionless curves on the me-

dian value (Fig. 7.2a). On one hand, the coarse

part of the curves (>50%) are relatively homo-

geneous with the ratio D84/D50 = 3.4±1.0; on

the other hand, the fine tails pretty much differ

between catchments.

Two sediments mixtures were used in our ex-

periments, consisting in natural sediments with

diameter ranging from 0.2 to 20 mm, and here-

after refer to as GSD1 & GSD2. The median

grain size D50 of GSD1 and GSD2 are 3.8 and 2.4

mm, respectively; and the mean arithmetic diam-

eters are of 6.4 and 4.9 mm, respectively (com-

plete dimensionless GSDs in Fig. 7.2a to multi-

ply by the D50s to get the real GSDs). Grain

size sorting being expected, different grain colors

were used to easily observe it (Fig. 7.2b): blue

for D ∈ [14; 20mm], naturally brown and grey for

D ∈ [3; 14mm], naturally white for D ∈ [1; 3mm]
and naturally beige for D ∈ [0.2; 1mm].

Comparing GSD1 and GSD2 to the field data,

their fine tails correspond to relatively coarse mix-

tures, though they remain in the natural variabil-

ity range exemplified by the reference streams. A

200-µm lower limit was actually chosen to avoid

colloidal effects and other undesirable effects re-

Figure 7.2 – The dimensionless GSDs of the torrents
considered, GSD1 and GS2, dots cor-
respond to the sieves used in the mix-
ture preparation; data of the Rio Cor-
don after (after Lenzi et al., 1999; Mao
and Lenzi, 2007); data from Erlenbach
and the Pitzbach (after Rickenmann and
Fritschi, 2010), and data from the Mani-
val (persn. dataset of F. Liébault and A.
Recking).

lated to fine sands / silts in small scale models

(Paola et al., 2009; Heller, 2011; Kleinhans et al.,

2014).

In term of geometric scale λ, here estimated

by λ = D50,prototype/D50,model, it varies in the

range λ ≈ [15; 50] with a mean value ± standard

deviation of λ = 25±12 when comparing both

GSD with the reference streams’. The λ mean

value will regularly be taken as reference to up-

scale our model results, giving thus field-scale

equivalents.
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C. Model flood features

Sediment trap fillings in small catchments are

intrinsically flashy and transient processes. It has

thus been decided to use varying feeding condi-

tions with hydrographs.

C.a. Water discharge

Hydrograph shapes and flood duration strongly

vary between events (Cipriani et al., 2012). The

model seeking to represent average typical floods,

simple triangular hydrographs were used with a

recession duration 1.7-time longer than the ris-

ing limb (Fig. 7.3, same shape as in Armanini

and Larcher, 2001). This slightly longer reces-

sion limb is consistent with the typically observed

hydrographs in monitored mountain catchments

(e.g., D’Agostino and Lenzi, 1996; D’Agostino

and Lenzi, 1999; Rickenmann et al., 1998; Lenzi,

2001; Turowski et al., 2009). The peak water dis-

charge was generally of 2.75 l/s and always >1.6

l/s (Table 1), i.e., ≈ 9m3/s and & 5m3/s, respec-

tively at λ = 25. Such flood discharges are strong

but not extremely high for the reference streams.

C.b. Sediment supply

Facilities

The 10%-steep basin is fed by a 15%-steep,

rough inlet pipe, figuring the upstream torrent

bed. Its 0.25-m width (≈6 m at λ=25) has been

selected narrow enough to prevent sediment de-

posit for such a steep slope. Coarse grains were

glued on its floor and sides to limit flow acceler-

ation and excessive Froude numbers at the inlet.

No inlet check dam, constituting a step in the

profile, has been added (field visits demonstrated

that most of basins are not equipped with such

a structure, Piton et al., 2015); however, a few

cobbles were put at the basin inlet for energy dis-

sipation.

Solid discharges

Computing the bedload transport related to

a given flood event remains an unresolved scien-

Figure 7.3 – Typical boundaries conditions: solid and
water discharges at the inlet, measured
outlet solid discharge and steps of DEM
measurements. For each DEM measure-
ments, the instantaneous solid discharge
can be extracted as well as a mean solid
discharge by difference with the previous
DEM

tific issue, particularly at the event scale (Reck-

ing et al., 2012b; Recking et al., 2016; Chap. 4).

In addition to the non-linearity of the relation

between water discharge and sediment discharge

(Recking, 2013a), hysteresis is regularly reported

(Mao, 2012), as well as varying incipient trans-

port condition (up to one order of magnitude on

the discharge, Turowski et al., 2011). For sim-

plicity (any choice being debatable), the sediment

discharge was set here proportional to the water

discharge.

Various sediment concentration C = Qs/Q ∈
[0.01; 0.05] were used in order to observe varying

deposition intensity: from near equilibrium up to

nearly total deposition, with Q and Qs water and

sediment discharges, respectively (m3/s). Con-

versely, to compare the various experiments the

total volume injected (≈500 kg, i.e., ≈8,000 t at

λ=25) was kept constant between runs. Main-

taining a total sediment supply while varying the

instantaneous concentration imposed either i) to

modify water discharge or ii) to keep the water
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discharge magnitude constant while changing the

flood duration. The second option was chosen

whenever it was possible, to maintain the wa-

ter discharge as high as possible (high but not

extreme as mentioned previously). As a conse-

quence, the experiment durations were inversely

proportional to the concentration. Table 6.1 sum-

marizes the experiment plan.

7.2.2. Measurements

A. Outlet solide discharge

The outlet flows passed by 0.1-mm-pierced

boxes that, once roughly drained were weighed

to measure outlet solid discharges (accuracy ±1

g/s, measurement frequency 1-5 min, depending

on the outlet discharge intensity, e.g., red curve

on Fig. 7.3). The water content has been cor-

rected based on dried samples weighting.

B. Deposit relief

B.a. Measurement set up

Two CANON 100D cameras took pictures from

a trolley circulating over the flume. High qual-

ity digital elevation models (DEM of the eleva-

tion Z for all point X,Y ) were reconstructed with

the HD-pictures and a photogrammetry software

(Agisoft Photoscan). The procedure is accurately

detailed in Chap. 6, consequently, only comple-

mentary information is given here.

B.b. Bed elevation

For all flume point of coordinate X,Y, millimeter-

accurate elevation field ZX,Y were built (Le Guern,

2014). De-trended elevation were also computed

to represent the deposit thickness TX,Y (= ZX,Y −
Sflume ×X, with the flume slope Sflume and the

point abscissa in the flume axis X ). As several

of these DEMs were available for each experi-

ment, the sediment propagation in the model is

described in several steps and deposition/erosion

areas could be deduced.

C. Flow features

The high definition relief measurements have

been coupled with flow surface velocity measure-

ments using large scale particle image velocimetry

(LS-PIV – Fujita et al., 1998; Muste et al., 2010).

The complete procedure is described in Chap. 6.

In sum, a first stage consisted in the interpola-

tion of the flow direction at all flooded points

X,Y from the LSPIV velocity measurements. The

bed roughness standard deviation (σKs) and the

channel slope, hereafter referred to as ”flow slope”,

were extracted from the DEM, specifically along

the flow direction. In a second stage, after the

validation of the Ferguson (2007) friction law in

the experimental condition, the DEM and LSPIV

data were used to reconstruct the water depth

surface distribution from the measured velocity,

flow slope and roughness of the bed.

Surface distributions of flow slope, depth and

velocity, as well as bed roughness and elevation,

were used to characterize the flow features (Froude

number, Shields number) in the model. Measure-

ment uncertainties are likely be quite high but

are balanced by the number of measurements:

the flow features were computed on regular grids

with a 5-mm space between points, resulting in

thousands of values per DEM-LSPIV measure-

ment.

7.3. Results

7.3.1. Geomorphic patterns

A. Braided VS Channelized

When entering the basin, flows and sediment

pass from a steep-laterally-confined to a milder-

laterally-unconfined situation. In this situation,

Zollinger (1983) observed both mono-channelized

and braided fan-shape deposits. In our experi-

ments also cycles of channelized flows and braided

flows were systematically observed (e.g., Fig. 7.4).

Typical cycles begin with a steep fan shape de-

posit at the inlet (Fig. 7.4a top), covered by a
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Figure 7.4 – Typical geomorphic patterns observed in cycles, illustrated by deposit thickness T and pictures of
the flow just before the DEM measurement: a) massive upstream deposit drained by sheet flows,
b) channelized flow eroding the inlet deposit and spreading further downstream, and c) splitting
of the channel in multi-channel braided pattern, new starting of inlet deposit.
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sheet flow: thin layer of water spreading over a

large part of the deposit with marginal prefer-

ential paths and narrow channels (Parker et al.,

1998). The flow is then very shallow with limited

transport capacity, resulting in massive deposi-

tion (Fig. 7.4a bottom). The infiltration rate is

quite high and subsurface flows emerge at the de-

posit toe (Fig. 7.4a top). An efficient grain size

sorting is systematically observed (kinetic sorting,

Frey and Church, 2009; 2011) with percolation of

the finer grains beneath the coarsest that rapidly

organized themselves to form an armour (Fig.

7.4a middle). This armour makes the deposit rel-

atively stable, allowing the slope to increase up

to a maximum before armour breaking (Bacchi

et al., 2014).

Armour breakings are generally rapid and sud-

den. Their precise triggering process is not yet

clear. Mere surface flows generally result in small

armour rearrangements and additional grain de-

position. In parallel, small, local, en-masse mo-

tions of water saturated material, without surface

flow, were also observed on the steep deposit (for

instance associated with toe erosion), looking like

geomechanical failure initiation or granular flow.

Sub-surface flow definitively facilitates this mech-

anism. Eyes observation let us think that effec-

tive failure triggering is a combined effect of sur-

face flow shear stress and deeper geomechanical

failure correlated with sub-surface flow. A sec-

tion of the fan is then abruptly transported down-

stream, creating a preferential path in the quite

regular fan shape deposit (Fig. 7.4b). This inci-

sion concentrates all flows, transforming the sheet

flows or braided pattern in a deeper channelized

flow. The armour breaking additionally releases

the fine subsurface material that smooths the bed

(Fig. 7.4b middle). The combination between

flow channelization and bed smoothing thus gen-

erate a self-reinforcing feedback mechanism that

enhances the flow transport capacity. The geo-

morphic changes during this step are consequently

very fast. This dynamics stops relatively rapidly,

as soon as the inlet deposit has been eroded, ex-

hausting the main sediment source. The result-

ing channel slope near the inlet is then quite mild

triggering a new inlet deposition cycle.

The above process transports efficiently the

sediments downstream (Fig. 7.4b & c): i) at

the fan toe, leading to a new deposit spread on

the initially dredged basin (initial steps, simi-

lar to fan-lobes - Reitz and Jerolmack, 2012);

or, ii) out of the model if the downstream chan-

nel has sufficient transport capacity (final steps).

Namely, water flowed in a main channel with

shallow, marginal secondary paths (Fig. 7.4b)

or in braided patterns (Fig. 7.4c), depending on

bar deposition dynamics and upstream flow type.

These flows transported the upstream sediment

supply and spread it in the basin, building lobes,

terraces and wandering channels. Flows were thus

gradually constrained by the terraces in construc-

tion. As soon as an active channel was built, with

continuous transport capacity from the inlet to

the outlet, the geomorphic cycle nearly stopped.

The inlet supply was then generally continuously

transported through the channel. The channel

eventually wandered in the basin with lateral

bank erosion and bar deposition on the other

bank. This phenomenon eventually remobilized

significant former deposit from the terraces (see

later).

B. Deposition slope cycles

Vertical fluctuations of the deposition elevation

were observed. There is thus not a unique value

of deposition slope but rather a range of slope

within which a dynamic-equilibrium fluctuates.

Bulk longitudinal profiles of the deposits were de-

fined by considering all bed elevations ZX,Y for

each abscissa X along the flume (Fig. 7.5). These

profiles were plotted with ZX,Y , illustrating the

deposit slopes (Fig. 7.5 bottom), but also with

TX,Y illustrating deposit thickness (figuring its

propagation in the basin - Fig. 7.5 top); or with

the evolution of the deposit thickness between

two DEM measurements (dTX,Y = TX,Y ;DEMi −
TX,Y ;DEMi−1), illustrating the basin part where
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Figure 7.5 – Mean longitudinal profiles and uncertainties ranges of: the deposit thickness TX,Y (X,∀Y ) figuring
the deposit repartition along the basin (top), the thickness evolution dTX,Y (X,∀Y ) (middle),
showing the recently morphologically active section and the bed elevation ZX,Y (X,∀Y ) (down)
on which the slopes Sdep and Sout are measured for a) an erosion event in the middle part of the
basin and b) a deposition event in the upper part of the basin (Run nDG2/W2.3, no slit dam at
the outlet)
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sediment transport and geomorphic activity was

the more active (Fig. 7.5 middle). In the up-

stream principally active section, the mean de-

posit slope Sdep, considered as representative of

the recent geomorphic activity, has been mea-

sured by a linear fit between ZX,Y and X (∀ Y )

(visual selection, e.g., Fig. 7.5a & b). Down-

stream of this section the outlet mean slope Sout,

defined by a linear fit also, may be a driver of the

outlet sediment flux.

Evidence of geomorphic cycles can be found in

the three longitudinal profile types but they are

more obvious in the Thickness evolution dT which

is negative after armour breaking and erosion, and

positive during deposition cycle (compare 7.5a &

b).

C. Fans VS deltas

From a mere longitudinal profile perspective,

the process look like general aggradation of a

reach submitted to an intense increase in sediment

load. However, the deposit shape was definitively

3D. From, this point of view, the deposition in the

basin has a strong similarity with fans creation:

spreading of sediment in a laterally unconfined

environment.

Conversely, the presence of the small flooded

area near the slit dam generates a hydraulic trap-

ping of the deposit front in the slit vicinity. Sed-

iment entering this high water depth area builds

a steep front with an avalanche process. Conse-

quently, the deposition shape more looks like a

delta with a submerged steep slope and atop, a

milder slope. If the delta front reaches the slit

dam, sediments are eventually transferred down-

stream and the sediment continuity is partially

re-established (Zollinger, 1983).

The difference created by the hydraulic trap-

ping is obvious on the longitudinal profile (Fig.

7.6). The additional deposition thickness at the

outlet (∆Z) elevates the fulcrum of the bulk lon-

gitudinal profile. This similar, though more ele-

vated, deposit envelops, results in a larger trap-

Figure 7.6 – Longitudinal for similar supply condition:
a) with a slit dam at the outlet, and
b) without slit dam at the outlet: quite
similar deposition slopes but elevation of
the downstream fulcrum at a thickness
δZ related to the hydraulic control of the
deposit front.

ping effect, proportional to ∆Z and to the basin

surface. The bulk deposition slope upstream of

the fulcrum is quite similar between experiments

with similar supply condition (e.g., Fig. 7.6).

In essence, the sediment deposition process in

the model combines a forward dynamics of aggra-

dation/fan creation, with an eventual backward

dynamics of delta fulcrum changes when the basin

outlet is equipped with a slit dam (Piton and

Recking, 2016a). Both effects are most of the

time coupled and the fan dynamics is basically

adjusted to the downstream delta-boundary con-

dition.

During the hydrograph recession, the delta

tends to disappear. Namely, the formerly sub-

merged steep slopes progressively emerge and are

rapidly recruited by the flows reaching the slit and

wandering upstream, letting few lateral perched

terraces on the basin sides. The massive delta de-

position occurring during the hydrograph rising is

therefore considerably self-cleaned after the flood

peak (Zollinger, 1983; Piton and Recking, 2016a).
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7.3.2. Deposition slope analysis

The deposition and outlet slopes are analysed

further in details in the following section. They

are analysed jointly, Sdep being representative of

the upstream part of a basin with a more diverse

fluctuation than Sout, where the effect of lateral

confinement relaxation has ever been buffered.

A. Influence of the grain size and solid

concentration

Consistently with the theory, both slopes Sdep

and Sout increase with the grain size (Fig. 7.7a

& b) and inlet solid concentration (Fig. 7.7c).

The fluctuation range however makes the mea-

surement over-lapping between concentration and

grain sizes. Consequently, a unique measurement

of the deposition slope seems insufficient for com-

puting the concentration by sediment transport

law inversion. The inlet deposition Sdep fluctu-

ates on a larger range than the downstream slope

Sout.

B. Influence of the deposit roughness

and grain size sorting

Very efficient grain size sorting has systemati-

cally been observed. The flow slope tend to adjust

depending on the solid transport efficiency, which

itself depends on the channel roughness (Yu et al.,

2012; Recking, 2014). Slope should increase when

the grain size increase. Parker et al. (1998) pos-

tulate that fan creation may settle at nearly con-

stant dimensionless shear stress, close to the crit-

ical shear stress: higher shear stress would trans-

port downstream the sediment while lower shear

stress would make sediment settles immediately,

increasing the slope:

τ∗ = Sd

(s− 1)D84
≈ τ∗cr (7.4)

with the dimensionless Shield stress τ∗, the slope

S (m/m), the water depth d, the sediment density

s (kg/m3) and the critical Shields stress for incipi-

ent motion τ∗cr. Many values were proposed for τ∗cr

(Shields (1936) proposed 0.06, while Meyer-Peter

and Müller (1948) proposed 0.047). Recent re-

searches suggest that this parameter change with

the slope (Mueller et al., 2005; Lamb et al., 2008;

Recking, 2009). Recking et al. (2008b), used a

dataset extending to slope up to 9% and proposed

the following equation:

τ∗cr = 0.15× S0.275 (7.5)

Computing the Shields stress on the deposit

needs to estimate both the grain sizes and the flow

depth. From our experimental data, the grain

sizes of the deposit have been estimated using the

deposit roughness and a calibrated relation be-

tween roughness standard deviation and grain size

(D84,eq. ≈ 7σKs, based on 93 Wolman (1954) sur-

face counts, see Chap. 6). Computing the water

depth is more complicated. As first approxima-

tion, Recking et al. (2016) proposed an equation

to estimate the water depth:

d = 0.015D84
q∗2p

p2.5 (7.6)

where q∗ = q/
√
gSD3

84 with p = 0.24 if q∗ < 100
and p = 0.31 otherwise, q = Q/W is the water

unit discharge (m3/s.m) and g is the gravitational

acceleration (m/s2). One can introduce Equation

7.6 in the Shields stress definition (Eq. 7.4) using

Equation 7.5 to estimate τ∗cr:

τ∗cr = 0.015D84q
∗2pS

p2.5(s− 1)D84
= 0.15× S0.275 (7.7)

The equation may be rearranged to estimate the

deposition slope at the critical shear stress for a

given grain size and specific discharge, in our case

with s=2.65, and p = 0.24 since q∗ < 100 in our

conditions:

S = 0.64 D1.48
84

(Q/W )0.99
∼= 0.64 D

3/2
84

Q/W
(7.8)

This approach needs a definition of the driv-

ing channel morphology to define W . We pos-
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Figure 7.7 – Statistical distribution of upstream deposition and outlet deposition slopes: a) Sdep VS sediment
mixture, b) Sout VS sediment mixture and c) Sdep and Sout VS solid transport concentration.
Sdep is generally steeper than Sout and experiences fluctuations on a larger range. Consistent
correlation with steeper, though quite variable, slopes with coarser and more concentrated supply
(experiments with C=0.01 have only been carried on with the coarser GSD1, measurement are
thus generally steeper than C=0.02, an artefact of the grain size influence)

Figure 7.8 – Slope VS equivalent grain size deduced from channel roughness and comparison with a critical
Shield stress hypothesis (Eq. 7.8): a) Sdep and Sflow in the upstream active section, and b) Sout

and Sflow in the downstream, less active section

164



7.3. RESULTS

tulate here, that the entrance of the deposit,

where the processes are the more active, is con-

nected with the upstream channel, and that the

morphodynamics width can be approximated by

this upstream channel width (whose width has

been selected to figure a somewhat natural width,

without deposit, nor excessively energetic flows).

This is consistent with our observations: the to-

tal width of the active channels was seldom nar-

rower than ≈0.2 m and alternatively wider than

≈0.3 even further in the basin. This analysis

should be pushed further using image analysis of

the experiments. In the following, the condition

W = 0.25cm± 25% is used.

Q varies between Qpeak and 0 during the exper-

iment. The slope computation, using Eq. 7.8, has

been performed for three discharge values: Qpeak,

Qpeak/2 and Qpeak/4 to highlight the eventual ef-

fect of the varying hydraulic forcing (Fig. 7.8).

The slope data plotted in Figure 7.8 are mean

values for the upstream and downstream sections

Sdep and Sout, computed using the linear fits

of the bulk elevation profiles (e.g., Fig. 7.5 &

Fig. 7.6). Sflow and D84,eq. were extracted from

photogrammetry-LSPIV analysis (Chap. 6), on

the same upstream and downstream areas.

Mean slope measurements in the upstream,

very active part extend on a wider range (Sdep ≈
0.1−0.4) than in the downstream, less active part

(Sdep ≈ 0.08 − 0.15). Interestingly, their values

seem consistent with the simple critical Shield

stress hypothesis (red curves, Eq. 7.8). The vari-

ability in the deposition slope for a given rough-

ness being consistent with the variable hydraulic

forcing (i.e., water discharge – 3 different curves).

Indeed, more details analysis of the slope varia-

tions demonstrate trend of steep deposition at the

beginning and at the end of the experiments, i.e.,

for low discharge; and milder deposition slope at

the peak discharge (not shown here, see details

in Mejean, 2015). The difference between deposit

and flow slopes is visible in the upstream basin

part where channels are more regularly braided

Figure 7.9 – Slope Sflow VS equivalent grain size de-
duced from channel roughness and com-
parison with a critical Shield stress hy-
pothesis (Eq. 7.8) for all flow reconstruc-
tion data: widespread conditions with
a significant concentration of measure-
ments within the flow range described by
the critical Shield hypothesis

and bias compare to the basin axis (compare Sdep

and Sflow in Fig. 7.8a). This difference seems

to disappear in the downstream basin part where

the flows are more usually parallel to the basin

axis (Fig. 7.8b).

These mean values are completed in Figure

7.9 by a comparison between the measured lo-

cal slopes (interpolation 5mm× 5mm-grid on the

flooded area of all experiments, i.e., ≈1.7M cu-

mulated data on the complete dataset) and the

computed slope (Eq. 7.8), against the bed rough-

ness. There is a clear concentration of data within

the conditions described by the critical Shields

hypothesis for the considered range of hydraulic

forcing.

7.3.3. Flow features

The above analyses are mere topographical ex-

tractions that consider the LSPIV measurements

only by the flow directions (flow slope and rough-

ness σKs being extracted along the flow direc-

tion); but that certainly not consider the flow ve-

locity magnitudes. In a second step, we tried to
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Figure 7.10 – Spatial repartition of the reconstructed
Froude number in a) a braided bed with
mostly subcritical flows and b) a chan-
nelized bed with mostly supercritical
flows

qualify the flow features on the deposit depending

on its geomorphology and slope.

A. Froude VS Geomorphology

Braided patterns were generally steeper but

more paved than the armour breaking-channelized

flows. Froude number was computed using the

simplified equation (Chanson, 1999):

Fr = V√
gd

(7.9)

with V, the depth averaged velocity and d the

reconstructed water depth (using the Ferguson

(2007) law and the local values of slope, roughness

and V ; see Chap. 6 for the complete measurement

and computation procedure). The flows illus-

trated in Figure 7.10 exemplify typical flow con-

ditions with multichannel and channelized flows.

The braided patterns were generally steeper but

their rougher beds induced lower, subcritical flow

conditions (Fig. 7.10a). On the contrary, tran-

sient incisions and massive sediment export gener-

ally occurred under supercritical flows on smoother

beds (Fig. 7.10b). Secondary flows paths, on the

sides of the main channels usually occurred in

subcritical conditions due to their shallowness.

B. Froude VS Slope

The flow slope, Froude and Shield numbers of

the reconstructed flows were extracted. Froude

numbers are plotted against flow slope in Figure

7.11. Most data are in the range 0 < Sflow < 0.2.

Froude number seems to increase with slope, if

the latter is milder than ≈ 0.1. On the contrary

a superior envelop, inversely correlated with the

slope, seems to appear for S & 0.1: it is the con-

sequence of increasing roughness and flow spread-

ing with increasing slope, a feedback mechanism

of geomorphology on the hydraulics.

Various critical Shields values were used to

evaluate the changing Froude number with trans-

port stage (τ∗/τ∗cr). Indeed, most our flow data

correspond to shallow flows spread over terraces

experiencing low τ∗/τ∗cr values, and are subcrit-

ical. On the contrary, flows experiencing high

transport stage were systematically observed with

a higher Froude number when filtering the data

where τ∗/τ∗cr > 1, the range being obviously τ∗cr-

dependent (see later). Since the critical Shields

parameter is computed for D84, there is still some

possible, though less intense, sediment transport

and morphological adjustments for τ∗/τ∗cr<1 (Bac-

chi et al., 2014). There is consequently a contin-

uous transition rather than a clear threshold be-

tween morphologically active and inactive flows,

whose Froude consistently tend to decrease.

The Froude numbers for the complete dataset,

as well as for flows experiencing high transport

stage for diverse τ∗cr definition are illustrated in

Figure 7.12. The flows are generally subcritical

but high transport stage flows definitively have

higher Froude numbers. Since Froude, Shields

and slope are correlated (Lenzi, 2001), this result

could be expected. More interestingly, the high-
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Figure 7.11 – Froude number VS flow slope and indicative limits of transport stage (τ∗/τ∗cr), based on
complementary filtering computations: most flows are subcritical, though the morphologically
active flows tend to have Froude number approaching the critical value of 1. An superior envelop
inversely correlated with the slope seems to appear: it is the print of increasing roughness and
flow spreading with increasing slope, a feedback of geomorphology on hydraulics

Figure 7.12 – Froude number statistics of the com-
plete data set (≈ 1.7M data) and fil-
tered with varied threshold value of
Shields number highlighting that mor-
phologically active flows approach a crit-
ical Froude number

est Froude values seldom overpass ≈ 1.5 − 2 and

there is a clear concentration around Fr ≈ 1, i.e.,

critical flows. The flow energy being minimal for

critical flows (Grant, 1997), it seems that, the sys-

tem adapts its channel morphology to approach

this optimum, providing that the flows have a suf-

ficient transport capacity to adjust it the bed mor-

phology.
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7.3.4. Sediment transport

The outlet sediment flux encompasses all sed-

iment transport processes occurring in the basin

and may change depending on the type of struc-

ture (slit dam or ground sill).

A. Outlet structure effect

In all experiments armour breakings produced

intense sediment pulses inside the trap, but differ-

ent exports were measured at the outlet, depend-

ing on the basin configuration (with and without

slit dam). Without outlet structure constraining

the transport dynamics (ground sill configura-

tions, Fig. 6.3b &c), peak solid discharge could

propagate at the outlet (Fig. 7.13a). Conversely,

the hydraulic trapping induced by the slit dam

(Fig. 6.3a) tended to buffer these pulses (Fig-

ure 7.13b), confirming the theoretical capacity

of hydraulic control structure to dose instanta-

neous high peak of the upstream sediment trans-

port (Armanini et al., 1991; Hübl et al., 2005;

D’Agostino, 2013a; Piton and Recking, 2016a).

B. Hydrograph effects

In absence of hydraulic control or mechanical

blockages, the outlet sediment discharge is corre-

lated with the water discharge, with a maximum

export nearly coinciding with the peak discharge

(Fig. 7.14a). A slight hysteresis could however

be observed with peak solid discharge usually oc-

curring a bit later than the water discharge. This

hysteresis can be explained by the terrace con-

struction and accumulation necessary to create a

continuous active channel.

Conversely, the dynamics changed in the slit

dam configuration. The slit dam hydraulic trap-

ping was maximal at the flood peak, increasing

the trap storage (Fig. 7.6). Subsequently, self-

cleaning produced a peak sediment export dur-

ing the hydrograph recession (Fig. 7.14b). It

was related to the efficient erosion of the formerly

submerged delta with decreasing water stage (and

consequent upstream terraces recruitment by chan-

Figure 7.13 – Probability density function of outlet
sediment transport of the 8 GSD1-
experiments, a) 4 experiments with a
mere ground sill at the outlet experi-
encing erratic intense sediment pulses,
and b) similar 4 experiments with a slit
dam at the outlet: structure inducing
hydraulic trapping and dosing the up-
stream basin sediment transport

Figure 7.14 – Inlet and outlet solid discharge of simi-
lar supply with a) a simple bed sill at the
outlet: after some deposit, a strong sed-
iment release occurs near the flood peak
and decreases during the end of the re-
cession and b) a slit dam at the outlet:
sediment transfer occurs mainly during
the hydrograph recession (self-cleaning)
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nel wandering). Nevertheless, the slit dam tended

to trap more sediment than the ground sill, both

at the flood peak and for the overall experiments.

7.4. Discussion

7.4.1. Evidences of scale

invariance

The small scale models experiments presented

in this work were built with respect to the Froude

similitude, with a quite low geometrical scale re-

duction (λ ≈ 25). However, several recent works

studying the geomorphic construction of much

larger landscape formations (e.g., alluvial fans,

fluvial delta) also show impressive similarities

with our observations. Deposition and erosion

dynamics are thus likely partially scale invariant

justifying the interest of small scale model (Paola

et al., 2009).

A. Similarity with fans creation

Parker et al. (1998) proposed a strategy for

hydraulic computation of fan formation. They

yet distinguished the dual channelized and sheet

flow morphologies. They described that sheet

flows were prone to deposition at the fan apex,

as has been observed during our inlet accumula-

tion phases. Conversely, the transport capacity of

channelized flows was higher and resulted in bet-

ter transfers toward the fan distal part in their

analysis, consistently with our observations too.

Actually, these flow patterns co-exist and occur

in cycles that are autogenic, i.e., self-induced,

by systems experiencing total deposition (Muto

and Steel, 2004; Van Dijk et al., 2009; 2012; Re-

itz and Jerolmack, 2012). Reitz and Jerolmack

(2012) provide a particularly clear conceptual de-

scription of the coupling mechanism between fan-

channel morphodynamics and lobe formation at

the fan toe, which necessarily results in cycles of

braided / channelized flows. Consistently with

their theory, we observed that these cycles nearly

totally disappear when the sediment continuity

is re-established at the outlet of the trap. Higher

geomorphic instability seems thus intrinsically re-

lated to total sediment deposition.

In our experiments, bed channelization was

systematically associated with armour breaking,

leading to very rapid bed erosion, similarly to

what was described in in narrow flumes with lat-

erally confined flows (Kuhnle and Southard, 1988;

Recking et al., 2009; Bacchi et al., 2014). It is in-

teresting to denote that geomorphic cycles on fan

formation experiments have been observed even

over uniform grain beds (e.g., Muto and Steel,

2004; Van Dijk et al., 2009; 2012). We suppose

that autogenic geomorphic cycles are exacerbated

by the grain size sorting effects: i) enhancing

transport capacity of channelized flows due to

fine sub-surface material releases; and ii) increas-

ing the stability of sheet and braided flows due to

stronger armouring by kinetic sieving.

B. Similarity with delta dynamics

Depositions occurring in a totally flooded basin

have slightly different dynamics than our exper-

iments because mouth bars form directly at the

channel outlets. Conversely flow spreading and

lobe creation can expend further in slightly in-

clined alluvial plains (Van Dijk et al., 2012), the

difference lying in the channel downstream total

accumulation (delta and mouth bar formation) or

partial export further (lobe formation). Fan dy-

namics are definitively driven by their toe deposi-

tion or erosion trends (Harvey, 2012), which shift

toward delta-type dynamics in flooded area, e.g.,

in basins equipped with slit dams.

Delta shape deposit are regularly reported in

open check dams (Dodge, 1948; Armanini and

Larcher, 2001; Jordan et al., 2003). The delta ful-

crum, i.e., inflexion point between the steep front

slope and the milder top slope, classically set-

tle near the flooded area free surface in laterally

unconfined configuration (Jordan et al., 2003),

and slightly below in laterally confined basin (Ar-

manini and Larcher, 2001).
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Similar pattern are reported, at an interme-

diate scale, for gravel deposition in dam reser-

voir, that classically develop delta-type dynamics

(Morris et al., 2008). The remobilization and

transfer in the reservoir during reservoir draw-

down and flushing operations could be better

understood by combining sediment trap obser-

vations with the broader literature on delta geo-

morphic adjustments.

Paola et al. (2009) reviewed experimental work

describing delta formation. Works addressing the

effect of varying sea level on delta adjustments

are of particular interest for their similarities with

open check dam filling and self-cleaning. Compu-

tation strategies that may be extended to open

check dams have been proposed, for instance by

Hotchkiss and Parker (1991) and Lorenzo-Trueba

et al. (2013). Muto and Steel (2004) have de-

scribed delta front shifting during sea level re-

cession, with the upstream formerly deposited

volumes being eroded and recruited by the wan-

dering active channel, a process very similar to

what we observed in our experiments during self-

cleaning events. In case of massive sediment sup-

ply, Petter and Muto (2008) described possible

disconnection occurring between upstream fan de-

position and downstream delta dynamics, leading

to steep deposition at the inlet and nearly clear

water flow in the downstream part of the basin;

this was also observed in our experiment with

highest sediment concentration (Mejean, 2015).

7.4.2. Feedback between flow

features and deposit morphology

Grant (1997) speculated that supercritical flows

should be seldom encountered in the field be-

cause channel morphology tends to rapidly ad-

just under excessively energetic flows. This as-

sertion has been consistently confirmed by hy-

draulics field measurement demonstrating gen-

erally subcritical or near critical flow conditions

in mountain streams (Lenzi, 2001; Zimmermann

and Church, 2001; Comiti et al., 2007; Nitsche

et al., 2012; Recking et al., 2012a) . There is

thus a non-intuitive inverse correlation between

Froude number and slope. This correlation re-

sult from adjustments of the channel roughness

that tend to considerably increase in the moun-

tain stream steepest sections. This phenomenon

has been thoroughly described by Schneider et al.

(2015) in a stream with a one-order in magnitude

increase in slope and Froude number lower in the

≈40%-steep section, compare to the milder, 3-4%-

steep upstream section. Continuous field LSPIV

recent measurement on a steep stream confirmed

globally subcritical or near critical flows (Ran et

al., 2016). These observations however generally

concerned inactive or weakly morphologically ac-

tive flows.

In our observation, flows were consistently nat-

urally subcritical most of the time. The morpho-

logically active flows shift toward a critical Froude

number or only slightly higher (Fr<1.5-2 most of

the time). It is consistent with a system adjusting

its geometry toward a minimum of energy. The

critical flow hypothesis of Grant (1997) seems to

be a correct first approximation when describing

massive bedload depositions that may self-adjust

their channel widths.

On the contrary, in laterally confined config-

urations (bedrock channels or bank protection),

this width adjustment cannot occur, resulting in

possible much more supercritical flows. Le Bour-

sicaud et al. (2016) for instance observed Froude

number of about 2.6 (uncertainty range [2.0,3.8])

in a 6.3%-steep cut stone-protected channel dur-

ing pulsatile bedload laden flows (discharge : 22 m3/s,

uncertainty range [11;33 m3/s]), confirming the

existence of quite supercritical flows in specific

conditions.
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7.5. Conclusions

The relative recent development of image anal-

ysis techniques make possible to study torrential

flows, phenomena insufficiently known so far be-

cause fast, violent and dangerous. More partic-

ularly, the flow measurement and reconstruction

method developed in Chapter 6 has been used to

enrich our comprehension of massive bedload de-

position.

A generic Froude scale model of a bedload de-

position basin has been built. Its features were

defined from a field survey of 31 structures located

in diverse environments of the French Alps, and

from literature data. Simplified supply conditions

were used. The increasing sediment concentra-

tion resulted in increasing deposition intensities

(steeper slopes). The deposition process was how-

ever far from being a continuous propagation of

an aggradational profile: autogenic fluctuations

of deposit under sheet flows / braided pattern

were periodically troubled by dramatic incision

of the deposit, with downstream sediment trans-

port pulses. Such autogenic cycles are typical of

depositional systems (alluvial fans, fluvial delta)

and evidences of scale invariance are pointed out.

Designers could therefore found complementary

elements concerning the structure functioning in

the literature dedicated to these larger geomor-

phological formations.

Our accurate photogrammetrical measurements

combined with LS-PIV analysis allowed to mea-

sured the relatively high variation range of the

deposition slope. Interestingly, the slope range

seems to be correctly capture using a new equa-

tion (Eq. 7.8), whose development is based on

the hypothesis that the depositional systems de-

velop under nearly critical Shield stress (Parker

et al., 1998) . Equation 7.8 encompasses (i) a

slope-dependent critical Shields estimation, de-

veloped in experimental conditions with slope up

to 9% (Recking et al., 2008b); (ii) a reformula-

tion of the outstanding Ferguson (2007) friction

law and, in our experiments, (iii) an estimation

of the grain size deduced from the bed roughness

(Chap. 6). Equation 7.8 deserved to be tried

and tested on other datasets before to be used for

structure design. We can only stress that it has

the merit of (i) being based on the state of the

art knowledge of the gravel threshold for motion

(i.e., positively slope-dependent), (ii) accounting

for the importance of coarse elements (i.e., use of

D84 rather than D50), and (iii) encompassing the

friction law deviation from the Manning Strick-

ler formulation typical of low submergence flows

(i.e., use of a reformulation of Ferguson, 2007).

In a second stage, reconstruction of flow spa-

tial distributions highlighted that most flows were

subcritical despite quite steep slopes. It once

again confirms the trend of alluvial systems to

adjust their roughness and channel size. More

interestingly, when filtering the data that expe-

rience τ∗/τ∗cr > 1, i.e., when focusing on mor-

phologically active flows, the Froude number ap-

proachs the critical value. These measurements

seem to confirm the ”critical flow hypothesis” of

Grant (1997) who assumed that alluvial systems

would adjust their morphology toward a mini-

mum flow energy, and consequently, that high

Froude number would not be stable in time.

Following these preliminary analysis, this dataset

may be used to try and test, or to develop, more

accurate models and numerical approaches of our

out-of-equilibrium experiments. Ultimately, it

would be possible to address numerical approaches

of detailed velocity fields, geomorphic adjustments,

sorting patterns and / or fluxes dynamics, with

and without structures. Considering the chal-

lenge, the authors would be happy to launch col-

laborations on these subjects.
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Notation

The following symbols are used in this paper:

Ai = trap basin ith subsurface area (m2);

C = sediment concentration = QS/Q (-);

Co∗ = dimensionless trap basin compactness

(Eq. 7.2)(-);

D = sediment diameter (m);

D84,eq. = equivalent sediment diameter deduced

from correlation with the bed roughness

7σKs (m);

d = water depth (m);

Fr = Froude number = V/
√
gd (-);

g = gravitational acceleration = 9.81 (m/s2);

L∗ = dimensionless trap basin aspect ratio (Eq.

7.1)(-);

L∗
Gi = trap basin ith subsurface gravity center

abscissa, taken from the basin inlet (m);

LTot = trap basin length, along the main flow

direction (m);

KS = local bed roughness

= ZX,Y − ¯ZX±DMAX/2,Y±DMAX/2 (m);

p = dimensionless parameter of Eq. 4.6 (-);

Q = water discharge (m3/s);

q = unit water discharge = Q/W (m3/s.m);

q∗ = dimensionless unit water discharge (Eq.

7.6) (-);

QS = sediment discharge (g/s);

Sdep = bed slope measured along the flume

direction X, in the upstream part of the

trap (m/m);

Sflow = bed slope measured along the flow

direction, anywhere in flooded areas

(m/m);

Sflume = Flume slope = 10% (m/m);

Sout = bed slope measured along the flume

direction X, in the downtream part of the

trap (m/m);

Sk∗ = dimensionless trap basin skewness (Eq.

7.3)(-);

s = sediment density = 2.65 (-);

T = deposit thickness, de-trended bed

elevation, i.e., = ZX,Y − Sflume ×X (m);

u∗ = shear velocity =
√
gdS (m/s);

V or V̄ = mean velocity integrated over the flow

depth(m/s);

W = flow width (m);

WTot = trap basin width, transversally to the

main flow direction (m);

X,Y = point spatial coordinate (m);

Z = bed elevation (m);

σKS = standard deviation of KS , computed

along the flow direction (m);

∆Z = delta front thicknessgrid size in the X and

Y direction, respectively (m);

λ = scale reduction of the model (-);

τ∗ = Shields stress (Eq. 7.4;

τ∗
cr = Critical Shields stress for incipient motion

(Eq. ??;

= Subscripts:

¯. . . = mean value of . . . ;

. . .MAX = maximum value of . . . ;

. . .X,Y = value of . . . at the coordinate X,Y ;

. . .X% = Quantile of . . . with probability X%;
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”The reward you get for digging holes is a bigger shovel.”

T. Pratchett, I Shall Wear Midnight

Conclusions et Perspectives

A
ll chapters of this manuscript being self-standing, they contain their own specific conclusions.

This section gives thus a general perspective and reminds the essence of the thesis. Our

work tries to link conceptual geomorphology perspectives with as much as possible quantitative,

physically/empirically-based knowledge. This is, in addition, completed with several concisely

reported cases exemplifying our explanations and conceptual descriptions.

In sum, check dams and open check dams are widely used structures in torrent hazard mitigation:

• Check dams are basically dedicated to stabilize geomorphic systems experiencing excessive

erosion;

• Open check dams should trap transported solid materials that aggravate downstream flood

hazards.

In general these assertions remain true. The situations are however highly divers and regularly more

complicated in the details. Torrent control is thus prone to misunderstanding, possibly resulting in

incorrectly designed structures and waste of public money, in the best cases.

8.1. Check dam complex duty

Check dams in Alpine streams have multiple possible effects that are far from being negligible.

These effects are called functions in the risk analysis jargon. Several functions emerge from the

complexity of mountain stream geomorphology, i.e., form coupling and feedback loops involved in

erosion and transfer processes (Keiler, 2011). Chapter 1 tried to clarify the varied expected check dam

functions, and thus, implicitly details the various couplings existing in mountain stream environments:

• When armour breaking occurs, headward propagating erosion generally follows, recruiting

additional material and destabilizing banks and vegetation (Zeng et al., 2009). The bed
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stabilization function of check dams roughly consists in stopping this in-stream coupling between

an incised point and its upstream reach (Heede, 1986). The structures also guide and constraint

flows’ directions, thus stabilizing the planar stream dimension, in addition to its vertical one

(Deymier et al., 1995).

• Hillslope movements are partially driven by their bottom erosion, i.e., by valley incision (Egholm

et al., 2013). Inversing the natural incision process by elevating the valley floor with a check dam

may consequently slow down the hillslope instability. Consolidation check dams take advantage

of this hillslope-thalweg coupling to limit sediment production at the source.

• Mountain streams are generally paved by boulders self-organized in stable patterns (Church and

Zimmermann, 2007). They are therefore generally excessively steep, though relatively stable

(at least most of the time; see Chapter 4 for the possible geomorphic scenarios of bed stability

/ type of sediment supply and resulting transport capacities). The creation of alluvial reaches

results from the conjunction between these high gradients and check dams built above the

streambed level. Sediment and boulder deposit in these backfilled reaches, usually producing

gentler slopes than the initial paved profile.

• These milder reaches are constituted by the actually transported material, building check dams

thus results in sediment storage: a retention function. In the suitable locations, this retention

capacity is eventually huge, up to several millions of cubic meters for a few giant structures

(e.g., Wang and Kondolf, 2014).

• Finally, by definition alluvial reaches have slope balanced with solid transport efficiency, water

and sediment supply. Both supply and transport efficiency fluctuate in mountain streams

(Recking et al., 2009; Jerolmack and Paola, 2010; Van De Wiel and Coulthard, 2010; Recking,

2014) resulting in successive sediment storages and releases (Fryirs, 2013). This phenomenon

possibly induces a sediment transport regulation (Gras, 1857; Jaeggi, 1992) which has been

studied in laboratory, in a ”reduced complexity model”(Paola and Leeder, 2011), and is discussed

in Chapter 5. This last function deserves complementary investigations since its importance in

the sediment cascade is still unknown (see later).

Check dams thus control sediment transport by influencing the production (hillslope consolidation)

and the in-stream recruitment (bed stabilization). By forcing alluvial reaches’ creation, they even-

tually change the stream gradient and consequently the flows energy and transport capacity. A

buffering effect may then emerge from the expression of sediment transport allogenic and autogenic

fluctuations in an environment segmented by check dams. They also constitute mere sediment storage

structures.

Stabilization remains the main function of check dams. We however thought important to stress

that some theory existed, for quite a long time, about the other possible effects. It may explain the

presence of some structure in surprising locations. It is now the role of engineers and researchers to

judge on the relevance to maintain / adapt / abandon some of these structures depending on the

eventual changes in the available techniques, catchment activity and related elements at risk, not a

straightforward mission.
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8.2. Open check dam complex duty

8.2.1. Generalities

Open check dam are expected to trap solid materials that aggravate flood hazards (sediment

and woody debris). Our observation during field visits let us think; they more usually trap nearly

all materials transported by the streams. This situation is not satisfying from both a local and a

broader perspective because (Carladous et al., 2016c):

At the local scale (from the catchment headwaters to the open check dams):

• The material supplied by non-extreme floods partially fill the structures, diminishing their

capacity to handle the hazardous events;

• Consequently, structure managers spend time and money to dredge these materials that did

not threaten the downstream elements at risk;

At a broader scale (downstream of the open check dams):

• Fan channel bank protection and embankment may be naturally necessary to prevent fan

flooding and avulsion (planar stabilization). Concerning the vertical dimension, examples of

dramatic fan channel degradation downstream of sediment traps are numerous (e.g., Chap.

2). Disrupting the catchment sediment supply results in recruitment of sediment further

downstream on the fans. Fan bed sills, artificial channels, and additional structures are thus

usually necessary to counterbalance effects induced by upstream works (e.g., on the Roize -

Chap. 4). One can think that some optimizations are possible and desirable to limit unwanted

secondary effects (Heede, 1986), although they will not be straightforward to define.

• Despite being an important aggravating source of hazard on fans, sediment plays a key role

in the fluvial system equilibriums (e.g., geomorphology - Rinaldi et al., 2011 or biota - Wohl,

2013b). Incision trends in lowland fluvial systems had been detected in the decades following

widespread reforestation and check dam building (Rinaldi and Simon, 1998; Rinaldi, 2003),

though generally after a lag-time (Liébault et al., 2008). It is worth to remind that this trend

has not been reported in all rivers with noticeable torrent control works in their headwaters,

(e.g., Ziliani and Surian, 2012). It must also be stressed that incisions related to torrent

controls in rivers are generally much less intense than their equivalents related to gravel mining

and dam reservoir building (Rinaldi and Simon, 1998; Liébault and Piégay, 2002; Rinaldi, 2003;

Liébault et al., 2008; Ziliani and Surian, 2012).

Nonetheless, the relatively recent and better understanding of the importance of the sediment

cascade and continuity results in new watershed management strategies, generally concentrating on

the more active sediment sources (Liébault et al., 2010b; Rinaldi et al., 2011; Phillips et al., 2013).

Torrent control works were specifically implemented in active sediment sources. These streams may

therefore participate to the necessary background sediment supply if open check dams would be

optimized, i.e., would act mainly on high magnitude supplies.

It can even lead to study check dam removal and erosion source reactivation in some basins with

severe problems of sediment starvation (Pont et al., 2009; Liébault et al., 2010b). The increasing
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awareness of the continuum of river systems make necessary to extend the perspective from local risk

mitigation to larger watershed management (Carladous et al., 2016c). Open check dams optimizations

are thus expected to decreases the maintenance costs at the local scale (fewer dredging), while

providing beneficial background sediment supply to downstream fluvial systems (Rinaldi et al., 2011;

Comiti, 2012).

A precise comprehension of the functioning of a system is required in order to optimize it.

Considerable works have been done to improve our comprehension of: i) sediment transport in

mountain streams and, ii) water, sediment and woody debris transfer in open check dams.

8.2.2. New elements from this thesis work

A. Sediment supply

The existing structures should be used to mitigate torrential floods, but also to gain knowledge

about floods. Chapter 4 exemplifies this approach. It focuses on bedload transport in steep slope

streams, proposes a method taking advantage of the presence of sediment trapping structures to

enhance bedload transport computation, and apply it to a few case-studies. It is a new possible way

to compute boundary conditions upstream of torrent control works.

B. Design method review

A large literature compilation has been undertaken at the beginning of this work. We searched

during months a general review paper explaining how sediment and woody debris interact with open

check dams. After one year reading outstanding works, all of them addressing parts of the question,

we decided to write this unobtainable paper. The complexity of the questions and complementarity

between considerations on sediment, on one hand, and woody debris, on the other hand, rapidly

make us writing two companion papers (Piton and Recking, 2016a; 2016b).

Chapter 2 thus traces the available knowledge on hydraulics and sedimentation processes in open

check dams. Chapter 3 addresses the same topic, but concerning woody debris. Since design criteria

related to woody debris were less advanced and numerous than hydraulics and sedimentation criteria,

we had enough room to give few elements on woody debris production in Chapter 3. The question

of sediment production is better known, deserved more attention and was addressed in Chapter 4

for bedload. Complementary methods dedicated to debris flows may be found in the literature.

Some works published in German, Japanese, Italian, Chinese, etc. have certainly been missed. But

synthetizing the available literature in only two papers has ever been frustrating (we removed so

many interesting details for the sake of conciseness).

In my opinion, three main messages may be extracted from this state-of-the-art:

• Woody debris must absolutely be taken into account in hazard assessment and structure design.

They have the annoying habit to be weakly present during small floods (and are thus forgotten

and neglected), but to considerably increase in number during extreme events, to jam at key

hydraulic structures (bridge, open check dams) and globally to strongly aggravate flood hazards.

Zollinger (1984b) yet stressed it thirty years ago, we must continue to pay greater attention to

this greatly stochastic and complex problem.
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Figure 8.15 – Processes inducing material trapping: (a) slope decrease; (b) width increase; (c) delta-type
hydraulic control; and (d) direct mechanical blockage

• Four processes results in deposition and trapping (Fig. 8.15). Each of them may gain in

influence, or be negligible, in the highly varied cases encountered in the field. Once defined the

objective of a structure, designers should make the most of each process to achieve the desirable

function. Neglecting one of them may possibly result in unexpected and undesirable functioning

(e.g., woody debris clogging of hydraulically designed structures). The two deposition processes

related to the basin shape (milder slope and wider width – Fig. 8.15a & b) are not sufficiently

known. Conservative and empirical methods should thus still be used to design the lateral

dikes (whose crest elevation is influenced by the deposition slope to prevent overtopping). On

the contrary much more knowledge exists to design the open check dam considering hydraulic

trapping and mechanical blockage (Fig. 8.15c & d).

• Mechanical blockage is a granular phenomenon: roughly the jamming of coarse elements in

a narrow section (Relative Opening criteria). Conversely, the hydraulic trapping is a fluid

mechanics phenomenon of deposition resulting from a shear stress collapse (the related criteria

must take into account water stage – discharge equations). Regarding the literature, these two

mechanisms are sometimes confused. Both approaches must be considered independently in

studies of deposition / self-cleaning of open check dams.

In addition to these clarifications and some others, Chapters 2 and 3 contain sections highlighting

the numerous remaining scientific gaps in open check dams and torrential hydraulics. The closure

paper associated with Chapter 2 points out that the simple question of the deposition slope estimation

is far from being clearly resolved, i.e., the phenomena occurring during deposition in laterally

unconstrained, mild slope reaches are insufficiently known. Laboratory works have therefore been

carried on, while two sediment trap were equipped with monitoring cameras (see later).

177



Conclusions et Perspectives

C. Massive bedload deposition in open check dam basins

Several studies of massive bedload deposition in steep, wide basins were published about thirty

years ago (Zollinger, 1983; 1984b; Ishikawa and Mizuyama, 1988; Mizuyama et al., 1988). These

pioneering works ever contain thoughtful descriptions of the phenomena variability and complexity.

Since that time, regular publications brought new elements, while new measurement techniques

appeared. Image analysis has been used for a long time in laboratory studies of mountain hydraulics:

for photogrammetry acquisitions (Zollinger, 1983) and also to track transported material (Mizuyama,

1984).

We wanted to push further these works, and to compare laterally unconstrained flows with

our knowledge on laterally-constrained ones (Recking et al., 2008a; 2008b; 2009; Recking, 2009;

2010; 2013a; Bacchi et al., 2014). Preliminary experiments rapidly demonstrated that intrusive

measurement techniques were complicated to rigorously handle. Fast measurement techniques, mostly

by image analysis, were thus installed and calibrated on the flume. We took advantage of the

advent of affordable HD-cameras and user friendly photogrammetry and LSPIV software to develop

a measurement and flow reconstruction procedure.

Chapter 6 describes this procedure in details to make possible its implementation by other

laboratory teams. It could theoretically be used in the field, providing that one can measure the

topography with marginal changes after the LSPIV measurement. It is thus not exactly applicable

to a sediment trap filling (how to stop the flow?).

The method calibration additionally confirmed the relevance of the friction law developed by

Ferguson (2007). It is a first step in the better description of these massive bedload deposits that

were, so far, described using Chézy and Manning Strickler formulations (Armanini and Larcher, 2001;

Busnelli et al., 2001; Campisano et al., 2014).

The result analysis is pushed further in Chapter 7. First of all, a geomorphic description of the

sedimentation dynamics has been given. We stressed the similarities between open check dam filling

and alluvial fan formation or fluvial delta progradation. Autogenic fluctuations and the general

complexity of geomorphic processes again emerged, complicating our analysis. A simple deposition

slope estimation criteria, based on a critical Shields stress hypothesis, has been proposed and seems

able to capture the range of variation of the modelled events.

Finally, the reconstructed flows were analyzed, specifically their Froude numbers. Despite the quite

steep slopes of deposition, most flows were apparently subcritical, although the most morphologically

active flows seem to approach or slightly overpass the critical state (i.e., Froude ≈ 1). The ”critical

flow hypothesis” developed by Grant (1997), asserting that steep alluvial systems would adjust

their morphology toward a minimum flow energy thus seems, in first approximation, a reasonable

description of flows during massive bedload deposition.
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8.3. Perspectives

8.3.1. Proof from the field

Confrontations with field data are the ultimate validation. This work has mainly been based on

laboratory approaches. Some concepts deserve to be tested / validated against field data:

A. Check dam series’ monitoring

Observations of sediment storage fluctuations in check dam series exist, though, to my knowledge,

not over long time period (Peteuil et al., 2008; Glassey, 2010; Astrade et al., 2011; Theule et al.,

2012). Observing dynamics of bed recharge and sediment fluxes in the presence and absence of check

dams would be of high interest, particularly in long lasting field monitoring, as well as, in paired-

watershed experiments (see e.g., Andréassian, 2004, for the effect of forest on hydrology, or Zeng

et al., 2009, for general torrent control effects).

Some catchments have ”flume like configuration”, with negligible water and sediment input along

a certain reach. Schneider et al. (2015) highlighted bed roughness self-adjustments along such a

stream, where the slope drastically changes with marginal external input. With the same idea, it

would be possible to install sediment transport and hydrology monitoring stations along an equivalent

stream with a natural bed, and further downstream, a check dam series (3 stations: upstream of the

natural section, downstream of the check dam series, and at the border between both sections). Such

a monitoring facility would make possible to study the sediment transport dynamics for varying

hydrological conditions; and possibly to highlight and quantify some regulation effect. Sediment

transport occurring through relatively slow pulses, some bed recharge and transient storage are to

be expected, this aspect should be monitored in addition to the fixed stations (e.g., Fig. 8.16 for a

short, steep check dam series or Theule et al., 2012; 2015). Small scale experiments with rigorously

similar inputs may complete such a monitoring (see later).

If this sediment transport regulation is noticeable, even for quite large magnitude events, it should

be taken into account in hazard studies and could modify the results of some structure efficiency

assessments as presented in the discussion of chapter 1. Another lessons would be learned, if, on

the contrary, check dam solid transport regulation only modify the low magnitude transport, while,

as asserted by Jerolmack and Paola (2010), high magnitude inputs are weakly influenced. Such a

conclusion would imply that a sort of threshold / nonlinear effect exists in sediment transfer though

check dams series. In this case, it would not be relevant to extrapolate time series of cumulated

sediment transport production toward extreme frequencies with a unique equation as done, for

instance, by Peteuil (2010) and Peteuil et al. (2012). In such a case, the transition from regulated

toward unregulated supply should be studied, possibly based on field and laboratory analysis as we

have done for sediment transport over fixed or breaking amour (Chap. 4).

179



Conclusions et Perspectives

Figure 8.16 – Deposit / erosion assessment in the Lampe torrent check dam series (Saint Paul de Varces,
FRA.), evidence of cycles of deposit and releases at a yearly frequency, what about the event
scale? (after Astrade et al., 2011)

B. Sediment trap monitoring

We are looking for detailed observations of sediment trap filling. Pre and post-observations can

be found but seldom the dynamics of the spreading in the basin, during the event. Italian colleagues

of the SedAlp project1 diffused a video of the Gadria sediment trap filling (ITA.). To my knowledge,

it is the only published equivalent.

IRSTEA has a long experience of field monitoring. It has thus been decided to launch such

observations. Cameras have been installed on the Roize sediment trap (Chap. 4 – Lamand et al.,

2015) and the Manival sediment trap, another well-known site (Veyrat-Charvillon and Memier, 2006;

Liébault et al., 2010a; Lopez Saez et al., 2011; Theule et al., 2012; 2015). The cameras take daily

pictures of the trap basins and one picture per second during floods. Flood are detected using

a geophone located on the bank, with the system developed by Bel et al. (2014a; 2014b). The

triggering definitely works; currently it detects even small flows without sediment transport. Further

works are in progress to develop lighter and more affordable systems that would be easily diffused to

facilitate mountain stream flood observations.

The Roize monitoring demonstrates that no sediment transport occurred in the last 11 months

(Fig. 8.17), the torrent is (sadly) dormant. The Manival experienced one small bedload laden flood

(Fig. 8.18). The pictures confirm the emergence of cycles of braided / channelized flows but the

deposit was initially disturbed by a partial dredging operation. New floods are expected to confirm

our laboratory observations.

1http://www.sedalp.eu/
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Figure 8.17 – Pictures of the sediment trap basin of the Roize torrent (Voreppe, FRA.): (a) May 2015, b)
January 2016; marginal morphic activity, perhaps even a slight self cleaning

Figure 8.18 – Small debris flood event in the Manival sediment trap on September, 17th 2015, evidences of
cycles of: a) braided channels, b) incision with lobe formation, and c) new braided pattern.
Larger events are expected to confirm these encouraging results
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C. Testing travelling bed-load and asymptotical approaches

The travelling bed-load approach for sediment transport computation(Chap. 4) should be tested on

other mountain streams’ datasets, eventually on both instantaneous monitoring (e.g., confrontation

done with the Erlenbach, Pitzbach and Diagoa streams) and cumulative production measured in

sediment trap as done on the Roize. The asymptotical approach should also be tested against high

magnitude bedload transport as done with previous approaches by Rickenmann (2001); Rickenmann

and Koschni (2010). Cumulative transport volumes obtained from sediment traps are very interesting

data for such extreme cases, optimally with a hydrological station on the stream, in order to limit

the uncertainties related to water discharge estimation.

8.3.2. Linking field, laboratory and numerical approaches

A. Field supply in laboratory experiments

Long lasting experiments of bedload transport are usually undertaken under steady supply1. The

emerging solid transport autogenic fluctuations are a fascinating subject of investigation. Their

physics would be much more complicated to study under the impressively transient flows of mountain

streams. It is however only in such conditions that their actual field significance could be highlighted.

New experiments could be done to study the dynamics of the bedload transport under fluctuating

hydrology of varied magnitude. Real time-series of both water and sediment discharges are now

available on quite long durations in a few stations (Erlenbach, Rio Cordon). These field outputs

could be used as direct laboratory inputs, after Froude similitude downscaling. A bed geometry

could be reconstructed with coarse material, similar to the reference-stream natural bed. A series

of small flood preceding an extreme event and the ”relaxation” time following it could be studied

in the flume. Propagation of the sediment waves in this natural reference run would constitute an

interesting dataset by itself. It would also be another opportunity to test the travelling bedload and

asymptotical approaches, maybe also the transition between these regimes.

The bed could the be reset and supply time series be re-run after adding check dams to the flume.

The sediment transport regulation possibly emerging for small floods and for a high magnitude event

would give insights on the general physics of sediment transport in paved streams. From a hazard

mitigation perspective it could be a preliminary, fast test of the significance of sediment transport

regulation and necessity to monitor it in the field.

B. Toward numerical modeling

The preliminary analysis presented in chapter 7 of the laboratory data acquired during this work

might probably be pushed further. Complementary analysis of the roughness spatial distribution,

of the self-organized flow features or of the detailed transport capacity should be studied more in

details. These measurements additionally constitute a dataset that may be used for numerical model

calibration and validation. Our experimental conditions would be appropriate for 2D numerical model

of bedload transport that account for grain size sorting, steep slope stream specific hydraulics and

sediment transport. Such numerical tool generally lack calibration and validation data. There is here

1though, a long lasting, cyclic experiment have recently been undertaken at the EPFL: Dhont, B., Heyman, B.,
Venetz, P., Ancey, C. 2014 ”Effects of successive floods on bed load transport in a steep flume” Geophysical Research
Abstracts Vol. 16, EGU2014-11194, Poster presented at the EGU General Assembly 2014
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a set of about one hundred instantaneous flow measurements in varied grain size distributions, solid

concentrations and water discharges.

Grain size sorting is likely partially stochastic at the flume scale. The chaos theory and resulting

”sensitivity to initial conditions” of the system probably make it self-organized around a stable state

but unlikely to reproduce two times identical states. Reconstitution of absolutely the same bed

geometries thus cannot be expected. A preliminary analysis could help to describe the experiment

evolutions using probabilistic descriptors of, for instance, the duration of braided flow and channelized

flows, the flooded surface rate, the surface sorting rate, etc. The comparison with numerical model

results might latter been done using these descriptor statistics, likely more adapted to this complex

subject of investigation.

8.3.3. Open check dam hydraulics

It has been decided to focus on the scientific gap remaining in open check dam basin hydraulics

but some complementary promising topics concern the structures themselves.

A. Optimizing outlets and basin channel

Open check dam optimizations may concern both the basin and the outlet structure. As mentioned

in Chapter 2, low flood channels or parallel structures are promising designs to diminish or remove

the influence of the structure on low magnitude, un-hazardous floods. This topic has regularly been

investigated in Switzerland (LCH, 2011; Ghilardi et al., 2012). A few examples also exist in France

(St Clément in Tours-en-Savoie; Clinel in Pontamafrey-Mont-Pascal, Piton et al., 2015), and possibly

elsewhere.

Most of sediment traps are however built directly transversally to the streambed and their

transformation in parallel traps seems complicated. An intermediate solution could be to dig a trench

in the basin, to protect it to become a low flood channel and to design a suitable bottom outlet

that would weakly influence unhazardous floods, while having a stronger influence on high flows.

Defining such an outlet design, with a sort of threshold effect, is not straightforward. Experimental

investigations are in progress at the EPFL-LCH on this subject (Schwindt et al., 2015).

Such a design is subtle and deserves more attention before recommending adaptations of existing

structures: A well-documented case study of dramatic and unexpected sediment trap dysfunction

linked to the bottom outlet design is reported by Bezzola et al. (2004) (nearly negligible sediment

storage after a major flood in a 200 000 m3 basin).

B. Driftwood and hydraulics

The clogging probability and eventual increase in trapping efficiency related to woody debris in

mountain stream floods has also ever been studied (Ishikawa and Mizuyama, 1988; D’Agostino et al.,

2000; Shrestha et al., 2012; Ishikawa et al., 2014). In parallel, some works have recently been done on

woody debris influence and trapping in rivers (Schmocker and Hager, 2011; Schmocker et al., 2012;

Schmocker and Weitbrecht, 2013; Schmocker and Hager, 2013).

It would probably be interesting to carry on quite similar experiments with measurement of head

losses and clogging dynamics, though in steeper configurations, with and without sediment transport.
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The implementation of detailed measurement techniques (e.g., Chap. 6) would allow later numerical

simulation confrontation, not only on the resulting deposit pattern but also on the hydraulics and

woody debris transport. The calibration and validation of new numerical tools and recommendations

in the computation strategy for woody debris and sediment-laden flows modelling are necessary to

improve natural hazard studies and more rigorous mitigation measure design.

The End
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en milieux naturels. Ed. by S. Jaillet, E. Ployon, and T. Villemin. (In French). Coll Edytem, pp. 107–118.

Bacchi, V., Recking, A., Eckert, N., Frey, P., Piton, G., and Naaim, M. (2014). “The effects of kinetic sorting

on sediment mobility on steep slopes”. Earth Surface Processes and Landforms. Vol. 39, p. 8. doi:

10.1002/esp.3564.

Bacchi, V. (2011). “Etude expérimentale de la dynamique sédimentaire d’un système à forte pente soumis à

des conditions hydrauliques faibles”. 209 p. (In french). PhD thesis. Université de Grenoble.
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CFGB (1994). “Les crues de projet des barrages: méthode du GRADEX-Design flood determination by the
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Kaitna, R. and Hübl, J. (2013). “Advances in Global Change Research”. Dating Torrential Processes on

Fans and Cones. Ed. by M. Schneuwly-Bollschweiler, M. Stoffel, and F. Rudolf-Miklau. Vol. 47. Springer

Netherlands. Chap. 7-Silent Witnesses For Torrential Processes, pp. 111–130. doi: 10.1007/978-94-007-

4336-6.

Kalaora, B. and Savoye, A. (1986). “La forêt pacifiée. Sylviculture et sociologie au XIXe siècle.” 134 p. France:
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l’amont de la vallée de Chamonix Mont-Blanc [Protection of the Le Tour village against the Posettes

landslide in the upstream part of Chamonix Valley]”. French. Houille Blanche. Vol. 3i. no. 3. (In French),

pp. 31–36. doi: 10.1051/lhb:200403003.

Lefort, P (1996). “Transports solides dans le lit des cours d’eau [Solid transport in watercourses’ beds]”. Note

de cours (In French). Ecole Nationale Superieure d’Hydraulique et de Mecanique de Grenoble - Institut

National Polytechnique De Grenoble, 225 p.
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gestion du transport solide en rivière.” Ed. by V. Barre. (In French). Onema, p. 216.

Mao, L. (2012). “The effect of hydrographs on bed load transport and bed sediment spatial arrangement”.

Journal of Geophysical Research F: Earth Surface. Vol. 117. no. 3, pp. 1–16. doi: 10.1029/2012JF002428.

Mao, L. and Lenzi, M. (2007). “Sediment of mobility and bedload transport conditions in an alpine stream”.

Hydrological Processes. Vol. 21. no. 14, pp. 1882–1891. doi: 10.1002/hyp.6372.

Marchi, L. and Cavalli, M. (2007). “Procedures for the documentation of historical debris flows: Application

to the Chieppena Torrent (Italian Alps)”. Environmental Management. Vol. 40. no. 3, pp. 493–503. doi:

10.1007/s00267-006-0288-5.

Margreth, S. and Romang, H. (2010). “Effectiveness of mitigation measures against natural hazards”. Cold

Regions Science and Technology. Vol. 64. no. 2, pp. 199–207. doi: 10.1016/j.coldregions.2010.04.013.

Maricar, F. and Hashimoto, H. (2014). “A comparison of wood-sediment-water mixture flows at a closed type

and an open type of check dams in mountain rivers”. River Flow 2014 conference proceedings. London:

Taylor Francis Group, pp. 711–716.

Marion, A., Lenzi, M., and Comiti, F. (2004). “Effect of sill spacing and sediment size grading on scouring

at grade-control structures”. Earth Surface Processes and Landforms. Vol. 29. no. 8, pp. 983–993. doi:

10.1002/esp.1081.

Marion, A., Tregnaghi, M., and Tait, S. (2006).“Sediment supply and local scouring at bed sills in high-gradient

streams”. Water Resources Research. Vol. 42. no. 6. doi: 10.1029/2005WR004124.

Marion, D. A. and Weirich, F. (2003). “Equal-mobility bed load transport in a small, step-pool channel in the

Ouachita Mountains”. Geomorphology. Vol. 55. no. 1, pp. 139–154.

Marsh, G. P. (1864). “Man and Nature; or, Physical geography as modified by human action”. New York:

Charles Scribner.

Mart̀ın-Vide, J. and Andreatta, A. (2006). “Disturbance caused by bed sills on the slopes of steep streams”.

Journal of Hydraulic Engineering. Vol. 132. no. 11, pp. 1186–1194. doi: 10.1061/(ASCE)0733-9429(2006)

132:11(1186).

— (2009). “Channel degradation and slope adjustment in steep streams controlled through bed sills”. Earth

Surface Processes and Landforms. Vol. 34. no. 1, pp. 38–47. doi: 10.1002/esp.1687.

Martson, R., Bravard, J., and Green, T. (2003). “Impacts of reforestation and gravel mining on the Malnant

River, Haute-Savoie, French Alps”. Geomorphology. Vol. 55, pp. 65–74. doi: 10.1016/S0169-555X(03)

00132-6.

Masuko, K, Ohgi, Y, and Abe, S (1996). “Surveys on the efficiency of wood-debris entrapment facilites”.

INTERPRAEVENT Conference Proceedings.

Mathys, N., Lang, M., Sauquet, E., Cipriani, T., and Peteuil, C. (2013). “Torrents et Rivières de Montagne:

dynamique et aménagement”. Ed. by A. Recking, D. Richard, and G. Degoutte. (In French). Antony:

QUAE. Chap. 2 - Hydrologie, pp. 81–138.
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de dangers des digues de protection contre les crues torrentielles: présentation du cas de l’EDD des digues

du torrent de La Salle, recommandations et perspectives [Hazard study of torrential floods protection dikes:

case study of the La Salle torrent, recommendations and perspectives]”. Digues maritimes et fluviales de

protection contre les submersions-2e colloque national-Digues 2013. Ed. by P. Royet and S. Bonelli. Paris:

Lavoisier, pp. 164–175.

Mueller, E. R. and Pitlick, J. (2005). “Morphologically based model of bed load transport capacity in a

headwater stream”. Journal of Geophysical Research: Earth Surface. Vol. 110. no. F2.

Mueller, E. R., Pitlick, J., and Nelson, J. M. (2005). “Variation in the reference Shields stress for bed load

transport in gravel-bed streams and rivers”. Water Resources Research. Vol. 41. no. 4.

Muste, M., Fujita, I., and Hauet, A. (2010). “Large-scale particle image velocimetry for measurements in

riverine environments”. Water Resources Research. Vol. 46. no. 4, pp. 1–14. doi: 10.1029/2008WR006950.
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Rudolf-Miklau, F. and Hübl, J. (2010). “Managing risks related to drift wood (woody debris)”. INTER-

PRAEVENT Conference Proceedings. Pp. 868 –878.

Rudolf-Miklau, F. and Suda, J. (2011). “Technical standards for debris flow barriers and breakers”. Pro-

ceedings of the International Conference on Debris-Flow Hazards Mitigation: Mechanics, Prediction, and
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Suda, J., Hübl, J., and Bergmeister, K. (2010). “Design and construction of high stressed concrete structures

as protection works for torrent control in the Austrian alps”. Proceedings of the third international fib

congress, 29 May–2 June. Washington DC. Chicago: Precast Prestressed Concrete Institute ( PCI ), pp. 1–

12.

Surell, A. (1841). “Etude sur les torrents des Hautes Alpes (1st edition)”. Ed. by Carilian-Gœury and V.

Dalmont. (In French). Paris: Librairie des corps impériaux des ponts et chaussées et des mines, p. 280.

Tacnet, J., Piton, G., and Carladous, S. (2014a). “Torrent du Saint-Antoine, événement du 31 juillet 2014 - CR
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en montagne”. 209 p. Société d’imprimerie et librairie administratives et classiques.

Turowski, J. M. and Rickenmann, D. (2009). “Tools and cover effects in bedload transport observations in the

Pitzbach, Austria”. Earth Surface Processes and Landforms. Vol. 34. no. 1, pp. 26–37. doi: 10.1002/

esp.1686.

Turowski, J. M., Yager, E. M., Badoux, A., Rickenmann, D., and Molnar, P. (2009). “The impact of exceptional

events on erosion, bedload transport and channel stability in a step-pool channel”. Earth Surface Processes

and Landforms. Vol. 34. no. 12, pp. 1661–1673. doi: 10.1002/esp.1855.

Turowski, J. M., Badoux, A., and Rickenmann, D. (2011). “Start and end of bedload transport in gravel-bed

streams”. Geophysical Research Letters. Vol. 38. no. 4.

Uchiogi, T, Shima, J, Tajima, H, and Ishikawa, Y (1996). “Design methodes for woody-debris entrapment”.

INTERPRAEVENT Conference Proceedings. Pp. 279–288.

USACE (1994). “Channel stability assessment for flood control projects”. Engineer Manual N°1110-2-1418. U.S.

Army Corps of Engineers. Washington, DC 20314-1000.

Van Andel, T. H., Runnels, C. N., and Pope, K. O. (1986). “Five Thousands Years of Land Use and Abuse

in the Southern Argolid, Greece”. Hesperia: The Journal of the American School of Classical Studies at

Athens. Vol. 55. no. 1, pp. 103–128.

Van De Wiel, M. and Coulthard, T. (2010). “Self-organized criticality in river basins: Challenging sedimentary

records of environmental change”. Geology. Vol. 38. no. 1, pp. 87–90. doi: 10.1130/G30490.1.

Van Dijk, M., Kleinhans, M., Postma, G., and Kraal, E. (2012). “Contrasting morphodynamics in alluvial fans

and fan deltas: Effect of the downstream boundary”. Sedimentology. Vol. 59. no. 7, pp. 2125–2145. doi:

10.1111/j.1365-3091.2012.01337.x.

Van Dijk, M., Postma, G., and Kleinhans, M. (2009). “Autocyclic behaviour of fan deltas: An analogue

experimental study”. Sedimentology. Vol. 56. no. 5, pp. 1569–1589. doi: 10.1111/j.1365-3091.2008.

01047.x.
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l’évaluation de la performance des digues fluviales.” 201 p. + Annexes (in French). PhD thesis. Paris,

France: Université Paris-Est.
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APPENDIX A

Error propagation analysis

This appendix rapidly explains how error analysis and propagation had been done for laboratory

experiments presented in Chap. 5, Chap. 6 and Chap. 7.

It report how is combined the uncertainties of same physical parameters X and their own specific

uncertainties u(X).

There is several ways to estimate uncertainties in measurements, two are mainly used in laboratory

experiments and especially in hydraulics (JCGM, 2008; Blanquart, 2013): variance analysis and error

propagation.

A.1. Direct measurement

A.1.1. Variance analysis

The first method consists in performing several time the measurement of the same physical

parameter X and to analyse the mean (〈X〉) and the variance or more usually, its square root,
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the standard deviation (σX) of the results. It naturally leads to the so-called standard error (se(X))
that is usually plotted with error bars around the data points. It is computed by:

se(X) = σX√
N

(A.1)

with, N the number of measurements of the data of interest X in the sample; the standard error of

the sample se(X) and the standard deviation of the sample σX . Their is not a general consensus on

this point and in some community, the error bars usually more refer to the standard deviation σX .

It is possible to use the standard error as a proxy of the uncertainty on X, i.e.u(X) = se(X); few

remarks about that:

• Measuring se(X) is possible if a measurement technique works fast enough to perform several

measurements in a period of time short enough to assume that the system did not evolve

unreasonably, i.e., such that the physical quantity measured by X did not changed significantly.

• The standard error is not the envelop of all possible values taken by the measurement. If the

uncertainties are normally distributed, 68% of the values of X should be measured within the

range 〈X〉 ± se(X). If a given confidence interval is sought, a coefficient multiply the value of

se(X) (see later).

The standard error approach has been used, for instance, in Chap. 6 on LS-PIV measurements to

determine the uncertainties of the resulting velocities. We assume that the fifty to several hundreds

of images taken in less than few seconds were all measurements of the same velocity field. The

uncertainty on the result decreases when the number of image increases (∝
√
N , N number of image

couple) because, to determine the velocity, velocity fields deduced from dozens of image couples, each

of them giving one velocity field, were averaged. Using only one couple of image would have been

much more uncertain.

A.1.2. Expert assessment

In several cases (e.g., technical limits, excessively fast changes in the system, sensor limitation),

it is not possible to do several accurate measurement of the parameter. In these cases, an expert

assessment is done to estimate a reasonable value of the uncertainty range. This assessment is then

detailed in the text.

A.2. Compound (indirect) measurement: Error propagation

Error propagation is basically a rigorous framework helping to determine how a primary variable

uncertainty influence a compound variable uncertainty. To do so, it is necessary:

• to determine what are the influencing factors,called y, on the physical quantity measured by

X;

• to construct a model X = f(y1, y2, · · · , yn);

• to determine the standard uncertainties u(yi) of each variable yi (taken as their own standard

error: u(yi) = se(yi)), and
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• to propagate them through the model.

The standard uncertainty on X, called u(X) is computed at the first order by Blanquart, 2013:

u2(X) =
n∑
i=1

(
∂f(yi)
∂yi

)2
u2(yi) + 2

n−1∑
i=1

n∑
j=i+1

∂f(yi)
∂yi

∂f(yj)
∂yj

u(yi, yj) (A.2)

The second term is neglected if the variables yi are assumed independent, which lead to the more

generally used equation:

u(X) =

√√√√ n∑
i=1

(
∂f(yi)
∂yi

)2
u2(yi) (A.3)

The standard uncertainty value u(X) is then generally multiplied by a constant k to determine

the uncertainty range U(X). Assuming a normal distribution of the uncertainties, k is taken as 2

(more exactly 1.96) for a confidence interval at 95% (k=3 at 99.7% - Blanquart, 2013). Within all

this manuscript, the multiply factor is not consider, i.e., k = 1, which correspond to an implicitly

considered confidence interval of 68% (assuming a normal distribution of the error).
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Sediment transport control by check dams and open check dams

in Alpine torrents

Guillaume PITON

Résumé: Barrages de corrections torrentielles et plages de dépôts jouent un rôle clés dans la

protection contre les crues des torrents. Leurs gestionnaires ont pour mission de réduire les risques

d’inondations, mais doivent désormais aussi minimiser les impacts environementaux liés aux ouvrages

de protection. Ceci nécessite une meilleure compréhension des effets des barrages de corrections

torrentielles et des plages de dépôts sur le transport sédimentaire des torrents. Cette thèse s’inscrit

dans cet objectif et se décompose en deux parties. Sa section sur l’état de l’art présente: i) les

différents effets des barrages de correction torrentielle sur la production et le transfert sédimentaire;

ii) des descriptions des processus hydrauliques et de sédimentation ayant lieu dans les plages de dépôts;

et iii) les processus liés à la production et au transfert de bois d’embâcle. Une nouvelle méthode de

quantification de la production sédimentaire des torrents complète cet état de l’art. La seconde partie

de cette thèse présente le travail réalisé en banc d’essai expérimental. Une première série d’expérience

a permis de mettre en évidence un transport par charriage plus régulier lorsque des barrages de

correction torrentielle sont ajoutés à un bief alluvial. Une seconde série d’essais a été réalisée sur

un modèle générique de plage de dépôt dans l’objectif d’en caractériser les écoulements. Pour cela,

une nouvelle procédure de mesure et de reconstruction par approche inverse a été développée. Il en

résulte une description des caractéristiques d’un écoulement proche du régime critique, ainsi que des

mécanismes de rétrocontrôle entre morphologie et hydraulique pendant la phase de dépôt.

Mots clés: Torrents, Transport Sédimentaire, Risques Torrentiels, Protection Contre Les Inonda-

tions Et L’Erosion, Modélisation Physique

Abstract: Check dams and open check dams are key structures in torrent hazard protection. Their

managers must mitigate flood hazards, but now must also minimize the environmental impacts of

these protection structures. This requires to improve the knowledge on the effects of check dams and

open check dams on the sediment transport, and this thesis forms a contribution towards this end.

The section on the current state of research reviews i) the diverse effects of check dams on sediment

production and transfer; ii) descriptions of the hydraulics and sedimentation processes occurring in

open check dams; and iii) woody debris production and trapping processes. This state of the art

is completed with proposition of new bedload transport estimation methods, specifically developed

for paved streams experiencing external supply or armour breaking. Experimental results are then

provided. Firstly, flume experiments highlight the emergence of a more regular bedload transport

when check dams are built in alluvial reaches. In a second stage, experiments were performed on a

generic Froude scale model of an open check dam basin in order to capture the features of laterally-

unconstrained, highly mobile flows. A new flow measurement and inverse-reconstruction procedure

has been developed. A preliminary analysis of the results describes flows that tend toward a critical

regime and the occurrence of feedback mechanisms between geomorphology and hydraulics during

massive bedload deposition.

Keywords: Steep Slope Streams, Sediment Transport, Torrential Hazards, Flood Hazard Mitiga-

tion and Erosion Control, Small Scale Modelling.
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