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Abstract

Riverbeds represent the habitat of numerous aquatic species. Exchanges between the ground-

water, the hyporheic zone and the surface flow are also essential for river ecosystems. Fine

sediment transported by rivers deposits inside or on top of the bed and modifies the charac-

teristics of the substrate resulting in a large variety of conditions. However, the increase of fine

sediment yield associated with anthropic activities and the modification of river geometry

and flow regime have led to an increase of the areas clogged by fine sediment. These areas are

characterized by a low permeability, which reduces exchanges with the hyporheic zone, and

is detrimental to the ecosystem. In the last decades, an increasing effort has been made to

restore the ecosystem of rivers, by giving more space to rivers, restoring bedload and providing

suitable habitat for aquatic species. The clogging of riverbeds has been subject of numerous

studies trying to understand the complex interactions between the riverbed substrate, fine

sediment, surface and hyporheic flow and biological components. The present research first

focuses on the state of the art, with a broad review of the physical clogging process. It revealed

in particular that more research was needed to understand the role of the infiltration flow and

the link between permeability and the depth of clogging. Also, the clogging process under

various flow conditions, including riverbed mobilization, was not sufficiently documented.

Laboratory experiments were conducted to analyze in detail the clogging process of silt-size

particles in a substrate composed of sand and gravel. The permeability and vertical distri-

bution of fine sediment in the substrate were both analyzed, partly through the use of a new

general clogging model, to understand the influence of (1) the substrate and fine sediment

grain-size distributions, (2) the percolation gradient, and (3) the surface flow conditions. In

addition, the effects of riverbed mobilization and variable flow conditions on the clogging

process have been analyzed by reproducing scenarios of reservoir sediment flushing. The

results show that the clogging process inside the substrate can be reproduced by combining

filtration equations, and using a retention factor for the clogging depth. The limit between

surface clogging and inner clogging was also analyzed. Finally, it was observed that clogging

can still take place in the presence of riverbed mobilization, but its characteristics differ sig-

nificantly from the clogging in the absence of bedload. These outcomes allow for a better

understanding and estimation of the clogging process evolution in time and its extent in the

substrate under various conditions. This research also shows that parameters like the substrate

composition can have a major influence on the process. Future challenges will consist in the
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Abstract

development of strategies that allow a reduction of the impact of clogging, combined with

further investigations that link clogging with the wider dynamic of riverbed morphology.

Key words: Hyporheic flow, fine sediment, riverbed clogging, infiltration flow, vertical

exchanges, silt, deposition, declogging, permeability, sediment dynamic
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Résumé

Les lits des rivières représentent l’habitat de nombreuses espèces aquatiques. Les échanges

entre les eaux souterraines, la zone hyporhéique et l’écoulement de surface sont également

essentiels pour les écosystèmes fluviaux. Les sédiments fins transportés par les rivières se

déposent en surface ou à l’intérieur du lit et modifient les caractéristiques du substrat don-

nant lieu à une grande variété de conditions. Cependant, l’augmentation de la quantité de

sédiments fins associée aux activités anthropiques, la modification de la géométrie de la

rivière et du régime d’écoulement ont conduit à une augmentation des zones colmatées

par les sédiments fins. Ces zones sont caractérisées par une faible perméabilité, réduisant

les échanges avec la zone hyporhéique et impactant l’écosystème. Au cours des dernières

décennies, des efforts croissants ont été déployés pour restaurer l’écosystème des rivières, en

donnant plus d’espace aux rivières, en rétablissant le régime de charriage et en fournissant

un habitat approprié aux espèces aquatiques. Le colmatage des lits de rivière a fait l’objet de

nombreuses études visant à comprendre les interactions complexes entre le substrat du lit,

les sédiments fins, les écoulements hyporhéique et de surface et les composants biologiques.

Cette recherche s’est d’abord concentrée sur l’état de l’art, avec un examen général du pro-

cessus de colmatage physique. Elle a notamment révélé que des recherches supplémentaires

étaient nécessaires pour comprendre le rôle de flux d’infiltration et le lien entre la perméabilité

et la profondeur de colmatage. En outre, le processus de colmatage dans diverses conditions

d’écoulement, incluant la mobilisation du lit, n’a pas été suffisamment documenté. Des ex-

périences en laboratoire ont été menées pour analyser en détail le processus de colmatage

en présence de limon dans un substrat composé de sable et gravier. La perméabilité et la

distribution verticale des sédiments fins dans le substrat ont été analysées, en partie grâce

à l’utilisation d’un nouveau modèle général de colmatage, afin de comprendre l’influence

(1) des caractéristiques du substrat et des sédiments fins, (2) du gradient de percolation et

(3) des conditions d’écoulement en surface. En outre, les effets de la mobilisation du lit et

des conditions d’écoulement variables sur le processus de colmatage ont été analysés en

reproduisant des scénarios de purge de sédiments. Les résultats montrent que le processus

de colmatage à l’intérieur du substrat peut être reproduit en combinant des équations de

filtration, ainsi qu’en utilisant un facteur de rétention pour la profondeur de colmatage. La

limite entre le colmatage de surface et le colmatage interne a également été analysée. Enfin, il

a été observé que le colmatage peut toujours avoir lieu en présence d’une mobilisation du
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Résumé

lit, mais que ses caractéristiques diffèrent considérablement du colmatage en l’absence de

charriage. Ces résultats permettent de mieux comprendre et estimer l’évolution du processus

de colmatage dans le temps et son étendue dans le substrat dans différentes conditions. Cette

recherche montre également que des paramètres tels que la composition du substrat peuvent

avoir une influence très importante sur le processus. Les défis futurs consisteront à développer

des stratégies permettant de réduire l’impact du colmatage, combinées à d’autres recherches

liant le colmatage à la dynamique plus large de la morphologie du lit de la rivière.

Mots clefs : Ecoulement hyporhéique, sédiments fins, colmatage des rivières, écoulement

d’infiltration, échanges verticaux, limon, déposition, décolmatage, perméabilité, dynamique

des sédiments
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1 Introduction

This chapter is partially based on the introduction of the scientific article “The clogging of

riverbeds: A review of the physical processes” by R. Dubuis and G. De Cesare published in 2023

in Earth-Science Reviews.

1.1 Context

The hyporheic zone of riverbeds and its connectivity with the surface flow and the groundwa-

ter is essential for the ecosystem of rivers, by providing oxygen and nutrients to the organisms

living in the riverbed substrate, as well as regulating the water temperature. Riverbeds are

modified by morphodynamic processes, active for example during floods, but also by ecosys-

tems engineers that can colonize part of the riverbed. As part of the sediment transported by

rivers, fine sediment such as silt and fine sand is transported in large quantities, mostly as

suspended load due to its small size. In function of the flow conditions, fine sediment deposits

on the surface of the substrate, or inside the pores of the hyporheic zone. This accumulation

of fine particles results in the clogging of the riverbed, which reduces exchanges between

the hyporheic zone and the surface flow. The deposition of fine sediment and the reduction

of the vertical exchanges have ecological consequences on fish and benthos, depending on

the season, the residence time and the surface affected by clogging, due to the role of the

hyporheic zone as habitat, refuge and reproduction area for the aquatic fauna.

1.2 Motivation

Once guided by the topography, a large proportion of rivers in Switzerland, Europe and around

the world have been channelized over the last two centuries to increase agricultural land or

limit the impact of flood events. The substantial amount of infrastructures built around rivers

has, in consequence, profoundly changed the flow and sediment transport regimes of rivers

(Kondolf et al., 2014). Modification of the river morphology by the construction of channels,

dams and protected riverbanks has also modified the sediment dynamics of rivers, for instance
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by the coarsening and armoring of the substrate, by increasing the surface affected by clogging

or increasing its persistence (Mathers & Wood, 2016). These interventions have a strong

impact on the ecosystem of rivers, with the reduction of suitable habitat for both aquatic fauna

and flora. In parallel, fine sediment yield has increased in some river basins due to soil loss in

open agricultural lands, climate change (Li et al., 2020), and/or the combination of different

anthropogenic changes on the basins (Lane et al., 2019). Fine sediment yield is also modified

by dams which accumulate fine sediment and are subjected to regular sediment flushings.

These conditions have resulted in increased levels of clogging in many rivers, which has also

had an effect on fish and benthos. In order to restore the ecosystem of rivers impacted by

infrastructures, the Swiss Federal Office for the Environment (SFOE) has undertaken various

actions that aim to restore the sediment continuity across catchments, reduce the impact of

hydropeaking, allow the migration of fish, but also to restore the natural river environment for

about 4000 km by the end of the century (Göggel, 2012). These measures imply changes in

the flow regimes and morphology of rivers that can affect the degree of clogging of riverbeds

depending on the local conditions.

The clogging of the riverbed, also known as colmation, can be described as the creation of

a layer of deposited fine sediment on top or inside the riverbed substrate. Due to the small

size of the interstices between the grains, this layer shows a highly reduced permeability.

Depending on the grain size of the fine sediment, this layer can be consolidated, reducing the

mobility of the riverbed during floods.

Many processes in nature take place at the interface between different environments. The

interface between the surface flow of rivers and the substrate is called the hyporheic zone.

This zone, which is connected to both surface flow and groundwater, includes a variable depth

of substrate where the exchange of water, nutrients, and other chemical species is important

to the river ecology. Hyporheic flow differs from groundwater flow by its scale and time of

exchange (Boano et al., 2014). This zone is habitat to many species of macrozoobenthos, living

in the pores of the gravel and sand substrate (Jones et al., 2012). Fish (such as salmonids) also

use the hyporheic zone as a spawning area, burying their eggs into the gravel after removing

fine sediment (Kondolf et al., 1993). Studies have shown that oxygen supply to salmonid

eggs is important for the success of reproduction (Greig et al., 2007; Tonina & Buffington,

2009). Riparian vegetation also benefits from the exchange of nutrients in the hyporheic zone.

Hyporheic fluxes depend on the permeability of the substrate, related to the heterogeneity

in grain size (Salehin et al., 2004). The deposition of fine sediment in the hyporheic layer

is detrimental to many fish and macrozoobenthos species living and using the riverbed as

habitat (Bruno et al., 2009; Pulg et al., 2013; Ramezani et al., 2014) as it reduces the exchanges

of nutrients and oxygen by decreasing the size of pores (Greig et al., 2005, 2007; Kondolf,

2000), which in turn facilitates the growth of anaerobic processes such as fermentation and

denitrification (Lefebvre et al., 2004; Nogaro et al., 2010). In large quantities, fine sediment

deposition reduces the spawning success of fish and the community of macrozoobenthos

by clogging the riverbed. This phenomenon can take different forms depending on flow

conditions, biological activity and chemical reactions (Wharton et al., 2017).
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The clogging of riverbeds was first studied by Einstein (1968), who focused on the deposi-

tion of fine sediment in the substrate. An increasing number of research studies have since

been performed to address the process of clogging and its consequence on river ecosystems.

This body of research includes field observations, flume experiments and numerical models.

Research addressing problems related to fish and benthos habitat have often mentioned

clogging and deposition of fine sediment as a cause of environmental issues. The physical

processes involved in the clogging of riverbeds have been studied in the context of sediment

transport and dynamics by sampling and analysing fine sediment transport in rivers, but also

by reproducing the process using different boundary conditions in a laboratory. Many topics

related to clogging have been addressed at least partially in previous research, though many

questions remain related to quantifying the process and solving the numerous issues related

to clogged riverbeds. In parallel, research has also started to explore the role of ecosystem

(algae, macrophytes, bacteria, benthos, fish, etc.) in the clogging process.

Recently, the vertical connectivity and the clogging process have been subject to an in-

creasing attention in connection with the desire to improve the ecosystem of rivers affected by

hydraulic infrastructures, by improving the transit of sediments along watercourses and by

increasing the ecological value of the rivers through renaturation and bed widening projects

(Baumann et al., 2012; Göggel, 2012). This can result in changes of fine sediment yields and

the increase in the morphodynamic processes, which can modify significantly the clogging

of the riverbed (Diem, 2013). Despite the vast amount of research available on the subject

of riverbed clogging, the large variety of situations that can be observed in rivers and the

complexity of the clogging process leads to difficulties in the quantification of the process,

also linked to the heterogeneity of the riverbed. Moreover, the development of the process

in time is still poorly documented. More specifically, questions arise regarding the reduction

of the clogging degree to maintain hyporheic exchanges. Additionally, the risk of clogging of

habitats in restored river sections has been raised, linked to river widening, bank erosion and

the increase in the flow diversity. Different aspects have to be addressed, like the influence of

the flow conditions, the evolution of the clogging process in time and the effect of sediment

flushing on the degree of clogging. Understanding these processes allows to anticipate better

the challenges related to the fine sediment dynamic in rivers, in the context of the restoration

of the bedload below dams and the renaturation of numerous river stretches, like the projects

initiated in Switzerland (Lane et al., 2021).

1.3 Structure of the report

The present report is divided into ten chapters. Chapter 2 is based on a published article.

Part of Chapter 8 is based on a conference paper. Chapter 9 has also been partly used for

a conference paper for the 12th ICOLD European Club Symposium 2023, in review at the

time of writing. To avoid redundancy, some parts of these articles were removed and partially

integrated in the introduction, the description of the experimental setup or the conclusions. A

summary of the chapters contained in this report is presented hereafter.

3



Chapter 1. Introduction

Chapter 2 presents an extended literature review of the physical clogging process, based on

the publication in the journal Earth-Science reviews under the title “The clogging of riverbeds:

A review of the physical processes” (Dubuis & De Cesare, 2023). This comprehensive review

starts with a definition of the clogging of riverbeds by fine sediments. The main factors

influencing the process are then analyzed into details, including the declogging process. Field

aspects are then covered with a description of the clogging process under different specific

conditions met in rivers. It concludes with the presentation of the research gaps and the

research questions addressed in the present study.

Chapter 3 presents a synthesis of the clogging process together with a dimensional analysis,

which is part of the review article presented in Chap. 2 (Dubuis & De Cesare, 2023). It is followed

by a discussion on the advantages and disadvantages of different experimental methods to

analyze the clogging process in the perspective of the research questions, and a description of

the experimental framework of the present study.

The design of the experimental setup is presented in Chapter 4, with the selection of the

sediments used in the experiments and the measurement devices. The experiments conducted

in this research are listed, and the main processing of the results is detailed for a selected

experiment. The accuracy of the measurements is finally discussed as well as propositions of

improvement for future experimental setups dealing with the clogging process.

Chapter 5 analyzes the differences observed between the experiments of the present study

with previous research and discusses the specific case of silt-size fine sediment clogging.

Following this analysis, a new general clogging model is proposed and developed in details.

This model is used in the two next chapters to analyze the experimental results.

The influence of the grain-size of the substrate and the fine sediment is treated in Chapter 6.

Experiments with similar boundary conditions are analyzed to understand the effect of local

changes in the composition of the substrate in the clogging process. The effect of coarser

sediment on the surface of the bed is then analyzed and discussed from the results of a set of

experiments.

Chapter 7 focuses on the influence of the percolation gradient and infiltration flow on the

clogging process. The results are then compiled together with the observations of Chapter 6

to propose a formulation to express the clogging process as a function of the different char-

acteristics of the riverbed and fine sediment. Results are discussed with proposals for future

studies.

In Chapter 8, the influence of the flow conditions are analyzed, from surface clogging to the

mobilization of the riverbed that enables the declogging process. These different experiments

where performed using constant flow conditions over time.

The effect of variable flow conditions over time, that includes the mobilization of the bed

are treated in Chapter 9. Various (artificial) flood hydrographs are tested to analyze the effect
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of a mobilized bed on the clogging of the substrate as well as the concentration of suspended

sediment during the falling limb.

Finally, Chapter 10 offers a general conclusion of the main outcomes of this research,

along with some recommendations and proposals for future research linked to the clogging of

riverbeds.

5





2 State of the art and research ques-
tions

Chapter 2 is based on parts of the scientific article ‘’The clogging of riverbeds: A review of the

physical processes” by R. Dubuis and G. De Cesare published in 2023 in Earth-Science Reviews.

The state of the art presented hereafter is original and was performed by the author.

2.1 Introduction

This state of the art aims at summarizing the physical processes involved in the clogging

of riverbeds. Because it is a complex process involving many parameters and interactions

that vary spatially and temporally, an overview of this topic is relevant to achieve a better

understanding of fine sediment deposition characteristics and develop future approaches to

manage fine sediment in rivers in combination with biological aspects and morphodynamics.

Research gaps are also identified to improve and extend existing models and to identify

possible solutions. Despite the importance that the ecosystem can have in the clogging and

declogging processes, biological aspects will be presented only briefly as it is not the core

subject of this research.

The first part of this chapter focuses on the definition of the elements involved in the

process as well as the different types of clogging. The key variables that are used to evaluate

the degree of clogging will also be defined. In the second part, a review of the influence of each

main factor is performed, including the presentation of different models developed to quantify

clogging. In the third part, the declogging process is addressed. In the fourth part, aspects

related to specific conditions observed in the field are analysed. Finally, existing research gaps

are identified regarding the effects of the different factors, followed by the research questions

of the present study.
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2.2 Process definitions

2.2.1 Fine sediment

Fine sediment is at the source of the clogging process. It represents an important share of

the material transported by river flow. For example, Park and Hunt (2017) estimate from

different previous studies that in general, only approximately 10% of sediment transport

can be attributed to bedload, although this value varies substantially between river basins.

Already mobilized under low-flow conditions, or even present as washload, fine sediment is

the first part of the sediment to be transported during floods and is the last part of transported

sediment to be deposited back into the riverbed (unless it first reaches a floodplain or a lake).

The definition of fine sediment varies significantly depending on the field of research and

the research goals. In addition, fine sediment is also defined as a function of the material

composing the riverbed, i.e. different definitions are used for sand beds and gravel beds. This

variable definition is revealed by a systematic review of the definitions used in the papers

referenced in this chapter that treat the subject of fine sediment (Fig. 2.1). An important

part (∼23%) of the articles define “fine sediment” as sediment smaller than 2 mm or “sand,

silt and clay”. Suspended sediment concentration studies generally do not specify particle

size, although the transport mechanism is known. Silt and clay as well as clay are also often

cited as fine sediment, especially in studies dealing with fine riverbed substrate like sand.

Research linked to fish spawning, on the other hand, can consider particles around 4 mm

as fine sediment. Surprisingly, around 23% of the papers do not clearly define the term

“fine sediment” or do not define it from the outset. Since the size of fine sediment spans

over more than 2 orders of magnitude, and can behave differently depending on their size

(cohesion, aggregation, transport mode, geochemical activity, etc.), fine sediment should be

better defined in future works. In this chapter, fine sediment will generally be considered as

particles below 2 mm, and details will be provided when considering specific grain sizes. The

usual definition of fine sediment includes sand (2 mm >�> 62.5 µm) and finer particles such

as silt (62.5µm >� > 2 µm) and clay (� < 2 µm). Silt and clay exhibit cohesive properties

and are usually transported in suspension due to their small size. Sand can be transported as

bedload. As such, fine sediment involved in the clogging process can be either transported as

bedload, saltation or as suspended material. The ranges of fine sediment and substrate used

in laboratory research on clogging are summarized in Figure 2.2. The whole fine sediment

fraction is well covered by numerous papers, with a large quantity of papers focusing on

silt-size particles. Sand is also well represented in terms of different experiments studied.

However, a lack of systematic analysis exists between silt and sand (see also Sec. 2.3.3). The

range of substrate used in these experiments covers also partially the range of fine sediment.

This is due to the need of sufficiently fine bed material to observe deposition of fine particles

in the substrate (see also Sec. 2.3.2), which means that fine sediment can act as substrate for

smaller particles.

The sources of fine sediment are very diverse and the various sizes of particles may not

have the same source. Sand is usually eroded from channel banks whereas silt and clay often
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2.2. Process definitions

Figure 2.1 – Statistics on the referenced papers of this chapter concerning clogging and fine
sediment dynamics (a paper can be in multiple categories). (a) shows the definition used by
author to qualify fine sediment, (b) refers to the type of research, (c) refers to the subject of the
research

come from surface runoff. The fine sediment characteristics and yield first depend on the

catchment characteristics, such as geology and surface cover. For instance, river catchments

with important agricultural areas can result in an important quantity of fine sediment from

surface runoff erosion, like fine silt and clay. In the past two decades, an increasing number

of fingerprinting studies have been able to trace back the source of fine sediment found in

riverbeds and their residence time using different methods including fallout radionuclides

(FRN) tracers (Collins et al., 2020; Z. Guan et al., 2017; Muñoz-Arcos et al., 2022). The analysis

of the source of fine sediment is relevant in defining measures to manage fine sediment yield

to the stream (Walling & Collins, 2008; Walling & Collins, 2016), but also serves to understand

the processes of mobilization, storage and deposition in riverbeds (Muñoz-Arcos et al., 2022).
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Figure 2.2 – Statistics on the size range of fine sediment and substrate used in the papers
referenced in this chapter concerning laboratory experiment on clogging and fine sediment
dynamics. The number of experiments refers to the number of different combinations between
substrate and fine sediment. The number of papers covering a grain size at least once is plotted
on the top axis.

2.2.2 Mechanisms of clogging

Physical, biological and chemical processes are all involved in the clogging of riverbeds and

interact with each other (Schälchli, 1993; Wharton et al., 2017). These processes often take

place simultaneously in a river and can affect the ecosystem in different ways. A large number

of parameters have an influence on the clogging process in streams, listed in Figure 2.3.

Physical clogging depends mostly on the surface flow conditions, as well as the hyporheic flow

and characteristics of the substrate, which acts like a filter. Chemical clogging happens with the

precipitation of dissolved substances such as calcium carbonates (Fetzer et al., 2017), which
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can bind particles together and reduce permeability. It depends on dissolved substances,

oxygen levels and temperature, and can develop over long periods (Hu et al., 2022). Biological

clogging is the result of the activity of organisms such as algae and bacteria trapping fine

particles or using them in their development (Wharton et al., 2017). Biological clogging

depends on factors such as the riverbed structure, flow conditions, nutrients, temperature

and light.

Figure 2.3 – Main factors affecting the clogging of the riverbed by fine sediments, with refer-
ences to the corresponding Sections of this chapter.

2.2.3 Measurement of clogging

Clogging is not an intrinsic variable of the riverbed, but a process resulting in the change of

different variables specific to the riverbed that needs to be defined to qualify or quantify the

degree of clogging, in the field or in laboratory. Laboratory experiments count for about 32%

of the reviewed studies concerning clogging and fine sediment dynamics, even though they

represent a more important part in the current analysis. They usually measure clogging in

terms of depth and fraction of fine sediment in the substrate, or in terms of hydraulic conduc-

tivity or permeability. Clogging can also be measured by the reduction of exchange between

11
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surface flow and hyporheic flow. All these elements can be linked to the change in porosity

and interstitial space in the riverbed resulting from the clogging process. Since the change in

the porous medium characteristics can be difficult to measure directly, proxies such as fine

sediment content, permeability and exchange with the surface flow are useful to evaluate the

clogging process. Two main kinds of experiments have been performed in laboratory settings

(see Fig. 2.1, (c) ; Tab. 2.1). First are experiments studying the deposition of fine sediment in

the substrate performed using a flume, with surface flow. Second are experiments studying

more precisely the filtration process and evolution of the hydraulic conductivity, and that

mainly focus on infiltration column experiments. Measurement methods are often specific to

the research goals of each experiment and will not be discussed in more detail here.

In the field, the study of clogging is often linked with fine sediment dynamics, as part

of the transport, deposition, storage and erosion processes. Numerous different techniques

exist and are not detailed here, but references to studies and reviews treating the different

methods are given for more information. One part of the measurement methods aim to

qualitatively define the degree of clogging by evaluating the substrate consolidation or the

surface of the bed covered by fine sediments (Descloux, 2011; Guthruf, 2014; Peck et al., 2006;

Platts et al., 1983; Schälchli, Abegg + Hunzinger, 2002). Qualitative methods remain relatively

subjective, since the conclusion depends on the operator and their experience (Descloux

et al., 2010; Sennatt et al., 2006). The quantification of fine sediment dynamics in rivers goes

through the measurement of suspended sediment concentrations, the change in river bed

level, the sampling of the riverbed (see for instance Kondolf and Lisle (2016)), or the analysis

of residence time using fingerprinting methods (Muñoz-Arcos et al., 2022). Different specific

devices are also used to measure the deposition over time using various types of sediment

traps placed in the substrate (see for instance Casas-Mulet et al., 2017; Harper et al., 2017; Lisle

and Eads, 1991) or resuspension techniques (Duerdoth et al., 2015) as well as measurements of

the riverbed permeability evolution (Datry et al., 2015; Grischek & Bartak, 2016) and hyporheic

exchanges (Gaona et al., 2019; Harvey et al., 2012). Finally, experiments with removal of the

substrate, cleaning and replacement of gravel are also performed to look at rates and directions

of sediment ingress (Ward et al., 2018).

Measurement of clogging in the laboratory or field covers a broad range of parameters, but

there is no universally accepted definition; therefore, we will refer to the degree of clogging

as the permeability of the hyporheic zone close to the bed surface or as the fraction of fine

sediment in the same zone, which are cross-related.

2.2.4 Clogging cycle

The degree of clogging in a river varies spatially, depending on fine sediment availability

and local variation of the substrate, riverbed morphology, hydrogeological characteristics,

flow conditions and biological activities (Brunke, 1999; Schindler Wildhaber et al., 2012;

Wilkes et al., 2019), as illustrated in Figure 2.3. The clogging degree also varies in time, with

12
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the accumulation of particles in the substrate. Three phases are usually identified in the

clogging process (Brunke, 1999). The first phase begins with the initial bridging of pores,

characterized by a low influence on the hydraulic conductivity. The second phase consists

of the deposition of finer material, with a significant reduction in the hydraulic conductivity.

With the accumulation of fine sediment, the deposition rate decreases and stabilizes with

time (F.-C. Wu & Huang, 2000), taking place closer to the surface. Finally, in some cases, a

maximum level of clogging is reached, when no further accumulation of fine sediment is

possible (Schälchli, 1993). This clogging process can be interrupted by a flood event and even

reversed (declogging), if the riverbed starts to be mobilized sufficiently to cause resuspension

and erosion of accumulated fine sediment (Loire et al., 2019; Park & Hunt, 2018; Schälchli,

1993). After such a flood event, the clogging process starts again until the next flood event.

In some cases, the riverbed is completely declogged, with all fine sediment released from

the riverbed into the surface flow. After the peak discharge of a flood, bedload transport

decreases with the reduction of the discharge and a portion of the fine sediment can deposit

onto the riverbed. As observed in Walling and Collins (2016), fine sediment transport is

not related to the transport capacity of the river but is mostly supply dependent, whether

it comes from sources outside of the river or from the river itself. The portion of the fine

sediment, maintained in suspension in the surface flow, eventually reaches floodplains, lakes

or reservoirs.

2.2.5 Biological role in sediment trapping and release

Besides being mostly negatively impacted by an excessive amount of fine sediment, the

ecosystem of rivers also has an influence on the trapping and release of fine sediment in the

riverbed. As underlined by Wilkes et al. (2019), the effect of ecosystem engineers such as

algae, macrophytes, benthos and some types of fish on the deposition and entrainment of

fine sediment has been subject until recently to much less attention than physical processes.

Ecosystem engineers tend to either reinforce the deposition and clogging process, or reduce

it by resuspending particles settled in the substrate. Statzner (2012) and Wilkes et al. (2019)

provide good reviews on the different species and processes active in the increase in deposition

by the presence of biofilm and riparian vegetation. Biofilm binds fine sediment together to

form aggregates that deposit more easily. This provides cohesion that limits as well erosion.

An interaction takes place between physical and bioclogging, where deposited fine sediment

promotes the development of algae and biofilm, which can further reduce the permeability

of the substrate (Newcomer et al., 2016) or increase fine sediment deposition. Riparian

vegetation provides shelter where fine sediment can deposit due to low-flow velocities, but

also prevent erosion by reinforcing sediment with their roots, stems and rhizomes. Fine

sediment deposition in macrophytes patches has been observed to contain coarser particles

than areas with low-flow conditions due to their ability to catch sand bedload (Grabowski et al.,

2012). The development of macrophytes usually results in a reinforcement of the clogging

process.
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Conversely, some invertebrates and fish species contribute to the resuspension of fine

sediment (bioturbation) by foraging and remodeling the riverbed, like crayfish, spawning fish,

benthivorous fish, aquatic insects, filtering invertebrates and invertebrates active in galleries

(Wilkes et al., 2019). Through their actions, they reduce the amount of fine sediment in the

substrate or reduce consolidation. However, in the presence of an excessive amount of fine

sediment and clogging, these species will tend to disappear from the ecosystem by species

sorting processes, which results in an increase in the persistence of detrimental clogging

conditions.

The influence of ecosystem engineers on the deposition, clogging and resuspension of

fine sediment must be taken into account in the clogging cycle since their effect, for example,

on declogging the riverbed can be substantial. Bioclogging and physical clogging can act

on different timescales that should also be taken into account, together with the spatial and

temporal (seasonal) variations (Wharton et al., 2017; Wilkes et al., 2019). The current article,

however, addresses the lack of a comprehensive review on the physical process which is

needed for a better understanding of this already complex mechanism.

2.2.6 Types of physical clogging

Three different types of clogging are usually identified as physical clogging (Schälchli, 1993)

and illustrated by Figure 2.4:

1. Surface/external clogging, on top of the riverbed substrate

2. Inner/subsurface clogging, in the subsurface of the riverbed

3. Unimpeded static percolation, deeper into the riverbed

Surface/external clogging represents the deposition and formation of a fine sediment layer

on top of the coarse substrate of the river. It is the result of low-flow velocity and shear stress

that can take place in some parts of rivers, for example in areas with shallow flow depths,

riverbanks, bays and backwater areas after floods. The low-flow velocity allows the particles in

suspension to deposit. They can be easily washed away when the flow rises again. In some

cases, the particles are sorted as coarser sand particles are deposited prior to finer sediments.

Access to the hyporheic layer for benthos can be hindered, especially in situations where the

surface seal is sufficiently thick and contains cohesive fine materials. The infiltration of water

is also reduced in such cases (Schälchli, Abegg + Hunzinger, 2002).
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Figure 2.4 – The three different types of clogging usually identified: (a) Surface clogging, low
shear stress, (b) inner clogging, medium to high shear stress (c) unimpeded static percolation,
medium to high shear stress

In the situation of inner/subsurface clogging, the gravel framework is able to stop at least

a fraction of fine sediment through bridging, wedging and other physico-chemical processes.

This results in the creation of a clogged layer, usually in the sub-armor layer. Thick clogged

layers are commonly called depth filtration. This type of clogging, as unimpeded static

percolation (see below), is usually not observable directly from the surface. It is the most

studied process due to its effects and persistence in time. Some of the main publications on

this subject are Beschta and Jackson (1979), Carling (1984), Cunningham et al. (1987), Lisle

(1989), Diplas and Parker (1992), Schälchli (1993), Frostick et al. (1984), Wooster et al. (2008),

Gibson et al. (2010) and Huston and Fox (2015).

Unimpeded static percolation (or deep infiltration) takes place when the space between

the gravel particles forming the framework is sufficiently large to let fine sediment fall through

the pores in response to gravity and interstitial dynamic flow until they reach a physical barrier.

The barrier can be formed by bedrock, or a sub-armor layer filled with fine sediment (created,

for example, by a previous fill event). This mechanism has been observed and studied by

many authors such as Einstein (1968), Gibson et al. (2009), Kuhnle et al. (2013) or Hamm et al.

(2011).

Some field studies (e.g. Blaschke et al., 2003) also add armor layer clogging to this list,

corresponding to the filling of voids around the armor layer by fine particles, which results in

a compact layer. Armor layer clogging occurs when the flow characteristics are between those

of inner and surface clogging.
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2.2.7 Relevant parameters

The key variables are presented and described here before analysing the influence of the main

parameters with more detail in the next section. The clogging process can be subdivided into

different domains and their related variables, illustrated in Fig. 2.5.

First, transport of sediment is linked to the flow conditions, which are also responsible for

part of the hyporheic flow. A detailed description of the hyporheic processes is presented in

Section 2.3.1. The motion of fine and coarse sediment depends on the shear stress applied to

the particles. The shear stress τ depends on the local flow conditions, such as the energy grade

J and the water depth hw . The dimensionless critical shear stress depends on the density

ratio of water ρ and sediment ρs , as well as the characteristic diameter of the sediment d . The

surface of the substrate in contact with water typically includes a wide range of diameters

(from very fine sediment to boulder gravel) and can differ from the characteristics of substrate

in the subsurface. The presence of an armor layer increases the critical shear stress needed to

mobilize the sediment.

Sediment is transported as either bedload or suspended load. The quantity of suspended

load is expressed using the concentration of fine sediment C [kg /m3], but can also be ex-

pressed using the non-dimensional variable cv =C /ρs . Sedimentation takes place when the

turbulent forces are too small to keep fine sediment in suspension. The Stoke’s particle settling

velocity in calm water ws depends on the diameter of the grains d f , the dynamic viscosity µ

and the density of water ρ and of fine sediment ρ f . The fraction of fine sediment in suspension

can be estimated using the Rouse number, defined as:

Ro = ws

κu∗
(2.1)

which represents the ratio between Stoke’s particle settling velocity and the turbulent forces,

expressed by the shear velocity multiplied by the von Karman constant κ that counters gravity

force.
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Figure 2.5 – Parameters involved in the clogging process, divided into different categories
analysed in the dimensional analysis: Flow conditions (blue), suspended sediment (green),
interstitial flow (petrol-blue), filling and bridging of pores (red) and temporal aspects (gray).

Interstitial flow is usually modeled using Darcy’s law, which assumes laminar flow. It is

generated by pressure differences, which can originate from the turbulence of the surface

flow, riverbed structures (dunes, riffle and pools, etc.) and connection with the groundwater.

Limited amount of small gravel and sand leads to the presence of large pores, for instance in

the top layer of the riverbed, where interstitial flow may be subject to turbulence and follow

other laws. Some hyporheic flow is induced directly from the shear stress of the surface flow

on the bed and depends on the characteristics of the surface flow, the permeability k and

dynamic viscosity µ. A common dimensionless variable used in problems related to hyporheic

flows is the permeability Reynolds number Rek =p
ku∗/ν (Fries & Taghon, 2010; Voermans

et al., 2018), with u∗ =
√
τ/ρ the shear velocity. Alternatively, the roughness Reynolds number

can be used to account for the effect of surface flow on hyporheic flow, by replacing
p

k with

the roughness height ks of the substrate, Re∗ = ksu∗/ν (Huston & Fox, 2015). Interstitial

flows due to riverbed structures and connection with the groundwater are characterized by

a net velocity v . This variable depends on the difference of pressure ∆P between two points,

separated by a length L along the flow line (from a wider point of view, see also Fig. 2.10), and

the hydraulic conductivity K . Hydraulic conductivity is a function of the permeability, with

K = k · g /ν. The permeability is a function of the porosity ϕ and the grain-size distribution

(for instance, the geometric mean diameter dm , and the geometric standard deviation σs),

and can be estimated by using the equation of Kozeny-Carman (Bear, 1988). The pressure

difference over the distance of percolation L can be expressed as the non-dimensional gradient

of percolation i .

The deposition of fine sediment in the substrate is driven by different processes, such as

the filling and bridging of pores, presented in Sections 2.3.1 and 2.3.2. The porosity ϕ of the

substrate and the characteristics of the grain-size distribution of both the fine sediment (d f ,
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σ f ) and the substrate (ds , σs) are relevant to determine the depth and distribution of fine

sediment in the substrate. The maximum quantity of fine sediment that can infiltrate into

the pores (FS) also depends on the porosity of the fine sediment matrix. The fraction of fine

sediment in the substrate can either be expressed relative to the mass of substrate (e.g. Brunke,

1999; Gibson et al., 2009), in fraction F relative to the total volume (solid and pores), or in

terms of the quantity of fine sediment relative to the maximum fine sediment quantity that

can fit in the pores of the substrate F /FS (Y. Cui et al., 2008; Leonardson, 2010; Wooster et al.,

2008). This last parameter depends on the porosity of both the substrate ϕs and fine sediment

ϕ f .

The clogging of the substrate can also be expressed using the depth of clogging hc . The

depth of clogging refers usually to the depth between the surface of the riverbed and the lower

part of the clogged layer where the fine sediment fraction returns to the content that prevails

locally in the substrate in the absence of fine sediment deposition (Huston & Fox, 2015). If the

substrate contains a significant fraction of fine sediment at depth, the clogging depth can be

alternatively defined as the distance between the surface of the riverbed and the minimum

fine sediment content in the substrate before it increases again. When surface clogging takes

place, the clogged layer, characterized by a thickness e f , grows on top of the substrate surface

and contains generally only fine sediment. This differs from the clogging depth hc which

contains fine sediment in variable quantity and substrate sediment.

As a process evolving over time, a temporal parameter has to be taken into account when

analysing the question of clogging. The evolution of the degree of clogging depends on the

pre-existing characteristics of the substrate at the time t0 and the supply to or erosion from

the riverbed of fine sediment over time..

2.3 Factors affecting clogging

2.3.1 Effect of flow conditions on clogging

Flow conditions are important factors in the deposition of fine particles inside – or on top of

– the riverbed. They first influence the entrainment, transport and deposition of sediment,

including sand and silt. Secondly, flow conditions enable hyporheic flows by their interaction

with the surface of the riverbed, which then contribute to the exchange of fine sediment and

molecules with the hyporheic zone.

Entrainment and deposition of fine sediment

Fine sediment dynamics in gravelbed rivers are driven by the flow conditions that allow the

mobilization of the coarse substrate, often the armor layer, that protects fine sediment trapped

in the pores of the gravel (Section 2.4). Sand bar erosion is also responsible for an important

part of fine sediment dynamics. In areas where fine sediment can deposit on the surface of
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gravel, with low turbulence, resuspension of fine sediment is possible when the flow increases.

The incipient motion of fine sediment depends therefore not only on their corresponding

critical shear stress (as defined in the Shield diagram), but also on the hiding-exposure effect

provided by the presence of larger particles covering and protecting the fine sediment from the

flow when deposited below the armor layer (McCarron et al., 2019; W. Wu et al., 2000). Higher

shear stress is often required to detach cohesive fine sediment from the riverbed (Barzilai

et al., 2013) or to mobilize fine sediment in the presence of bioclogging. Once mobilized

and transported by the flow, silt and clay move in suspension, since the transition from the

critical shear stress to shear stress where suspension is possible is very narrow (see Fig. 2.6).

Sufficient turbulence is needed to keep fine sediment in suspension. The concentration of

fine sediment in suspension varies with the flow depth, with smaller concentrations near the

water surface and higher concentrations near the riverbed. Because the smallest particles are

suspended more easily, their distribution in the flow column is more uniform (see Fig. 2.6).

This difference has an influence on the characteristics of fine sediment available for deposition

near the riverbed surface. In the presence of a flow with a low Rouse number Ro (small settling

velocity in comparison with shear velocity), most of the particles are transported as suspended

load. For flows with a mid-range Rouse number (typically between 0.5 and 2), particles tend

to be transported near the riverbed surface, as shown in Figure 2.6, or as bedload. If the

Rouse number is high (typically >12.5), the flow is unable to maintain suspended particles,

so the fine sediment will eventually be transported as bedload or deposit on the riverbed

surface by gravity. In this case, the accumulation of fine sediment on top of the riverbed

results in surface clogging. The spatial distribution of surface clogging highly depends on

shear stress. According to Schälchli, Abegg + Hunzinger (2002), four categories of situations

can be identified for surface clogging:

1. Areas with flow conditions over critical shear stress for fine sediment are not subject to

surface clogging, but inner clogging may take place.

2. Areas with flow conditions below critical shear stress during base flow but greater during

peak flow will have deposition of fine sediment during base flow and resuspension of

particles during peak flow.

3. Areas with flow velocity always below critical shear stress are subject to sedimentation

and surface clogging, for example on the riverbanks.

4. Areas with very low-flow conditions allow for the deposition of the smallest fraction of

particles, silt and clay.

Interaction between surface flow and hyporheic flow

Surface deposition by gravity does not represent the only mechanism of deposition. Fine

sediment can be trapped in the substrate when transported inside the hyporheic zone by

interstitial flow. Hyporheic flow appears in a large variety of configurations and has a strong
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a/h = 0.05

Figure 2.6 – Suspended sediment as a function of the flow conditions: (left) Theoretical concen-
tration of a class of fine sediment along the flow depth, for a parabolic mixing coefficient and
various Rouse numbers, and (right) critical dimensionless shear stress according to Shields
(based on the equation in Soulsby (1997)) completed with lines corresponding to different
Rouse numbers. Fine sediment in the gray area can be considered as only moving in sus-
pension. Above u∗ = 2ws , suspended sediments are spread over the whole flow depth (see
left).

effect on the exchange of nutrients with the substrate, as well as fine sediment in suspension.

Particles transported as bedload can also be intercepted by the riverbed substrates as shown in

experiments such as Wooster et al. (2008) or Gibson et al. (2009). The intrusion of fine sediment

into the substrate happens when particles are sufficiently small to penetrate the pores of the

hyporheic zone. Exchange of water, nutrients and sediment particles with the hyporheic zone

is enabled by the interaction with surface water flow through different processes occurring at

different scales (Tonina & Buffington, 2009), presented here from the largest to smallest scale:

1. Exchanges between groundwater flow and surface flow

2. Large-scale morphology of rivers inducing a hydraulic gradient between river areas (for

instance in the presence of a meander)

3. Hydro-geomorphologic structures such as pool and riffles, chutes, etc.

4. Small-scale hydro-structures macro-roughness such as dunes, boulders, trees, etc.

5. Roughness of the armor layer and turbulent flow

While medium to large exchanges, due to their continuity over a large part of a river section,
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can be analysed with a global gradient of percolation (further discussion in section 2.3.4), small-

scale exchanges are dependent on the characteristics of the local hyporheic flow. The different

mechanisms behind these exchanges enable the intrusion of fine sediment into the hyporheic

layer and their horizontal transport in the “Brinkman layer”, in the subsurface of the substrate

(Casas-Mulet et al., 2017; Casas-Mulet et al., 2018). The flow conditions in interstices and pores

of the riverbed allow for deposition by gravity, bridging of pores, or cohesion forces. This results

in the deposition of suspended sediment under conditions where deposition on the surface of

the bed would be impossible. The mechanism of advective pumping, which drives small-scale

exchanges with the hyporheic layer, is created by the interaction between the flow and the

roughness of the riverbed. Advective pumping decreases with depth due to the damping

effect of the substrate. Bedform induced advective flow has been studied through physical

and numerical experiments by numerous authors, including Boano et al. (2009), Cardenas

and Wilson (2007), Marion et al. (2002), Packman and Brooks (2001), Packman et al. (2004),

Thibodeaux and Boyle (1987) and Boano et al. (2014) (bedform and groundwater interaction),

Salehin et al. (2004) (hydraulic conductivity, heterogeneous substrate), Tonina and Buffington

(2007, 2009) (coarse gravel, riffles and pools). The armor layer and boulders can induce

an important role in the capture of fine sediment through advective pumping (Dermisis &

Papanicolaou, 2014; Marion et al., 2008). The pumping mechanism is enabled by the pressure

gradient between the two sides of the bedform, which produce a flow inside the substrate

(Fig. 2.7). Quantification of exchange with the hyporheic layer can be done using a tracer,

which is mixed over time with water inside the pores. Packman et al. (2004) show that exchange

with the hyporheic layer is more pronounced with bedforms such as dunes than in presence

of a flat bed. The effect of suspended sediment on these exchanges through the clogging of

the lee side was analysed in the laboratory by Karwan and Saiers (2012), Packman and MacKay

(2003) and Fox et al. (2018). Harvey et al. (2012) found that approximately 35% of the fine

sediment deposited into a sand riverbed was observed to settle inside the hyporheic zone of

the riverbed, while the remaining part settled in troughs, showing the importance of hyporheic

flow in the deposition of fine sediment. Fine sediment is however filtered over a shorter depth

than other solutes. Stream-subsurface exchange of water is also observed without bedforms,

due to substrate roughness on the surface of the riverbed. This mechanism has been studied

in the laboratory by different authors such as Voermans et al. (2017), Voermans et al. (2018) or

Fries (2007), Fries and Taghon (2010), Fries and Trowbridge (2003). In the case of a flat-shaped

bed, the characteristics of both the flow and the grain-size distribution play a central role

in the exchange, with a strong correlation between the permeability Reynolds number, the

effective diffusivity and the exchange of mass with the hyporheic layer. It can be observed

that turbulence and form-induced stress penetrate the riverbed substrates (Rousseau & Ancey,

2022; Voermans et al., 2017), and induce mass exchanges (Fig. 2.7). Turbulent diffusion drives

mass exchanges for ReK >O(1), linked to the turbulence in the surface flow penetrating the

substrate pores. ReK is defined as the permeability Reynolds number (see Section 2.2.7),

also known as a form of the Peclet number. Form-induced (advective dispersion) diffusion

dominates in the range O(0.01) < ReK <O(1), driven by spatial variability of interstitial flow.

Below this threshold, exchanges are driven by molecular diffusivity (Voermans et al., 2018).
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Figure 2.7 – Different mechanisms of hyporheic exchange through advective pumping at the
local scale. The dominant processes corresponding to the sediment properties and bedforms
are sketched.

The shear stress and permeability are therefore important factors in the exchange of water

with the hyporheic layer. The suspended particles present in the hyporheic flow can either

be deposited by gravity when flow forces are sufficiently small, blocked by physical straining,

or aggregated to other particles by physico-chemical interaction, resulting in deposition

inside the hyporheic layer. Experiments made by Mooneyham and Strom (2018) using clay

suggest that the rate of deposition is increased by higher Rek , which confirms the findings of

Voermans et al. (2018) with experiments on impermeable, gravel and gravel-sand substrates.

An increase in the deposition rate was measured for the gravel substrate in comparison with

mixed gravel and sand, despite the presence of gravel as an armor layer in both cases (see

Section 3.1 Fig. 3.1). The larger the pore size and permeability, the higher the deposition

rate is. Deposition appears to correlate more with permeability than shear velocity and the

deposition rate remains below Stoke’s settling velocity. Proceeding to silt and clay deposition

experiments, Fries and Trowbridge (2003) observed enhanced particle deposition, i.e., the

deposition rate is higher than the quantity deposited by pure gravity action. This finding was

attributed to the interaction between the flow and the substrate pores and roughness. Particle

deposition has been observed to increase with Re∗ before reaching a peak and decreasing to a

value close to the Stoke fall velocity. Based on these data and results from the literature, Fries

(2007) also shows a change in the interfacial diffusivity at ReK = 1, similar to Voermans et al.

(2018). Fries and Taghon (2010) linked the deposition of fine sediment with the interfacial

diffusivity and grain characteristics. The difference between effective deposition and settling

was attributed to a diffusive flux across an interfacial concentration gradient. Interfacial

diffusivity is combined with a retention or capture coefficient similar to the one presented

in Section 2.3.2, in the model of deep filtration used by Y. Cui et al. (2008). In this study, the

capture coefficient λ is observed to be a function of the size ratio between substrate and

22



2.3. Factors affecting clogging

fine sediment. On the other hand, Hamm et al. (2011) did not find any enhancement of

deposition due to the porous bed. In this study, the deposition rate decreased with increasing

shear velocity, which is contradictory to the results from Fries and Trowbridge (2003) and

Mooneyham and Strom (2018). It should be noted that Hamm et al. (2011) make use of the

Saffman number, which expresses the lift force on a sphere next to a wall and is defined

as S = u3∗/g ′ν, where g ′ = g (s −1) represents the fluid density adjusted gravity. Overall, the

deposition rate of fine sediment in the absence of a global percolation gradient (Section 2.3.4)

is generally smaller.

Table 2.1 (Sec. 2.3.2) shows the different flow conditions and bed permeabilities of the

examined laboratory experiments on clogging. A large spectrum of shear velocities has been

studied, from very low shear stress to the mobilization of the substrate. However, experiments

analysing the deposition rate often use well-graded substrate and very low shear stress in com-

parison to other clogging experiments and river conditions. The influence of flow conditions

on the transport of fine sediment across the substrate and the deposition rate is important

to assess the spatial variation of the clogging process. Field studies and experiments on clog-

ging have also provided information on the influence of flow conditions, even though more

research needs to be performed to link laboratory experiments and field studies. Generally,

a faster and stronger reduction of the permeability is observed with increasing shear stress

(Beschta & Jackson, 1979; Cunningham et al., 1987; Diplas & Parker, 1992; Schälchli, 1993),

even though this effect can be limited. This observation is coherent with the increase in the

deposition rate with increasing shear stress developed in this section.

2.3.2 Influence of substrate grain size on clogging

Trapping mechanisms

The size ratio between fine sediment and the gravel framework is an important factor regarding

the type and depth of clogging (F.-C. Wu & Huang, 2000). Particles entering the hyporheic zone

can reach different depths before depositing through the mechanisms of physical straining

(pore bridging), simple deposition and chemical or biological capture (Brunke, 1999). Mechan-

ical filtration is the main process in the early stages of clogging, and concerns mostly particles

larger than 30 µm (Brunke, 1999). A change in flow direction is able to drag the particles back

into the flow. Trapping of particles by bridging of pores happens when fine sediments are stuck

between other particles due to a lack of space to allow free movement (Herrero & Berni, 2016).

Smaller particles can be intercepted by the substrate through physico-chemical forces such

as electrokinectic and Van der Waals forces. The size of pores is determined by the grain-size

distribution and shape of the substrate, but also by the way sediment particles are distributed

and positioned in the riverbed.

The grain size of deposited fine sediment is dependent on the supply of fine sediment by

the river flow, which is time dependent. Frostick et al. (1984) observed that the deposition

of bedload and suspended particles in the substrate during the falling limb of flood events

23



Chapter 2. State of the art and research questions

results in different situations depending on the grain-size distribution of the armor and sub-

armor layer (Fig. 2.8). The presence of coarse gravel can result in the deposition of larger

quantities of silt and clay than small gravel substrate. With coarse gravel, fine sediment freely

percolates in the sub-armor layer and is typically stopped when reaching a finer layer of

substrate (unimpeded static percolation, Fig. 2.8 (a)). All of the fine sediment fraction is

present inside the pores of the initial substrate and forms a clogged layer. In the case of finer

substrate on the surface and subsurface of the riverbed (Fig. 2.8 (b) and (c)), the coarsest

fraction of fine sediment, like sand, deposits first and form bridges between substrate particles.

This sand blocks the infilling of following particles that deposit at lower flow conditions. In

this case, the clogging layer is usually thinner and pores below the subsurface remain free of

fine sediment.

(a) (b) (c) 

Coarse fine sediment 

Medium fine sediment 

Silt/clay 

Small pore interesticesLarge pore interestices

Figure 2.8 – Clogging layer resulting from different grain-size distributions of fine sediment
and substrate. (a) coarse gravel substrate with large pores and wide fine sediment grain-size
distribution. In comparison to (b), a thicker clogged layer is observed with finer median diam-
eter due to limited straining of silt over coarser fine sediment; (b) wide grain-size distribution
of fine sediment and substrate, substantial straining of silt by coarser fine sediment deposited
first; (c) same grain-size distribution of substrate as (b), smaller fine sediment, resulting in a
thicker clogged layer.

Threshold between unimpeded static percolation and internal clogging

Unimpeded static percolation takes place when most pores are large enough to allow for free

movement of fine sediment and the particles can percolate until they reach a layer impeding

any further percolation. In this case, the substrate will be clogged from the bottom up. This

phenomenon was studied by authors like Einstein (1968), Sakthivadivel and Einstein (1970),

Gibson et al. (2009) and Gibson et al. (2010) The bridging mechanism takes place when pores

and interstices are sufficiently small, blocking the particles transported by the hyporheic flow.

Both single and multi-particle bridging can be observed (Herrero & Berni, 2016; Huston &
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Fox, 2015, 2016). The ratio between the fine sediment diameter and the substrate diameter

allows for the determination of the type of clogging that can occur. Because riverbeds are

characterized by extended grain-size distributions, the average pore size is smaller than the

pore size that would be observed with a more uniform grain-size distribution for the same

average diameter. The bridging of particles is dependant on the small interstices of the

substrate and the largest particles of fine sediment. As such, the diameter for which 15% of the

substrate are smaller (d15,s) is often used in combination with d85, f representing the diameter

for which 85% of fine sediment is smaller.

Different thresholds between unimpeded percolation and inner clogging have been pro-

posed across numerous studies:

1. Gibson et al. (2009) and Gibson et al. (2010) suggest that unimpeded static percolation

occurs for d15,s/d85, f > 15.4.

2. Brunke (1999) presents two thresholds for unimpeded static percolation, inner clogging

and surface clogging summarized as d15, f < d15,s/5 < d85, f , based on Sowers and Sowers

(1970) and Sherard et al. (1984). Here, d85, f is the threshold factor for unimpeded static

percolation and d15, f is the threshold factor for surface clogging.

3. The extensive study made by Huston and Fox (2015) proposes that clogging occurs for

dm,s ·d−1
m, f σ

−1
s < 27 where dm is the geometric mean diameter of the considered fraction

and σs is the geometric standard deviation of the substrate (σ =
√

d84/d16, valid for

log-normal distributions).

The combination of the geometric mean diameter with the standard deviation (ds/σs ) by

Huston and Fox (2015) is almost similar to the use of d16,s since d16,s ≈ ds/σs for log-normal

grain-size distributions. Similarly, using the standard deviation of fine sediment to take into

account the grain-size distribution also leads to d84, f ≈ d f ·σ f . This observation leads to

the conclusion that the threshold ratio suggested by Huston and Fox (2015) is equivalent to

the one proposed by Gibson et al. (2010) using a constant standard deviation σ f equal to

approximately 1.75.

Table 2.1 compiles all the laboratory experiment characteristics analysed in this chapter

and documents the type of parameters analysed and measured results. Analysing the range

of substrate and fine sediment used in laboratory experiments, it appears that the range of

substrate sediments overlap the fine sediment range (Tab. 2.1, Fig. 2.2). It first reveals that

many experiments have to use sand substrate to observe inner clogging while using fine silt or

clay. This is especially observed with experiment on deposition rate and infiltration column.

Secondly, wide grain-size distributions imply the presence of sand in the substrate as an initial

condition in the same way as river samples always contain fine sediment fractions. It should

however be noted that apart from the experiment of Schälchli (1993), no experiment has

been exploring the full range of fine sediment from sand to clay together with river substrates.
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Table 2.1 – Laboratory experiments: Sediment characteristics, concentration of fine sediment, shear velocity, permeability, parameters and
result types

Author Fine sedimenta [µm] Substratea [mm] Concentrationb [g/L] Shear velocity u∗ [m/s] Perm. k0 [m2] Type Param.c Resultsd

Alem et al. (2013) 1.7 - 15 - 40 0.315 - 0.410 - 0.630 1 - 7.2·10−11 Column I KCDL
Alem et al. (2015) 1.7 - 10.5 - 40 0.315 - 0.410 - 0.630 0.25 - 1.5 - 7.2·10−11 Column I KC(D)
Bai et al. (2016) 9 mixes: 0.1 - 50 1 - 3.5 0.015 - 0.33 - N.D. Column sCI (K)VL
Benamar et al. (2007) 2 - 14 - 40 2 mixes: 2.15 - 3.15, 3 0.1 - 2.3-2.6·10−9 Column SI CVL
Beschta and Jackson (1979) 2 mixes: 120 - 300, 350 - 700 9 - 12 - 20 Bedload, salt.e h0.07-0.11 h 1.28·10−7 Flume sCF OA
Carling (1984) 3 mixes: dm 150, 190, 1400 10 - 20 0.04 - 0.26, 0.3 - 9.0 h0.02-0.21 h 2.29·10−7 Flume sCF OAR
Casas-Mulet et al. (2018) 150 - 2360f 0.5 - 55 - 100 N.D. 0.05-0.07 2.0·10−9 Flume (I)F OAR
Cunningham et al. (1987) 4 mixes: 0.1 - 63 Sandf 0.2 - 1.6 N.D. N.D. Flume sCFI VO
Dermisis and Papanicolaou (2014) dm 1900, σ 1.19 19 + “boulders” Bedload k0.13-0.19 N.D. Flume SF DO
Diplas (1994), Diplas and Parker (1992) 2 mixes : d50 80, 110 dm 2.44, σ 2.75 0.15 - 10 0.04-0.07 h 3.15·10−9 Flume sCFDM ODA
Du et al. (2018) 6 mixes: 0.9 - 28.6 3 mixes: dm 0.22, 0.46, 1.50 0.3, 0.1 - 1 - N.D. (k/k0) Column sCI KDC
Dubuis and De Cesare (2022) 2 - 11 - 60 0.7 - 3 - 6 0.8 - 1 0.043 8.1·10−11-8.9·10−11 Flume I KD
Einstein (1968) 3.8 - 30 6 - 38, 25 - 150 N.D. h0.04-0.07 h3.1·10−7, 5·10−6 Flume SF RO
Faber et al. (2016) 53-106 2, 1 - 1.6 0.25 - 1.0·10−9, 2.3·10−9 Column SI KD
Fetzer et al. (2017) 8-10, 14 - 16 dm 0.21, 0.40 ; σ 1.53, 1.34 0.5 - 4 - 1.6·10−11, 2.8·10−11 Column sSCI KDO
Fox et al. (2018) N.D. dm 0.384 N.D. N.D. (vcr est = 0.15 m/s) 1.3·10−10 Flume MI OAT
Fries and Trowbridge (2003) 4 mixes: 5-25, 3-25, 10-30, 20-60 5 mixes: dm 0.35, 0.40, 0.55, 1.3, 12.3 0.004 - 0.04 0.003-0.042 i2.5·10−7-3·10−7 Flume sSCF RCLDA
Fries and Taghon (2010) 3-25 dm 0.16, 0.63 0.004 - 0.04 0.0046-0.0072 1, 1.6·10−6 Flume sSCF RLDA
Gibson et al. (2009) 4 mixes: d15 80-250, d85 170-780 5-9 Bedload 0.05-0.06 j3.6·10−8 Flume sS ODA
Gibson et al. (2010) 8 mixes: d15 85-340, d85 180-1050 8 mixes: d15 2.5-8.2, d85 3.2-14 Bedload h0.05 j1·10−8-1.3·10−7 Flume sS ODA
Gibson et al. (2011) 2 mixes: 230-690, 360-1100 2 mixes: 5.1-10.1, 8.9-13.3 Bedload h0.05 j6.3·10−8-1.3·10−7 Flume sS ODA
Hamm et al. (2011) 3 mixes: 13-44, 38-45, 44-62 1.5, 20, mesh 0.25-0.6 0.0044-0.045 1.2·10−7 Flume sSCF RC
Kothyari and Jain (2008) dm 3.9, σ 1.5 dm 3.1, σ 1.28 N.D. 0.04-0.06 N.D. Flume FD S
Kuhnle et al. (2013) 100-300-500 27-35-52 Bedload h0.03-0.12 h1.2·10−6 Flume F S
Leonardson (2010) dm 350, σ 1.6 dm 9.2, σ 2.0 Bedload 0.018-0.072 3·10−8 Flume FM ODA
Mooneyham and Strom (2018) 3.3-12-36 2 mixes: 3.3-4.2-5.5, 0.25-0.57-0.92 0.1-0.4 0.011-0.035 1.9·10−8, 3.3·10−9 Flume SCFD RC
Packman and Brooks (2001) 2-10 dm 0.48, σ 1.2 0.23, 0.46, 0.81 N.D. 1.5·10−10 Flume CFM CT
Packman and MacKay (2003) 2-10 dm 0.48, σ 1.2 0.12, 0.2 0.015-0.017 1.8·10−10 Flume C(I)M CTD
Perret et al. (2018) 3 mixes: d50 40, 66, 813 ; σ 2.5, 1.3, 1.34 d50 6.8, σ 1.3 Both, N.D. k 0.077-0.094 3.4·10−12-3.6·10−8 Flume sFD OS
Rehg et al. (2005) 2 mixes: d50 2.2, 7.4 d50 0.5 0.35-0.6 0.0066-0.0146 1.7·10−10-1.8·10−10 Flume sFC(I)M RCOAT
Schälchli (1993) 1 - 1000 (Rhein sample) 6 mixes: 0.3 - 78 0.008 - 1.2 N.D. (wide range) 1.1·10−11-5.3·10−11 Flume SCFID KO
Shen and Ni (2017) 1070 12.2 1.4-4.4% Vol. - 1.3·10−9 Column C(I) OTDA
Siriwardene et al. (2007) d50 50-60 2 Layers: 6.4-13, 0.115-0.3 0.08-3 - 2.8·10−12-7.6·10−12 Column CFI KOD
Wooster et al. (2008) dm 360, σ 1.24 9 mixes: 4.2-17.2 Bedload h0.08 h2.6·10−8-1.56·10−6 Flume SC ODAL
F.-C. Wu and Huang (2000) 3 mixes: dm 340, 420, 870 2 mixes: dm 5.8, 7.5 0.08-1.28 inst.g - 2.8·10−9, 1.7·10−9 Column sSCFI KDL
Zou et al. (2019) 0.375-8.15-55.82 d10 0.875 d50 0.993 d60 1.181 0.1-0.3 - 7.5·10−11 Column SCFI KDL
a d15 - (dm ) - d85, estimated when only presented in a diagram. Mixes: ranges include all mixes, N.D. not documented
b Concentration of suspended sediment if applicable. When different concentration are tested, range of all tests ; N.D. not documented
c Parameter tested: s Fine sediment, S Substrate, C Concentration, F Flow, I Infiltration, D Declogging/erosion, M Bedforms. (), partially treated parameter.
d Measured results: K Permeability, D Vertical distribution, R Deposition rate, C Concentration, V Infiltration velocity, L Deposition coefficient, O Observation, A Accumulation in the substrate, T Tracer, S Bed strength, cohesion, incipient motion. (), partially measured.
e Feed rate and concentration at 2 levels are given
f Not clearly documented
g Instantaneous release of the fine sediment
h From the estimation of Huston and Fox (2015)
i Tested also with PVC bottom. Larger values for coarse sand and marbles, max 1.4·10−3

j Not clearly documented, estimated similarly to Huston and Fox (2015) with a porosity of 0.35 if not provided
k Estimated from dimensionless shear stress, based on information provided
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2.3. Factors affecting clogging

Thus, the systematic analysis of aspects like the vertical distribution with river grain-size

distributions is missing from the literature using laboratory experiments. Such an experiment

would allow for a good comparison with field investigations.

Depth of clogging and fine sediment fraction profile

The depth at which particles can penetrate in the substrate depends on:

1. The space between substrate particles relative to the fine particle diameter. This param-

eter tends to decrease with time as particles forming new bridges tend to reduce the size

of interstices. At a certain point, no particles can penetrate further down.

2. The pore velocity, which is necessary to bring particles across pores, since gravity only

acts in one direction. In rivers, intra-porous flow is driven by processes closer to constant

head, in contrast with artificial filtration where constant flow is often used (Alem et al.,

2015). This implies that net velocity through the medium decreases with clogging.

The quantity of fine sediment that can accumulate in the substrate depends on the pore size

and the connectivity between those pores. The reduction of permeability and hyporheic

exchanges with the growth of the clogged layer is dependent on both the depth and quantity

of fine sediment in the pores of the substrate. More uniform grain-size distributions have

higher porosity and volumes to fill and fine particles can reach deeper layers in the gravel

framework. Conversely, extended grain-size distributions result in a thinner clogged layer

(Schälchli, 1993).

The fraction of fine sediment in a homogeneous substrate with inner clogging exhibits

an exponentially decreasing profile, which has been observed by numerous experimental

studies, including Dermisis and Papanicolaou (2014), Fetzer et al. (2017), Gibson et al. (2010),

Wooster et al. (2008), F.-C. Wu and Shen (1999) or Dubuis and De Cesare (2022). The fraction

of fine sediment usually decreases rapidly. Thus, the depth of inner clogging has to be defined

arbitrarily in the absence of a clear delimitation between the unclogged and clogged layer.

However, the presence of a coarse substrate on top of a finer substrate can show a clearer

depth of clogging, with a situation corresponding to unimpeded static percolation across a

limited depth of the substrate. The armor layer of a riverbed offers an important porosity in the

subsurface of the riverbed, where fine sediment can accumulate (Brunke, 1999; Cunningham

et al., 1987; Frostick et al., 1984). Under the armor layer, sand and fine gravel can reduce

the intrusion of finer sediment into deeper layers which can then form subsurface clogging

(Diplas, 1994; Marion et al., 2008).

Clogging depth is often expressed using a dimensional scale, for instance in [mm]. The use

of a dimensionless clogging depth, for instance using a characteristic diameter such as d90,s

or dm,s , should be used with caution. So far, no dimensionless number using a characteristic

dimension has been validated by a sufficiently large panel of experiments, to the knowledge of
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the authors. The retention factor λ used by Y. Cui et al. (2008) and Wooster et al. (2008) (see

below) may however lead to promising results. On the other hand, the use of the geometric

mean diameter can lead to inconsistencies. For instance, the depth of clogging in a substrate

composed of small gravel will be able to reach several mean diameters of the substrate. In

the presence of the same substrate filling the voids of coarse gravel and cobbles, the depth

of clogging will still depend on the finer portion of the substrate. If the new geometric mean

diameter is used as a reference, the clogging depth will only reach a few mean diameters. The

use of a simple characteristic diameter can therefore lead to biased estimations of the clogging

depth in rivers (Schälchli, 1993).

Modeling of fine sediment fraction in the substrate

A mathematical model of the deposition of fine sediment in the substrate at the meso-scale

has been proposed by Y. Cui et al. (2008), which is based on the description of the model

developed by Lauck et al. (1991). Particles entering the substrate in the first layer can either

deposit or continue their transport to another layer, and the same process applies to all layers

of the model. The differential equation describing the problem (Eq. 2.2) can be coupled

with a trapping coefficient λ [1/m], which denotes the proportion of fine sediment that gets

deposited on each layer d z. The volume of fine sediment deposited on that layer over a time

d t is dV f =λqd td z = ∂F /∂t ·d td z. This results in a system of two equations (Eq. 2.2,2.3).

∂F

∂t
+ ∂q

∂z
= 0 (2.2)

1

q

∂q

∂z
=−λ (2.3)

Where q(z, t ) is the downward flux of sediment and F (z, t ) is the fraction of fine sediment over

the total volume of voids and substrate. Parallels can be made with deep filtration models

presented in Section 2.3.4. The deep filtration models differ in their use of the volumetric

concentration cv and approach velocity u instead of the downward flux of sediment q , with

cv (z, t )u(t ) = q(z, t ).

The coefficient λ and its definition plays an important role in the final result. Intuitively,

the trapping of fine sediment should increase as fine sediment accumulates in the substrate

and clogs the pores, which translates to λ= λ(F ) increasing as a function of the quantity of

fine sediment accumulated. The general equation derived by Y. Cui et al. (2008) expresses λ as

the following:

λ=λ0exp

(
φ

∂F /FS

1−F /FS

)
(2.4)
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Figure 2.9 – Theoretical fraction of fine sediment in the substrate relative to saturation of
the pores, according to Y. Cui et al. (2008), with two different values of the coefficient φ for
the final state. For φ = 3, the evolution in time is shown for different dimensionless times
t∗ = t [FSλ

−1
0 q−1

0 ]−1. The more fine sediment that is deposited in the substrate, the more the
particles deposit near the surface.

The coefficient φ expresses the extent to which accumulated fine sediment increases the

trapping coefficient λ. FS corresponds to the fraction of fine sediment at saturation, when the

pores are completely filled with fine sediment, and depends on porosity and particle size. This

formulation allows for a wide range of solutions, but does not present a universal analytical

solution (for φ= 0, an analytical solution exists and implies λ= cst ). An example of profile is

presented in Figure 2.9. The application of the model of Y. Cui et al. (2008) with constant λ on

the experimental results of Wooster et al. (2008) is done by using Eq. 2.5, with z∗ =λz.

F

FS
= exp(−z∗) (2.5)

Based on a batch of ten different substrates, Wooster et al. (2008) was able to determine both

the fraction of fine sediment at saturation and the trapping coefficient λ as a function of the

geometric mean diameter of the substrate and fine sediment as well as the standard deviation

of the substrate grain-size distribution. Fine sediment was mostly transported as bedload. The

regression of the vertical distribution of fine sediment fraction does not provide a satisfactory

prediction for individual profiles but appears to agree with the weighted average of all results.

Stochastic results obtained with these profiles may be an explanation for the scattered results,

but this could also be the result of using a constant coefficient λ.

A variable trapping coefficient was used by Leonardson (2010) to improve the modeling of
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the fine sediment fraction in the substrate with depth, based on data from Wooster et al. (2008)

and Gibson et al. (2009, 2010). An analytical solution for a linearly increasing coefficient λ was

presented, showing improved model prediction for mid-size gravel. In this study, a difference

was made between the accumulation of fine sediment by pile-building (accumulation of sand

on a gravel particle) and throat-trapping (bridging).

By using Equation 2.5, Huston and Fox (2015) proposed a better fit for fine sediment

fraction profiles of the data from Wooster et al. (2008), Gibson et al. (2011), Gibson et al. (2009,

2010) and, Dermisis and Papanicolaou (2014). In this case, the trapping coefficient λ was

expressed as a function of the estimated depth of clogging hc (where an estimated 1% of

fine sediment is accumulated), and the saturated fine sediment fraction. To estimate the

depth hc , Huston and Fox (2015) performed a macro-analysis on a batch of 146 experiments.

The best predictors of the depth of clogging when unimpeded percolation is excluded was

found to be the combination of the porosity and roughness Reynolds number (Re∗ = ksu∗/ν,

with ks as roughness height). This method appears to provide improved results compared

to using the substrate to particle ratio and reflects the importance of intra-porous fluxes in

the dispersion of particles. However, porosity is a difficult parameter to measure precisely

and can give scattered results. The use of intra-porous fluxes in the determination of the fine

sediment fraction as a function of the depth might help the modeling of clogging and improve

previous predictions. Huston and Fox (2016) further developed a model to calculate the depth

of clogging. The hypothesis of this model is that the depth of clogging hc depends on the depth

that a flow impulse can reach from the surface, and the resistance of a bridge of particles to

that impulse. hc is expressed in the end as a function of variables such as ds ,σs ,d f ,ϕ,K ,ν,Rek

and Re∗. The clogging profile is then estimated using the same relationship as proposed in

Huston and Fox (2015), but using a fraction of 3% of fine sediment at hc . This method shows

improved results compared to the first study, but uses a much more complex model.

Herrero and Berni (2016) built a mathematical model based on a trapping coefficient

updated as the fraction of fine sediment increase in each layer of the substrate. This study also

takes into account the different classes of the grain-size distribution. The result, corresponding

to fine sediment fraction at equilibrium, was tested against the data of (Gibson et al., 2009).

Such a model was able to successfully reproduce the threshold between unimpeded static

percolation and inner clogging, but underestimated the quantity of fine sediment deep in the

substrate, supposedly because the model was unable to properly take into account interstitial

flow.

From another point of view, a stochastic approach was applied by F.-C. Wu and Shen

(1999) on laboratory experiment results. The experiment consisted in the measurement of

sand deposition in a gravel substrate subject to an infiltration flow. They developed a first

order estimation of stochastic parameters, derived from a sediment transport model. With

this methodology, they were able to estimate the cumulative probability distribution of fine

sediment deposits inside the substrate according to depth and time. The use of a sediment

transport model that can also be used for bedload transport to estimate the deposition of fine
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sediment, with resting times and particle steps, shows an additional strategy to estimate the

clogging of riverbeds.

Numerical simulations of particles using the discrete element method and neural networks

were also performed (V. Bui et al., 2019a, 2019b; V. H. Bui et al., 2020). Despite some limitations

due to a limited number of grains and a limited grain-size distribution, this type of simulation

opens up interesting possibilities to analyse the process of deposition of fine sediment and

clogging of riverbeds at the particle scale. This type of simulation allows for a deeper analysis

of the characteristics of the substrate, pores, and fine sediment as a function of time. The

results of the simulation of the fine sediment fraction in the substrate (V. Bui et al., 2019b) are

consistent with the experimental results of Gibson et al. (2009, 2010), for both inner clogging

and unimpeded static percolation.

Experiments using suspended fine sediment infiltrating in a sand substrate also exhibit

exponentially decreasing profiles of the fine sediment fraction (Fetzer et al., 2017). For sim-

ilar infiltration flow rates, the depth of clogging appeared to increase with increasing ratio

dm,s/(dm, f σs). Fetzer et al. (2017) also suggest that small fine sediments such as clay and

silt may clog the riverbed faster than coarse fine sediment, which may be explained by the

capacity of clay and silt to reduce permeability. The permeability of the clogged substrate

is clearly linked to the quantity of fine sediment, with a stronger reduction of permeability

near the top of the substrate, as was observed by Alem et al. (2015) for different infiltration

concentrations.

2.3.3 Fine sediment size and concentration

Effect of grain-size distribution

The fraction of fine sediment transported as bedload and in suspension depends on the

grain-size distribution of fine sediment carried by the river. The grain-size distribution also

defines the type of clogging and the extent of intrusion into the substrate. This is related to the

substrate grain-size and straining effects as presented in the previous section. The proportion

of deposited fine sediment coming from bedload or suspended load is subject to discussion.

According to Lisle (1989), most of the infiltrated fine sediment comes from the finest part of

the bedload rather than the suspended sediment. The field observation and sample analysis of

Hauer et al. (2019) suggests however that a substantial fraction of infiltrated sediment comes

from suspended sediment, even though bedload transport can also be relevant for low-flow

conditions. The systematic review of fine sediment used in laboratory experiments (Fig. 2.2)

reveals that the range of grain sizes used in the different studies on clogging reviewed in this

paper covers the whole spectrum of fine sediment from 1 µm to 2 mm. Systematic tests of

different fine sediment and substrate grain sizes have been carried for the clay/fine silt as well

as sand fractions, but less systematic tests have been performed for the coarse silt and fine

sand fractions (30 – 200 µm).
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The behaviour of sand transported as bedload when depositing in the substrate can be

different from suspended sediment like silt and clay, since sand is more sensitive to the

gravitational force than the hyporheic flow, which is the opposite for suspended sediment

(Casas-Mulet et al., 2017). However, this difference has not been sufficiently studied, which

is expressed by the absence of systematic tests comparing clogging with sand and clogging

with clay and silt, as well as the mix of both groups. The chemical, biological and physical

properties of silt and clay as well as their transport in suspension are likely to result in different

deposition and filtration processes than sand. The combination of clay, silt and sand present

in most gravel bed rivers may also exhibits a different deposition and clogging process due to

the interaction between the different fine sediment fractions.

Despite this lack of research, the analysis of different field and laboratory studies gives

some information on the different effects that can be encountered regarding the grain size

of fine sediment. Pore-bridging and cake formation represent the most common deposition

processes for particles like sand and medium to coarse silt (over 10 µm (Benamar et al., 2007)

or 30 µm (Brunke, 1999)), for which physical forces are dominant. For smaller particles,

bridging and cake formation suppose the presence of sufficiently fine pores of the substrate or

previously deposited fine sediment. The deposition of silt and clay below 10 µm is influenced

by physico-chemical forces that allows them to aggregate to already deposited particles (Bai

et al., 2016; Zou et al., 2019). This deposition process for fine silt and clay depends less on

the size ratio with the substrate as seen for coarser particles. Inner clogging can therefore

still take place where unimpeded static percolation would appear with coarser particles, as

observed in the laboratory by Fetzer et al. (2017). Flocculation of particles can also help their

deposition (Legout et al., 2018). In the presence of deposition by aggregation, hyporheic

flow may concentrate on preferential pores and resuspension of particles is possible, with a

possible deposition further along the flow path (Zou et al., 2019).

The size of the particles forming the clogged layer affects the permeability, since finer

particles like clay and silt present very low permeability. Wide fine sediment grain-size distri-

butions, frequent in rivers, can also result in low permeability due to their reduced porosity

and size of pores (Cunningham et al., 1987; Fetzer et al., 2017), in opposition to uniform grain-

size distribution. Silt and clay play therefore an important role in the clogging of riverbeds

by significantly decreasing the porosity when filling the pores (Bai et al., 2016; Siriwardene

et al., 2007). This effect is increased in the presence of a percolation gradient (Schälchli,

Abegg + Hunzinger, 2002), as fine particles are forced into the pores of the clogged layer,

reducing further the permeability. Finally, the size of particles intruding into the riverbed

has an influence on the consolidation of the bed, which results in a higher bed shear stress

needed for the mobilization of the substrate. A difference is observed between medium to

coarse sand intruding into gravel beds and finer sediment such as silt and clay, with cohesive

behaviour. The presence of a large amount of coarse sand and fine gravel (2-4 mm) in the

pores of the substrate has been observed to increase bedload transport in flume experiments

(Venditti et al., 2010), even though some studies also link that behaviour to the quantity of

sand transported (e.g. Parker & Diplas, 1985). The case of cohesive fine sediment such as silt
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and clay has been observed to increase the bed shear stress needed to attain incipient motion

of gravel (Barzilai et al., 2013; Jain & Kothyari, 2009; Kothyari & Jain, 2008; Perret et al., 2018).

Effect of concentration

The concentration of fine sediment in the surface flow depends on the flow conditions (Sec-

tion 2.3.1). It is important to note that flocculation changes the particle size and is influenced

by the shear stress, concentration and the presence of solutes (Burban et al., 1989; Zhu et al.,

2022). A higher concentration of fine sediment is observed in the portion of the flow closer

to the bed. Laboratory experiments are usually performed between 0.1 and 1 g/L (Tab. 2.1).

This range corresponds to typical concentrations reached in many European river catchments

(Campenhout et al., 2013; Misset, Recking, Legout, Valsangkar, et al., 2019), but higher concen-

tration are common in catchments with important erosion of hillslopes (Syvitski et al., 2000).

Under high concentrations of suspended sediment, more fine sediment is brought into the hy-

porheic zone per unit of time. The higher flux of fine sediment filtrated by the substrate leads

to a faster clogging process (Alem et al., 2015). Cake filtration models, like the one of Schälchli

(1995) presented in the next section, explicitly express the mass of deposited fine sediment as

a product of the concentration and the volume of filtrated water. A linear relation is observed

between the deposition rate and initial concentration (Carling, 1984; Mooneyham & Strom,

2018). Although the concentration of suspended sediment plays a role in the transient phase

of the clogging process, completely clogged substrates exhibit similar permeability regardless

of the concentration. Schälchli (1993) did not notice that concentration had any influence

on the coefficient r that expresses the reduction of permeability in function of the quantity

of deposited fine sediment (Section 2.3.4) for a common range of concentrations. Similar

observations were made on column experiments by Fetzer et al. (2017) and flume experiments

by Cunningham et al. (1987). Very few experiments present the vertical distribution of fine

sediment in the substrate for different suspended sediment concentration. Du et al. (2018)

observed an increase in the deposition near the surface for the highest concentration tested.

Column experiments carried out by F.-C. Wu and Huang (2000) suggest that the influence of

concentration on vertical distribution depends on the size ratio between the substrate and fine

sediment, at least for the case of a sudden release of fine sediment. Low size ratio led to more

surface clogging with high concentrations whereas large size ratios led to a deeper penetration

of fine sediment for higher concentration. Finally, in the case of fine sediment transported as

bedload in a flume, Wooster et al. (2008) observed a reduction of sand deposition inside the

substrate for the highest tested feed rate, suggesting that very high concentration can show an

effect on clogging.

33



Chapter 2. State of the art and research questions

2.3.4 Effect of percolation gradient on clogging

Sources of gradient and main effects

Section 2.3.1 focused on local hyporheic exchanges influenced by surface flow. These ex-

changes are the result of advective pumping, originating from the presence of bedforms,

substrate pores, and irregularities of the gravel surface. Hyporheic flow enabled by surface

flow varies greatly in space and time, with a spatial scale that can be less than 10 cm. Larger

structures of hyporheic flow appear in streams due to the presence of boulders, steps, riffles

and pools, meanders, alternate bars and exchanges with aquifers. Even though the flow in-

tensity inside these structures can vary within a river reach, they induce a general average

direction to the hyporheic flow, towards the substrate or towards the surface flow. Large-scale

exchanges and their influence on local hyporheic exchanges have been studied through nu-

merous experiments focused on geomorphological structures such as riffle-pool sequences

(Käser et al., 2013; Monofy & Boano, 2021; Tonina & Buffington, 2007; Trauth et al., 2013),

step-pools (Harvey & Bencala, 1993), and meander bends (Boano et al., 2010; Cardenas et

al., 2004; Revelli et al., 2008). A combination of local exchanges due to bedform-induced

hyporheic flows or riffle-pool sequences and the presence of groundwater has also been

studied numerically by Boano et al. (2009), and experimentally by Fox et al. (2018). It appears

that large-scale exchanges have an influence on small-scale exchanges. Downwelling, or

infiltration, increases the depth of hyporheic exchange with surface flow whereas upwelling

reduces the depth of these exchanges. The presence of boulders in the riverbed also has an

impact on the quantity and depth of deposited fine sediment, attributed to the creation of

the upwelling and downwelling zones around the boulders, resulting in an increase that can

reach almost 50% of the total amount of fine sediment compared to similar studies without

boulders (Dermisis & Papanicolaou, 2014).

Up- and downwelling (or ex- and infiltration) conditions deeply affect the exchanges with

the substrate as these conditions impede or ease the surface flow and suspended particles

from entering the substrate in parallel to advective dispersion and turbulent diffusion. Few

laboratory experiments have been carried out on the influence of vertical water exchanges

under conditions that occur in streams. The connection between groundwater and the hy-

porheic zone can follow different patterns. If the aquifer level is at a higher elevation than

the stream, exfiltration takes place. In the case that the aquifer is at a lower elevation than

the stream level, different situations can occur depending on the hydraulic conductivity of

the riverbed and the aquifer (G. Cui et al., 2021). The aquifer can be directly connected with

all of the substrate saturated with water, partially disconnected, or completely disconnected

(Schälchli, 1993). In the case of a river section feeding an aquifer (Fig. 2.10), the gradient of

percolation varies from the riverbanks to the center of the bed. The current lines are longer for

the same piezometric height difference. This leads, in theory, to a higher infiltration flow near

the riverbanks, increasing the accumulation of fine sediment in the subsurface of the riverbed.

The accumulation of fine sediment in the substrate due to infiltration reduces the pore size

and porosity, that leads to a local reduction of permeability and clogging (Fig. 2.10). A higher
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Table 2.2 – Laboratory experiments on the influence of infiltration flow

Author Fine sediment1[µm] Substrate1[mm] C 2[g /L] Type k0 [m2] Infiltr.3F [mm/s], I [%]
Alem et al. (2013) 1.7 - 15 - 40 0.315 - 0.410 - 0.630 1 Column 7.2·10−11 F: 0.41-2.09
Alem et al. (2015) 1.7 - 10.5 - 40 0.315 - 0.410 - 0.630 0.25 - 1.5 Column 7.2·10−11 F: 1.52, I: 2.6(!)
Bai et al. (2016) 9 mixes: 0.1 - 50 1 - 3.5 0.015 - 0.33 Column N.D. F: 0.87, 1.73, 2.60
Cunningham et al. (1987) 4 mixes: 0.1 - 63 Sand4 0.2 - 1.6 Flume N.D. I cst, N.D.
Du et al. (2018) 6 mixes: 0.9 - 28.6 3 mixes: dm 0.22, 0.46, 1.50 0.3, 0.1 - 1 Column N.D. (k/k0) F: 0.22, 0.46, 0.93
Dubuis and De Cesare (2022) 2 - 11 - 60 0.7 - 3 - 6 0.8 - 1 Flume 8.1·10−11-8.9·10−11 I: 0.036-0.396
Fetzer et al. (2017) 8-10, 14 - 16 dm 0.21, 0.40 ; σ 1.53, 1.34 0.5 - 4 Column 1.6·10−11, 2.8·10−11 I: 0.95
Schälchli (1993) 1 - 1000 (Rhein sample) 6 mixes: 0.3 - 78 0.008 - 1.2 Flume 1.1·10−11-5.3·10−11 I: 0.2-0.8
Siriwardene et al. (2007) d50 50-60 2 Layers: 6.4-13, 0.115-0.3 0.08-3 Column 2.8·10−12-7.6·10−12 I cst4

F.-C. Wu and Huang (2000) 3 mixes: dm 340, 420, 870 2 mixes: dm 5.8, 7.5 0.08-1.28 inst.5 Column 2.8·10−9, 1.7·10−9 F: 1, 2, 4, 6
Zou et al. (2019) 0.375-8.15-55.82 d10 0.875 d50 0.993 d60 1.181 0.1-0.3 Column 7.5·10−11 F: 32.3
1 d15 - (dm ) - d85, estimated when only plotted. Mixes: ranges include all mixes
2 When different concentration are tested, range of all tests
3 Constant infiltration flow F ; constant percolation gradient I ; N.D. Not documented
4 Not clearly documented
5 Instantaneous release of the fine sediment

local gradient can therefore be observed. The mechanism of clogging by downwelling has been

studied through laboratory experiments using two main types of setups. Flume experiments

reproduce riverbed conditions with surface flow, while setting up a vertical percolation gradi-

ent that leads to infiltration. This kind of setup only concerns few experiments (see Tab. 2.2)

(Cunningham et al., 1987; Dubuis & De Cesare, 2022; Schälchli, 1995). On the other hand,

column experiments allow the precise definition of the parameters and a detailed analysis of

the deposition in the substrate but lack surface flow conditions similar to rivers (Alem et al.,

2015; Alem et al., 2013; Bai et al., 2016; Du et al., 2018; Faber et al., 2016; Fetzer et al., 2017;

Shen & Ni, 2017; Zou et al., 2019). Column experiments are used to analyse riverbed clogging,

but also filtration and clogging process in industrial applications or aquifer recharge with

which trans-disciplinary knowledge can be shared. The presence of a percolation gradient

rises questions on the importance of infiltration flow in the deposition of fine sediment in

the substrate in comparison with other processes like advective pumping and sedimentation

as well as its influence on the depth of clogging and permeability of the substrate. Current

research lacks comparisons between percolation induced clogging and advective pumping

deposition. However, the influence of the percolation gradient intensity is well documented.

Column experiments mostly focus on silt and clay intrusion in sand substrate, or sand

into gravel substrate (Tab. 2.2). Wide grain-size distributions similar to what can be observed

in rivers have not been studied in this type of setup, maybe due to the difficulty of obtaining

homogeneous substrate. The vertical distribution of fine sediment content in the substrate

decreases also exponentially (Du et al., 2018; Fetzer et al., 2017; F.-C. Wu & Shen, 1999), and the

finest part of fine sediment can reach the bottom of the column. Deeper penetration of fine

sediment and thicker clogged layer can be the result of the pressure gradient breaking particle

bridges, but also the transport of suspension deeper in the substrate due to the infiltration flow

for silt and clay (Du et al., 2018; Fetzer et al., 2017; Schälchli, 1993; F.-C. Wu & Huang, 2000).

The clear influence of the infiltration flow on the permeability of the substrate in column

experiments (Du et al., 2018; F.-C. Wu & Huang, 2000), is confirmed in the presence of an

additional surface flow in flume (see Paragraph 2.3.4, Schälchli (1993)). Also, when surface

clogging takes place in the presence of infiltration flow, a smaller decrease of the hydraulic

conductivity is observed in comparison with inner clogging (Cunningham et al., 1987).
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Figure 2.10 – Gradient of percolation in the case of infiltration from surface flow to groundwater
along a river cross section. The gradient of percolation varies between the center of the river
and the riverbank due to the longer path of percolation. The gradient increases locally with
time where the clogged layer grows and K diminishes. The gradient also varies across the
non-uniformity of the soil beneath the riverbed. This figure is inspired from Schälchli (1993).

The infiltration flow is one of the main drivers of clogging. The evolution of the permeabil-

ity with the accumulation of fine sediment has an influence on the local percolation gradient

and the infiltration flow itself. Table 2.2 reveals that laboratory experiments are divided into

two categories, experiments with constant flow and constant percolation gradient. Constant-

flow experiments are more common with column experiments while constant-percolation

gradient experiments concern more flume experiments. Column experiments usually use

much higher percolation gradients than flume experiments with possibly different results. In

river environments, the global percolation gradient between the aquifer and the river only

change slowly over time depending on water levels. Despite changes in the local percolation

gradient and flow, in relation with the permeability of the bed, the conditions never meet

constant flow as can be seen in industrial applications. Alem et al. (2015) showed that different

clogging patterns appear under constant gradient or constant flow. In the case of a constant

36



2.3. Factors affecting clogging

percolation gradient at the scale of the whole substrate medium, more deposition is observed

in the subsurface of the substrate. The flow velocity across the substrate is reduced as fine

sediment accumulates, which limits deposition below the subsurface. The same effect prevails

between small and large infiltration flow under constant flow (Du et al., 2018), with limited

clogging depth under small infiltration flow. However, when the reduction of permeability is

expressed as a function of the fraction of fine sediment in the substrate, permeability change

appears to be independent of the type of infiltration, i.e., constant head or flow, according to

the experiments of Alem et al. (2015).

Analogy with filtration models

A riverbed characterized by a pressure gradient towards the groundwater can be compared

to a classical filtering system. Four different types of filtration are usually considered (see for

instance Ripperger et al. (2013)):

1. Cake filtration: Building of a layer of fine sediment on top of a filter

2. Blocking filtration: Reduced hydraulic conductivity by the blocking of pores by particles

on top of or inside the filter media

3. Deep-bed filtration: This type of filtration is found in sand filters for drinking water,

where particles are retained by adhesion on the filter

4. Cross-flow filtration: Tangential flow on top of a filter, allowing the water to infiltrate,

forming a small layer of fine particles, but preventing the creation of a filter cake

In the case of rivers, analogies can be made with the cake filter (surface clogging), or blocking

filtration (inner clogging), mixed with cross-flow filtration through the surface flow, limiting

the thickness of a potential filter cake. This analogy with filtration processes was used by

Schälchli (1993), in an important study on the clogging process, for which an empirical model

was developed based on an adaptation of the “cake filter equation”. Since this model is based

on the presence of a percolation gradient, which is present at different degrees in most rivers,

it does not directly take into account other processes that also lead to the formation of a

clogged layer as seen in Section 2.3.1 (advective pumping) and 2.3.2 (retention factor). To

the knowledge of the authors, no other research has been conducted with a filtration model

under river flow conditions. A combination of the accumulation of fine sediment into the

substrate with the resulting reduction of permeability was used by Zou et al. (2019). This

approach shows another possible way to model the clogging process, and it is based on a

model of filtration also used for deep-bed filtration with a formulation similar to the one used

by Y. Cui et al. (2008). In such models, one of the most critical points lays in the definition

of the retention or capture coefficient λ. The approach followed by Zou et al. (2019) uses a

stochastic method to calculate the initial value of λ with the probability of capture for each

fine sediment grain size.
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Observations and clogging model of Schälchli (1993)

Deposition of fine sediment is increased by the presence of infiltration through the filtering

process. Experimental observations made by Schälchli (1993) show that the depth of clogging

is increased by the presence of infiltration. Higher hydraulic gradients imply higher velocities

through the porous media, which induce a deeper penetration of fine sediments (Alem et al.,

2015; Schälchli, 1993; F.-C. Wu & Huang, 2000). Conversely, in the presence of exfiltration,

i.e., when a flux of water moves from the substrate to the surface flow, the ability for particles

suspended in the surface flow to enter the substrate is reduced.

A key parameter to analyse the effect of the percolation gradient on clogging is the hy-

draulic conductivity K , closely related to the permeability k, which expresses the average

velocity of the flow through the porous media submitted to a theoretical unit gradient of per-

colation. The gradient of percolation i is defined as the pressure loss ∆p (or headloss ∆h) over

a certain distance L in the riverbed substrate i =∆h/L, following the saturated media current

lines (Fig. 2.10). The gradient of percolation can vary according to the local composition of the

substrate, the elevation of the groundwater and the morphology of the riverbed. The clogging

model of the riverbed developed by Schälchli (1993, 1995) can be expressed using Equations

2.6 and 2.7.
dV f

d t
= A∆p

µ
(

rCV f

A +γ0

) (2.6)

with V f [m3] the volume of infiltrated water mixed with suspended fine sediment (filtrate

volume), t [s] the time, A [m2] the area of the riverbed taken into consideration andµ [N ·m−2s]

the dynamic viscosity. The coefficient r corresponds to the slope of the linear relationship

between the quantity of infiltrated fine sediment mk [kg /m2] and the filter resistance γ =
r ·mk +γ0 = L/k, as suggested by Schälchli (1995) (see Figure 2.11). The filter resistance of the

unclogged riverbed substrate γ0 is related to the permeability k0 [m2] and percolation length

L [m] by the relation γ0 = L/k0 [m−1]. The coefficient r [m/kg ] is fitted with characteristic

variables of the clogging process as shown in Equation 2.7.

r = 1.2 ·1012θ0.5(
d10,s/dm,s

)3.5 R1.5i 0.67
wi th R =

(
g (s −1)dm,s

)1/2 dm,s

ν
(2.7)

with θ the dimensionless shear stress computed with dm,s [m], R the substrate Reynolds

number, d10,s/dm,s the ratio between the diameter of the substrate for which 10% is smaller

and the mean substrate diameter, s = ρs/ρ the ratio of density between substrate and water,

and g [m/s2] the gravity constant.

This model is noteworthy because it analyses the riverbed at a larger scale than other

clogging models, taking into account the whole depth of the substrate into a single parameter,

the hydraulic conductivity, which shows the degree to which the riverbed is clogged. The

result of the integration of this equation is schematically represented in Figure 2.11. The grain-

size distribution has a large effect on the coefficient r , which decreases with more uniform
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distributions. An increase in the Reynolds number R (through a reduction of temperature

or an increase in dm) as defined by Schälchli (1995) leads to a slower increase in the filter

resistance. An increased gradient of percolation i also slows down the increase in filter

resistance γ = rCV f /A +γ0, but to a lesser extent than the Reynolds number. The deeper

penetration of fine sediments into the substrate due to a high percolation gradient implies

that the same quantity of fine sediment infiltrated in the substrate will be spread over a larger

volume of substrate and will result in slower reduction of hydraulic conductivity. However,

if saturation of the pores is reached, the clogged layer will be thicker with a lower hydraulic

conductivity. Finally, increasing the dimensionless shear stress θ also increases the factor r ,

in agreement with observations of Section 2.3.1. Despite the rather small influence of the

percolation gradient on the determination of the coefficient r in Equation 2.7, the gradient i

affects the infiltration rate of water loaded with fine sediment in the substrate. This implies

that the percolation gradient, combined with the permeability, has a considerable influence

on the clogging process, as observed in Figure 2.11. In this Figure, a permeability reduction

of about 0.25 ·10−11 [m2] can be observed from about 6 hours after the start if the gradient is

multiplied by 4.

r
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Figure 2.11 – Illustration of the solution to the model of Schälchli (1995) for three different
sets of parameters: (a) relationship between the quantity of fine sediment accumulated in
the substrate and the filter resistance, depending on the coefficient r as defined in Eq. 2.7.
The filter resistance increases at a slower rate for higher gradients i , but increases at a faster
rate for higher dimensionless shear stresses θ ; (b) evolution of permeability with time. The
permeability decreases at a faster rate for higher gradients i due to the increase in the mass of
fine sediment infiltrated per time unit that compensates for the slower increase of r in (a).

Clogging in the presence of upwelling

Fox et al. (2018) proceeded to conduct experiments combining the effect of infiltration and

exfiltration on the hyporheic exchanges and the intrusion of clay in a dune-shaped bed
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Table 2.3 – Experiments studying upwelling effect on clogging

Author Fine sediment [µm] Substrate [mm] Bed shape Upwellinga

Fox et al. (2018) Kaolinite dm 0.384 Dune shaped F : ± 12.5 cm/day, neutral
Schälchli (1993) 1-1000 (Rhein sample) 0.41-19-40 Flat i : -0.15, -0.12, < -0.3
a F : controlled flow velocity [cm/d ay]; i percolation gradient [−]

substrate made out of fine sand (Table 2.3). The presence of clay in suspension resulted

in the clogging of the infiltration areas and less hyporheic exchanges in comparison with

the same experiments in the absence of clay in suspension. The lee side is not affected by

clogging under gaining and neutral conditions, since it is subject to sufficient upwelling that

prevent the deposition of clay. Only a very small amount of clay is deposited in the substrate

for gaining conditions (upwelling). A larger quantity of clay accumulated under neutral and

losing conditions, specifically on the stoss side of the dune. This accumulation reduced the

pace of surface flow infiltration in the substrate in comparison with the experiment using

clear water. Experiments performed by Schälchli (1993) under upwelling conditions (Tab. 2.3)

showed that a small reduction of permeability was still taking place for a percolation gradient

i =−0.15 for the specific substrate used in that experiment. Below i =−0.3, no clogging was

taking place. From the available data, the percolation gradient of i =−0.15 corresponds to an

upwelling flow of around 50 cm/day at the end of the experiment. The hypothesis is that under

higher gradients, exfiltration flow impedes particles from settling in the gravels. Under the

assumption that particles can deposit when the gravitational force is larger than the interstitial

upwelling flow force, it is possible to derive a theoretical critical diameter depending on

interstitial flow velocity (Schälchli, 1993). The smallest fraction of the suspended material is

therefore less prone to settling and only the coarsest suspended particles can infiltrate the

bed and form a clogged layer. Upwelling flow tends to use the path of least resistance in the

pores of the substrate. This results in spatially non-uniform fluxes, with possible clogging in

some areas. Under faster surface flow conditions, gaining conditions can help to declog the

riverbed.

2.4 Declogging

2.4.1 Declogging conditions

Declogging (or decolmation) describes the reverse process of clogging, consisting of the release

of fine sediment in the substrate to the surface flow. A differentiation has to be made between

the resuspension of fine sediment forming surface clogging (and to a lesser extent, armor

layer clogging) and the release of particles trapped inside the substrate as inner clogging. The

first phenomenon can be observed without mobilizing the riverbed substrate, contrary to the

second phenomenon, which takes place in the subsurface of the riverbed and necessitates

gravel mobilization (Diplas, 1994; Schälchli, 1993). Additionally, bioturbation resulting from

the action of some ecosystem engineers can release particles from the surface and subsurface
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of the riverbed (Wilkes et al., 2019). The regular release of fine sediment into the river flow

is necessary to guarantee the development of the benthos community and the reproductive

success of some species of fish, for example by increasing the circulation of oxygenated water

(Bruno et al., 2009; Jones et al., 2012; Ramezani et al., 2014). Most of the laboratory research

conducted to date focuses on immobile (static) riverbed substrates. Thus, the declogging

process is not well documented at small to medium scales. Laboratory studies confirm the fact

that particles depositing in the substrate are not entrained back into the flow in the absence

of substrate movement (Hamm et al., 2011; Mooneyham & Strom, 2018). A description of

four different processes of declogging based on observations is provided by Schälchli (1993),

illustrated by Fig. 2.12.

1. In the case of fine bedload transport such as small gravel, the impacts of grains on the

clogged riverbed can remove the fine sediment trapped near the top of the substrate,

also in the presence of cohesive fine sediment. According to Schälchli (1993), this

phenomenon is common in Alpine rivers and can lead to partial declogging with an

increase in the permeability. This phenomenon can take place when the flow conditions

are below the critical shear stress for the general riverbed mobilization but are still

sufficient for the transport of these particles.

2. Scour of fine sediment deposited below the armor layer, formed by stones and cobbles.

Irregularities provided by these particles allow for the flow to scour fine sediment when

the shear stress is smaller than the onset of mobilization of the substrate grains or armor

layer.

3. Mobilization of gravel on top of or in between the substrate forming the armor layer,

when the shear stress is unable to mobilize the armor layer. When these particles

are ejected from the bed, they expose fine sediment directly to the surface flow that

was previously protected by gravels. Mobilized gravel can then impact the riverbed

downstream with the process presented in case 1.

4. For large shear stress values, the destruction of at least part of the armor layer enables the

further mobilization of a significant part of the riverbed, usually in an upward scouring.

This washes off the clogged layer, resulting in a massive increase in the permeability. In

some cases, the initial permeability of the substrate (without fine sediment) is reached.
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Figure 2.12 – Different processes of declogging taking place in a riverbed according to Schälchli
(1993). (1) Surface declogging with small gravel impacts, (2) Scour below armor layer, (3)
Mobilization of small gravel, (4) Destruction of the armor layer.

In areas with surface clogging, declogging can take place as soon as the shear stress is high

enough to mobilize fine sediment, in the absence of cohesive sediment or bioclogging. The

presence of very fine sediment such as silt and clay can induce cohesion which increases the

shear stress needed for declogging (Béjar et al., 2018). Also, many species of algae secrete a

sticky coating layer which may reduce the mobilization of fine sediment where bioclogging

occurs (Grabowski et al., 2011). (Partial) re-suspension and declogging can be observed

under base flow conditions if bedform-migration occurs (Harvey et al., 2012; Packman &

Brooks, 2001; Rehg et al., 2005). Local erosion and re-entrainment of fine sediment leads to an

increase in the hydraulic conductivity, with a more substantial result for a strongly clogged

riverbed. Schälchli (1993) determined two thresholds for declogging, both functions of the

dimensionless shear stress θ, which depends on the geometric mean diameter dm . The first

threshold, at approximately θk = 0.06, corresponds to the start of surface gravel break up with

the first particles being flushed downstream. At this stage, if discharge remains constant, a new

clogging process can be expected, due to a larger amount of suspended particles. The second

threshold, θD , corresponds to the total destruction of the gravel framework and the release

of trapped fine sediments. The permeability eventually reaches a maximum value. However,

measurements show scattered values for the start of the declogging process, varying primarily

between 0.07 and 0.09 for the set of analysed susbtrate. θk and θD can both be expressed in
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Table 2.4 – Experiments of declogging and bed mobilization with fine sediment, with resulting
observations

Author Fine sedimenta[µm] Substrate [mm]a Experimental conditions Observations
Diplas (1994) d50 110 dm 2.44, σ 2.75 Partial and full mob. of the

bed
FS entrainment without pavement
mob. ; full mob., full declogging

Dudill et al. (2017) 6 diam. 700-4000 Beads 5 Partial mob. of the bed
variable feed rate

Kinetic sieving, type of
deposition in static substrate

Hamm et al. (2011) 3 mixes: 13-44, 38-45, 44-62 1.5, 20, mesh Simultaneous deposition and
entrainment

Most particles are not
re-entrained after deposited

Kothyari and Jain (2008) dm 3.9, σ 1.5 dm 3.1, σ 1.28 Incipient motion sand and
gravel bed filled with clay

Increase of the shear stress for
incipient motion due to clay

Leonardson (2010) dm 350, σ 1.6 dm 9.2, σ 2.0 Flume with 3D bedforms, field
study on entrainment of FS

Link between bed mobilization
and suspended sediment

Mooneyham and Strom (2018) 3.3-12-36 2 mixes: 3.3-4.2-5.5, 0.25-0.57-0.92 Increase flow up to mobilization
limit

No entrainement, except acrylic
surface

Perret et al. (2018) 3 mixes: d50 40, 66, 813 ; σ 2.5, 1.3, 1.34 d50 6.8, σ 1.3 Rising and falling limb with
well developed bedload

FS lubricant role in bedload,
difference with size

Schälchli (1993) 1 - 1000 (Rhein sample) 6 mixes: 0.3 - 78 θk 0.058-0.061, θD 0.073-0.079 Start: θk , complete: θD (full mob.)
a d15 - (dm ) - d85, estimated when only plotted. Mixes: ranges include all mixes

function of the critical shear stress and the ratio between the geometric mean diameters of

the armor layer and the substrate.

The composition of the riverbed near the surface affects the onset of gravel transport. Bed

permeability plays a role in the onset of grain motion, since the bed shear stress can act on the

whole particle for a permeable bed (high ReK ) instead of the surface alone for an impermeable

bed (Leonardson, 2010; Perret et al., 2018). Fine sediment is observed to have a significant

influence on the gravel bedload (Dudill et al., 2017), which is also observed to vary between

the flow following a rising and falling limb (Perret et al., 2018). Non-cohesive fine sediment

was found to increase the bedload rate in comparison with a clean gravel bed by lubricating

the bed, whereas cohesive fine sediment reduced the bedload by consolidating the gravel bed.

Other previous studies on gravel beds confirmed the role of cohesive fine sediment on the

incipient motion of the gravel bed, in the field (Barzilai et al., 2013; Reid et al., 1985) and in the

laboratory (Hassan & Church, 2000; Jain & Kothyari, 2009; Kothyari & Jain, 2008).

Even though the mobilization of the substrate results in the declogging of the layers close

to the riverbed surface, the process of kinetic sieving as well as infiltration flow can still result

in the deposition of fine sediment. When coarse particles of the substrate are mobilized, finer

particles like sand tend to be transported below the coarse particles through the kinetic sieving

(Dudill et al., 2017). They can fill the pores of the non-mobilized substrate below the mobilized

bed, affect the bedload and result in the aggradation or degradation of the riverbed depending

on the size and quantity of fine sediment. More research is needed to understand this process

but the layer of sand resulting from kinetic sieving is susceptible to influence the clogging

process by presenting a layer of already reduced permeability to silt-size particles.

2.4.2 Large-scale fine sediment dynamics

Fine sediments represent an important part of the solid material transported by rivers. They

can be transported mainly as suspended load, but also as bedload, and can be trapped and

stored in the coarser substrate until released in a subsequent flood event. Fine sediment

dynamics in river catchments have been subject to numerous studies attempting to link

43



Chapter 2. State of the art and research questions

deposition and entrainment to factors such as flood duration, peak flow rate, frequency of

flood events and their intensity, as well as rainfall characteristics (Bourke, 2002; Frostick et al.,

1984; Haddadchi & Hicks, 2020; Piqué et al., 2014; Tuset et al., 2016). The empirical analysis

of field data by Park and Hunt (2017) shows evidence of the relationship that exists between

bedload transport and fine sediment transport in suspension. A clockwise hysteresis is often

observed in gravel-bedded streams when the concentration of fine sediment is expressed as

a function of the discharge (Misset, Recking, Legout, Poirel, et al., 2019; Park & Hunt, 2017;

Sadeghi et al., 2019). This means that the concentration of fine sediment in suspension

increases rapidly when the flow is increasing in the first part of floods (rising limb), and a

similar discharge on the falling limb of the flood’s hydrograph shows lower concentrations.

The fast increase in fine sediment concentration can be attributed to the mobilization of the

bed which release large quantities of stored fine sediment. Declogging is therefore clearly

linked to the mobilization of the substrate.

Macro modeling of the dynamics of suspended sediment at the scale of a river catchment

using fine sediment stock within the substrate, combined with deposition and resuspension,

has been proposed, tested and improved by several authors (Asselman, 1999; Picouet et al.,

2001; Vansickle & Beschta, 1983). This modeling uses functions describing the release of

fine sediment during floods and accumulation between floods. Improvements to the model

took into account the contribution of hillslopes and riverbed erosion as the source of fine

sediment during floods. Results showed limitations due to the determination of the initial

parameters. Numerical models have also been created to understand the fine suspended

sediment dynamics in rivers, such as Duan and Nanda (2006), Doomen et al. (2008) or M.

Guan et al. (2018). These two-dimensional models combine the flow characteristics of a river

reach with functions of deposition, stock and resuspension for each space cell. The thresholds

for deposition and resuspension are some key factors for such models. The change in the

slope of the rating curves of the suspended sediment concentrations (as a function of the flow)

observed by Park and Hunt (2017) provides information on the flow rate conditions needed to

observe resuspension of fine sediment. By using a critical flow rate above which resuspension

takes place, and a critical flow rate below which fine sediment deposits and increases the stock

inside the substrate, it is possible to approximate the suspended sediment concentration in

the flow across multiple measured flood events (Doomen et al., 2008; Park et al., 2019; Park

& Hunt, 2018). The model developed by Park and Hunt (2018) is particularly interesting as it

uses two parameters to define the rate of deposition, similar to the deposition rate defined for

the model of Mooneyham and Strom (2018), and the portion of fine sediment that is released

to the flow. The deposition and resuspension of fine sediment corresponds to the clogging

and declogging process, studied here at a larger scale. Park and Hunt (2018) links complete

declogging of the substrate (release of all accumulated fine sediment in the substrate) to a large

flood event with a discharge Qmax . The discharge is used as a proxy of the shear stress that

determine the depth of scouring of the event and consequently the quantity of fine sediment

released. Smaller floods are calculated as a fraction of the discharge for which complete

declogging occurs, and then are implemented in the model. A link can be made between the
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use of two dimensionless shear stress values for which partial and complete declogging takes

place, as proposed by Schälchli (1993), and the flow rate for which fine sediments are released

partially or totally to the flow in the model of Park and Hunt (2018).

The influence of the time between two flood events on the clogging and declogging process

can be well identified. The longer the time between two major flood events, the more fine

sediment accumulates in the substrate. The longer accumulation of fine sediment also leads

to the consolidation of the substrate (Barzilai et al., 2013; Grabowski et al., 2011). Clockwise

hysteresis are well reproduced by the use of models such as Doomen et al. (2008) and Park

et al. (2019) with a large release of fine sediment on the rising limb of the hydrograph.

2.5 Field aspects

2.5.1 Natural flow regime

One of the most important characteristics of rivers with limited human impact is the large vari-

ety of spatial and morphological conditions. In parallel, the flow intensity of rivers depends on

hydrological factors such as seasonal effects (Frostick et al., 1984), to which aquatic and ripar-

ian species have adapted their own rhythm. The dynamics of fine sediment in the catchment

of such rivers depends therefore on many factors and remains hard to determine and predict

precisely. The areas where fine sediment deposits and clogs the riverbed occurs inconsistently

in space, depending on where specific conditions of surface flow, hyporheic flow, riverbed

morphology and substrate characteristics are met (Frostick et al., 1984), without forgetting

the influence of the ecoysystem. Accumulation of fine sediment is usually observed on river-

banks, channel bars, and sand banks. In the main channel, a higher hydraulic conductivity of

the substrate is usually measured (G. Cui et al., 2021). Similarly, laboratory experiments by

Diplas (1994) showed more surface deposition of fine sediment in pools and at the bar tail,

even though subsurface layer clogging occurred everywhere in the flume experiment. The

deposition of fine sediment is confined to the subsurface of the riverbed, where bedload is

absent.

Major flood events cause changes in the riverbed morphology and the release of most of

the fine sediment accumulated in the riverbed into the flow. For smaller flood events, part of

the substrate can be mobilized, allowing sealed substrate (inner subsurface clogging) to be

washed away. Because of this process, part of the riverbed within a segment of river usually

remains suitable for benthos and fish spawning. Rivers that are subject to natural flood events

follow relatively short clogging cycles (Blaschke et al., 2003). Field studies should therefore

include measurements of clogging with a relatively short time step in order to analyse the

variation of clogging over time.

The observations made by Frostick et al. (1984) on the gradual deposition of fine sediment

in the substrate, presented in Section 2.3.3, are crucial to understand the different forms of

clogging in rivers. The link between the fine sediment transported by the river and the flow
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during the falling limb can influence the thickness of the clogged layer, depending on the range

of grain sizes available at a specific moment in time. The presence of sand and fine gravel

transported by the river may reduce the depth of clogging if a straining effect takes place. Such

observations are relevant to understanding the complex process of clogging in the presence

of a large variety of grain sizes and flow conditions present in rivers. The sediment deficit

that takes place in some rivers results in a shift of the grain-size distribution towards coarser

sediment, especially in the armor layer (Hauer et al., 2019). In some cases, artificial riverbank

stabilization results in the same effect. Combined with an increase in the fine sediment yield,

this results in a bimodal grain-size distribution with a notable difference between the fine

sediment and the substrate. As such, declogging is almost impossible unless the armor layer is

destroyed.

A compilation of riverbed freeze-core data is presented in Sear et al. (2008), showing

that rivers that are characterized by frequent floods (due to, for example, more impermeable

catchments) are able to mobilize the d50 of the bed surface and contain a smaller fraction

of fine sediments, in contrast to a river with less intensive floods. Field studies suggest that

pronounced floods that are able to mobilize the armor layer are more likely to induce clogging

of the substrate once the discharge decreases (through surface or subsurface clogging), which

differs from small flood events which induce a process more similar to unimpeded static

percolation (Lisle, 1989). This phenomena is a result of the effect of the different grain sizes

transported in both small and large flood events. The grain-size distribution of the fine

sediment and its evolution over the duration of a flood event has a substantial effect on the

formation of the clogged layer, even though that effect has not yet been fully quantified.

2.5.2 Hydropeaking

Hydropeaking is defined as the artificial, frequent and sudden increase (and subsequent

reduction) of discharge in a river induced by the operation of an upstream hydropower plant,

which is dependant on energy demand. These discharge peaks often occur one to several

times a day with weekly periodicity (Gostner et al., 2011; Meile et al., 2011). Hydropeaking is

often characterized by the ratio between the peak discharge and the base discharge as well as

the gradient of transient flows. Observations and analysis of streams affected by hydropeaking

show that hydropeaking represents a large threat to organisms living in the river and in the

substrate. Hydropeaking induces stress on fish and macrozoobenthos due to, for example,

the rapid increase in water velocity, the need to find a refugia, and the increased turbidity of

water due to the resuspension of fine sediment. Benthos are also affected by drift (Gostner

et al., 2011). In the case of a rapidly falling limb, there is a risk that fish get stuck in water

ponds, unable to return to permanently wetted areas (Baumann & Klaus, 2003; Cushman,

1985; Gostner et al., 2011; Greimel et al., 2018; Pellaud, 2007). The clogging of the bed in rivers

affected by hydropeaking is also suggested to have an impact on fish spawning (Person, 2013;

Schmutz et al., 2015) and benthos (Bruno et al., 2009).
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Streams regulated by dams or subject to hydropeaking are often characterized by lower

intensity flood events due to the effect of flood control provided by large reservoirs. Flow

regime and sediment transport are disturbed since discharge is at least partially disconnected

from hydrological events. The sediment supply from the main streams and tributaries is

therefore no longer mobilized completely during important floods. The frequent increase

in flow due to hydropeaking can potentially mobilize some fraction of the substrate, from

fine sediment to medium size gravels. Therefore, a depletion of the stock of gravel and fine

sediment is observed when part of the riverbed is eroded (Vericat et al., 2020). The grain-size

distribution gets coarser with an armoring of the surface of the riverbed (Gore et al., 1994).

The armoring effect of hydropeaking is reduced downstream as the rising and falling limb

dissipate, resulting in the potential accumulation of the sand and gravel eroded from the reach

just downstream the hydropower plant (Gore et al., 1994).

Figure 2.13 – With time, the peak flow downstream of the outlet of a hydropower plant trans-
ports most of the intermediate size particles without transporting the whole range of sediment
sizes. As such, an armoring of the bed takes place. Fine sediment deposition and clogging,
that only concerns the subsurface of the substrate, can percolate deeper inside the coarsened
substrate. Unable to be frequently mobilized, the riverbed is filled progressively by fine sedi-
ment resulting in a strong clogging. This can also take place downstream of reservoirs with an
insufficient supply of sediment.

Fine to very fine sediments that are still able to be transported below the dam in large

quantities, for example with sediment flushings (Anselmetti et al., 2007), can be deposited

in the armored substrate and clog the substrate (see Figure 2.13). The presence of the armor

layer prevents the declogging of the riverbed in the absence of a flood event large enough to

be able to mobilize the armored layer (M. Fette et al., 2007; Vericat et al., 2020), even though

fine sediment near the surface can still be resuspended (Blaschke et al., 2003).

The strong degree of clogging observed in rivers like the Alpine Rhone and Alpine Rhein

is often attributed, at least partially, to the effect of hydropeaking. This has been shown by

hydraulic conductivity tests on the Alpine Rhone river by M. W. Fette (2005). The dimensionless

shear stresses measured in different stretches along this river rarely exceeds θk as defined by

Schälchli (1993), which means that no declogging can take place under such a hydropeaking

regulated flow regime (Baumann & Meile, 2004). The modeling of clogging in the Alpine Rhein
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using the equation from Schälchli (1995) shows that hydraulic conductivity of the riverbed

can be reduced from 30% to 200% in winter, caused by the increase in the fine sediment

concentration due to hydropeaking (Schälchli, Abegg + Hunzinger, 2001), but no comparison

with field data is presented.

Attempts to link the fine sediment deposition and hydropeaking intensity using the peak-

to-base discharge ratio were not able to conclude on any correlation (Hauer et al., 2019). This

can be partially attributed to the limitations that arise from the comparison between different

river basins with specific sediment, flow and morphologic characteristics, instead of the same

river. A spatial variability of clogging, specific to rivers affected by hydropeaking, was however

observed between riverbanks and the main channel. A higher proportion of fine sediment

on dewatering areas can be observed, where shear stress is lower and encourages surface

clogging, in agreement with Schälchli, Abegg + Hunzinger (2001). This suggests that chal-

lenges linked to clogging and hydropeaking should be seen spatially, with a specific repetitive

mobilization of fine sediment taking place in dewatering areas. Hauer et al. (2019) also suggest

that an imbalance between deposition and erosion can induce continuous deposition of fine

sediment.

2.5.3 Reservoir flushing and clogging downstream of reservoirs

Reservoir flushings are performed for two reasons with somewhat contradicting purposes.

In the case of clean water flushings, the goal is to produce an artificial flood that is able to

mobilize part of the riverbed, inducing morphologic dynamics and releasing fine sediment

from the riverbed to improve the impaired river environment (Batalla & Vericat, 2009; Kondolf

& Wilcock, 1996; Loire et al., 2019; Milhous, 1982, 1990; Schroff et al., 2021). River reaches

that are downstream of reservoirs suffer from a lack of flood events and sediment supply

from upstream reaches. Warmer water and low-flow conditions favor the development of

organic matter and macrophytes in the stream and help the growth of riparian flora, which

consolidates the substrate. Whereas aggradation can take place under insufficient transport

capacity of the flow combined with sediment supply from tributaries, the most common

situation downstream of a reservoir is a sediment deficit (Mörtl & De Cesare, 2021). This

implies a continuous armoring of the bed surface. Batalla and Vericat (2009) show that

high discharge flushing flows induce an incision of the riverbed but also allow for effective

declogging of fine sediment accumulated in the substrate as well as entrainment of plants

growing in the riverbed. Conversely, lower discharge flushing flows limit incision of the

channel but increase the entrainement threshold by eroding small gravel and coarsening

the armor layer. Fine sediment is therefore also less resuspended into the flow. The higher

efficiency of high discharge flushing was also underscored by F.-C. Wu and Chou (2004),

but only to a certain extent. Loire et al. (2019) showed the effectiveness of flushing flows

in declogging the riverbed of a stream with clean water under flow conditions that avoid

mobilization of the coarse sediment. Under these conditions, strongly clogged areas showed

an improvement in the degree of clogging and a decrease of the surface area affected by
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clogging, whereas less impaired areas situated further downstream and also supplied by

tributaries showed no improvement or even more clogging. In consequence, successful

declogging interventions under similar situations should only be performed if clogging is

judged detrimental.

Secondly, reservoir flushing can be used to flush fine sediment stored in the reservoir

by silting (Espa et al., 2019). Reservoirs stop sediment transport and cause fine particles to

settle due to very low-flow velocities and the presence of turbidity currents (De Cesare et al.,

2001). In order to restore the sediment flux through the catchment and prevent accumulated

sediments from reaching water intakes, regular flushings are performed in many reservoirs and

hydropower plants situated in rivers. This allows for a considerable amount of fine sediment

to be released downstream of dams and has an important ecological impact on the ecosystem

(Kondolf et al., 2014). In these cases, the flushing flow is characterized by high fine sediment

concentrations that can increase the clogging of the riverbed, after long periods without any

fine sediment supply (Hauer et al., 2019). The release of large quantities of fine sediment

in an already coarsened riverbed substrate can increase the detrimental effect of dams on

benthos and fish communities (Ramezani et al., 2014). In the case of insufficient mobilization

of the riverbed, fine sediment fills the pores of the armored substrate. The high quantity of

fine sediment released also tends to result in surface clogging of the riverbed in areas with

low-flow velocities, as was observed on the Swiss river Spöl below the Livigno reservoir in 2015

(De Cesare et al., 2015). In this case, a clear water flushing was performed a few months later

to clean the riverbed from the excess of fine sediment.

In the case of sediment flushing, the challenge is to evacuate the maximum amount of

fine sediment behind the dam or reservoir, while minimizing the downstream environmental

impacts and using the least possible amount of stored water. A large injection of fine sediment

downstream of the reservoir, where the riverbed may already be suffering from clogging and

armoring, produces the opposite effect of clean water flushing. In addition to low-flow areas,

the falling limb is critical in promoting the deposition of suspended sediment (Misset, Recking,

Legout, Poirel, et al., 2019; Park & Hunt, 2018). Hydrological and morphological conditions

prior to flushing events are very important regarding the ability of the flushing flow to evacuate

fine sediment while also avoiding major deposition in the riverbed (Antoine et al., 2020). A

large variety of suspended sediment concentrations can be measured for different flood events

with the same discharge. One of the only explanations for this is that the combination of

the distribution of the different classes of sediments, the morphology of the riverbed, and

previous flood events modify the way fine sediment is resuspended in the flow. One of the

research gaps regarding fine sediment dynamics is that sand should be better studied since it

can account for an important share of the deposited material but is usually not measured by

turbidimeters or bedload measurement devices (Antoine et al., 2020).

Legout et al. (2018) also underscores the large variety of situations that can occur in

riverbeds and the difficulty in specifying the conditions that lead to the deposition and resus-

pension of fine sediment (and more specifically, clay). No relationship was found between the
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deposition and erosion parameters which must be defined separately, and can also include a

flocculation process. According to their analysis, it is hard to make a conclusion on the differ-

ence in fine sediment dynamics between flushing and natural flood events. In the particular

case of dam decommissioning, Evans and Wilcox (2013) has shown that flushing of sediment

had a limited impact on fine sediment deposition due to successive natural flood events

flushing down infiltrated material. Finally, Wooster et al. (2008) deduced from their results that

the delivery of fines in a staged manner may induce the same if not more infiltration of fine

sediment in the gravel downstream of the dam than would be observed with a single flushing.

2.6 Research gaps, outlook and challenges

Based on the state of the art, some research gaps were identified for each topic discussed in

the previous sections. More generally, an outlook on future challenges regarding clogging

mitigation is then developed.

2.6.1 Flow conditions

Despite the important research that has been conducted on the link between the surface flow

and the hyporheic flow, the link between deposition of suspended sediment and the formation

of a clogged layer has not been well studied yet. Also, more research should be performed on

the quantification of the deposition rate as a function of the permeability and shear stress,

for example to improve the schematic deposition rate of Figure 3.1. Some interactions can

also take place between the hyporheic flow, driven by flow conditions, and the deposition

of fine sediment which decreases the porosity of the substrate. The accumulation of fine

sediment can lead to a reduction of the hyporheic flow, the exchange of mass, and the ingress

of fine particles. Some topics, like the depth to which fine sediment can penetrate inside

the hyporheic zone, would help define the magnitude of clogging depending on the riverbed

characteristics.

2.6.2 Substrate grain size

A majority of the existing research on substrate grain size and its size ratio with fine sediment

focuses on the fraction of fine sediment at the end of the experiment, at a time T corresponding

to saturation of the pores near the surface. There is a lack of information on the evolution of

the fraction of fine sediment with time, as well as the definition of saturation and the time

to reach this saturation. Approaches that take into account a variable trapping coefficient

and pore flow velocity lead to better results but still need to be improved and, if possible,

simplified for field applications. For example, the approach of Y. Cui et al. (2008), which

considers the use of a variable trapping coefficient, does not take into account the reduction

of hyporheic flow which can lead to a reduction in the flux of fine sediment to the substrate

q(z, t). Huston and Fox (2016) take into account hyporheic flow, but not the fact that fine
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sediment already partially filling the pores has an effect on the deposition of subsequent

particles. The relationship between the accumulation of fine sediment and the hydraulic

conductivity is also not sufficiently documented yet. The fine sediment distribution is rarely

taken into account. Finally, most of the experiments that address the question of the clogging

profile in the riverbed substrate use fine sand transported mostly as bedload on a gravel bed.

Fine suspended sediments are also responsible for the clogging of the riverbed and should be

more studied, since the intrusion of very fine sediment in the pores of the substrate can lead

to different transport and deposition patterns inside the substrate framework.

2.6.3 Infiltration and exfiltration

As an important driver of the clogging process, infiltration is still poorly studied. Apart from

the work of Schälchli (1993), no systematic research has been done to evaluate the influence of

the gradient on clogging, especially for small gradients and exfiltration. Experiments made by

Schälchli (1993) concern mainly gradients larger than 20%, which is already high for riverbeds.

Some effects, such as the compression of the fine sediment layer due to the gradient of

percolation and the increased saturation of the pores with wide grain-size distributions of

fine sediment, should be further investigated. These effects may increase the consolidation

of the clogged layer. The model used to estimate clogging could be improved by taking into

account the deposition of fine sediment that occurs without a percolation gradient. Finally,

the definition of gradient, which is typically the difference of pressure over a given distance,

can lead to miscalculations depending on where it is measured. Indeed, the formation of

a clogged layer leads to a local but important change to the hydraulic conductivity in the

substrate column (Fig. 2.10). The gradient over that clogged layer can be high even though the

global gradient is much smaller. If the length of percolation used for a calculation is short, the

gradient will change over time, whereas an observation over a long percolation path will show

a negligible influence of the gradient on the clogged layer. Thus, a better definition is needed

to take into account the variety of situations that arise in rivers.

2.6.4 Fine sediment

Fine sediment in rivers comes in a wide range of grain sizes. Each one interacts with the

substrate in different ways depending on the degree of clogging, the size of pores, the surface

flow, and the hyporheic flow. Thus, the effect of different fine sediment grain sizes should be

better studied. This would allow a better understanding of the risks caused by the different

sources of fine sediment in a river basin. The consolidation of the riverbed by fine sediment

requires further research, to better understand the potential increase in the shear stress needed

to declog the bed during floods. The influence of the concentration on the clogging process

is relatively well understood, but more research could be conducted on the concentration

near the riverbed in comparison with the overall concentration, also taking into account the

different grain sizes and the way they are transported.

51



Chapter 2. State of the art and research questions

2.6.5 Declogging

Even though the conditions needed for the onset of declogging have been already documented

(underscoring the importance of riverbed mobilization), the efficiency of a flood to decrease

the degree of clogging in an area is still difficult to predict. The role of ecosystem engineers

also needs to be taken into account in the research on declogging, together with the consoli-

dation of the riverbed caused by bioclogging. Since the process of declogging is significantly

influenced by local conditions, this leads to difficulties in the determination of the necessary

conditions for declogging. This is a potential reason for the lack of research on the process at

small scales. The depth of declogging during a flood event is an important topic to assess to

be able to know the types of floods that are needed to regenerate the clogged riverbed in con-

trolled sections of rivers, but research on this topic is still very rare. The effect of consolidation

of the substrate due to fine sediment on the declogging process must be better understood,

since it can also reflect the importance of the frequency of flood events needed to ensure

efficient declogging of rivers downstream of dams. Finally, the riverbed morphology must

also be better taken into account in the process of declogging, as explored by Diplas (1994),

since this plays an important role in the flow conditions and erosion of the clogged layer by

the modification of the structures with time.

2.6.6 Outlook on clogging mitigation

The reduction of clogging in impacted streams (such as below reservoirs) requires a better

integration of sediment supply and gravel bedload transport to re-balance the grain-size

distribution of the riverbed. Flushing may then be able to easily wash fine particles trapped in

the substrate. In that sense, sediment replenishment measures using an appropriate grain-

size distribution may help reduce clogging and increase the efficiency of declogging through

flushing. However, more research is needed to assess this kind of measure, including the role

of algae, macrophytes and biofilm. The knowledge of the spatial distribution of clogging in

rivers should be improved to more successfully identify critical areas prone to a large degree

of clogging. The minimum flow conditions needed to guarantee a reasonable accumulation of

fine sediment in rivers impacted by human infrastructure should also be improved. Riverbed

morphology should also continue to be studied to understand the clogging process not only

vertically, but also spatially. To this regard, the influence of hydropeaking on the deposition

and resuspension of fine sediment should be further studied, along with the possible measures

to reduce its effect on clogging.

A first step toward a better consideration of clogging issues would be to propose a simple

but efficient way to estimate the dynamics of fine sediment in rivers, in time and space, by

using the flow conditions, time, concentration, and substrate composition. The complexity of

predicting sediment dynamics should, however, not be ignored. The challenges of estimating

bedload transport (Ancey, 2020) are also present in the estimation of fine sediment fluxes,

with difficulties in determining many parameters that vary in time and space. A way to
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measure clogging in the field using a universal variable to estimate the degree of clogging

would allow us to compare in a more quantitative way the different situations that can occur

across different river catchments and would help to define where improvement actions can

be taken. Measurements in the field should take into account the different structures of the

riverbed, since the spatial distribution of clogging can change significantly even in a small

section of a river. Modeling of fine sediment dynamics throughout a catchment would also

help to better understand the clogging cycle from a larger perspective, allowing for more

understanding about which variables can be utilized to improve the riverbed quality. More

research is therefore needed to develop models such as Park and Hunt (2018) in combination

with field observations. The type and concentration of fine sediment through the different

phases of a flood event would be of great interest in order to identify the critical phase regarding

clogging.

Of course, the complexity of hyporheic flows combined with multiple other parameters

involved in the process of clogging implies that precise modeling of river processes is likely to

fail at estimating the situation across a river reach. The micro-scale analysis of the process

provides the possibility of understanding the development of the phenomena in detail from a

theoretical perspective, whereas meso- to macro-scale analyses would provide better opportu-

nities to estimate the results of measures taken to improve the reduction of clogging in altered

riverbeds.

2.7 Research questions

The complexity of the deposition and erosion processes of fine sediment and their con-

sequences on the permeability of the riverbed are still difficult to estimate and quantify.

Riverbeds are characterized by a large variety of substrate and flow conditions. As such, it

is important to understand how the clogging process is modified by the local conditions to

be able to address properly the challenges arising from the deposition of fine sediment in

riverbeds. A focus is made on silt-sized fine sediment, that have a strong potential of bed

clogging but are subject to a lack of attention in situations approaching natural conditions.

Based on the research gaps, five research questions have been identified and can be

summarized as such:

• How does silt-sized fine sediment deposition in a sand-gravel mixture differs from

the intrusion of sand in gravel substrate? Numerous studies analyzing the clogging

process with flow and substrate similar approaching river conditions only consider sand

intruding gravel mixtures. Silt-sized particles can have a strong effect on the vertical

exchange of the bed but their effect has not been well documented so far. The clogging

process in the presence of suspended particles is compared to existing models and a new

clogging model is proposed and used as a framework for the analysis of the influence of

the percolation gradient and grain sizes.
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• How does the substrate composition in the vicinity of the surface influence the clogging

process, in time and space? The region of the riverbed close to the surface is situated at

the interface between the surface flow and the hyporheic flow. Most of the deposition of

fine sediment also takes place in that region. The interaction between the flow, the grain

size of suspended sediment and the grain size of the substrate plays a major role in the

development of clogging. The development of this research question explores the influence

of the grain size ratio in the depth of clogging and evolution of the permeability. This also

includes the presence of coarser particles near the surface of the riverbed, which has only

been addressed marginally in the existing literature.

• What is the influence of the percolation gradient and infiltration flow on the clogging

process? Infiltration flow represents an important driver of the clogging process but

has only been rarely studied in combination with surface flow. This research question

addresses the influence of small to medium infiltration flow on the clogging process by

exploring how it affects the permeability with time, as well as the vertical distribution of

deposited fine sediment.

• How does the clogging process develops under different flow conditions? The aim of

this question is to understand how the clogging process takes place under a range of flow

conditions that varies from very low shear stress to the mobilization of the substrate. This

allows for the evaluation of the type of clogging that will take place in different areas of a

riverbed section. The interaction between the flow conditions and the infiltration flow is

also analyzed.

• What is the effect of variable flow conditions, including mobilization of the riverbed,

on the clogging ? The clogging process takes place in the presence of important amount

of suspended sediment, which are linked to flood, but also reservoir sediment flushing

operations, where the substrate can be mobilized. This question addresses the deposition

of fine sediment and the clogging process in the presence of a mobilized bed and the

consequence of the falling limb of high water events on the clogging degree.

These research questions are addressed in the next chapters, after a synthesis of the clogging

process, the presentation of a dimensional analysis and the experimental framework.
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3 Dimensional analysis and scientific
approach

Chapter 3 is partially based on Section 6 of the scientific article ‘’The clogging of riverbeds: A

review of the physical processes” by R. Dubuis and G. De Cesare published in 2023 in Earth-

Science Reviews. The development presented hereafter is original and was performed by the

author.

On the basis of the state of the art, this chapter first presents a synthesis of the clogging

process, followed by a dimensional analysis that sets the framework for the analysis of the

clogging process performed in the following chapters. The scientific approach is then pre-

sented in combination with an analysis of the different types of experimental setups proposed

in the literature, to define an appropriate setup able to answer the research questions.

3.1 Synthesis of the different processes and dimensional analysis

This section presents a synthesis of the clogging process using two schematics graphics, in

order to get a better overview of the effects of the different parameters and their mutual inter-

actions. The parameters driving the different sub-processes are analysed using a conceptual

model to perform a dimensional analysis on key variables of the clogging process.

3.1.1 Conceptual schemes for the clogging process

From the literature analysis, a schematic model of the link between flow conditions and

deposition can be drawn as presented in Figure 3.1. This represents the different processes

dominating the deposition of fine sediment in the substrate as a function of the shear velocity,

but without considering the effect of infiltration due to large-scale pressure gradients. The

vertical axis represents the deposition rate (i.e., the net flux of particles that deposit in the

substrate), which is equal to the flux of particles in [m/s] divided by the settling velocity (a

value of one being equal to the settling velocity in calm water). Depending on the shear stress,

different processes dominate the rate of deposition. For a low shear velocity, a particle of

diameter d f will deposit at a rate close to the sedimentation rate in calm water. As shear
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velocity increases, the deposition rate decreases due to turbulence until the critical shear

stress for fine sediment is reached, which is different for every grain size.

Above the critical shear velocity of fine sediment, sedimentation on top of the substrate is

nearly impossible. Only deposition inside the substrate occurs, which becomes the dominant

process. On the surface, deposition is compensated by erosion. The deposition depends on

the different mechanisms described in Section 2.3.1. The main parameters affecting inner

clogging are the surface flow conditions and the characteristics of the substrate, which includes

the porosity and grain-size distribution from which pore, interstice diameter and permeability

can be theoretically derived. The fine sediment grain size also plays an important role in

determining the depth of penetration in the substrate. The retention and filtering mechanism

is stochastic. It may be expressed using a probability of interception at each layer in the

substrate as the particles are transported by advective flux or infiltration flow. If interstices

between particles are sufficiently large, unimpeded static percolation takes place. The lower

the permeability is, the smaller the deposition rate is, due to the reduced flux of particles to

the bed. The effect of flow conditions is smaller than the effect of permeability but an increase

in the deposition rate takes place under higher shear velocities. The rate of deposition can

vary widely depending on the flow conditions and characteristics of the substrate and fine

sediment, from very low rates to enhanced deposition over the settling velocity as observed

by Fries and Trowbridge (2003) (not represented in Figure 3.1). The permeability decreases

as the substrate pores become saturated, and the deposition rate drops as well, as a result of

the reduced particle flux toward the saturated matrix. To obtain the deposition profile of fine

sediment in the substrate and the permeability of the hyporheic layer, the kinetic filtration

equation presented in Sections 2.3.2 and 2.3.4 could be applied with a retention coefficient.

This is discussed further in next subsection.

Above the critical shear velocity of the substrate at the interface with the surface flow, the

bed is gradually mobilized. Fine sediment particles are unable to deposit in the mobilized

layer and declogging takes place. Fine sediment may still deposit below the mobilized layer,

with the process called kinetic sieving (Dudill et al., 2017) or helped by an infiltration flow. If

the bed is mainly composed of fine substrate (in green on Fig. 3.1), it does not allow for much

deposition in the pores and is easy to declog. The presence of an armor layer (in red in Fig. 3.1)

increases the critical shear velocity for declogging, increasing the range of shear velocity for

which deposition is possible. The depth of clogging can be summarized using the schematic

model of Fig. 3.2 for fine sediment such as sand, which is driven by bridging and deposition in

pore spaces. Defining the clogging depth as the distance between the riverbed surface and the

limit where the fraction of fine sediment exceeds the initial fraction in the substrate (Fig. 2.10),

it is possible to express the depth as a function of the ratio between the characteristic diameter

of the substrate and fine sediment as well as the gradient of percolation. Figure 3.2 represents a

dimensionless reciprocal depth, proportional to the inverse of the depth of clogging, expressed

as d15/hc , as a function of the ratio between the characteristic diameters d15,s/d85, f , chosen

here according to commonly used characteristic diameters. These diameters should, however,

be defined more precisely through systematic tests. For a ratio over approximately 15, literature
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Figure 3.1 – Schematic illustration of the rate of deposition (α= 1 means the flux is equal to still
water sedimentation) as a function of the shear velocity on a flat bed. Below the critical shear
velocity of fine sediment (here d f = 0.1 mm), surface deposition takes place (with possible
inner clogging). Above this shear velocity, only inner clogging can take place. The rate of
deposition depends on the permeability of the substrate and the shear velocity. Above the
critical shear velocity of the surface substrate, the bed is mobilized and deposition is impaired.

has shown that unimpeded static percolation occurs (Section 2.3.2). Below this threshold,

the clogging depth varies between a value close to zero for a ratio d15,s/d85, f of 1 (equal-size

between characteristic substrate grains and depositing grains) and very large values for large

ratios of d15,s/d85, f . As the ratio increases, the probability for a particle to be captured by the

matrix diminishes. The variable of the y-axis, expressed as the inverse of the clogging depth

multiplied by the characteristic diameter of the substrate, allows for a comparison with the

retention factor λ, analysed in the next section. The dimensionless reciprocal depth reaches

an asymptote of zero with unimpeded static percolation.

3.1.2 Dimensional analysis

Surface clogging

The deposition rate for surface clogging w f depends on the diameter d f and the density ρ f of

fine sediment, and on the fluid properties such as the kinematic viscosity ν and the density

of water ρ. As the shear velocity u∗ increases, the rate of deposition is reduced by turbulent

structures in the surface flow, which also depend on the water depth hw and roughness of the

surface layer ks . In the absence of infiltration flow and exchanges at the substrate interface

due to advective pumping, the thickness of the surface layer of fine sediment e f depends on

the porosity of fine sediment ϕ f , the time t and concentration C . This results in the following
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d15,s/d85,f

Inner clogging

Percolation gradient

1 ~15

Unimpeded static percolation

d15,s/hc

0

Figure 3.2 – Schematic illustration of the dimensionless reciprocal depth of clogging d15,s/hc

depending on the grain-size ratio between fine sediment (f) and substrate (s), including both
inner clogging and unimpeded static percolation. As the ratio increases, the depth becomes
much larger than the characteristic diameter of the substrate, resulting in the ratio of d15,s/hc

approaching zero. Since hc is not clearly defined for d15,s/d85, f = 1 no value is given for the
y-axis, although it should be situated between one and ten. In the presence of a gradient of
percolation, the pressure gradient forces fine particles deeper into the substrate.

equations:

w f = f (d f ,ν,ρ,ρ f ,u∗, g ,ks ,hw ) (3.1)

e f = f (w f ,ϕ f ,C , t ) = w f cv t

1−ϕ f
(3.2)

With cv =C /ρ f the bulk concentration of fine sediment. Using the Bucki ng ham−Π theorem

(Vaschy, 1892), Equation 3.1 collapses into the following relation.

w f

u∗
= f

(
d f u∗
ν

,
hw u∗
ν

,
u2∗

g (s −1)d f
,d f

(
(s −1)

g

ν2

)1/3
,

ks

hw

)
= f (Red ,Reh ,θ,d∗,

ks

hw
) (3.3)

With s = ρ f /ρ, w f /u∗ similar to the Rouse number, Red the particle Reynolds number, Reh

the flow Reynolds number, θ the dimensionless shear stress and d∗ the dimensionless grain

diameter used in Yalin’s (Shields) diagram.

Inner clogging - retention factor

Regarding the deposition inside the substrate (inner clogging), the depth filtration equation

(Eq. 2.2 and 2.3) uses a retention factor λ [m−1] that varies along the z-axis and increases

as fine sediment accumulates in the matrix. The retention factor λ can be illustrated as the

inverse of a characteristic length of retention. A link can be clearly made between the retention

factor and the clogging depth, even though the retention length does not correspond to the

effective depth of clogging. The retention factor starts from an initial value λ0, a characteristic
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of the clean substrate. The factor λ0 depends mainly on (1) the porosity of the substrate ϕs ,

(2) a characteristic diameter of the substrate corresponding to the size of interstice dk,s , (3) a

characteristic diameter of the fine sediment dk, f and (4) the percolation gradient i , since a

higher pressure differential between two sides of a fine particle can push it deeper into the

substrate and prevent its capture. A diagram similar to Fig. 3.2 links the characteristics of the

two sediment fractions and the retention factor. The factor λ increases with the volumetric

proportion of fine sediment in the total volume of the matrix F until it reaches saturation of

the pores at a fraction FS . The fraction FS depends on the porosity of both the substrate ϕs

and fine sediment when packed ϕ f . Therefore, λ0 and λ can be expressed with Equations 3.4

respectively 3.5 and reduced to 2 different sets of dimensionless number (Eq. 3.6 and 3.7)

using the Bucki ng ham −Π theorem.

λ0 = f (dk,s ,dk, f ,ϕs , i ) (3.4)

λ= f (F,FS ,λ0) (3.5)

with FS =ϕs(1−ϕ f ) and i = dh/d z the headloss dh over the distance d z.

λ0dk,s = f

(
dk,s

dk, f
,ϕs , i

)
(3.6)

λ

λ0
= f (F,FS) (3.7)

Inner clogging - transport and permeability

The flux of fine sediment q of the depth filtration equation is equal to the product of the

fine sediment rate of intrusion of w [m/s] (which is equal to net infiltration and/or advective

velocity) and the concentration C . The flux w differs from w f since w depends on hyporheic

flow and w f depends on surface flow. The flux of fine sediment w first depends on the flux

of particles provided by advective pumping, which decreases with depth. It also depends on

possible infiltration provided by the presence of a gradient of percolation resulting from a

pressure difference ∆p over a distance L. Therefore, the flux w varies with depth (Leonardson,

2010). Of the variables at play, the flux depends on the shear velocity at the surface u∗, which

influences the exchanges with the hyporheic layer, the roughness of the bed surface layer ks ,

the viscosity ν, and the permeability k of the substrate (as opposed to its porosity ϕs). Finally,

it depends on the settling velocity in calm water ws . It follows that w can be expressed by the

function:

w = f (u∗,ks ,ν,k, i ,ϕs , ws) (3.8)
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This function can be reduced as well using Bucki ng ham −Π theorem into the function

presented in Equation 3.9.

w

ws
= f

(
ksu∗
ν

,

p
ku∗
ν

,

p
kws

ν
,ϕs , i

)
= f

(
Re∗,Rek ,

p
kws

ν
,ϕs , i

)
(3.9)

As shown, it is possible to recognize the roughness and permeability Reynolds numbers.

Expressing the deposition velocity in proportion to the infiltration velocity could be helpful

but leads to issues when the infiltration flow is equal to zero. Instead, the deposition velocity

is divided by the settling velocity ws and expresses how fast particles settle in the substrate in

comparison to sedimentation in calm water.

Scale effects

As a final remark, the different processes involved in the clogging process do not scale the same

way when generalizing observations at a given size of sediment. Here, the interaction between

the particles and the flow, as well as between fine particles and the particles forming the

substrate, plays a major role in the clogging process. For the same dimensionless shear stress,

substrate grain size and water depth can vary proportionally (for the same slope). However,

the grain-size distribution is likely to not scale equally for all size fractions and the particles

that can be transported as suspended load will not be mixed in the same proportion along the

water depth. Suspended particle distribution along the water depth can be estimated using

the Rouse number Ro. A high Ro number means that suspension of particles is not possible.

As it depends on sedimentation velocity w f , a function of the drag coefficient and the square

of the particle diameter, an increase in water depth and in fine sediment diameter leads to

a reduction of the concentration of suspended sediment in the part of the flow closer to the

surface. The increase in the Ro number is particularly impactful for the smallest particles.

Finally, the hyporheic flow does not scale linearly with the increase in substrate grain size,

since the permeability Reynolds number increases more rapidly than the geometric mean

diameter of grains.

3.2 Scientific approach and basis for the experimental setup

Different types of experimental setups have been used in previous research to analyze the

clogging process, depending on the parameters tested but also the clogging/deposition in-

dicators used to quantify the process. The choice of the substrate is also essential to obtain

the expected phenomenon according to the selected parameters. The research questions

defined in the last chapter include aspects related to the surface flow, infiltration flow and

sediment properties. To test these different aspects, the experimental setup must combine

various features to set the correct conditions while measuring accurately the results. As a time

and space dependent process taking place inside the bed, clogging must be studied through

the effects it has on global measurable variables.
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3.2.1 Measurement of clogging in time and space

Permeability and deposition rate allow for the analysis of the evolution of clogging with time.

Permeability has been mainly measured in the case of vertical column experiments, which

allow for a precise measurement of the hydraulic conductivity by the use of pressure sensors or

piezometers, a flowmeter (Alem et al., 2013; Fetzer et al., 2017) and Darcy’s equation. Thus, a

continuous measurement of the permeability supposes the existence of a percolation gradient

across the analyzed bed layer, which is one of the parameter to analyze. The measurement of

the permeability supposes that the entire substrate forming the bed is under fully saturated

conditions, which implies the absence of air bubbles in the substrate. An advantage of the

vertical column method is that the volume of sediment and the reduced size of the facility

offers the possibility to increase the number of experiments while controlling well the substrate

composition. However, surface flow cannot be reproduced in such experiments. To overcome

the absence of surface flow, the experimental setup designed by Schälchli (1993) combines

a flume with two vertical columns of substrate distributed along the flume. Fine sediment

was transported as suspended load in the recirculating flume. Declogging experiment with

bedload transport was also possible on this experimental setup. The use of two vertical column

overcomes, at the same time, problems linked to the slope of the flume. The latter can indeed

result in a different percolation gradient between the upstream and downstream parts of

the channel. This approach has the disadvantage to provide only a fraction of the flume to

infiltration, while some deposition can still take place in other parts of the flume. Apart from

this study, very few research shows measurements of the evolution of hydraulic conductivity

due to fine sediment deposition, in the presence of a surface flow. Cunningham et al. (1987)

proceeded also to experiments involving an infiltration flow. A portion of the flume was

composed of a thick substrate layer with piezometers and a pipe on the lower part connected

to a weir to control and measure the infiltration. No dimension of the experimental setup is

however provided. Finally, in the absence of a percolation gradient, exchange between the

surface flow and the hyporheic layer can be estimated by using a tracer (Packman & MacKay,

2003). However, the evolution of the exchange can not be observed using this method since

the measure of permeability cannot be performed over long period when using this proxy.

Regarding the space component, the easiest way to measure the effective proportion of

fine sediment in the substrate and its the vertical distribution is the collection of samples. The

disadvantage of sampling the bed, however, is that it requires interruption of the experimental

setup, which disturbs the bed. Also, it only gives a picture of the distribution at the time of

collection. In column experiments, the substrate layer can be easily divided in sub-layers

to analyze the proportion of fine sediment infiltrated in the substrate. The reduced volume

of columns allows for the analysis of the whole content of the column and limits the vari-

ability in the substrate composition due for example to segregation, in comparison to flume

experiments.
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3.2.2 Flow conditions and sediments

On the side of the parameters acting on the clogging process, the surface flow and its inter-

action with the bed substrate are crucial to understand how fine sediment deposits and how

it can be eroded. As part of the research question, this parameter must be included in the

features of the experimental setup. In column experiments, the use of propeller can be men-

tioned to avoid the surface deposition of fine sediment on top of the substrate (Fetzer et al.,

2017), but the resulting flow condition are not comparable to river flow. Flume experiments,

on the other hand, exhibit a wide range of possibilities regarding the surface flow, riverbed

surface (bedforms) and sediment transport (declogging). It is therefore possible to reproduce

conditions closer to natural environments. The choice of the substrate and fine sediment

grain size is closely related to the flow conditions. On the one side, the fine fraction of the

substrate plays an important role regarding the depth of clogging, in relation with the size

of fine sediment (Huston & Fox, 2015). Uniform grain-size distributions have often been

used to study the process, since the uniformity of the mixture is guaranteed and parameters

are easily controlled. On the other side, rivers present very wide grain-size distribution and

heterogeneity in the composition of the substrate, with different layers and areas with different

properties. The presence of coarse substrate is relevant, since it prevents fine grains of the

substrate to be transported by the surface flow. Thus, a wide grain-size distribution of the

substrate is necessary to study the process of clogging in the presence of a surface flow, beside

the desire to reproduce conditions that are similar to the one present in rivers. Wide range

distributions have been used by Schälchli (1993), using river samples, and Diplas and Parker

(1992). However, flume experiments using wide grain-size distributions can be subject to

different results depending on how the sediment is mixed and placed in the flume (Diplas,

1994; Frostick et al., 1984).

Regarding fine sediment, most experimental setups built to quantify the proportion of fine

sediment in the substrate and the deposition process use fine sediment corresponding to sand

and fine sand (e.g., Wooster et al. (2008), Gibson et al. (2011), Gibson et al. (2009, 2010)). In

that case, sand is mostly transported as bedload or by saltation and may be subject to different

deposition and transport behavior in the substrate. Other experiments using silt and clay in

suspension can be cited, such as Diplas and Parker (1992), Perret et al. (2018) or Mooneyham

and Strom (2018). Unlike experiments using sand, experiments using suspended silt and

clay recirculate fine sediments that reach the end of the channel. Fine sediment deposition

evolves with time and can be measured for instance by the changes in the suspended sediment

concentration. The clogging of riverbed by silt-sized sediment supposes the presence of pores

in the substrate that are sufficiently small to trap fine particles. If the substrate is essentially

made of gravel, silt sized particle are likely to percolate through the substrate until they reach

an impermeable layer.
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3.2.3 Basic requirements and strategy

Based on this overview, the experimental setup presented in this paper was designed to

combine the conditions obtained using a vertical column experiment with a flume that can

provide variable surface flow conditions. The idea was to provide a hyporheic layer on the

whole length of the flume, with possible infiltration and exfiltration. The advantage is that the

larger bed surface provides a global hydraulic conductivity which averages the local variations

due to the wide grain-size distribution. The measurement of the hydraulic conductivity allows

for the analysis of the process in time, with the advantages of the flume to reproduce river

flow conditions. More specifically, the experimental setup needed to meet the following

specifications to answer the research questions presented in last chapter:

• Clogging under uniform surface flow conditions

• Fine sediment in suspension

• Inner clogging in the subsurface of the substrate, no unimpeded static percolation

• Possibility to implement and measure infiltration and exfiltration flow in the substrate,

as well as the percolation gradient

• Possibility to implement full cycle of clogging and declogging

• Continuous measurement of the fine sediment concentration in suspension

• Adjustable bed slope and water depth

The methodology consisted in the variation of a single parameter for each set of experi-

ments, with a continuous measurement of parameters such as the infiltration discharge, the

percolation gradient, the surface flow, the concentration and the water depth. The vertical

distribution of fine sediment was analyzed at the end of each experiment. The results of these

experiments are first analyzed qualitatively, but also through the use of different models. The

main models developed in this research are a deposition model and a general clogging model.

The first allows for an estimation of the part that deposits by infiltration flow, sedimentation

in the substrate or deposition outside the bed in the scope of the experimental setup. The

second allows for the modeling of the clogging process over time, through the evolution of the

permeability and the vertical distribution. The parameters that are used in this model can then

be optimized to fit the measurement results. Finally, relations to express these parameters as a

function of characteristics of the flow and sediments can then be derived.
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4 Experimental setup and methodology

4.1 Introduction

This chapter presents the design of the experimental setup used to analyze the different

aspects listed in the research questions of Chap. 2. It starts with the selection of the sediment

characteristics, followed by a presentation of the setup, the description of instruments as well

as their calibration. The experimental protocol is then presented, including the analysis of

samples. It is followed by the presentation of the experimental design including a list of all the

experiments performed in this research. The results of a typical experience are presented with

a feedback on the experimental setup design. Indeed, challenges related to the reproduction

of the clogging process in laboratory are rarely discussed, even though they are critical in the

improvement of methods to understand the clogging process and possible solutions to reduce

it. Finally, the error and uncertainties linked to the measurement of clogging are detailed and

discussed.

4.2 Sediment characterization

The ratio ds/d f between substrate and fine sediment grain-size is a key factor in determining

the type of deposition and clogging that takes place on a riverbed. A large ratio results in

the filling of the substrate from the bottom up, referred to as unimpeded static percolation,

where fine sediment percolates until it reaches an impermeable layer. In the presence of a

small ratio, fine sediment is unable to penetrate inside the interstices of the material already

in place. A cake can form at the surface of the substrate. In situations with a ratio situated

between those 2 extremes, inner clogging takes places in the subsurface of the substrate. This

type of clogging usually exhibit an exponentially decreasing fine sediment content with depth.

To obtain inner clogging, the ratio between fine sediment and substrate grain-size has to be

precisely determined. As a second constraint, the flow conditions prevailing in the flume has

to allow fine sediment to be transported in suspension.
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4.2.1 Substrate - Matrix

The substrate was chosen to reproduce a representative riverbed with a wide grain-size distri-

bution. Whereas the finest part of the substrate plays an important role in the filtration of fine

sediment in suspension, the coarsest part of the substrate prevents the mobilization of the

bed (by forming an armour layer). This coarsest part also allows a larger variety of pore sizes

in the substrate. The pump of the flume used for this experiment being only able to provide a

discharge of about 7 Ls−1, the diameter of the maximum grain-size of the substrate as well as

the width of the flume had to be adapted to make sure that the substrate could be mobilized

with a reasonable slope. The mobilization of the substrate is needed to obtain full declogging

of the bed. The slope of the bed is also critical regarding infiltration, since infiltration is

deigned to be taking place over the whole flume length. If the slope is too important, it might

affect the flow conditions and onset of grain motion, but also provide a differential gradient of

percolation between the upper and the lower part of the flume. This last element is due to the

different level variation between the flow surface and the groundwater table which can result

in a smaller gradient on the downstream part of the flume in comparison to the upstream part

(see for instance Fig. 4.2).

Grain-size distributions of river substrate exhibit very different shapes depending on the

location in the catchment but also within a small section of river. The shape of the mixture

distribution was determined using the compilation of grain-size distribution of different

Alpine rivers presented in Hersberger (2002). An upper limit of the grain-size was set to 8 mm

since it can be mobilized with a reasonable slope of 1.6% in the designed flume. Rounded

gravel and sand was used to simulate riverbed substrate. Different classes of sediment (0-1,

1-4 and 4-8 mm) were mixed together to obtain a grain-size distribution similar to the one

compiled by Hersberger (2002). This was controlled by proceeding to grain-size analysis

of 3 samples of the final mixture. Grain-size analysis were done using 13 calibrated sieves

ranging from 0.063 to 10 mm, after drying the sediments. The grain-size distribution used for

the experiments is presented in Figure 4.1. This grain-size distribution has a slight bimodal

component, with important quantity of sediment in the ranges 0.15-0.5 mm and 3-8 mm. The

mass density of the substrate was measured to be equal in average to 2685 kgm−3. The final

mixture was also compared to other curves from the literature such as Schälchli (1993). The

resulting mixture corresponds to a scaled grain-size distribution of riverbed substrate. It can

also be seen as the grain-size fraction below 8 mm of a wider grain-size distribution. With this

last point of view, it is differentiated from riverbed substrates by an increased permeability

(less ‘impermeable’ stones in the mixture) and a reduced roughness of the bed surface.

4.2.2 Fine sediment

The type of clogging depends on the characteristic diameters of both the substrate, for instance

using d15,s , and fine sediment as shown in Sec. 2.3.2. Following the grain-size analysis of the

substrate, d15,s is equal to 0.5 mm and dm,s/σs is equal to about 1 mm. The thresholds
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4.2. Sediment characterization

Figure 4.1 – Grain-size distribution of the substrate and fine sediment mixtures used in the
experimental setup.

discussed in Sec. 2.3.2 for the different types of clogging can be summarized as following, for

the selected substrate grain-size distribution:

1. Brunke (1999) suggests using two thresholds for unimpeded static percolation, inner

clogging and surface clogging summarized as d15, f < d15,s/5 = 100 µm < d85, f , based

on Sowers and Sowers (1970) and Sherard et al. (1984). d85, f stands for the threshold

factor for unimpeded static percolation and d15, f corresponds to the threshold factor

for surface clogging.

2. Gibson et al. (2009) and Gibson et al. (2010) propose to use a threshold of d15,s/d85, f >
15.4 for unimpeded static percolation. In the present case, fine sediment should respect

d85, f > d15,s/15.4 = 32 µm

3. Based on an extensive study, Huston and Fox (2015) propose that clogging occurs for

dm,s/dm, f σs < 27 resulting in fine sediment respecting dm, f > 36 µm

White quartz flour was chosen for its color, contrasting with the darker sediment used for the

substrate, as well as for its properties. Quartz flour is less subject to cohesion force than clay,

even though it cannot be qualified as cohesionless due to its size. 3 different mixtures of fine

sediment were used to analyze the effect of different suspended particle-substrate ratios, with

d95, f equal to 40, 63 and 100 µm. These mixtures will be referred to as [0-40], [0-63] and [0-100]

respectively in the present study.
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Fine sediment grain-size distributions (Fig. 4.1) were measured using a Beckmann Coulter

LS 13 320 Particle size analyzer. The device was parameterized for the material used as fine

sediment. The refractive index was set to 1.55, corresponding to the refraction index of crystal

quartz. The imaginary part was set equal to 0.01 for very little opaque non-spherical material.

The pump speed was set high enough to make sure all the fractions were in suspension,

especially for the coarsest mix of quartz flour. At least 3 samples were analyzed for each

fine sediment mix to obtain an average grain-size distribution. Referring to the thresholds

identified earlier, the experiments should show inner clogging for the mix [0-100]. The two

first proposed criteria are also respected for the mix [0-63]. Only the first criteria is respected

for the mix [0-40]. It means that a potential unimpeded static percolation could take place

for the finer mixture. However, these criteria are mostly based on fine sand intruding gravel.

In that case, viscous effects and deposition of fine particle on the surface of the substrate are

smaller than in the present case.

4.3 Experimental method

4.3.1 Experimental setup

The experimental setup consists in a recirculating flume of 8 m, with an effective bed length

of 6.25 m. Figure 4.2 illustrates the different components of the setup, which can also be

partially seen in Fig. 4.3. The whole flume has a slope of 0.45%, which is used in a majority of

experiments. The gravel bed is 31 cm deep. This allows the analysis of fine sediment content

along the vertical axis. This depth also provides a sufficient percolation length to measure the

gradient across the substrate layer with enough accuracy, while limiting the substrate quantity.

Below the substrate layer, a false bottom made of uniformly distributed perforated plates is

installed to allow the infiltration flow to reach the regulation weir situated outside the flume

(infiltration weir). To avoid the migration of fine material through those perforated plates

(1 mm holes), a thin sheet of fabric is placed on top of the perforated plates to prevent fine

sand to percolate in the false bottom. A honey comb plate is installed at the entrance of the

flume to avoid disturbance of the flume water inlet. At the outlet of the flume, a bucket allows

for the collection of potential gravel transported by the flow. This bucket is followed by an

adjustable weir, built to obtain a uniform flow conditions along the flume. The slope of the

bed surface can be adapted by changing the slope of the substrate inside the flume. Water is

pumped from a tank with a maximum capacity of 1.15 m3, which is supplied by the surface

flow and infiltration flow. The tank is equipped with perforated plastic tube aerating the water

using compressed air to keep all fine sediment in suspension. A same device is placed in

the upper part of the flume, before the experimental section. The pipes connecting the false

bottom to the infiltration weir were designed to limit the headloss for the designed range of

infiltration discharge, with a diameter of about 60 mm. This pipe system is also designed to

provide exfiltration flow, i.e. water flowing in the direction of the surface flow from the bottom

of the flume.

68



4.3. Experimental method

Figure 4.2 – Sketch of the experimental setup with the main features

4.3.2 Instruments description

The experimental setup is equipped with multiple devices to obtain information and data

about discharges, pressure gradients and concentration in different locations of the flume:

• Main flowmeter

• Infiltration flowmeter

• 2 ultrasonic level probes (USP)

• 2 turbidimeters

• Temperature sensor

• Piezometers inside the substrate

A manual limnimeter was also used to measure the water surface level in any position along

the flume. Velocity profiles could be measured along the flume using an ultrasonic velocity

profiler (UVP). Other devices are used to weight fine sediment and analyse samples of the

substrate. 2 scales were used to this effect as well as sieves.

Main flowmeter: An ENDRESS+HAUSER Promag 50W flowmeter was used to measure the

discharge at the inlet of the flume. This flowmeter had a diameter of 80 mm and a discharge

range between 1.5 and 50 Ls−1 with an uncertainty of 0.5%.
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Figure 4.3 – Experimental setup used at the Platform of Hydraulic Constructions in EPFL.

Infiltration flowmeter: A small infiltration flowmeter is placed between the bottom of the

flume and the regulating weir. This place allows measurement of infiltration and exfiltration

depending on the chosen boundary conditions. An ENDRESS+HAUSER PICOMAG DN25

electromagnetic flowmeter was used, with an acquisition range between 0.2 Lmin−1 and

100 Lmin−1. Head losses were minimized by using transition pipes on both sides of the

flowmeter.

Ultrasonic level probes: Two BAUMER UNAM 30l6103/S14 USP are placed along the

flume to continuously measure the surface water level. This information is important to

obtain the waterhead difference between the surface and the bottom of the substrate. Both

probes are placed directly on top of the 2 sections equipped with piezometers (see below).

Experiments show that these USP provide distance measurements with steps of about 0.8 mm,

slightly larger than the resolution of the probe datasheet.

Piezometers: Piezometers were placed in 2 sections of the flume. The downstream section

was placed 1.139 m from the end of the flume whereas the upstream section was placed

3.613 m from the same point. The position was originally chosen to take pictures and observe

clogging from the transparent wall of the flume, not present in the upstream part. It was not

placed too close to the extremity of the flume to avoid any boundary effects. 5 piezometers

were installed in each section. One was positioned 2.5 cm from the bottom plate and the 4

others were evenly spaced, starting at 2 cm from the top of the substrate and spaced vertically

at 2.5 cm. Piezometers were grouped close to the surface of the bed since this is where the

clogged layer develops. All piezometers consisted in small plastic tube intruding 1.5 cm into

the substrate from the wall to limit boundary effects. The tip of the tube was covered by a small

net to avoid the intrusion of fine sediment. These tubes were connected to a measurement

board outside the flume using individual pipes. The measurement board was equipped with

transparent vertical tubes placed in front of a sheet with millimeter graduation to measure

visually the water pressure level at each piezometer.
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Turbidimeters: Two SOLITAX ts-line turbidimeters were used to measure the concentra-

tion at both ends of the flume. One was placed upstream, right before the honeycomb, and

the second downstream, in the bucket that collects sediment transported in the flume. They

measured the turbidity of water in FNU. The signal was transformed into concentration by

calibrating the signal for the material in suspension. They could work in a range between 0 and

4000 FNU. From experience, they were only able to measure concentration of the selected fine

sediment up to 4 gL−1 with sufficient accuracy. Turbidimeters were equipped with a wiper to

keep the sensor clean. The locations of the turbidimeters guaranteed that a sufficient distance

existed between the probe and the walls, or the bottom of the flume.

Temperature sensor: A BAUMER TE2 temperature sensor was installed upstream of the

flume to measure the temperature of the water. Temperature can affect the viscosity of water

and must be measured since it varies during an experiment and between experiments in

function of the laboratory temperature. Temperature was used to calculate the dynamic

viscosity of water µ.

Ultrasonic velocity profiler: A 4 MHz UVP probe from the company MET-FLOW was used

to measure velocity profiles at different locations along the flume. It allowed for the measure-

ment of the shear stress through a different method than using the estimation provided by

the measurement of the water depth, slope and discharge. The frequency of 4 MHz is adapted

to measure the velocity of water on short distance like the one observed in this experimental

setup.

Data logger: A NATIONAL INSTRUMENT data logger was used in combination with a

LabVIEW interface to acquire raw data from the different probes and store them at the chosen

frequency in a file to be processed later. The data logger received the 4-20 mA signal and

transformed it into a voltage. It could then be transformed into the desired unit based on a

regression between the actual value and the measured signal. The acquisition frequency for all

the experiments was set to 10 Hz, as a good compromise between memory usage and accuracy.

This frequency was specially needed for the turbidimeters since experience showed that they

sent scattered results and 1 Hz measurements, for example, were giving a bigger error. Data

were then averaged at an interval of 1 s for the data analysis.

4.3.3 Calibration of instruments

Water level

The slope, the water level and the water pressure inside the substrate must be precisely

measured to calculate the permeability of the bed. A reference point was set on a structural

element of the flume downstream the channel. All measurement points refers to this point

to calculate the water level difference in any location of the flume. The scale used for the

piezometers, the level of the bottom outlet weir and the crest of the flume were all calibrated

using the water static level.
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Turbidimeters

To calibrate precisely the turbidimeters, they were placed together in a bucket filled with a

measured quantity of clean water. The voltage measured by the data logger was continuously

saved into a file over the whole calibration. The whipping interval for the turbidimeters was

set to 1 minute to avoid any disturbance from deposited material on the probe window. A set

of concentrations was obtained by adding step by step a defined quantity of fine sediment. A

water volume varying between 8 and 12 L was used to be able to add a measurable quantity

of fine sediment using a scale with a precision of 0.01 g. Fine sediment was mixed with the

water using a stick during the whole duration of each concentration step which lasted at least

2 minutes. The same calibration procedure was repeated for the 3 grain-size distributions

of fine sediment. By expressing the concentration calculated from added fine sediment in

function of the voltage, it appeared to be following an exponential curve. A logarithm was

therefore applied to the results before performing a linear regression to find the calibration

parameters (Eq. 4.1). The results of the calibration are presented in Figure 4.4. It appears that

the relation between voltage and concentration is more linear as the grain-size distribution

increase.

Figure 4.4 – Calibration curves for the 3 different grain-size distributions
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Other probes

For the other instruments, the signal varies linearly with the measured unit and the transfor-

mation between voltage and unit takes directly the form:

y = a · x +b (4.1)

Where y corresponds to the parameter with the corresponding SI unit, x the signal in [V ]

and [a,b] the parameters of the linear relation. To calibrate the USP, the water level in the

flume was set at different heights on the range of possible water depths. For each level, the

signal and the distance between the probe and the water surface were measured. The manual

distance was measured using a limnimeter. The flow condition was set to provide a smooth

water surface. Both electromagnetic flowmeters were calibrated directly from the display on

the instrument since they were calibrated by the manufacturer. The temperature sensor was

calibrated using a calibrated temperature probe in a water bucket at the same time as the

temperature sensor.

4.3.4 Experimental protocol

Preparation of the bed substrates

For the first filling of the substrate mixture in the flume, the channel was first filled with a

few centimeters of water so that all the pores were saturated with water. A limited depth of

water is necessary to ensure that sediment do not segregates too much, avoiding layers of

fine sediment on top of gravel layer. The pipes of the piezometers were filled completely with

water, poured from the measurement board to avoid any intrusion of fine sediment in the

pipes. Once the substrate reached the final surface level, the slope was carefully flattened

over the whole length of the channel. This last process, followed by the run of the experiment,

removed fine particles like sand from the surface layer. A slightly armoured layer was therefore

created with grain-size ranging from 3 to 8 mm.

Most of the time, the substrate stayed saturated with water between 2 experiments. In

that case, the mixture was not removed from the channel to prepare the next experiment but

fine sediment of the last clogging experiment was removed by stirring gently the layers of

substrate filled with fine sediment. A small exfiltration flow was applied so that particles are

easily washed away from the substrate to the surface flow. After that procedure, the bed was

flatten with a regular slope as described previously.

Running experiments

Experiments started by setting the correct surface flow conditions and adapting the outlet

weir to obtain uniform flow conditions along the flume. The pressure level at the piezometers

was then measured in the absence of infiltration flow. This ensured that no air bubbles were
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present in the pipes with potential false measurements. The pressure level at the surface of the

bed and the percolation gradient allowed for the calculation of the target pressure level at the

bottom of the substrate, obtained by adjusting the infiltration weir. The infiltration discharge

was checked to make sure that the initial hydraulic conductivity corresponded approximately

to the measurements of previous experiments.

After turning on the bubbling setup in the tank, acquisition of the data was started on the

computer and piezometer values were measured. Fine sediment was added after a second

piezometer measurement, 10 minutes after the first one, to make sure that the system was

stabilized. Fine sediment was weighted using a precise scale, before being mixed with water in

a bottle and poured into the main tank. Fine sediment was not continuously provided, but

added by step. In the beginning, it was added by steps of around 300 g until reaching the target

concentration. Fine sediment was added again as soon as the concentration droped of about

0.2 kgm−3. Piezometer were recorded with a frequency that depended on the evolution of

the clogging process. When the level varied fast, measurements were taken every 10 minutes.

In experiments where the gradient of percolation was set constant over the substrate layer,

the weir level was regularly adapted, with a measurement of the piezometers before and after

the level modification. Without any intervention, the gradient of percolation varied as the

infiltration discharge decreased and head loss in the pipe system were reduced.

Most of the experiments took place over more than one day. During the night, the ex-

periment was not stopped to prevent changes in the substrate characteristics due to stop

and start manipulations. During the night, no fine sediment was added. The concentration

decreased in function of the deposition rate. Experiments were stopped when the evolution of

the infiltration discharge and piezometers were reaching an asymptote.

Analysis of samples

After each experiment, substrate samples were collected in 3 different locations along the

flume. Two sample locations are situated at the same section as the piezometers (B and C, see

Fig. 4.2) and an other one symmetrically opposite of the downstream piezometer (A). At each

location, 10 samples of the substrate were taken by horizontal layer to analyze the vertical

distribution of fine sediment in the bed. Layers ranged from 1 to 12 cm with thinner layers

close to the top of the substrate, where most of the fine sediment deposits. Thickness was

compensated by a longer sample in the axis of the flume, varying between 50 cm on the top

and 4 cm at the bottom (Fig. 4.5), which results in samples of around 1 kg.

Fine sediment of each sample was then separated from the substrate using a sieve and

water. The weight of fine sediment and substrate were measured separately. To get the

weight of fine sediment without drying each fraction, the whole concentrated mixture of fine

sediment and water was filled into a 50 cm high tube. Some water was then added until the

level reached the top of the tube. By comparing the weight of the tube filled with a same

volume of mixture or clear water, it is possible to get the mass of fine sediment, knowing its
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Figure 4.5 – Sampling method at one of the sections. Each layer is collected using a spoon
(black in Fig.), carefully removing a uniform layer. The length of each layer varies from the top
to the bottom. The width of the sample is equal to the flume width. Red dots correspond to
piezometer positions

density. The porosity of the substrate was also estimated by measuring the height of sediment

in the vertical tube and knowing the mass of sediment. Finally, the substrate was dried and a

grain-size distribution was measured by sieving the different fractions.

4.4 Design of experiment and experimental program

To answer the research questions, a design of experiment was performed to choose the range

of the parameters to be analysed. The clogging process is a slow process, even though it can

be accelerated by increasing the concentration of fine sediment (Chap. 2.3.3). This means that

for experiments exploring the evolution of clogging from clean initial riverbed to completely

clogged riverbed, the duration of experiment ranges between a day and a few days. Given the

long time needed to perform each experiment, only a limited number of experiments could be

performed. Repeatability could also not be tested using a large batch of experiments. Each of

the main tested variables - percolation gradient, flow conditions, fine sediment grain size and

surface grain-size - was only tested using between 3 and 5 different settings. Each parameter

was varied around a central common experiment setting. This common experiment was

tested 4 times to analyze the repeatability or eventual effects of the variation in the grain-size

of the substrate, despite using the same original material. A summary of the main experiments

carried out in this research is presented on Table 4.1. The experiment numbers reflect the

order in which experiments were conducted. It has to be noted that the substrate in the flume

was removed and replaced after experiments 13, 22 and 36, reusing the same material, to

remove air bubbles present in the substrate (following bad manipulations or long periods

without experiments).

A few experiments were also performed to analyze the influence of variable flow conditions

and mobilized substrate on the clogging of the riverbed. They are briefly documented in

Table 4.2 and detailed in Chap. 9.

Finally, a first batch of experiments focusing on the study of the percolation gradient using
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Table 4.1 – List of constant flow experiments with specific boundary conditions

Parameter Exp. # i a [%] J b [‰] Qc [L/s] FSd [µm] Sub.d [mm] C e [g/L]
Perc. grad. 22 -6.3 4.5f 2.3 63 0-8 1

21 3.7 4.5f 2.3 63 0-8 1
base 7.3-8.0 4.5-5.2 2.3 63 0-8 1
19 21.5 4.5f 2.3 63 0-8 1
20 42.5 4.5f 2.3 63 0-8 1

Flow cond. 17 11.9 0.5 2.3 63 0-8 1
18 9.2 2.5 4.1 63 0-8 1
base 7.3-8.0 4.5-5.2 2.3 63 0-8 1
14 10.6 4.5f 5.2 63 0-8 1
16 10.9 16.5 2.3 63 0-8 1

Fine sed. 23 8.0 4.5f 2.3 40 0-8 1
base 7.3-8.0 4.5-5.2 2.3 63 0-8 1
24 9.2 4.5f 2.3 100 0-8 1

Substrate base 7.3-8.0 4.5-5.2 2.3 63 0-8 1
30 9.0 4.5 2.3 63 4-8 1
28 8.5 2.3 2.3 63 8-16 1
27 9.1 5.4 2.3 63 8-16 1
26 13.3 17.5 4.1 63 8-16 1

Concentration base 7.3-8.0 4.5-5.2 2.3 63 0-8 1
29 9.2 4.0 2.3 63 0-8 2

Repeatability 15 7.3 4.5f 2.2 63 0-8 1
(base) 31 7.7 4.5 2.3 63 0-8 1

37 7.5 4.6 2.3 63 0-8 1
38 8.0 5.2 2.2 63 0-8 1

Other 25 5.0 16.7g 2.2 63 0-8 1
a Average percolation gradient along the flume
b Average slope of the substrate
c Average (constant) surface flow discharge
d FS: Max sediment diameter d95; Sub.: Diameter range of surface sediment
e Targeted maximum fine sediment concentration
f Not measured, estimated from preparation protocol
g Substrate slope, surface flow quasi horizontal (no uniform flow)

the [0-40] fine sediment was performed in the beginning of the research. Since the run of

these experiments showed some errors and led to the adaptation of the initial experimental

setup, they were not analyzed specifically in the present document. These experiments were

characterized by a varying percolation gradient with time due to the setup characteristics.

These experiments are summarized in a table in Appendix B.1. Experiments 32 to 36 are also

not presented.

76



4.5. Processing of the measured data

Table 4.2 – List of variable flow experiments with specific boundary conditions

Exp. # Scenario Ia [%] Jb [‰] Qc [L/s] FSd [µm] Sub.d [mm] Ce [g/L]
39 (e.1) 14.1 9.8 1.5-5.8 63 0-8 2
40 (e.2) 7.3 9.8 1.5-5.8 63 0-8 2
41 (a) 7.4 9.6 1.5-5.8 63 0-8 2
42 (c) 6.9 8.8 1.5-3.0 63 0-8 2
43 (d) 7.6 8.1 1.5-5.8 63 0-8 2
44 (b.2) 8.0 10.1 1.5-5.8 63 0-8 2
45 (b.1) 8.8 9.6 1.5-5.8 63 0-8 2
a Initial average percolation gradient along the flume, at base flow discharge
b Final average slope of the substrate
c min-Max surface flow discharge
d Max (FS, d95) / Range (Substrate) of sediment diameter
e Targeted maximum fine sediment concentration at maximum flow

4.5 Processing of the measured data

4.5.1 Initial parameters of the selected experiment

Before being able to analyse the results of each experiment and compare them with others,

the raw measurements have to be processed to obtain variables that characterize the clogging

degree such as the permeability, the deposited quantity of fine sediment and the fraction of

fine sediment at different depths of the substrate. The measurement results of Experiment 31

(see Tab. 4.1) are presented in this section. The same procedure was pllied to the measured

data of the other experiments. Experiment 31 was done using a slope of 4.5‰, almost parallel

to the bottom of the flume. The surface flow discharge was set to 2.29 Ls−1 and the experiment

was run with a constant global gradient of percolation across the substrate of 7.7%. The fine

sediment mixture ranging from 0.5 to 63µm was used, with a target concentration of 1 kgm−3.

4.5.2 Measurement results

The main parameters varying during this experiment were the concentration, the gradient

of percolation through the substrate and the infiltration discharge. The evolution of concen-

tration is shown in Figure 4.6. Each peak corresponds to an addition of fine sediment in the

main tank. The decrease of concentration with time is closely linked to the deposition of fine

sediment in the substrate. A smaller fraction deposits in other areas of the experimental setup.

As the clogging process fills the pores, the rate of deposition decrease as can be seen from the

difference of slope in the beginning and at the end of the experiment. The rate of deposition is

also dependent on the concentration of fine sediment itself.

The infiltration discharge decreases with time as fine sediment accumulates in the sub-

strate. At the same time, the vertical pressure distribution evolves from an average constant

percolation gradient, where pressure decrease linearly with depth (Fig. 4.7), to a varying gradi-
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Figure 4.6 – Concentration of fine sediment measured by the turbidimeter (downstream)
over time. The timing of fine sediment additions are identified to calculate the cumulative
deposition in the substrate over time.

ent where pressure drops close to the top of the substrate and less in the deeper layer of the

substrate. In the zone affected by clogging, the gradient increases locally. When the gradient is

kept constant between the surface and the bottom of the substrates, the percolation gradient is

reduced under the clogged layer, as can be seen in Figure 4.7. The gradient across the substrate

layer is smaller in the downstream part of the flume due to the slope of the water surface in

comparison with the pressure at the bottom of the substrate.

4.5.3 Deposition of fine sediment

The cumulative deposition of fine sediment mk [kg ·m2] as a function of time can be inferred

from the concentration profile (Fig. 4.6). The method used to obtain the total deposition of fine

sediment in function of the time is based on the concentration of fine sediment and the mass

of fine sediment added to the system. The total active volume of water in the system is first

estimated based on the change of concentration induced by the addition of fine sediment. The

mass that deposits on the time interval d t between ti and ti+1 is equal to Vtot dC . However,

the time interval during which concentration increases are considered to have no deposition

occurring. This allows for simplifications of the calculation, given the short duration over

which fine sediment concentration increases. This calculation results in the curve presented

in Fig. 4.8.

Deposition of fine sediment is induced by the infiltration flow, but also through advection-
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Figure 4.7 – Piezometric level difference with the surface at different time steps, along the
depth of the substrate in section B. In the beginning, the headloss is distributed along the
depth. In the end, most of the head loss is concentrated near the surface of the substrate,
where the clogging is important. The gradient of percolation is very high in that area.

induced hyporheic flow or sedimentation. Therefore, a complete analysis of the different

processes needs to be done to define the proportion of each of these deposition mechanisms.

On top of these different clogging processes, a fraction of fine sediment in suspension deposits

in other parts of the experimental setup, where sedimentation is possible despite the bubbling

systems. To estimate these different fractions, a modeling of the deposition in time was

performed, based on the fine sediment grain-size distribution, fine sediment additions, flow

conditions and infiltration discharge over time. This model is based on an adaptation of the

model presented by Mooneyham and Strom (2018). Details of the procedure are presented

in App. A.1 and result in the numerical integration of the following relation, for each fine

sediment grain-size fractions, and taking the addition of fine sediment into account:

∂C

∂t
=−C

[
ws

(
β1

h
α1 + (1−β1)α∗

)
+ Qi n f

V

]
(4.2)

Where the factor β1 [−] is defined by the ratio of the time that water spends over the substrate

with the total turnover time, α1 [−] is the deposition rate factor in the substrate, α∗ [m−1] is

the deposition rate factor in the rest of the system and Qi n f (t ) is the infiltration flow. The net

flux of fine sediment to the substrate q is composed on the one hand by a flux linked to the

infiltration discharge qi , and on the other hand to a flux qa that depends on the particle fall

velocity, multiplied by a deposition rate factorα1. The flux that depends on the infiltration flow

includes all the different grain-size fractions composing the suspended sediment. In opposite,

the deposition of fine sediment in the system (experimental setup) or in the substrate by

sedimentation is dependent on the grain size of the particles. By adapting the parameters

of the model (including the deposition rate in the substrate and in the system), it appears
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that the evolution of fine sediment concentration in time can be well reproduced on most

of experiments with the grain-size [0-63]. However, some specific elements had to be added

to the original model to take into account the recirculation of part of the fine sediment that

is not filtered by the substrate when the infiltration flow is important, as well as to model

surface deposition (surface clogging). These aspects are treated in more details in App. A.1.

The deposition rate in the system α∗ appears to change from one experiment to the other for

non clarified reasons, which implies that a precise quantification of the mass deposited in the

substrate through other processes than direct infiltration is impossible. The result for the total

mass of fine sediment deposited and the simulation are presented in Figure 4.8.

Figure 4.8 – Cumulative mass of fine sediment deposited in the substrate mk over time,
calculated using the concentration measurements or through the deposition model. The first
is obtained by integrating the change of concentration over time from the data of Fig. 4.6. The
difference between the green curve and the blue curve is the quantity estimated to deposit in
the system. More details on the model in Appendix A.1.

4.5.4 Hydraulic conductivity

Hydraulic conductivity can be calculated from the percolation gradient and the related infil-

tration discharge using:

K = Qi n f

i · A
(4.3)

Where K is the hydraulic conductivity, Qi n f the infiltration discharge, i the percolation gradi-

ent and A the surface area of the substrate. In the present experimental setup, only the global

infiltration discharge of the flume is known, but the percolation gradient varies slightly along

the flume, especially in the presence of a steep bed slope. This implies that the infiltration

flow velocity (and the clogging process, as discussed in Chap. 7) varies along the flume. To
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overcome this situation, an equivalent global hydraulic gradient can be computed. The global

hydraulic gradient ig (t ) can be derived by calculating the total infiltration discharge through

the substrate over the length L f of the flume. This total discharge is found by integration of

Eq. 4.3 along the flume, under the hypothesis that K (x, t ) and b are constant along the axis x:

Qi n f (t ) =
∫ L f

0
K (x, t )i (x, t )b dx = K (x)b

∫ L f

0
i (x, t )dx (4.4)

Where K (x, t) is the hydraulic conductivity, Qi n f (t) the infiltration discharge, i (x, t) the per-

colation gradient, b the flume width, x the longitudinal axis of the flume and L f the flume

length. By rearranging the terms of Eq. 4.4 and using the relation of Eq. 4.3, it follows that:

ig (t ) = 1

L f

∫ L f

0
i (x, t )dx (4.5)

Where the percolation gradient is expressed as:

i (x, t ) = ∆H(x, t )

hsed (x)
(4.6)

Where ∆H (x, t ) is the head loss between two points along the infiltration flow line and hsed (x)

is the height of the sediment layer between these two points. The substrate height can be

obtained from the measurements of the substrate surface and bottom, or from the theoretical

level obtained when preparing the substrate. The head loss ∆H(x, t) across the substrate

depends on the water surface level and the piezometer levels. The piezometer levels allow

knowing the water head in two points along the flume for each level. The water head in any

point along the flume is estimated by extrapolating linearly the level from these two points.

The two piezometer situated at the base of the substrate are used since they reflect better the

overall percolation gradient across the substrate in comparison to the ones situated closer to

the surface. The water surface level is measured continuously in two points, but extrapolating

the water surface from these two points can lead to important error, due to possible local

variation of the flow surface. Thus, a backwater curve calibrated with the flume was used in

most cases, combined when available with manual measurement of the water surface along

the flume (Fig. 4.9). The integration of Eq. 4.6 using Eq. 4.5 gives the global percolation gradient.

The resulting hydraulic conductivity (or permeability, proportional to hydraulic conductivity)

can be plotted, for instance, against the cumulative mass of fine sediment deposited in the

substrate as shown in Fig. 4.10.

4.5.5 Fine sediment content after clogging

The sample analysis gives insights on the proportion of fine sediment in the substrate depend-

ing on the depth, at the end of experiments. Since inner clogging takes place, the vertical

distribution profiles show a decreasing proportion of fine sediment with depth. Figure 4.11

shows the mass of fine sediment relative to the maximum mass of fine sediment that can
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Figure 4.9 – Water level and substrate geometry of Experiment 31. The extrapolated water
surface from the US meters tends to overestimate the water depth upstream in comparison
with manually measured water level, which is well modeled by the backwater curve model. In
green, the piezometric level near the bottom of the substrate.

theoretically fit in the pores of the substrate. This quantity is equivalent to the ratio F /FS ,

with F =VF /VT the fraction of the total volume occupied by fine sediment and FS =ϕs(1−ϕ f )

the value of F at saturation of pores. In the following chapters, the mass of fine sediment is

reduced by the initial mass of fine sediment before calculating the value of F , which allows to

have a better observation of the deposited quantity, although the fraction of fine sediment is

smaller than reality.

The surface layer of the substrate contains a larger proportion of coarse sediment in

comparison to the substrate in the layers below which are more homogeneous. This raises

difficulty to determine the precise fraction of fine sediment in that first layer (see also Sec. 5.2.3).

To approximate the fact that fine sediment is concentrated at the bottom of this first layer

where finer particles are present, the top layer can be divided into a part with a similar substrate

composition to the one in the second layer, and a part with the coarse surface material (see

also Fig. 5.4). This is done by calculating the proportion of the substrate grain-size distribution

of the second layer that can fit into the one of the top layer, the remaining part corresponding

to the surface coarser cover. This proportion is then applied to the total mass of substrate of

the top layer, which approximates the mass of substrate where fine sediment actually deposits,

at the exclusion of the case of surface clogging.
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Figure 4.10 – Permeability as a function of the cumulative mass of fine sediment deposited in
the substrate. The permeability is calculated using Equations 4.5 and 4.6.

4.6 Discussion on the experimental setup design

Running this experimental setup has shown some limitations that may open the way to

possible improvements on future setups. It is also interesting to identify the critical aspects

than can appear in such experiments of clogging.

4.6.1 Flume dimensions

The designed flume exhibits a long and narrow channel. This design raises two issues, the first

concerning the percolation gradient and the second concerning the influence of sidewalls.

Water pressure at the bottom of the substrate is almost constant over the length of the

flume due to the small flow velocity in the bottom drainage. However, the slope of the bed

induces a different water level between the inlet and the outlet, that needs to be included in

the calculation of the hydraulic gradient as described in Section 4.5.4. This effect can be more

pronounced when using a steeper slope, for instance the slope of 1.6% used for declogging

experiments. In such cases, clogging progresses in a different way between the upstream and

downstream sections. On top of that, percolation gradients close to zero are impossible to

reach since they result in both infiltration and exfiltration at the same time, without being able

to measure the hydraulic conductivity through the infiltration flowmeter.

Secondly, an increase of fine sediment deposition has been observed close the to walls.

In some cases, it can be attributed to a larger porosity linked to the interface between a flat

wall and the substrate, but the influence of the wall is also observed at a larger distance (2 cm).
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Figure 4.11 – Vertical profile of fine sediment content in the substrate, expressed in function of
the maximum fine sediment content at saturation of the pores

This is probably due to the slower flow in the corner between the walls and the substrate bed.

A larger flume would reduce this influence, with a smaller fraction of the surface affected by

this effect. On the other hand, secondary flow would be able to take place in a larger flume. It

should also be noted that the fine sediment observed inside the substrate from the transparent

wall is not representative of the real proportion of fine sediment in the whole matrix.

Another element concerns the scaling of the results to other dimensions. The measure-

ments concerning the surface flow conditions made at the scale of this experimental setup

cannot be directly transposed to a larger dimension. Some parameters like the shear stress,

suspended sediment and hyporheic flow do not scale up equally and could result in different

clogging characteristics (depth, hydraulic conductivity). It has been observed that the water

depth of surface flow needs to be sufficient to avoid viscous effects and dependence over local

variations of the substrate surface.

Even though inner clogging takes place over a few centimeters below the surface, the

depth of the substrate has its importance in the measurement accuracy of the percolation

gradient. A thicker layer of substrate would allow to measure larger pressure differences which

can be more accurate. In that sense, the 31 cm-thick layer of substrate used in the present

study seems to be a lower limit and a thicker substrate layer would be preferable.

Finally, the location of the infiltration flowmeter in the system was selected to be able

to measure both infiltration and exfiltration, but this location resulted in important head

loss between the false bottom and the infiltration weir. Since the flow decreases as clogging

progresses, it resulted in unwanted change of the gradient across the substrate. A better

position for experiments with infiltration would be after the weir.
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4.6.2 Piezometer position

The number of sections equipped with piezometers as well as their position were not optimal.

The selection of locations B and C for the piezometers was originally chosen to take pictures

of the section from the side. However, no pictures of the substrate could be taken with a

sufficient quality. The gradient along the flume is therefore calculated with only 2 points of

measurement that are not optimally spread along the flume. A better solution would have

consisted in 3 sections of piezometers, in section A, C and one exactly in the middle. Also,

most of the changes in hydraulic conductivity took place at a very small distance from the

surface, resulting in a difficult analysis of the gradient of percolation inside of the clogged

layer.

4.6.3 Bed mobilization

The available range of discharge of this experimental setup was not sufficient to analyse

declogging through bed mobilization for slope below around 1.6%. This situation limited

the study of the declogging process. Bedload transport using wide grain-size distribution

is also very challenging, since all fractions are not mobilized at the same time. A flume

specifically designed for sediment transport would be more appropriate to reach a more stable

sediment transport. For example, a coarsening of the substrate near the surface can take place,

which can affect a subsequent clogging phase. The study of the declogging process involves

combining the challenges of sediment transport with those of fine sediment dynamics.

4.7 Error and uncertainties

4.7.1 Deposition

The measurement of fine sediment deposition depends on four main factors: the concen-

tration, the volume of water, the added mass of fine sediment and the time of addition. The

volume of water was not measured directly but inferred from the change in concentration

when fine sediment was added. Measuring the volume using geometry and water depth would

also lead to some errors since it has to be measured with the actual mass of water in movement

without dead zones, when the experiment is running. The mass of added fine sediment is

measured with a precision below 1 g for additions that range between 100 and 300 g. The

difference of concentration resulting from the addition of fine sediment contains a bigger

error due to the fact that the mixing of the added fine sediment in the whole volume of water

might not be achieved when the maximum concentration is measured at the turbidimeters.

The actual concentration peak may therefore be slightly smaller than the actual measured

peak of concentration, resulting in a larger estimated volume of water. This effect is partly

taken into account in the deposition model, for example by adding a small volume (50 L) to

the average derived volume of water.
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The concentration is found using the calibration results (see Section 4.3.3). However, a

change in the composition of fine sediment in suspension can take place over the duration

of the experiment. The grain-size distribution of fine sediment in the beginning of the ex-

periments corresponds to the one tested to obtain the calibration factors. Since the coarsest

particles deposit faster than finer particles, a shift takes place as the experiment is running. It

follows that the grain-size distribution contains a larger proportion of very fine sediment after

long period without fine sediment addition or at the end of the experiment. For a same signal

from the turbidimeters, the actual concentration of fine sediment would be smaller in such

a case, as Figure 4.4 tends to suggest. Turbidimeters also showed some measurement errors

resulting in a small and unique shift of the measured turbidity due to unknown reason, which

happened in some experiments at one or two occasions, as can be seen in Fig. 4.6 at around

16 and 46 hours. The raw data from the turbidimeters shows a lot of noise. Averaging the data

over each second reduce already the noise, but mostly for low concentration. A smoothing

of the data using a "mobile window" of 120 s is used to cancel the noise as well as the effects

of the cleaning processes of probes. For the concentration used in most experiments, the

uncertainty stays small.

The calculation of the cumulative deposition omits the deposition taking place during

the phase when the concentration increases. Given that a certain quantity of fine sediment

deposits at that time, the virtual increase of concentration due to added sediment would

show higher value. Without deposition, the step of concentration due to the addition of fine

sediment would therefore be higher, which would result in a smaller calculated volume of

water. In consequence of this effect, the total deposition would also be smaller. This effect is

opposite to the one explained earlier for the calculation of the water volume. In reality, the

deposition rate increases during the transition phase, varying between the rate before the

addition of fine sediment and the rate at the peak of concentration.

4.7.2 Hydraulic conductivity

The hydraulic conductivity is derived from the infiltration flow, the infiltration area and the

percolation gradient. The infiltration flow is measured precisely by the electromagnetic

flowmeter. A possible error on the infiltration flow can come from specific percolation path

on the flume walls. However, given the operating range of the flowmeter, a strongly clogged

substrate resulted in a very small discharge below the range of the flowmeter. In that case,

regular manual measurement were done by measuring the weight of water over one minute.

This measurement were compared with the data sent by the flowmeter and corrected when

they deviated from the manual measurement. Regarding the area of infiltration, the length

can be measured with a precision of 5 mm. A variation of the width has been observed with a

maximum of 5 mm.

The calculation of the gradient is the biggest source of error in the calculation of the

hydraulic conductivity. First, the pressure level is only measured in two sections along the
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flume, at 5 different levels. Apart from the piezometers near the bottom of the substrate

layer, the other ones can be disturbed by the clogging of the substrate around the point of

measurement. Piezometer measurements can show errors due to the presence of air in the

pipe, clogging of the tip of the tubes and reading errors. Air in the pipes was reduced to a

minimum by adding water from the measurement board and controlling that all levels were

aligned in the absence of infiltration flow. Clogging of the tip was avoided by cleaning the

tip before each experiments. However, the reaction speed of some piezometers showed that

clogging was sometimes taking place, resulting in slower reaction time and possible errors.

Finally, reading errors can come from insufficient time between a change of the weir level and

the measurement or simple reading errors. The accuracy of piezometer and water surface

level measurements is a key factor in the calculation of the percolation gradient. An error of

1 mm result in an absolute error of 0.35% for the gradient. For a small gradient of 3%, this

results in an error of more than 10%. For this reason, piezometer measurements were read

with an accuracy of 0.1 mm, and an uncertainty of ± 0.2 mm. The accuracy of the ultrasonic

probes did not allow the same precision in the measurement of the surface water level, since

height difference below 0.5 mm cannot be measured. Therefore, manual measurements of

the water level, which were also carried out, have been used to calibrate the backwater curve

model. This provides the water surface level along the whole flume with a better accuracy than

the extrapolation from the two measurement sections. The extrapolation from the piezometer

measurements had to be used, however, for the pressure level at the bottom of the substrate.

This extrapolation can lead to an important error since a small difference of the pressure level

in section B, for example 1 mm, can lead to an absolute error of about 0.3% for the global

percolation gradient. at the upstream end of the flume. Finally, regarding the thickness of the

substrate layer, it can be well measured with an accuracy of around 5 mm, given that some

variation of the surface level can exist, together with the roughness of the substrate bed.

Finally, operations on the infiltration weir level to keep the gradient of percolation con-

stant across the substrate layer sometimes resulted in steps in the hydraulic conductivity

measurement. This does not seem to be linked to measurement errors but can be attributed

to changes in the percolation path due to a sudden change of the boundary conditions.

4.7.3 Fine sediment content

The measurement of the proportion of fine sediment in the substrate is subject to error in the

sampling procedure and in the measurement of the weight of sediments. The estimation of

porosity also leads to a significant error due to the wide distribution of the substrate grain size.

The collection process is a big source of error due to the challenge of sampling homoge-

neous layers parallel to the bed slope, with a defined thickness. The first layer, containing

coarser gravel, is especially difficult to collect since small level differences exists due to the ar-

rangement of the gravel on the surface. The thickness of a layer can have a relative uncertainty

estimated around 15% (Figure 4.12). The heterogeneity of the substrate, with for example
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the presence of gravel nests, which faciliates the intrusion of fine sediment, can increase the

proportion of fine sediment in a certain layer although most of that layer is free from fine

sediment.

Figure 4.12 – Theoretical layer thickness (gray horizontal lines) in comparison with effective
sampling thickness (red), that varies depending on gravel arrangement. Due to the open
surface of the first layer, porosity is also difficult to define precisely.

Once collected, measurements errors can come from the loss of material in the manipula-

tion of the sample, and incomplete sieving to separate the different fractions of sediment. The

measurement uncertainty of the scale is around 1 g. This results in a small relative uncertainty

for the substrate fraction of the sample, but can lead to a large relative uncertainty for the fine

sediment fraction when its proportion in the sample is small (see Fig. 4.13 (left)).

The range of porosity measured for each sample has to be used with precaution. Since

the real porosity of the substrate is very difficult to measure, porosity was estimated using

the sampled material, but the configuration of the grains was different from the one in the

flume. The range of possible porosity was tested by filling a tube with sediment and water,

and measuring the height of sediment in that tube before and after vibrating its content.

The obtained range was larger for wide grain-size distributions, since the homogeneity of

the particles could not be guaranteed. The porosity of the surface layer is also subject to

discussion since the limit between the surface flow and the substrate is difficult to define

precisely (see Fig. 4.12). It leads to a larger uncertainty regarding the saturation degree of pores

close to the surface (Figure 4.13).

4.7.4 Repeatability

Multiple experiments using the same parameters were done to analyze the repeatability of

experiments. The parameters includes the surface flow, the infiltration flow, the percola-

tion gradient, the weir level at the outlet of the flume as well as the grain-size distribution

of substrate and fine sediment. Fine sediment addition was adapted as a function of the

concentration in order to maintain it around the desired range of concentration. It appears

that the most challenging parameter to reproduce was the substrate characteristic. After

removing fine sediment from the substrate after an experiment, the hydraulic conductivity of

the next experiment appeared usually similar to the one at the start of the previous experiment.

However, very different results were calculated for the decrease in hydraulic conductivity using
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Figure 4.13 – Fine sediment content in the substrate with uncertainty concerning the measured
mass of sediment (left) and the estimated porosity of the substrate (right), i.e. using lower and
upper value of porosity

the same initial parameters. It is suggested that the variability in the substrate composition

in the substrate volume results in different depth of clogging. For instance, the presence of

fine gravel and sand close to the surface will result in a thin layer of fine sediment clogging the

riverbed in a short time. This aspect is treated in more details in Chap. 6. Pore size control

is difficult to achieve when using a wide grain-size distribution. However, the heterogeneity

emerging from the use of wide grain-size distribution corresponds better to the situation

observed in rivers which justify its use.

4.8 Conclusion

The experimental setup used in the present research allows the study of both the hydraulic

conductivity and proportion of fine sediment in the substrate, as well as the deposition process

using the concentration of fine sediment in suspension. The clogging process depends on

numerous parameters that have to be chosen specifically to obtain the expected results,

including fine sediment and substrate grain size. Future research dealing with the clogging of

riverbeds should pay attention to the challenges linked to wide grain-size distributions, and

bedload transport associated with fine sediment dynamics. The dimension of the flume are

also critical in reproducing the process taking place at scale in rivers. Finally, measurement

errors have been identified in particular with the vertical distribution profiles, as well with

experiments characterized by an important slope or a percolation gradient close to zero.
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5 Modeling permeability and depth of
clogging

5.1 Introduction

This chapter aims to evaluate the performance of existing models to reproduce the results

obtained from the experiments in this study. The differences between the experimental results

and the models are then discussed. In a second part, a general clogging model for riverbeds

is proposed to improve the evaluation of the process. This model allows the simultaneous

evaluation of the depth of clogging and evolution of permeability with the accumulation

of fine sediment in the substrate. The general clogging model presented in this chapter is

then used in the following chapters to analyze in more details the influence of the grain-size

distributions and percolation gradient.

5.2 Performance of existing models

5.2.1 General observations on the permeability of the bed

Clogging is characterized by the cumulative deposition of fine sediment in the substrate, which

decreases the bed permeability. On the other hand, the specific quantity of fine sediment

accumulated in the substrate mk [kg ·m2] can be expressed as a function of time. The link

between these two variables is the concentration of suspended sediment brought to the

substrate by infiltration or sedimentation. Aside from the case of surface clogging, the quantity

of fine sediment accumulated in the substrate eventually reaches an asymptote when no more

accumulation is possible. This limit results from the filling of pores, which reaches a maximum

quantity, and the surface flow that prevents the growth of a fine sediment layer on top of the

substrate. An example of this result is presented in Figure 5.1 (a).

The deposition of fine sediment acts on the permeability of the substrate k [m2] (Fig. 5.1

(b)), inversely proportional to the filter resistance. Permeability decreases as a function of the

specific quantity of fine sediment accumulated in the substrate mk [kg ·m−2]. The decrease of

the permeability eventually reaches a minimum when no more fine sediment can accumulate,
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Figure 5.1 – The evolution of the clogging process viewed from different perspectives, corre-
sponding to projections on the different planes of the top figure, using Experiment 38 (base)
as example. (a) shows the the deposited fine sediment reaching an asymptote ; (b) shows the
evolution of permeability with the quantity of fine sediment mk ; (c) shows the evolution of
the permeability in time.

as seen in the relation between accumulated fine sediment and time (Fig. 5.1 (a)). In some

cases, the permeability has been observed to also decrease in the absence of fine sediment

ingress as discussed for instance in Chapter 9. This is suggested to be the consequence of a

consolidation process with a repositioning of the particles, which reduces permeability.

Finally, as a consequence of the two last relations, the permeability k can be expressed as

a function of the time (Fig. 5.1 (c)). Given that the permeability eventually reaches a minimum

value when no more fine sediment can deposit, the permeability also reaches an asymptote

when expressed as a function of time, since a decreasing quantity of fine sediment accumulates

in the substrate. The same observations can also be obtained when using the filter resistance

γ [m−1] instead of the permeability. The change of permeability with time depends highly

on the concentration and infiltration flow, which change the relation between mk and time.

A reduced time tr ed that corresponds to the increase in mk with time for a constant unit

92



5.2. Performance of existing models

concentration can be obtained with the following transformation, using C = 1 kgm−3:

d tr ed = dmk

vi n f C
(5.1)

5.2.2 Permeability model of Schälchli (1993, 1995)

The clogging process can be well evaluated by the change in the permeability of the substrate

due to the deposition of fine sediment. A model based on the cake filtration equation was

developed by Schälchli (1993) and updated in Schälchli (1995) (see also Sec. 2.3.4). The

governing equation reads:
dV

d t
= A∆p

µ
(

rCV f

A +γ0

) (5.2)

with V f [m3] the volume of infiltrated water mixed with suspended fine sediment (filtrate

volume), t [s] the time, A [m2] the area of the riverbed taken into consideration andµ [N ·m−2s]

the dynamic viscosity. The coefficient r corresponds to the slope of the linear relationship

between the quantity of infiltrated fine sediment mk [kg /m2] and the filter resistance γ =
r ·mk +γ0 = L/k, as suggested by Schälchli (1995). The filter resistance of the unclogged

riverbed substrate γ0 is related to the permeability k0 [m2] and percolation length L [m] by

the relation γ0 = L/k0 [m−1]. The coefficient r [m/kg ] is fitted with characteristic variables of

the clogging process:

r = 1.2 ·1012θ0.5(
d10,s/dm,s

)3.5 Re1.5
s i 0.67

wi th Res =
(
g (s −1)dm,s

)1/2 dm,s

ν
(5.3)

with θ the dimensionless shear stress computed with dm,s [m], R the substrate Reynolds

number, d10,s/dm,s the ratio between the diameter of the substrate for which 10% is smaller

and the mean substrate diameter, s = ρs/ρ the ratio of density between substrate and water,

and g [m/s2] the gravity constant. The range of validity of the model correspond to the range

of values tested by Schälchli (1995), i.e. 0.01156 d10,s/dm,s 6 0.178 ; 0.0086C 6 1.2 kg ·m−3 ;

24006Res 6 24800 ; 0 < i 6 0.93 ; and θ0 < θ < θk , with θ0 corresponding to the upper limit

for flow conditions to observe surface clogging.

A numerical implementation of the equations of Schälchli (1995) was performed to com-

pare the experimental results of the present study with the prediction of the model of Schälchli

(1995). The equations were solved numerically to take into account variable boundary condi-

tions such as shear stress, concentration of suspended sediment and percolation gradient. To

increase the precision of the results, the variation of the percolation gradient along the flume

due to the bed slope was implemented by splitting the flume in elements of 25 cm in the flow

direction and solving the equation in each element. The conditions regarding the geometry,

the flow and sediment characteristics over the whole duration of the selected experiments

were transferred into the numerical implementation, and result in the curves of Fig. 5.2.
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Figure 5.2 – Comparison of the permeability evolution with time between the model of
Schälchli (1995) and 4 different experimental results from this study. These experiments
include the base experiment (31), an experiment with coarser fine sediment (24), an experi-
ment with a higher percolation gradient (19) and an experiment with surface clogging (17).

When the permeability of the substrate is expressed as a function of time (Fig. 5.2), the

results show similar tendency in the shape of the curves for all experiments, with a faster

decrease of the permeability in the beginning of the experiments. This fast decrease of the

permeability is also documented by Cunningham et al. (1987). However the decrease rate of

the measurements is always slower in comparison with the model, especially in the beginning.

Apart from the experiment with surface clogging, which is not situated within the range of

validity of the equation, all measured final permeability are lower than the value predicted by

the model. The evolution of permeability with time modeled for Experiment 17 with surface

clogging is the one that fits best the measurement results. This agrees with the fact that this

experiment was characterized by surface clogging, which corresponds to a cake formation.

This appears even more clearly when the filter resistance is expressed as a function of mk

(Fig. 5.3). The model shows a filter resistance that increases, as expected, almost linearly, with
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variations due for example to change in the percolation gradient. However, the measured

filter resistance in the experiments carried out in the flume shows that the addition of a given

quantity of fine sediment to the substrate has an increasing effect on the filter resistance with

the accumulation of fine sediment. This is particularly true for the Experiment 24 with coarser

fine sediment.

Figure 5.3 – Comparison of the filter resistance as a function of mk , between the model of
Schälchli (1995) and the same selection of experimental results as in Fig. 5.2.

On a more qualitative way, it is relevant to note that in opposition to the experiment results

of Schälchli (1993), most of the experiments conducted in the present research show similar

pattern in terms of permeability, which shows some repeatability. Experiment results from

Schälchli (1993) exhibit very different results between the different substrate mixtures, but

also between experiments using the same sediment mixture. The quantity of fine sediment

deposited in the substrate mk is also generally more important in the present study.

The linearity of the relation between mk and γ as proposed by Schälchli (1993) is linked to

the fact that in the case of cake filtration, the cake thickness increase linearly with the quantity
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of fine sediment that accumulates in the cake. For fixed boundary conditions, a specific filter

resistance r can therefore be defined. Schälchli (1993) emits 2 hypotheses concerning results

that may differ from this linear relation. The slower increase in the filter resistance sometimes

observed in the beginning of experiments is suggested to be linked to the filling of dead pores

by fine particles, coarser fine sediment being the only component reducing the permeability

in the first phase of the clogging process. This effect was also observed during a short time in

the beginning of his experiments. The second hypothesis concerns the massive increase in

the filter resistance in the end of experiments, with a complete clogging of the substrate and

the reduction of the flow to values close to zero. According to Schälchli (1993), this is due to

leakage in the experimental setup with the aging of the installation. However, the present study

has shown this effect for all experiments without any leakage in the installation. According to

Ripperger et al., 2013, the increase in the specific filter resistance r with the quantity of fine

sediment accumulated mk is attributed to the intrusion or trickling of the very fine fraction of

fine sediment in the pores of the clogged substrate that reduce the permeability by a process

similar to blocking filtration. This explanation seems to match with the phenomena observed

in the experiments presented in the present research. It can be illustrated by some internal

clogging process taking place inside the body of coarse fine sediment, and that may be specific

to silt clogging.

Regarding the model, the use of variable boundary conditions on the equations of Schälchli

(1995) can be subject to discussions since the model is based on rather constant boundary

conditions. No details are provided on the exact concentration of fine sediment with time

in the experiments analyzed by Schälchli (1993). Moreover, this model was also applied

(with supposedly similar model parameters) to field data varying in times (Schälchli, Abegg

+ Hunzinger, 2001), which shows a possible application of this model to variable conditions.

One of the difficulties in using Eq. 5.2 for variable conditions is that the parameter r must vary

with time, primarily due to variations in the percolation gradient and flow conditions. It is not

guaranteed that fine sediment deposited earlier in the clogging process does not affect the

evolution of the permeability later in the process. Adding a given quantity of fine sediment

dm at time t0 implies an increase in the filter resistance dγ, but it is so far impossible to tell if

a potential increase in the percolation gradient at time t1 will change not only the effect of the

new fine sediment addition, but also the effect of the deposition that took place at time t0. In

the present case, the experiments used for the comparisons of Fig. 5.2 and 5.3 took place with

relatively constant boundary conditions apart from the concentration, and should therefore

allow for a good comparison.

No maximum clogging was observed in the sense that the filter resistance did not reach a

maximum value in a similar way to what was observed by Schälchli (1995). This maximum

filter resistance should be observed when the quantity of fine sediment that deposits in the

substrate is in equilibrium with the quantity that is eroded, as suggested by Schälchli (1995),

who observed this phenomena in some experiments. In this case, it is possible that the

composition of the fine sediment, with silt and very fine material, is causing the finer fraction

of the fine sediment to infiltrate into the fine sediment already deposited in the substrate.
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This has the effect of further reducing the permeability of the riverbed, as explained above.

Nevertheless, experiments that were tested until the permeability was very low showed that a

strong clogging of the riverbed can take place, with almost no infiltration.

5.2.3 Depth of clogging

The study of the vertical distribution of fine sediment in the substrate has been primarily

performed using sand as the fine sediment on a gravel bed in flume applications. Experiments

observing the clogging depth of finer material have mostly been carried out in vertical column

experiments where almost no surface flow was present. This can lead to differences since

surface and subsurface erosion of fine sediment can take place in the presence of a surface

flow. Studies that concern finer material with infiltration usually use only substrate with

narrow range distribution, which reduces local variability of the substrate composition and

show more uniform pore sizes. Also, the proposed models (if any) are usually very specific

to the conditions and complex to reproduce. Thus, the vertical distribution profile are here

compared to the models proposed in the literature, that are based on the system of equations

for depth filtration used first by Sakthivadivel and Einstein (1970) or Horner et al. (1986) .

This model is used by Y. Cui et al. (2008), Wooster et al. (2008), Huston and Fox (2015) and

Leonardson (2010), all linked to flume experiments. The integration of the system of equation

(Sec. 2.3.2, also developed in more details in Sec. 5.3) for a constant retention factor results in:

F (z, t )

FS
= F (0, t )

FS
·exp(−λz) (5.4)

Where F (z, t ) is the fraction of fine sediment in the bulk volume of substrate at the depth z, FS

is the value of F at saturation of the pore (FS =ϕs(1−ϕ f )) and λ=β/dk is the retention factor.

When complete clogging of the substrate is reached, i.e. the top layer reaches theoretically

F /FS = 1, no more fine sediment can penetrate in the substrate. By supposing that clogging

reaches this maximum state at the end of an experiment, the retention factor λ can be directly

deducted from the relation ln(F (z)/FS) = −λz. It has to be noted that Wooster et al. (2008)

uses the fraction f / fs with f =V f /(V f +Vs) instead of F /FS , since it gives approximately the

same results without using the porosity of the substrate. These ratios are related by:

f = ρ f F

ρ f F +ρs(1−ϕs)
(5.5)

Using a variable retention factor β that depends on F makes physically more sense, since

the accumulation of fine sediment in the substrate affects the deposition of future particles.

Numerous approaches are proposed in the literature to model how β increases or decreases

with F , that depends on the characteristics of the filtration medium and filtrate, as well

as interstitial flow properties (Zamani & Maini, 2009). Most of these relations have to be

implemented numerically to solve the system of equations for depth filtration. In the case

of riverbed substrate clogging, the retention factor is usually observed to increase with F .

In the absence of measurements of the fraction of fine sediment at different stages of the
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experiments, the analysis is here restricted to the linear relation between β and F as proposed

in Leonardson (2010). In this research, the study results of Wooster et al. (2008) and Gibson

et al. (2009) are re-analyzed to improve their empirical clogging model. The linear relation

implies that the retention factor is defined as β = β0 +C1F . An analytical solution can be

derived, as proposed by Leonardson (2010). The integration of the system of equations results

in:

F (z) = β0K ′
2e−β0z/dk,s

1−C1K ′
2e−β0z/dk,s

(5.6)

Where the integration constant K ′
2 = eK2β0 is determined by evaluating Eq. 5.6 at z = 0 and

F = FS :

K ′
2 =

FS

e−0·β0 (β0 +C1FS)
= FS

β0 +C1FS
(5.7)

The detailed derivation of Eq. 5.6 is presented in Leonardson (2010) and therefore not detailed

here. Both Wooster et al. (2008) and Leonardson (2010) perform a regression to determine the

value of β based on experiment results and present a relation to determine the dimensionless

retention factor β based on geometric parameters. Based on the depth filtration model, a

comparison between the use of a constant and a variable retention factor is presented hereafter

to analyse which model fits best the experimental results of the current study. The results are

then compared to these previous studies. Alternatively, Huston and Fox (2015) use a method

where the depth for which f reaches 1% (3% in Huston and Fox (2016)) is determined by a

relation that depends on characteristics of the substrate, to be used in an equation derived

from Eq. 5.4. This specific method is used due to the limited amount of information from the

batch of experiments analyzed in their paper.

The value of the saturation of pores F /FS close to the surface is critical in this evaluation

since it can modify the regression to obtain the value of β. To this regard, both the measure-

ment method and the formulation of FS are subject to discussion. Regarding the measurement,

it is necessary to define clearly the thickness of the top layer, since the maximum fine sediment

fraction in the substrate is situated near the bed surface in the case of inner clogging. Wooster

et al. (2008) notes that the surface flow was able to impedes deposition of fine sediment up

to a depth of twice the gravel geometric mean diameter. The smaller size of pores in the

experiments of the present research did not allow for any erosion of fine sediment below the

surface of the riverbed. However, it is important to note that the definition of the substrate

surface is also subject to discussion due to the roughness of the surface. In the experiments

with inner clogging, fine sediment filled the interstices between particles of the substrate up

to a level where fine sediment was not covered by bed material, even though coarser gravel

protruded from the bed. To document this aspect, we can see from pictures of the surface that

fine sediment is visible in the interstices of the bed surface (Fig. 5.4). Fine sediment fills the

gaps between the particles of sand and gravel in locations where no erosion can take place,

helped by some cohesion between fine sediment grains that does not occur when using sand

as fine sediment. To take into account the fact that, in the top layer, fine sediment generally

deposits in the finer substrate material situated below the coarse substrate of the surface, a
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reduced thickness has been defined for this first layer. The thickness of this reduced first layer

is approximated based on the fraction of average substrate material in that first layer equal

to the one in the second layer (Sec. 4.5.5). Nevertheless, it is difficult to relate the measured

fraction of fine sediment in the first layer with a precise value of F /FS near the surface. The

bed is not perfectly flat and the measurement error of the thickness of that first layer exceeds

the precision needed to calculate the right fraction of fine sediment.

Figure 5.4 – Surface of the substrate in the case of inner clogging (Exp. 37). Fine sediment
(white) covers the interstices that are initially free of fine sediment. The roughness of the bed
substrate, with gravel particles protruding from the sand and gravel mixture can also be seen.

Regarding the formulation of FS , the maximum theoretical value FS =ϕs(1−ϕ f ) is com-

monly reduced using a factor that depends on the diameter ratio between the substrate and

fine sediment. A reduction of FS is necessary due to the inability of the filtration process to

induce a complete packing of fine sediment in the pores of the substrate. The model used

by Wooster et al. (2008) to reduce the value of FS with the ratio dm,s/dm, f underestimates

FS . Based on this observation, Leonardson (2010) proposed an adaptation of the relation-

ship developed by Ridgway and Tarbuck (1968) that takes into account the ratio d15,s/d85, f

as well as the interstitial horizontal flow to obtain correct estimation of FS . However, the

results of the present study do not show any specific trend between the value of F on the top

layer, reduced or not, and the diameter ratio, although the values of F are situated usually

below the theoretical maximum FS . This is attributed to small variations in the substrate-fine

sediment ratio (even when taking into account experiments with coarser and fine silt), the

difficulty to measure where fine sediment fraction reaches saturation and the porosity in the

top layer, which vary only little as a function of the geometric standard deviation (App. B.1),
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in opposite to the one observed by Wooster et al. (2008). The value of FS will therefore be

kept at FS =ϕs(1−ϕ f ) for the following analysis of this study. For the sake of comparison, the

characteristic diameter of λ=β/dk will be taken as dk = dm although the choice of dm is not

optimal (see Sec. 5.3, 6.2.3 and 7.6.1).

When using a variable retention factor, the difficulty to estimate β lies in the fact that it

cannot be directly deducted from the change in ln(F /FS) with depth at the end of experiment

as observed in Fig. 5.5 (right), since it is the result of a cumulative process. The two proposed

methods (Leonardson, 2010) to estimate how the factor β varies as a function of F do not

take into account this cumulative process, and did not provide sufficiently good results when

applied to the present data. The first method computes β based on the variation of ln(F (z1)−
F (z2)) on the distance between those 2 layers and is very sensitive to the accuracy of the

measurement. The second proposed method expresses the variable R = dk,sF /hi n f , where

hi n f is the infiltrated height of fine sediment, as a function of F and applies directly a linear

regression on the "handle of the hockey stick" that results from this relation (see Fig. 5.5).

While keeping the linear relation β=β0+C1F , it is however possible to improve the estimation

of β0 and C1, which can be then used in Eq. 5.6. The newly proposed development can be

described as follows. The part dFi of the fine sediment flux that deposits in layer d zi over a

time d t is expressed as:

∂F =−∂q

∂z
∂t =λq∂t = β

dk,s
q∂t = β0 +C1F

dk,s
q∂t (5.8)

At the end of experiment, the total fraction of fine sediment F in layer i is defined by the

integration of Eq. 5.8: ∫
dk,s

β0 +C1F
dF =

∫
q dt (5.9)

The initial condition gives F = 0, and the right term of Eq. 5.9 is equal to the quantity of fine

sediment accumulated in and below the layer i , which can also be expressed as hi n f =
∫ ∞

zi
F d z.

The integration of Eq. 5.9 results in:

ln

(
1+ C1

β0
F

)
= hi n f C1

dk,s
(5.10)

By multiplying both sides of Eq. 5.10 by F , it is possible to isolate a term R = dk,sF /hi n f which

is equal to the term proposed by Leonardson (2010) as a second option ot calculate β, as a

function of F :

R = dk,sF

hi n f
= C1F

ln
(
1+ C1

β0
F

) (5.11)

The factor R can be easily obtained from the measurements of F by layer. A best fit of the

Eq. 5.11 is obtained by varying numerically β0 and C1, as can be seen on the left of Fig. 5.5. By

using the fitted parameters β0 and C1 on Eq. 5.6, it is possible to model the vertical distribution

of fine sediment with a much better quality than using models with constant β (Fig. 5.6).
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To simplify this analysis and the following ones, the fine sediment fraction in each layer

has been reduced for each vertical profile by the minimum fine sediment content reach along

the vertical profile and set to zero below this layer. This has the advantage to show the quantity

that deposited during the experiment, but it results in a lower fraction of fine sediment than

the real one. Indeed, a small fraction of fine sediment is alawys present at the beginning

of experiments. The results of the regression of the retention factor for β = C st (Huston &

Fox, 2015; Wooster et al., 2008) and β = f (F ) using the proposed approach and Eq. 5.6 are

presented in Fig. 5.5 and the values of β are presented in Tab. 5.1.

Figure 5.5 – On the left, regression of the factor R in function of F to find the parameters of the
linear relation of β(F ). On the right, linear regression used to obtain the constant retention
factor used by Wooster et al. (2008) and Huston and Fox (2015) and comparison with the result
of the regression using β(F ). Colors refers to the section A (black), B (green) and C (red).

The use of the linear relation between β and F shows limits when the "hockey-stick"

pattern appears more clearly, as in Experiment 19, which forces the limitation of the regres-

sion to the 3 first layers. Thus, expressing β with a linear relation does not seem to be well
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generalizable. However, the use of the linear form allows for a better fit on the top layers, as

shown on the left of Fig. 5.6 presenting the results of the application of β obtained from the

regressions to Eq. 5.4. On the other hand, the use of the maximum measured fraction of fine

sediment to find a constant β increase the quality of the fit, in comparison with the use of

F /FS = 1 on the top layer (not presented). The fit for β=C st is even increased when the top

layer thickness is not reduced, although the value of F /F S is not correct (Fig. 5.6). The actual

situation probably lies in between those 2 solutions.

Figure 5.6 – Comparison of the vertical fine sediment distribution in the substrate, for 3
different experiments, with the equation of Wooster et al. (2008), constant β and the adapted
model of Leonardson (2010). For better comparison, the results of the model using linearly
varying β has been discretised according to the same layer as the samples. On the right, results
using reduced top layer, on the left using full top layer.

In a similar way to what Leonardson (2010) observed when analysing the data of Wooster

et al. (2008) and Gibson et al. (2009), a variable retention factor leads to a better fit of the

measurements. The general pattern of ln(F /FS) differs from the supposed constant retention
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factor since the saturation degree F /FS decreases generally faster than what would be observed

using a theoretical constant retention factor. Measurements show that fine sediment are

deposited closer to the surface, which corresponds to an increase in the retention factor with

the deposition of fine sediment. The dimensionless retention factor β, derived from λ, shows

values one order of magnitude higher than the one found by Wooster et al. (2008) when using

dm,s as characteristic substrate diameter (Table 5.1). For the linear relation for β, the values

obtained corresponds to the one found by Leonardson (2010) for the data of Wooster et al.

(2008) and Gibson et al. (2009). Whereas the application of the constant β on Eq. 5.4 results

in bad correlations with very low R2, the use of the linear model β(F ) results in good value

of R2 for most analyzed sections. Finally, it is also interesting to compare the clogging depth

Table 5.1 – Dimensionless retention factor parameters for Experiments 31, 19 and 24, defined
using dk,s = dm,s , using reduced top layer.

Exp. # Characteristic β=C st [−]a β(F ): β0 [−]a β(F ): C1 [−]a R2a,b for β(F )
31 base 0.31, 0.19, 0.21 0.13, 0.05, 0.08 8.3, 8.6, 7.9 0.91, 0.89, 0.94
19 i = 21.5% 0.25, 0.17, 0.17 0.16, 0.08, 0.07 3.6, 5.2, 5.3 0.91, 0.88, 0.96
24 d f = 100µm 0.27, 0.19, 0.30 0.06, 0.06, 0.16 10.8, 15.4, 6.4 0.88, 0.80, 0.89
a Respectively sampling sections A, B, C
b R2 of the fraction of fine sediment F by measured layer compared to measurements

estimated in this study with the clogging depth of the macroanalysis of Huston and Fox (2015).

The clogging depth in the present study was evaluated as the distance between the surface and

the middle of the layer where fine sediment fraction approaches the initial fraction. Following

the dimensional analysis presented in Huston and Fox (2015), the results are presented in the

same manner as for the best fit of this macroanalysis, which corresponds to:

Z∗
c = Zc u ∗ρ

µ
= f (φ0.6Re∗0.1) (5.12)

Where Re∗ = ksu ∗ρ/µ is the roughness Reynolds number, and ks the roughness height

defined for the present study as the difference between the top layer total thickness and its

reduced thickness, as presented earlier. This corresponds approximately to the protrusion

of coarser surface particles. Figure 5.7 shows the comparison of the dimensionless clogging

depth between this study and previous research. It appears that the range of clogging depth

measured in this study is on the lower range of previous research. Also, it does not fit with

the proposed equation for the clogging depth, which reaches a value of zero before the range

studied in the current research. Factors influencing theses results are the percolation gradient,

that can increase the clogging depth, a wider grain-size distribution, or other unknown factors.

It is also possible that this relation is not linear in reality.
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Figure 5.7 – Comparison between the results of the present study and the results from previous
studies compiled in the macroanalysis of Huston and Fox (2015) and the results from the
research of Fetzer et al. (2017). On the left, comparison of the depth of clogging in function
of the grain-size characteristics of the substrate and fine sediment. On the right, best fit
suggested by Huston and Fox (2015). The percolation gradient is expressed in order to see any
effect that this parameter could have on the clogging depth.

5.2.4 Discussion on the clogging depth

The use of a variable retention factor β allows for a better fit of the measurement data as seen

in Fig. 5.6. However, this linear relationship does not respect the fact that, at saturation of the

pores, no particles can theoretically penetrate into that layer since all the pores are saturated.

Also, as presented later in Chap. 6, the factor λ can be seen as a probability of a particle to be

intercepted by the substrate by traveling a distance through the bed (Zamani & Maini, 2009).

Similarly, the retention factor β can be seen as the probability of a fine particle to pass through

a pore of the substrate, and should therefore be limited to a maximum value of 1. This view

of the problem differs from the formulation proposed by Y. Cui et al. (2008) and presented in

Section 2.3.2. A linear expression seems to be an acceptable approximation for β when F /FS

is not too close from 1. It can be noted that the regression used to obtained the parameters of

the linear relation β(F ) depends significantly on the value of R in the first layer. The value of R

for lower layers are usually significantly smaller and close to each other in comparison to the

first layer. This is due to the important decrease of the fraction of fine sediment in the first

layers of the substrate, which restrain most of the deposition in the first layer of the substrate.

Thus, it can also be subject to an important incertitude based on the fact that the regression
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depends mainly on one measurement, in the first layer. It also follows that the retention factor

below the first layer is only marginally increased by the accumulation of fine sediment, in

opposite to the first layer. Finally, it should be noted that the value of F /FS in the first layer is

smaller when the first layer thickness is not reduced.

It can also be noted that the development proposed by Wooster et al. (2008) seems to

conclude on formulations that are contradictory. The suggested ratio diameter dm,s ∗σs/dm, f

corresponds approximately to d85,s , instead of the more commonly accepted d15,s . Moreover,

it is suggested that the retention factor β increases with increasing dm,s ∗σs/dm, f , which is in

opposition to the fact that larger substrate particles should result in a deeper intrusion of fine

sediment and a smaller β. Applying directly the model proposed by Wooster et al. (2008) to the

present sediment characteristics results in a lower depth of clogging (see Fig. 5.6). However,

the results agrees with the fact that infiltration flow should increase the depth of penetration of

fine sediment. Results can also differ due to the finer material (silt) used in the present study.

To this regard, the distinction between unimpeded static percolation and inner clogging is

clearer when sand infiltrates into gravel than when silt infiltrates into a mixture of sand and

gravel, since the silt allows for deposition by contact with the substrate particles, on top of

pore bridging.

In contrast to previous research, this study was performed with a substrate subject to

an infiltration gradient. Therefore, the retention factor can also vary independently of the

characteristics of the substrate and fine sediment. To this effect, a modification of the equation

proposed by Sakthivadivel and Einstein (1970) by Y. Cui et al. (2008) leads to a solution for

β which is inversely proportional to the intra-gravel flow velocity. On top of the infiltration

flow, other factors can influence the clogging depth, like local variation of the porosity and

grain-size distribution. This sensitivity to the porosity, which can vary significantly by the way

substrate particles are organized, implies that estimating the clogging depth using the porosity

as proposed by Huston and Fox (2015) can present difficulties. Also, an important variability

of the vertical distribution profile is observed at the local scale, which increases the difficulty

to predict the depth of clogging (Wooster et al., 2008). The results of experiments that also

involve infiltration flow (Fetzer et al., 2017) show clogging depths within the same range as the

other studies compiled by Huston and Fox (2015). However, the experiments carried out in

the present studies differ from previous one by the larger ratio between substrate diameter

and fine sediment (Fig. 5.7, left). This can be attributed at least partly to the wide grain-size

distribution used for the experiments of the present study. The small values found for the

dimensionless clogging depth (Fig. 5.7, right) as proposed by Huston and Fox (2015) is due to

the lower bed shear stress.

In conclusion, the use of a variable retention factor allows a good modeling of the clogging

depth, for example with the use of a linear relationship between β and the fraction of fine

sediment F , even if the limit when F /FS → 1 does not correspond to the reality. The variation

of the retention factor with F is closely linked to the fraction of fine sediment in the first layer.

A potential improvement to the existing equation would be to consider infiltration flow. The
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Table 5.2 – Blocking filtration laws (Hairom et al., 2014; Iritani & Katagiri, 2016)

Blocking filtration laws n Linearized equation

Complete blocking model 2 − ln

(
J0

J

)
−1 = K f t

Intermediate blocking model 1
J0

J
−1 = K f t

Standard blocking model 1.5

√
J0

J
−1 = K f t

Cake filtration model 0 [

(
J0

J

)2

−1 = K f t

present experiments show results in line with previous research, although it explores a new

range of substrate to fine sediment ratio, with comparatively low surface flow conditions and

silt size particles as fine sediment. Finally, despite the better fits obtained using a linearly

varying retention factor, the use of a constant retention factor to approximate the vertical

distribution of fine sediment can also be seen as reasonable, especially when F does not reach

its maximum theoretical value on the top layer, as also mentioned by Leonardson (2010).

5.2.5 Blocking filtration equations

Apart from the riverbed clogging model developed by Schälchli (1995) to analyse the evolu-

tion of permeability, other types of blocking filtration model exist to evaluate the change of

the characteristics of the substrate with the accumulation of fine particles, as presented in

Section 2.3.4. They correspond to different mechanisms of deposition or blocking of particles

inside the filter media, listed in Table 5.2. Each filtration mechanism can be associated to a

variation of the following equation:

d 2t

d v2 = K f

(
d t

d v

)n

(5.13)

Where the exponent n is a constant that corresponds to a specific blocking filtration law, t

is the time, v the filtrate volume per unit effective area v =Vi n f /A and K f is a proportional

constant that depends on the characteristics of the filtration experiment. Equation 5.13 can be

transformed to express the variation of the inverse of the infiltration flow as a function of time,

for a constant percolation gradient across the filter media. The resulting linearized equations

of the models are presented on Table 5.2, each corresponding to a specific constant value of n,

with J the infiltration discharge per unit area (J =Qi n f /A).

It is possible to identify the type of blocking filtration by graphically representing the

linearized equations of Tab. 5.2 and identifying which one results in a linear relation. To take

into account the increase in the filter resistance by the blocking effect of very fine particle

inside the fine sediment body, compound model can also be proposed, which combine the

characteristic equations of the models presented in Table 5.2.
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As observed in Sec. 5.2, the evolution of clogging is characterized, in the present study, by a

non-linear relationship between the deposited mass of fine sediment and the filter resistance.

The adequacy of the different blocking filtration models (Tab. 5.2) with the results of the

present study is tested in Fig. 5.8. Since small variations of the infiltration flow take place over

the duration of each experiment when the percolation gradient is adjusted, the ratio of the

infiltration rate J0/J is replaced by the permeability ratio k0/k, which is less prone to “jumps”.

The time component is also reduced by using the transformation of Eq. 5.1.

Figure 5.8 – Comparison between the different blocking filtration equations, using an adapta-
tion of the linearized formulations presented in Tab. 5.2 for 4 selected experiments. Experiment
17 is presented in a separate diagram for all filtration types since the ordinate values where
much smaller than for other experiments. The exponent m for the y-axis correspond to the
different exponents used for each filtration type.

From Fig. 5.8, it appears clearly that standard blocking and intermediate blocking filtration

laws are the closest to a linear relation between the y-axis and time. This suggests that the

clogging process can be described using both types of filtration, or a combination of both

filtration laws. The cake filtration law, however, does not seem to apply to the experiments with

inner clogging (exp. 31, 24 and 19 in Fig. 5.8), since the plot does not show any linear relation.

On the other hand, Experiment 17, characterized by surface clogging, can be relatively well
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described by the cake filtration theory, even though the other laws can not be totally excluded.

The fact that Experiment 17 fits better the cake filtration law is consistent with the building

of a fine sediment layer on top of the substrate in the case of surface clogging. Experiments

using a coarse substrate layer on top of the original riverbed (exp. 26 to 28 ; 30) also fit better

with the cake filtration law. It is interesting to note that the evolution of the permeability in the

beginning of experiments does not always follow the same trend as the end of experiments.

For example, Experiments 31 and 17, and to a lower extent 24, start with a slow reduction of

the permeability, which then accelerates before following a more linear relation in the plots of

Fig. 5.8. This can suggest that different processes take place as the clogging process evolves.

Another possibility is that the deposition is not taking place uniformly across the substrate

depth or at its surface, even though the blocking filtration laws are based on such assumptions.

The use of the intermediate and standard blocking filtration law to describe inner clog-

ging in the case of silt intruding a substrate of sand and gravel is qualitatively consistent

with the process that takes place when the surface is filtered through the riverbed. These

filtration theories suppose that silt particles are either depositing on the surface of the pores

(standard blocking) or blocked in the interstices between those sediment particles (interme-

diate blocking) (Iritani & Katagiri, 2016). In places where a silt particle blocks an interstice,

subsequent particles can also deposit on top of that particle without necessarily blocking

another interstice (intermediate blocking). A model that combines both intermediate and

standard blocking filtration laws is therefore proposed in the next section for inner clogging.

This clogging model is used to analyse the results of experiments concerning the influence of

the grain-size distributions and percolation gradient. The theory for the case of cake filtration

is developed in App. A.2. The case of surface clogging on top of the substrate (Exp. 17 and 25)

and cake formation inside of the riverbed in the case of segregated substrate (Exp. 30) are also

analyzed in chapters 6.3 and 8.2.

5.3 Proposition of general clogging model for riverbeds

The proposed riverbed clogging model for inner clogging aims to estimate the evolution

of the clogging process with time both in terms of permeability and depth of clogging, as

fine sediment accumulates in the riverbed. This model is based on a framework that could

allow the implementation of supplementary aspects in future developments, like declogging,

surface clogging and deposition in the absence of percolation gradient, which are partially

discussed. The concept of this clogging model is to combine the effect of particle deposition

at different layers in the substrate, i.e. the vertical distribution of deposited fine sediment,

with the change of permeability, which feedbacks on the intrusion rate of fine sediment in the

riverbed. The different elements that compose the model are first presented before presenting

the implementation of the model.

The net flux of fine sediment toward the substrate is either driven by the infiltration flow,

which depends on the percolation gradient and the overall permeability of the substrate, or
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5.3. Proposition of general clogging model for riverbeds

the local advective flow, which depends on flow conditions at the riverbed surface and the

permeability close to the bed surface. Under important infiltration flow (wi À ws) or when

the permeability of the substrate near the surface is very small, the advective flow only plays a

minor role in the fine sediment flux. Infiltration flow has a main vertical component, which

can be translated in an associated flux of particles qi = wi C given that the infiltration rate wi

is greater than the sedimentation rate ws . In opposite, the advective flow also has a horizontal

component. The latter can however be seen through the net vertical flux wa between particles

actually depositing and particles released to the surface flow when reaching the surface again,

proportional to the sedimentation rate ws . As a first approximation, only the infiltration

flow will be taken into account in the clogging model, since only few information is available

on the characteristics (flow, depth) of this advective flow from the parameters measured in

the experiments. In addition, existing models of advective flow inside the substrate ((e.g.

Leonardson, 2010; Rousseau & Ancey, 2022)) depends on numerous parameters that could

only be roughly estimated in the absence of measurements.

The depth filtration or deep bed filtration model, presented and used in different studies

(Berni et al., 2015; Y. Cui et al., 2008; Herrero & Berni, 2016; Horner et al., 1986; Lauck et al.,

1991; Leonardson, 2010; Zou et al., 2019), is used to calculate the depth of deposition of

particles into the substrate. This model is based on Eq. 5.14 and 5.15, presented as well in

Sec. 2.3.2:
∂F

∂t
+ ∂q

∂z
= 0 (5.14)

1

q

∂q

∂z
=−λ (5.15)

Where q(z, t) is the downward flux of sediment and F (z, t) is the fraction of fine sediment

over the total volume of voids and substrate in a layer d z. In the present model, the flux of

fine sediment q(z, t ) is defined as the product of the fine sediment volumetric concentration

cv times the infiltration velocity w = wi + wa , with q(0, t) = cv (0, t)w(t), wi = Qi n f /A the

infiltration rate and wa the net vertical flux of particles depositing by advective flow. A time

correction called "filter time" should be applied for continuity in the system of equations (5.14

and 5.15), as discussed in (Horner et al., 1986), but it is neglected in the present model since the

clogging process takes place over long duration and this correction factor becomes negligible.

The retention factor λ [m−1] corresponds to the quotient of the dimensionless retention factor

β and a corresponding characteristic diameter dk , with λ=β/dk , as used in Sec. 5.2.3. In the

model proposed in this study, the retention factor is defined as constant, and not dependent

on the fraction of fine sediment deposited F . The reason for this choice is that no significant

improvement in the accuracy of the present model was obtained using a variable retention

factor (see below), in spite of adding complexity to the model. The integration of a variable

retention factor in combination with the change in permeability could be implemented in

future work, taking the limit value of β when F /FS approaches 1 into account, based for

example on the developments presented in Zamani and Maini (2009). By using a constant

dimensionless retention factor, Eq. 5.14 and 5.15 can be integrated analytically (Eq. 5.18)
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under the assumption of an homogeneous substrate material. The integration of Eq. 5.15 with

λ=C st leads to:

q(z, t ) = q(0, t ) ·exp(−λz) (5.16)

when using the boundary condition of a flux of particle at the surface (z = 0) of q(0, t ). Trans-

ferring this relation into Eq. 5.14 and integrating leads to:

F (z, t ) = exp(−λz) ·
∫ t

0
λq(0, t )d t = exp(−λz) ·F (0, t ) (5.17)

Which can be written as following using the dimensionless retention factor β:

F (z, t ) = F (0, t ) ·exp

(
−β0

dk
z

)
(5.18)

The fraction of fine sediment F (0, t ) can be expressed as a function of the volume of deposited

fine sediment, obtained from the integration of F (z, t) along the depth of the substrate L at

time t :

F (0, t ) = β0

dk

mk

ρ f

(
1−e

− β0
dk

L
) (5.19)

In the presence of a heterogeneous substrate, Eq. 5.14 and 5.15 can be solved by numerical

integration with ∆z = dk the thickness of each layer of integration:

F (z, t +∆t ) = F (z, t )+ β(z, t )

∆z
q(z, t )∆t (5.20)

q(z +∆z, t ) = q(z, t )
(
1−β(z, t )

)
(5.21)

The initial conditions assume a flux of fine sediment in the substrate q(z,0) = 0 and a fine

sediment fraction equal to zero F (z,0) = 0. The flux of fine sediment at the surface boundary

depends on the infiltration flow and the concentration of fine sediment, but the concentration

is set to zero when the fraction of fine sediment at the bed surface reaches saturation and flow

conditions do not allow any surface clogging. At the bottom of the substrate layer considered

in the model, the flux of fine sediment is not set to zero to avoid upward filling of the substrate

from the bottom, except in the presence of a sufficiently impermeable layer. Finally, to be

able to use variable fine sediment concentration, variable percolation gradient and variable

substrate characteristics with depth, the parameters used in the depth filtration model are

not transformed into dimensionless variables (a dimensionless solution of the depth filtration

model is presented for instance in Y. Cui et al. (2008)).

The reduction of permeability, which influence the infiltration flow and consequently the

rate of fine sediment deposition, can be expressed as a function of the fraction of fine sediment

F in the substrate, for each layer. The global permeability, which allows for the calculation of

the infiltration velocity using Darcy’s law, is obtained from the integration of the permeability

in each substrate layer, whose thickness will be defined later, on the total substrate depth. The
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5.3. Proposition of general clogging model for riverbeds

permeability in one layer of the substrate is defined using a combination of the intermediate

and standard blocking filtration equations (Iritani & Katagiri, 2016). According to Darcy’s law,

the infiltration discharge Qi n f is defined as:

Qi n f =
A

γ
· ∆p

µ
(5.22)

with γ [m−1] the overall resistance of the substrate layer. Under constant pressure differential

∆p and dynamic viscosity µ, the ratio between the infiltration discharge Qi n f and its initial

value Qi n f ,0, equal to the infiltration rate ratio J/J0 under the assumption that the overall

filtration area remains constant, can be written as:

Q

Q0
= J

J0
= γ0 · Ae f f

γ · Ae f f ,0
(5.23)

Where Ae f f and Ae f f ,0 are the effective, respectively initial effective areas. According to Iritani

and Katagiri (2016), the intermediate blocking filtration corresponds to a reduction of the

effective filtration area, whereas standard blocking filtration (and cake filtration) corresponds

to an increase in the filter resistance. The increase in the filter resistance for standard blocking

filtration can be therefore written as:

γ= γ0

(
1− K ′

sV

2

)−2

(5.24)

Where K ′
s [m−3] is the constant for standard blocking and V is the total volume of filtrate.

This formulation is similar to the equation for the permeability of an under-filled bimodal

composition (She et al., 2006), where the permeability can be expressed as:

k = ks,0 (1−ξ)2 +k f ϕsξ (5.25)

Where ξ depends directly on the fraction of fine sediment F with ξ= F /(ϕs(1−ϕ f )) = F /FS .

The second term of Eq. 5.25 takes into account the fact that fine sediment has a permeability

k f greater than zero. The reduction of the effective area in the intermediate blocking filtration

can be expressed as:

Ae f f = Ae f f ,0 ·exp(−K ′
i V ) (5.26)

Where K ′
i [m−3] is the constant for intermediate blocking. The present model assumes that

the partial blocking of pores can take place in every layer of the substrate. A characteristic

average distance has therefore to be defined between the interstices where blocking takes

place. This average distance can be assumed to be proportional to the characteristic grain-size

dk , which is used for the integration of the system of equations (Eq. 5.14, 5.15). The filtrate

volume V of Eq. 5.26 accounts for the quantity of fine sediment accumulated on the filter.

When V is divided by the filter area A, a fine sediment height is obtained, which corresponds

to the product of the fraction of fine sediment F by the thickness of the layer in which fine
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sediment is accumulated. Equation 5.26 can therefore be rewritten into:

Ae f f

Ae f f ,0
= exp(−Ki F dk ) (5.27)

Where Ki [m−1] is the constant for intermediate blocking and dk is used as layer thickness.

The ratio γ0/γ of Eq. 5.23 can be written using Eq. 5.25 as:

γ0

γ
= k

ks,0
= (1−ξ)2 + k f

ks,0
ϕsξ (5.28)

Inserting Eq. 5.28 and Eq. 5.27 into Eq. 5.23 and using the fact that for a constant percolation

gradient, k/k0 =Q/Q0 results in the following equation for the composed permeability of one

layer of the substrate as a function of F :

k(F ) = ks,0 ·exp(−Ki F ·dk )

[(
1− F

FS

)2

+ k f

ks,0
ϕs

F

FS

]
(5.29)

The constant for intermediate blocking Ki remain to be determined, and will be defined later.

The global permeability of the substrate layer is expressed by:

kg = L∑n
i=0

dk,i

ki

(5.30)

Where L is the total thickness of the considered substrate layer, that can be defined as L =∑n
i=0 dk,i when using layers of thickness dk .

The model has been implemented in Python 3.7. The general scheme of the model is

presented in Fig. 5.9, and detailed in the following paragraphs. The model starts with the

definition of the main variables like the characteristics of the substrate (initial permeability,

initial porosity, characteristic diameter), the fine sediment (permeability, porosity, concentra-

tion), the total substrate layer depth and the pressure differential between both side of the

substrate. A dimensionless retention factor β0 is also implemented. The main loop consists

in the computation of the vertical fine sediment flux and the increase in the fraction of fine

sediment in the different substrate layers of the model. It computes first the permeability of

each layer (Eq. 5.29) and the global permeability (Eq. 5.30). This allows defining the infiltration

rate wi and therefore the flux of fine sediment at the surface of the substrate q(0, t). In the

version of the model used in this study, the fraction of fine sediment deposited and the flux

of fine sediment in each layer of the substrate is integrated using the Forward Euler method,

which can lead to some numerical integration error, and could potentially be improved in

future versions. The analytical equations 5.18 and 5.19 can also be used alternatively if the

whole substrate has the same properties and β is constant. Once the flux q and fraction F of

fine sediment in each layer has been computed for time ti , the permeability in each layer is

computed, which results in a new global permeability and infiltration rate for time ti+1.
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5.3. Proposition of general clogging model for riverbeds

Figure 5.9 – Schematic representation of the model with the computation of the different
variables. The thick lines correspond to the main integration loop, the gray line to the def-
inition of the boundary conditions and related variables, and the blue lines the additional
implementation of the advective flow, which could potentially be implemented in future
studies.

Three unknown variables are present in this model. The dimensionless retention factor β,

the increase in this factor with the accumulation of fine sediment using a variable φ, and the

constant for intermediate blocking filtration Ki . The end of this Section as well as Chapters 6
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and 7 aims at estimating those parameters. They will be estimated by fitting the measurement

of experiments. Those values will then be used to find the relation between those parameters

and physical variables such as the grain-size distribution of the fine sediment and substrate,

as well as the percolation gradient. The validity and performance of the model will also be

discussed.

Regarding how β increases with F , it appears that both the use of a linearly increasing β(F )

or the use of the relation proposed by Y. Cui et al. (2008) (Eq. 2.4) to increase the retention

factor as fine sediment accumulates do slightly increase the fit of the vertical profile. However

this also results in a bad fit of the permeability evolution with time, since it results in a faster

drop of the permeability in comparison with the measurements. Since the difference in the

vertical profile obtained from using β = f (F ) does not significantly improves the fit of the

vertical distribution of fine sediment, it was decided to keep a value of β=C st . However, this

choice will be further discussed since it does not reflect well the process that is supposed to

take place. On the other hand, it allows for a simpler modeling of the clogging process with a

reduced number of parameters, that could potentially help its implementation in research

outside of the laboratory conditions.

The constant for intermediate blocking filtration Ki appears to be proportional to the

retention factor λ=β/dk and shares the same dimension. The definition of the characteristic

diameter as well as the proportionality factor between λ=β/dk and Ki have been explored by

first varying the characteristic diameter, and then by varying the proportionality factor Rb , for

which Ki = Rbλ, to obtain the best fit for the set of experiments with inner clogging carried

out in this research. It can be observed that for a given characteristic diameter, increasing Rb

results in an increase in the intrusion depth of particle, since the fit of the measurement data

implies the use of a smaller β. A similar effect is observed when reducing the characteristic

diameter. Good fits of the permeability can be obtain in all cases. Due to reasons analyzed

in more details in Sec. 6.2.3 and 7.6.1, a characteristic diameter equal to d15, f is chosen. For

this characteristic diameter, the parameter Rb can take a large range of values between 103

and 104. A value of Rb = 4000 [−] was found to give acceptable results for all the experiments

used in Chapters 6 and 7. Following this, the constant for intermediate blocking filtration in

Eq. 5.29 was defined as Ki = Rbβ/dk = 4000β/d15,s .

To illustrate the results obtained from the model and compare them with the experimental

measurements, the vertical profile and the evolution of the permeability with time for Experi-

ment 31 are presented in Fig. 5.10. This computation is done by assuming the same material

over the whole substrate layer, as well as the same retention factor and initial permeability.

This means that the vertical profile could directly be obtained analytically (Eq. 5.18), knowing

the total quantity of fine sediment in the substrate at a given time. The results of Fig. 5.10 are

obtained for the condition taking place in the location along the flume that corresponds to

the global average percolation gradient. These hypotheses (constant substrate characteristics

along the depth) and location will also be used in the analysis of the influence of the grain-size

distributions and percolation flow of Chap. 6 and 7. The computation also takes into account
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a permeability of the fine sediment equal to k f = 5 ·10−14 m2 and a porosity of ϕ f = 0.4. This

permeability was evaluated through column permeability tests.

Figure 5.10 – Illustration of the model fit presented in this section with the results of Experi-
ment 31. The proposed parameters that will be used in the following chapters correspond to
dk = d15,s and Rb = 4000, illustrated with the blue line.

As shown in Fig. 5.10, the results for Experiment 31 show good estimations of the evolution

of permeability with time, with slightly better results when using dk = d15,s . The cumulative

depositions are also in the same range as the measurements, even though they are slightly

over the quantity deposited when considering only infiltration. The vertical profiles of the

saturation of pores by fine sediment tend to show a more important deposition deeper in

the substrate in comparison to the measurements, which was also observed to a lower extent

in Fig. 5.6. In Fig. 5.10, the top layer only considers the part of that layer that has the same

grain-size distribution as the substrate below, which result in a high degree of saturation

(∼ 0.66). This high degree of saturation near the surface is difficult to reach using a constant

retention factor β. On the other hand, using the entire top layer results in a better fit, but is

not representative of the observation of the surface as discussed in Sec. 5.2.3. More detailed

analysis of the fitting accuracy are presented in the next chapters.
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Finally, the implementation of the advective flow would be necessary to cover low and

negative percolation gradient, as well as clogging in the presence of coarse substrate deposited

on top of finer substrate. In the last case, for example, a situation can appear where the

permeability below the coarse sediment layer is reduced to almost zero due to the clogging by

infiltration, but deposition of fine sediment is still possible through advection from the surface

flow into the coarse substrate. As a first approximation, a net fine sediment flux equal to the

one proposed by Mooneyham and Strom (2018), and equal to wa,0 = α1ws , could be used.

However, the extent of this flux into the substrate is, in the current state of the research, difficult

to estimate. Also, advective flow in the presence of coarse substrate with large pores can result

in non-Darcy flow. In that case, a different flow theory should be applied. Additionally, basic

equations for the case of surface clogging and cake formation inside of the substrate are

presented in App. A.2

5.4 Conclusion

The deposition of silt particles in a bed substrate composed of a wide grain-size distribution

including sand and gravel, experimented in this study, shows similar results to previous studies

using silt and sand regarding the vertical distribution in the substrate. This distribution can

be well estimated using an exponentially decreasing function, but silt tends to be trapped

closer to the surface as fine sediment accumulates in the substrate. This behavior implies

that the use of a increasing retention factor with deposited fine sediment is more accurate.

Clogging can also be observed through the quantity of fine sediment deposited with time, and

the permeability (or filter resistance) as a function of the deposited quantity, or alternatively

as a function of time. The later is dependent on the concentration, which is linked to the

deposition. Although the model based on cake filtration proposed by Schälchli (1995) gives

permeability results with a similar order of magnitude, the general behavior does not follow a

linear increase in the filter resistance with the deposited mass of fine sediment. Based on the

observation that the clogging process follows better the model of standard and intermediate

blocking filtration than cake filtration, a general clogging model is developed. This model

is based on the infiltration flow in the presence of a percolation gradient, and is adapted to

model inner clogging as observed in the present study. It allows for the estimation of both the

vertical distribution and permeability with time or with the accumulation of fine sediment.

Future developments could allow for the integration of other clogging processes like surface

clogging, including a better modeling of the vertical distribution through the use of a variable

retention factor.
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6 Influence of grain-size distribution
and surface composition

6.1 Introduction

This chapter provides an analysis of the development of clogging, as a function of the grain-

size distributions of substrate and fine sediment. It is divided in two main parts. The first part

analyses the influence of the grain-size distribution. It is based on changes observed between

experiments with similar infiltration and surface flow conditions, that resulted in very different

results attributed to changes in the substrate composition. Experiments with different fine

sediment grain sizes are also included in this analysis. In this first section, a general analysis

of the results is followed by a comparison between the retention factors obtained from the

fit of the model presented in Chapter 5. The results are then discussed and compared with

elements of the literature.

The second part analyses the effect of the surface composition. It includes the presence of

a coarse (armoured) layer on top of the substrate, tested under three different flow conditions,

and the presence of a thick layer of coarser sediment on top of the usual substrate. In both

cases, the analysis includes the observation of the vertical distribution of fine sediment in the

substrate, as well as its effect on the permeability.

6.2 Substrate and fine sediment composition

6.2.1 Context of the analysis on sediment composition effects

The grain-size distribution has an important influence on the clogging process, affecting

the depth but also the evolution of the process with the accumulation of fine sediment (see

Chap. 2). Since the study of the influence of the substrate grain size on the clogging process

was not part of the initial experimental design, all the experiments performed in the present

study were conducted using the same substrate composition. However, it appeared that

experiments based on the same parameters of infiltration, flow conditions and fine sediment

composition, tested to analyze repeatability, resulted in very different results. This means that
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the substrate composition in the layer where fine sediment accumulates represents the only

main parameter responsible for the differences observed between these experiments. Indeed,

it was observed that the composition could vary due to segregation between the fine and

coarse fractions of the substrate, but the orientation of grains could also affects the porosity

and the size of interstices. These small variations can explain at least partly the differences

observed between Experiments 15, 31, 37 and 38, but also 14 and 18 which had almost the

same flow conditions in terms of bottom shear stress.

Experiments were also tested using 3 different fine sediment compositions, which led

to various results regarding the depth of clogging and the effect of fine sediment deposition

on the permeability. Although the ratio between the substrate and fine sediment grain size

is often used to describe the various types of clogging that can take place (inner clogging,

unimpeded static percolation), varying the size of very fine sediment such as silt can exhibit

different results in comparison to tests with various sizes of sand, since they are subject to

other trapping mechanisms due for example to cohesion effects.

6.2.2 Comparison between the results of experiments

Experiments 15, 31, 37 and 38 were all performed with similar boundary conditions regarding

the percolation gradient, the flow conditions and the concentration of fine sediment. Experi-

ments 14 and 18, designed to analyze the effect of the flow conditions, are also added since

the flow conditions were very close to the one of the “base” experiments. Additionally, Experi-

ment 29 is also included in the analysis since the doubling of the concentration do not seem

to have affected the process significantly, except by reducing the duration of the experiment

due to the increased fine sediment flux to the bed. The overall substrate composition was not

changed between those experiments. However, operations of removal and replacement of the

substrate, reusing the same material, were done to remove air bubbles after Experiments 22

and 36. This may have changed slightly the composition of the substrate in the upper layer

of the bed. It was also observed that the placement of sediments in the flume as well as

the fine sediment removal process at the end of each experiment resulted in the creation of

layers with different compositions. This is due to segregation processes between the fine and

coarse fractions of the sediment, as can be seen in Fig. 6.1. These modifications of the local

composition of the bed result in layers with a different permeability, that also reflected by

changes on the overall initial permeability of the substrate. An important variability of the

global permeability of the substrate can be seen in Fig. 6.2, with value ranging between 0.6 and

1.2×10−10 m2. This affects the deposition rate by increasing or reducing the infiltration flow

for a same percolation gradient. However, it is not necessarily related to the permeability and

size of pores close to the surface, where fine sediment deposits. Therefore, in the experiments

of the present study, no direct relation exists between the vertical distribution of fine sediment

in the substrate and the global permeability.
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Figure 6.1 – Local variation of the substrate composition, resulting from the placement of
sediments in the channel. The deposition of fine sediment near the wall of the flume show
clearly that the intrusion depth varies in function of the presence or absence of sand in the
top layer (Exp. 5, d f = 40 µm).

The results of the “base” experiments are compiled in Fig. 6.2 and 6.3. When looking at the

evolution of permeability, Experiments 37 and 38 show a much faster clogging process than

Experiments 15 and 31. Except for Experiments 14, 15, 23 and 31, the permeability decreases

by a factor of about 10 within the first 15 hours after the start of the experiments. Thus, only

limited quantities of fine sediment are needed to reach a complete clogging of the riverbed.

The theory would suggest that a higher permeability of the substrate is associated with larger

pores and a more important quantity of fine sediment needed to decrease this permeability by

a same factor (Schälchli, 1993). However, due to the variability of the substrate composition,

no such correlation can be observed in the present cases. Although piezometer measurements

in the upper part of the substrate layer would allow to estimate the local permeability, the

small distance that separate them from the surface implies that the percolation gradient

obtained would only correspond to the local conditions around the piezometer. It is therefore

not possible to identify the vertical variations of the permeability, which are linked to the local

substrate composition. The piezometer placed close to the surface show however that the

reduction of permeability induced by clogging takes place very close to the surface, in the first

2.5 centimeters. A small initial permeability can be present near the surface due to the presence

of finer substrate particles in that location. As can be seen in Fig. 6.3, Experiment 37, which

resulted in the fastest reduction of the permeability, is characterized by the shallowest clogging

layer of this set of experiments. It is followed by Experiment 38, which is also characterized

by a fast reduction of the permeability. Experiments 15, 31 and 29 show, on the other hand,

rather similar depths of clogging, with the experiment at higher concentration (29) showing a

more important fraction of fine sediment deposited near the surface. Most of the permeability

profiles (except exp. 18) start with a slow decrease of the permeability per unit specific deposits

(Fig. 6.2, bottom), followed by an acceleration of the reduction before the permeability reaches

an asymptotic behavior.
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Figure 6.2 – Evolution of the permeability with time (a) and deposited mass of fine sediment (b)
for “base” experiments and experiments with different fine sediment grain-size distribution.
Experiments 29 (doubled concentration), 14 and 18 are also added for comparison.
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Figure 6.3 – Average vertical distribution of fine sediment in the substrate at the end of (a)
“base” experiments as well as Experiment 29 (C = 2g /L), 14 and 18 ; (b) experiments with
different fine sediment distributions ; colors correspond to the one in Fig. 6.2.

The surface layer, as can be seen in Fig. 6.3, has a significant influence on the clogging

process in the experiments analyzed here since it is the location with the highest fraction of

fine sediment. When looking at the grain-size distribution of the substrate in this surface

layer (Fig. 6.4), it can be observed that the substrate of Experiment 37 contains a larger

quantity of sand. This can be well observed when looking at d20,s , which is about 0.5 mm

smaller than Experiment 31 and 1 mm smaller than Experiment 15. However, the average

grain-size distribution of the three layers below, which are characterized by very similar

distributions, does not show exactly the same order since Experiment 38 has a smaller d20,s

than Experiment 37. Experiment 14, characterized by a much higher initial permeability

and a slow decrease of this parameter with both mk and time, exhibits a coarser grain-size

distribution similar to the one of Experiment 15. This similarity is reflected in the fact that

both curves in Fig. 6.2 show a slow decrease of the permeability. The grain-size distribution

of Experiment 29 (not shown here) corresponds exactly to the one of Experiment 31 (see

App. B.2.21), which means that higher concentration of fine sediment could potentially result

in a larger accumulation of fine sediment near the surface. However, this should be confirmed

by complementary experiments.
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Figure 6.4 – Grain-size distribution of the substrate on the surface layer (continuous line) and
the average of the three layers below (dashed line) for Experiments 15, 31, 37, 38 and 14.

Experiments using different fine sediment grain-size distributions show that the size of

fine sediment has a significant effect on the depth of clogging. A more important depth of

infiltration is observed with the finest distribution (exp. 23, d85, f = 23.9µm), helped by the

infiltration flow. This phenomenon was also observed in the first set of experiments, for which

the same grain-size distribution [0-40] was used. Since the clogging of the substrate takes

place on a larger volume, the permeability reduces slower with time (Fig. 6.2), in a similar

way to what observed Schälchli (1993). On the opposite, the coarsest distribution (exp. 24,

d85, f = 75.2µm) resulted in a faster clogging process, the permeability reaching a very low

value after only a few hours. The depth of intrusion was smaller in that case, as can be seen

in Fig. 6.3. This shows clearly a correlation between the reduction rate of the permeability

and the small depth of the substrate where the clogging layer is built, which implies that less

particles are needed to reduce one unit of permeability. Coarser fine sediment have been

observed to deposit closer to the surface than finer sediment (Zou et al., 2019). This means

that a coarser distribution of fine sediment will penetrate less deeply than a finer distribution,

but also that, within a single grain-size distribution, coarser particles are retained closer to the

top while fine sediment fractions present at deeper layer in the substrate should be essentially

made of the finest part of the suspended sediment.

As a conclusion, these results show that the composition of the substrate, and more partic-

ularly the finer fraction of the substrate, has a significant effect on the clogging process. The

presence of higher quantity of sand in the substrate results in a dense and shallow clogged layer

with very low permeability after the intrusion of only a small amount of silt sized sediment.

The intrusion of particles is linked to the infiltration flow, but the reduction of permeability

and clogging depth are linked to the substrate composition near the bed surface, where fine
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sediment deposits. In the context of rivers, the presence of important quantity of sand in

the substrate, near the riverbed surface, can promote a fast and shallow clogging with an

important reduction of the permeability. On the other hand, fish redds composed of gravels

particles may be less subject to this fast reduction of permeability, as long as the sand fraction

is low.

6.2.3 Relation between grain sizes and the retention factor

Using the clogging model of Chapter 5, it is possible to find the dimensionless retention

factor β that fits best the measurements of the permeability and vertical distribution of fine

sediment. The results of the model fitting are compiled in Table 6.1, with the coefficient

of determination R2 obtained for the vertical distribution, the permeability and the filter

resistance. In the fit procedure, more weight was given to the permeability in comparison

to the vertical distribution profile, since the later are only representative of small portions of

the bed. The coefficient of determination for the permeability gives information of the fit of

permeability in the beginning of the experiment, whereas the one for the filter resistance gives

information on the fit when permeability is low. For the coefficient of determination of the

vertical profile, using the value of F at the different layers leads to an important weight given

to the layers close to the surface, whereas using the logarithm of F gives more importance to

the value that are close to zero. The values of F obtained through the model are re-sampled

at uniform vertical distance of 1 mm and then combined again to obtain the fraction of fine

sediment by layers corresponding to each measured layer. It appears clearly that experiments

where a fast clogging process was observed, combined with a dense and shallow clogged layer,

result in high dimensionless retention factors. The results of the fit for each experiment are

presented in the experimental results sheets in App. B.2.

Table 6.1 – Dimensionless retention factors obtained from the fit of the clogging model with
experiment analyzing the influence of the grain-size distribution, with the coefficient of deter-
mination regarding the vertical distribution profile, the permeability and the filter resistance.

Exp. # Characteristic β [−] R2a for F R2a for ln(F ) R2 for k R2 for γ
15 base 0.0277 0.472 0.846 0.944 0.970
31 base 0.0209 0.650 0.737 0.994 0.986
37 base 0.0524 0.763 0.821 0.994 0.986
38 base 0.0365 0.696 0.860 0.992 0.983
29 C = 2 g /L 0.0147 0.570 0.755 0.986 0.965
23 d f = 40 µm 0.0409 0.483 0.555 0.989 0.995
24 d f = 100 µm 0.0206 0.330 0.318 0.997 0.992
14 u∗ = 3.4 cm/s 0.0175 0.788 0.384 0.978 0.958
18 u∗ = 3.0 cm/s 0.0250 0.742 0.695 0.555 0.804
a R2 of the fraction of fine sediment F by measured layer compared to measurements

Due to the difficulty of estimating the effective porosity of the substrate during the ex-
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periment, and given the high variability of the porosity when measured afterward in a tube

(Sec. 4.3.4), this factor is not taken into account in the proposed formulation for the retention

factor as a function of the grain-size characteristics presented in Chap. 7, although this pa-

rameter is used by Huston and Fox (2015). In addition, the average porosity measured for the

different samples show rather similar values for all measurements, regardless of the retention

factor. However, a relation can be seen between the diameter ratio between the substrate and

fine sediment Dr = dk,s/dk, f , and the retention factor. Different characteristic diameters were

tested to define the ratio Dr . With the present grain-size distributions, the relation between Dr

and β shows a similar trend for the fine sediment characteristic diameter, regardless of the use

of dm, f or d85, f . However, the trend is easier to observe when using the characteristic substrate

diameter d15,s rather than the geometric mean diameter dm,s . Also, since the diameter d15,s is

more representative to define the pore size (see below), it is used to define Dr = d15,s/d85, f

and find the relation between the grain-size distributions of the substrate and fine sediment,

and the retention factor β.

Figure 6.5 – Retention factorβ expressed as a function of the ratio Dr : (left) value ofβ according
to the best fit of the model ; (right) β computed using the model of Berni et al. (2015) and the
grain-size distribution of the substrate of exp. 31, varied using a proportionality factor. The
result can be approximated using an exponential function. The retention factor obtained from
the fits of the clogging model are situated near the value obtained by the probabilistic model.

The retention factors β obtained for the experiments of Tab. 6.1 are plotted against the

ratio Dr in Fig. 6.5. A general trend can be observed, with a retention factor β decreasing with

increasing ratio Dr . This observation is in agreement with previous studies on the influence of

the substrate and fine sediment compositions, like Gibson et al. (2009). It also agrees with the

scheme proposed in Sec. 3.1, Fig. 3.2, for the reciprocal clogging depth. The revised constant

βr ev proposed by Leonardson (2010) also gives similar results given a transformation of the

characteristic diameter, with a retention factor expressed as βr ev =−0.02 ·d15,s/d85, f +0.41.
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Experiment 37 represents however an outlier due to the higher retention factor obtained

despite the fact that the average d15,s is higher than the one obtained in Experiment 38. A

question arises on the trend of the curve as the ratio Dr approaches 1, which means that the

pore size and fine sediment approaches a limit where no intrusion of particles is possible.

The factor β corresponds in fact to the portion of fine sediment that can be transported from

one layer to the next one, which results from the probability that a particle of a given size is

stopped when passing through an interstice. When the dimensionless retention factor is equal

to 1, no fine sediment is able to reach the next layer of the substrate.

An approach based on the probability of a particle to pass through a pore of the substrate to

calculate the retention factor β has been proposed in Berni et al. (2015) and Herrero and Berni

(2016), following the study of Lauck et al. (1991). This approach consists in the computation of

the pore diameter between three substrate particles and its probability of occurrence, for all

the combinations of particle diameters. The retention factor β can be obtained through this

method by using the convolution between the pore size distribution and the fine sediment

distribution, with the formulations proposed in Herrero and Berni (2016). Small adaptions

were applied to the method and are presented in App. A.3. The computation of the retention

factor for the substrate and fine sediment grain-size distributions used in the present study

leads to a value of β ' 0.055 for a ratio Dr = 13.1. To simulate the effect of a change of the

grain-size distribution of the substrate on the retention factor, the diameters of each fraction

of the substrate grain-size distribution were multiplied by a factor ranging from 0.01 to 2.5.

The result is presented in Fig. 6.5 (right), were β is plotted against the ratio Dr . It can be seen

that the trend of the modeled points follows approximately an exponentially decreasing curve

that reaches a value of β= 1 for Dr slightly smaller than 1. The values of β obtained through

the experiment results presented in Fig. 6.5 (left) show a similar trend, and are situated close

to the one found using the probabilistic model. The use of d15,s as a characteristic diameter

for the general clogging model presented in previous chapter allows to find values of β close

to the one of the probabilistic model. This must however be taken with precaution since the

value obtained for β by fitting the clogging model with the experiment measurements only

concerns a small range of values. Also, the dimensionless retention factor β in the clogging

model depends on the specific (substrate) diameter used in the computation, and could vary

significantly using another characteristic diameter. Other factor can also influence the value

obtained for the experiments, such as the cohesion of silt-size sediment, which can induce

deposition by other mechanism than pure pore trapping. This would increase the retention

factor. On the opposite, the presence of a percolation gradient in the experiments, which

increase the depth of intrusion, should imply a higher value for β in the absence of percolation

gradient. From the analysis of the influence of the grain-size distributions on the clogging

process, it appears that the retention factor β is dependent on both the grain-size distribution

and the percolation gradient. A proposition of formulation for the retention factor that

include both parameters will therefore be presented after the analysis of the influence of the

percolation gradient in Chap. 7. This formulation uses the simplification of the probabilistic

model using an exponential function between β and Dr .
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6.2.4 Discussion

Although the grain-size distribution of the substrate was not modified, significant changes

were observed in the clogging process for similar boundary conditions. Small changes in

the composition of the substrate are observed to modify significantly the retention factor β.

Similarly, the use of finer and coarser fine sediment also leads to changes in the depth of

intrusion and the speed of the clogging process. This strong effect is also documented by

the large range of clogging depth identified by Huston and Fox (2015) as a function of the

dm,s/(dm, f ·σs). Schälchli (1995) notes as well an important influence of the grain-size distri-

bution that translates into the important exponent used in his clogging equation. According

to the formulation of the clogging model proposed in the present study, it is suggested that the

dimensionless retention factor reaches a maximum value of 1 when fine sediment is coarser

than the size of pores. For large ratio Dr , the dimensionless retention factor approaches a

value of zero, which means that most of the particles can percolate through the substrate

without depositing, until they reach an impermeable surface (see Sec. 6.3 below). This analysis

agrees with measurements of previous research on the subject (Gibson et al., 2009; Huston &

Fox, 2015).

The choice of the characteristic diameter d15,s should be tested with other sediment

compositions that share the same d15,s , to confirm that this characteristic diameter leads to

the correct estimation of the clogging process. As pointed out in the state of the art, using

a characteristic diameter that represents fine substrate material is necessary in the case of

clogging since this process is linked to the size of pore throats. These pore throats are reduced

in the presence of a fine material structure, and are linked therefore to the proportion of these

fine particles in the composition of the substrate. The structure of the pores can also vary

depending on the way macro-pores are filled by finer material, which can have an effect on

the trapping of finer sediment. The retention factor could also be expressed as a function of

the initial permeability, but the lack of knowledge of this parameter near the surface of the

bed implies that this relation cannot be tested with the setup proposed in this research. The

initial dimensionless retention factors β0 found using the modified regression of the model of

Leonardson (2010) and a specific diameter equal to d15,s are in average smaller than the one

obtained through the fit, but have the same order of magnitude.

The experiments have shown that the substrate presents an important variability, even in

laboratory conditions, when using a wide grain-size distribution. Given the high sensitivity

of the clogging process to substrate characteristics, the even higher variability of sediments

in riverbeds suggests a potential difficulty in estimating the process under real conditions.

However, these results show that the presence of relatively small gravel and sand in the

substrate can limit the depth of clogging, while at the same time result in a fast decrease of

the permeability since only a small quantity of silt is necessary to result in a high degree of

clogging.

Finally, the average grain-size distribution obtained when sampling a given surface hides
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local variations of the porosity and the sediment composition, that can change significantly the

clogging process at the local scale. As was noted in certain experiments (Fig. 6.6), local gravel

nests can facilitate the penetration of fine sediment to deeper layers and change significantly

the vertical distribution of fine sediment. This can also have an effect in the evolution of the

permeability with time. The composition of the first layer near the bed surface is critical in the

formation of the clogging layer, as well as the first layer with a important proportion of fine

substrate that can block the further ingress of fine sediment (see Sec. 6.3.2).

Figure 6.6 – Heterogeneous deposition of fine sediment under the first layer due to variation
in the substrate composition, at the end of Experiment 21, Sec. A

6.3 Surface layer composition

Riverbeds are often characterized by an important heterogeneity of the substrate composition.

The intrusion of fine sediment in the riverbed will thus vary depending on the composition

of the different layer of substrate present in the riverbed. The roughness of the surface layer

also has an influence on the shear stress in the near bed region and on the hyporheic flow. To

analyze the influence of an armour layer on the deposition of fine sediment and the clogging

of the bed, three different experiments were carried out with coarser substrate on the riverbed

surface, under different flow conditions. An experiment was also performed to analyze the

clogging process in the case of a gravel layer larger than the mean gravel diameter, where fine

sediment can build a cake filter inside the substrate.

6.3.1 Surface roughness

The effect of coarser sediment on the riverbed surface was tested by placing a layer of coarse

gravel on top of the usual substrate distribution used in the present research. This coarse

layer increases the roughness of the bed surface, which can interact with the surface flow. The

influence of the flow conditions in the case of a coarser sediment layer at the riverbed surface

was tested for three different surface discharges. This section analyses the effect of this layer

on the intrusion of fine sediment in comparison with the experiments with a finer substrate

surface.

Experiments 26 to 28 were prepared with a layer of sediment ranging between 8 and 16
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mm placed on top of the usual substrate. A single layer of one geometric mean diameter of

this sediment was placed on top of the substrate. The grain-size distribution resulting from

this setup is given by Fig. 6.7. Figure 6.8 illustrates the bed surface of Experiment 26.

Figure 6.7 – Grain-size distribution of the usual substrate and the layer of gravel placed on top
of the usual substrate, for Experiments 26 to 28. Experiment 28 is shown, dotted lines are the
results of the 3 sections, continuous lines represent the average values.

Figure 6.8 – Surface of the bed before the placement of the cobbles (left) and the final bed
(right).

In an experiment using river cobbles on top of angular gravel, Mooneyham and Strom

(2018) tried to identify the effect of a more important roughness of the surface on the deposi-

tion rate of clay. They did not identify any significant effect from the addition of this layer of

cobbles on the deposition rate in comparison with the gravel without this additional layer (the

latter case represents an experiment in part analogue to the one discussed in the next section).

In the present case, the effect of similar cobbles on the deposition and clogging of the riverbed

is tested, but the material below the cobbles has a higher content of sand than the one used by

Mooneyham and Strom (2018). Experiments 26 to 28 are here compared with the experiments
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without coarse surface sediment to see how it modifies the clogging process and the clogging

depth.

The vertical fine sediment distribution profiles show a clear influence of the flow condi-

tions on the deposition of fine sediment (Fig. 6.9), combined with the influence of the coarse

substrate layer. The higher the shear velocity is, the less fine sediment is deposited in the first

layer below the coarse gravel. Below the first layer of finer substrate, however, no significant

difference can be noticed.

Figure 6.9 – Average final vertical distribution profiles for Experiments 26 to 28 with a coarse
surface layer. Comparison with Experiment 31 which has no coarse gravel on the surface.

The difference observed in the vertical distribution profiles can also be observed when

looking at the surface of the bed (Fig. 6.10). For the highest shear velocity (Exp. 26), almost no

fine sediment can be seen on the surface. Based on this observation, it could be concluded

that no clogging takes place. However, fine sediment also clogs the substrate in that case,

although no important quantity of fine sediment is measured at the base of the coarse gravel.

At lower shear velocity (Exp. 27 and 28), the deposition of fine sediment can be noticed in

the areas between the coarse gravel, in a similar way to surface clogging (Chap. 8). In that

case however, flow conditions would not allow for any surface clogging in the absence of

coarse gravel, as seen in the usual experiments carried out in this research. Coarse gravel

provides therefore local flow conditions that allows for the deposition of fine sediment on the

sub-surface of the bed. In the studied case, fine sediment content near the surface reached

approximately the same value as for the finer substrate surface (Exp. 31) with twice the shear

velocity. This can be assimilated to the effect of an armour layer, as was also observed by

Diplas (1994). In the presence of high flow conditions, fine sediment interstitial flow in the

sub-surface prevents the deposition of fine sediment in the coarse substrate. No conclusion

can however be made on the possible erosion of those fine sediment in the case of an increase

in the bed shear stress, which could be tested in future experiments.
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Figure 6.10 – Surface (a) and sub-surface (b) observations of the fine sediment deposition
in the presence of a coarse gravel layer, for Experiments 26 to 28. The pictures are taken in
approximately the same position along the flume, in Section A. The pictures of the sub-surface
(b) are obtained after the removal of the coarse sediment layer.

The influence of the coarse gravel layer on top of the finer substrate is however less rec-

ognizable when looking at the permeability evolution with time. At a first glance, Figure 6.11

shows no clear pattern regarding the influence of the shear velocity on the process. The

experiment with the highest shear velocity gives approximately the same result as the experi-

ment with the lowest shear velocity. Experiment 27, which is characterized by a shear velocity
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situated between the 2 other experiments, shows a much faster reduction of the permeability.

This faster clogging process might be explained by a slightly finer material in the substrate

that results in a shallower clogging depth (as can be seen in Fig. 6.9). When plotted using the

linearized formulation of the cake filter equation (Tab. 5.2), it appears that the increase in the

filter resistance follows well the cake filtration process for Experiments 27 and 28, at least at the

end of the experiment, since the curves are linear. Both Experiments 27 and 28 show a line with

a similar slope, that possibly corresponds to the formation of a cake in the sub-surface of the

bed, at the base of the coarse sediment. This phenomena is less clear for Experiment 26 which

has the highest shear velocity. The fact that a cake is forming is also confirmed by the modeling

of the deposited quantity mk with time. For Experiment 26, the deposition model was well

fitted using a slightly higher deposition rate α1, attributed to advective flow, in comparison

with most experiments. This factor was assumed to decrease together with the permeability

in the deposition model. For Experiments 27 and 28, a constant deposition rate α1 had to be

used to fit well the concentration over time of the deposition model. Although the precise

identification of the part that can be attributed to the deposition in the system (admitted

constant) and the deposition in the bed is difficult to specify, the constant deposition rate α1

was higher in Experiment 28 than in Experiment 27. This agrees with the lower flow conditions

of Experiment 28 that can promote the deposition of fine sediment. A first phase consists

therefore in the clogging of the substrate by infiltration, which fills partially the pores up to a

depth of around 6 cm (about 120 d15,s). Sedimentation also takes place in the sub-surface due

to the protection offered by coarse substrate. In a second phase, fine sediment deposits mainly

near the surface of the bed, where it forms a dense sealing further reducing the permeability.
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Figure 6.11 – Evolution of the permeability and cumulative deposition with time for the three
experiments analyzing the effect of coarse surface substrate. Experiment 31 and 17 are also
presented for comparison, as well as Experiment 30 treated in the next section.

In comparison with experiments in the absence of coarse gravel on the bed surface, a

higher quantity of fine sediment is observed to deposit in the experiments with coarse gravel

near the surface. The effect of a unit of fine sediment on the permeability tends however to

be lower in that case. Figure 6.9 shows indeed a more important fraction of fine sediment

relative to the pore size (F /FS) for the Experiments 26 to 28 in comparisons with Experiment 31.

Although a cake seems to form in the sub-surface of the coarse gravel, it does not have the

same effect on permeability as the surface clogging observed in Experiment 17. This could be

due in part to greater compression of the cake in the case of sub-surface clogging, as well as to

the reduced volume that needs to be filled when the cake forms inside the substrate. However,
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this is probably not sufficient to explain this difference.

To extrapolate these observations to rivers, the presence of an armour layer could promote

the deposition of fine sediment in the sub-surface of the riverbed for flow conditions that

would not allow for any deposition in the absence of an armour layer. An important quantity

of fine sediment can accumulates in this sub-surface, since the coarse substrate provides

important pore volumes protected from the surface flow. The clogging layer formed in this

case also appears to reduce permeability more than in the case of strict surface clogging.

Globally, the deposition of fine sediment in the presence of an armour layer seems, based on

these experiments, to have a more detrimental effect on the clogging of the riverbed. But more

research is needed to observe if declogging of the sub-surface can take place when the flow

conditions rise, even in the absence of bed mobilization.

6.3.2 Clogging of coarse gravel layer

Experiment 30 was conducted to analyze the effect of a layer of coarser gravel, larger than one

mean diameter, on the deposition of fine sediment. This allows to test the hypothesis that in

the presence of a layer of coarse substrate resulting in unimpeded static percolation, sediment

percolates until reaching a layer of finer sediment where a clogging layer is built. To conduct

this experiment, a layer of 27 mm of the usual substrate was removed over the whole length of

the flume, and replaced by gravels ranging between 4 and 8 mm (Fig. 6.12).

Figure 6.12 – Grain-size distribution of the usual substrate and the layer of gravel that replaces
the usual substrate on top of the bed, used in Experiment 30. Dotted lines are the results of
the 3 sections, continuous lines represent the average values.

In this experiment, the vertical distribution profile shows an important quantity of fine
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sediment deposited at the base of the gravel layer (Fig. 6.13). Below the base of the gravel

layer, the vertical profile shows a classical exponentially decreasing curve as seen for other

experiments. However, in contrast with the coarse gravel layer analyzed in the last section, fine

sediment accumulates on a thicker layer. The experiment was stopped when the permeability

reached less than 2×10−11 m2, but it is possible that the layer of fine sediment could have

increased upward in the gravel layer until it reaches a level where the influence of the surface

flow would have prevented the deposition of other fine particles. In comparison with other

experiments, a much more important quantity of fine sediment deposits in the substrate. It is

approximately the same as the one of Experiment 28 at the end of the experiment. This greater

quantity is due to the high permeability of the gravel, which allows a layer of fine sediment

to form over the finer substrate. Since the surface flow does not involve a sufficient shear

stress inside the gravel layer, it is unable to erode or limit the deposition of fine sediment.

Advective flow brings particles inside the substrate, together with the infiltration flow. Thus, a

combination of inner clogging (mainly by infiltration flow) and unimpeded static percolation

takes place. Since the permeability of the finer substrate limits the free percolation of particles,

they accumulate in the gravel, on top of the finer substrate, as the finer substrate gets clogged

by infiltration flow.

Figure 6.13 – Vertical distribution profile of fine sediment for Experiment 30, in comparison
with Experiments 28 and 31

The evolution of permeability with time (Fig. 6.14) can also show the building of a cake

inside of the gravel. When the linearized equation of the cake filtration law is used, the diagram

shows a bi-linear relation. In a first phase, a usual clogging process takes place as in other

experiments. After a certain point (which corresponds to the new addition of fine sediment

to the system after the night), the curve follows a linear relation which corresponds to the

formation of a cake inside the substrate. This can also be seen in the relation between the

filter resistance and the cumulative deposition, which shows a linear increase at the end of the

experiment. This behavior differs from the one observed with the other experiments where

only inner clogging takes place, and which show exponentially increasing curves. In a similar
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way as Experiments 27 and 28, the deposition rate coefficient α1 for this experiment must be

set constant to fit the concentration curve over time in the deposition model. However, in this

case, the deposition rate coefficient is much higher than the one in Experiments 27 and 28,

even though it is smaller than in Experiment 17 where pure surface clogging was taking place

due to very low shear velocity. This observation is coherent with the experiments made by

Mooneyham and Strom (2018), where it was observed that gravel was characterized by a larger

deposition rate than the sand-gravel mixture, which had a smaller permeability. In the case of

Experiments 27 and 28, however, the shallow depth of the coarse layer with large permeability

limits this effect.

Figure 6.14 – Evolution of the permeability and cumulative deposition with time for Experi-
ment 30. Experiments 31 and 28 are also presented for comparison.

The clogging process in this experiment can therefore be explained as following. First, a

clogging process starts by the infiltration of fine sediment in the substrate, which accumulates

mainly in the finer substrate below the gravel layer. The intrusion of fine sediment can also be
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helped by the effect of the surface flow, which can increase the deposition rate (Mooneyham

& Strom, 2018). During the night (which could correspond to a period between two floods),

no fine sediment is added, but the fine sediment in suspension is almost completely filtered

and clogs the finer substrate below the gravel. The new addition of fine sediment is deposited

inside the gravel because it cannot reach the deeper layer. The infiltration flow is lower than in

the beginning, but the hyporheic flow in the gravel promotes the deposition of fine sediment in

suspension. Thus, the deposition rate can continue at a higher rate than in other experiments

since it is less dependent on the infiltration flow.

The consequence for rivers is that suspended sediments like silt can show higher rates of

deposition in the presence of a coarse gravel layer on top of finer substrate, as can be observed

in rivers with a coarsened bed substrate. This deposition can take place in the absence of

infiltration flow and connectivity with the groundwater and can induce a thick layer of fine

sediment. Associated with the important shear stress needed to observe bed mobilization in

such cases, a strong and almost permanent clogging of the riverbed can potentially take place.

6.4 Conclusion

A large variety of deposition patterns can be observed depending on the substrate composition.

Large pores in the substrate can promote the deposition of fine sediment, and result, at least

partially, in the building of a fine sediment layer when fine substrate limits their further

intrusion. On the other hand, fine substrate results in a fast and strong clogging that needs

only a very limited amount of fine sediment. The shallow clogging layer that results from

this case can however be more easily eroded when the substrate is mobilized by a flood.

The clogging process is very sensitive to the grain-size distribution close to the surface of

the riverbed, whereas the infiltration rate depends more on the global permeability when a

percolation gradient exists between the surface flow and the aquifer. Regarding the modeling of

the clogging process, the dimensionless retention factor used in the present study decreases as

the ratio between the characteristic diameter of the substrate and the fine sediment increases,

and it can also be approached by using a probabilistic model.
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and infiltration

7.1 Introduction

The influence of the percolation gradient and infiltration flow on the clogging process has been

studied, in this research, using five different percolation gradients, including one negative

gradient, i.e. exfiltration from the groundwater to the surface. The results for the different

experiments are first presented and commented. In a second step, the dimensionless reten-

tion factor obtained from the experiments are compared, followed by the presentation of a

general formulation for the retention factor used in the general clogging model (Chap. 5). This

formulation includes both the percolation gradient and the grain-size distribution. Finally,

the results regarding the influence of the percolation gradient are discussed, as well as the

performance of the general model.

7.2 Comparison of the results

The experiments performed with different rates of infiltration were done by setting a constant

pressure gradient across the full substrate layer, in a similar way to the other experiments. This

detail is important since the pressure level at the bottom of the substrate, set a the beginning of

the experiment, affects the clogging process. Depending on the depth in the substrate where

the constant pressure level is set, the decrease of the permeability induced by the deposition of

fine sediment will not result in the same absolute pressure differential across the clogged layer.

This implies that the following analysis is only valid for a percolation gradient that exhibits

a similar substrate depth and pressure differential. Propositions to generalize the influence

of the infiltration flow to the variety of cases encountered in the nature are presented in the

discussion.

The influence of the percolation gradient on the clogging process can be analyzed through

the effect it has on the change of permeability, or by observing the depth of intrusion of fine

sediment. Figures 7.1 and 7.2 compile the different experiments conducted to study the influ-

ence of the percolation gradient. Only Experiment 15 is presented for the “base” experiments,
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since the other experiments with a similar gradient resulted in very different results, and more

changes in the substrate structure are likely to have occurred since Experiments 31, 37 and

38 were carried out after some emptying and refilling of the whole substrate in the flume

(operations made after exp. 22 and 36). The influence of the percolation gradient appears

clearly when looking at the relation between the permeability and time. Experiments with

a higher percolation gradient result in a faster clogging process. However, it is not possible

to conclude whether a different minimum permeability is reached as a function of gradient,

since some experiments were interrupted before the permeability reached an asymptote.

The faster clogging process is first linked to the larger infiltration discharge which increases

the rate of fine sediment intrusion, as can be seen on the cumulative deposition, expressed

as a function of time (Fig.7.1, (b)). The cumulative deposited mass shown in Fig.7.1 (b) is

obtained using the modified model of deposition (Sec. 4.5.3, App. A.1). This model takes

into account the recirculation of the finest fraction of fine sediment, which was especially

observed in experiments with a high infiltration flow. Deposition induced by infiltration would

otherwise reach higher values than total deposition (for more details, see specific diagrams in

App. B.2). When permeability is expressed as a function of the specific mass of fine sediment

deposited mk , which removes the effect of higher deposition rate, all experiments appear

to follow a similar variation in permeability for a given amount of fine sediment, with the

exception of Experiment 22 with exfiltration, which will be discussed later. However, by the

end of experiments, a same permeability is reached for a smaller deposited quantity in exper-

iments with a smaller gradient. This is particularly visible in the plot of the filter resistance

as a function of mk . The larger quantity of fine sediment deposited in experiments with a

high percolation gradient is also observed in the vertical fine sediment distribution profiles

(Fig. 7.2). It can be observed that the depth of clogging and quantity of fine sediment below the

first layer of the substrate is more important for experiments with a high percolation gradient.

In Experiment 20, fine sediment seems to be transported in deeper layer by the important

infiltration flow and stopped in layers with smaller pore size, which result in a local increase

in the fine sediment fraction in layers below the surface, instead of a monotonous decrease

of the proportion of fine sediment. However, this effect is not spatially uniform as shown by

variation of the vertical distribution between the three sampling sections (see App. B.2).

The results for Experiment 22, with exfiltration (negative percolation gradient), resulted in

a shallower and reduced deposition of fine sediment in the substrate in comparison to infil-

tration experiments. This smaller amount of fine sediment observed in the vertical profile is

confirmed by the smaller deposition of fine sediment with mk . A reduction of the permeability

is also observed, but the measurement was subject to important variation of the percolation

gradient due to adjustments linked to the experimental protocol.
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Figure 7.1 – Comparison of the reduction of (a) the permeability with time, (b) cumulative
deposition with time, as well as (c) the permeability and (d) filter resistance as a function of
mk , for experiments analyzing the influence of the percolation gradient.

7.3 Relation between the percolation gradient and the retention fac-

tor

The general clogging model presented in Chap. 5 is used to fit the dimensionless retention

factor β, based on the experimental results of Experiments 21, 15, 19 and 20. In the absence

of a model to estimate the penetration of the advective flow induced by the surface flow, the

experiment with negative percolation gradient is taken into account. The results are compiled

in Table 7.1.

For Experiments 19 and 20, the high infiltration flow resulted in a significant recirculation

of fine sediment. However, fine sediment in the model deposits completely inside the substrate

layer for the experiments analyzed in this study. This is due to the fact that the clogging model
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Figure 7.2 – Comparison between the vertical distribution of fine sediment in the substrate
for the different experiments analyzing the influence of the percolation gradient. The profiles
correspond to the average of the 3 sampling sections. Individual results are presented in
App. B.2.

Table 7.1 – Dimensionless retention factors obtained from the fit of the clogging model with
experiments analyzing the influence of the percolation gradient, with the coefficient of deter-
mination regarding the vertical distribution profile, the permeability and the filter resistance.

Exp. # Perc. gradient [%] β [−] R2 a for F R2 a for ln(F ) R2 for k R2 for γ
21 3.7 0.0287 0.448 0.568 0.961 0.969
15 7.3 0.0277 0.472 0.846 0.944 0.970
19 21.5 0.0208 0.818 0.831 0.948 0.956
20 42.5 0.0168 0.687 0.828 0.703 0.992
a R2 of the fraction of fine sediment F by layer corresponding to samples, compared to measurements

does not consider each fraction of fine sediment independently. A unique retention factor

is used to take into account the whole distribution of the fine sediment, represented by a

defined characteristic diameter d85, f . If the specific retention factor was attributed to each fine

sediment fraction, the finest fraction would be able to pass trough all the layers of the substrate

due to a very low retention factor β. If the concentration of fine sediment is directly taken

from the measurements and introduced in the model, it results in a cumulative deposited

mass of fine sediment equivalent to the one found when integrating the concentration by the

infiltration discharge. Consequently, the model computes a much higher deposited quantity

than the real one. To reduce this effect for Experiments 19 and 20, the concentration was

computed using the modeled concentration over time, reduced by the estimated amount

that passes trough the substrate without depositing, and that was used to fit the deposition

model. This operation reduces the deposited mass of fine sediment to values close to the total

deposition (exp. 19), or slightly over the measured value (exp. 20). The resulting reduction of

the deposition is also helped by the selection of the characteristic diameter d15,s used in the

clogging model as well as by the high value of the parameter Rb . Even though the clogging
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model does not result in a fit as good as the one obtained for smaller gradients, it allows for a

decent estimation of the permeability and vertical distribution over time.

Figure 7.3 – Dimensionless retention factor β as a function of the percolation gradient for
the set of experiments analyzed in this chapter. Experiments 31 and 29 were also added for
comparison, and show a similar trend but at a different level.

The dimensionless retention factors appear to decrease with an increasing percolation

gradient (Fig. 7.3). This implies a deeper penetration of fine sediment, which is confirmed by

the observations. The decrease of the retention factor should also result in a slower decrease of

the permeability for a given proportion of fine sediment in a layer of the substrate, according

to the proposed clogging model. However, the reduction of the permeability does not follow

exactly this trend in the first phase of the experiment, where an important reduction of the

permeability is observed. This can be seen with the curve obtained by the clogging model,

which shows a smaller reduction of the permeability in comparison with the measurements in

the first half the Experiments 19 and 20 (see App. B.2).

Some hypotheses can be proposed to define an empirical relation between the retention

factor and the percolation gradient, based on the results shown in Fig. 7.3. For higher gradients,

the retention factor is likely to reach an asymptote at a constant level higher than zero, since

particles can still be blocked under high pressure and interstitial flow velocity. The conditions

to observe a very high gradient associated with an important discharge are however unlikely

to be met in the nature, under Darcy’s law conditions as the one observed here. In the absence

of a large scale percolation gradient, advective flow can still transport particles inside the

substrate. In such a case, the retention factor should be higher than the one obtained for the

experiments with infiltration, since particles can only be transported up to a limited depth

in the substrate that depends on the permeability and surface flow conditions. In the case

of negative gradient, the depth of intrusion is reduced as the exfiltration flow increases, up

to a limit where no fine sediment can deposit. According to Schälchli (1993), the limit where

no clogging is observed is situated between -15% and -30%. Since fine sediment used in the
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present study is finer, a limit can be estimated around -10%, since deposition of fine sediment

is still observed at a gradient of -6.3%. At this limit, the dimensionless retention factor should

be equal to 1, i.e. no fine sediment can penetrate in the substrate.

7.4 Dimensionless retention factor equation

Based on the observations of the influence of the grain-size distribution and percolation

gradient on the dimensionless retention factor β, a relation depending on the variables Dr

and i is proposed. According to the hypotheses described in the previous section, in the

presence of a negative gradient of -10%, β= 1 for all Dr . Similarly, for any percolation gradient,

the retention factor β should be equal to 1 at a ratio Dr = 1. Both Dr and i are assumed

to decrease exponentially the value of β. The following empirical formula is proposed to

express the dimensionless retention factor β= f (Dr , i ), with 3 coefficients C1, C2 and C3 to be

determined:

β= exp
[−C1 (Dr −1)C2 (i +0.1)C3

]
(7.1)

The combination of both the influence of the grain sizes and percolation gradient directly into

a single function has been chosen since the diameter ratio Dr and the percolation gradient i

were not varied strictly during experiments. Indeed both Dr and i changed slightly from one

experiment to the other even when designed to be constant. In this way, both parameters can

be taken into account at the same time.

Experiments 37 and 24 are characterized by high values of β in comparison with the other

results. Experiment 37 results in a strong clogging and thus a higher value of β than Exper-

iment 38 despite having, according to the measurements, a coarser grain-size distribution

below the first layer. Thus, it can be considered as an outlier. On the other hand, Experiment 24

seems to follow the trend of other experiments. However, when its value does not follow the

one obtained by the theoretical probabilistic model (Fig. 6.5), which predict a much higher

retention factor for this ratio Dr . The coefficients of Eq. 7.1 for the best fit of β when either

Experiment 24 or 37 are excluded are presented in Table 7.2, with the standard deviation

error. The retention factors β obtained from this equation, for both optimizations, are plotted

against the ones obtained from the fit of the clogging model in Fig. 7.4. The coefficient of de-

termination R2 reaches respectively a value of 0.79 and 0.60. When plotted together with the

Table 7.2 – Results of the curve fit for of Eq. 7.1.

Coef. Excl. exp. 37 SE Excl. exp. 24 SE
C1 2.540 0.357 1.083 0.634
C2 0.217 0.044 0.557 0.219
C3 0.109 0.054 0.146 0.093

results of the probabilistic model (Fig. 7.5), the results of Eq. 7.1 with Experiment 24 excluded

show a relation that approaches the probabilistic model. On the other hand, the result when

excluding Experiment 37 gives a curve characterized by very low values of β until Dr is very
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Figure 7.4 – Comparison between β obtained through the fit of the proposed general clogging
model and the ones predicted using Eq. 7.1 and the two fits, excluding either exp. 37 or exp.
24. The black line correspond to the perfect fit.

close to 1. In the absence of a sufficient number of experiments in the interval Dr = [1−10],

it is not possible to conclude on the best coefficients for Eq. 7.1. A higher confidence exists

for the result obtained when including Experiment 24, together with a smaller fitting error,

but the curve obtained does not follow the general theory. It is important to note that a small

variation of the value of β can have an large influence on the clogging process. The value of β

for Experiments 23 and 24, at the limits of the studied range, are separated by a factor of less

than 3, which represents only an absolute difference of 0.035. Although a clear trend can be

observed, related to the variable Dr and i , the result of the regression does not give sufficiently

precise results to allow for a correct estimation of the clogging process. Thus, the use of Eq. 7.1

should be restricted to the interval Dr = [12−20], with a very important factor of incertitude.

The percolation gradient has a smaller effect on the retention factor, but the estimation of the

clogging using Eq. 7.1 can also lead to an important error in this case.

7.5 Discussions on the influence of the infiltration flow

7.5.1 General aspects

Regarding the exfiltration experiment, the shallower and reduced deposition is logical and

agrees with previous research on the subject (Schälchli, 1993). The upward percolation flow

reduces the penetration depth of advective flow from the surface, which results in a smaller

depth of clogging. Also, pores need to remain free of fine sediment to let the upward flow to

reach the surface, which reduce the maximum fraction of fine sediment that can be reached.

However, the measured fraction of fine sediment near the surface does not necessarily corre-

spond to the maximum fraction that can be reached in this situation, since the permeability
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Figure 7.5 – Comparison between the value of β from the clogging model fit, the probabilistic
model and the results of Eq. 7.1 with both fits. The error corresponding to one SE is also
plotted (dashed line) and show a very large uncertainty.

did not reach a plateau when the experiment was stopped. Regarding the permeability in

Experiment 22, it is also possible that part of its reduction can be attributed to repositioning of

fine particles like sand in the substrate resulting from the change in the flow direction.

The slope of the flume bed induced a varying percolation gradient along the flume. Exper-

iments analyzing specifically the percolation gradient were not carried out with important

bed slope, which means that the difference in the gradient between both ends of the flume

was limited. In the absence of a percolation gradient, i.e. when closing the infiltration outlet,

some hyporheic flow would still naturally occurs due to the pressure gradient resulting from

the slope of the flume. This explains the reason why a percolation gradient smaller than the

one of Experiment 21 (ig = 3.7%) was not tested, since the infiltration discharge would not

be entirely measurable through the infiltration outlet. Experiment 21 is therefore the most

sensitive to the slope effect (apart from Experiment 16 (Chap. 8)). In this experiment, the

percolation gradient at the downstream part of the flume reaches 1.2%, whereas it reaches

a value of about 6.7% at the upstream end. When looking at the vertical distribution profile

(Fig. 7.6, (a)), it appears that no difference can be clearly noticed in the measured samples, and

variation due to the local composition of the substrate seems to affect more the final result

than the change in the percolation gradient. A more important effect is however observed on

Experiment 16 (Fig. 7.6, (b)), which was characterized by an important percolation gradient

and a slightly negative gradient at the downstream end of the flume, in consequence of the

important slope of the bed in this specific case. Therefore, the slope can be considered to only

have a secondary effect on the experiment measurements used to analyze the influence of the

percolation gradient, as well as for the influence of the grain-size distribution.
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Figure 7.6 – Comparison of the vertical fine sediment distribution in the substrate along
the flume for experiments with significant spatial change in the percolation gradient. The
percolation gradients in each location are also given. In the lower diagrams, the results using
the reduced top layer are presented, where the top layer has been divided in a portion of
sediment corresponding to the layer below and a portion of coarse sediment of the surface.

Finally, it is also interesting to note that the degree of consolidation, evaluated empirically

during the collection of samples, was much higher in Experiment 20, with i = 42.5%. This

suggests that the porosity of fine sediment was smaller, due to the infilling of very small

particles inside the fine sediment medium.

In rivers, infiltration leads to an increase in deposition rate due to the filtering of suspended

fine sediment by the bed substrate. Based on the observations of the present research, areas

of the riverbed where infiltration flow is high should experience a reduction in infiltration flow

over time, as fine sediment is filtered by the riverbed. This process can take time, as the fine

sediment in this case is distributed over a larger volume of substrate. Where infiltration flow

is linked to river morphology, for example in a riffle and pool sequence, clogging of the riffle

head due to the flow pattern through the riffle should also lead to a reduction in exfiltration

flux on the tail of the riffle, allowing fine sediment to also settle in the tail in the long term, as

observed by Fox et al. (2018) for dunes.
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7.5.2 Clogging in the absence of percolation gradient

Due to the slope of the flume, but also to the need of an infiltration flow to measure permeabil-

ity, no experiment was conducted in the absence of a percolation gradient. Previous research

shows that fine sediment and clogging can still take place in the absence of a percolation flow,

due to the sedimentation of sand in the gravel (Gibson et al., 2009; Wooster et al., 2008) or to

surface flow induced hyporheic flow (Fries & Trowbridge, 2003; Mooneyham & Strom, 2018).

For a decreasing percolation gradient, an increasing influence of the hyporheic flow induced

by the surface flow should be observed. An initial idea was to differentiate the deposition that

can be attributed to the infiltration flow, to the surface induced hyporheic flow or to deposi-

tion outside of the flume bed. Due to difficulties in obtaining the fraction of fine sediment

deposited by advective flow, no quantification of this aspect was conducted. This is first due

to the fact that deposition in the system did not appear to be constant from one experiment

to the other. The proportion of the deposition in the substrate or in other part of the system

is therefore difficult to assess. Also, the recirculation of the finest fraction of fine sediment,

which was not filtered through the substrate layer, adds uncertainty in the modeling of the

deposition. However, by analyzing the deposition as a function of time, it appears clearly that

an increasing part of the deposition is due to other deposition processes than the infiltration

flow for decreasing percolation gradients. Under the hypothesis that this increase is primarily

attributable to an increase in the proportion of fine sediment deposited by advective flow, it

means that advective flow plays an increasing role in the deposition of fine sediment when

the percolation gradient is low. Deposition by advective flow seems rather similar over the

experiments studying the influence of the percolation gradient (Fig. 7.1, difference between

dashed lines and continuous lines), which tends to show that both infiltration and advective

flow deposition processes adds up. On top of that, this means that clogging still takes place

when no infiltration flow is observed, but the process is slower in time and takes place closer

to the surface.

7.5.3 Local versus global permeability

Research gaps identified in the state of the art (Chap. 2) revealed that the use of the percolation

gradient in Schälchli (1995)’s model could not be well generalized to situations other than

that presented in his experiments. This is due to the determination of the filter resistance

factor r that depends on the percolation gradient i as measured in the specific case of the

experimental setup. With the experiments carried out in the present research, the same

situation unfortunately applies due to similar reasons.

Research usually distinguish two types of filtration processes regarding infiltration flow and

percolation gradient. On the one hand, filtration under constant filtration flow is characterized

by an increasing percolation gradient as the filter gets clogged. The increasing percolation

gradient is compensated by an increase in the pressure delivered by the pump. On the other

hand, filtration under constant percolation gradient between both side of the filter results
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in a decrease of the filtration flow with the clogging of the filter. This case usually applies to

natural percolation flow since the percolation gradient is often determined by the pressure

difference between two locations where the pressure only vary slightly with time. However, in

the presence of clogging, the observation of the percolation gradient at the small scale will

exhibit an increase in the local gradient as fine sediment accumulates. This implies that the

minimum pressure that can be reached by the aquifer system below the clogged layer will

define the conditions when the bed is completely clogged.

The pressure difference between the surface flow and the minimum pressure that can be

reached below the clogged layer defines therefore how important the percolation gradient

can be across the clogged layer. On the other hand, the permeability defines the infiltration

rate. The infiltration rate has an influence on the quantity of fine sediment that deposits

over time, and on the deposition of particles in the substrate since a higher velocity reduces

deposition (Y. Cui et al., 2008). A high pressure difference ∆p may also have an influence on

the deposition since a higher pressure gradient across a particle can limit the bridging of pores.

In the specific case of the experiments carried out in this study, setting a same constant

gradient over a longer depth in the substrate would have led to a larger pressure potential.

Starting from a similar percolation gradient and infiltration flow, this thicker layer of substrate

would have resulted in a slower decrease of the infiltration flow over time, due to the higher

pressure difference across the substrate. This actually happened in the first set of experiments

carried out with the finer silt [0-40], since the gradient was set between the weir outside of

the flume and the surface flow. Head loss in the pipes resulted in a similar effect as a thicker

substrate layer (with different characteristics). An increase in the gradient was observed across

the substrate layer (Fig. 7.7) which resulted in only a small decrease of the infiltration flow

with time and a much longer clogging process until reaching a completely clogged bed in

comparison with experiments using a constant gradient. This phenomena was also observed

in the experiments with variable flow (Chap. 9), since the infiltration weir was not adjusted.

On the other hand, if a constant gradient had been defined across a smaller portion of the

substrate, it can be hypothesized that the clogging process would have resulted in a decrease

of the permeability, but with a less compact and more permeable clogged layer, associated

with a smaller depth of intrusion, opposite to the case described with a thicker substrate layer.

A way to study both the aspect of pressure differential and infiltration flow would be to

test experiments with either a constant initial percolation gradient i0, or with a constant

total pressure differential ∆p0. Figure 7.8 illustrates these aspects. In red, experiments with a

constant percolation gradient i0 but different lengths of percolation could allow for the study

of similar initial conditions, but varying the pressure differential. In the opposite, the green

experiments would allow testing the influence of different initial infiltration flow, but with a

same pressure differential∆p0. In blue, the type of experiments studied in the present research,
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Figure 7.7 – Results for Experiment 5, performed with finer silt [0-40] and a gradient that varies
with time due to the fixed outlet weir. The gradient increases with time and the infiltration
flow only decrease slowly (lower left). Experiment lasts in consequence longer (also due to
finer silt). Intrusion depth is also slightly more important.

where both the pressure differential and the initial infiltration flow vary proportionally.

In the absence of such analysis in the current state of the research, a solution can be

proposed when clogging takes place on a similar substrate depth. Under the hypothesis that

the relation between β and the percolation gradient remains constant (β(F ) =C st), a local

gradient defined over a same substrate depth as in the present study could be computed

in general cases, associated with a variation of the retention factor as the clogging process

modifies the local percolation gradient. This hypothesis should however be confirmed by

future research.
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Figure 7.8 – Different way to study the influence of the percolation gradient through a column
of sediment, with constant pressure differential between the surface and the measurement
point (colored points). In blue, vertically, experiments done in the present study. In red,
experiment with constant percolation gradient, ∆p changes from one experiment to the other.
In green, constant ∆p , with varying gradient of percolation, resulting in different initial flow
conditions.

7.6 Discussions on the clogging model

7.6.1 Differences between the experiment results and the general clogging model

The general clogging model proposed in Chap. 5 is able to reproduce well the different exper-

imental results when finding an optimal retention factor β. However, as shown in Sec. 7.3,

some experiments present a mismatch between the measurements of the permeability and the

model, that can also be associated with a wrong estimation of the deposited quantity of fine

sediment. In the case of Experiments 18, 19 and 20 (and, to a lower extent, Exp. 29), a stronger

reduction of the permeability took place for each unit of sediment deposited in the substrate

in comparison with the proposed clogging model, at the beginning of the process. In other

words, the permeability decreases more rapidly and does not show a first phase with a slow

decrease as observed in most experiments. This can be attributed to the vertical distribution

of the fine sediment in the substrate, which is in fact not precisely modeled, or to the filtration

model itself, that defines the permeability in function of the fraction of fine sediment. The

hypothesis of a uniform retention factor for each experiment is necessary since information
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on the local composition are not precisely measured. However, they can have a significant

effect on the final result.

The method to estimate the degree of filling of the pores next to the surface has already

been discussed in Sec. 5.2.3. Vertical distribution profiles presented in Fig. 6.3, 7.2 and 7.6 are

not presented using the reduced layer, as was used in Sec. 5.2.3. This is done for readability

reasons, since the fraction of fine sediment in the top layer resulting from the use of the reduced

layer (part of the grain-size distribution equal to the one below) is much more important,

reaching values between 0.6 and 0.8. A degree of filling approaching 100%, which seems to

be observed by the end of experiments where a permeability has reached a very low level,

implies that an important retention of the particles takes place near the surface, over a few

d15,s . It is interesting to examine the vertical distribution profiles from Experiment 16, where

the experiment was interrupted halfway through to analyze the distribution of fine sediment

prior to a declogging experiment. In these samples, the ratio F /FS next to the surface does not

show any important fraction of fine sediment in the first layer. This suggests that a gradual

filling of the pores in the substrate in the form of an exponentially decreasing profile takes

place until a certain degree of clogging is reached in some layers. After reaching that limit,

fine sediment is not able to penetrate in the substrate anymore and fills the pores on top of

that layer until saturation. It was therefore decided to prefer a vertical distribution profile

from the model that fits well the measurement below the first layer. A solution to include this

subsurface deposit would be to define the evolution of the retention factor as a function of

the F /FS fraction, with a threshold when the fraction reaches a certain level. Alternatively, it

can be noted that taking the full layer on the top of the substrate instead of the reduced layer

leads to a much better modeling of F /FS near the surface. More research is therefore needed

to understand what happens at the interface between the substrate and the surface flow.

7.6.2 Relative role of sediment composition and percolation gradient

Quantitatively, for the tested material and conditions, and following the proposed empirical

relation for the retention factor beta, an increase of d15,s by 20% results in a similar change of

the retention factor as an increase of 75% of the percolation gradient i . Similarly, an increase

of d15,s by 20% must be coupled with a division by two of the percolation gradient to obtain a

similar retention factor. In this case, although the theoretical vertical distribution is the same

when the bed reaches full clogging, the time evolution is very different. A significantly faster

reduction of the permeability in time is indeed observed with a combination of a smaller

grain-size ratio Dr and a high percolation gradient i . This means that the depth of clogging

and the reduction of permeability is much more sensitive to changes in the composition than

changes in the percolation, although the latter also influence the time component of the

clogging process.

The respective roles of infiltration flow and differential pressure across the clogged layer

cannot be identified through the series of experiments carried out in this research, as discussed
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earlier. This leads to difficulty in giving simple quantification factors for the effect of an

increase in the infiltration flow on the development of clogging with time. However, regarding

the flux of fine sediment that deposits in the riverbed, doubling the percolation gradient results

in a slower reduction of the permeability with time than a doubling of the concentration.

7.6.3 Application of the clogging model

The performance of the model can be tested by implementing Eq. 7.1 in the general clogging

model, to estimate of the clogging process and characteristics over time for some experiments

used to fit this model, but also Experiment 16 with a variable percolation gradient along the

flume. For this purpose, the channel is divided into 25 sections of 25 cm that allows for the

calculation of the local percolation gradient.

The application of the general clogging model to a selection of experiments (14 to 21, 23, 24,

31, 37 and 38), based on the specific characteristics of the sediments and the local percolation

gradients along the flume, shows that the model is only able to reproduce well the evolution of

permeability in time for a small selection of experiments. However, the vertical distribution

of fine sediment and the infiltration discharge over time are usually well reproduced. The

clogging process seems to be very sensitive to the retention factor, and experiments with a

factor β close to the fit of Eq. 7.1 obtain better results.

Applying the model to Experiment 16 (Fig. 7.9) shows an important difference in the

clogging process between the upstream and downstream part of the flume due to an important

variation of the percolation gradient. The decrease of permeability with time is underestimated

by the model, although the infiltration flow is approaching the measurements. The saturation

of pores is overestimated by the model except in section C. Experiment 21, which is also

characterized by an important relative variation of the percolation gradient, shows that the

permeability is almost 10 times smaller in the upstream part in comparison to the downstream

end of the flume, at the end of experiment (Fig. 7.10).

7.6.4 Limitations

Despite the good results obtained to reproduce the measurements when a retention factor is

fitted, the evaluation of the retention factor using characteristics of both the substrate and

the interstitial flow (β= f (Dr , i )) fails at providing sufficiently precise results that would allow

for a good estimation of the clogging process under given circumstances. The use of this

clogging model and more specifically the empirical formula for the determination of β must

be therefore restricted to the range of value tested. To this regard, the design of experiment did

not explore well the whole spectrum of the variation of Dr and i , since the percolation gradient

was only tested for a rather similar grain-size distribution, which also limits the application of

the proposed formulation, but could be improved by future works.
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Figure 7.9 – Results from the modeling of Experiment 16, taking into account local percolation
gradients along the flume, and comparison with the measurements.

7.7 Conclusion

The percolation gradient influences the clogging process by first accelerating the infiltration

rate of silt, resulting in a faster clogging process. It also increases the depth of clogging, which

is associated with a higher quantity of deposited material for a same reduction of permeability.

This analysis is confirmed by previous studies on the subject. By combining the influence of

the grain-size distribution and the percolation gradient, it is possible to propose a relation

between those parameters and the dimensionless retention factor. This retention factor can

then be used to compute the evolution of vertical distribution of fine sediment in the substrate,

but also the evolution of the permeability with time using the model proposed in Chap. 5.

However, the limited number of experiments and the large scatter of the dimensionless

retention factor when plotted against the ratio Dr or the percolation gradient i implies an
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Figure 7.10 – Results from the modeling of Experiment 21, taking into account local percolation
gradients along the flume, and comparison with the measurements. The permeability evolves
differently between the upstream part (yellow) and the downstream part (blue)

important uncertainty, which limits the application of this equation to concrete cases.

By studying into more detail the influence of the percolation gradient and infiltration flow

on the clogging process, it was also observed that the methodology used in this study and

previous ones does not allow to understand correctly the effects that these parameters have

on the clogging process. Future studies should distinguish the effect of the infiltration flow

and the effect of the maximum pressure difference between both sides of the clogged layer.

This would allow to generalize better the findings to concrete cases since this would avoid

issues linked to the specific case of flume experiments, where the percolation gradient is set

and controlled over a same substrate depth that has no equivalent in rivers.
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8 Influence of flow conditions

Section 8.2 is partially based on the conference paper entitled “Limits between surface and inner

clogging of riverbed by fine sediment”, by R. Dubuis and G. De Cesare, presented as an oral

presentation at the conference RiverFlow 2022.

8.1 Introduction

In Chap. 3, a conceptual model for the deposition rate as a function of the shear velocity is

presented. The experiments conducted in this study cover some of the situations presented in

this conceptual model, which is again presented in Fig. 8.1. The aspects treated in this chapter

concern different parts of that conceptual model and can be summarized as following:

• Surface clogging process in the presence of an infiltration flow,

• Limit between surface clogging and inner clogging, i.e. the transition between pure

sedimentation and no possible deposition at the surface of the substrate,

• Inner clogging and deposition by surface flow induced hyporheic flow,

• Declogging depth in the case of bed mobilization and effects on the permeability.

The characteristics of the experiments conducted to study the influence of the flow conditions

on the clogging process are summarized in Table. 8.1. All these experiments were done using

a target maximum concentration of 1 g/L and used the fine sediment composition [0-63]

µm. Experiments with different surface substrates are also included since deposition also

interacted significantly with the flow.

8.2 Surface clogging

Surface clogging, i.e. the process that leads to the deposition of fine sediment on the bed,

has been mostly studied through the analysis of the erosion process of both cohesive (e.g.
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Figure 8.1 – Schematic illustration of the rate of deposition (α= 1 means the flux is equal to still
water sedimentation) as a function of the shear velocity on a flat bed. Below the critical shear
velocity of fine sediment (here d f = 0.1 mm), surface deposition takes place (with possible
inner clogging). Above this shear velocity, only inner clogging can take place. The rate of
deposition depends on the permeability of the substrate and the shear velocity. Above the
critical shear velocity of the surface substrate, the bed is mobilized and deposition is impaired.

Table 8.1 – List of experiments with specific boundary conditions

Parameter Exp. # i a [%] J b [‰] Qc [L/s] Sub.d [mm] Av. u∗ [cm/s] α∗e [-] α1
f [-]

Flow conditions 17 11.9 0.5 2.3 0-8 0.88 0.15 Cst. 15
18 9.2 2.5 4.1 0-8 2.97 1.75 Var. [2;0.002]
base 7.3-8.0 4.5-5.2 2.3 0-8 3.2-3.5 var. var.
14 10.6 4.5g 5.2 0-8 3.44 2.00 Var. [7;0.007]
16 10.9 16.5 2.3 0-8 5.28 2.00 Var. [1;0.001]

Substrate 30 9.0 4.5 2.3 4-8 3.46 2.00 Cst. 6
28 8.5 2.3 2.3 8-16 2.79 1.00 Cst. 0.75
27 9.1 5.4 2.3 8-16 3.70 0.50 Cst. 0.5
26 13.3 17.5 4.1 8-16 6.48 0.2 Var. [2;0.002]

Repeatability 15 7.3 4.5g 2.2 0-8 3.22 N.C. N.C.
(base) 31 7.7 4.5 2.3 0-8 3.31 0.15 Var. [1.5;0.0015]

37 7.5 4.6 2.3 0-8 3.43 1.75 Var. [1;0.001]
38 8.0 5.2 2.2 0-8 3.53 0.80 Var. [1;0.001]

Limit surf. clog. 25 5.0 16.7h 2.2 0-8 var. 1.25 Cst. 2
a Average percolation gradient along the flume
b Average slope of the substrate
c Average (constant) surface flow discharge
d Max (FS, d95) / Range (Substrate) of sediment diameter
e Estimated by fitting deposition model
f Estimated by fitting deposition model. Constant implies proportion of α3 and α1 is not exact. Var. means α1 was varied within the range

using "logspace" values, i.e. exponentially decreasing values as an approximation for the decreasing surface permeability.
g Not measured, estimated from initial protocol
h Substrate slope, surface flow quasi horizontal (no uniform flow)
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Haddad et al., 2023; Jain & Kothyari, 2009; Mehta & Letter, 2013) and non-cohesive material

(e.g. Legout et al., 2018; Vericat et al., 2008). Some research also studied the critical shear stress

for deposition, even though less literature exists. Relevant aspects regarding surface clogging

are the flow conditions that allows for deposition and erosion of fine sediment on the surface

of the riverbed and how it affects the permeability of the bed. On top of these aspects, the

influence of a percolation gradient can also be explored. Two different experiments have been

conducted to analyze surface clogging. Experiment 17 presented uniform flow conditions

along the whole flume which allowed for surface clogging. On the other hand, Experiment 25

was designed specifically to estimate the limit between inner and surface clogging, by using a

flume with continuously varying flow conditions that allows determining the conditions that

lead to the deposition of suspended fine sediment.

8.2.1 Limit for surface clogging

In still water and absence of convection flow, all particles deposit given sufficient time. With

increasing shear stress and turbulence, only particles over a certain diameter are able to

deposit. The limit between surface clogging and inner clogging has not been much discussed

in the existing literature. The critical shear stress leading to the motion of particles at the

surface of the bed has been studied for gravel and sand (e.g. Buffington & Montgomery, 1997).

Some experiments on cohesive sediment have also been performed (e.g. van Rijn, 2020).

Deposition of fine sediment like silt, on the other hand, has been less subject to research,

especially on riverbed substrate.

Theoretical background

Fine sediment responsible for surface clogging is mainly transported as suspended load, even

though sand can also be transported as bedload. The suspended sediment concentration

varies across the water depth for the various particle sizes. Very fine sediment is transported

as wash load and show a uniform distribution of concentration across the water depth. Larger

particles show higher concentration at deeper level in the water flow. The distribution of fine

sediment in the water column depends on the vertical turbulent mixing which depends on

flow conditions (e.g. Julien, 2010). When the turbulent upward flux is sufficient to balance the

fall velocity of particles, they are kept in suspension (see also Sec.2.3.1). The critical shear stress

above which particles are in motion is usually defined using the Shields diagram or the variant

proposed by Yalin and Karahan (1979), expressing the critical dimensionless shear stress in

function of the dimensionless diameter. It allows to calculate the incipient motion (Fig. 8.2).

Different studies have shown that the incipient deposition, i.e. the shear stress below which

deposition occurs, is different from the incipient motion (Andersen et al., 2007; Unal, 2018).

A lower level of shear stress is required to observe deposition compared to incipient particle

motion. In the range of fine to very fine sediment, cohesion and flocculation exist between

particles, which also have some effects on the incipient motion and deposition (Mehta &

Letter, 2013). Cohesion increases the shear stress needed for the incipient motion.
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Figure 8.2 – Critical shear velocity for the incipient motion of particles in function of the
diameter, adapted from Yalin and Karahan (1979) with upper and lower threshold based on
the data analysis from Paphitis (2001), for quartz grains (2650 kgm−3) and water temperature
around 20 ◦C.

Method and experimental setup

Experiment 25 was conducted in the same flume as the other experiments, with a modified bed

and flow conditions adapted to analyze the limit between surface and inner clogging (Fig. 8.3).

To be able to analyze the limit of surface deposition with regards to the flow conditions, a

continuously changing water depth was obtained by building a slope of 1.6% and a nearly

horizontal flow surface (Fig. 8.3). It resulted in a water depth varying between 3.8 and 14.2 cm

for a constant surface flow discharge of 2.24 L/s. The shear stress changed accordingly along

the flume length (Fig. 8.4).

Fine sediment was added in a similar way to the other experiments, with a target concen-

tration of 1 g/L. The experiment was stopped when an adequate quantity was deposited on

the surface of the substrate allowing the analysis of deposition patterns. The accumulation of

fine sediment would otherwise continue since no limitation exists in the absence of sufficient

erosion forces near the bed surface.
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Figure 8.3 – Experimental setup used to analyze the limit between inner and surface clogging.
The three sections A, B and C correspond to the location of sampling. QSF and QI F are
respectively the surface and infiltration discharge flowmeters. Note that the sediment and
water depth hs and hw varies along the length of the flume, with a quasi horizontal water
surface.

The use of white quartz flour as fine sediment allowed using the contrast with the gray/-

darker substrate to identify surface clogging easily. Pictures of the whole surface after the

experiment allow estimating the proportion of the surface covered by fine sediment. The

quantity of fine sediment deposited inside and on top of the riverbed was also measured by

collecting samples of the substrate. Samples were collected in the 3 locations, slightly shifted

from the usual locations (Fig. 8.3 and 8.6). At each location, 6 horizontal layers of the substrate

were collected with a thickness between 1 and 1.3 cm, and analyzed according to the protocol

presented in Sec. 4.3.4.

The infiltration gradient was fixed at a global value of 3.8% between the surface and the

piezometer on the bottom of the substrate layer. This value was chosen to allow the mea-

surement of the hydraulic conductivity with sufficient accuracy without inducing important

deposition of fine sediment through infiltration.
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Figure 8.4 – Water depth along the flume with corresponding water head and shear velocity u*,
fitted on the substrate and water level measured in situ.

Results

Experiment 25 was run over 33.5 hours. The total quantity of fine sediment added was 4.5 kg.

A small part of this quantity deposited however in low circulation zone inside the system. At

the end of the experiment, an important quantity of fine sediment could be observed on top of

the substrate over an important part of the total surface. Only a small part of the substrate was

covered in the area close to the inlet, corresponding to covered interstices between coarsest

particles of the substrate (Fig. 8.5 (a)). The quantity of fine sediment covering the substrate is

observed to increase gradually until it covers almost all particles of the bed with a layer of fine

sediment (Fig. 8.5 (b) and (c)). The particles that remain visible are the coarsest particles with

diameter ranging between 6 and 8 mm.
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Figure 8.5 – Surface of the substrate at different positions along the flume (distance marks
in [m] from the inlet): (a) mostly inner clogging, (b) mostly surface clogging, (c) transition
between inner and surface clogging.

By analyzing the pictures of the bed surface using the contrast between fine sediment

and the substrate, the gradually increasing coverage of the substrate appears clearer (Fig. 8.6).

It keeps increasing until a distance of about 2.6 m from the inlet. From that point, it varies

locally due to the presence of gravel nests. Values of around 95% of the surface covered by fine

sediment are reached all over the remaining part of the flume. The limit between the gradually

increasing surface cover and the fully clogged substrate surface corresponds to a shear velocity

of around 1.4 cm/s. According to Fig. 8.2, it corresponds to grain diameters situated between

60 and 600 µm, given that an envelope is situated around the curve as shown by Paphitis

(2001). It means that the shear velocity (and shear stress) at that location is higher than the

critical shear velocity of suspended material. At the location where the surface covered by fine

sediment starts to increase, the shear velocity of 2.5 cm/s corresponds to the critical shear

velocity for grain diameters situated between 0.7 and 1.4 mm. The calculation of the Rouse

number indicates that the coarsest part of the fine sediment is mostly transported close to the

surface of the bed, especially toward the end of the flume. Particles corresponding to d50, f

and less are spread equally over the water depth along the whole flume.
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Figure 8.6 – Surface covered by fine sediment (FS) along the flume, based on the analysis of
pictures of the surface, plotted together with the shear velocity. On the lower diagram, fine
sediment is represented in white, similar to the color of quartz flour. The sampling locations
and picture locations of Fig. 8.5 are also indicated with the corresponding letters.

Vertical distribution profiles of the fine sediment fraction obtained from the three sample

locations show that fine sediment was able to penetrate inside the substrate in all locations,

due to hyporheic flow and infiltration (Fig. 8.7). The lower the shear velocity is, the more fine

sediment accumulated on top of the substrate. A clear difference can be observed between

the first sample location, where only inner clogging takes place, and the 2 other locations

with inner and surface clogging. In the first location, the saturation of pores by fine sediment

corresponds to the amount observed in similar experiments with complete inner clogging of

the substrate. The proportion of fine sediment in the other two locations is much higher. The

reduction of the permeability appeared to decrease slower than in the case of experiments with

only inner clogging. However, it decreases faster than in Experiment 17 where only surface
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clogging took place (see below). The deposition rate in Experiment 25 is also smaller than in

Experiment 17.

Figure 8.7 – Vertical profiles of the quantity of fine sediment in the substrate by layer at the
three sampling locations (Fig. 8.6).

8.2.2 Characteristic and development process of surface clogging

Surface deposition characteristics

Surface clogging under uniform flow conditions was tested using a very small slope of 0.5‰,

combined with an important water depth of 12.1 cm in comparison with the other experiments,

that ensured a very low shear velocity of 0.88 cm/s. This shear velocity corresponds to the one

reached close to the end of the flume in Experiment 25 described in Sec. 8.2.1. In a similar

way to other experiments, an infiltration gradient was set to measure the evolution of the

permeability with time. This infiltration flow has also an influence on the deposition since

about half of the total deposited mass can be attributed to infiltration in this experiment. To

model the deposition of fine sediment in the case of Experiment 17, the adaptation of the

deposition model proposed in App. A.1 was used to increase the fraction of particles that can

deposit at natural fall velocity in calm water due to low shear stress. The deposition rate factor

α1 obtained for Experiment 17 is equal to 15, which implies that all particles above 50µm fall

at their natural fall velocity and particles below fall at a slower velocity.
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Figure 8.8 – Pictures of the bed surface at different positions along the flume, at the end of
Experiment 17. Gravel nests (a), partial cover (b) and complete cover (c) can be observed,
regardless of the position along the flume.

Pictures of surface clogging are shown in Fig. 8.8. Surface clogging resulting from the

deposition of silt-sized particles took place along the whole flume at the same time, and

no fine sediment "front" was observed. The small dunes that are observable in some areas

(horizontal darker lines in Fig. 8.8 (c)) show that a small erosion and deposition cycle takes

place on the surface. Some areas of the substrate were completely covered by silt, whereas

other areas showed coarse particles of the substrate protruding partially. In other areas, finally,

nests of coarse substrate were visible, without large quantity of fine sediment. A larger porosity

of the substrate at the surface was observed in those locations, and clogging took place below

the surface. The same situation was observed in Experiment 25, with the presence of gravel

nests in locations along the flume where the surface was clearly clogged (8.5 (b)).

Vertical distribution of fine sediment

The vertical distribution profiles of the fine sediment in the substrate (Fig. 8.9) also document

how deposition takes places in the presence of a combination of infiltration and surface

clogging. In Experiment 17, a large quantity of fine sediment deposited on the first layer

(layers measured from the surface of fine sediment). The saturation of pores F /FS reaches a

value of about 1 in the surface layer, which means that the entire pores volume including the
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Figure 8.9 – Vertical distribution profile of fine sediment in and on top of the substrate for
Experiment 17, compared with the results of Experiments 25 and 15. The first layer takes into
account the fine sediment quantity from the top of the substrate or the fine sediment cover in
the case of surface clogging.

volume between the protruding coarse grains are filled. The value of the ratio F /FS below that

first layer is similar to the one observed in the other experiments, without surface clogging (exp.

15) or with gradually increasing surface clogging (exp. 25). In comparison to Experiment 25, it

can be noted that despite having about the same flow conditions in the Section C of the flume

as in Experiment 17, the ratio F /FS is smaller. This can be attributed to the total mass of fine

sediment brought to the system, which was smaller in Experiment 25 (3.8 kgm−2 in exp. 25,

6.6 kgm−2 in exp. 17).

In the case of Experiment 17, the permeability has been observed to decrease much

slower than in other experiments for a same amount of deposited fine sediment (Fig. 8.10).

It must first be noted that the initial permeability in that experiment was smaller than in

most other experiments, at about 5.35×10−11 m2, whereas most experiments are situated in

the range 6×10−11 m2 to 1.2×10−10 m2. This implies that despite a percolation gradient of

11.9%, the infiltration flow corresponds approximately to other experiments like 15 or 31. The

important quantity of fine sediment deposited inside and on top of the bed does not result in a

strong reduction of permeability as was observed in the experiments with inner clogging. The

low permeability of the fine sediment material (estimated around 5×10−14 m2), if distributed

uniformly over the bed surface, should have resulted in a much lower permeability. In addition,

fine sediment measured inside the bed should have further increased the resistance of the

filter.
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Figure 8.10 – Evolution of the permeability and filter resistance over time, and cumulative
deposition for Experiment 17.

The evolution of the filter resistance with time suggests clearly a process of cake filtration,

with a linear increase in the filter resistance with the mass of deposited fine sediment, even

though the linearized cake filtration law does not show a clear trend. In the beginning of

Experiment 17, the filter resistance does not increase linearly, which suggest that inner clogging

take place at that time, with a typical slow increase in the filter resistance as observed in most

experiments.
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8.2.3 Discussion on surface clogging

Limit between surface and inner clogging

Observations of surface deposition in Experiment 25 are in agreement with the report of

Schälchli, Abegg + Hunzinger (2002) suggesting that the smallest fraction of fine sediment

such as silt and clay can deposit for water velocities lower than 0.2 m/s. This velocity is reached

at about 2.25 m from the inlet in Experiment 25. Cunningham et al. (1987) observed a velocity

limit of 0.27 m/s, which is also situated in the same range of value. The mean velocity does

not take into account important characteristics of the flow such as turbulence intensity, water

depth and shear stress. These parameters are however important in the process of deposition.

The use of the shear velocity or dimensionless shear stress is therefore better, even though

more difficult to estimate in the field. To this regard, a recent study (Czuba et al., 2022) has

been estimating the shear velocity in some river stretches using both in stream measurements

and remote data to evaluate how silt cover and embeddedness varies with shear velocity. This

study also presents a decrease of the surface covered by silt with increasing shear velocity.

However, their results correspond to much higher shear velocity, with full embeddedness at

0.1 m/s and an embeddedness of about 20% for a shear velocity of about 0.5 m/s. The limit

value of 0.1 m/s for full embeddedness can be linked to sand deposition rather than silt, in

combination with possible scale effects between laboratory experiments and field studies.

The gradually increasing cover of the substrate indicates that a larger quantity of fine

sediment in suspension is able to deposit as the flow slows down. Macropores surrounding

the gravel particles provide areas where flow conditions allow deposition, with a shading

effect (Dermisis & Papanicolaou, 2014). This observation can also be the results of hiding-

exposure effect (McCarron et al., 2019), which has an effect on the critical shear stress needed

to mobilize fine sediment located in between larger substrate particles. Links can also be done

with the observations of Experiments 26 to 28, where cobbles prevented the erosion of fine

sediment at their base, with a stronger effect as the shear velocity decreased. When the surface

covered by fine sediment reaches a maximum value, fine sediment that can deposit from that

point includes a large fraction of the fine sediment mix. The limits identified in this study

should be confirmed by future studies, since the duration of the experiment may change the

position of the limit. Also, the influence of the protruding grains should also be analyzed. As

observed in that experiment, the theoretical conditions for deposition were not met for the

deposition of most of the grain sizes in suspension. Moreover, the deposition threshold should

even be situated below the incipient motion. Different hypothesis can be developed. First,

even though flocculation did not seem to be important for the concentration and material

used in that experiment, it could help the deposition of very fine material. Silt-size particle

can aggregate and change their fall velocity due to cohesion forces (Sun et al., 2018). Cohesion

has also been shown to affect the erosion and deposition processes (Mehta & Letter, 2013).

The rather low level of concentration used in that experiment should however not affect the

clogging process, apart from the deposition rate (Cunningham et al., 1987; Fetzer et al., 2017).

Secondly, the shading effect of gravel may help the deposition of fine sediment, at least in
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the early phase of the experiment. Thirdly, although the coarsest particles of fine sediment

are able to deposit on the surface it is possible that the finest particles are only deposited by

filtration through the substrate induced by the percolation gradient. As described in next

paragraph, infiltration in the case of surface clogging is concentrated in areas of the substrate

which offers a higher infiltration rate that prevents any surface clogging. Areas covered by

fine sediment on the other hand are subject to almost no infiltration flow and participate only

marginally in the filtration of very fine sediment. Finally, the limited length over which the

flow is varied may have an effect on the deposition pattern. The momentum of turbulent

structures can remain over a short distance after the corresponding water depth where they

would occur in a uniform flow. However, these aspects correspond to situations that can also

occur in rivers.

More fine sediment was deposited in the last sample location in comparison with the

second location. It can be due to irregularities of the bed or to local variation of the porosity of

the subsurface undetected by the sample analysis. A larger porosity leads to a higher volume

available for fine sediment in the subsurface of the bed. Some gravel nests can be observed

in different locations as can be seen in Fig. 8.5 (b) and Fig 8.6 between 4 and 5 m from the

inlet. The presence of gravel in the upper part of the grain-size distribution in these locations

suggests the presence of preferential infiltration path as shown in next section. Therefore,

clogging took also place below the surface in these specific areas.

Infiltration rate and gravel nests

A hypothesis to understand the lower permeability reduction in the case of surface clogging

comes from the presence of areas without any surface clogging in Experiments 17 and 25.

The coarse substrate particles which cover these areas suggest the presence of preferential

infiltration zones. Although the presence of a local higher infiltration flow should theoretically

induce the acceleration of clogging in this area due to the larger rate of intrusion, the interstitial

flow seems to have been able to distribute fine sediment in a larger volume of the substrate,

limiting its effect on the permeability. It is also important to note that approximately 2/3 of the

total deposited fine sediment (the total includes deposition in the system) can be attributed to

infiltration in Experiment 17.

This hypothesis is illustrated in Fig. 8.11. In areas where the infiltration rate is small,

due for instance to the presence of finer substrate below the surface, the infiltration of fine

sediment is also reduced. The reduction of the permeability by fine sediment in those areas

is limited to the surface and sub-surface. Under conditions that allows for surface clogging,

and since the infiltration rate is small, particles that settle in those areas build a layer of fine

sediment on top of the substrate. In contrast, the areas where the infiltration flow is important

do not allow for surface deposition since the important infiltration rate entrains particles

inside the substrate. Interstitial flow can distribute fine sediment in suspension in a large

volume below the bed surface depending on the current lines. This means that particles

infiltrated through these preferential paths are spread over a large volume which reduces
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their impact on the permeability. With the concentration of the infiltration discharge over a

decreasing bed surface, as the surface clogging limits the infiltration over covered surface, the

infiltration rate in preferential paths locations is increased. This can further distributes fine

sediment in a large volume of the substrate. This hypothesis is specific to the present case of

silt depositing on a substrate composed of a mix of sand and gravel. In rivers, the transport of

sand combined with silt could result in a different observation since fine sand would fill the

pores before the clogging of this sand by finer particles. It is however interesting to observe

that an interaction exists between surface clogging and infiltration flow, in the presence of a

non-uniform substrate.

Figure 8.11 – Possible reason for the presence of gravel nests in the presence of surface clogging
combined with infiltration flow. (a) surface observation (b) observation of the process from
the side.

To summarize, surface clogging of silt depends on the flow conditions that allows sediment

to deposit on the surface, but also on the infiltration rate where this fine sediment deposits.

The experiments carried out in this experimental setup, with a substrate that is not sufficiently

uniform, do not allow to study the effect of pure surface clogging on the permeability of the

bed. Interaction between surface water and the hyporheic zone is still taking place due to

preferential infiltration zones, but areas covered by silt are likely to interrupt all exchanges

between the surface flow and the hyporheic zone. However, this layer of fine sediment is

easily erodible by a small increase in the shear stress. Thus, they represent only a limited
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issue regarding the long term reduction of the permeability in comparison with inner clogging

that needs substrate mobilization for the release of the fine particles to the surface flow (see

Sec. 8.4 and Chap.9).

Finally, regarding the deposition rate in the case of surface clogging, the deposition model

for Experiment 17 takes into account an important deposition rate factor α1 = 15 which

implies that a large fraction of suspended sediment is able to settle at the fall velocity of

particle in calm water. Since this model seems to work well for the present study, it would

be interesting to test experiments with different shear velocity to see how the deposition q

[m/s] change with the shear velocity. Alternative models exist already, such as the one used

to estimate deposition and erosion in some sediment transport models, and first developed

by Krone (1962). This model of deposition is for example used by Haddad et al. (2023) and

defined as:

q = cv ws,i

(
1− τb

τcd ,i

)
i f τb < τcd ,i (8.1)

Where τcd ,i is the critical deposition shear stress for particles of diameter di , τb is the bottom

shear stress and ws,i the fall velocity of particle of diameter di . Future experiments could

investigate further the influence of the shear stress on the deposition of fine sediment, and in

particular silt, to improve the prediction of deposition in low shear stress conditions.

8.3 Inner clogging

Four experiments were carried out to study the influence of the flow conditions on the clogging

process, on top of the “base” experiments. Experiment 17 focused on the surface clogging and

was treated in last section. Experiments 14, 16 and 18 were performed to study the influence

of the flow conditions on the inner clogging process. Due to a non-appropriate design of the

flow conditions for Experiments 14 and 18, these experiments were characterized by a shear

velocity very close to the one studied in the “base” experiments (3.44, respectively 2.97 cm/s

in comparison with 3.2 to 3.5 cm/s for “base” experiments). Hence, they were also used in the

analysis of the influence of the grain-size distribution. Finally, Experiment 16 was strongly

influenced by a differential gradient between the upper and lower part of the flume, as a

consequence of the important slope of 1.6%. Therefore, it is difficult to draw clear conclusions

on the effect of the flow conditions in this experiment, despite having a much higher shear

stress. Also, Experiment 16 was not conducted without interruption between the beginning

and the complete clogging of the bed due to sampling procedure used to compare the effect

of declogging (see next section).

Based on the literature review, a change in the shear stress is suggested to change the

hyporheic flow induced by the surface flow through advective pumping. This additional

interstitial flow can increase the deposition rate (Fries & Trowbridge, 2003). The effect of the

shear stress should therefore result in a change of the fraction of fine sediment deposited

by other processes than pure infiltration, i.e. an increase in the deposition factor α1 for
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an increase in the shear stress. No clear influence can be observed in the deposition rate

between Experiments 18, 15 and 16. The fitting of the deposition model did not reveal any

specific changes in the deposition rate coefficient α1 in relation to the flow conditions for the

experiments that only showed inner clogging. Indeed, experiments analyzed in Mooneyham

and Strom (2018) did not show any clear influence of the shear velocity on the deposition rate

for the sediment mixture composed of both sand and gravel. For a substrate composed of

gravel, with a higher permeability than the other tested composition, the effect of the shear

velocity is not clear but a tendency to observe an increase in the deposition is observed by

Mooneyham and Strom (2018). It is possible that a similar situation occurs in the present

case. Due to the relatively low permeability of the substrate used in the present experiments,

an increase in the shear velocity does not result in a higher intrusion of suspended particles.

Particles still infiltrate through the presence of advective flow resulting from the presence of the

surface flow, as can be seen in Experiments 21 and 22 with low or negative percolation gradient,

but with a rater small influence of the amplitude of the surface flow. On the other hand, an

effect of the shear velocity might be observed in an experiment similar to Experiment 30, with

a layer of gravel on top of finer substrate.

Regarding the deposition rate factor α1, the results do not allow to define precisely the

fraction that deposits by advective flow or deposition in the system (App. A.1). Taken as whole,

the fraction of sediment deposited by other processes than infiltration represents an increasing

proportion of the deposition of fine sediment as the infiltration flow decreases (Sec. 7). It is

therefore possible that the percolation gradient used in experiments analyzing the effect of

flow conditions implies that the clogging process is driven primarily by infiltration flow rather

than deposition by advective flow. Future experiments with low infiltration flow are therefore

needed to measure more accurately the effect of surface flow.

In conclusion, despite the lack of precise measurements of the influence of flow conditions

on clogging, it can be hypothesized that the influence of this parameter on inner clogging

is rather weak compared to the effect of particle size distribution and percolation gradient.

Indeed, Schälchli (1993) notes in his analysis of the parameters influencing the clogging

process that this factor is indeed of relatively low importance compared to the other factors.

8.4 Declogging depth

The declogging process has been mainly studied by Schälchli (1993). This research explored the

influence of the flow conditions on the release of trapped fine sediment and its effects on the

permeability of the riverbed. In the present research, declogging was tested on Experiment 16,

which was characterized by a sufficient channel slope to allow for bed mobilization. In addition

to the analysis of the effect of declogging on the permeability, samples of the substrate were

also taken to analyze the depth of declogging, from different clogging stages. Additionally,

experiments simulating a reservoir sediment flushing event were carried out, starting from an

unclogged riverbed. This last set of experiments is further detailed in Chap. 9.
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Experiment 16 was characterized by a slope of 1.65%, allowing substrate mobilization

within the channel flow range. It must be noted that the flow in this experiment was super-

critical, with a Froude number close to 1, that should however not influence the clogging

process. The base shear velocity under which the clogging took place before the declogging

experiment was equal to about u∗ = 5.3 cm/s, which corresponds to a dimensionless shear

stress of θ = 0.049 for the geometric mean diameter of the substrate dm,s = 3.4 mm. This

means that the substrate was approximately at the critical shear stress. The clogging phase

was interrupted after around 33 hours to obtain samples from the bed before the declogging

phase. Samples of section B were taken at 3.1 m from the end of the flume, whereas samples A

and C were taken at the usual locations. Samples were replaced by clean substrate, and the

clogging process was continued until the bed reached a minimum permeability, after a total

of 50 hours. The decrease of the permeability is shown in Fig. 8.12, where the local maximum

corresponds to the permeability after the sampling of the substrate. After declogging, sample

locations were shifted (50 cm upstream for section A and C, piezometer location for section B)

to obtain results in locations that were not disturbed by the first sampling and exhibited the

result of the whole clogging and declogging phases. The declogging phase started after around

52 hours of experiments, after reducing the concentration of fine sediment by simultaneously

adding clean water and removing turbid water.

The discharge was increased by steps, with a feeding of sediment adapted to be approxi-

mately equivalent to the sediment transported by the flow. Declogging can be measured by

the increase in the suspended sediment concentration, or by the change in the permeability

of the substrate. The first step do not show any significant change in the concentration and

permeability. When θ reaches 0.055, a small increase in the permeability and concentration

can be observed. This increase is continuous, although it seems to reach an upper limit before

the next increase in the shear stress. The first limit of dimensionless shear stress identified

by Schälchli (1993) for the start of declogging is therefore situated in the current experiment

between 0.053 < θk < 0.055. This result is situated in the lower range of the start of the de-

clogging process (at θk ) in the experiment conducted by Schälchli (1993). The next discharge

increase resulted in θ = 0.064. For this shear stress, an important increase in the permeability

and the concentration can be observed directly after the change of the surface flow discharge.

It also corresponds to the beginning of the mobilization of the bed, which allows the erosion

of the fine sediments trapped in the pores. In comparison with the first step, the change in

the permeability is sudden. However, after an important increase in the permeability (and

the concentration), the declogging process slows down and only a small increase in the per-

meability can be observed over time. The last increase in the discharge up to a shear stress

θ = 0.068 did not appear to be able to increase further the permeability. This shear stress value

(θD ) is situated at a level below the erosion threshold identified in the experiment conducted

by Schälchli (1993).

The mobilization of the substrate was able to increase the permeability from a minimum

of 1.50×10−11 m2 to a maximum of 4.75×10−11 m2, which is about 1.7 times smaller than

the initial permeability of the bed k0 = 7.90×10−11 m2. Declogging was therefore unable to
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Figure 8.12 – Evolution of the permeability, suspended sediment concentration and the dimen-
sionless shear stress during Experiment 16, analyzing the declogging process. (a) evolution of
the permeability with time over the whole experiment, with the concentration ; (b) evolution
of the filter resistance with the specific mass of fine sediment accumulated in the substrate ;
(c) close look at the declogging process, with the evolution of the permeability, concentration
and θ over time.
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recover the initial substrate permeability. When looking at the plot of the filter resistance as a

function of the deposited mass (Fig. 8.12 (b)), it appears that only a small fraction of deposited

sediment was removed from the bed. Although it represents a small amount, this erosion of

fine sediment significantly reduced the filter resistance.

This observation is linked to the depth of declogging, which is presented in Fig. 8.13. The

declogging that took place in Experiment 16 was only able to remove fine sediment trapped in

the bed up to a depth of about 1 to 2 cm below the surface. This corresponds to a depth of 3 to 6

dm,s . Fine sediment is however mostly concentrated in these 2 first centimeters, which means

that the resuspension of this layer can greatly improve the permeability of the bed despite

the small eroded quantity of fine sediment. The vertical distribution profiles of Fig. 8.13 are

obtained by sampling the bed at the three (shifted) sampling locations. Due to the important

slope of the substrate, a differential percolation gradient is present in Experiment 16, as already

discussed in Chap. 7 and Sec. 8.3. This induces different degrees of clogging corresponding

to different stages of the clogging process, since clogging under a low percolation gradient

takes a longer time to reach complete clogging, all other parameters being constant. The

higher ratio F /FS obtained between 2 and 4 cm into the substrate can be attributed to different

local composition of the substrate between the samples in the same location, or to a clogging

process taking place below the mobilized layer (see Chap. 9).

Finally, it can be noted that the second clogging phase after the sampling of the clogged

substrate resulted in a fast decrease of the permeability before reaching a minimum perme-

ability. Since a large proportion of the flume was already clogged, the infiltration flow resulting

from the percolation gradient mostly infiltrated in the sampled sections. Therefore, the depo-

sition of fine sediment took mostly place in these specific locations, which explains the fast

decrease of the permeability. To the knowledge of the author, no research documented so

far the effect of declogging on the vertical distribution of fine sediment in the substrate. This

experiment shows that in the case of sediment transport at equilibrium, and characterized

by a limited mobilized layer, the declogging process only concerns a very small depth of the

substrate. However, it can already have an important effect on the overall permeability of the

bed. Local scouring or aggradation can however lead to different results (see Chap. 9), since a

change of the bed level brings fine sediments into contact with the surface flow or keep them

protected from erosion.

8.5 Conclusion

The flow conditions first influence the process of clogging taking place in a river. Depending

on the bed shear stress, surface clogging, inner clogging or declogging can take place. By

using picture analysis of the bed surface, a transition phase has been identified between inner

clogging and surface clogging. The later was observed for dimensionless shear stress over the

critical value for the onset of motion. Surface clogging can interact with infiltration flow when

heterogeneity exists in the composition of the substrate. In the areas with more infiltration,
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Figure 8.13 – Vertical fine sediment distribution in the substrate, in the three sampling sections.
Results are presented after 33 hours of clogging, and at the end of the declogging test. A
different gradient takes place in each section due to the important slope of the bed.

surface clogging does not occur unless all pores below this area are clogged. For inner clogging,

the influence of the surface flow is linked to the penetration of surface flow-induced hyporheic

flow, which can increase the deposition when the substrate is sufficiently permeable. In the

case of the substrate studied in this research, no effect of the surface flow could be identified.

Finally, two stages are observed in the declogging process, as noted by Schälchli (1993), with an

important increase in the permeability when the bed is completely mobilized. Under sediment

transport equilibrium, recovering the initial permeability of the bed does not seem possible if

the mobilized layer is unable to reach the base of the clogged layer, since fine sediment below

the mobilized layer is not eroded. In the present case, declogging reached about 3 to 6 dm,s .
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9 Variable flow conditions and sub-
strate mobilization

9.1 Introduction

In contrast with previous chapters, where the vast majority of experiments were tested with

constant flow conditions, this chapter aims to provide insights into the effect of variable flow

and substrate mobilization on the clogging of riverbeds. To the knowledge of the author, these

aspects have not been explored to date using continuous measurements to understand how

the processes take place. The different scenarios presented here are designed to evaluate the

potential effect of different sediment flushing hydrographs on riverbed clogging, but can also

be generalized to other flood events..

9.2 Context of sediment flushing events

Reservoirs along rivers alter the transport of sediment by interrupting bedload and suspended

load fluxes. To limit the impact on the storing capacity of reservoirs, regular sediment flushing

operations are performed which release large quantities of suspended particles (Kondolf et al.,

2014) and can lead to a significant impact on the ecosystem (Ramezani et al., 2014). Clean

water flushing operations are also performed to give more dynamics to the river, combined

with sediment replenishment measures that improve the habitat conditions for fish and

benthos (Batalla & Vericat, 2009; Loire et al., 2019; Schroff et al., 2021). Since fine sediment

supply and flow conditions can be at least partially controlled in such operations, this raises

questions regarding the frequency, amplitude and duration of flushing events in order to

minimize losses to the dam operator while ensuring that the downstream river maintains or

improves its ecological services.

The impact of sediment flushing events on the aquatic fauna has been subject to multiple

studies, including recent research like Panthi et al. (2022), Folegot et al. (2021) or Espa et al.

(2019). In these studies, the deposition and clogging of the riverbed is only marginally treated

even though the effect of clogging as a general aspect is always mentioned. The simulation of

Panthi et al. (2022), using Delft3D, reveals that sediment flushing results in a more important
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reduction of suitable spawning areas in comparison with a natural flood, with a small recovery

in the case of a clean water flushing following the sediment flushing. However, the great

diversity of riverbed morphology should not be neglected. Part of fine sediment deposits

in pools and low flow areas in the form of surface clogging, which can be easily eroded in

subsequent events (Legout et al., 2018). Some fine sediment can also deposit in the substrate

over longer periods with long term negative effects on hyporheic exchanges. On the other hand,

mobilizing the substrate can release fine sediment trapped in the riverbed. Fine sediment

dynamics in rivers is closely linked to the conditions that allow for the deposition and erosion

of fine particles. It is therefore relevant to understand the clogging and declogging processes

under variable flow conditions. Only very few studies cover fine sediment exchanges between

the surface flow (bedload, suspended load) and the riverbed under variable flow conditions.

In laboratory, only the experiments made by Schälchli (1993) document the influence of

declogging on the permeability of the riverbed. Changes in the morphology of the riverbed

are important in the removal of fine sediment (Diplas, 1994; Diplas & Parker, 1992; Frostick

et al., 1984), since they allow for the mobilization of entire layers of the substrate instead of

concerning only the layers close to the surface of the riverbed. The armor layer can also play a

role in limiting the declogging of the riverbed (Diplas, 1994). Fine sediment plays a role in the

mobilization of the gravel framework, consolidating the riverbed in the presence of cohesive

sediment while non-cohesive fine sediment helps gravel mobilization (Perret et al., 2018). The

evolution of permeability during floods combined with a high suspended load has not been

documented so far, as well as the processes at work in the different phases of a flood event on

riverbed clogging.

Given the great diversity of river morphology and sediment characteristics, investigating

the different situations that can be met along rivers would allow for a better understanding of

the clogging process in such variable flow conditions. Due to the large number of possible

combinations that would necessitate investigations, the experiments carried out in this study

will only consider the case of partial mobilization of the substrate combined with a ratio of

fine sediment to substrate particle diameter allowing for inner clogging near the surface of

the riverbed. To show the impact of different flushing events on fine sediment deposition, we

tested the hypothesis that the falling limb of sediment flushing operation is critical regarding

the clogging of the riverbed, as well as the impact of bed mobilization on the permeability of

the riverbed. Four different scenarios have been tested and are analyzed. They correspond to

different discharge scenarios that could be implemented for sediment flushing operations, or

to different situations that can arise along a river during a flood.

9.3 Theoretical background

The flushing of fine sediment from reservoirs is characterized by large quantities of fine

sediment released to the river over a short time, ranging usually from a few hours to a few days

(Sumi et al., 2017). A large fraction of the fine sediment flushed from the reservoir consists

of silt and clay, which are transported in suspension (Kondolf et al., 2014). The riverbed
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sediment downstream reservoirs is often characterized by coarser gravel than the original

grain-size distribution due to the reduced sediment transport capacity, unless other tributaries

maintain sufficient sediment transport (Gore et al., 1994; Vericat et al., 2020). Fine sediment

in suspension deposits along the river downstream the reservoir depending on the local flow

conditions, the characteristics of the substrate and the river morphology and can clog the

substrate. The short period over which sediment flushing takes place implies that clogging is

dominated by physical processes, with a possible action of the previously grown vegetation

which can increase fine sediment deposition (Wilkes et al., 2019).

The grain-size of fine sediment depositing on the riverbed during sediment flushing events

has an influence on the type of clogging that takes place. Sand particles can easily deposit

on the surface of the substrate in areas where flow conditions are unable to maintain sand

in movement (pools, river banks). However, finer particles like silt and clay need very low

flow conditions to deposit and are transported almost exclusively in suspension. They can

deposit in large water bodies along the river, areas with very low flow conditions, but also by

the filtration of the riverbed as inner clogging. During sediment flushing events, an important

part of the deposition of fine sediment has been indeed observed in areas like pools and along

river banks (Wohl & Cenderelli, 2000) but also on dewatering areas (Hauer et al., 2019). Large

parts of the riverbed are covered with fine sediment, as observed on the accidental sediment

flushing on the river Spöl in 2013 (De Cesare et al., 2015).

Schälchli (1993) observed that partial clogging can take place when the dimensionless

shear stress is situated between incipient motion and full mobilization. It can be hypothesized

that the deposition of fine sediment and clogging process is more efficient in reducing the

permeability when the flow conditions do not allow for the mobilization of the riverbed, but

no studies document this behavior. In such a case, the falling limb of floods or sediment

flushing operations would be critical for the clogging of the riverbed.

In the field, the efficiency of clean water flushing to reduce the clogging of riverbed down-

stream reservoirs shows variable results. Clean water flushing performed in the Spöl river

(Mürle et al., 2003) allowed for a substantial reduction of the clogging degree independently of

the initial clogging degree. On the other hand, Loire et al. (2019) observed variable results after

clean water flushing operations without mobilization of coarse sediment. Water flushing oper-

ations were more efficient in removing fine sediment, mostly deposited as surface clogging, in

location with a high degree of clogging and/or more regulated hydrologically. Location with

low initial degree of clogging showed in some case an increase in the clogging degree. Pre-

existing conditions are therefore critical in the success of flushing flow, as was also observed

by Antoine et al. (2020). Flow conditions are also important in the efficiency of measures in

defining fine sediment dynamics, i.e. where fine sediment is eroded and deposited.
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Figure 9.1 – Schematic illustration of the experimental setup adapted for the experiments with
mobilized bed. Note the addition of the sediment feeder and the presence of the inlet and
outlet valves to decrease artificially the concentration using clean water.

9.4 Method and experimental setup

9.4.1 Experimental setup

The flume was slightly adapted with the installation of a feeder for sediment transport, as

well as functions allowing the addition and removal of water from the recirculating system

(Fig. 9.1). The substrate had a target slope of 0.9%. The percolation gradient was fixed with the

infiltration at the beginning of each experiment. Substrate sediment, transported as bedload

in sliding or saltation mode, was fed with a vibrating box from the upstream part of the flume

when the riverbed was mobilized (Fig. 9.1). Transported coarse sediment was collected in a

bucket at the end of the flume.

9.4.2 Flow conditions and critical shear stress for incipient motion

The mobilization of the substrate depends on the shear stress, which is related to the water

depth and energy slope and by extension to the discharge. Due to the limited discharge

of the pump, the slope of fine sediment was defined in order to have moderate sediment
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transport at maximum discharge. To define the slope, a 1.6% slope was tested with the target

discharge defined for incipient motion (3.5 L/s), until a new stabilized slope was reached.

Therefore, incipient motion for bedload transport started between 3.5 and 4 L/s. This discharge

gives a theoretical theoretical dimensionless shear stress of θ = 0.045, but this value can vary

depending on the local flow conditions (presence of dunes, etc.). The feed rate can be difficult

to determine for wide grain-size distribution (see below), especially when it is combined with

varying flow conditions. Thus, the feeding rate was adapted in function of the discharge, and

adjusted to maintain the initial level of the substrate as constant as possible. At full discharge

(around 6 L/s), all grain sizes were mobilized, but no general movement of the surface layer

was observed.

9.4.3 Scenarios

5 main scenarios have been tested (Tab. 9.1). All scenarios took place over the same duration

of 8.5 hours and reproduced a controlled flood. They were characterized by a fast increase in

the discharge from the base flow up to a given maximum discharge, which was kept between 1

and 2 hours, followed by a longer falling limb with different decrease rates until the discharge

reached its initial value. The concentration was increased up to the peak concentration of 2

g/L during the rising limb, and kept approximately constant over 2 hours. After that point, no

more fine sediment was added.

Table 9.1 – Summary of the 7 different experiments conducted with variable flow.

Scenario Exp. # High flow phase Falling limb Initial i [%]
a 41 Mobilized 1h Long (C+Q) 7.4
b1 45 Mobilized 2h Short (C+Q) 8.9
b2 44 Mobilized 2h Short (C+Q) 8.0
c 42 Not mobilized Long (C+Q) 6.5
d 43 Short mob. after 2h Short (C+Q) 7.6
e1 39 Mobilized 2h, C = 1 g/L Long (C+Q) 14.0
e2 40 Mobilized 2h, C = 1 g/L Long (C+Q) 7.3

The characteristics of concentration and shear stress for each experiment over time are

presented in Fig. 9.2. The base scenario (a) consists in a mobilized substrate over 1 hour

followed by a slow decrease of the shear stress and discharge. The second scenario (b.1, b.2)

exhibits a longer time at the highest shear stress (2 hours), followed by a faster decrease of

the discharge compared to Experiment (a). The concentration is also artificially decreased

during the falling limb. This scenario allows studying how the falling limb conditions affect

the final reduction of permeability due to the deposition of fine sediment. The third scenario

(c) consists in non-mobilizing flood with a peak discharge lasting 2 hours and a slow decrease

of the discharge over a similar duration as Scenario (a). This experiment contrasts with the

others since no (simultaneous) declogging can take place over the complete flushing time.

Scenario (d) has the same first phase as Scenario (c), with a non-mobilizing flow over 2 hours.
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Figure 9.2 – Suspended sediment concentration and surface flow discharge over time for the
different tested scenarios.

However, a declogging event follows this first phase with the mobilization of the substrate,

obtained by increasing the discharge at the same level as Scenarios (a) and (b), which results

in the resuspension of fine sediment. The mobilization of the substrate only lasted a short

time, followed by a decrease of the discharge similar to Scenario (b). The concentration

is also artificially decreased like in Scenario (b). In this scenario, less water flows over the

riverbed than in Scenario (b), but should result in a similar reduction of permeability. One

more scenario (e) was tested, similar to Scenario (a), but with a duration at peak discharge

equal to Scenarios (b) and (c) and a lower concentration of 1 g/L. This scenario was tested for

2 different initial percolation gradients.

9.4.4 Protocol

Each experiment followed a similar protocol in order to compare their results. The riverbed

was first built to correspond to the slope of 0.9%. The weir level was then set to provide a pre-

determined initial infiltration discharge and percolation gradient. Due to natural variations of

the sediment structure and permeability from one experiment to the other, the percolation

gradient and infiltration discharge were set to reach as close as possible similar conditions.

After a stabilization phase to control that all parameters were steady, the flow was increased by

steps, over the period defined for each scenario. During this period, fine sediment mixed with

water was also added directly in the main tank to reach the maximum concentration when the

top discharge was reached.

In opposite to other experiments conducted on this experimental setup, the percolation

gradient was not set constant between the bottom of the substrate layer and the surface flow,

but it was set constant between the surface flow and the weir level, which was not changed
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over the duration of the experiment. This choice was made to avoid potential measurement

errors by the continuously changing water depth of the surface flow. With the reduction of

the infiltration discharge due to the clogging of the riverbed, the head loss between the false

bottom of the flume and the weir decrease over time. This head loss must be compensated by

an increase in the head loss between the surface flow and the bottom of the flume. This means

that the gradient of percolation over the substrate layer increases with time as the clogging

process reduces permeability, but it also increase when the water depth increases.

The concentration of fine sediment in the surface flow depends, in a recirculating flume, on

the deposition of the fine sediment in suspension over time. The change in the concentration

over time in Experiments (a), (c), (e.1) and (e.2) was driven by the deposition rate, which means

that a remaining concentration of respectively 0.81, 0.98, 0.2 and 0.28 g/L was still measured

at the end of these experiments. In Experiments (b.1), (b.2) and (d), the concentration was

“artificially” reduced by adding a given discharge of clear water to the system while removing

the same amount of the system at the outlet of the flume. This reduction of the concentration

was started at the end of the peak discharge phase. Both discharges were controlled by the

opening of valves, including one which had to be adapted as a function of the surface flow

discharge. The discharge (about 8 L/min) was estimated by measuring the time needed to fill

a given volume in a bucket.

At the end of each experiment, substrate samples were collected in section B to analyse

the vertical distribution of fine sediment in the substrate. Seven layers with a thickness

ranging between about 10 and 25 mm were collected up to a depth of about 95 mm. These

samples were analysed according to the description of Sec. 4.3.4. The global permeability of

the substrate was calculated with the same procedure as presented in Sec. 4.5.4.

9.5 Results

Experiments were started with Scenarios (e.1) and (e.2) which revealed that the infiltration flow

of Experiment (e.1) was too high and the total amount of fine sediment was too low to obtain

a sufficient reduction of permeability allowing for comparisons between scenarios. It was

followed by Experiments (a), (c) and (d). Scenario (b) was tested a first time (b.2)but resulted

in a very rapid clogging process, apparently due to some changes in boundary conditions, dis-

cussed later. Another Experiment (b.1) was therefore performed with the same concentration

and flow parameters. The concentration, dimensionless shear stress, infiltration discharge

and percolation gradient over time are presented in Fig. 9.3. In comparison with experiments

in the absence of riverbed mobilization or variable flow conditions, these different scenarios

presented specific challenges related to bedload transport that are analysed before presenting

the results regarding the clogging of the riverbed.
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9.5.1 Bedload and riverbed level

Changes of the substrate level, which are critical in the clogging and declogging processes,

appears when the equilibrium between the bedload capacity and the feeding rate is not

reached. Generally, a larger amount of sediment was fed than the quantity that left the flume

and was collected in the bucket downstream (App. B.4). This means that most experiments

presented an increase in the bed level (aggradation), either by a change in the slope or spread

uniformly along the flume. A front of mobilized coarse sediment was observed at some points

during experiments, increasing the level of the surface. In fact, the upstream part (section

B) seemed to be more affected than the downstream part (section C). This increase can be

observed when plotting the water level in function of the surface flow discharge (see App. B.3).

In section C, only Experiments (b.1), (b.2) and (e.1) show an increase in the surface flow

level between the beginning and the end of the experiment. Experiments (c) and (d), which

had no or limited mobilization time did not show any significant change in the surface flow

level, except at the beginning of the falling limb in Experiment (d), in section B. However,

experiments with mobilization all show an increase in the surface water level (and supposedly

of the bed level) ranging between 3 and 10 mm, as well as important water surface changes at

the peak discharge and the falling limb until it stabilizes when the discharge reaches about

3.5-4 L/s (critical shear stress). Measurements of the bed level at the beginning and the end of

Experiments (b.1) and (b.2) showed an average increase of 6 mm.

Experiment (b.2), for which mobilization did not have any significant effect on slowing

down the clogging process, was also characterized by a very low sediment feed rate, which

resulted in a very small increase in the bed level on the downstream part. The bed level was only

measured at the end of experiments for most of the scenarios tested, except Experiments (b.1,

b.2), and was used to calculate the percolation gradient. The change in the thickness of the

substrate has a limited effect on the percolation gradient, but can have a significant effect on

the formation of the clogged layer. This is further discussed in Sec. 9.6.

9.5.2 Evolution of permeability during flushing events

The evolution of permeability over time is presented in Fig. 9.4, together with the evolution

of the dimensionless shear stress. The permeability reduction resulting from the clogging

process exhibits a common pattern, similar to experiments without mobilization, on most

of the experiments below an estimated θ of about 0.046. Over that dimensionless shear

stress, the permeability varies significantly with time when it is calculated with a percolation

gradient extrapolated from the measured water surface at the two measurement sections

(Fig. 9.4, blue line). The only exception regarding the value of this critical shear stress concerns

Experiment (d), which was characterized by a smaller slope than the other experiments. In

this experiment, the permeability reduction follows the usual pattern below θ = 0.040. These

values of θ correspond approximately to the critical shear stress as defined in Shield’s diagram

(Chap. 2). The fluctuating permeability in the first part of the experiments can be attributed
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Figure 9.3 – Suspended sediment concentration, dimensionless shear stress, infiltration dis-
charge and percolation gradient along the duration of all experiments with variable flow.
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Figure 9.4 – Permeability, expressed as a function of time, for each experiment, calculated
using the extrapolation from the water level measurement in sections B and C, or using a
theoretical water depth over the whole flume length with a substrate elvel corresponding
to the level at the end of experiment. The dimensionless shear stress θ is also plotted, and
is calculated based on the theoretical shear stress and the geometric mean diameter of the
substrate dm,s = 3.4 mm
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Figure 9.5 – Modeling of the concentration and deposition of fine sediment during Experi-
ment (d): (left) Evolution of the concentration with time, measured and modeled using the
deposition model presented in App. A.1 ; (right) Deposition rate over time, part deposited by
infiltration and by other process including deposition in the system. The negative deposition
rate corresponds to the declogging phase taking place when the discharge is increased.

to changes in the surface flow level and the substrate surface level. Although the local filter

resistance can vary due to erosion and deposition of fine sediment, the global permeability

should exhibit smaller variations. When using a theoretical water depth along the whole flume

length, based on a calibrated backwater curve model, the local variations disappears (Fig. 9.4,

black line).

The permeability appears to decrease in all scenarios as soon as fine sediment is available

in the surface flow, regardless of the mobilization of the substrate. This can be explained by

the presence of an infiltration flow that filters suspended sediment through the substrate.

The reduction is however much slower in the presence of substrate mobilization. Bedload

transport facilitates the resuspension of fine sediment through the impact of particles in

movement on the substrate, as well as the removal of particles eroded by the flow, putting

fine sediment in contact with the surface flow. Only fine sediment near the bed surface

was therefore resuspended, in location where the surface flow could be in contact with fine

sediment.

The deposition of fine sediment in the substrate can be estimated from the variation of the

concentration over time. The modeling of the concentration (Fig. 9.5, left) and deposition over

time using the deposition model. Similarly to other experiments of the present research with a
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Figure 9.6 – Evolution of the permeability with time for the experiments with variable flow
conditions.

percolation gradient, the main driver of deposition in the tested conditions was the infiltration

flow. In the beginning of the experiments, an important part of the coarsest fractions of fine

sediment (deposition is modeled by size fractions) deposits in the system or by hyporheic

flow induced filtration (Fig. 9.5, right, in blue). Despite the mobilization of the substrate, it

appears clearly that fine sediment still deposits inside the substrate and contributes to the

clogging process. The effect of fine sediment accumulation on the permeability is however

reduced in comparison to the experiment without mobilization. An explanation could be that

in the case of moderate mobilization of the substrate, fine sediment can still deposit in the

bed, but it is spread over a larger layer in comparison to the scenario without mobilization.

High shear stress and the mobilization of the substrate impede the creation of a dense layer of

fine sediment near the surface of the substrate.

When comparing the evolution of the permeability with time between the different scenar-

ios, very different results can be observed (Fig. 9.6). Scenario (e.2) shows a small reduction of

permeability (-17%). Scenarios (b.1) and (e.1) also show moderate reduction of the permeabil-

ity at the end of the experiment (-40 to -50%). These moderate reductions of the permeability

can be attributed to the lower quantity of fine sediment accumulated but also to the possible

presence of larger pores in the substrate. The lower permeability obtained in Experiment (e.1)

in comparison with Experiment (e.2) may be due to different reasons like the aggradation of

the riverbed, or the more important percolation gradient. This last element could increase the

depth of clogging (Chap. 7) but at the same time increase the compaction of fine sediment

around pore bridges.
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Scenarios (c) and (d) show similar initial reduction of the permeability, linked to the same

flow conditions and fine sediment concentration. The two curves diverge as soon as the

substrate is mobilized in Experiment (d), which releases fine sediment into the surface flow. In

this specific case the quantity of resuspended fine sediment has been estimated based on the

concentration modeling. It is estimated that the increase in concentration due to resuspension

within 5 minutes of the start of the mobilization phase corresponds to an amount of about

135 g (0.45 g/s). After this increase in the concentration (see Fig. 9.5, last increase in the

concentration), fine sediment continues to be partially eroded since the deposition rate is

smaller than the one measured in other phases of the experiment. It is estimated that this

second phase is characterized by an erosion rate of around 0.05 g/s, for a total of about 60 g

over 20 minutes. The permeability greatly increases, despite the proportionally small amount

of fine sediment resuspended (18 – 26%) in comparison with the total amount of fine sediment

deposited in the substrate at that time (between 750 (only infiltration) and 1100 g (total)).

After declogging, permeability reaches values close to the one measured at the same time for

Scenarios (b.1) or (e.1) and a higher permeability than in Scenario (a). Similarly, the infiltration

discharge reaches the same level as other mobilizing scenarios. However, in opposite to

Experiments (b.1) and (e.1), a stronger reduction of the permeability is observed in the falling

limb of Experiment (d). The permeability at the end of Experiment (d) is about the double of

Experiments (a) and (c). Overall, the mobilization of the substrate in Experiment (d) allowed

for the declogging of a dense layer of fine sediment concentrated near the surface of the

substrate, which resulted in a similar permeability to other experiments with mobilization.

This permeability is slightly reduced from the initial permeability due to the intrusion in the

substrate of a significant amount of fine sediment, spread over a deep layer. This observation

is similar to the results of Experiment 16, where the declogging phase released only a small

part of fine sediment but resulted in an important increase in the permeability.

Experiment (a) resulted in a faster clogging than the other experiments with mobilization

and a strong clogging of the substrate at the end of the experiment. However, expressed as a

function of deposited fine sediment, the evolution of the permeability (Fig. 9.7) shows that

Experiment (a) evolved in a similar way other experiments for an equal deposited quantity

(with the exception of Experiment (b.2)). Relative to the initial filter resistance (Fig. 9.7), all

experiments except (c) and (b.2) show a very low reduction of the permeability at the end of

the mobilization phase. A difference is however observed since the filter resistance increases

more linearly than Experiments (b.1) and (d) over 1.5 kgm−2. The increase in filter resistance

despite low fine sediment deposition at the end of the Experiments (b.1), (d) and, to a lesser

extent, (e.1) may be explained by the rearrangement of fine sediment in the substrate. It is

possible that the fine sediment shifts from a dispersed distribution over a broad layer to denser

layers of fine sediment where bridges are formed, due to the high percolation gradient present

in the clogged layer. It is also possible that this phenomenon is enhanced by the increase in

percolation gradient over time. In these three experiments, a smaller amount of fine sediment

was available since the concentration was either low (e.1), in combination with an important

percolation gradient, or was artificially reduced for Experiments (b.1) and (d). This means
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Figure 9.7 – Evolution of the filter resistance with the cumulative deposition of fine sediment
for the experiments with variable flow conditions.

that during the falling limb, when mobilization was stopped, the amount of fine sediment

available in the surface flow was not sufficient to create a dense clogged layer near the surface

of the substrate in a similar way as other experiments.

Experiment (b.2) shows a similar evolution of the permeability as Experiment (c), and also

(d) for the first phase. The strong and fast clogging process observed in Experiment (b.2) is

suggested to be induced on the one hand by the composition of the substrate, which contained

apparently more sand than previous experiments. In fact, some sand was taken out of the

substrate when preparing the bed for Experiment (b.1), which did not resulted in a similar

situation. On the other hand, it was found that much less substrate was fed to the flume in

comparison to previous experiments. The smaller sediment feed resulted in less bedload,

since the flow conditions were not sufficient to erode the bed, and a possible armouring of the

bed surface may have taken place. Fine sediment formed a clogged layer below the first layer

of the substrate, as seen in Fig. 9.8, and formed a dense fine sediment layer instead of being

distributed deeper in the substrate. In comparison with Experiment (c), Experiment (b.2)

was also characterized by a higher percolation gradient due to the higher surface water level.

All these conditions are suggested to have resulted in a pronounced reduction of the perme-

ability. The substrate composition and bedload transport characteristics play therefore an

important role and can give very different results with similar surface flow, hyporheic flow

and suspended sediment concentration. Important changes in the final result due to slightly

different substrate composition reflects the same observations as the difference observed

between Experiments 37, 38 and 31 (Chap. 6).
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Figure 9.8 – Vertical distribution profiles of the fine sediment in the substrate for the experi-
ment with variable flow conditions.
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9.5.3 Vertical distribution profiles

To consolidate previous analysis, it is interesting to look at the vertical distribution profiles

of fine sediment in the substrate at the end of experiments (Fig. 9.8). All vertical distribution

profiles show a reduced amount of fine sediment near the surface, on the top layer, at the

exception of Experiment (c) where the layer with the highest fine sediment content relative

to the pore size is the top layer. This is first due to the fact that fine sediment can hardly

deposit in a mobilized layer. Kinetic sieving (Dudill et al., 2017) can also take place in the

mobilized layer, with finer particle (silt and sand) settling below coarser particles at the end

of the mobilization phase. The result of Scenario (c) corresponds to experimental results

without mobilization presented in previous chapters. In the other cases, the mobilization of

the substrate reduced the quantity of fine sediment near the bed surface. The intrusion depth

of fine sediment tends also to be more important in comparison with Scenario (c). However,

these samples only reflect the situation in a single point along the flume. Experiment (d)

exhibits a distribution situated in between experiments with and without mobilization. The

smaller difference between the two first layers may be explained by the partial declogging

that took place during the short mobilization phase, which was refilled during the falling

limb. Under mobilized substrate, clogging seems to take place deeper in the substrate where

grains are not mobilized. It is also possible that the increase in the substrate level due to an

imbalance between the transport capacity and the feed rate reinforce that effect. Experiments

(b.2), (c) and (d) which show a fast and important reduction of the permeability (at least in the

beginning for (d)) tend to show an accumulation of fine sediment slightly closer to the surface

than other experiments. However, the quantity of fine sediment accumulated in those samples

does not reflect precisely the overall deposited quantity. For example Experiment (a) does not

show a higher fine sediment content than the other experiments despite an additional total

quantity of around 30%.

Finally, it is interesting to analyse the quantity of fine sediment that deposits in the sub-

strate in comparison with the quantity that was transported by the flow over the riverbed.

The quantity ratio between deposited fine sediment and transported fine sediment passing

by a section of the flume was equal to about 1.8% at the end of the experiments, including

deposition in the system. A higher ratio for experiments with a small discharge is observed

since the vertical flux was similar, but surface flow was smaller. Since this ratio depends on

the water depth and width as well as the surface of the substrate, a more convenient ratio

independent of the flume dimension and water depth can be derived. The deposited quan-

tity is divided by the substrate surface and the density of the material (2650 kgm−3), which

gives the height of pure material deposited in the substrate. The quantity of transported

suspended sediment is divided by the vertical water section (width and water depth) at each

step d t (Fig. 9.9). When cumulative deposited fine sediment is plotted against cumulative

transported fine sediment (see App. B.3), the result shows that the deposition ratio decreases

with time, and varies between about 0.20 and 0.13h. In consequence, only a proportionally

very small amount of fine sediment in suspension deposits in the substrate in comparison

to the suspended flux. Given that the cumulative quantity of sediment transported over the
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Figure 9.9 – Cumulative volume of water and sediment transported over the flume, with
sediment transported expressed using a reduced quantity taking into account the flow depth.

substrate varies between the scenarios, it is difficult to identify the best scenario regarding the

optimal consumption of water while limiting clogging. However, we can see that Scenario (c)

represents the worst case, in terms of permeability, even though less water is used. Apart from

reaching different quantity of fine sediment transported at the end of experiments, the other

scenarios show similar patterns of permeability reduction (Fig.. 9.9, right). A smaller water

quantity is used in Scenario (d), which shows that this scenario has some advantages.

9.6 Discussions

A change in the substrate surface level has been observed in most experiments due to the

accumulation or erosion of substrate material. This can have a substantial effect on the

clogging of the riverbed, although it also affects stream habitats (Gabbud & Lane, 2016). In the

case of an aggradation of the riverbed (as observed in this set of experiments), the addition

of sediment on top of the material already in place implies that fine sediment deposited on

the previous surface layer cannot be resuspended. This fine sediment layer can impede the

intrusion of new fine sediment deeper in the substrate and participate to the formation of

a dense cake filter in the newly deposited substrate. On the other hand, an erosion of the

substrate leads to the resuspension of all fine sediment that clogs the substrate. This allows

deeper substrate to be in contact with the surface flow. This substrate can be mostly free of

fine sediment, or present some fraction of fine sediment deposited in a previous clogging

phase. Since no erosion took place in average in the tested scenarios, no conclusion can be

made as of the permeability reduction in the presence of erosion combined with infiltration

flow, but this could be tested in future studies.
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The concentration in this set of experiment was limited, in opposite to experiments

analysed in previous chapters, with a defined concentration curve over time (Fig. 9.3). Fine

sediment concentration was controlled by the addition of fine sediment or the subtraction of

fine sediment by deposition or renewal of the water. The decrease of the concentration was

only partially controlled in Scenarios (a) and (c), since only deposition in the substrate and the

system occurred. The results obtained from the limited supply of fine sediment are interesting

regarding the impact of a given flood event on the clogging of the substrate. In Scenarios (e.1)

and (e.2), the quantity of fine sediment available in the flow was not sufficient to result in a

significant reduction of the permeability. This was amplified by substrate mobilization, which

probably also reduced the impact of fine sediment intrusion since no thin, dense layer of fine

sediment was formed near the bed surface (see Fig. 9.8). At the end of Experiments (e.1) and

(e.2), the deposited quantity reached slightly lower values than other experiments (similar

values considering only deposition by infiltration), but induced at the same time only a

small reduction of the permeability. Given longer experiment duration, the concentration of

fine sediment for Scenarios (b), (d) and (e) would have reached close to no suspended fine

sediment, since the bed was able to filter all fine sediment in suspension. Experiments (a) and

(c), on the other hand, show limited reduction of the concentration. This is partly linked to

the longer time needed to see the concentration decrease to zero from 2 g/L than from 1 g/L,

but also to the fact that the infiltration discharge decreased with time due to the clogging of

the substrate. The substrate was progressively reaching complete sealing of the bed and the

flux of fine particle to the substrate was heavily reduced. It is possible that the concentration

would have reaches a stable non-zero level when no further intrusion of fine sediment in the

substrate would have occurred. This situation would be similar to the one observed in some

clogging experiments (Exp. 37 or 38). This effect is closely related to the experimental setup,

but links can also be made with the situation that can arise in rivers.

In a river subjected to a sediment flushing event, the concentration of suspended sediment

at a given location depends on the concentration at the supply (in this case, the reservoir) and

the deposition that occurs between the reservoir and a specific location. If this location is

close to the reservoir, the concentration is more influenced by the supply. Downstream, far

from the reservoir, the concentration depends on the deposition that occurred upstream. This

decrease in concentration is documented for example by Folegot et al. (2021). If the riverbed

is completely clogged and only few locations allows for surface deposition, a situation like

the one observed in Scenarios (a) and (c) may occur in upstream positions, with suspended

sediment prevented from deposition in the substrate. Scenario (b.1) shows what would happen

to the substrate in a location where fine sediment concentration depends on the supply and

only partially to the deposition that occurred between the supply and the specific location. At

the end of the flushing, the substrate is partially clogged in this case. Scenarios (e.1) and (e.2)

can be seen as the situation that arises from a lower suspended sediment concentration at a

given location in a river. It can also be seen as the situation that could be observed further

downstream a river, after part of the sediment has deposited and fine sediment concentration

is therefore reduced. However, in this case, a finer sediment composition should be observed
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since coarser particles deposits first.

From another perspective, the different scenarios analysed in this chapter can be seen

as different way to control sediment flushing events. Two criterion have been observed to

increase the clogging of the substrate. First, the absence of substrate mobilization results in

the formation of a clogged layer close to the surface that reduces substantially the permeability

and exchange between the surface flow and the hyporheic layer. Secondly, the quantity of fine

sediment available for deposition after the end of the riverbed mobilization has an influence

on the reduction of permeability. This quantity depends on the concentration of suspended

sediment or the duration over which suspended sediment takes place. The longer and the

higher the concentration of fine sediment stays, the stronger the reduction of permeability is.

In the presence of an infiltration flow, deposition of fine sediment takes place regardless of the

presence of substrate mobilization, but mobilization increases the clogging depth. The impact

of fine sediment on the permeability is also reduced for a same amount of fine sediment

accumulation.

In practical terms, the results of these experiments show that in the presence of infiltration

flow, no mobilization of the substrate can be more favorable than mobilization if the mobiliza-

tion is followed by a long falling limb with high fine sediment concentration. In this last case,

the clogging of the riverbed might reach deeper layers, combining both a deep intrusion of

fine sediment and a low permeability of the substrate. This situation may be more difficult to

declog in a subsequent mobilization event since the mobilization depth (or even erosion) will

need to be more important and the substrate will be more consolidated. Without mobilization,

only a layer close to the surface reduces the permeability, which can be easier to remove by

subsequent flood events (Evans & Wilcox, 2013). However, the grain-size distribution of the

substrate plays a crucial role here since deposition close to the surface only takes place when

the ratio between the substrate and fine sediment is small. As seen with the difference between

Experiments (b.1) and (b.2), a small change in the substrate composition (and bedload) can

result in very different clogging degrees.

If the concentration can be managed over time, reducing the concentration when flow

conditions are unable to mobilize the riverbed can be beneficial to avoid a significant reduction

of the permeability. The combination of clogging without mobilization of the substrate

followed by a mobilization that allows at least a partial declogging of the substrate may offer the

best solution, since clogging only takes place near the surface of the substrate and it is directly

followed by declogging. However, the mobilization tested in Experiment (d) was not sufficient

to result in the resuspension of an important part of deposited fine sediment and therefore

resulted in a limited declogging. In such a scenario, it is important to avoid large quantities

of fine sediment during the falling limb to prevent a new clogging phase with an important

reduction of the permeability that would cancel the benefits of the declogging event. As a final

remark, it has to be reminded that this applies only to places where inner clogging takes place.

The great diversity of morphology with different mobilization thresholds and flow conditions

present in rivers should not be neglected. Large fractions of fine sediment will deposit in
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majority in pools and low flow areas, for example near riverbanks (Wohl & Cenderelli, 2000).

Also, riverbed mobilization below dams should be combined with sediment replenishment

measures or sediment bypass to avoid the erosion and coarsening of the riverbed (Kondolf

et al., 2014). In the presence of surface clogging, increasing the shear velocity with time with an

artificial shape similar to Experiment (d) (hydrograph curve opposite to natural flood curves)

could also present benefits, and could be tested in future experiments. The slow increase in

the flow would allow for the resuspension of fine sediment on top of the substrate, before the

declogging of the substrate by mobilization at the end of the flushing event once the surface

layer is washed off.

No reduction of the deposition rate was observed during the substrate mobilization phase.

However, this should be further analysed since the important infiltration flow may have

reduced some effects which hinders deposition, and that could be observed in the presence

of substrate mobilization. The flux of water in the substrate due to turbulence and advective

pumping (Fries & Taghon, 2010; Mooneyham & Strom, 2018) may play a more important role

in the deposition and resuspension of fine sediment in the absence of infiltration flow. It is

possible that less fine particle would intrude the substrate when it is mobilized, since the depth

of intrusion tends to be smaller in that case (see Chapter 7, or Schälchli (1993)). Therefore, a

much smaller reduction of the permeability is likely to take place. Also, an increase in the filter

resistance by the possible rearrangement of particle in dense layer, as hypothesized in the

present study, is less likely to happen. This aspect would be relevant to study in future studies.

9.7 Conclusion

In contrast with the research on clogging under constant flow conditions, necessary to under-

stand the basic processes, clogging and declogging under variable flow conditions has been

subject to very little laboratory research. This study was able to explore a small fraction of the

diversity of situations that can take place in the field. It allows to highlight different processes

at work in the deposition and erosion of fine sediment under variable flows and fine sediment

concentrations. The different scenarios analysed in this chapter reveals that clogging can also

take place in the presence of substrate mobilization, at least when it is combined with an

infiltration flow. In that case, the deposition of fine sediment has different properties from

clogging under non-mobilizing conditions, since it seems to be distributed over a deeper

layer and has therefore a more limited impact on the overall permeability of the substrate.

Also, a mobilization event after a clogging phase in the absence of mobilization allows for the

resuspension of part of the fine sediment accumulated near the bed surface. The clogging of

riverbed areas with flow conditions that do not allow for surface clogging can therefore be

limited depending on flow and concentration conditions over time. Fine sediment accumu-

lation in the riverbed below reservoirs subject to sediment flushing events has detrimental

effects on the aquatic fauna, which could be limited by managing the concentration and

flow conditions in order to avoid important reduction of the permeability. Large parts of fine

sediment deposits are situated in areas with low flow conditions. However, fine sediment
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can also affect spawning areas that might be less prone to surface clogging, but where inner

clogging can still have consequences. More research is needed to explore different degrees of

mobilization, grain-size effects, and how the clogging process evolves over multiple events of

mobilization. First steps should focus on full mobilization experiments and variations of the

substrate grain-size and fine sediment grain-size.
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10 Conclusions and outlook

10.1 Main conclusions

The deposition of fine sediment in the hyporheic zone of riverbeds is part of the natural fine

sediment dynamics of rivers. The vertical connectivity of the hyporheic zone is reduced by

the accumulation of sand and silt in the pores of the substrate, which is demonstrated by the

change of the permeability with time. As a process that depends on numerous parameters

with a large spatial and temporal variability, the clogging of riverbeds represents a complex

process and is inherently difficult to quantify. The present research focused on the effect of

the deposition of silt-sized particles in a substrate characterized by a wide grain-size distri-

bution and relatively fine particles including sand. In comparison to other previous studies,

this research allowed for the measurement of both the penetration of fine sediment in the

substrate and the effect of the deposition on the permeability, as a function of time. By varying

single parameters, this study was also able to show how different parameters can change the

type of clogging and its development with the accumulation of fine sediment. Experiments

were compared using a clogging model that computes where fine sediment deposits in the

substrate and its effect on the permeability by layer, as a function of a retention factor. Finally,

experiments with variable flow enabled us to show how the different phases of a flood event

can affect the permeability of the riverbed and which parameters are critical regarding the

clogging degree at the end of the flood event. The key elements of this research with regards to

the research questions are summarized in the following paragraphs.

10.1.1 Difference between silt-sized particles deposition in sand and sand depo-
sition in gravel

The analysis of the vertical distribution profiles of silt in the substrate showed similar results

to what has been observed in previous studies. Silt tends to get trapped closer to the surface as

it accumulates in the substrate, which suggests a variable retention factor, although the model

proposed in this study uses a constant retention factor for simplicity.
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In the case of inner clogging, the increment of the filter resistance for each unit of de-

posited silt increases with the accumulation of silt-sized sediment. The filter resistance of

the bed was shown to increase faster as fine sediment accumulates in the substrate, in the

experiments conducted with silt-sized particles in suspension. This observation differs from

the analysis of previous research. While fine sediment is able to penetrate the substrate and

shows an exponentially decreasing distribution with depth, the final state of the clogging

process shows a very dense accumulation of fine sediment in the first few millimeters of the

bed surface, which is assumed to play a significant role in the reduction in permeability.

The type and depth of clogging is very sensitive to the substrate composition. A relation

exists between the depth of clogging and the evolution of the permeability with the accu-

mulation of fine sediment in the substrate. Changes in the composition of the substrate

can significantly alter the vertical distribution of fine sediment trapped in the pores of the

substrate and the amount of fine sediment needed to reach a complete clogging of the bed.

The size of pores and interstices varies with changes in the composition, which affects the way

fine particles are trapped or percolate through the riverbed.

Shallow clogging layers are associated with fine substrate and a rapid decrease in per-

meability. The finer the substrate is, the shallower the clogging layer is. This effect is attributed

to the larger probability for particles to be trapped within pores of a fine substrate, which

results in a high retention factor. If the clogging layer takes place on a thin layer, only a small

amount of fine sediment is necessary to reach very low permeability. The presence of finer

silt similarly increases clogging depth, while coarser particles limit clogging depth. A broad

grain-size distribution of fine sediment allows permeability to decrease significantly, as very

fine particles can be filtered through coarser particles of fine sediment deposited in a previous

stage.

10.1.2 Influence of bed surface composition on the clogging process

Coarse substrate increases deposition rate and can accumulate a large amount of fine sed-

iment. Coarse substrate particles in contact with the surface flow allow for the penetration

of an advective flux, which leads to the deposition of a large amount of particles even in the

absence of medium to large scale vertical exchanges. In the presence of gravel, a layer of fine

sediment accumulates on top of the first layer of finer substrate that can filter fine sediment,

with an upper limit that depends on the flow conditions.

The armour layer prevents substrate mobilization and promotes deposition of fine sed-

iment at the base of coarse gravel particles. The presence of an armour layer promotes the

deposition of fine sediment at the base of coarse gravel by providing low shear stress areas

where fine sediment can settle. This coarse sediment is mobilized at higher shear stress than

the substrate below, which limits the occurrence of declogging events to major floods.

As a general principle, fine sediment penetrates the substrate until it reaches a layer with a
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sufficiently fine composition to act as a filter. The grain-size distribution below this filter layer

has only a limited influence on fine sediment deposition, apart from affecting the infiltration

flow. These observations, which are linked to changes in the bed surface composition, help

to define the processes taking place within the heterogeneous substrate of riverbeds. Given

the high sensitivity to the substrate composition, complementary field and numerical studies

are needed to better understand how fine sediment will deposit in a given riverbed and to

implement appropriate management practices regarding bed clogging.

10.1.3 Influence of percolation gradient and infiltration flow

Infiltration flow increases the depth of clogging. The presence of a percolation gradient,

enabled by the morphology of the riverbed or exchanges with groundwater, has a strong

effect on the clogging process. Upwelling limits the depth of clogging and the reduction in

permeability whereas infiltration increases the depth of clogging. In the case of downwelling,

the deeper intrusion of fine sediment results in the need for a larger amount of particles to

reach a similar reduction in permeability. This results in a smaller retention factor for a larger

percolation gradient. The infiltration flow has a strong effect on the deposition rate of fine

sediment by increasing the flux of fine sediment in the substrate. However, its effect on the

depth of clogging is smaller than the effect of the grain-size ratio between the substrate and

fine sediment. With time, areas with large percolation gradients may get clogged permanently,

which limits the recharge of aquifers by the river.

Surface clogging is reduced in areas with large infiltration flow. When flow conditions

allow for surface clogging, an interaction takes place between downwelling and the sedimen-

tation of silt-sized particles. At the local scale, areas with larger infiltration rates and relatively

large pores seem to prevent surface clogging since settling particles are transported deeper

into the substrate in these areas and do not settle at the riverbed surface.

10.1.4 Influence of flow conditions on the clogging process

Coarse surface substrate provides areas with low shear stress that result in a smooth tran-

sition between surface and inner clogging. A smooth transition is observed between surface

clogging and inner clogging, with a progressive reduction in the surface covered by fine sedi-

ment as the shear stress increases. The hiding effect of coarse substrate particles limits the

erosion of fine sediment in this transition. This observation shows similarity with the increase

in the amount of fine sediment deposited at the base of the armour layer with the decrease of

the shear stress in experiments with a coarse substrate at the surface. Consequently, silt-sized

particles can deposit close to the bed surface, in between coarse sediment of the bed, at bed

shear stresses higher than the critical shear stress for sedimentation.

Surface flow only plays a minor role in the intrusion of fine sediment when substrate

permeability is low. The influence of the surface flow on inner clogging could not be well
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identified in the set of experiments conducted in this research. This is attributed to the

low permeability of the initial substrate which limited the depth of intrusion of surface flow

induced hyporheic flow. However, it seems to play an increasing role in the deposition when

there is a low percolation gradient.

Declogging takes place in the mobilized layer. The depth of declogging depends on the

mobilization depth of the bed during a flood event, including the possible erosion of the

substrate. In the case where the clogged layer is concentrated near the surface, a stronger

increase in the overall permeability of the substrate was observed. As analyzed in previous

studies, two different phases can be distinguished in the declogging process, with a first small

increase in the permeability when fine sediment close to the surface is eroded, and a larger

increase in the permeability with the mobilization of the bed and the release of the particles

that were deposited in the mobilized layer.

10.1.5 Effects of variable flow conditions

Clogging can take place at a reduced rate in the presence of bedload, below the mobilized

layer. Fine sediment can still accumulate in the substrate when the bed is mobilized. This

fine sediment deposits below the mobilized layer due to the presence of hyporheic flow or

infiltration flow, as shown by the vertical distribution profile at the end of experiments. The

largest fraction of fine sediment was observed in the second measured layer instead of the

first layer, as seen for static beds. However, the effect of the deposition of fine sediment on the

permeability when the bed is mobilized is reduced in comparison to a static bed.

The duration of the flow with a high fine sediment concentration in the absence of mo-

bilization is critical regarding clogging. As soon as the bed is not mobilized, a faster clogging

process can take place. A long falling limb with a high fine sediment concentration will result

in a sizable reduction in the permeability. On the other hand, a short falling limb with a limited

concentration of fine sediment in the static phase will limit the intrusion of fine sediment. In

artificial floods with significant fine sediment concentrations and bed mobilization, it is better

to keep the part of the event where the bed is not mobilized as short as possible to limit the

clogging in mobilized sections of the riverbed.

10.2 Outlook and recommendations

On the basis of the observations and analysis carried out as part of this research, some general

aspects and recommendations can be outlined concerning river clogging and the elements

to be taken into account when developing solutions to reduce its impact. However, these

elements will need to be validated by field research to confirm their relevance.

Deposition of silt-sized sediment in a riverbed depends on the surface flow conditions and

hyporheic flow. Infiltration areas are critical regarding inner clogging, which can take place
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close to the surface in the presence of fine bed substrate, or at deeper layer in the presence

of gravel at the surface, for example in riffles. On the other hand, silt can deposit on the

bed surface in areas with low shear stress such as pools and at the bars tail. The presence of

exfiltration areas limits fine sediment deposition. The areas of rivers with infiltration or low

shear stress are therefore more vulnerable to clogging. These two aspects should be evaluated

when analyzing rivers with a high degree of clogging.

A diverse riverbed morphology is necessary to allow for the formation of suitable environ-

ments for the different benthos species and fish redds. The presence of different morphological

structures that change over time, for example during major flood events, allow for the erosion

of part of the bed and the release of trapped fine sediment to the surface flow. In other areas of

the river, sediment can accumulate during flood events, with a potentially lower fine sediment

content. In addition to restoration measures, which involve giving the river more space to

develop its morphology, various strategies are available to reduce the degree of clogging in

rivers affected by clogging due to human activities and infrastructure. To keep the clogging

degree close to the natural level, actions can be taken regarding the discharge, the supply of

fine sediment and the timing of artificial floods (when applicable). Apart from the action of fish

and benthos to remove fine sediment from the bed, floods capable of mobilizing the substrate

are necessary to maintain a low level of clogging close to the surface. Artificial flood events

should, however, be combined with sediment replenishment measures to avoid a coarsening

of the bed substrate, which is already responsible for long-term clogging of riverbeds. A long

falling limb should also be avoided when charged with large quantities of fine sediment to

limit deposition due to low shear stress.

The composition of the riverbed defines the depth of clogging. The substrate composition

has to be specifically considered to understand how benthos and fish communities could be

affected by the deposition of fine sediment, depending on whether it is deposited near the

surface or deep in the bed. In the first case, exchanges between surface flow and the hyporheic

zone are limited and the fauna may be directly affected, but with potentially limited duration.

In the second case, a long term disconnection between the groundwater and surface flow

might be observed, as in channelized rivers with coarse substrate, but with habitats close to

the surface less affected by fine sediment as long as the riverbed is not completely filled with

fine sediment.

10.3 Future works

This study provides a better understanding of the evolution of the clogging process under

different sets of boundary conditions. It also improves our knowledge of the development of

clogging in specific situations which may be encountered in a riverbed. However, different

elements needs to be further analyzed through future experimental research, but also specific

analysis from the field that would allow to validate these findings.
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10.3.1 Local scale

At the local scale, and in continuation with the present study, several aspects should be further

studied to identify how the clogging process evolves under different boundary conditions.

First, the role of surface flow in instances of low infiltration or exfiltration rates should be

studied in greater detail. In particular, the penetration depth of the hyporheic flow induced

by surface flow as a function of shear stress and permeability would provide a better under-

standing of vertical exchanges, as well as the evolution of permeability with the intrusion of

fine sediment in this specific case. To this regard, experimental studies that can analyze the

permeability of the substrate close to the surface are necessary if wide grain-size distributions

are used, since the permeability can vary widely at the local scale and significantly change the

results.

Regarding the percolation gradient, the distinction between the pressure potential across

the clogged layer and the initial infiltration flow should be taken into account in future studies

of the influence of percolation flow. This would allow for a better assessment of the effect of the

infiltration flow on substrate clogging, which is a primary driver of fine sediment deposition.

Also, the interaction between the grain-size distribution of both fine sediment and substrate

and the percolation gradient could be further analyzed by varying these two parameters

simultaneously.

Finally, variable flows have only been minimally studied, and more systematic research is

needed to understand the development of the clogging process at the local scale when flow

conditions vary. This includes the study of clogging in the presence of erosion and aggradation

as well as the transitions between surface clogging, inner clogging and declogging.

10.3.2 Large scale

The study of riverbed clogging should also take into account the effect of morphology, such

as the presence of riffle and pool sequences or steps. The variation of the surface flow level,

induced by hydropeaking or floods for example, should be analyzed in the context of the whole

river section rather than the conditions at a single location. Indeed, the variation of the flow

can resuspend the fine sediment in areas situated at different water depths, depending on the

lateral position between the main channel and the riverbanks. Further studies would allow

for a better understanding of the deposition of fine sediment in specific areas of the riverbed

associated with hydropeaking. This implies the use of larger experimental setups than the

one used in the present study, but would be beneficial for understanding the processes that

occur in the field and validating the results of the present research with situations analogous

to those in real rivers. In addition, the heterogeneity of the flow and the substrate composition

would need to be analyzed in parallel, for example with the use of a numerical model coupled

with field observations.

These spatial aspects are important to provide good management practices in response
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to the increase of areas affected by clogging, since measures may be beneficial in specific

locations but lead to detrimental effects in others, due to the large diversity of bed and flow

characteristics along a river.

Finally, a more thorough inclusion of fine sediment dynamics in bedload transport and

morphodynamic studies, with effects such as substrate consolidation, will allow for the devel-

opment of more robust estimation of the transport of fine sediment in rivers. Biological and

chemical clogging, not treated in this research, also need to be considered since they can also

be part of solutions to reduce the effects of clogging.
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A Detailed description of some models

A.1 Deposition model

The deposition of fine sediment takes place in the substrate of the flume, but also in dead

spaces of the experimental setup. The quantity of fine sediment that deposit in the substrate

is important to evaluate the clogging process. In particular, the quantity of fine sediment

mk deposited in the substrate is relevant to analyse the evolution of the permeability, or the

reciprocal filter resistance. The modeling of the deposition could also allow the estimation of

the deposition through the different processes that take place in the substrate. Deposition in

the installation outside of the substrate section is reduced by the help of bubbling devices that

keep fine sediment in suspension in the main tank as well as in the upper tank before the inlet

of the flume. The estimation of the deposition rate outside of the flume must therefore also be

taken into account in the calculation of the deposition rate in the substrate.

A.1.1 Mathematical development

The calculation of the deposition rate in the installation is based on the development presented

by Mooneyham and Strom (2018) for the deposition rate of clay in sand and gravels. In the

development presented by Mooneyham and Strom (2018), the deposition rate in the substrate

is supposed to stay constant over the whole experiment duration since no clogging occurs,

i.e. the deposition of clay in the pores of the substrate is too small to affect the permeability.

The calculation is based on the one-dimensional mass conservation equation for suspended

sediment in rivers. Under the assumption of a very small change of the concentration along

the flume and negligible dispersive and advective terms, the change of concentration over

time can be expressed as:
∂C

∂t
= 1

h
(Eb −Db) (A.1)

Where C is the concentration, t the time, h the flow depth, Eb the erosion flux and Db the

depositional flux. The term (Eb −Db) can be used as the net flux of particle exchange with the

substrate and can be expressed as a function of the concentration C , the settling velocity ws
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and a deposition rate factor α1:

Eb −Db =−α1wsC (A.2)

The vertical flux of particle next to the surface of the substrate is represented by the term wsC

and the deposition rate stands for the fraction of the suspended sediment that deposits to the

bed. It results in an equation which is only valid under the assumption that the flow is always

in contact with the substrate. In the experimental setup, the flow is only in contact with the

substrate during a short time and thus the deposition is slower than if it was constantly on the

substrate. To take this effect into account, and adjustment factor β1 = Tc /TT is introduced

with Tc , the time where the flow is in contact with the flume, and TT the turnover time, i.e. the

average time taken by the water to make a complete turn:

∂C

∂t
=−β1

h
α1wsC (A.3)

Since deposition also occurs outside of the substrate, despite the bubbling system, a new net

deposition term Nd ,s y s has to be added to Eq. A.3 and result in:

∂C

∂t
=−β1

h
α1wsC + 1−β1

Ls
Nd ,s y s (A.4)

The characteristic system length Ls is added here to ensure dimensional homogeneity. Since

this characteristic system length is difficult to define, an overall system capture coefficient α∗
is used with a dimension of [m−1]:

1

Ls
Nd ,s y s =α∗wsC (A.5)

By combining Eq. A.5 in Eq. A.4, it results in the following PDF:

∂C

∂t
=−wsC

(
β1

h
α1 + (1−β1)α∗

)
(A.6)

This PDF can be solved as a function of time:

C∗(t ) = C

C0
= e

−ws

(
β1
h α1+(1−β1)α∗

)
t

(A.7)

Since this equation only considers a unique settling velocity, Mooneyham and Strom (2018)

suggest using a partial concentration for each grain size fraction and summing them to return

the overall concentration of fine sediment. This supposes the use of specific deposition rate

factors for both the substrate and the system for each fine sediment fraction. Mooneyham and

Strom (2018) introduce a factorΘi , for which α1,i =Θiα1 and α∗,i =Θiα∗, withΘi defined as:

Θi =
(

di

dmax

)n

(A.8)

Where di is the average diameter of the class i , and is divided by the largest size fraction dmax .

Mooneyham and Strom (2018) suggest using a value of n = 2 and to adapt this calibration
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factor starting from this value, since n = 2 implies that Θi is proportional to ws,i . The final

model reads:

Ci (t ) =C0,i e
−ws,iΘi

(
β1
h α1+(1−β1)α∗

)
t

(A.9)

With the total concentration being equal to:

C =
N∑

i=1
Ci (A.10)

Such a model can be used to quantify the system capture coefficient α∗ of the experimental

setup. To do this, the deposition rate factor is physically set to 0 by preventing any fine

sediment to deposit over the substrate part of the flume. A plastic was taped in the flume in

order to avoid any deposition in the substrate and prevent water from infiltrating below the

plastic. If fine sediment managed to deposit on the plastic, it was cleaned by resuspending

deposited fine sediment into the flow on a regular basis. Since some water still managed

to infiltrate through very small interstices, fine sediment deposited below the plastic was

collected and weighted. In consequence, Eq. A.9 was modified by adding an infiltration term.

It is assumed that the infiltration flow was returning to the system without any fine sediment.

Under a constant infiltration flow, the concentration change can be expressed as following:

∂C

∂t
=−C

Qi n f

V
(A.11)

Where Q is the infiltration discharge and V the total active volume of water in the system.

Given the similarity of this equation with Eq. A.6, they can be combined and result in the

following equation, which can be integrated in the same way as Eq. A.9:

∂C

∂t
=−C

[
ws

(
β1

h
α1 + (1−β1)α∗

)
+ Qi n f

V

]
(A.12)

A.1.2 Estimation of system deposition

The grain-size distribution is split into 9 different fractions and the factor α∗ and n have

been calibrated so that the concentration measured by the turbidimeters corresponds to the

model with the best fit. For the calculation of the deposition in the system, the quantity of

fine sediment that unfortunately deposited by infiltration must also be equal to the weighted

quantity, by calibrating the unknown infiltration flow Qi n f . The experiment to evaluate the

system deposition rate was done with a discharge Q = 2.3 L/s, corresponding to most of the

performed experiments. The active volume was deducted from the increase of concentration

in relation with the added fine sediment quantity including the small initial concentration.

The factor n showed almost identical R2 values in the range [2.0 – 2.8], similar to Mooneyham

and Strom (2018), with an optimal value of n = 2.45 and α∗ = 1.75, and R2 = 0.99. A value of

Qi n f = 9.0 mL/s showed good results with an infiltrated fine sediment quantity of 197 g (220 g

for the downstream turbidimeter), slightly over the weighted mass of 195 g that represents
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a minimum value. The model was fitted with the upstream turbidimeter (Fig. A.1 (b)) since

the downstream turbidimeter showed some peaks due to the cleaning of the fine sediment

deposited on the plastic and other irregularities. However, when applying the same parameter

to the data of the downstream turbidimeter (Fig. A.1 (a)), it also fits well most of the data.

The use of different fractions to calculate the deposition rate is required to fit well the data.

Tests using a single representative diameter did not show any good relation. As a general

Figure A.1 – Calibration of the parameters n and α∗ using a test experiment without substrate
deposition. Results for both turbidimeters.

observation, valid for most experiments, the upstream turbidimeter shows a more important

noise in the measurement. This can be attributed to the material, but also to the presence

of air bubbles from the aeration system that can reach the turbidimeter placed upstream. In

consequence, the downstream turbidimeter is used for the measurement of the concentration

in most experiments.

Despite the good agreement obtained for the factor α∗ using this calibration experiment,

applying the value of α∗ = 1.75 to the other experiments conducted in the present study, in

combination with the addition of fine sediment and deposition in the substrate (see below),

did not show good results. It appears that the value of α∗ varied between experiments despite

the use of the same system with the same settings. Therefore, the value of α∗ was evaluated

empirically based on the deposition rate at the end of experiment when almost no deposition

occurred in consequence of the clogging of the bed. At that time, both the deposition rate α1

and the infiltration discharge are close to zero due to the reduced permeability.
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A.1.3 Evolution of the concentration and deposition in the substrate over time

The same model of deposition was adapted to reproduce the evolution of the concentration

and the deposition of fine sediment in the substrate over time of the main experiments, with

a distinction between each size fraction (Fig. A.2). In the case of the main experiments, the

concentration decreases due to the deposition of fine sediment by infiltration in the substrate

due to the gradient of percolation, to the deposition by advective pumping and sedimentation

in the system as calculated in the previous section. Some fine sediment is added at different

time step over the experiments, which induces an increase of the concentration. Newly

added fine sediment contains the whole distribution of fine sediment, in opposite to the fine

sediment already in the flume, which has a reduced fraction of coarse fine sediment. The

Figure A.2 – Evolution of the concentration with time for Experiment 21, for each size fraction
and resulting deposition ; comparison with measured concentration. Deposition diagram
shows a larger proportion of the coarse fraction of fine sediment than the one present in the
suspended sediment concentration due to its faster sedimentation. An important part of the
coarse fraction deposits in the system.

modeling of the evolution of the concentration in time allows for the determination of the

global deposition rate and more precisely of the rate of deposition that can be attributed ot

the infiltration flow, to the advective pumping or to the system. The deposition rate linked

to advective pumping corresponds to the variable α1 of Eq. A.12. In theory, all boundary

conditions and parameters are known, except the variable α1. The dimensions of the channel,

the flow conditions, the infiltration discharge, the concentration over time, the mass of fine

sediment added to the system with time and the characteristics of the fine sediment have been
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measured. The active volume of water in the system can be deducted from the increase of the

concentration resulting from the addition of a known quantity of fine sediment. Finally, the

system deposition rate α∗ and the factor n have been theoretically calibrated in the previous

section.

During experiments, several parameters of Eq. A.12 change over time due to the clogging

process. First, the infiltration discharge decreases with the reduction of the permeability.

Secondly, it has been shown that the deposition rate α1 depends on the flow conditions and

on the permeability of the substrate (Sec. 2.3.1). It means that the unknown variable α1 varies

with time as the permeability decreases.

An important difference exists between the fractions of fine sediment that deposit by infil-

tration flow or by advective pumping. The first concerns the whole fine sediment distribution

available in the flow near the surface of the bed. It has to be noted that there could be an

exception when the bed is totally clogged near the surface. While very fine sediment could

still penetrate in small interstices of the riverbed, coarser particles might not be able to enter

and be re-entrained by the flow. On the other hand, advective pumping results in a faster

deposition of the coarsest fraction of the fine sediment, while very fine particles may remain in

the hyporheic flow and eventually reach the surface again. The difference between deposition

by advection and infiltration is included in the model of the deposition with Eq. A.12 and are

illustrated in Fig. A.3. The resolution of Equation Eq. A.12 to reproduce deposition in the exper-

Figure A.3 – Comparison between the different types of deposition in the substrate, by infiltra-
tion, advective flow, or in the system, for experiments 17 and 20.

iments is an integrative process, with the evolution of concentration at time t j+1 depending on
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the system at time t j . Therefore, no solution have been found to extract and solve the variable

α1 directly. Also, since the deposition rate is not constant over time, no regression can be

implemented in a similar way to the system deposition rate α∗ in the previous section, unless

a hypothesis is made on the relation between the permeability and the deposition rate. For

experiments with a low bed shear stress, a larger proportion of fine sediment in suspension is

able to settle at the fall velocity ws , resulting in a higher global deposition rate. To take into

account this aspect, the deposition model was modified to accept value of α1 greater than

one, but under the condition that the product Θiα1 has a maximum value of 1. Using this

modification allows for the deposition of a greater proportion of fine sediment for low shear

stress that corresponds well to the measurements.

Finally, a higher decrease of the concentration is observed in some cases, specifically in

the presence of important percolation gradient. It is suggested that it is linked to very fine

particles that were not filtered by the substrate and are recirculated in the main system after

being infiltrated. In most experiments, the outlet of the infiltration flow showed some turbidity

in the first hours of the experiments. This phenomenon was taking place when the substrate

was still sufficiently permeable, or the percolation gradient sufficiently high to transport those

particles across the substrate. The recirculation decreases with time as interstices become

small enough to capture very fine sediment. To take this aspect into account, the numerical

model was modified with the addition of a component of recirculation for the finest fractions

of the suspended sediment. This fraction was varied uniformly for all diameter fraction as a

function of the infiltration flow, using an exponentially decreasing function. The lower limit

for the recirculation of fine sediment is set to 1.5 L/min and the coefficient R f applied on the

deposition rate by infiltration is expressed as:

R f = e− fi (Qi n f −Ql i m )/A (A.13)

Where fi is a factor that depends on the diameter, equal to 0.25, 0.15 and 0.2 for the fractions

1.1, 3.3 and 7.3µm respectively, 0 for larger diameter ; A the surface of the substrate and

Qi n f −Ql i m set to zero for Qi n f −Ql i m < 0.

A.1.4 Deposition rate and infiltration flow – evolution of permeability over time

The infiltration flow accounts for a significant part of the deposition of fine sedimentation. For

high percolation gradients and infiltration flows, it accounts for nearly 100% of the deposition

in the substrate (Fig. A.4, (a)). On the opposite, in the presence of a small infiltration flow,

a larger part of the deposition in the substrate can be attributed to advective flow (Fig. A.4

(b)). With the clogging of the substrate, the permeability is reduced. It implies that both

the infiltration flow and advective flow decrease. Advective pumping appears to decrease

faster than infiltration flow (Fig. A.3). Indeed, these mechanisms do not depend on the same

parameters. The quantity of fine sediment deposited by infiltration is proportional to the

concentration of fine sediment in the flow and the infiltration discharge. The latter depends

on the percolation gradient and the permeability through Darcy’s equation. In the presence
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Figure A.4 – Comparison between deposition in the case of important infiltration flow (a, exp.
20) and in the case of a small percolation gradient (b, exp. 21). An uncertainty exists for the
respective part of system and advective flow deposition. In the Experiment 20, the cumulative
deposition calculated from the simple product of the infiltration flow by the concentration is
much higher than the real one, calculated by the integration of the change of concentration.

of advective flow, an additional quantity of fine sediment deposits, depending on the flow

conditions and on the permeability. Different studies link the advective exchanges with the

permeability Reynolds number Rek . However, looking more closely at the relation between

Rek and the deposition rate in the results of Mooneyham and Strom (2018), it can be seen

that the deposition rate is more influenced by the permeability than the shear velocity. The

shear velocity only has an influence on the net deposition rate in the case of an acrylic flat

surface since an increase of the shear stress increase the erosion component. In the other

cases, when erosion is almost impossible, no clear correlation can be found between shear

velocity and deposition rate. The permeability relevant for advective pumping only concerns

the subsurface of the substrate. In the case of inner clogging, the top layers are more clogged

than the layers below. This implies that the relevant permeability is the one present near the

surface of the substrate. This permeability is smaller than the overall permeability of the whole

substrate, which defines the infiltration flow.
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A.2. Cake filtration

A.2 Cake filtration

Cake filtration is observed in a few experiments, in the case of surface clogging or inner

clogging when a layer of coarser sediment lays on top of finer substrate. The filtration equation

can be expressed in 2 different way depending of where the cake forms, but only differs slightly.

In the case of surface cake formation, and under the hypotheses of an incompressible cake,

the pressure drop over a substrate of height hs and a cake filter of height e f is expressed as:

∆p =∆pc +∆ps =α f e f µ
Q

A
+αshsµ

Q

A
(A.14)

Where ∆p is the pressure drop, divided in the cake (f) and substrate (s) parts, α = 1/k the

resistance of the medium, µ the dynamic viscosity and Q the infiltration discharge, taking

place over the area A. The thickness of the cake depends on the volume V of infiltrated water

with a fine sediment concentration C , as well as its porosity ϕ f and is defined by:

e f =
cv V

A(1−ϕ f )
(A.15)

This allows to rewrite Eq.A.14 into:

∆p =
(
α f

cv V

A(1−ϕ f )
+αshs

)
µ

Q

A
(A.16)

A cake formation inside of the substrate can take place when some coarse substrate is

present over a layer of finer substrate, which impedes the infiltration of fine sediment in

deeper layer. In this case, Eq. A.14 is rewritten into

∆p = (αc hc +αs(hs −hc ))µ
Q

A
(A.17)

Where the resistanceαc and thickness hc of the clogged layer have to be adapted since it grows

inside the substrate. The substrate considered in this equation is the one where the clogged

layer grows, but not the substrate situated below the clogged layer which should have a smaller

permeability due to the smaller size of pores.

The permeability (or resistance) of the clogged layer and its porosity depends on the

saturation of pores by fine sediment, which represent a case of underfilled substrate (i.e. gravel

supported media as opposed to fine sediment supported media) with a composed porosity ϕc

defined as:

ϕc = ϕs − f

1− f
(A.18)

In this case, the permeability kc can be expressed, based on She et al. (2006), as:

kc = ks(1−ξ)2 +k f ϕsξ (A.19)
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Where f the sediment fraction defined as f = m f /(ms +m f ) The variable f can also be

expressed in function of the fraction of fine sediment F used in Sec. 5.2.3 with f = Fρ f /[Fρ f +
ρs(1−ϕs)]. The variable ξ is expressed as:

ξ= (1−ϕs) f

ϕs(1−ϕ f )(1− f )
= F

ϕs(1−ϕ f )
(A.20)

The thickness of the clogged layer depends on the fraction of fine sediment that can fit in the

pores of the substrate F , with hc =CV /(AF ) or alternatively hc =CV /A · (1− f 9/[ f (1−ϕs)]).

In the simplified case of an inner cake with complete saturation of the pores, the perme-

ability is expressed as kc = k f ϕs , hence αc =α f /ϕs and hc =CV /(AFS) =CV /[Aϕs(1−ϕ f )].

This leads to the following equation:

∆p =
(

1

ϕs

(
α f

ϕs
−αs

)
cv V

A(1−ϕ f )
+αshs

)
µ

Q

A
(A.21)

This equation is similar to Eq. A.16, but with a different expression for the resistance of the

clogged layer.

It follows that the total resistance (inverse of the permeability) of a substrate layer can be

expressed as follow, when using the fraction of fine sediment F and fraction at saturation FS :

αtot =
(
α f

ϕs
−αs

)
F

FS
+αs (A.22)

A.3 Retention factor probabilistic model

This section presents a brief summary of the method developed in Berni et al. (2015) and

Herrero and Berni (2016), to understand the different steps of the methodology and the

application of the model to the grain-size distributions used in the current study. The reader

can refer to those articles for more details.

The method is based on the probability of a fine sediment particle d f to travel through

a pore of diameter dp . Both the distribution of fine sediment and pore diameter are needed

to find the retention factor β. The pore size is defined primarily as the diameter of a round

particle that can fit at the intersection of 3 round substrate particles. In a first step, the diameter

of the particle forming the substrate is divided according to the sieve sizes, and the diameter

of particles within each sieve is considered uniform. The probability of occurrence fg (xi ) of a

particle between diameter xi and xi+1 can be derived from the curve of percentile by weight

distribution G(xi ) using the following equation:

fg (xi ) = 4w

Nα

G(xi+1)−G(xi )

x4
i+1 −x4

i

(A.23)
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Where the percentile by weight distribution is expressed as:

G(xi ) = wthr oug h,i

w
(A.24)

And the number of particles reads:

N =
n∑

i=1

4w

α

G(xi+1)−G(xi )

x4
i+1 −x4

i

(xi+1 −xi ) (A.25)

Where α= πρg /6 since spherical particles are considered, wthr oug h,i is the quantity of sed-

iment passing through the sieve xi and w the total mass of the sample. The proportion of

particle within the interval [xi , xi+1] is given by f (xi )(xi+1 − xi ). The diameter of a pore is

equivalent to the diameter of a circle inscribed in between 3 other circles of diameter d1,d2

and d3 is given by the following equation (Harish Chandra Rajpoot, 2015), with r as radius :

dp = 2 · r1r2r3

2
p

r1r2r3(r1 + r2 + r3)+ (r1r2 + r2r3 + r1r3)
(A.26)

The probability distribution of each pore size resulting from the combination of 3 diameters

of particle can be computed from the probability of size occurrence of each grain of the

combination. To account for the fact that big particles can participate in more pores than

small particle, but the latter are more abundant, a bias has to be introduced by multiplying

fg (x) by a factor xm
1 with m = 3. Following the discussion in Berni et al. (2015) and Herrero

and Berni (2016), the probability of to obtain a pore of size dp is given by:

p(dp ) = fg (d1)d m
1 · f (d2)d m

2 · f (d3)d m
3 (A.27)

This probability is computed for each set of three particles, and the cumulative probability

P (x) is obtained my summing each probability, after sorting the diameters dp . The probability

P (x) expresses the probability to have a pore size smaller than the diameter x.

The trapping coefficient can be obtained from the convolution between the pore size

probability P (x) and the fine sediment distribution of the probability occurrence f f (x) using

the normalized Eq. A.28, which give the probability of a random fine sediment particle to pass

through a random pore:

βp =
∑

P (xi ) f (xi )(xi+1 −xi )∑
f (xi )(xi+1 −xi )

=∑
P (xi ) f (xi )(xi+1 −xi ) (A.28)

Using the fact that
∑

P (xi ) f (xi )(xi+1 − xi ) = 1. Since coarse particles are more likely to be

trapped by a pore throat, Berni et al. (2015) suggest using weighted values of f f (x) to include

the mass of sediment trapped into the bed, by using the following equation, which has been

normalized:

β=
∫

P (x f ) f (x f )αx3
f d x f∫

f (x f )αx3
f d x f

=
∑

P (x f ,i ) f (x f ,i )α(x4
f ,i+1 −x4

f ,i )∑
f (x f ,i )α(x4

f ,i+1 −x4
f ,i )

(A.29)
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The results using the substrate grain-size distribution of Experiment 31, Section A, second

layer and the fine sediment mix [0-63] are presented in Fig. A.5, and result in a value β' 0.047

and correspond to a ratio Drr = 13.3.

Figure A.5 – Illustration of the different steps of the method proposed by Berni et al. (2015)
and Herrero and Berni (2016), applied to the grain-size distributions used in Experiment 31.
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B.1 Experiments with varying percolation gradient (FS 40 µm)

Table B.1 – List of experiments with specific boundary conditions

Parameter Exp. # Ia [%] Jb [‰] Qc [L/s] FSd [µm] Sub.d [mm] Ce [g/L]
Gradient 7 -5.7 4.5* 2.3 40 0-8 1

4 0 4.5* 2.3 40 0-8 1
9 3.1 4.5* 2.2 40 0-8 1
10 4.4 4.5* 2.2 40 0-8 1
11 5.4 4.5* 2.2 40 0-8 1
13 6.1 4.5* 2.2 40 0-8 1
5 6.5 4.5* 2.2 40 0-8 1
6 9.3 4.5* 2.3 40 0-8 1
3 19 4.5* 2.2 40 0-8 1

Other 8 9.5 4.5* 2.3 40 0-8 2f

12 6 4.5* 2.2 40 0-8 2
a Average percolation gradient along the flume
b Average slope of the substrate, estimated, not directly measured
c Average (constant) surface flow discharge
d Max (FS, d95) / Range (Substrate) of sediment diameter
e Targeted maximum fine sediment concentration
f Concentration obtained by several unique additions and long deposition phases
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B.2 Main experiments results and modeling

This section presents the detailed results of the experiments 14 to 31 as well as 37 and 38,

including the results of the different models used in the present research. At the end, the

grain-size distributions of each experiment are also provided.

Figure B.1 – Relation between the standard deviation of the substrate grain-size distribution
and its porosity, and comparison with the one presented in Wooster et al. (2008). Upper
and lower range of porosity corresponds respectively to non vibrated sediment and slightly
vibrated sediment in the measurement column used to measure the mass of substrate and
fine sediment (Sec. 4.3.4)
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B.2.1 Experiment 14

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.2 Experiment 15

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.3 Experiment 16

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.4 Experiment 17

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.5 Experiment 18

Substrate: [0-8] mm ; Fine sediment: [0-63] µm

243



Appendix B. Experiment results

B.2.6 Experiment 19

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.7 Experiment 20

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.8 Experiment 21

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.9 Experiment 22

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.10 Experiment 23

Substrate: [0-8] mm ; Fine sediment: [0-40] µm
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B.2.11 Experiment 24

Substrate: [0-8] mm ; Fine sediment: [0-100] µm
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B.2.12 Experiment 25

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.13 Experiment 26

Substrate: [0-8] mm ; Surface [8-16] mm ; Fine sediment: [0-63] µm

251



Appendix B. Experiment results

B.2.14 Experiment 27

Substrate: [0-8] mm ; Surface [8-16] mm ; Fine sediment: [0-63] µm
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B.2.15 Experiment 28

Substrate: [0-8] mm ; Surface [8-16] mm ; Fine sediment: [0-63] µm
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B.2.16 Experiment 29

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.17 Experiment 30

Substrate: [0-8] mm ; Top layer 27 mm of [4-8] mm ; Fine sediment: [0-63] µm
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B.2.18 Experiment 31

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.19 Experiment 37

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.20 Experiment 38

Substrate: [0-8] mm ; Fine sediment: [0-63] µm
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B.2.21 Grain-size distributions
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B.3 Variable flow experiments

This section presents different results obtained from the analysis of experiments with variable

flow conditions, including sediment feed rates and estimated bedload of each experiments.

Figure B.2 – Cumulative deposited fine sediment as a function of the cumulative transported
sediment, expressed using the reduced quantity as explained in Chap. 9.

Figure B.3 – Variation of the water depth as a function of the surface flow discharge at the
two measurement sections for three selected experiments. The dot corresponds to the initial
value.
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Figure B.4 – Bedload sediment entering and leaving the flume, averaged over the duration
between measurements, together with the dimensionless shear stress.
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