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Résumé

Les cours d’eau de montagne constituent une importante source d’alimentation en sédiments des
rivieres ; toutefois lors d’épisodes de crues, ils peuvent aussi étre responsables de dégats importants en
déposant des masses considérables de sédiments dans les vallées. Dans le but de controler I’érosion des
sols des torrents - et donc ces transferts de masses de sédiments - des travaux de grande ampleur ont
été entrepris depuis le XIXeéme siecle (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 dépdt équipés de
barrages filtrants, ouvrages visant a 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 a un contexte changeant (climat, démographie). Ceci nécessite
une meilleure compréhension des effets des barrages de corrections torrentielles et des plages de dépots
sur le transport sédimentaire des torrents.

Cette these s’inscrit dans cet objectif et se décompose en deux parties. Une premiere partie sur
létat de I'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 dépots; et (iii) la description des processus liés a la production et au transfert de
bois d’embécle. Une nouvelle méthode de quantification de la production sédimentaire des torrents
complete cet état de l’art.

La seconde partie de cette these présente le travail réalisé en banc d’essai expérimental. Une
premiere série d’expérience a permis de mettre en évidence un transport par charriage plus régulier
lorsque des barrages de correction torrentielle sont ajoutés a un bief alluvial. Une seconde série
d’essais a été réalisée sur un modele générique de plage de dépot dans I'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 photogrammeétrie 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 rétrocontrole
entre morphologie et hydraulique pendant la phase de dépot.

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 19** 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

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 19*" 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; Hiibl 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



Introduction

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 project! , 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 project? 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

!Granted by the Alcotra European Fund, project web site: hitp://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.

o 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:

o 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.

o 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).
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o 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:

o 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;

o 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.
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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 C H A P I E R I

than 150 years of efforts in understanding mountain stream dy-

namics.

Why do we build check dams in Alpine streams?
An historical perspective from the French

experience
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of check dams’ efficiency in torrential hazard mitigation.
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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

. ten aim to reduce negative consequences of sedi-
1.1. Introduction & d
ment releases from torrents.
Mountains are important sediment sources for
piedmont fluvial systems (Wohl, 2006). Rivers

and streams play a key role within the sediment

The word “torrent” is widely used in Europe
and derives from the Latin adjective "torrens”,

meaning rushing, violent, fast-flowing (D’ Agostino
cascade by transferring and buffering fluxes be- & & ’ 8 _ & ’
) . ) 2013b), and refers to a watercourse showing par-
tween active hillslopes and downstream alluvial ) ) o
. . . ticular high geomorphic activity compared to more
environments (Fryirs, 2013). In mountain streams,
calmer streams or brooks (Fabre, 1797; Surell,

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

exacerbated hydrological responses typical of up-

sediment transport mainly occurs during floods
that regularly have dramatic and expensive con-

sequences on exposed elements (Meunier, 1991): ) _ ]
) . ) . land environments, especially in deforested wa-

reducing capacity of hydro-electric dams, cutting o ] ] i )
. . . . . tersheds (Andréassian, 2004); in conjunction with
networks, damaging housing, industrial, and agri- ] o .
. . ii) the sediment availability. The existence of a
cultural areas, and generating causalities. Human _ ) o
. i i . torrent is thus mainly related to the activity of
interventions in mountainous watersheds thus of- ) )
the sediment sources, defined as discrete, e.g.,
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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).

interventions such as reforestation, soil bioengi-

In erosion prone areas, hillslope

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 19" 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).

prise several steps: i) establishing requirements

These studies typically com-

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: 1) despite probably not being the first

to theorize the concept (see discussion), France

10
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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.

11

1.2. Historical development
of torrent control works in

France

1.2.1. Early 19" 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).
abroad (Marsh, 1864, p. 205; Brown, 1876; Woeikof,
1901).

Their works were diffused

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-19"" century:

Pioneering works on check dams

They conceded that reforestation works may
be efficient, although sometimes not sufficient: (i)

since it would take decades to truly stabilize tor-

Scipion Gras (1806-1873), Philippe Breton (1811yents with a single reforestation plan, check dams

1892) and Michel Costa De Bastelica (1817-7),
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).

to putting the processes of geomorphic hazards

These authors paid great attention

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.

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

CIliff 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
This
filling would be created and durably fixed by a

and to protect the cliff and hillslope toe.

12
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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
Gras (1857) suggested that
the natural tendency of the bed level to fluctu-

debris-flow events.

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
In this case they should be built as

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

purposes.

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; Coeur 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

13
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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 ¢) 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 Foréts” 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-19"* 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 Dragovi¢, 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 20"" 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 Foréts, 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 Foréts, 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).

slides and an equivalent number of avalanche sites

Approximately 100 land-

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 ‘Fevre’ 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; Hiibl 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 (Hibl 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).

by lateral scouring of natural banks or protective

On fans, they can induce damage

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.

o 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).

o 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).

structures are built specifically for this plani-

Some
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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(d) Sediment
retention in the
headwaters

(a) & (c) Active

(¢) Slope decreases t\promote bed
armoring in the hf:adw ler reaches
\\ \\

/ (a) Main-stem
stabilization to prevent

incision and lateral
_ erosion

(b) Consolida;io’h of
an active landslide

reforestation wor s)\

(d) Sediment retention
in the gorges* i

/

\.\\

=

(e) Solid transport
regulation near the fan apex

(h) Fan incision ando B
bed shifting prevention

* This function is today generally managed by regularly dredged open check dams.

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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1.3. SYNTHESIS OF CHECK DAM FUNCTIONS

Table 1.1 — Check dam shape features and location depending on their main function

Function Characteristic dam Dam position compared Location within the watershed
feature and shape with other dams
Channel Dam crest spillway Close enough to allow a Anywhere incision and lateral channel
stabiliza- width &~  natural continuity in the longitu- shifting must be prevented
tion channel width dinal bed control and in
the flow centering
Hillslope Dam or dam series sig- Directly downstream of important
consolida- nificantly higher than hillslope instabilities: landslides, gul-
tion the initial bed level lies, or cliffs
Channel Where slopes are steeper than the
slope alluvial equilibrium and anywhere
decrease 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  High dam or dam se- One or few dams close Where long-term sediment storage is
reten- ries to maximize sedi- to each other downstream possible: in the headwaters or in the
tion* ment trapped volume of an extended backfilling gorges’ (and considering the actual

area

situation, where downstream sedi-
ment starving is not a problem).

Solid dis- Wide crest spillway to Distanced structures Where the slope is mild enough and
charge promote flow spread- to maximize upstream the available area is large enough to
regulation ing deposition surface areas. 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.

T Old retention check dams earth-filled up to the crest currently often constitute advantageous solid

discharge regulation structures.

Flows naturally tend

- Check dam spillway guides

Dams _L stream axis
AA’

.I BB’ 'p

Asymmetric design and

flows perpendicularly to the
T8 o

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).

to erode banks’ curves oblique axis decrease 4

[

a) “b) dam axis by-pass hazards
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et al., 2009; Zeng et al., 2009; Garcia-Ruiz et al.,
2013).

lar torrential watersheds (ca. 14 km?, Yunnan

Zeng et al. (2009) compared two simi-

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
When built in

areas were revegetation is not possible or not

quite diffuse sediment sources.

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
Pontamalfrey torrent (73) Fr., construc-
tion: 1968-1970 (photo Nov. 1979 by JL.
Boisset courtesy of ONF-service RTM 73)

2013).

following a torrent incision is the nightmare of all

More specifically, landslide reactivation

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; Todosijevi¢ and
Kostadinov, 2006; Garcia et al., 2008;
Boll et al., 2008; Esmaeili Nameghi et al.,
2008; Loépez et al., 2010a; Kostadinov et
al., 2011; Diaz 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, 2016¢). 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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. » -~ E I* 2
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
1.1).

This long-term trapping creates sediment star-

sediment in their backfilling reach (Fig.

vation downstream of the dam with multiple con-
sequences (Brandt, 2000).
has been filled up to the crest, additional check

dams are eventually built near the main structure

Once the 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).

in grain size distribution, lateral location, and

Torrent beds show natural fluctuations

level, i.e., in sediment storage (Church and Fer-
guson, 2015).
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).

ral in the sediment cascade (Fryirs, 2013) and

Field observations of sediment

These fluctuations are natu-

may be influenced by the hydrology, the sedi-
ment (dis)connectivity, sediment grain sizes, and
sediment-transport-autogenic fluctuations (Jerol-
mack and Paola, 2010).

points in the longitudinal profile of torrents makes

The creation of fixed

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 (2016¢).

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. 1.5€e), 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. ltaly

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 Riifirunse correction in
Mollis (Duile, 1841).
were implemented following this example (Vis-
cher, 2003, Chap. 12). The Culman report 1865

was a country-scale assessment of the need for

Several other operations

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.
formed following the 1876 law on torrent con-
trol (Vischer, 2003, Chap. 15) and contributed to

A great number of works were per-
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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 "SABQO?” 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 19" century (Okamoto, 2007; Kamibayashi,
2009). 0th

for instance with the Austrian expert Amerigo

It continued in the early 2 century,
Hofman, while Japanese engineers came to Aus-
tria, e.g., Shitaro Kawai in 1871 and Otokichi
Watanabe 1877 or Moroto Kitaro in the early
20" century (J. Hiibl 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-20"" 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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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-
This
hazard modification should be quantified through

ard in a natural structureless catchment.

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 Dragovié¢, 2013), as well as
preliminary results concerning landslide - check

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

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., Remaitre 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-

transport regulation (Remaitre et al., 2008; Astrade tive, AFNOR, 2001).

et al., 2011; Remaitre and Malet, 2013; Piton
and Recking, 2016¢). 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,

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 (Garcia-Ruiz et al., 1996; Benito
et al., 1998).

of some structures is increasingly pointed to as

The lack of correct maintenance

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 (Schirlig, 1985).
tools have been notably developed in Switzer-
land (Greminger, 2005; Briindl 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.,

CBA application

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
19" 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
e.g.,
structures used to be built to protect agricultural

was intended to remedy no longer exists:

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., 2016¢): 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.

mary may not be exhaustive and we must keep

This sum-

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, 12" century.

Here are synthesis of giants’ works.

CHAPTER

Design of Sediment Traps with Open Check

Dams. |: Hydraulic and Deposition Processes

Guillaume PITON?, Alain RECKING?

& Université Grenoble Alpes, Irstea, UR ETGR, St-Martin-d’Heres, France.

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

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.

!Piton, 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 sedimen