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Notations

The following symbols are used in this thesis:

d [m] diameter of small spheres used in the bed configuration
D [m] diameter of large spheres used in the bed configuration
dc [m] thickness of the colmation layer
dm [m] mean grain size of the bed materials
dmix [mm] diameter of mixed sediments supplied to experiments
ds [mm] diameter of homogenous sediments supplied to experi-

ments
Q [m3/s] water discharge
t [s] time / duration
ρs [kg/m3] density of the sediments
I0 [counts per second - cps] initial count rate emitted from the gamma source
Ix [counts per second - cps] transmitted count rate after passing the penetrating media
X [m] thickness of the measuring object through the Gamma-ray

attenuation method
x [-] lateral / cross-sectional axis
y [-] longitudinal axis
z [-] vertical axis



Abbreviations

The following abbreviations are used in this thesis:

Al Aluminum
GRA Gamma-Ray Attenuation

PP Polypropylene
PIV Particle Image Velocimetry

PVC Polyvinylchloride
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Abstract

The fine sediment infiltration and accumulation into the gravel bed of rivers, the so-called col-
mation phenomenon, is a pernicious process exacerbated by anthropogenic activities. Owing
to the importance and complexity of this phenomenon, it has been widely studied over the
last decades. Various devices and methods have been developed to assess this phenomenon,
where most of them are destructive and sample-based, resulting in an alteration of the natural
conditions. Therefore, non-intrusive techniques, which provide spatial and temporal details
with a high-resolution, are required to discretize the mechanisms involved in the colmation
process. To address these issues, investigations under laboratory conditions may simplify the
complexity of nature and enable individual and exactly defined boundary conditions to be
investigated. Therefore, this thesis aims at (i) developing a non-intrusive and undisturbed
measurement method for the high-resolution spatio-temporal measurements of the sediment
infiltration processes and the development of sediment accumulation in an artificial river bed
under laboratory conditions, (ii) applying this method to certain experiments for the assess-
ment of the effects of different boundary conditions on sediment infiltration, and (iii) investi-
gating the colmation phenomenon (also known as clogging) of gravel beds. For this purpose,
the gamma-ray attenuation method is used together with an artificial gravel bed arranged from
the spheres with various diameters and placed in a laboratory flume. This new method works
based on the gamma radiation that passes through the infiltrated sediments, water, and bed
spheres, in which the gamma-ray attenuation is linked to the variations of the infiltrated sedi-
ments’ quantity. The main simplification of this approach is that gravel beds are represented by
the combinations of different-sized spheres. This gives the opportunity to fully distinguish in-
filtrating sediments from the bed material, reduce the complexity of the natural environment,
and allows for repetitive measurements of the same position with different boundary condi-
tions.

From the results of this study, first, the gamma-ray attenuation measurement method was op-
timized to resolve the inconsistencies in the measurements. Subsequently, the concept of the
non-intrusive and undisturbed measurement is proved through box experiments. Additional
reproducibility experiments in the laboratory flume, for a similar bed structure, showed only
small deviations between two experiments with the same setup. Consequently, the established
technique was used in a series of experiments to evaluate the effects of different supply rates,
total supply masses, and sediment particle size boundary conditions on the sediment infil-
tration and colmation processes. Vertical profiles of the infiltrated sediment were quantified
through high spatial resolution measurements. Furthermore, to evaluate the infiltrating sedi-
ment accumulation development, and the temporal variations of the infiltrated sediments, the
vertical profile measurements were first repeated after a specific time-period to track interval-
averaged variations in all positions of the vertical axis. Next, a specific position of the vertical
axis was measured continuously during the entire experiment in a high temporal resolution.



XIV Abstract

The measured vertical profiles illustrate the vertical distribution, colmation, and unimpeded
percolation of the infiltrated sediments. The dynamic one-point measurement precisely identi-
fies the three phases (the start of the pore-filling, the required time to fill the pore, and the final
amount of infiltrated sediments including natural fluctuation during the ongoing experiments)
of the sediment infiltration or the possible clogging.

As a limitation, the gamma-ray attenuation system’s current configuration only works in ar-
tificial gravel beds because of the given density difference between infiltrated sediments and
the artificial bed structure. Intense radiations that pass through the natural bed’s thickness are
capable of detecting a significant amount of infiltrated sediments. However, small amounts of
infiltrated sediments will create only a minimal shift in attenuation, which might be confused
with the statistical error. In addition, the legal restriction against using radioactive material
in the natural environment is another reason for not applying it in the field. Furthermore, the
gamma-ray attenuation method cannot resolve the sediment distribution in the measurement
horizon and provides an integrative result for each measurement position. In addition, if a
mixture of silt, clay, and sand is supplied to the experiment, the gamma-ray attenuation system
will produce a bulk result of all the infiltrated materials.

To conclude, despite the limitations mentioned above, the gamma-ray attenuation method of-
fers a unique opportunity for the non-intrusive and undisturbed measurements of the sedi-
ment infiltration or the special case of colmation, with a high spatio-temporal resolution. This
method has the potential to quantify the investigated processes on a millimetric spatial scale, if
the measurement time is not a constraint, or vice versa, in a high temporal resolution (seconds)
for a specific position, if spatial scale is not important. Moreover, the gamma-ray attenuation
approach can simultaneously measure the longitudinal distribution of the sedimentological
processes, if multiple instruments or a single device with several radiation-emitting-holes is
in operation. Last, but not least, rather than the spheres, artificial gravel beds could be made
of any substance with a composition significantly different from the infiltrating sediments, and
the boundary conditions of the experiments can be improved in order to attain conditions close
to nature. Finally, the gamma-ray attenuation method can be integrated with advanced flow
measurement instruments such as Particle Image Velocimetry (PIV) and other high-resolution
endoscopic devices to track the behavior of fine sediment infiltration and its clogging process
in the porous gravel beds as it occurs in nature.



Kurzfassung

Die Infiltration und Akkumulation von Feinsedimenten in das Kieslückensystem von
Fließgewässern – auch bekannt unter dem Begriff der Kolmation – wirkt sich negativ auf
die Gewässerökologie aus und wird durch anthropogene Aktivitäten noch verschärft. Auf-
grund der Bedeutung und Komplexität ist das Phänomen Kolmation in den letzten Jahrzehn-
ten in zahlreichen wissenschaftlichen Studien untersucht worden. Für die Bestimmung und
Bewertung der Kolmation wurden hierfür verschiedenste Geräte und Methoden entwick-
elt, die zumeist auf Einzeluntersuchungen basieren und destruktiv funktionieren. Daher
werden nicht-intrusive Techniken benötigt, die in der Lage sind sowohl räumlich als auch
zeitlich hochauflösend die Entwicklung der an der Kolmation beteiligten Prozesse messtech-
nisch zu erfassen. Diesbezüglich bieten experimentelle Laboruntersuchungen die Möglichkeit
die Komplexität der Natur auf einzelne diskrete Prozesse zu reduzieren und gezielt bes-
timmte Randbedingungen exakt einzustellen. Die Ziele dieser Arbeit umfassen daher (i)
die Entwicklung einer nicht-intrusiven und nicht-destruktiven Messmethode für sowohl in
Raum und Zeit hochauflösende Messungen von Infiltrationsprozessen, sowie die Akkumula-
tion der infiltrierenden Feinsedimente (”Verstopfung“) in künstlichen Gewässerbetten unter
kontrollierten Laborbedingungen, (ii) die Anwendung der entwickelten Methode auf aus-
gewählte Experimente zur Abschätzung der Auswirkungen unterschiedlicher Randbedingun-
gen auf die Sedimentinfiltrationsprozesse und (iii) die Verstopfung der Poren im Rahmen
des Kolmationsprozesses zu untersuchen. Hierfür wird die Gamma-Absorptions-Methode
gemeinsam mit einem künstlich hergestellten Gewässerbett verwendet. Das Gewässerbett
besteht aus rundförmigen Kugeln mit unterschiedlichen Durchmessern und wird mit unter-
schiedlichen Lagerungsdichten aufgebaut. Die Gamma-Absorptions-Methode basiert auf der
Abschwächung der Gamma-Strahlung beim Durchstrahlen des Laborgerinnes mit Gewässer-
bett, Wasser und infiltrierten Sedimenten, wobei aus dem Maß der Abschwächung auf die infil-
trierten Sedimentmengen rückgeschlossen werden kann. Die größte Vereinfachung gegenüber
dem natürlichen Prozess besteht in dem künstlichen Gewässerbett mit Kombinationen von
Kugeln unterschiedlicher Größe, die mit Luft gefüllt sind und somit vollständig von den in-
filtrierenden Feinsedimenten unterschieden werden können. Dies reduziert die Komplexität
des Kolmationsprozesses und ermöglicht Wiederholungsmessungen an identischen Stellen bei
unterschiedlichen Randbedingungen.

Ausgehend von den Ergebnissen dieser Studie wurde zunächst die Methode zur Messung
der Gammastrahlenabsorption optimiert, um Unstimmigkeiten bei den Messungen zu be-
seitigen. Anschließend wurde das Messkonzept der nicht-intrusiven und ungestörten Mes-
sung durch Box-Experimente verifiziert und nachgewiesen. Zusätzliche Wiederholungsex-
perimente in der Laborrinne mit vergleichbarem Aufbau des Gewässerbetts zeigten nur
geringe Abweichungen zwischen zwei Experimenten. Daraufhin wurde die nun verifizierte
Messtechnik in einer Versuchsreihe zur Untersuchung des Einflusses von Randbedingungen
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(Sedimentzugaberaten, Zugabemassen, Partikelgrößen des zugegebenen Feinmaterials) einge-
setzt, um die Auswirkungen auf die Sedimentinfiltrations- und -akkumulationsprozesse zu
untersuchen. Vertikale Profile der infiltrierten Sedimentmengen wurden mittels räumlich
hochauflösenden Messungen quantifiziert. Um die Entwicklung der infiltrierenden Sedimente
und die zunehmende Verstopfung der Poren zu bewerten (zeitliche Kolmationsentwicklung)
wurden die vertikalen Profilmessungen zunächst nach einem bestimmten Zeitraum wieder-
holt, um mögliche Variationen in allen Positionen der vertikalen Achse erfassen zu können.
Zusätzlich wurde während der gesamten Experimentdauer an einer bestimmten Position der
vertikalen Achse kontinuierlich und mit hoher zeitlicher Auflösung die Infiltrationsmasse
gemessen (Ein-Punkt-Messung). Die gemessenen Vertikalprofile veranschaulichen die ver-
tikale Verteilung, das Ausmaß der Porenverfüllung und die weitestgehend ungehinderte In-
filtration der Feinsedimente. Die dynamische Ein-Punkt-Messung identifiziert präzise die drei
Phasen: Beginn der Porenfüllung, die benötigte Zeit zum Füllen der Pore und die finale Infil-
trationsmenge inklusive der natürlichen Fluktuationen während der Experimente.

Die derzeitige Konfiguration der Gamma-Absorptions-Methode funktioniert nur in
künstlichen Gewässerbetten im Labor, da ein großer Dichteunterschied zwischen infil-
trierenden Feinsedimenten und der künstlichen Bettstruktur benötigt wird. Eine starke
Strahlung kann die Mächtigkeit eines natürlichen Gewässerbettes durchdringen und somit
auch signifikante Mengen an infiltrierten Sedimenten detektieren, jedoch führen geringe
Infiltrationsmengen nur zu einer minimalen Strahlenabsorption, was leicht mit einem statis-
tischen Fehler der Gamma-Strahlung verwechselt werden könnte. Ein weiterer Grund für
den Verzicht auf den Einsatz von radioaktivem Material in der Natur sind die gesetzlichen
Beschränkungen für die Anwendung in der Praxis. Darüber hinaus kann die Gamma-
Absorptionsmethode die horizontale Verteilung der Infiltrationsmengen nicht auflösen und
liefert für jede vertikale Position lediglich ein integratives Ergebnis. Besteht das Zugabe-
material aus verschiedenen Materialen (z. B. ein Gemisch aus Schluff, Ton und Sand) gibt
die Gamma-Absorptions-Methode ebenfalls nur ein integratives Ergebnis der Strahlenab-
schwächung für alle infiltrierenden Materialien aus.

Zusammenfassend lässt sich schlussfolgern, dass die Gamma-Absorptions-Methode trotz der
oben erwähnten Einschränkungen eine bisher einzigartige Möglichkeit zur nicht-intrusiven
und ungestörten Messung der Sedimentinfiltration bzw. der Kolmation mit einer hohen
räumlichen und zeitlichen Auflösung bietet. Diese Methode hat das Potenzial, die unter-
suchten Prozesse auf einer räumlichen Skala im Millimeterbereich zu quantifizieren, solange
die Messdauer nicht limitierend ist. Andersherum können die Infiltrationsprozesse zeitlich
hoch aufgelöst werden (Sekundenbereich), wenn der räumliche Aspekt nicht relevant ist.
Darüber hinaus bietet die Gamma-Absorptions-Methode bei Verwendung mehrerer Geräte die
Längsverteilung des Infiltrationsprozess messtechnisch zu erfassen. Weiterhin können anstelle
von luftgefüllten Kugeln auch künstliche Gewässerbette aus beliebiger Substanz hergestellt
werden, solange deren Dichte sich eindeutig von dem infiltrierenden Material unterscheidet.
Außerdem können die Einstellungen der Randbedingungen für die Durchführung der Exper-
imente noch optimiert bzw. an naturnähere Bedingungen angepasst werden. Ein weiterer
Ausblick beinhaltet die Kombination der Gamma-Absorptionsmethode mit hochentwickelten
mehrdimensionalen Strömungsmessungen (z. B. Particle Image Velocimetry, PIV) oder die Ver-
wendung von endoskopischen Geräten, um das Verhalten der infiltrierenden Feinsedimente
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sowie deren Akkumulation in Kieslückensystemen noch detaillierter zu erfassen.





1. Introduction

1.1. Background

Sediment transport in rivers is a natural phenomenon that conveys fine sediments as sus-
pended and coarser material as bed loads from the upper reaches further downstream. This
phenomenon affects the river morphology through the erosion and deposition processes that
are in a dynamic balance in natural rivers. However, anthropogenic activities in the catch-
ment and river disrupt this equilibrium conditions. For example, increased supplies of fine
sediments to the river caused by deforestation, intensive agriculture, and urbanization in the
basin, as well as river management measures conducted in the past, result in the fact that the
stabilizing forces become larger than the driving forces of the transported sediments. Thus, the
transported sediment particles deposit and infiltrate into the porous gravel bed of rivers. This
process reduces the initial porosity of the gravel bed, and in a worst-case scenario, can entirely
clog the river bed. As a result of the sediment infiltration into gravel beds, the reduction of
permeability (Schälchli, 1992), the decrease of surface and subsurface flow exchange (Gayraud
and Philippe, 2003), the degraded supply of dissolved oxygen to aquatic species living in the
hyporheic zone, and the recession of reproduction of the gravel-spawning fishes (Tonina and
Buffington, 2009; Noack et al., 2016) are observed. The whole process of fine sediment infil-
tration and accumulation in the gravel beds, which reduce the bed permeability and influence
surface and subsurface exchange processes, is called colmation or clogging. The magnitude of
sediment infiltration varies, on the one hand, spatially, as a result of the stream bed structures
(pool, riffle), and, on the other hand, temporally, owing to the supply of fine sediments and
the unsteady flow conditions. Hence, it is a highly complex and spatio-temporally dynamic
phenomenon.

The colmation process depends on several physical, chemical, and biological factors. Physi-
cal parameters governing this phenomenon are the river bed characteristics, sediment particle
size and shape, supply rate, type of infiltration, surface, and interstitial flow forces. The type
and amount of organic materials and their residence time are the chemical factors. Similarly,
biological factors include the variety of invertebrates, red algae, their commonness, and the
extent of eutrophy of the water which makes a cohesive layer on the gravel surface that retains
sediment particles (Schälchli 1992; Noack 2012). A classification of the influencing parameters
and development processes divides colmation into physical, biological, and chemical types.
Despite that, the position of clogged sediments also classifies this phenomenon into internal,
intermediate, and external categories (Noack, 2012). More details about the colmation process,
type, and influencing factors are described within the next chapter.

A decreased initial porosity of a river bed due to fine sediment infiltration may result in neg-
ative ecological consequences. For instance, it reduces the pore space, surface and subsurface
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exchange processes, and the supply of dissolved oxygen to the interstitial habitats, which hin-
der the reproduction of aquatic species (Noack, 2012). As a result, this species reduction, which
is due to colmation, does not allow good ecological conditions to be achieved in the rivers.
According to Pätzig et al. (2019), one significant aspect of the inability of the European water
framework directive to achieve a good ecological status is the effect of the colmation process
and its ecological consequences for interstitial ecosystems. Therefore, deeper understanding of
this phenomenon is needed to seek a solution to minimize or avoid colmation in the rivers.

The complex phenomenon of colmation has been intensively studied in the field and labora-
tory. Sediment infiltration into the gravel bed of rivers, as a primary parameter of the col-
mation phenomenon, has been investigated by several researchers in the field (Beschta and
Jackson 1979; Frostick et al. 1984; Zimmermann and Lapointe 2005; Evans and Wilcox 2014;
Harper et al. 2017), in the laboratory (Einstein 1968; Wooster et al. 2008; Gibson et al. 2009a,
2011; Dudill et al. 2017; Mayar et al. 2020), or by using numerical simulations and mathemati-
cal models (Bui et al. 2020; Herrero and Berni 2016; Noack 2012; Schälchli 1995; Lisle and Lewis
1992). But there are still gaps in our knowledge due to the complex processes involved in col-
mation, resulting in a large number of involved variables, but also as result of the limitation
of the current measurement methods. Colmation occurs in rivers, but due to the complexity
of natural environment and the large number of parameters involved, it is difficult to investi-
gate the phenomenon-involved mechanisms in situ. However, laboratory experiments allow
the effects of various parameters and different boundary conditions to be examined distinctly.
Thus, flume experiments decrease the complexity of the natural conditions in this study. For
instance, the biological and chemical aspects of colmation are not considered, and artificial bed
structures are designed for the investigation of the physical parameters of this phenomenon
during this research.

Finally, to gain more knowledge of the infiltration processes, and precisely quantify the col-
mation, a high-resolution non-intrusive and undisturbed measurement method is required.
Hence, this thesis first focuses on the development of a new non-destructive measurement
method. During a second step, the spatio–temporal variation of the physical colmation is in-
vestigated under the laboratory conditions by using the developed high-resolution approach.
To gain additional insight, several boundary conditions, including different sediment particle-
size mixtures, supply rates, and total supplied sediment masses have been tested.

1.2. Motivation and objectives

The colmation of gravel bed rivers relies on a variety of physical, chemical, and biological
factors. Physical parameters play a prominent role in the sediment infiltration and for accumu-
lation processes. Thus, researchers have focused mainly in investigating the physical aspect of
the colmation phenomenon (Einstein 1968; Beschta and Jackson 1979; Schälchli 1993; Wooster
et al. 2008). However, biological and chemical aspects of the colmation process have also been
studied (Beyer et al. 1975; Wood 1997; Schwarz et al. 2003) in order to define their impacts.

There are numerous methods and devices for the assessment of colmation. Seitz et al. (2019)
identified, through a survey from experts, 35 approaches, which consider various single pa-
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rameters for the assessment of colmation. Most of these approaches focus on the measurement
of infiltrated sediments. Harper et al. (2017) suggested paying attention to the interpretation of
findings obtained by various approaches due to the consideration of different parameters and
device setups. Most of the existing methods are disruptive approaches that alter the natural
conditions during the sampler installation and extraction. For example, sediment cylindrical
sampling devices (Blomqvist and Abrahamsson 1985; Reikowski 2015), various types of built-
in sediment traps (Frostick et al. 1984; Newson and Sear 1994; Wilcock et al. 1996), freeze coring
(Noack, 2012), bulk-sampling and sediment bags (Evans and Wilcox 2014), are techniques that
destroy the natural stream bed during extraction, which subsequently influence the quantifica-
tion of sediment infiltration at this point. Furthermore, most of these methods present vertically
averaged results and cannot evaluate the vertical distribution of infiltrated sediments. Addi-
tionally, they can only measure the infiltrated sediments at a particular location once. How-
ever, in some cases, the temporal changes are measured by installing several samplers together
and extracting them at intervals ranging from 14 to 400 days (Harper et al. 2017). But these
methods, based on sample extraction, alter the natural conditions and are not appropriate for
detecting temporal variations of the infiltrated sediments exactly at the same position with a
temporal resolution that enables the distinction of the mechanisms involved. An exception is
a submersible linear displacement transducer placed under a sediment capture tray used by
Fletcher et al. (1995) to track fine sediment intrusion into stable gravel stream beds. This device
provides a depth-integrated result of the temporal variation but cannot consider the vertical
distribution of infiltrated sediments.

In contrast, laboratory measurement techniques can provide more details. For example, the
core and cubed sampling devices (Wooster et al. 2008; Gibson et al. 2009a,b, 2011) used in
laboratory experiments provide the vertical distribution of the infiltrated sediments with a res-
olution depending on the bed gravel size and manual separation of the layers. Furthermore,
Gibson et al. (2011) used a photometric approach to assess the distribution of colored sediments
following the manual removal of the layers from sediment cores in the laboratory. However,
these approaches are also disruptive and change the natural conditions through extracting the
sample that limits the precision of measurements. Some indirect methods, such as tracking
of suspended sediment concentration balance over time in the flume (Hamm et al. 2011; Her-
rero et al. 2015), monitoring water pressure and conductivity of the gravel bed (Schälchli 1992,
1995), and visual observation of infiltrated sediment height evolution captured by the camera
through a transparent sidewall of the laboratory flume (Herrero et al. 2015) have been applied
for infiltrated sediment measurements. However, these laboratory methods can have an in-
tegrative result for the entire experiment and cannot determine the infiltrated sediments at a
given place and over time. In addition, Rosenbrand and Dijkstra (2012) and Niño et al. (2018)
used imaging methods for quantifying suffusion and fine sediment transport in a transparent
laboratory flume. But these approaches can only assess near-wall sediment flow that could be
influenced by wall friction.

As described above, most of the conducted studies only consider the sum of infiltrated mass as
a proxy parameter for the degree of colmation in the gravel beds. However, measurements of
the infiltrated sediment masses, particularly as a sum parameter over depth, are not sufficient
to understand the processes and interactions of the sediment infiltration. Therefore, it is nec-
essary to gain further knowledge about the clogging and its underlying process by using new
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methods compatible with the current requirements. With the available technology of penetrat-
ing radiation, it is appropriate to move toward a non-intrusive and undisturbed measurement
of the sediment infiltration and accumulation processes or their particular case of colmation.

For this reason, the Gamma-Ray Attenuation (GRA) method, which has so far been used for
undisturbed measurements of material’s physical properties in a static situation, e.g., soil bulk
density, water content, porosity (Pires and Pereira 2014; Pires et al. 2009; Baytaş and Akbal
2002; Gerland and Villinger 1995; Reginato 1974; Cassel and Krueger 1972), soil columns hy-
draulic conductivity, and reservoir sediment’s bulk density profiles measurements (Beckers
et al. 2018; Moreira et al. 2011, 2007; Gerland and Villinger 1995), was used in a laboratory
flume for the high-resolution spatio-temporal measurements of the physical parameters of the
colmation phenomenon.

In order to achieve this goal, the objectives have been set as follows:

1. To optimize the GRA measurements setup for the best composition of spatial and tempo-
ral resolution with an acceptable statistical error.

2. To prove the concept of a non-intrusive and undisturbed measurement method for the
infiltrated sediment masses and its high-resolution vertical distribution.

3. To investigate the effects of various boundary conditions on the spatial and temporal de-
velopment of the sediment infiltration and accumulation (physical colmation) processes.

To fully distinguish the infiltrating sediment with gravels in the bed, the complexity of the
natural gravel bed was reduced in order to achieve a high-resolution result. Additionally, the
reproducibility of the experiments and different boundary conditions in exactly the same loca-
tion were tested as well as artificial bed configurations in the laboratory flume were made from
different-sized spheres in cubic and rhombohedral packings. More details about the flume
setup and methods are given in Chapter 3.

1.3. Structure of the thesis

Besides three scientific peer-reviewed journal publications, this Ph.D. thesis gives additional
information on the topic and applied methods within five chapters. The first chapter gives
an introduction to the topic and discusses the background and motivation for this research
work. The second chapter presents an overview of the fundamentals of the colmation phe-
nomenon. Within this chapter, the basics of colmation process, influencing parameters, and the
consequences of this phenomenon are summarized. Furthermore, this chapter discusses the
limitations of the existing assessment methods as well as the necessity of a non-intrusive and
undisturbed measurement method for the spatio-temporal investigation of sediment infiltra-
tion, accumulation and resulting colmation in the gravel bed. The third chapter discribes the
developed approach in details. This chapter covers the optimization of the spatial and temporal
resolution, including the accuracy of the measurements, the proof of concept for undisturbed
measurements of infiltrated sediments, and gives details of the experimental setup and the
investigated boundary conditions. The fourth chapter presents summaries of the published
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papers to get an overview of the published results. Finally, the fifth chapter concludes the re-
sults, discusses the limitations and gives an outlook and recommendations for further research
in this field. At the end of this thesis, the manuscripts of the published papers are attached in
the appendices I , II, and III.





2. Fundamentals of the colmation process

2.1. Colmation

Colmation is the process where fine sediments infiltrate porous gravel beds of rivers, with a
comparable coarser matrix, and clog the river bed by forming a colmation layer. This process
reduces the permeability of the porous gravel beds, compared to the initial conditions (Blaschke
et al. 2003; Brunke and Gonser 1997; Schälchli 1993; Cunningham et al. 1987). Colmation oc-
curs whenever stabilizing forces exceed the sediments conveyance forces in the river channels.
Colmation is a complex process that occurs naturally in river systems during low flow, par-
ticularly when transporting fine particles which can be deposited and enter the gravel matrix
of river beds (Brunke and Gonser 1997). The opposite process, such as suffusion or the resus-
pension of deposited fine particles, is called decolmation (Brunke, 1999), which occurs during
high flow events, or due to up-welling of the groundwater (Blaschke et al., 2003). In active
natural rivers, frequent peak flows erode the fine sediments and reopen the clogged river beds
(Schälchli 1992). The degree of sediment resuspension depends on the erosion potential of the
peak flow (Noack 2012). Both, colmation and decolmation processes, form a cycle in natural
river beds (Blaschke et al., 2003; Brunke, 1998), because of the variations in the flow regime
and sediment conditions. The balance between colmation and decolmation can be significantly
influenced by the level of anthropogenic activities (Hancock, 2002; Baker et al., 2011).

2.2. Types of colmation

Due to multidisciplinary investigations of this phenomenon over the past decades, colmation
is defined differently in literature. Terms such as embeddedness, colmation, clogging, infilling,
and ingress are used, sometimes also with a reference to their position (i.e., internal, inter-
mediate, and external colmation) to describe the deposition, infiltration, and accumulation of
organic and inorganic fine materials in the gravel beds of rivers. A common understanding of
all definitions is the resulting decrease in the initial porosity and permeability (Mohajeri 2015;
Noack 2012). To date, there is no universal definition or criterion to distinguish between these
terms. Similarly, these terms are often used synonymously in the scientific literature. For exam-
ple, the term embeddedness is used for the degree to which coarser particles are surrounded by
fine materials (Platts, 1982), and is mostly used by fish biologist to quantify the amount of fine
sediments in the river (Bunte and Abt, 2001). This event occurs on the surface and subsurface
of the gravel bed according to the infiltrating particle size, called outer and inner embedded-
ness, respectively. Furthermore, clogging is mostly used for the physical infiltration processes



8 Fundamentals of the colmation process

Figure 2.1. Types of the colmation observed in natural rivers: (A) No colmation, (B) internal
colmation, (C) surface colmation, and (D) external colmation (Pictures: Eastman
2004)

(Blaschke et al., 2003), while colmation and clogging both include biological and chemical pro-
cesses. The terms infilling and ingress are used in groundwater hydrology (McCloskey and
Finnemore, 1996) and geomorphology, respectively. Here, the term colmation is used for the
fine sediment infiltration and its clogging in the porous gravel beds.

Similarly, several authors have divided the colmation phenomenon into physical, biological,
and chemical colmation (Baveye et al., 1998). The physical colmation addresses the fine sed-
iment deposition, accumulation, and infiltration into porous gravel beds of rivers (Descloux
et al., 2010). Biological colmation concentrates on microbial interactions contributing to inter-
stitial biofilms with adhesive capacities that reduce the pore transects (Beyer et al., 1975). The
chemical colmation is related to the iron clogging, redox potentials, ion exchange, and floccu-
lation that alters the geometry of the canal pores by disaggregation and dispersion or swelling
(Schwarz et al., 2003).

External colmation is very unstable and happens when fine material, which is larger than the
pore size in the gravel-matrix of the river bed, is deposited as result of hydrodynamic forces,
which are too small to transport fine materials further downstream (Beyer et al., 1975). This
event can arise because of either an increase in fine sediment load, or a reduction in flow ve-
locities. Sadid et al. (2017) observed external colmation in dryland rivers and streams with in-
tensive fine sediment delivery, single peak flow regime, and prolonged dry periods. The abun-
dance of fine sediments and the absence of base flows are considered to be the main drivers of
external colmation in dryland intermittent rivers and streams (Sadid et al., 2016, 2017). Inter-
nal colmation happens when the suspended load is deposited into the interstitial pores lower
than the armor layer in the river bed. A second possibility is that, fines move upward from
the underlying layers, containing fine sediments, collect beneath the armor layer, and result-
ing in a distinctive colmation layer (Schälchli, 1992; Cunningham et al., 1987; Frostick et al.,
1984). A third type of colmation is when fine sediments infiltrate and clog within the coarse
top layer. This is called contact, intermediate, or armor layer colmation, which occurs in be-
tween external and internal colmation positions (Velickovic 2005; Blaschke et al. 2003). For a
better understanding, three types of colmation in the natural rivers are shown in Figure 2.1.

Figure 2.1A depicts a river bed that is unclogged with larger pores and high permeability. Fig-
ure 2.1B represents internal or subsurface colmation, visible when the surface layer is removed.
Figure 2.1C visualizes surface colmation or an embedded surface layer, while Figure 2.1D il-
lustrates the external colmation or outer embeddedness with fine particles deposited on the
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surface of the river bed.

Furthermore, the conceptual diagrams of the external colmation, internal colmation, and decol-
mation processes are shown in Figure 2.2. Figure 2.2A shows the development of external col-
mation owing to the increased supply of fine sediments, reduced flow velocity and transport
capacity. In this case, the larger particles first clog the gravel pores and, subsequently, fine and
coarse sediments accumulate on the surface of the gravel bed. Figure 2.2B shows the internal
colmation as result of fine particles infiltration into the gravel bed, because of the reduced flow
velocity and transport capacity. Fine sediments penetrate the gravel matrix through the gaps in
the armor layer and preferably accumulate near the filter layer. The boundary between the ar-
mor and filter layers serves as an interface between the coarse and the fine substrates and forms
a thin colmation layer. Figure 2.2C indicates a special case of the internal colmation induced
by the upward movement of the fines from underlying layers. In this case, the coarser gravels
in the armor layer are tightly packed; suspended particles do not exist in the river flow to infil-
trate. Hence, the upward moving fine particles form a colmation (seal) layer below the armor
layer. Due to high flow conditions in Figure 2.2D, the velocity, transport capacity, and turbu-
lence increase, which leads to erosion of the fine particles. Thus, the deposited fine particles
are re-suspended, and is called the decolmation process.

2.2.1. Causes for colmation and parameters influencing and intensifying
colmation

The key parameter of gravel bed colmation is the amount of fine sediments transported in
the rivers. These sediments come from the catchment and upstream river sections as result of
soil erosion. Although fine sediment infiltration itself does not have negative effects, hydro-
morphological changes (decolmation) occur. However, deposition of a high amount of fines
into the gravel bed and the changing of the river’s natural flow regime because of the anthro-
pogenic activities can cause negative environmental effects (Seitz, 2020).

Furthermore, the colmation process can be exacerbated due to anthropogenic activities such as
urbanization, deforestation (Frostick et al., 1984; Owens et al., 2005), and dam construction. For
instance, the construction of barriers, dams, and reservoirs dramatically alters the natural flow
regime, leading to a loss of peak flow and the modification of natural beds. This prevents the
natural flushing of fine sediments from the river bed, which results in excessive deposition of
fine sediments (Kondolf et al., 2014).

From an integrative point of view, the colmation layer’s evolution is determined by a wide
range of spatial and temporal variables interlinked in a dynamic framework of interactions
shown in Figure 2.3.

Figure 2.3 shows the anthropogenic activities of agriculture, deforestation, and mining as exam-
ples for measures that intensify the erosion process in a basin, which later changes the river’s
flow and sediment regimes that cause colmation. Furthermore, the parameters are classified
into physical, biological, and chemical groups, in which the physical parameters are subdi-
vided into different sub-groups such as hydrology, geohydrology, hydraulics, and morphology.
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Figure 2.2. Conceptual diagram illustrating the processes of (A) external colmation (B) internal
colmation due to the infiltration of suspended fine particles, (C) internal colmation
because of the fine particles upward movement, and (D) the decolmation process
development.



2.2 Types of colmation 11

Despite the impact of the biological and chemical parameters on the infiltration and colmation
of river beds, the focus of this thesis is set on the physical colmation induced by the sediment
infiltration. Biological and chemical factors are therefore not discussed in the current work.

Figure 2.3. Factors and processes influencing the colmation phenomenon (Noack, 2012).

2.2.2. Structure of river beds

Typically, the vertical distribution of a river bed (Figure 2.4A) can be subdivided into three
distinct layers, which play an important role for colmation (Schälchli, 1993). The top layer is
called the armor layer, developed from the coarser materials that are resistant to high-flow
conditions. Fine particles from the inistially fully mixed bed material are usually washed out
during small to mean flow events. The filter and subsurface layers are the two layers located
beneath the armor layer, respectively. Fine sediments penetrate the gravel matrix through the
gaps in the armor layer and preferably accumulate near the filter layer. The boundary between
the armor and filter layers serves as an interface between the coarse substrate and the fine
substrate and forms a thin colmation layer. The filter layer is characterized by a lower porosity
and a lower hydraulic conductivity than the subsurface layer (Seitz, 2020). In the case of very
fine sediments such as suspended load and a coarse filter layer, fine sediments can infiltrate to
the subsurface layer. The formation of a fourth layer (Figure 2.4B), called the skeleton layer,
was also observed locally by Schälchli (1993). This layer grows beneath the armor layer and
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is as porous as the armor layer. Owing to the turbulence in this layer, there is no deposition
of fine particles visible within it. Thus, it can be considered as an expansion of the top armor
layer.

Figure 2.4. Different typical layers of the river bed. (A) River bed with typical armor, filter and
subsurface layers. (B) River bed with a locally developed skeleton layer beneath the
armor layer, which is also called the extension of armor layer (Schälchli, 1993).

2.2.3. Sediment infiltration and the evolution of colmation

Fine sediment infiltration into the gravel bed matrix has been investigated for decades. In con-
trast to colmation, for sediment infiltration, literature only considers the physical processes for
occlusion of the gravel bed pores. Early researchers, e.g., Einstein (1968), observed the settling
of fine particles on the bottom of the gravel framework (unimpeded static percolation) due to
the gravity force acting on the very fine particles by penetrating coarser gravels. Later investi-
gations revealed that despite gravity force, the supply rate of sediments to gravel bed (Carling,
1984), the pore size of the gravel bed matrix (Frostick et al., 1984), scour and fill sequences dur-
ing the hydrological event (Schälchli, 1993), and river morphology (Diplas and Parker, 1992)
are other factors influencing the fine sediment infiltration in the gravel bed.

The physical colmation of fine sediment in the top layers of the gravel bed is investigated by
Schälchli (1992, 1993). Schälchli (1993) divided the development of colmation into three phases,
as illustrated in Figure 2.5. Figure 2.5A shows the initial conditions of a natural gravel river
bed without colmation. The first phase of colmation (Figure 2.5B) is a decisive process where
coarser particles clog pores in the gravel matrix near the surface and develop a thin consoli-
dated layer that prevents subsequent infiltration. This event is called bridging or clogging of
sediments in the gravel bed. At this stage, infiltrating fine particles do not play an essential
role since they are not filtered and intrude deeper into the river bed. The bridging and deposit-
ing process takes place in the upper portion of the filter and the armor layers. The clogged
sediments reduce the porosity but do not significantly affect the hydraulic conductivity. In the
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Figure 2.5. Fine sediment infiltration into a gravel bed of a river and subsequent accumulation
processes. (A) No colmation (initial state); (B) first phase: clogging of the pores
(bridging process) with coarse particles; (C) second phase: mean size particles clog
smaller voids; (D) third phase: the finest particles fill the remaining spaces and com-
plete the colmation process; (E) unimpeded static percolation of very fine sediments
in the gravel bed.

second phase (Figure 2.5C), the mean size particles fill the voids between bridged sediments
and play a vital role. A substantial reduction of the hydraulic conductivity is observed at this
point. In the third phase (Figure 2.5D), the finest elements have a significant function by clog-
ging the remained small pores. At this stage, the pores are fully clogged, and the exchange
flow velocity as well as the permeability is significantly reduced. The subsurface flow below
the colmation layer moves according to quasi-steady flow conditions until a decolmation pro-
cess occurs (Seitz, 2020).

During low flow, very fine sediments such as suspended load (i.e., clay), absence of coarser
particles in the supplied sediments, and coarse gravel bed, the first and decisive phase of col-
mation cannot be established. Thus, fine particles intrude into the gravel bed, and start filling
from the bottom upward (Figure 2.5E). This case is called unimpeded static percolation, which
is very unlikely in nature (Diplas and Parker, 1992).

Gibson et al. (2009a,b) established a threshold based on gravel bed and fine sediment grain
(mainly sand) sizes for distinguishing unimpeded static percolation and the formation of a
bridging layer close to the surface. According to Gibson et al. (2009b), experiments with the
ratio d15−gravel/d85−sand of 15.4 or larger, had unimpeded static percolation and fine sediment
started filling uniformly from the bottom of the gravel layer to the top. However, infiltrating
sediments having a ratio of 10.6 and smaller started to bridge. The clogging occurred near the
surface in a thin layer, which prevented subsequent infiltration. Later, Huston and Fox (2016,
2015) revised this threshold by including the factor of geometric standard deviation of substrate
material (σss) to the bed-to-fine sediment grain sizes ratio. Therefore, according to Huston and
Fox (2016, 2015) experiments with dss/dfsσss < 27 lead to bridging, while experiments with a
value of dss/dfsσss = 27 initiate sediment bridging and the experiments with dss/dfsσss > 27

lead to percolation. Here dss represents mean diameter of substrate sediments and dfs is the
mean diameter of fine sediments.

The colmation layer thickness depends thereby on the grain size distribution of the bed material
(Brunke, 1998). Schälchli (1993) has developed an empirical formula (equation 2.1) by using the
mean grain size dm of the bed material, which can be used for estimating the colmation layer
thickness (dc) in gravel bed rivers.



14 Fundamentals of the colmation process

Figure 2.6. The distribution of vertical pressure and velocity in a riffle-pool sequence including
interstitial flow path in the river bed (Schälchli, 1993).

dc = 3dm + 0.01[m] (2.1)

Colmation happens heterogeneously in the river bed because fine sediments are preferably
transported as suspended load and by the hyporheic interstitial flow (Boano et al., 2014). The
infiltrated fine sediments prefer to follow pore water flow-paths, hence heterogeneities in col-
mation processes and the distinct pattern may also reach various bed types scales (Seitz, 2020).
Sequences of pools and riffles for instance result in various interstitial flow paths on a longitudi-
nal scale and thus have different clogging conditions. At the end of a pool (Figure 2.6; Position
A), the pressure difference comparing to position B and C increases the seepage flow. Similarly,
it may even happen from position D toward position C. This infiltration of flow enhances col-
mation due to increased interstitial flow. However, the flow’s exfiltration restricts the entry of
suspended sediment (Figure 2.6; Position B) and prevents colmation at a riffle sequence.

Due to the impact of certain parameters, the scale of colmation may vary from macro to meso
and micro scale. As a proxy for the effectiveness of sediment infiltration, Zimmermann and
Lapointe (2005) explained the impact of various scales on intra-gravel flow. Colmation on
the macro-scale is influenced by the properties of the catchment, e.g., various sources of fine
sediments, and by head variations due to effluent and influential discharges of groundwater.
Pool-riffle-structures or gravel bars in meandering rivers can affect colmation on a meso-scale,
resulting in different hydraulic heads, which is a significant driver for colmation processes
(Schälchli, 1993). Micro-scale colmation is influenced by the passage of water through nar-
row beds leading to various pressure zones. Moreover, the ratio between settling and infil-
tration processes driven by gravity and turbulence is determined by the sediments surface’s
roughness. In comparison to the micro-scale impacts, the influence of head variations due to
groundwater discharge could have less effect on local colmation processes (Zimmermann and
Lapointe, 2005).
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Furthermore, colmation can likewise change temporally because it may increase over time and
establish a new route based on previously clogged paths. Or, it might change due to fluctua-
tions in the flow conditions and bed load transport (Brunke and Gonser, 1997; Schälchli, 1993).
In addition, high flow conditions can also destroy the developed colmation by flashing out the
fine sediments.

2.3. Consequences of colmation

Colmation and decolmation processes are dynamically balanced in natural rivers. However,
anthropogenic activities alter this equilibrium status by reduction of peak flows through water
management as well as supplying more fine sediments, e.g. from the basin because of the land
use changes and reservoir flushing, which intensify the sediment infiltration and accumulation
processes. Physical colmation, or the fine sediment infiltration into gravels, changes the river
bed relatively slow (Owens et al., 2005), but may negatively affect the ecology, hydraulics, and
morphology of rivers. The sediment deposition and infiltration modify the composition and
structure of the river bed. This in turn affects the characteristics of surface flow above the bed,
the exchange of surface and subsurface flow, the quantity of interstitial pore water, the mecha-
nisms in the hyporheic zone, the groundwater, the bio-geo-chemical functioning in these zones,
and the connectivity between the river and floodplain environment (Wharton et al., 2017). Be-
low these impacts on a river are subdivided into hydraulic, hydrologic and the ecological cate-
gories.

2.3.1. Hydraulic impacts

The infiltration of fine sediments into the streambed compacts the river substratum and in-
creases cementation (Sternecker et al., 2013), which later changes the bed structure and mor-
phology. Further, Smith and Nicholas (2005); Wren et al. (2011), and Mohajeri et al. (2016)
showed by experiments how sediment infiltration significantly affects the flow structure and
micro turbulence above the streambed by reducing the bed relief and effective roughness. Ad-
ditionally, Kuhnle et al. (2013) exposed that the roughness geometry function (Nikora et al.,
2001) decreases abruptly by increasing the sand level in the gravel bed. By homogenizing and
smoothening the river bed, shear stress is reduced, and the hiding effect by coarse material
increases. Thus, the erosion of fine material is reduced, which influences sediment transport
mechanisms.

Despite the adverse effects, in some locations, colmation can help to preserve the groundwater
environments and to enhance the process of bank infiltration (Mohajeri, 2015). Surface water
in some locations carries a significant amount of pollutions owing to anthropogenic activities
(Doussan et al., 1997). The colmated layers prevent pollutants from entering the groundwater
(Brunke and Gonser, 1997)). Likewise, by reducing conductivity and increasing residence time,
colmation can also improve the water purification by bank filtration processes (Doussan et al.,
1997; Brunke and Gonser, 1997). In addition, clogged river beds in dry regions slow down the
rate of evaporation (Sadid et al., 2017). This means that soil moisture is maintained longer in a
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colmated river bed compared to a natural gravel bed. Longer soil moisture in the river bed is
necessary for the survival of the dryland flora and fauna.

2.3.2. Hydrologic impacts

Rivers interact with their subsurface environment through interflow via unsaturated and in-or
exfiltration into saturated zones. The direction of the exchange processes alters with hydraulic
head, whereas the flow depends on the bed permeability (Brunke and Gonser, 1997). Precipita-
tion events can affect the hydraulic head, causing variations in flow direction. As a result, two
flow directions of influent, in which surface water contributes to subsurface flow, and effluent,
in which groundwater drains into the stream, could be differentiated. During periods of low
precipitation, groundwater exfiltration yields base flow. In many rivers, this exfiltration makes
up the discharge for most of the year (Hynes, 1983). However, during excessive precipitation,
surface flow increases, leading to higher hydraulic pressure in the streams, causing the river to
infiltrate and replenish the aquifer (Matthe and Ubell, 1983). Therefore, colmation of river beds
on a large scale result in lowering the groundwater table (Brunke and Gonser, 1997) or a decline
in the baseflow of rivers. Last but not least, colmation can even transform a perennial river into
an ephemeral one (Webb and Leake, 2006). Finally, colmation in the beds of reservoirs reduces
groundwater recharge.

2.3.3. Ecological impacts

Despite the hydraulic and hydrologic features, a river bed is a functional zone for many species
of the river’s ecosystem from invertebrates to fishes. Thus, the physical modifications of the
streambed due to sediment infiltration directly influence the river ecology. Particularly, infil-
tration risks the river’s health due to the loss of hydraulic conductivity (Brunke, 1998). Further-
more, colmation reduces the supply of dissolved oxygen as well as nutritions to the hyporheic
zone depending on the stream conductivity and exchange processes. Likewise, colmation
limits the refugial space for invertebrates and threatens the reproduction of spawning fishes
(Noack, 2012). In addition, colmation affects the spatial distribution of instream vegetation
by covering river bed roughness, disrupting subsurface nutrient concentration, and subsur-
face water flow (Eglin et al., 1997; Boulton et al., 1998). Finally, groundwater has a significant
role in regulating the river temperature (Brunke and Gonser, 1997). Exfiltration of groundwa-
ter moderates the surface water temperature, which is vital for fish spawning and incubation,
invertebrate development, and microbial activity in the hyporheic zone (Brunke and Gonser,
1997). Colmation reduces groundwater exfiltration and thus threatens the river temperature
regulation.



2.4 Measurement methods 17

2.4. Measurement methods

Despite understanding the various impacts of colmation, no universal method is available so
far for a quantitative assessment of this phenomenon. This is a result of the complexity of
involved processes and the overlaying scales. Hence, colmation is, regarding literature, mea-
sured differently, depending on the study (Descloux et al., 2010; Schälchli, 1992; Beschta and
Jackson, 1979; Frostick et al., 1984). So far implemented methods can be divided into field and
laboratory measurements, which are discussed below.

2.4.1. Field methods

Several methods, considering different parameters exist for the assessment of colmation. Seitz
et al. (2019) identified 35 existing methods through a survey of experts in this field. Most of
the methods measure the infiltrated sediments, based on visual inspection such as mapping,
measuring hydraulic conductivity or by using tracer tests. Researchers also recommended
methods on measuring the concentration of dissolved oxygen and water pressure reduction in
the hyporheic zone. Seitz (2020) summarized the field colmation assessment methods, as in
table 2.1.

The methods in Table 2.1 are distinguished into qualitative and quantitative groups, where
the qualitative methods present the result as a ranking of colmation classes. Schälchli et al.
(2002) developed a mapping method for the determination of the degree of internal colmation.
Within this method, the top (armor) layer is removed, and the underlying layer is assessed
on the basis of (i) the composition of underlying gravel bed layer’s materials, especially the
amount of cohesive sediments, (ii) the availability and distribution of large and small pores,
and (iii) indictors on the river bed compaction. Accordingly, Schälchli et al. (2002) provided
five classes for the classification of internal colmation ranging from no colmation (class 1) to
complete colmation (class 5). This method can be applied in non-wetted areas of rivers by
removing its top layer and evaluating the underlying material. A sample of these colmation
classes with an external colmation sample is shown in Figure 2.7.

However, the quantitative methods in Table 2.1 present quantitative values for the measured
and as characterstic defined specific parameters. These methods usually consider a single pa-
rameter, such as the particle size distribution, the amount of infiltrated sediments, dissolved
oxygen, or the hydraulic conductivity. Seitz (2020) recently developed a multi-parameter ap-
proach to interactively determine colmation in the field by measuring four key parameters.
These key parameters are grain size distribution, hydraulic conductivity, porosity, and dis-
solved oxygen. Although this multi-parameter method is labor-intensive and time-consuming,
it allows for an adequate and high accuracy measurement of colmation at a certain spot.
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Table 2.1. Summary of available colmation assessment methods (Seitz, 2020).

Method Parameter Reference

Qualitative methods

Visual mapping Visible amount of fine particles,
visible pore space, degree of
pore clogging

(Schälchli et al. 2002; De-
scloux et al. 2010; Platts 1982)

Kick tests Assessment of penetration resis-
tance (bar or boots) and observa-
tion of sediment plume as result
of erosion

(Schälchli et al. 2002; Thur-
mann and Zumbroich 2013)

Wooden sticks Assessment of oxygenated con-
ditions using wooden sticks

(Marmonier et al. 2004)

Shelter availability Measurement of shelter depth
using small rubber tubes

(Finstad et al. 2007)

Quantitative methods

Sediment samples
using freeze-core or
freeze-panel technique

Analysis of grain size distribu-
tion and the amount of fine sed-
iments

(Bunte and Abt 2001)

Sediment traps and
sediment buckets

Analysis of infiltrating sediment
in a certain time interval

(Frostick et al. 1984; Ma-
honey and Erman 1984;
Lachance and Dubé 2004;
Heywood and Walling 2007;
Franssen et al. 2014)

Tracer tests Residual time of tracer in hy-
porheic interstitial and thus hy-
draulic conductivity

(Packman and MacKay 2003;
Packman et al. 2004)

Mark IV Standpipe Hydraulic conductivity (Terhune 1958; Gustafson-
Greenwood and Moring
1991)

Kolmameter Hydraulic conductivity (Zumbroich and Hahn 2018)
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Figure 2.7. The five classes of internal colmation and one external colmation during assessment
based on mapping method. (A) Class 1 - no colmation, (B) class 2 - weak colmation,
(C) class 3 - moderate colmation, (D) class 4 - strong colmation, (E) class 5 - complate
colmation, (F) external colmation. The photographs were taken from the original
river bed between the Jettenbach weir and the Töging hydropower station on the
river Inn in the German state of Bavaria.

2.4.2. Laboratory methods

In comparison to field survey, laboratory experiments help to reduce the level of complexity
and the number of involved parameters through simplifications and allow for the investigation
of specific boundary conditions. In the laboratory experiments, the analyzed parameters can be
varied in order to understand the fundamental mechanisms involved in the colmation process.
In addition, unlike natural conditions, the discharge and fine sediment supply variations can
be regulated. Furthermore, laboratory experiments, despite providing more high-resolution
spatial and temporal information than natural conditions measurements, allow testing the re-
producibility of the same experimental conditions. Although the laboratory findings are not
directly comparable to the natural conditions due to the required simplifications, it allows un-
derstanding the natural processes.

Many measurement techniques and instruments for assessing colmation in the laboratory are
similar to field methods. In some cases, small-scale field instruments are used. For instance,
small cylindrical samplers (Wooster et al. 2008; Gibson et al. 2009a,b; Herrero et al. 2015) and
gravimetric methods, such as sieving and weighting for grain size distribution are used in the
laboratory experiments for the infiltrated sediment measurements. The hydraulic conductiv-
ity and dissolved oxygen measurements also have similar principles, both in the field and in
the laboratory. However, only a few approaches are solely applicable in the laboratory. For
example, monitoring of the suspended sediment concentration balance over time (Hamm et al.
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2011; Herrero et al. 2015), visual inspection of infiltrated sediment height evolution (Herrero
et al., 2015), and photogrammetric analyses of fine sediment transport (Rosenbrand and Dijk-
stra 2012; Niño et al. 2018) observed through transparent sidewalls of the flume are not possible
to achieve from observation of natural conditions. To increase knowledge about the colmation
phenomenon, a combination of diverse methods in the assessment process is recommended
(Noack et al., 2020).

In the following section, the need to establish a non-intrusive and undisturbed measurement
method for achieving in-depth knowledge of the colmation phenomenon is discussed.

2.5. Toward a non-intrusive and undisturbed measurement
method

Most of the methods mentioned in the previous sections are destructive and change the nat-
ural conditions during the sampling. Hence, it is only feasible to measure once the clogged
sediments at a specific point. Thus, the results of sediment clogging obtained from existing
methods are often vertically averaged over the sample depth and temporally averaged over
the interval period and are often unable to monitor the temporal development of colmation at
the same location, or continuously.

Some methods, such as continuous visual mapping, and monitoring of dissolved oxygen,
which can temporally measure the degree of colmation in a certain spot, are unable to de-
termine the amount and vertical distribution of the infiltrated sediments, especially on the
small scale that is required for the discretization of the involved mechanisms in the colma-
tion process. Although the multi-parameter measurement methods (e.g., Seitz 2020) consider
the vertical profile of the involved parameters, the spatial resolution as well as their temporal
resolution, are not detailed enough for the analysis of the colmation processes. Therefore, ex-
perimental investigations in the laboratory that reduce the complexity of the natural conditions
are still very important for understanding the nature of this phenomenon.

Existing laboratory measurement methods provide only an integrative value per cross-section
or vertical axis. Some approaches obtain values with a low vertical resolution. However, the
quality and density of the data is strongly dependent on the bed material size, as these methods
require manual separation of the vertical layer. Thus, most of the laboratory methods are also
disruptive and cannot measure the dynamic behavior of the clogging process with a resolution
that distinguishes the processes involved. Although there are a few methods (Rosenbrand
and Dijkstra 2012; Niño et al. 2018) that non-intrusively assess the sediment infiltration and
transport processes within the laboratory flume, these methods consider the processes from a
transparent sidewall, and the internal variations are not considered.

To overcome these problems, and to better evaluate and understand phenomenon of colma-
tion, a non-intrusive and undisturbed measurement method that considers all cross-sectional
infiltrated or clogged sediments with a very high spatial and temporal resolution is required.
For this purpose, the penetrating radiation technology available on the market and approved
through relevant investigations (Beckers et al. 2018; Pires and Pereira 2014; Moreira et al. 2011;
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Pires et al. 2009; Moreira et al. 2007; Baytaş and Akbal 2002), can facilitate the non-intrusive
and undisturbed spatio-temporal measurements of the sediment infiltration and accumula-
tion processes. The application of this method will allow in-depth knowledge of the involved
mechanisms in the colmation phenomenon to be gained through further research. Therefore,
the powerful gamma rays that pass through the cross-sectional materials (sediments, water,
and glass walls) of a laboratory flume, are suitable for such measurements. The infiltrated sed-
iments and its changes over time are measured using a repetitive measurement mechanism and
considering the attenuation of passing radiation.

The next chapter presents the setup and procedure for the non-intrusive and undisturbed mea-
surement method using the gamma-ray attenuation technique.
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3.1. Non-intrusive and undisturbed measurements of soil
properties

The use of non-intrusive and undisturbed measurements began with the advent of X-ray at the
end of the nineteenth century. Despite their application in the medical sector, penetrating rays
gradually entered other scientific fields as a measuring technique. For instance, the Gamma-
Ray Attenuation (GRA) method for measuring bulk density and soil water content, without
physically disturbing the sample, was developed by Davidson et al. (1963). Subsequently, this
method was applied to monitor the water content of large soil columns (Cassell and Niel-
son, 1971), the water content of soil-plant systems (Cassel and Krueger, 1972), water content
and bulk density changes in a soil pedon (Reginato, 1974). Afterwards, the GRA method was
widely applied to measure various physical properties of soil, e.g., soil bulk density, water con-
tent, porosity (Pires and Pereira, 2014; Pires et al., 2009; Baytaş and Akbal, 2002; Gerland and
Villinger, 1995; Ferraz and Aguiar, 1985), soil column hydraulic conductivity (Moreira et al.,
2011, 2007; Gerland and Villinger, 1995), and reservoir sediment’s bulk density profile (Beckers
et al., 2018).

In comparison to other penetrating techniques used for soil characteristic measurements (e.g.,
Electrical Resistivity Tomography - ERT, Time Domain Reflectometry - TDR, Ground Penetrat-
ing Radar - GPR), an advantage of the GRA method is that gamma-rays pass directly through
an object whose attenuations are recognized in a high resolution.

In the above mentioned studies, the measuring element is soil, and the changes in water content
or other sub-components are monitored through the GRA measurements. Thus, fine sediment
infiltration into gravel bed was not investigated, due to the similar density of fine sediments
and gravels in the natural river’s bed. Therefore, the simplification of representing the bed
gravels with an artificial element provides the opportunity to investigate fine sediment infiltra-
tion into porous media, with a non-intrusive and non-destructive measurement method.

In the Institute for Modelling Hydraulic and Environmental Systems (IWS) of the University of
Stuttgart, the feasibility of using the non-destructive measurement of sediment infiltration and
accumulation in an artificial gravel bed was investigated. Subsequently, various combinations
of different boundary conditions were tested to gain further knowledge on the spatial and
temporal development of this phenomenon. The following sections provides details about the
GRA measurement system, the measurement procedures, and the experimental program used
in this study.
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Figure 3.1. The experimental flume with the cubic configuration of the bed spheres, including
measurement devices and system components.

3.2. Laboratory facilities

The investigations were conducted in a research flume, equipped with a sediment feeding
machine, where the bed spheres are placed in different configurations. Figure 3.1 gives an
overview of the flume, the measurement devices, and the system components.

3.2.1. Laboratory flume

The experimental flume is 8.00 m in length, 0.24 m in width, 0.30 m in height, and has a slope
of 1.35 %. The flume is equipped with a recirculating flow pump to supply an almost steady
flow up to 19 l/s. The longitudinal scheme of the laboratory flume is presented in Figure 3.2.

3.2.2. Gamma radiation source and detector

The radioactive source used in this study wasCs137 with a decay energy of 661 KeV. To measure
the 0.24 m wide flume with 0.10 m thick framework at both sides, a detector unit with a 0.05
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Figure 3.2. Longitudinal scheme of the recirculating laboratory flume for analyzing the vertical
distribution and dynamic development of infiltrating sediments and their accumu-
lation in an artificial bed. The lateral axis is nominated as x and represents the
sediment thickness (all dimensions are in meter).

m diameter and 0.05 m thickness made of sodium iodide doped with Thallium [NaI(TI)] was
positioned 0.49 m away from the source collimator. However, this distance was different (0.19
and 0.49 m) during the optimization process. As a radioactive source, the model FQG60 was
used, where its technical information and operation instructions are available in Group (2015).
The model, emission angle, and actual photograph of this radioactive source is shown in Figure
3.3. Furthermore, an automatic system was used in the experiments for the vertical movement
of the GRA measurement setup as well as the recording of the results of each measurement for
a determined interval and the entire profile.

Figure 3.3. The FQG60 model of the GRA radioactive source, used for investigations (Group,
2015), (B) the emission angle of the source (Group, 2015), and (C) a photograph of
the installed gamma radiation source with a view in direction of the flume.
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3.2.3. Sediment feeding machine

A self-build apparatus that constantly and continuously supplies fine sediments to the flume
was used in this study. The sediment feeding equipment, was already tested for various sed-
iment particle sizes and supply rates by Benjamin (2016). The sediment supply rate was de-
termined before the experiment by the machine controlling variables such as vibration, swirl
rotation, and the size of the outlet opening for sediment release. Variations compared to the
planned supply rates were observed that are discussed in Mayar et al. (2022). The scheme and
dimensions of this feeding machine are shown in Figure 3.4.

Figure 3.4. Schematic view and dimensions of the sediment feeding machine utilized for sedi-
ment supply in the experiments (all dimensions are in meters).
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3.2.4. Fine sediment characteristics

The sediment mixtures used in this study are produced by merging round quartz particle
shapes with a density of ρs = 2, 650kg/m3 (Quarzsande GmbH). Three sediment mixtures of
Dorsilit Nr.5 (dS1 = 1.0–1.8mm), Dorsilit Nr.3 (dS2 = 2.0–3.5mm), and an equal mass mixture
(dmix) of Dorsilit Nr.5 (dS2) and Dorsilit Nr.7 (dS = 0.6–1.2mm) were employed in the exper-
iments. The grain size distribution of these sediments are shown in Figure 3.5. More details
about these sediments, their chemical composition, and technical details are available in the
manual of Quarzsande GmbH and its website.

Figure 3.5. Particle size distribution of supplied sediment mixtures for infiltration into the arti-
ficial bed.

3.2.5. Artificial bed configuration

An artificial bed structure allows to precisely distinguish the infiltrating fine sediments from
the bed gravels due to different densities. Furthermore, it reduces the complexity of natural
conditions, and for several experiments, the same bed configuration can be ensured, means the
reproducibility of the experiments at the exact same locations can be evaluated. In addition, the
artificial bed enables the testing of various boundary conditions, which is vital for understand-
ing the physical processes involved in colmation. Moreover, various bed designs representing
the river’s natural morphological structure can be conveniently set up and investigated.

Typically, six different bed configurations can be composed from spheres with the same di-
ameter: Cubic, hexagonal, orthorhombic, tetragonal, triclinic and rhombohedral with initial
porosities of 47.6 %, 39.5 %, 39.5 %, 30.2 %, 26.0 %, and 26.0 %, respectively. However, the
combination of different size spheres can produce complex bed configurations. The cubic con-
figuration of spheres has large and straightforward pores, which allows sediments to deeply
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infiltrate. However, the rhombohedral configuration of spheres has small and offset pores that
increase the probability of clogging of the infiltrating sediments.

The spheres available in the Hydraulic Laboratory of the Institute for Modelling Hydraulic and
Environmental Systems (IWS) of the University of Stuttgart for bed configurations, had two
(0.04 m, 0.026 m) diameter sizes. In the feasibility experiments, a cubic configuration of 0.04
m spheres was used. While, for the subsequent experiments, a rather complex bed structure
composed of both size spheres in a combination of cubic and rhombohedral arrangement was
designed. The spheres of the feasibility experiments bed structure were glued manually in 0.24
m blocks. The artificial bed structure of the flume experiments contained 16 blocks of spheres,
each with a length and width of 0.24 m, resulting a total length of 3.84 m. However, to ease
the cleaning process, spheres of the rhombohedral packing in the complex bed structure were
glued in horizontal layers, and the different diameter spheres, located in the cubic portion of
this setup, were glued together to keep them in exact positions. The spheres blocks were fixed
to the bottom of the flume with external fixation from the top at both ends of each block. The
fixation system during the cubic configuration of the spheres is shown in Figure 3.6. The same
fixation system was used for the subsequent experiments.

Figure 3.6. View into the flume from upstream, with spheres’ in a cubic configuration and fix-
ation system.
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3.3. The GRA method measurement procedure

The key components of the GRA measurement system are the gamma radiation source, which
emits a collimated beam of radiation that passes through an object, and a scintillator that detects
the passed gamma quants. In the detector, the passed gamma quants produce photons that are
optical signals and are eventually transformed to electrical signals by a photomultiplier. A
discriminator and a counter finally process the electrical signals to present the numerical result
in the computer (Mayar et al., 2020, 2022). The GRA measurement works based on the Beer-
Lambert attenuation law that correlates the radiation attenuation to the object properties. A
general concept of the GRA method is shown in Figure 3.7.

Figure 3.7. General concept of the GRA method showing the initial counts (I0) emitted from
the source, the transmitted counts (Ix) received by the detector and the thickness of
the sample (X).

This measurement setup can be used once or repeated multiple times to obtain the desired re-
sults. For example, only one measurement for each collimator size was needed to determine
the relationship between the collimator sizes and the initial count rates during the optimization
process. However, for density and attenuation coefficient measurements, where the thickness
of the material is known, two measurements are required: (i) the initial state (without object)
and (ii) after passing through the object. The comparison of these two measurements deter-
mines the attenuation correlated to the characteristics of the measured object. In order to quan-
tify the infiltrated sediment masses or the dynamic development of the clogging process, three
measurements are needed (e.g., the three-fold measurement of the box experiment is shown
in Figure 3.8): (i) initial state measurement for the background attenuation (walls and bed
structure - Figure 3.8A), (ii) after filling the bed structure with water to identify the total avail-
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able space for sediment infiltration (Figure 3.8B), and (iii) after sediment infiltration to deter-
mine the amount of infiltrated sediments (Figure 3.8C). In addition, due to being non-intrusive
and undisturbed, measurements can be replicated multiple times in exactly the same loca-
tion. Therefore, during the final experimental series, the vertical profile measurements were
repeated for the flume experiments at a specific interval to determine interval-averaged tem-
poral variations in all measurement positions of the vertical axis due to continued flow without
further sediment supply. Besides, in order to track the dynamic development of sediments in
a specific position of the vertical profile, the background and pore space profile measurements
were carried out prior to the experiment, and the measurement of the third profile was con-
ducted during the sediment infiltration only in one specific position. Owing to the single GRA
instrument, only one position of the vertical profile was measured continuously during the ex-
periment. However, the vertical profile measurements were possible to be repeated multiple
times. More details about the theoretical basis and the measurement procedure of the GRA
method, as well as structure of the samples are given in Mayar et al. (2020, 2022).

Figure 3.8. Three steps of the box experiment for comparing the infiltrated sediment gravimet-
ric mass with the GRA-method measurement. (A) The empty box with bed structure
(spheres) to quantify background attenuation, (B) the water-filled box, to obtain the
total pore space available for sediment infiltration, and (C) the infiltrated sediments
in the bed structure, with a water layer above, to determine the amount of infil-
trated sediments. The horizontal centroid axis between the spheres represents the
measurement axis.
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3.4. Experimental program

In order to optimize the GRA measurement setup for the best composition of the spatial and
temporal resolution, prove the concept of the non-intrusive and undisturbed measurement
method for infiltrated sediment masses, and to investigate the effect of different boundary con-
ditions on the spatial and temporal development of sediment infiltration and accumulation
processes, various types of experiments were performed that are discussed below:

3.4.1. Optimization

Different combinations of collimator sizes, used measuring time-steps, and statistical errors
have been reported for the GRA measurements in the literature (Pires and Pereira 2014; Mor-
eira et al. 2011; Pires et al. 2009). Therefore, it was necessary to test and optimize the GRA
measurement method to obtain the best spatial and temporal resolution associated with a sta-
tistical error in the range of previously conducted experiments before conducting the principle
experiments.

Thus, first, the coverage of the vertical profile’s cross-section through the combination of dif-
ferent collimator sizes was geometrically analyzed in order to choose a collimator combination
that a top-to-bottom sequential measurement completely covers it. The analyses indicated that
equal size collimators fully cover the vertical profile’s cross-section in a consecutive top-to-
bottom measurement, and present independent results from the upper and lower measuring
horizons. Subsequently, two groups of experiments were performed. With the first set of ex-
periments the relationship between the collimator’s diameter and the initial count rates for an
adequate collimator selection was found. For this reason, five equal size collimators (5, 7, 9,
12, and 15 mm) for the source and detector sides were tested. The achieved linear relationship
allows determining the desired collimator based on two different collimator diameters initial
count measurements.

The second experiment connects the measuring time, the collimator’s diameter, and the col-
lected total counts depending on the statistical error. To this end, six thicknesses of three ma-
terials: Aluminum (Al), Polyvinylchloride (PVC), and Polypropylene (PP), with known densi-
ties, were investigated. As a result, the obtained mathematical equation defines the boundary
conditions for GRA measurements by using only the initial count rate, obtained before an ex-
periment. A schematic view and a picture of the PVC sample from this experiment are shown
in Figure 3.9.

3.4.2. Proof-of-concept for the GRA measurement

So far, only stationary measurements of different materials or soils were conducted. Due to
the dynamic behavior of the sediment infiltration process, it was necessary to first prove the
concept of the non-intrusive and undisturbed measurements for infiltrated sediment masses.
Hence, two types of additional experiments were conducted in the laboratory. First, four box
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Figure 3.9. (A) The GRA attenuation measurement scheme for investigating various thick-
nesses of Al, PVC and PP samples (Mayar et al., 2019). (B) Photograph of the PVC
sample measurement with a 5 mm collimator.

experiments, using a simplified bed structure of eight spheres packed in a two-layer cubic con-
figuration (Figure 3.10), was tested to compare the GRA method measured results with the
gravimetrically determined sediment masses. Known amounts of fine (dS1 = 1.0–1.8mm) and
coarse (dS2 = 2.0–3.5mm) sediment mixtures were used. The vertical distribution of sediments
in each sample was measured with a 7 mm collimator, selected through the optimization pro-
cess, at the centroid axis of the two nearby spheres. However, the comparison of the GRA
measurements with gravimetric values of the box model required a horizontal extrapolation of
the GRA measurement to an equal width of the sample (box width = 0.08 m, 0.04 m extrapo-
lation toward each corner). This was possible by assuming a horizontally uniform distribution
of infiltrated sediments over the width. The measuring GRA beam in the strait of the spheres
faces considerable thickness of sediment content. Thus, the uniform distribution hypothesis to
a length of 0.08 m in the box experiments was valid for the bed’s cubic configuration. An ex-
emplary scheme of such a sediment distribution in the pore space, at the horizon with the min-
imum sediment content, 0.08 m width and the location of the penetrating collimated gamma
beam is shown in Figure 3.10.

Subsequently, the cubic packing configuration was transferred into a flume to repeat the fine
sediment infiltration experiments. The sediment mixtures were supplied with 1.4 kg/min and
3.7 kg/min supply rates, respectively. The total supplied mass of both sediment mixtures was
20 kg for each experiment. Both flume experiments were repeated and evaluated for repro-
ducibility tests. Similar to the box experiments, the vertical profiles of infiltrated sediments
were measured by a 7 mm collimator. However, the infiltrated sediment masses were calcu-
lated using an extrapolation to 0.04 m width (Figure 3.10B), in order to reduce the uncertainty.
For more information about the experimental setup, boundary conditions and measurements
of this series of experiments, refer to Mayar et al. (2020) in Appendix II.
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Figure 3.10. Schematic view of the pore space in the vertical profile of the cubic configuration
of spheres for the bed. (A) The distribution of infiltrated sediments is assumed
to be uniform in the box experiments for 0.08 m width, and (B) the distribution
of infiltrated sediment in reproducibility flume experiments is assumed to be uni-
form in a 0.04 m width. The small light red circles on the bed spheres show the
measurement positions (side view) of the GRA method in the vertical profile. The
green cylinder in the (A) and (B) represents the gamma radiation beam.

Figure 3.11 gives a view of the distribution of infiltrated sediments during the reproducibility
experiments after the supply phase. The supply rates were 1.4 kg/min with a total mass of 20
kg of (A) fine sediments (dS1 = 1.0 − 1.8mm), and 3.7 kg/min with a total mass of 20 kg of
(B) the coarse sediments (dS2 = 2.0–3.5mm). The effects of different supply rates are clearly
visible. The same discharge of water can transport fine sediments better with a supply rate of
1.4 kg/min than the coarse sediments with higher (3.7 kg/min) sediment supply rate. Thus,
the upper layers in the fine sediment experiments are not filled, while the coarser sediments
have filled the available pore volume.
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Figure 3.11. Infiltrated sediment distributions in the cubic bed configuration after finishing sed-
iment supply for: (A) Fine sediments (dS1 = 1.0–1.8mm) with a supply rate of
1.4 kg/min, and (B) coarse sediments (dS2 = 2.0–3.5mm) with a supply rate of
3.7 kg/min. Both experiments had 20 kg supplied masses of sediments. The red
dashed line shows the measurement axis for the vertical profile of GRA measure-
ments.

3.4.3. The effect of boundary conditions and temporal development of the
sediment infiltration and accumulation processes

A new series of experiments was designed to monitor the dynamic development of sediment
infiltration and accumulation as well as to explore the effect of different boundary conditions
on the sediment infiltration and accumulation (physical colmation) processes in a complex bed
structure. A bed structure consisting of cubic and rhombohedral configurations of 0.040 m
spheres as well as the 0.026 m spheres among the cubic packing of spheres (Figure 3.12), was
designed. The bed structure and hydraulic conditions (Q = 16l/s, Fr = 0.93) of the flume were
kept constant during the whole experimental period as well as for all subsequent experiments.
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The boundary conditions consisted of two feeding masses of 10 and 20 kilograms, two supply
rates of 1.4 kg/min and 3.7 kg/min, and three sediment mixtures of fine (dS1 = 1.0–1.8mm),
coarse (dS2 = 2.0–3.5mm), and mixed (dmix, which was obtained from equally mass mixing
of dS2 and dS = 0.6 − 1.2mm particles in the laboratory). In total, twelve combinations of
boundary conditions were tested.

In contrast to the cubic configuration, in complex geometries such as the rhombohedral con-
figuration of the spheres or a bed structure developed from a composition of different sizes of
spheres, which have smaller and offset pores, the probability of sediment clogging increases,
and thus the assumption of a uniform, horizontal sediment distribution is not valid anymore.
In addition, the measuring GRA beam also faces minimum thickness positions of the infil-
trated sediments in the vertical profile, whereas its extrapolation to a 0.04 m width raises the
uncertainty significantly. Particularly, during the coarse sediment experiments, particles can-
not infiltrate to these small pore thicknesses. The scheme of the pore space in two positions
of the vertical profile for the final configuration of the bed is outlined in Figure 3.12. These
pore volumes are filled by infiltrating sediments during the experiment. Figure 3.12A shows
the pore space at the strait of the 0.04 m spheres in the bed setup, which corresponds to the
cubic configuration of the spheres. However, Figure 3.12B shows the pore space at the centroid
of 0.04 m sphere in the bed setup, in which the current GRA method measures the minimum
thickness of sediments, whereas the actual sediment distribution cannot be extrapolated from
this position’s measurement. Thus, the existance of such small thicknesses in the vertical profile
restricts the horizontal extrapolation of sediments from a 7 mm collimator width to a substan-
tial thickness. Therefore, in the final bed configuration, the infiltrated sediment masses are
only considered in the collimating gamma beam (7 mm diameter) volume for the analyses. For
a better understanding, the actual horizontal distributions of the infiltrated sediments (fine,
coarse and mixed) in the final bed setup are shown in Figures 3.13, 3.14, 3.15, and 3.16 for each
boundary condition. Here, the effect of infiltrating sediment particle sizes can be observed
from the comparison of the infiltrated sediment distribution for different supplied sediment
masses and rates. Similarly, the effect of different supply rates for each sediment mixture, on
their infiltration and distribution behavior can be observed from the comparison of Figure 3.13
with Figure 3.14 for the 20 kg supplied sediments mass, and from the comparison of Figure 3.15
with Figure 3.16 for the 10 kg supplied sediments mass. Likewise, the supplied mass effects
can be observed in the comparison of the Figures 3.13 and 3.15 for 1.4 kg/min supply rate and
from the comparison of the Figure 3.14 and Figure 3.16 for 3.7 kg/min supply rate.

Each experiment of the final bed configuration was measured for the high-resolution (7 mm)
vertical profiles in two time-steps (after sediment supply - TExp, then the experiment was re-
sumed to complete a 28-minute period and subsequently measured - TF ) and a particular lo-
cation with a 15 mm diameter for monitoring the sediment accumulation and its temporal
development during the entire experimental period. The repetition of the vertical profile mea-
surement at a specific time-step (TF ) was used to track the average fluctuations of the infiltrated
sediments. This was carried out for each position of the vertical profile between the two time-
steps. The one-point (15 mm diameter) measurements were used to capture almost real-time
results for the temporal development of the sediment accumulation in the gravel bed. For
more information about the experimental setup, boundary conditions, and measurements of
this series of experiments, refer to Mayar et al. (2022) in Appendix III.
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Figure 3.12. Schematic view of the pore space in two different positions of the vertical profile
in the final configuration of spheres. (A) The scheme of sediment distribution in
the measuring horizon at the strait of 0.04 m spheres, which is similar to cubic
configuration of spheres. (B) The scheme of sediment distribution in the measur-
ing horizon faced the centroid of 0.04 m sphere, in which the uniformly sediment
distribution hypotheses (extrapolation to a 0.04 m width) is not valid, because the
GRA method measures the minimum thickness of the infiltrated sediments. The
small light red circles on the bed spheres show the measurement positions (side
view) of the GRA method in the vertical profile. The green cylinders in (A) and (B)
represent the gamma radiation beam in the measuring setup.
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Figure 3.13. The infiltrated sediment distribution in the final bed configuration during TExp

time-step for: (A) fine, (B) coarse, and (C) mixed sediments, with 20 kg supplied
sediment mass and 1.4 kg/min supply rate. The red dashed line shows the mea-
surement axis for the vertical profile of GRA measurements.
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Figure 3.14. The infiltrated sediment distribution in the final bed configuration during TExp

time-step for: (A) fine, (B) coarse, and (C) mixed sediments, with 20 kg supplied
sediment mass and 3.7 kg/min supply rate. The red dashed line shows the mea-
surement axis for the vertical profile of GRA measurements.
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Figure 3.15. The infiltrated sediment distribution in the final bed configuration during TExp

time-step for: (A) fine, (B) coarse, and (C) mixed sediments, with 10 kg supplied
sediment mass and 1.4 kg/min supply rate. The red dashed line shows the mea-
surement axis for the vertical profile of GRA measurements.
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Figure 3.16. The infiltrated sediment distribution in the final bed configuration during TExp

time-step for: (A) fine, (B) coarse, and (C) mixed sediments, with 10 kg supplied
sediment mass and 3.7 kg/min supply rate. The red dashed line shows the mea-
surement axis for the vertical profile of GRA measurements.
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3.5. Uncertainty of GRA measurements

The measurement of infiltrated sediments with the GRA method has three sources of uncer-
tainties. The first one is the statistical error associated with the GRA three-fold measurements.
The gamma quants are created by a radioactive decay and are emitted with a probability, which
shows a temporal statistical variation. This variation can be described by a Poisson distribu-
tion (Buczyk, 2009) with a standard deviation (δ) using equation 3.1 for the average number of
received counts (N̄ ).

δ% = ± 1√
N̄
∗ 100 (3.1)

According to equation 3.1, the statistical error solely depends on the number of collected counts
at the detector. Due to the square root function in equation 3.1, the reduction of statistical error
requires an increment of the collected counts in the power of two. This is achieved either by
increasing the collimator size or by prolonging the measuring time, where the increment of
the collimator size reduces the spatial resolution, and the measuring-time increment influences
the temporal resolution, especially in the dynamic measurements. Therefore, a compromise
between the resolution and the measurement time was found according to Mayar et al. (2019)
for the subsequent experiments in this study.

During the calculation of the results, two standard deviation of the gamma count distribu-
tion is used from the statistical error. This means that according to the Gaussian distribution
law 95.5 % of the GRA measurements will occur within the range of the considered statistical
error. According to the equations discussed in Mayar et al. (2020) for the total pore space mea-
surement, the statistical error of the measurement profiles (i) and (ii), while for the sediment
thickness result, the statistical error of all three measurement profiles (i – iii), are combined.
Finally, the total error of each measurement position is converted to the absolute thickness and
is visualized in the relevant positions of the vertical profiles. To obtain the statistical error of
the measured infiltrated mass in each section, the total error of all positions included in the
section are summed up.

The second source of uncertainity is the inexact alignment of the measurement positions in
the three-fold measurements, vertically for each position and horizontally for the entire profile.
Initial measurements showed that owing to rapid variation of geometry, the positioning is very
sensitive and can influence the final results. Therefore, the horizontal alignment was controlled
through visual inspection in the measurement axis and the nearby positions. To keep the verti-
cal positions accurate, spheres were glued into blocks. Further, an automatic vertical traversing
system with a maximum error of 1.0 mm was used for the vertical positioning. However, the
effect of this source of uncertainty could not be assessed quantitatively.

The third source of error is the performance of the sediment supply machine, which is not as
precise for the coarse sediments as it is for the fine particles. Mayar et al. (2022) identified the
variations between the planned and actual sediment supply rates, which need to be considered
for the interpretation of results.
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These three errors influenced the vertical profile results in the small total pore thickness po-
sitions of the final bed configuration (z = 0.046 m and z = 0.088 m), in which the collimator
faced the centroid of the spheres, as well as in the surface layers, e.g. after washing away
the sediments between the two stationary measurements (TExp and TF ), leading to a negative
sediment thickness or a thickness that is higher than the available pore space. Therefore, the
negative values were replaced with zero, and the latter was equalized to the pore space in this
position. In the latter positions, the infiltrated sediments’ porosity leads to zero, which is not
realistic, but it is assumed that the actual porosity in such measurement positions is in the range
of the statistical error (2.0 % - 3.0 %) because the statistical error resulted in a modification at
these measurement points.

Furthermore, to verify the deflection of the gamma rays due to the diverse distribution of the
infiltrated sediment in the measurement axis does not influence the sediment measurements
results. The radiation after passing through the same thickness of Polyvinyl chloride (PVC) and
Polypropylene (PP) samples in distributed and compacted forms were compared. The results
showed a variation in the range of the statistical error. That means that different sediment
distributions in the measurement axis do not cause contradictory deflection of the gamma rays.
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For the non-intrusive measurements of fine sediment infiltration and accumulation processes
in the gravel beds or the particular case of colmation, in a first step, the existing GRA measure-
ment approach was optimized by analyzing the vertical profile coverage and testing various
combinations of collimators, time-steps, and statistical errors. In a second step, the concept
of the non-intrusive and undisturbed measurement of infiltrated sediments was proved by
comparing the GRA measured results of box experiments with the predefined amount of infil-
trated sediments and reproducibility experiments in the flume. Finally, the established method
was applied to experiments with various boundary conditions to investigate the spatial and
temporal variation of the infiltrated sediments under laboratory conditions. The results of the
three mentioned steps were published in three peer-reviewed articles. This chapter summa-
rizes these three scientific articles to give an overview of the method developed, the proof-of-
concept, and the investigation of the effects of different boundary conditions on the sediment
infiltration and accumulation processes (colmation phenomenon). The three peer-reviewed ar-
ticles can be found in Appendices I, II, and III, respectively.

4.1. Optimizing vertical profile measurements setup of gamma ray
attenuation

This paper aimed to analyze the currently revealed discrepancies of the GRA measurements and to opti-
mize this approach. Thus prior to the principle experiments, the existing GRA measurement approach
was optimized to standardize the vertical profile measurements in terms of resolution and accuracy,
which is influenced by the gamma radiation’s statistical error.

This scientific article argued the problems of the currently applied GRA measurements. These
issues include the utilization of different size collimators for source and detector, which either
overlap the measurements or do not fully cover the cross-section of the vertical profile in a con-
secutive top-to-bottom measurement as well as measuring time-steps, and statistical errors for
the GRA measurements. Therefore, it was necessary to optimize the GRA method for the best
coverage of the vertical profile in a consecutive top-to-bottom measurement as well as to find
the best combination of the spatial and temporal resolutions associated with an appropriately
small statistical error. To address these issues, first, the coverage of the vertical profile mea-
surements was analyzed by using different combinations of collimators. In a second step two
sets of experiments were conducted. In the first set of experiments, five pairs of collimators
were employed to quantify and correlate the scale of collimators’ cross-sectional area to the
initial count rates of the same collimators. Afterwards, the second group of experiments was
conducted to find the relationship between measuring time, collimator size, and the sample’s
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thickness including their statistical error. These experiments consisted of measurements of six
thicknesses of three materials: Aluminum (Al), Polyvinylchloride (PVC), and Polypropylene
(PP) with known densities using the GRA method. As a result, the first group of experiments
resulted in a method for the optimal collimator selection, based on two initial measurements.
Consequently, the second series of experiments resulted in a mathematical equation that de-
fines the boundary conditions for the GRA measurements by using only the initial count rate,
obtained before an experiment. This equation enables to find an optimal compromise between
the resolution (collimator size) and the measurement time (needed for a predefined accuracy
depending on the statistical error). In addition, the application of the same-size collimators for
the source and the detector enhanced the GRA method to quantify the sediment content in the
subsequent experiments.

4.2. Proof-of-concept for non-intrusive and undisturbed
measurement of sediment infiltration masses using
Gamma-Ray Attenuation

This paper proved the measurement principle of non-intrusive and undisturbed GRA measurements
in order to obtain the infiltrated sediment masses. Hence, two sets of experiments were conducted to
measure the vertical distribution of infiltrated sediments with a high spatial resolution.

The proof-of-concept for non-intrusive and undisturbed vertical profile measurements of the
infiltrated sediments with high-resolution are reflected in this paper. At first, the article dis-
cusses the restrictions of the existing techniques and the need for a non-destructive measure-
ment method of the infiltrated sediments. Consequently, the theoretical basis for the estab-
lished approach, the experimental setup, and the calibration results with gravimetric mea-
surements of the box experiments are given. Finally, the reproducibility tests in the flume
experiments were clarified. As simplification, in the experiments, the natural gravel bed is
represented by an artificial simplified bed structure consisting of 0.04 m spheres in a cubic con-
figuration. This enables to clearly distinguish the infiltrating sediments from the bed. Hereby,
first, a box model consisting of eight spheres in two layers with a cubic packing was designed.
Next, gravimetrically weighted amounts of two different sediment mixtures (dS1 = 1.0–1.8mm,
dS2 = 2.0–3.5mm) were added separately to the box, representing the infiltrating sediments in
the gravel bed. Finally, the box model experiments were measured with a 7 mm collimator
in accordance to the results of the optimization study. In order to assess their validity, both
experiments were replicated. As a result, the comparison of the gravimetric and the GRA mea-
surements’ of the box experiments show deviations between 1.0 % and 5.0 %. After this, the
box model was transformed into flume experiments. The same sediment mixtures with 20 kg
mass, but two different supply rates (1.4 kg/min and 3.7 kg/min), were fed into the flow. Each
experiment was repeated to test its reproducibility and showed deviations of 1.4 % and 7.7 %
for the fine and coarse sediment mixtures in terms of total infiltrated mass in the measurement
axis, respectively. The results of both sets of experiments also provided high-resolution vertical
profiles of infiltrated sediment, porosity, and water content. Based on the results of this study,
it was concluded that the GRA measurement approach offers a viable opportunity for the non-
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destructive quantification of infiltrated sediment masses and high-resolution vertical profiles of
its porosity and water content under laboratory conditions. Therefore, in the subsequent exper-
iments, a rather complex artificial bed was designed to analyze certain boundary conditions’
effects on the sediment infiltration and accumulation processes as well as the development of
the colmation phenomenon.

4.3. Measuring vertical distribution and dynamic development of
sediment infiltration under laboratory conditions

The purpose of this publication was to present the effects of various boundary conditions on the spatial
and temporal development of sediment infiltration and accumulation processes or the colmation phe-
nomenon. Therefore, a rather complex bed structure was designed for the final experimental series of this
study.

For this purpose, the so far optimized and tested method was applied in two ways. Firstly, the
vertical profile measurements were repeated after a period of time to evaluate the changes in
all positions of the vertical profile between the two measurements. The first measurement was
performed at the end of sediment supply TExp. Then the experiment was continued without
further sediment supply untill the end of the experimental period (28th minute). Afterwards,
the vertical profile measurement was repeated TF . Secondly, a specific position in the verti-
cal profile was continuously measured during the entire experimental duration to monitor the
temporal development of sediment accumulation in almost real-time (one-point measurement).
Due to the setup and availability of only one gamma-ray source with one collimating-radiation-
hole, a single one-point measurement was carried out for each experiment. In addition, owing
to the critical function of the vertical axis on the colmation process and the limitation of only
one measuring device, the spatial measurement focused on the z-axis. A 7 mm collimator deter-
mined the vertical profile measurement resolution, while the one-point dynamic measurements
were performed with a 15 mm collimator.

To analyze the clogging of fine sediment particles in the subsurface matrix pores, a bed struc-
ture, composed of cubic and rhombohedral packing of 0.040 m spheres with 0.026 m spheres
in between the cubic portion, was designed for this experimental series. This configuration of
spheres had smaller and offset pores compared to cubic and uniform packing of 0.04 m spheres.
The combinations of three sediment mixtures, two sediment feeding masses, and two supply
rates, resulted in twelve experiments.

The results showed that the amount and vertical distribution of infiltrated sediment highly de-
pends on the particle size. The visual inspection during the experiments and the measurement
results showed a high thickness of infiltrated fine sediments at the bottom of the flume, which
proved that fine sediments had unimpeded percolation. Thus, colmation was not observed
in fine sediment experiments. The reasons for fine sediment unimpeded percolation are the
bed structure’s pore size, and the small particle size of the supplied sediments. Gibson et al.
(2009b) also observed unimpeded percolation when the ratio of bed gravels (0.04 m spheres
in the current experiments) to the infiltrating sediments was greater than 15.6. The respective
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ratio for the fine sediment experiments in this study is equal to 23.5, which is even higher com-
pared to the threshold given by Gibson et al. (2009b) for sediments bridging in the gravel beds.
However, for the coarse sediment experiments, infiltrating particles were clogged in the bed’s
upper sections, which indicates the occurrence of colmation. The ratio of the diameter of bed
gravels to the infiltrating coarse sediments is equal to 12.9, which is in the range of Gibson et al.
(2009a,b) threshold for bridging sediments in the gravel bed. In the third series of experiments
with mixed sediments the ratio is equal to 13.3, which is in the range of Gibson et al. (2009a,b).
The mixed sediment due to bimodal sediment grain-size distribution did not develop a col-
mation layer near the surface. Thus, the very fine and some coarse particles penetrated to the
bottom of the gravel bed.

Furthermore, the comparison of vertical profiles measured at TExp and TF showed significant
dynamic changes in the upper layers of the gravel bed due to the washing of sediments by the
flow. In comparison to the upper section, the lower sections saw minor alterations as a conse-
quence of re-distribution of infiltrated sediments and the resulting additional pore space filled
by fine sediments infiltrating from the upper strata. The one-point measurements provided
important information on the temporal development of the clogging processes. For example, it
proved that higher supply rates lead to an earlier start of infiltration and rapid accumulation of
the sediments, while a lower supply rate results in a later and gradual filling of the sediments.

To conclude, the high-resolution vertical profile measurements identified colmation as well as
unimpeded percolation of infiltrating sediments. The repetition of vertical profile measure-
ments showed the interval-averaged temporal variations for all measurement positions, which
was significant in the top section due to flow forces acting on the particles to transport or in-
filtrate deeper. However, the lower position measurements, which had less variation in this
study, might be important in some special interstitial flow cases. Moreover, the one-point mea-
surements precisely determined the stages of the sediment infiltration and accumulation (the
start of infiltration, the pore-filling period, and the final amount of infiltrated sediments includ-
ing natural fluctuation during the ongoing experiments). Thus, for a comprehensive under-
standing of the colmation phenomenon or the overall sediment infiltration and accumulation
processes, both the repetitive vertical profile and the one-point measurements, are required.
Finally, the simultaneous application of multiple GRA devices will make it possible to evaluate
the longitudinal distribution of infiltrating sediments in an experiment.
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The infiltration and accumulation of fine sediments in gravel beds rivers lead to serious ad-
verse implications for aquatic species. Numerous field and laboratory methods have been de-
veloped for the assessment of these processes. However, most of them are destructive and do
not allow for a high-resolution spatial and temporal measurement of the sediment infiltration
and accumulation processes, required for understanding this phenomenon. Although colma-
tion is observed in natural rivers, it is difficult to investigate this phenomenon in-situ due to
the complexity of the physical, chemical, and biological processes and parameters involved.
However, laboratory experiments help to determine the effect of distinct mechanisms involved
in this natural phenomenon. Hence, this study focused on developing and applying a new
non-intrusive and undisturbed measurement method for a high-resolution spatial and tempo-
ral measurement of the sediment infiltration, accumulation, and the colmation phenomenon
under laboratory conditions.

For this purpose, several experiments were conducted to (i) refine and optimize the current
GRA measurement system, (ii) prove the concept for non-intrusive and undisturbed spatial
and temporal high-resolution measurements of the infiltrated sediments, and (iii) to apply this
method to certain experiments for investigating boundary condition effects on the sediment
infiltration and accumulation processes.

5.1. Conclusions

The optimization process of the GRA measurement resulted in a method, which enable the
selection of an optimum collimator and in a mathematical equation for optimizing the mea-
surement duration. These findings support users in defining the boundary conditions for the
GRA measurements by applying an initial measurement before an experiment. This optimiza-
tion method helps to achieve an optimal compromise between the resolution (collimator size)
and measurement time (needed to achieve a statistical error that does not influence the pre-
cision and is in the range of previously conducted experiments). In addition, the equal size
collimators proposed by this optimization enabled the GRA method to quantify the sediment
content in all subsequent experiments.

Consequently, the concept of the measurements using the GRA method was verified with a
cubic configuration of an artificial bed in a box model, and later the reproducibility was tested
through flume experiments. The calibration of the measured total infiltrated sediment masses
in the box with predefined amounts of sediments deviated from 1 % to 5 %. In comparison,
the flume reproducibility experiments had differences of 1.4 % to 7.7 % in terms of the total
infiltrated sediment mass in the measurement axis for fine and coarse sediments, respectively.
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These variations originate from the statistical error of the GRA measurements, the exact align-
ment of the measurement positions correlated to the bed spheres as well as the performance
of the sediment supply machine. Another potential source for the deviations in the cumula-
tive masses of infiltrated sediments could result from the different vertical distributions during
the reproducibility experiments, which is highly probable for the coarse particles compared
to the fine sediments. Looking at the complexity of the sediment infiltration and accumula-
tion processes and the existing destructive methods, the deviations observed in the conducted
experiments were acceptable. Since the results of the proof-of-concept experiments were suc-
cessful, it is concluded that the GRA measurement approach offers a viable opportunity for
the non-destructive quantification of infiltrated sediment masses and high-resolution profiles
of the sediment vertical distribution, porosity, and water content under laboratory conditions.

In addition, it is concluded that high-resolution, non-intrusive, and undisturbed vertical pro-
file measurements identify the colmation and unimpeded percolation of infiltrating sediments.
The measured vertical profiles result shows that the thickness of infiltrated sediment strongly
depends on the sizes of supplied particles and the artificial bed structure’s pore. Fine sediments
infiltrated smoothly and started to accumulate from the bottom, continuing upward owing to
unhindered infiltration. Thus, colmation was not observed in fine sediment experiments. The
infiltration of coarse sediments leads to bridging and clogging effects within the bed’s pores,
preventing further downward infiltration, which indicates the occurrence of colmation. The
mixed sediment also infiltrated to the bottom of the bed owing to the bimodal particle mixture
and did not develope a colmation layer near the surface. The repetition of the vertical profile
measurements at a specific interval shows the interval-averaged temporal variations for the
entire measurement positions of the vertical profile. The comparison of these vertical profiles
revealed that dynamic changes mainly occur in the upper section of the bed, as flow rinsed
away the sediments. In contrast to the upper section, smaller changes in the lower parts were
seen as a result of re-distribution of the infiltrated sediments and the ensuing additional pore
space filled by fine sediments infiltrating from the upper layers. Furthermore, the one-point
measurement precisely determines the decisive stages of the sediment infiltration and accu-
mulation (start of the sediment infiltration, duration of the pore filling, cumulative sediment
infiltration, and their subsequent variations). For instance, the continuous one-point measure-
ments revealed that higher supply rates result in an earlier start and rapid filling of the pores
than the lower supply rates. Thus, for a comprehensive understanding of the colmation phe-
nomenon or the overall sediment infiltration process, both the repetitive vertical profiles and
the one-point measurements are required.

5.2. Limitations

The GRA measurement method has certain restrictions. Firstly, the method is associated with
a statistical error related to the decay of the radioactive source. Caution should be paid to bal-
ance this error with the spatial resolution as well as with the measurement time-step. This is
to neither lose the variation that needs to be recorded nor to reduce the confidence level of the
measurements by raising the level of statistical error. According to the resolution and mea-
suring time-step relationship investigated by Mayar et al. (2019), it is revealed that the finer
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the resolution, the longer time-step is required to maintain the statistical error within an ac-
ceptable range. Therefore, optimization is essential in most of the measurements, except the
experiments where the spatial (collimator size) or temporal resolution is irrelevant. Secondly,
the GRA method is highly sensitive to the position of the measuring points during the repet-
itive measurements (horizontally for the entire profile and vertically for each measurement).
Thus, it is advised to locate the bed spheres precisely and use an accurate vertical traverse
system. Thirdly, a sediment feeder with a high accuracy is necessary to precisely provide
coarse particles as fine sediments, which can affect the accuracy of the experiment’s perfor-
mance. In addition, the GRA method cannot address the horizontal distribution of infiltrated
sediments along the measuring horizon and provides only net or bulk results. Moreover, the
current setup of the GRA method is not appropriate for beds with natural gravels because of
the similar density of infiltrating sediments. However, strong radiations that pass through the
thickness of a natural bed are able to identify the significant amounts of infiltrated sediments.
In comparison, small amounts of infiltrated sediments will produce only a minimal change of
the attenuation that might be confused with the statistical error. Another important limitation
in field measurements is the legal restrictions on the use of radioactive material in a natural
environment. Group (2015) provided technical and safety guidelines for radioactive source ap-
plications. Hence, the maximum safety protection is recommended in compliance with laws
and regulations of the respective country.

5.3. Outlook and recommendation

Despite the previously discussed restrictions, the GRA method offers a unique opportunity for
an undisturbed and non-intrusive measurement of the sediment infiltration and accumulation
processes in the laboratory. Notably, it opens the way for their time-resolved or dynamic in-
vestigation as well as exploration of the effects of different boundary conditions. In addition,
the GRA approach can measure the vertical profile on a millimetric scale, if the measurements
have no time constraints. Similarly, for the measurement of one position with a large colli-
mator, the GRA method can provide a time-varying result with a resolution of a few seconds.
Furthermore, the long-term one-point measurements may also determine the alternating pe-
riod between colmation and decolmation processes.

The current investigations focus on the physical colmation under laboratory conditions
through sediment infiltration and accumulation processes. But the GRA method can also mea-
sure the biological and chemical colmation individually or compositely, if those are developed
in the laboratory experimental setup, and if their effects are larger than the statistical error of
the GRA measurements. The GRA measurement approach will present a bulk result, if the
physical, biological, and chemical colmation occur simultaneously.

Although the current GRA measurement setup is not appropriate for field conditions, the
boundary conditions’ setup and selection could be improved to become closer to the natural
conditions. There are numerous morphological structures and condition in rivers, whose in-
vestigations were out of the scope of this thesis, but can be investigated by the GRA method in
the laboratory. Thus, most of such bed structures can be represented in the laboratory flume by
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combining different sizes and configuration of the spheres or any material with a considerably
different density compared to sediments, to investigate additioanl variables of the colmation
process. The bed structure can be organized layer-wise to enable the cleaning of infiltrated
sediments and for a repeated use. In other words, the natural gravel beds could be scanned
layer-wise by a high-resolution device and reproduced from a light material (e.g., plastic, PVC,
Polypropylene) to be distinguished from the infiltrating sediments. Using this technique, any
natural configuration of a bed structure can be investigated by the GRA method for the vertical
distribution and dynamic development purposes of the infiltrating sediments.

Furthermore, the GRA method allows for simultaneously distributed measurements in space
and time. However, spatially (in the longitudinal direction) distributed measurements require
the simultaneous application of multiple devices or different designs of the radiation-emitting
source. Due to the recent development of numerical simulation techniques, some advanced
computational models (e.g., Bui et al. 2020, 2019), have been developed to simulate and predict
the fine sediment transport and infiltration in the gravel-beds. Such simulations can only be
validated using non-intrusive and high-resolution measurements. Thus, the GRA technique is
an appropriate option for such a task.

Finally, the GRA method can be coupled with the Particle Image Velocimetry (PIV) and endo-
scopic PIV measurement devices, which allow to measure the behavior of sediment infiltration
and accumulation processes as it occurs in nature.
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Abstract: 

For undisturbed measurements of material properties, the gamma ray attenuation (GRA) 
method is a commonly used approach, e.g. in soil sciences. So far, various setups of the 
GRA method are applied depending on specific purposes. For accurate measurements, 
statistical error due to radioactive decay must be considered. In addition, a careful setting 
of the further involved parameters such as collimator size, the distance between source and 
detector as well as the measuring time need to be taken into account. In this study, a 
method to optimize GRA measurements is presented by relating measuring time and 
collimator selection to the statistical error of radiation. As a result, a method for choosing 
the optimum collimator size and a mathematical equation for optimizing the measuring 
time are derived, which is helpful for planning the vertical profile measurement in terms of 
required time and spatial resolution.  

Keywords: gamma ray attenuation, optimization of the experimental setup, vertical profile 
measurements  

 

1. Introduction: 

Gamma Ray Attenuation (GRA) is a robust measuring technique for undisturbed 

measurements of materials’ physical properties e.g. soil bulk density, water content, porosity, 

(Pires and Pereira 2014; Pires et al. 2009; Baytaş and Akbal 2002; Gerland and Villinger 

1995; Reginato 1974; Cassel and Krueger 1972), particle size analysis (Elias 2004; Naime et 

al. 2001; Elias et al. 1999; Oliveira et al. 1997), soil column’s hydraulic conductivity and 

density profile (Beckers et al. 2018; Moreira et al. 2011, 2007; Gerland and Villinger 1995).  

To measure an accurate vertical profile of soil using gamma ray attenuation; the spatial 

resolution is a vital parameter and is basically determined by the collimator size. In previous 



2 
 

studies, different combinations of collimators are used behind the gamma source and before 

detection. Early researchers utilized equal collimator sizes in both source and detector sides 

such as (Ferraz and Aguiar 1985) for density, (Naime et al. 2001; Oliveira et al. 1997) for 

particle size analyses and Gerland and Villinger (1995) for sediment core density profile. But, 

more recent studies apply different collimator sizes for the source and detector sides, 

whereby the detector collimator is predominantly larger to achieve a higher count rate (Saadi 

and Saadon 2012; Şahin et al. 2011; Moreira et al. 2011, 2007). However, continuous soil 

profile measurements with different collimators lead to uncovered or overlapping measuring 

areas. Besides, Singh et al. (2006) and Sidhu et al. (1999) also reported that increasing the 

detector collimator size will detect more scattered events, which might be out of computation 

and may affect the result. 

Generally, the GRA measurements are based on the Beer-Lambert law that is shown in 

Equation 1.  

𝐼 = 𝐼0 𝑒−(𝜇𝜌𝑥) … … … … … … 1 

where 𝐼0, 𝐼, 𝜇, 𝜌  and 𝑥 are the count rate before and after passing the absorber, mass 

attenuation coefficient, density and net thickness of absorber, respectively. The absorber 

thickness 𝑥 can simply be measured while the density 𝜌 can be determined by measuring  𝐼0 

and 𝐼 before and after passing the penetrating media. The mass attenuation coefficient 𝜇 can 

either be calculated from a precise geometry of the absorber or can be derived from the 

XCOM systems (Gerward et al. 2004; Berger et al. 1998; Berger and Hubbell 1987) by 

knowing the composition of the absorber.  

In principle, the quantity of the transmitted count rate depends on radiating source energy, 

geometrical setup, collimator sizes, and measuring material properties. However, a lower 

limit for the count rate is also given by the natural environment radiation. The transmitted 

count rate should be significantly larger compared to the count rate of the natural 

environment radiation. For a given gamma source, geometrical setup (collimator sizes, 

distance between source and receiver, object thickness) and absorber properties (density), 

the number of transmitted counts and thus the accuracy of GRA measurements solely 

depend on the measuring time.  

GRA measurements are associated with a statistical error given the radioactive decay that can 

be estimated using Poisson’s statistics for the transmitted counts (Equation 2), where δ is the 

statistical error in percent and 𝑁 is the average number of counts.  

𝛿% = ±
1

√𝑁
∗ 100 … … … … … .2 
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Equation 2 shows that the statistical error is only a function of the number of collected 

counts at the detector. In literature, different measuring times are applied leading to 

transmitted counts with a statistical error between 1% and 5% (Pires and Pereira 2014; 

Moreira et al. 2011; Pires et al. 2009). However, this measuring time could be optimized for 

each collimator size and penetrated media to reduce the statistical error to a desired level.  

So far, information about the relation between the governing variables for representative 

GRA measurements is rare in literature. Therefore, this study presents a method to optimize 

the GRA measurement setup by relating measuring time and collimator selection to the 

count rate depending on the statistical error. 

 

2. Methods  

The applied radioactive source in the conducted experiments is Cesium Cs137 with a decay 

energy of 661 KeV. A detector unit with 5cm diameter and 5cm thick scintillator made of 

Sodium Iodide doped with Thallium (NaI (TI)) is employed. To neglect any temperature 

effects, the room’s temperature was kept constant (27oC) throughout the entire experiments. 

Two sets of experiments were performed to analyze the relation between collimator selection, 

measuring time and the count rate depending on the statistical error. 

The first setup aimed at the selection of best sizes for the combination of source and detector 

collimators. According to the geometrical analyses of continuous measurements of a vertical 

profile, equal size collimators show the best coverage (Figure 1). A larger detector collimator 

creates an overlap or uncovered areas proportional to the size difference between the source 

and the detector collimator and dependent the result during overlap on the location of the 

upper and lower measurements in the vertical profile. Hence, equal size collimators for both 

sides were selected for further applications.  

Subsequently, five diameters (5, 7, 9, 12, 15 mm) of identical source and detector collimators 

were employed to measure the initial count rate for distances of 19 and 49 cm between the 

source and the detector collimator. A measuring time of 120 to 30s was used depending on 

the applied collimator sizes. The longest measuring times were applied for the smallest 

collimator size to collect sufficient counts for reducing the statistical error effect. In addition, 

each measurement was repeated four times for further reduction of uncertainty. Based on 

this setup a relation between the initial count rates and the ratios of the collimators’ cross-

sectional areas were derived for the selection of the optimal collimator size. 

The second experimental setup aims at analyzing the relation between the statistical error, 

the thickness of the penetrated media, collimator diameters and the measuring time (Figure 

2). The penetrated media for this setup consisted of cuboids with six different thicknesses 

(1.0, 3.0, 5.0, 7.0, 10.0, 15.0 cm). The height and width of each sample were constant 

(z = 2.0 cm and y = 2.6 cm).  Each cuboid was measured at a central position with four 
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repetitions to determine the transmitted count rate. The distance between source and 

detector collimator of 19 cm was kept constant for all measurements, whereby the diameter 

of each investigated source and detector collimator was identical. In addition, various 

measuring times (30, 60, 90, 120 s) were utilized depending on the applied collimator sizes 

to evaluate the statistical error. The measurements were conducted for three different 

materials with known densities:  Aluminum (Al) 𝜌𝐴𝑙 = 2.65 𝑔/𝑐𝑚3, Polyvinylchloride (PVC) 

𝜌𝑃𝑉𝐶 = 1.39 𝑔/𝑐𝑚3, and Polypropylene (PP) 𝜌𝑃𝑃 = 0.91 𝑔/𝑐𝑚3. 

 

Figure 1: Collimator combination and profile coverage geometrical analyses 
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Figure 2: Scheme of the GRA measurement to relate statistical error, thickness of penetrated media, count rates 
and measuring time. 

 

3. Results and discussion 

The relation between the ratios of the different size identical collimators’ cross sectional area 

and the ratios of the initial count rate (Equation 3) show a linear trend, as it can be indicated 

in  

 for two different distances  between source and detector (19cm, 49cm). The slope of this 

relation is not only a function of the collimator size but depends also on radiation source 

characteristics and the distance between the source and the detector.  

𝐴∅𝑖

𝐴1
=

𝐼0∅𝑖

𝐼0∅1

… … (3) 

where 𝐴1, 𝐴∅𝑖, 𝐼0∅1
 and 𝐼0∅𝑖

 are the cross-sectional areas and the initial count rates for the first 

and the 𝑖 − 𝑡ℎ collimator size respectively. The results of the initial count rate measurements 

for each collimator size and their related cross-sectional areas are shown in Table 1 for both 

distances.  
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Table 1: Measured initial count rates (counts per second, cps) for the different investigated collimator sizes 
(given in diameter and cross-sectional area) and different measuring times. * 

Collimator diameter (mm) 5 7 9 12 15 

Cross-sectional area (mm2) 19.625 38.465 63.585 113.04 176.625 

Area ratio  (-) 1.00 1.96 3.24 5.76 9.00 

Initial count rates at 19 cm - I0 (cps) 48.20 90.00 153.50 262.46 400.00 

Initial count rates at 49 cm - I0 (cps) 17.218 27.029 39.688 - 88.570 

Count rate ratio at 19 cm (-) 1.00 1.87 3.19 5.44 8.30 

Count rate ratio at 49 cm (-) 1.00 1.57 2.31 - 5.14 

Measuring time  (s) 120 60 30 30 30 

 

 

Figure 3: Linear relation between the collimator cross-sectional area ratios versus the initial count rate ratios. 

The results show that for arbitrary experiments, at least the initial count rate of two 

collimators need to be measured to obtain a linear trend for a given distance between source 

and detector. After these pre-measurements, the optimal collimator size can be selected from 

the interpolation or extrapolation of Equation 3 in dependency of the count rate, which 

includes the statistical error of the pre-measurements. Hence, the statistical error of the 

initial conditions for a newly selected collimator can be estimated by the Poisson’s statistics. 

                                                           
* The initial count rate for the collimator diameter = 12mm at 49 cm distance was not measured during 
experiment. However, this does not affect the final result.   
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Therefore, the count rate simply needs to be transferred back to absolute counts by 

multiplying the selected count rate with the desired measuring time.  

The analyses of the second experimental setup showed that the smaller collimator sizes are 

inversely related to the count rate. For achieving a constant statistical error (required counts 

using Equation 2) for a specific material and geometrical setup, different measurement times 

are required for different collimator sizes. Hence, the measuring time for a specific collimator 

size is then only related to its count rate or equal to the required number of counts for the 

desired statistical error (Equation 2), divided by the collimator dependent count rate after 

passing the penetrated media. The transmitted count rate could be either measured directly 

or estimated by the Beer-Lambert law. After simplification, the required measuring time 𝑡 [s] 

is equal to:  

𝑡 =
𝑁𝛿

 𝐼 
=

104 ∗ 𝛿−2

𝐼
=

104

(𝐼0 ∗ 𝑒−𝜇𝜌𝑥)𝛿2
… … … 4 

where 𝑁𝛿 , 𝐼0, 𝐼, 𝜇, 𝜌, 𝑥 are the average number of counts required for a specific statistical error, 

count rate (counts per second [𝑐𝑝𝑠]) before and after passing the absorber, mass attenuation 

coefficient [-], density [𝑔/𝑐𝑚3] and absorber thickness [𝑐𝑚] respectively.  

To estimate the transmitted intensity 𝐼 using Equation 1,  𝐼0 must be measured in advance 

because it varies due to the source energy range, the distance between the source and the 

detector as well as the experimental conditions. The mass attenuation coefficient μ can be 

derived from the XCOM databases (Berger et al. 1998, Gerward et al. 2004), as it was used in 

this and many other studies in the literature.  

The developed Equation 4 is used to compute the relation between measuring time, 

statistical error and thickness for each material type (PVC, Al and PP) resulting in three 

dimensional correlations, that are exemplarily shown in Figure 4 for a collimator size of 

9mm. 

 

Figure 4: Computational results for the materials PVC, Al and PP relating thicknesses, statistical error and 
measuring time.     
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The graphs show that the required measuring times for a constant statistical error is 

changing given the different densities of each material type. In addition, it can be indicated 

that the density has a higher influence on the required measuring time compared to the 

thickness of a material type. As an example: the required measuring time for maintaining the 

statistical error to 2% in the initial condition (no absorber) gives 18 s (according to Equation 

4), while for an absorber of 16.0 cm thickness of PVC, Equation 4 yields a required measured 

time of 95 s, for PP it is 60 s and for Al it is 385 s (the examples are marked with red lines in 

Error! Reference source not found.). Based on these results, Equation 4 provides a helpful 

tool to optimize the experimental setup for GRA measurements. If a certain statistical error 

should be achieved, Equation 4 could be used to estimate the required measuring time based 

on thickness and material properties of the penetrated media. 

Figure 5 presents a comparison of measured (Equation 2) and computed (Equation 4) 

statistical errors for a constant measuring time of 30s. Exemplarily the result for collimator 

sizes of 9mm and 15mmalong with the corresponding measured count rates are shown for all 

three material types.  In both cases, low thicknesses lead to high count rates and accordingly 

to a low statistical error. For the collimator size of 9mm, Figure 5 indicates for the materials 

PVC and PP a high agreement of estimated and measured statistical errors for all 

investigated thicknesses. However, for Al the largest thickness of 15cm shows a significant 

deviation between the measured and calculated statistical error. The reason is the low count 

rate for this thickness. To achieve more reliable results either several repetitive 

measurements are required or the measuring time needs to be increased. A similar behavior 

can be observed for the collimator size of 15mm.  

 
Figure 5: Comparison of estimated (Equation 4) and measured statistical error for all material types (dots, 
stars), while the lines represent the measured count rates of each material type. 

Equation 4 allows for an estimation of the experimental boundary conditions for GRA 

measurements. By recording the initial intensity of GRA, the measuring time for a desired 

statistical error of each absorber can be optimized, or vice versa the statistical error for each 

measuring time could be predicted. Generally, the measuring time and the statistical error 

have an opposite relation for GRA measurements. Short measuring times are associated with 

a higher statistical error while longer measuring times have a lower statistical error. 

Temperature effects are sensitive in long-term measurements (Peyvandi et al. 2014), such as 



9 
 

several hours or days. Therefore the temperature must be kept constant if smaller collimator 

sizes (lower count rates) and accordingly longer measuring times are desired.   

4. Conclusions  

Two sets of experiments were performed for optimizing the vertical profile measurements 

setup of GRA. The first experiment aims to find the relation between the collimator’s cross-

sectional area and the initial count rate ratio for a suitable collimator selection, while the 

second experiment intended to relate the measuring time, the collimator size and the count 

rate dependent statistical error. The first experiment resulted in a method for an optimal 

collimator selection based on two pre-measurements, while the second experiment resulted 

in an equation to predict the measuring time for a desired statistical error to support users in 

defining their boundary conditions for GRA measurements. The estimation of GRA accuracy 

(based on the statistical error) is in high agreement with measured values except for very low 

count rates. Finally, the developed relation is capable to determine boundary conditions 

using only initial count rate measurements before performing an experiment and thus helps 

to find an optimal compromise between the vertical resolution (depending on the collimator 

size) and required measuring time for a predefined accuracy based on the statistical error 

due to the source radioactive decay.  
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ABSTRACT16

Fine sediment infiltration into gravel riverbeds adversely affects the riverine ecology and in-17

fluences hyporheic exchange processes. So far different sampling methods have been utilized to18

measure the amount of infiltrated sedimentmasses in the field and laboratory. Most of thesemethods19

disturb the sediment bed, and only few of them provide a vertical gradation of infiltrated sediment20

masses. Therefore, this study presents the proof-of-concept for a non-intrusive and non-destructive21

technique for measuring the masses of infiltrated fine sediments in high-resolution vertical profiles22

using the Gamma Ray Attenuation (GRA) method in laboratory flume experiments. Firstly, the23
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principal functionality of the GRAmethod is successfully tested on preliminary experiments, which24

consist of a box filled with spheres, known masses of infiltrated sediments and water. Afterwards,25

the GRA method is applied in a laboratory flume with a simplified gravel-bed to test the repeata-26

bility of the measuring concept under varying boundary conditions. The accuracy of the measured27

infiltration masses for the preliminary box tests show a deviation of less than 5% compared to gravi-28

metrically determined masses, which proves the applicability of the GRA method. Furthermore,29

the repeatability tests of the flume experiments yielded deviations from 1.4% to 7.7%, which is30

still in an acceptable range, considering the complexity of the infiltration process. Based on the31

obtained results, the non-intrusive and non-destructive GRA method provides a profound basis for32

further in-depth investigations of fine sediment infiltration and accumulation in gravel riverbeds.33

INTRODUCTION34

Fine sediment infiltration into the interstices of a riverbed has been investigated intensively35

in both laboratory and field experiments given to the immense impact on riverine ecology. The36

infiltration and subsequent accumulation of fine sediments in the pores reduce the pore space,37

hydraulic conductivity and influence the exchange process between surface and subsurface waters38

(e.g. Schälchli 1992). The process also affects the supply of dissolved oxygen to aquatic species39

living in the hyporheic zone (e.g. Gayraud and Philippe 2003) and the reproduction habitats of40

gravel-spawning fish (e.g. Tonina and Buffington 2009; Noack et al. 2016).41

So far, field and laboratory investigations have utilized different methods to measure sediment42

infiltration masses. In natural river, methods such as built-in sediment traps (Frostick et al. 1984;43

Newson and Sear 1994; Wilcock et al. 1996), plastic traps (Levasseur et al. 2006), cylindrical44

sediment cores (Blomqvist and Abrahamsson 1985; Reikowski 2015), freeze coring (Noack 2012),45

bulk sampling and sediment bags (Evans and Wilcox 2014) are applied. In addition, small-scale46

cylindrical samplers (Wooster et al. 2008; Gibson et al. 2009a,b, 2011; Herrero et al. 2015), and47

gravimetric methods (dry sieving and weighting for grain-size distribution analyses) are used in48

laboratory experiments for measuring infiltrated sediment masses. These methods are destructive,49

intrusive and change the natural conditions during the sample installation or extraction. Some50
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sediment sampling methods (impermeable traps) only allow the vertical infiltration and neglect the51

lateral transport of particles and the change of surrounding conditions, which reduce their accuracy52

of measurement. Harper et al. (2017) identified significant differences between the vertical and53

lateral-and-vertical infiltration of fine sediments (<2mm) in substrate infiltration traps in natural54

rivers. Seydell et al. (2009) also observed 40% and 20% reduction of silt and sand in horizontally55

impermeable sampling pots respectively. Furthermore, Carling (1984) found a trap efficiency56

of 93.3% for permeable pots and 61.9% for solid walled pots compared to the surrounding bed57

materials during fine sand experiments. However, the disadvantage of horizontally permeable58

methods is that the measurement sample may lose or receive additional gravel and fine material59

from surrounding environment into the measurement sample during extraction and installation60

processes. Given the different available methods, Harper et al. (2017) suggest to take caution61

for interpretation of sediment infiltration data that are gained using different designs of sampling62

methods.63

In addition, indirect methods such as interstitial water pressure and conductivity measurements64

are employed to investigate sediment infiltration (Schälchli 1992, 1995). The difference in sus-65

pended sediment concentration over time (Hamm et al. 2011; Herrero et al. 2015) and visual66

inspection of infiltrated sediment height evolution observed through transparent sidewalls (Herrero67

et al. 2015) are also used as an indicator for fine sediment infiltration in laboratory flumes. How-68

ever, these methods are only applicable for very fine or suspended sediment infiltration cases under69

laboratory conditions, and cannot determine the infiltrated sediment mass in a specific location70

or at a specific time step as they provide an integrative result for the whole experiment. Further-71

more, Rosenbrand and Dijkstra (2012) and Niño et al. (2018) used image analysis technique to72

quantify infiltrated sand movement and suffusion. This method only considers the fine sediment73

transport near the sidewall. Fletcher et al. (1995) developed an instrument using a submersible74

linear displacement transducer mounted beneath a sediment catch-tray to monitor infiltration of75

fine sediment into gravel bed in natural rivers, which only provides a depth integrated result and76

cannot present a profile of infiltrated sediments.77
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Among all the methods mentioned above, sediment cylindrical samplers (cores) allow for78

a vertical gradation of infiltrated sediments with a resolution depending on the bed gravel size79

(Wooster et al. 2008; Gibson et al. 2009b, 2011) and subsequent destructive separation of sediment80

layers under laboratory conditions. However, this technique destroys the sediment bed and the81

achievable accuracy of the vertical gradation is limited. Gibson et al. (2011) used a photometric82

method for identifying colored sediment distribution after the manual separation of sediment core83

samples collected from the laboratory experiment. Although this is an automatic particle separation84

method, the sample (core) extraction and layer separation alter the natural conditions. The main85

disadvantage of the destructive methods is that they only allow the assessment of fine sediment86

infiltration masses at one specific time-step and hence, are not suitable to detect the change of87

sediment characteristics over time. Therefore, a non-intrusive and non-destructive measurement88

method that provides high-resolution vertical distribution profiles of infiltrated sediments and allows89

for the temporal change detection is essential for further investigations in this field.90

Penetrating rays are usually utilized for the non-destructive measurement of an object. Gamma91

ray is a radiation technique where the attenuation of emitting rays passing through the object is used92

for determining its physical characteristics. So far, the Gamma Ray Attenuation (GRA) method93

has been successfully used for measuring physical properties of soils, e.g. bulk density, porosity,94

soil water content, soil column’s hydraulic conductivity and density profiles (Cassel and Krueger95

1972; Reginato 1974; Gerland and Villinger 1995; Baytaş and Akbal 2002; Moreira et al. 2007;96

Pires et al. 2009; Moreira et al. 2011; Pires and Pereira 2014; Beckers et al. 2018).97

The objective of this study is to provide a proof-of-concept for the development of the GRA98

method for the non-intrusive and non-destructive measurement of infiltrated fine sediment masses99

with a high vertical resolution profile for laboratory flume experiments. First, preliminary and sim-100

plified box experiments with known masses of infiltrated sediments are conducted to test and prove101

the principal functionality of the GRA-method for infiltration mass measurements. Afterwards, the102

GRAmethod is applied to a laboratory flume to test its reproducibility during fine sediment infiltra-103

tion experiments using different boundary conditions, which represent a fundamental precondition104
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to conduct further infiltration experiments using the GRA method.105

MATERIAL AND METHODS106

The general setup of GRA measurements includes a gamma source, which emits a collimated107

gamma beam penetrating through the media, and a scintillator to detect the gamma quants by108

creating photons. The optical signals are subsequently converted into electrical signals by a109

photomultiplier and further processed by a discriminator and a counter to produce the numerical110

results. The radioactive source in these experiments is Cesium Cs137 with a decay energy of 661111

KeV. The detector unit has a diameter of 5.0 cm and a 5.0 cm thick scintillator made of Sodium112

Iodide doped with Thallium (NaI(TI)). The environmental temperature can influence the capability113

of the photomultiplier. Therefore, the temperature of the photomultiplier in the detection system is114

kept constant throughout each measurement period by installed heaters to neglect any temperature115

effects.116

The measured sample profile contains three components: air, water, and spheres in a cubic117

packing arrangement to represent the simplified gravel bed. The reason for using cubic packing of118

empty spheres (table tennis balls) for representing the river gravel bed is to reduce the complexity,119

evaluate the repeatability and distinguish accurately the infiltrated sediment masses due to high120

densities differences of infiltrated sediments and ‘empty’ spheres.121

In order to measure fine sediment infiltration masses, the GRA method requires three measure-122

ment profiles (I, II, III), where each profile can be divided into different zones (see also Figure 1).123

(I) The first step is to measure the vertical profile of an empty sample without water and infiltrated124

sediments for detecting background attenuation given to the side walls and bed structure (spheres).125

This profile is divided into two zones consisting of an air zone and the zone representing the bed126

structure (spheres) in which fine sediments can penetrate. (II) For the second measurement, the127

sample is filled with water to determine the linear attenuation coefficient in the pure water zone128

and the total pore space in the bed structure zone. (III) The third measurement is performed after129

sediment infiltration. Accordingly, this profile has three zones consisting of an air zone, a pure130

water zone and the zone of the bed structure with infiltrated fine sediments. The measurement131
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profiles (I) and (II) are constant for all experiments of a sample due to identical geometry of the132

bed structure, while the measurement of third profile (III) is repeated for each experiment. During133

the measurement of the three profiles, caution should be paid that each measurement needs to134

be conducted exactly at the same position. The average radiation of the air section (zone 1) of135

all three steps is used to correct the temperature dependence of the detection system between the136

measurements.137

It should be noted that the GRA method only allows for horizontally integrative results, which138

means that it cannot resolve the horizontal distribution of each component but only the net or the139

bulk thickness of each component.140

The accuracy of GRA measurements mostly depends on the magnitude of the statistical error141

associated with the total counts of gamma quants collected after passing through an object. This142

error originates from the statistical variation of the emitted count rates of the gamma source by the143

radioactive decay. The statistic error follows the Poisson’s law; this means, the higher the number of144

collected gamma quants or the longer the measuring time, the less will be the statistical error. Thus,145

a compromise between accuracy and resolution, which depends on the diameter of the collimator,146

exists. Mayar et al. (2019) investigated the optimization of GRA vertical profile measurements and147

suggested a mathematical equation for determining the optimal experimental boundary conditions.148

Theoretical basis149

Generally, the theory of the GRA method is based on the Beer-Lambert law that is shown in150

Equation 1 and relates the gamma ray attenuation to the properties of the penetrating material.151

I = I0 ∗ exp(−µX) (1)152

where I0, I, µ and X are the count rate before and after passing the absorber, the linear attenuation153

coefficient and the size of the absorber respectively. The I0 is first measuredwithout sample and later154

it is modified using the correction factor derived from measurement profile (I); which represents155

the background attenuation given to the side walls of the flume and the bed structure. Alternatively,156
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the I0 can also be measured directly from the measurement profile (I) to represent the background157

attenuation profile.158

In Equation 1, the µ for elements, compounds and mixtures can be either extracted from the159

XCOM database (Berger and Hubbell 1987) or measured during the experiments. According to160

Sidhu et al. (1999); Jalali and Mohammadi (2008); Medhat et al. (2014) some deviation between161

the XCOM database and measured values of µ exist. Given the sensitivity of this parameter on the162

measuring result of fine sediment infiltration masses, the values of µ are calculated in this study163

based on experimental measurements. The linear attenuation coefficient of water µw is calculated164

in zone 2 as:165

µw =
ln( I0

Iw
)

Xw
(2)166

where I0 and Iw are the average initial and transmitted count rates from the pure water zone (2)167

in measurement profiles (I) and (II) respectively. The total thickness of water Xw in this section is168

equal to the entire horizontal width of the sample. Similarly, by achieving µw from Equation 2, the169

total pore space of each axis for the sediment penetration zone (4) is calculated as:170

Xw =
ln( I0

Iw
)

µw
(3)171

where I0 and Iw represent the initial and transmitted count rates of each horizontal axis of the172

penetration zone (4) in measurement profiles (I) and (II) respectively.173

For the third measurement with infiltrated sediments (III), Equation 1 can be written as:174

I = I0 ∗ exp − (µwXw′ + µs Xs) (4)175

where Xw′, µs and Xs are the net thickness of water content after sediment infiltration, linear176

attenuation coefficient and net thickness of the sediments respectively. The calculation of the177

linear attenuation coefficient of sediments µs, which are made of quartz (SiO2), is not directly178

feasible because the sediment’s exact thickness (Xs) and the net thickness of water content Xw′179
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are unknown. According to the XCOM database (Berger et al. 1998; Gerward et al. 2004), the180

linear attenuation coefficient of quartz (SiO2), and Aluminum (Al) is very similar for the energy181

range of 0.1 – 3 MeV. Thus, a piece of Aluminum with a known geometry and equal density of182

sediments (ρAl = ρs = 2650kg/m3) is placed on the top of the spheres (zone 3 - after finishing the183

experiments) and before the third measurement profile (III) to alternatively determine the value of184

µs with a measured linear attenuation coefficient from Aluminum (µAl). Therefore, Equation 1 can185

be written for this section (zone 3) as:186

I = I0 ∗ exp − (µwXw + µAl XAl) (5)187

where XAl is the thickness of Aluminum. The linear attenuation coefficient of water µw is188

already calculated using Equation 2 and the water thickness Xw in this section is equal to the189

difference of the total distance of the sample X and the Aluminum thickness XAl (Xw = X − XAl).190

From Equation 5 the µAl can be calculated as:191

µAl =
ln( I0

I ) − µwXw

XAl
(6)192

where I0 and I are the average initial and transmitted count rates of the horizontal positions193

occupied by Aluminum (zone 3) in the measurement profiles of (I) and (III) respectively. By194

substituting the linear attenuation coefficient of sediments with Aluminum (µs = µAl) for the195

penetration zone (4), the Equation 4 could be written as:196

I = I0 ∗ exp − (µwXw′ + µAl Xs) (7)197

where I0 and I are the initial and transmitted count rates of each horizontal axis of penetration198

zone (4) in measurement profiles (I) and (III) respectively. In this equation, the net thickness of199

water content (Xw′) and the net thickness of infiltrated sediments Xs are still unknown and a function200

of time. Where, the total thickness of each horizontal layer (X = Xw′ + Xs) is equal to Xw derived201

by Equation 3. By substituting Xs with X − Xw′, and considering the ratio of the linear attenuation202
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coefficients µs/µw by a parameter F, Equation 7 can be reorganized to calculate the net thickness203

of the water content (Xw′) for the bed structure section with the infiltrated sediments (zone 4):204

Xw′ =
F ∗ X − ln( I0I )

µw

F − 1
(8)205

With the total pore space X from Equation 3 after the profile measurement (II) and the sediment206

water content Xw′ obtained from Equation 8, the net thickness of the infiltrated sediment content207

Xs in any horizontal layer of the bed structure (zone 4) is calculated as:208

Xs = X − Xw′ (9)209

By knowing the total pore space X equal to Xw from Equation 3 of each horizon in this zone210

and the remaining water content after sediment infiltration Xw′, the porosity � can be calculated as:211

� = (
Xw′

X
)100% (10)212

Alternatively, the porosity can be also rewritten as:213

� = (1 −
Xs

X
)100% (11)214

With the known density of the infiltrated material (ρs = 2650kg/m3), the mass of the infiltrated215

sediment for each horizontal measurement can be derived by:216

Mz = (
Xs

X
) ∗ Vz ∗ ρs (12)217

where Mz(kg) and Vz(m3) are the mass and the available volume between the spheres in each218

horizontal position along the vertical profile respectively. Because of the cubic packing with regular219

geometric dimensions, the total available volume between the spheres can be calculated for each220

position along the vertical and horizontal axis. Assuming a uniform sediment distribution for the221

sections between two neighboring spheres, the mass of total infiltrated sediment MT (kg) is equal222
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to the summation of all horizontal masses Mz.223

MT = ΣMz (13)224

Preliminary experiments – Box setup225

The concept of the GRA method to measure fine sediment infiltration masses is proved in226

preliminary box experiments in which a defined infiltration mass is added (gravimetrically) that can227

be subsequently compared to the measured fine sediment infiltration mass using the GRA method.228

The simplified experimental setup consists of a box with the following dimensions: (length L =229

0.08 m, width W = 0.08 m and height H = 0.25 m). The box is partially filled with a central cubic230

packing of 8 spheres (table tennis balls with a diameter of dsp = 0.04 m) that represent a highly231

simplified replica of a gravel bed (Figure 1a). The spheres are glued together and fixed to the232

bottom by a fixation at two sides of the box. The sample is measured according to the measurement233

profiles (I-III) procedure described earlier. Two different ranges of particle sizes of infiltrating234

material are tested: dS1 = 1.0 − 1.8mm and dS2 = 2.0 − 3.5mm during box experiments (B1.1235

and B2.1). For validating the GRA concept in the box setup, measurements of profiles (I-III) were236

repeated for the same boundary conditions resulting in two additional box experiments (B1.2 and237

B2.2). During the sample filling, the sediments were compacted through shaking the box. Given238

the selection of a collimator with a diameter of 7.0 mm and a measuring time of 45 seconds, the239

maximum statistical errors, calculated by Poisson statistics law for the three measurement profiles240

(I-III) are approximately 1.60%, 2.15%, and 2.84% respectively. In addition, the distance between241

source and detector of gamma quants is 0.19 m. Figure 1 (a-c) illustrates setups for the different242

profile measurements. Figure 1C additionally shows the four zones of air, water, Aluminum, and243

bed structure with infiltrated sediments.244

Flume experiments - setup245

The measurement procedure of the box experiments is subsequently transferred to a laboratory246

flume. The flume is 8.00 m long, 0.24 m wide, 0.30 m high and has a slope of 1.35%. In addition,247
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the flume is equipped with a sediment feeding machine to continuously supply fine sediments into248

the center of flowing water. The sediment supply rate is controlled by vibration, swirl rotation and249

the opening for the sediment release, which allow for almost constant sediment supply rates. In a250

previous study, the feeder was tested for various sediment particle sizes and supply rates by Eckert251

(2016). The experimental setup of the flume consists of sixteen blocks, each of them with three252

vertical, six cross-sectional and six longitudinal layers of 0.04 m spheres (table tennis balls) in a253

cubic packing arrangement to represent a simplified river gravel bed (Figure 2). The spheres of each254

block are glued together and fixed to the bottom of the flume by a metal fixation at both ends. The255

spheres placement produces a continuous layer of 96 spheres in the stream-wise direction. After256

running an experiment and the measurements, the sediments are removed, blocks are extracted,257

washed and re-installed at the same position. The distance between source and detector collimator258

is in total 0.49 m due to 0.10 m mounted frames on both sides of the flume and the required259

space for the vertical traversal to move the devices for the GRA measurements. Figure 2 shows a260

cross-sectional view of the flume setup while Figure 3 represents a longitudinal view.261

The simplified gravel bed has several advantages compared to natural gravel-matrices that have262

been used so far for sediment infiltrating and accumulation experiments. Firstly, the simplified263

geometry with variable but known bed characteristics (particle sizes, pore sizes, porosity etc.)264

allows for a detailed examination of the distinct contributions of the different processes involved in265

sediment infiltration and accumulation. Secondly, for several experimental runs with the same bed266

configuration, identical initial conditions can be guaranteed by simply washing out the infiltrated267

particles. Thirdly, different bed configurations can be easily installed to investigate different268

geometries.269

Hence, this flume setup allows for many variations of boundary conditions including hydraulic270

(e.g. flow rate, water depth, Froude-Number) and sedimentary conditions (sediment supply, particle271

size, distribution of supplied sediments, different sphere sizes and mixes of sphere sizes to represent272

the bed material and different packing arrangements of the bed). However, the focus of this study is273

to test and prove the feasibility of the GRAmethod for fine sediment infiltration mass measurements274
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and to test the repeatability of such experiments, which represents an indispensable precondition275

to conduct reliable and trustworthy sediment infiltration experiments.276

Therefore, this study includes in total four flume experiments representing two repeatability277

tests (R1, R2) for two different boundary conditions. For both repeatability tests the hydraulic278

conditions are identical with a discharge of Q = 0.015m3/s and a water depth of h = 0.08m279

resulting in a Froude-Number of Fr = 0.79 and a Reynolds-Number of Re = 62, 921. The total280

mass of supplied sediments (Ms = 20kg) are also identical; however repetitions were carried out281

for experiments with two different sediment particle sizes of supplied materials (dS1 = 1.0−1.8mm282

and dS2 = 2.0 − 3.5mm). Furthermore the feeding rate (Qs) varies with 1.40kg/min for the283

dS1 sediments and 3.70kg/min for the dS2 sediments. After the complete amount of sediments284

having been supplied, the flow runs constantly for an additional time period of one supplied time285

(ts) for 1.4kg/min, and four supplied times (ts) for 3, 7kg/min feeding rates respectively to obtain286

identical experimental time for different supply rates. Table 1 provides an overview of the boundary287

conditions for the flume experiments.288

According to the dimensions of the flume and the selected collimator size of 7.0mm ameasuring289

time step of 240 second is defined and results in a maximum statistical error for the three different290

measurement profiles I-III (background, water-filled and water and sediment-filled) of 1.70%,291

3.30%, and 3.90% respectively. The measurement profiles I and II are conducted once before292

running the experiment, while the third profile (III) is measured after each experimental run is293

finished. Finally, the mass of infiltrated sediments for each point of the profile in the flume294

experiment is calculated and summed up to receive the total mass of fine sediment infiltration (for295

a 4.0 cm longitudinal section between two neighboring spheres).296

RESULTS AND DISCUSSIONS297

Preliminary box experiment298

To test the feasibility of the GRA method for the box experiments, each measurement profile299

(I-III) is analyzed. Figure 4a shows the correction factor for the box experiments (B1.1, B2.1)300

with its repeatabilities (B1.2, B2.2) along the vertical measuring axis to account for the background301
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attenuation of the boxwalls and spheres and Figure 4b represents the total pore space (Xw) for the box302

experiments (B1.1, B2.1) with its repeatabilities (B1.2, B2.2) in comparison to the geometrically303

determined pore space. Figure 4c represents a geometrical view of the measuring locations. Here,304

the small circles symbolize the diameter of the collimator.305

The background attenuation profiles (Figure 4a) shows a lower value (0.93) at positions where306

the sphere’s touching points face theGamma emitting beam (e.g. box height 2.0 cm, 6.0 cm) because307

of higher absorption due to the fact that the Gamma beam hits the spheres compared to positions308

at the net pore (e.g. box height 4.0 cm, 7.5 cm) in which the corrections factor yields values of 1.0.309

The repeated measurement of this profile yields a deviation of 2.1% to the first profile measurement.310

The comparison of the measured total pore space (Figure 4b) with geometrically determined values311

shows a good agreement with a mean absolute deviation of 7.0%. The repeatability profile displays312

a better agreement with geometrically determined values and the mean absolute deviation is 3.7%.313

The pore space is maximum (8.0 cm) when the emitted gamma beam does not hit the spheres314

(e.g. box height 4.0 cm, 7.5 cm) and is minimum (5.0 cm) at box heights 2.0 cm, 6.0 cm, where315

the emitting beam (diameter 7.0 mm) hits the spheres at their touching positions. The identified316

correction factors and the total pore space profiles represent the initial conditions and thus apply317

for both box experiments (B1.1, B2.1). For the repeatability experiments (B1.2, B2.2) the repeated318

correction factor and total pore space profiles are used.319

Figures 5 (a-c) and 6 (a-c) illustrate the measurement results of the box experiments for the320

sediment particle sizes of dS1 and dS2 along with the repeatability of each experiment respectively.321

Figures 5a and 6a show the net thicknesses of the infiltrated sediments (Xs) for both particle sizes.322

Figures 5b and 6b give the vertical profiles of the porosity (�), while Figures 5c and 6c present the323

vertical profiles of the measured net thicknesses for the water content (Xw′).324

According to the available total pore space, the net sediment thickness in Figures 5a and 6a is325

high in horizons where the total pore space is high as well (e.g. 4.0 cm) and minimum at positions326

where spheres touch each other (e.g. 2.0 cm, 6.0 cm). Fine sediment particles produced higher327

thickness compared to the coarser sediments. The porosity and water content profiles in Figures 5328
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(b-c) and 6 (b-c) present non-similar profiles due to different sediment particle sizes (dS1 and dS2),329

as well as compaction due to shaking the box. The fine sediments (dS1) were better compacted,330

while the coarser sediments (dS2) which contain less fines, were unable to be correctly compacted331

and produced higher porosity.332

The measured results represent the expected vertical distribution of each measurement profile333

(I-III) and the shape of the spheres can be clearly identified in infiltrated sediment profiles. However,334

to prove the functionality of the GRA method, the total mass of infiltrated sediments as sum of335

all horizontal measurements (MGRA) is compared to the previously gravimetrically determined336

infiltration mass Mgrav (Table 2). However, it is important to note that this verification method337

assumes that, if the integral of the sediment masses matches the total gravimetric measurement,338

then the sediment masses at any elevation are correct. Because one cannot determine the mass of339

compacted sediments for each horizontal measurement to compare with GRA method.340

The relative deviations between measured total infiltration mass (MGRA) and gravimetrically341

determined total infiltration mass (Mgrav) for B1.1, B2.1 and their repeatabilities (B1.2, B2.2)342

vary approximately between 1% and 5%. To evaluate the measuring results of the GRA method,343

both the statistical error of approximately 2.84% given to the chosen collimator diameters and the344

measuring time in measurement profile (III) need to be taken into account. This source of error345

could be reduced either by using a larger collimator diameter, or by increasing the measuring time.346

But a larger collimator diameter leads to a loss in vertical resolution and for the latter, an increase of347

measuring time to 340 seconds for each measuring point of the profile would be required to achieve348

a statistical error of 1%, because according to the Poisson’s law a minimum of 10,000 quants is349

required (Mayar et al., 2019). Another potential source of error is the positioning of the measuring350

locations (horizontally for the entire profile and vertically for each horizontal measurement) for351

the three measuring profiles I-III. Previous tests showed that the positioning is highly sensitive in352

terms of measured correction factor and total pore space, which can lead to massive deviations353

in the measured total infiltration mass. Therefore, it is greatly recommended to use an accurate354

vertical traversal system to minimize the error due to positioning. The applied automatic traversal355
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in this study has a maximum error of 1.0 mm in vertical positioning. Hence, slight differences356

between the three required measuring profiles can occur. Another aspect to be taken into account357

is the assumption of a uniform distribution of infiltrated sediment between the spheres. The GRA358

measurement covers the area equal to the diameter of the collimator (0.7 cm) while the width of359

each volume piece is equal to the width of the box (8.0 cm). Considering these potential sources360

of errors, the relative deviations (1% - 5%) between gravimetrically determined infiltration masses361

and measured masses with GRA can be interpreted to be acceptable, especially in comparison362

to existing destructive measuring techniques and their methods to derive a vertical gradation of363

infiltrated fine sediments.364

Flume experiments365

The aim of the flume experiments is to test the feasibility of the GRA setup for further infiltration366

experiments including variations of boundary conditions but also to investigate in future dynamic367

infiltration processes that is only feasible with non-destructive methods. For the proof of reliability,368

repeatability tests are indispensable. According toTable 1, two repeatability tests are conductedwith369

different sediment supply rates for different particles sizes (R1, R2) resulting in four experiments in370

total. Given the identical hydraulic conditions and the same packing arrangement of the spheres, the371

measured vertical profiles for the correction factor (I) and the total pore space (II) are also identical372

for both repeatability tests shown in Figure 7 (a-b). Figure 7c represents the vertical distribution of373

the horizontal measuring locations with a collimator diameter of 7.0 mm.374

The correction factor (Figure 7a) characterizes the expected fluctuations along the vertical375

profile due to the spheres. Compared to the box experiments, the minimum values of the correction376

factor for the flume experiments are smaller (0.86) due to the higher number of horizontally arranged377

spheres (six) and the longer width (0.24 m) of the flume along the horizontal measurement axis.378

However, Figure 7a displays that the profile’s minimum and maximum values follow a similar379

pattern compared to the box model tests representing the shape of the spheres. The profile of the380

total pore space (Xw) shows again a similar pattern compared to the correction factor and indicates381

also the location of the spheres. The minimum values of the GRA measured total pore space are382
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at flume heights 1.85, 6.05, 10.25 cm, while the maximum values occur at flume heights of 3.95,383

8.15, 11.65 cm. Again a comparison to the geometrically determined total pore space is performed384

leading to mean absolute deviations of 5%, which is in the same range as for the box experiments385

and most probably due to correct vertical positioning with the automatic traversal.386

Figure 8 represents the repeatability experiment R1 with a supply rate of QS1 = 1.4kg/min387

and particle size of dS1 = 1.0 − 1.8mm. Figure 8a displays the derived vertical profile for the net388

thicknesses of infiltrated sediments (Xs). Figure 8b gives the vertical profile of the porosity (�) and389

Figure 8c presents the vertical profile of the measured net thicknesses of the water content (Xw′).390

Comparing all profiles in Figure 8 (a-c), significant differences along the vertical axis can be391

identified. The vertical profile of the net thicknesses of infiltrated sediments (Figure 8a) shows392

results between 0.0 and 13.6 cm not reflecting the shape of the spheres and is characterized by393

comparable low variations along the vertical axis, except of the upper part at flume heights of 11.0394

- 12.0 cm. The latter is due to the fact that the deposited and hardly infiltrated fine sediments are395

re-suspended. The uniform vertical distribution of net thicknesses of infiltrated sediments can be396

explained considering additionally the measured net thicknesses of the water content (Figure 8c).397

The measured net thickness of the water content as well as the total pore space reflect properly398

the shape of the spheres. As the net thickness of infiltrated sediments is the difference of total399

pore space and water content, the profile of the net thicknesses of infiltrated sediments is close to400

uniform. Physically, the varying water content reflects the different accumulation and compaction401

pattern of the infiltrated sediments which is high at the positions of pores (e.g. flume height 0.0,402

4.0, 8.0 cm) and low at positions where spheres touch each other (e.g. flume height 2.0, 6.0403

cm). At a flume height > 10.0 cm fine sediments are flushed by the flow. These obtained results404

become also visible in the vertical profiles of the porosity (Figure 8b). When the available pore405

space achieves minimum values also the porosity values yield lower values (e.g. flume height406

2.0, 6.0 cm) compared to the position with maximum available pore space and high porosity (e.g.407

flume height 4.0, 8.0 cm). The reason for variation of the profiles with the box experiment is408

due to different filling process. The box was manually filled and compacted by shaking while the409
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flume pores were filled by the sediments transported by the flow. Therefore, the profiles are not410

comparable.411

In terms of repeatability, an overall good agreement can be observed for the net thicknesses of412

infiltrated sediments, the porosity as well as for the water content (Figure 8). Only at flume heights413

between 3.0 and 5.0 cm some minor deviations are visible that might occur given to different414

compaction processes during pore filling. The calculation of the total infiltration mass (MGRA,415

Table 3) results for the experiment R1.1 in 620.41 g while for the repetition experiment (R.1.2)416

611.44 g were measured. This means a relative deviation of 1.44% and can be interpreted as a very417

good repeatability. The general slight deviation of infiltrated sediment along the vertical profiles418

may originate from the statistical error or exact positioning of the measurement axes.419

The results of the second flume experiment and its repeatability test (R2, QS2 = 3.7kg/min,420

dS2 = 2.0−3.5mm) are represented in a similar way (Figure 9). Due to the identical initial conditions421

in terms of hydraulic conditions, sphere sizes and packing arrangement, the available total pore422

space is identical to R1. The vertical profiles for the net thicknesses of infiltrated sediments are423

characterized by small variations along the profile and again the top layers are represented by a424

low sediment thickness due to the flushing of fine sediment. However, the flushing effect is not as425

pronounced as in R1 given the larger particles (dS2) and the higher feeding rate. In addition, the426

overall net sediment thickness with values around 0.0 to 9.8 cm is slightly lower compared to R1427

with values between 0.0 and 13.6 cm. Hence, the resulting porosity of R2 is higher compared to428

R1.429

The repeatability for all vertical profiles shows a sufficient agreement. Deviations are visible430

at the bottom of the flume (e.g. 1.0 cm to 3.0 cm) and at a flume height of 5.5 cm. However, the431

general patterns of the vertical profiles are repeated very well. In terms of total infiltrated mass432

(MGRA), the second experiment R2.1 resulted in an infiltrationmass of 564.90 g, while the repetition433

R2.2 sums up to in 521.18 g. This corresponds to a relative deviation of 7.7% and thus, is larger434

compared to the experiment R1 (Table 3). In addition to the already mentioned potential sources435

of error, such as the exact positioning of the measuring locations and the statistical error, another436
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source of error results from the limited accuracy of the sediment feeding machine: the dosage of437

supply rate is less precise for the coarser sediments than for the finer sediments. Moreover, the438

probability of observing exactly the same infiltration pattern or the repeatability of all ingredients439

of an experiment with identical boundary conditions, for coarser sediment is lower compared to440

finer sediments due to larger sediment particles and limited space. The fine sediments may pass441

through the available space while clogging might occur differently for coarser sediments.442

Furthermore, the current setup of GRA measurement is only applicable for the laboratory443

conditions with artificial gravel beds. This setup is not appropriate for beds with natural gravels444

due to similar density of infiltrating sediments with bed material. However, stronger radiation445

will be able to identify larger amounts of infiltrated fine sediments. Small amounts of infiltrated446

sediments will produce only a very small change of the attenuation that might be confused with447

the statistical error. Another critical limitation for field measurement is the legal restriction of448

using the radioactive material in the nature. EHG (2015) provides safety instructions for the source449

applications. Therefore, maximum safety protection is recommended according to each country’s450

rules and regulations.451

Despite of the mentioned limitations, the GRA method can be highly useful for in-depth452

investigations of sediment infiltration and accumulation, the temporal development and to provide453

data for development of numerical methods. In addition, the method is transferable to other flumes,454

but the geometry, energy, resolution, measuring time and other parameters need to be considered for455

the reliable results. Furthermore, the GRAmethod theoretically allow for distributedmeasurements456

in space and time. However, spatially distributed measurements requires application of multiple457

devices at the same time.458

CONCLUSIONS459

Two types of laboratory experiments were conducted to investigate the feasibility of non-460

intrusive and undisturbed measurements of fine sediment infiltration using the gamma ray atten-461

uation method. First, the proof-of-concept for the GRA method to measure infiltration masses is462

shown on preliminary box experiments using a simplified bed structure of eight spheres in a central463
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cubic packing arrangement. Subsequently, laboratory flume experiments are designed to test the464

repeatability of fine sediment infiltration experiments, which represent an indispensable precondi-465

tion for further experiments with controlled variations of hydraulic and sedimentary boundary and466

initial conditions. The box experiments allowed for a comparison between known and measured467

infiltrationmasses and the obtainedmeasuring results showed onlymarginal deviations between 1%468

and 5%. The repeatability tests of the flume experiments were conducted for two different setups469

and showed deviations of 1.4% and 7.7%. The main potential sources of error originate from the470

statistical error given to the radioactive decay, the requirement of highly exact positioning of the471

measuring locations in the sub-millimeter range and the capability and accuracy of the sediment472

feeding machine. Considering these potential errors and the general complexity of the infiltration473

and accumulation processes (surface and subsurface processes), the measured infiltration masses474

provide promising results for future fine sediment infiltration measurements. The GRA method is475

a non-intrusive and non-destructive method allowing also for time dependent investigations of the476

infiltration process, which provides vertical profiles of infiltration masses that have – compared to477

destructive methods – a high spatial resolution. In addition, further parameters can be obtained by478

the GRA measurements that are very helpful for the interpretation of riverbed composition, such479

as water content and porosity. However, two limitations are identified. Firstly, the GRA method480

cannot resolve the horizontal distribution of infiltration masses along the horizontal measuring481

axis and provides ‘only’ net or bulk results. The second limitation is the compromise between the482

collimator diameter and measuring time. The smaller the diameter of collimator the longer the483

required measuring time to keep the statistical error in an acceptable range. However, based on the484

promising results of the presented feasibility tests, it can be concluded that the GRA method repre-485

sents a highly valuable opportunity to measure sediment infiltration masses without disturbing the486

riverbed in hydraulic laboratory conditions, especially because it opens the way for time-resolved487

or dynamic investigations of infiltration and accumulation processes and to investigate the effect of488

different boundary conditions.489
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APPENDIX I. NOTATION493
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The following symbols are used in this paper:494

Al = Aluminum;

ds = diameter of infiltrated sediment particles (m);

dsp = diameter of sphere (m);

Fr = Froude number (-);

h = height (m);

I = count rate after passing penetrating media (cps - counts per second);

I0 = initial count rate / before passing penetrating media (cps - counts per second);

Mgrav = mass of gravimetrically measured total infiltrated sediments (kg);

Ms = mass of total feeding sediments (kg);

MT = mass of total infiltrated sediments (kg);

Mz = mass of infiltrated sediments of each measuring section in the vertical profile (kg);

Q = discharge (m3/s);

Qs = feeding rate of sediment (kg/min);

ts = duration of supplying sediment to the flume (s);

Vz = volume of each measuring section along the vertical profile (m3);

X = thickness (m);

XAl = thickness of Aluminum (m);

Xs = thickness of sediments (m);

Xw′ = thickness of soil water content (m);

Xw = thickness of water (m);

z = vertical axis;

µ = linear attenuation coefficient (-);

µAl = linear attenuation coefficient of Aluminum (-);

µs = linear attenuation coefficient of sediments (-);

µw = linear attenuation coefficient of water (-);

ρs = density of sediment (kg/m3); and

� = porosity (%) ;

495
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TABLE 1. Boundary conditions of the flume experiments to test the repeatability of sediment
infiltration experiments.

ID ds (mm) Ms (kg) Qs (kg/min) ts (min) Q (m3/s) h (m) Fr (−)
R1 1.0 - 1.8 20 1.4 14.3 15 0.08 0.79
R2 2.0 - 3.5 20 3.7 5.4 15 0.08 0.79
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TABLE 2. Comparison of infiltration masses determined gravimetrically and with the GRA
method in the box experiments

ID ds (mm) Mgrav (g) MGRA (g) absolute deviation (g) relative deviation (%)
B1.1 1.0 - 1.8 359.10 376.3 17.2 4.8
B1.2 1.0 - 1.8 373.3 14.2 4.1
B2.1 2.0 - 3.5 359.72 355.8 3.92 -1.1
B2.2 2.0 - 3.5 367.5 7.78 2.1
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TABLE 3. Comparison of the measured total infiltration masses for both repeatability tests in the
flume experiments.

ID ds (mm) MGRA (g) absolute deviation (g) relative deviation (%)
R1.1 1.0 - 1.8 620.41 8.97 1.4
R1.2 1.0 - 1.8 611.44
R2.1 2.0 - 3.5 564.90 43.72 7.7
R2.2 2.0 - 3.5 521.18
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files/Figure 1.jpg

Fig. 1. Experimental setup for the box experiments including the three measurement steps and the
GRA measurements setup. The empty box (a) is measured for background attenuation, while the
box filled with water (b) gives the linear attenuation coefficient of water in zone 2 and total pore
space in zone 4. Themeasurement of water and sediment filled box showedwith GRAmeasurement
scheme (c) provides linear attenuation of Aluminum equivalent to sediment and net thickness of
infiltrated sediments in zone 4.
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Fig. 2. Cross-sectional view of the flume including the four different vertical zones and the setup
of GRA measurements. The vertical profile is measured three times: (I) flume with spheres for
background attenuation profile; (II) filled with water for linear attenuation coefficient of water
and total pore space in zone 4; (III) after sediment infiltration to measure the linear attenuation
coefficient of Aluminum and the net thickness of infiltrated sediments in zone 4. The block of
Aluminum in zone 3 is placed on top of the spheres after finishing the experiment.
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files/Figure 3.jpg

Fig. 3. Longitudinal scheme of the recirculating laboratory flume to conduct the sediment
infiltration measurements showing the locations of the sediment supply and the position of the
vertical profile measurements. The idealized bed is made of 0.04 m spheres (table tennis balls) in a
cubic packing arrangement. The feeding machine constantly supplied sediment to the flow during
the experiment.
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Fig. 4. Results of the box experiments showing vertical profiles of (a) the background attenuation
correction factor for the box experiments (B1.1-B2.1) and the repeatability experiments (B1.2-
B2.2), (b) the total pore space of box (B1.1-B2.1), repeatability experiment (B1.2-B2.2) and the
geometrically determined total pore space, and in (c) the box model scheme with measuring
locations.
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Fig. 5. Results of the box experiments showing vertical profiles of (a) the net thickness of
infiltrated sediments for particle size of dS1 (B1.1, B1.2) in comparison to the total pore space, (b)
the calculated porosities for both experiments B1.1 and B1.2 and (c) the net thicknesses of water
contents after sediment infiltration for both experiments B1.1 and B1.2 in comparison to the total
pore space.
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Fig. 6. Results of the box experiments showing vertical profiles of (a) the net thickness of
infiltrated sediments for particle size of dS2 (B2.1, B2.2) in comparison to the total pore space, (b)
the calculated porosities for both experiments B2.1 and B2.2 and (c) the net thicknesses of water
contents after sediment infiltration for both experiments B2.1 and B2.2 in comparison to the total
pore space.
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Fig. 7. Result of the flume experiment showing vertical profiles of (a) the background attenuation
correction factor, (b) the total pore space and the geometrically determined total pore space, and
(c) the measuring locations. Due to exactly the same structure, the profiles (a) and (b) are constant
for all subsequent flume experiments.
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Fig. 8. Results of the repeatability experiments R1 showing vertical profiles of (a) the net
thicknesses of infiltrated sediments for both experiments R1.1 and R1.2 in comparison to the
total pore space, (b) the calculated porosities for both experiments R1.1 and R1.2 and (c) the net
thicknesses of water contents after sediment infiltration for both experiments R1.1 and R1.2 in
comparison to the total pore space.
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Fig. 9. Result of the repeatability experiments R2 showing vertical profiles of (a) the net thickness
of infiltrated sediments for both experiments R2.1 and R2.2 in comparison to the total pore space,
(b) the calculated porosities for both experiments R2.1 and R2.2 and (c) the net thicknesses of water
contents after sediment infiltration for both experiments R2.1 and R2.2 in comparison to the total
pore space.
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ABSTRACT17

The complex process of sediment infiltration in gravel beds has been widely studied. However,18

the temporal behavior of sediment infiltration and its clogging has not yet been sufficiently investi-19

gated. Furthermore, to understand the involved mechanisms in this phenomenon, measurements of20

the effect of various boundary conditions are required with a high spatial and temporal resolution.21

Hence, the non-intrusive and undisturbed gamma-ray attenuation method is applied in this study22

to establish a measuring scheme to detect the dynamic development of river bed clogging and to23
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investigate the effects of fine sediments’ particle-size distributions, total supplied mass and supply24

rate on the sediment infiltration process. For a series of experiments, first, vertical profiles of25

infiltrated sediment masses are measured at two time instants along the experiments. Second, the26

dynamic changes of the infiltrated sediments at a specific position of the bed are investigated using27

continuousmeasurements during the experiments. The results of the measured vertical profile show28

that sediment infiltration and clogging in an artificial bed match the sediment’s existing bridging29

criterion of the porous gravel bed. Furthermore, temporal changes occur mainly in the upper30

layers. The continuous one-point measurements indicate almost real-time sediment accumulation31

development and prove that higher supply rates lead to an earlier start of the infiltration and rapid32

filling, while lower supply rates result in later and slower infiltration of the sediments.33

INTRODUCTION34

The infiltration of fine sediments into gravel beds represents a complex process, as this phe-35

nomenon is a function of several physical, chemical and biological (Schälchli, 1992) parameters.36

Infiltrated sediments may clog pores within the interstitial, leading to harmful ecological conse-37

quences (Schälchli, 1992; Gayraud and Philippe, 2003; Noack, 2012). Due to variations of flow and38

fine sediment concentrations in rivers, sediment infiltration and river bed clogging are characterized39

as very dynamic processes.40

Sediment infiltration and river bed clogging processes have been widely studied because of41

their harmful effects in river ecology. However, the temporal behavior of these phenomena has not42

yet been sufficiently investigated, due to lack of measurement techniques, but this is necessary for43

understanding the mechanisms of the involved processes. Several attempts were made in the past to44

capture these dynamic processes in-situ. For instance, multiple sediment catch trays were deployed45

within river beds and extracted at certain intervals (i.e., Harper et al. 2017) for obtaining knowledge46

on fine sediment infiltration. However, such methods are intrusive, destructive and change the47

natural conditions during installation and extraction of the sampling device. Further, limitations48

such as the natural variation in the field and different designs of the devices need to be considered49

in subsequent analyses. Fletcher et al. (1995) used submersible linear displacement transducers50
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mounted beneath a sediment catch tray to monitor fine sediment infiltration into stable gravel river51

beds. Although this approach gains insight into the dynamic behavior of sediment infiltration,52

the disadvantage is that neither the vertical distribution of infiltrated sediments over depth can be53

analyzed nor the sediments clogging with unhindered infiltration be differentiated.54

To reduce the natural environment complexity, the temporal development of sediment infiltration55

has also been investigated in laboratory experiments. For this purpose, indirect methods, such as56

water pressure and conductivity measurements (Schälchli, 1992, 1995), monitoring of suspended57

sediment concentrations over time (Hamm et al., 2011), visual inspections of infiltrated sediment58

height evolution (Herrero et al., 2015), are used to measure the infiltrated sediment accumulation in59

the gravel bed. A drawback of these methods is that they are integrative and quantify the infiltrated60

sediments neither over depth, nor the temporal development of accumulations in a specific location.61

Furthermore, Niño et al. (2018) studied the infiltrated fine sediment transport in a flume with glass62

walls by using an image analysis technique. However, the main limitation of image analysis is that63

only the infiltration behavior near the wall of the flume can be investigated in which wall-friction64

affects the hydraulics.65

The infiltration of sediments in the gravel bed strongly depends on the occurring boundary66

conditions. Thus, sediment particle size and shape, supply rate, amount of the supplying mass,67

gravel bed porosity and pore structure, and flow forces have a prominent role in the sediment68

infiltration and accumulation processes (Brunke, 1999; Schälchli, 1992). Some of these parameters69

have been investigated in the laboratory using destructive methods. For instance, Wooster et al.70

(2008) analyzed the effect of sediment supply rate, Gibson et al. (2009a,b) and Huston and Fox71

(2015, 2016) studied the mechanism and infiltration depth of sediments, leading to bridging effects.72

However, the spatial and temporal resolutions of the applied methods in these studies do not allow73

to discretize the involved mechanisms in the sediment infiltration and clogging processes, as both74

processes are described as highly dynamic. Hence, for an accurate understanding of the sediment75

infiltration and accumulation processes, measuring the effects of the boundary conditions using a76

non-intrusive and undisturbed measurement method with a high spatial and temporal resolution is77
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required.78

Recently, Mayar et al. (2020) introduced a novel non-intrusive and undisturbed approach using79

theGamma-Ray-Attenuation (GRA) technique formeasuring the infiltrated sediments in an artificial80

gravel bed under laboratory conditions. This method provides the opportunity to measure the81

sediment infiltration and the accumulation of sediments in the gravel bed with a high spatial and82

temporal resolution. WhileMayar et al. (2020) focused on the proof-of-concept of the GRAmethod83

and its reproducibility, the aims of this study are: First, the development of a measuring scheme to84

account for the temporal development of pore clogging. Second, to investigate the effect of varying85

particle-size distributions, supply rates, and the total mass of supplied sediments during constant86

hydraulic conditions, on the sediment infiltration and their clogging processes, with a high spatial87

and temporal resolutions.88

MATERIAL AND METHODS89

Setup of the flume experiments90

The laboratory experiments are conducted in a recirculating flume, equipped with a sediment91

feeding machine supplying sediments continuously for infiltration. The flume has 8.00 m length,92

0.24 m width, 0.30 m height, and a constant slope of 1.35 %. Within the flume, a bed structure93

is composed of 0.04-m spheres in the upper two and the lower two layers in a rhombohedral94

configuration. These set-of-layers are positioned in a way to form cubic packing in the middle.95

0.026-m spheres are placed separately in between the cubic packing to reduce the individual pore96

size. The intention of this setup is to provide an intermediate layer with smaller pores to support97

possible clogging effects. The spheres are arranged in 16 blocks with a total length of 3.84 m. The98

spheres in rhombohedral packing are glued only as a horizontal layer, while the different diameter99

spheres located in the cubic configuration are glued together to keep them in exact positions. The100

blocks are mounted to the bottom of the flume with a metal fixation at both ends. The individual101

pore sizes in the chosen composition, located in 45𝑜 between the spheres, are shown in Figure 1D.102

The pore size is 𝑑1 = 6.4 mm between the larger spheres and 𝑑2 = 5.3 mm between the 0.04-m103

and the 0.026-m spheres. To further analyze the infiltration and accumulation behavior for this104
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setup, the vertical profile is subdivided into three sections, namely the top, middle, and bottom105

section. The infiltrated sediment thickness (𝑥) along the vertical profile is measured in the cross-106

sectional direction of the flume using the GRA method (Mayar et al., 2020). Figure 1B-C provides107

information on the vertical profile of the available total pore space geometrically calculated and108

measured by GRA, the bed structure and location of the measured vertical sections in the spheres109

arrangements. The calculated initial porosity in each section of the bed is equal to 35.4 % for the110

top, 26.4 % for the middle, and 36.7 % for the bottom section.111

Measurement procedure112

The analyses of the infiltration and accumulation behavior consist two types of measurements.113

The first measurement series investigates the amount and vertical distribution of infiltrated sedi-114

ments at two time instants along the experiment. The measuring procedure to obtain the infiltrated115

sediment thickness consists of three measurements, exactly in the same vertical axis (See sup-116

plementary Figure S1): (i) The flume with its bed configuration is measured first to obtain the117

attenuation of the flume walls and the spheres, which is called the background attenuation, (ii)118

the bed configuration filled with water is measured in a second step to get the total available pore119

space between the spheres. Both measurements are needed only once, as the bed configuration120

remains the same for the whole series of experiments. In order to trace the temporal variations121

of infiltrated masses along the whole vertical profile, the third (iii) measurement is performed at122

two time instants along the experiments. The first vertical profile is measured immediately after123

the sediment supply is finished (𝑇𝐸𝑥𝑝) and the water flow is paused. Subsequently, the discharge124

is gradually resumed and the experiment is continued without supplying additional sediments until125

the total experimental period of 28 minutes has been completed. This experimental time is chosen126

based on the proportionality of the sediments’ supply rate and supplied masses to compare the127

results of infiltrated sediments for all experiments in a common duration. Thereupon, the second128

vertical profile (𝑇𝐹) was measured. The vertical distribution of infiltrated sediments is measured129

using a collimator with 7 mm diameter, which defines the vertical resolution.130

The second measurement series (continuous one-point measurements) is conducted at a specific131
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position of the vertical profile during the entire experiment to monitor the dynamic behavior of132

sediment infiltration and accumulation. This measurement uses a collimator of 15 mm diameter,133

which allows shorter time-intervals (60 s), to increase the temporal resolution. The measurement134

principle for the second measurement type is the same as for the vertical profiles. In this measure-135

ment, the background (i) and total pore space (ii) profiles are measured for the total experimental136

period prior to the experiment, while the sediment infiltration (iii) profile is measured during the137

entire experiment. An advantage of this measurement setup is that both types of measurements can138

be conducted for the same experiments.139

Experimental program140

In total twelve experiments are conducted with different sediment related boundary conditions.141

Three particle-size distributions, further called fine, coarse, and mixed are investigated. The grain-142

size distributions of these sediments are shown in Figure 2, which indicates that the fine and coarse143

sediments are rather homogeneous, whereas the mixed sediment has a heterogeneous (bimodal)144

distribution. The average particle diameter and sorting coefficient for the fine, coarse, and mixed145

sediment mixtures are 1.6 mm and 1.14; 3.09 mm and 1.14; 2.02 mm and 2.0, respectively. All the146

three mixtures have a density of 𝜌𝑠 = 2, 650𝑘𝑔/𝑚3 (quartz sand).147

Two supply rates (𝑄𝑠) are used for each supplied sediment mixture, namely 1.4 kg/min and 3.7148

kg/min. These values are average supply rates, with minor deviations in the actual sediment supply149

(𝑄𝑠,𝑎𝑐𝑡) as a result of the used feeding machine performance. Finally, the total amount of each150

supplied sediment mixture (𝑀𝑠) is varied by using 10 kg and 20 kg. Table 1 provides an overview151

on the experimental program.152

During all the experiments the hydraulic conditions remain constant with a discharge of 𝑄 =153

16 ± 0.2 l/s and a flow depth of 0.08 m, leading to an average flow velocity of 0.83 m/s, a154

Froude-number of 0.93, and a Reynolds-number of 122,465.155

Uncertainties in GRA measurements156

Due to the three-fold (i - iii) GRA measurements, three statistical errors occur in this configura-157

tion. The vertical profile of the infiltrated sediments (iii) leads to the highest statistical error due to158
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the highest attenuation of gamma quants. Therefore, according to Mayar et al. (2019), a measuring159

time of 240 seconds for each position of the vertical profiles is chosen, resulting in a maximum160

statistical error of less than 3.3 % in the infiltrated sediment vertical profile measurement.161

To minimize the statistical error in the one-point measurements, a 120-second time-step is used162

for the (i) and (ii) profiles measurements. A 60-second time-step is used for the sediment infiltration163

(iii) profilemeasurement, which results in a higher temporal resolution of themeasurements. Hence,164

the resulted maximum statistical error of one-point measurements is up to 4.4 % (for the mixed165

sediments). These statistical errors are also in the range of previously conducted experiments with166

the GRA method (i.e. Pires and Pereira 2014; Moreira et al. 2011; Pires et al. 2009). Finally, the167

total error in percent is transformed to sediment thickness and mass and is visualized in the relevant168

graphs.169

Despite the statistical errors, uncertainties exist due to the alignment of the measurement170

positions as well as the performance of sediment supply machine. Thus, horizontal alignment of171

the bed structure was controlled through inspection of the measurement axis and previously marked172

nearby positions. To keep the vertical positions accurate, spheres were glued into the blocks, and an173

automatic vertical travers system with a maximum error of 1.0 mmwas used for vertical positioning174

in this study. The uncertainties of the sediment supply machine are reflected in actual sediment175

supply (𝑄𝑠,𝑎𝑐𝑡) in Table 1.176

RESULTS177

As a basis for the analysis of the measurements, the background attenuation profile is shown in178

Figure 1A. This profile shows that the measured values attenuate according to the net thickness of179

the spheres, which face the gamma emitting beam. The maximum values, located at the positions180

close to the surface and the bottom, are due to the collimated radiations not facing the spheres181

(Figure 1C) in these two positions. Figure 1B presents the GRA measured vertical profile of the182

available pore space as well as geometrically derived. Both profiles show minimum values for the183

pore space at z = 0.088 m (0.007 m) and z = 0.046 m (0.010 m), the center of 0.04-m spheres.184

However, 0.02 m upstream and downstream of these positions in the longitudinal direction of the185
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flume, the total pore space is high that allows sediment to infiltrate towards the bottom. The depth186

averaged mean absolute deviation between GRA measured and geometrically derived values of the187

total pore space is equal to 0.012 m, resulting from the statistical error of GRA measurements and188

due to minor inaccuracies in the manufacturing process of the bed. Although the geometrically189

derived values represent the idealistic bed configuration, the GRA measured profile is used for the190

subsequent analyses as they represent the actual profile of the manufactured bed.191

The experimental results are presented in a way that first the vertical distribution of sediments,192

including the infiltration masses subdivided into three vertical sections, are shown. Second, the193

dynamic effects (temporal changes) are analyzed by comparing vertical profile measurements at194

two time instants along the experiments (𝑇𝐸𝑥𝑝, 𝑇𝐹) as well as by using the one-point measurements195

at a certain position. Finally, all the results are evaluated and discussed according to the effects of196

varying sediment boundary conditions used during the experiments.197

Vertical distributions and masses of infiltrated sediments in the first measurement (𝑇𝐸𝑥𝑝)198

Figure 3A-C shows the vertical distributions of infiltrated sediments for the three sediment199

mixtures. Each plot contains themeasured total pore space profile, and the results of the experiments200

for the two supply rates and two supplied masses at the end of the sediment supply (𝑇𝐸𝑥𝑝). The201

Sn.1-4 in the legend represent the experiment ID, in accordance to Table 1, in which "n" is the202

number of the sediment mixture. Figure 3D represents the infiltrated sediment masses at 𝑇𝐸𝑥𝑝,203

divided into three vertical sections. The infiltrated sedimentmasses are obtained through converting204

the measured sediment thicknesses by using the known volume of the lateral measuring locations205

with a collimator size of 7 mm, and a subsequent summing up for each section.206

Fine-sediment mixture207

For all the conducted experiments with fine sediments, it was observed that the filling of the208

pore space starts from the bottom until the top section is reached. Hence, Figure 3A shows a209

measured high net thickness in the bottom section, where sediments start to accumulate first. This210

is the result of the small-particle size, compared to the individual pore size, as the smallest pore211

size in the bed configuration is 3.25 times larger than the average particle size of fine sediment212
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mixtures. These findings are consistent with the bridging criterion, developed by Huston and Fox213

(2015), in which the unimpeded static percolation occur when the 𝑑𝑠𝑠/𝑑 𝑓 𝑠𝜎𝑠𝑠 ratio, which is equal214

to 44.8 for fine sediment experiments, is higher than 27. The highest thickness (0.120 m) of the215

infiltrated fine sediment mixture is measured close to the flume bottom (z = 0.005 m), while the216

thickness achieves 0.094 m in the middle section (z = 0.068 m) and 0.085 m in the top section (z217

= 0.130 m). This almost homogeneous distribution proves that the sediments infiltrate smoothly218

and no bridging effects occur. The effects of the supplied sediment masses and supply rates are not219

reflected by the experiments of this sediment mixture.220

By analyzing the sediment masses (Figure 3D) for the supplied sediment masses and supply221

rates minor variations of the infiltrated masses are observed in each section. The integrated sum of222

infiltrated masses of fine sediments in each section (averaged overall boundary conditions) results223

in 42.5 g, 21.6 g and 51.7 g for the top, middle and bottom sections, respectively. The reason224

for the lower mass of the middle section is the lower available pore volume (12.37𝑐𝑚3) compared225

to the top (34.97𝑐𝑚3) and bottom (35.86𝑐𝑚3) sections. The calculated porosity after sediment226

infiltration (in the volume of the gamma-ray beams), is the lowest in the middle section with 34.1 %227

and significantly lower compared to the porosities of the top (54.1 %) and bottom (45.6 %) sections.228

Coarse-sediment mixture229

Figure 3B shows the vertical distribution profiles of the coarse sediments. Smaller thicknesses230

of infiltrated sediments can be seen at the bottom (0.06 m, z = 0.005 m) and in the middle section231

(0.06 m, z = 0.068 m), compared to the sediment thicknesses of fine sediment experiments (0.120232

m and 0.094 m, respectively). However, a larger sediment thickness (0.097 m, z = 0.130 m) is233

observed in the top section for the coarse sediments. The differences in the middle and bottom234

sections are a direct result of pore clogging at z = 0.125 m and z = 0.060 m, which restricts235

sediments from further infiltration. This clogging of pores by coarse sediments corresponds the236

Huston and Fox (2015) bridging criterion, in which sediments bridge in the bed when 𝑑𝑠𝑠/𝑑 𝑓 𝑠𝜎𝑠𝑠237

ratio is less than 27. This value is equal to 23.3 for coarse sediment experiments. The effects of238

varying supply rates are within the uncertainty of the GRA measurements in all three sections. An239
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increase in the supplied masses reveals higher sediment thicknesses in the bottom section for 20 kg240

(0.045 m, z = 0.033 m) compared to 10 kg (0.013 m, z = 0.033 m). This vertical position represents241

the strait between the larger spheres, which indicates that for higher sediment masses accompanied242

by longer experimental durations, particles that infiltrate downward could be trapped in this strait243

and lead to clogging.244

The infiltrated masses of the coarse sediments given in Figure 3D reflect, on the one hand, minor245

variations in sediment thicknesses for the supplied sediment masses and supply rates, and, on the246

other hand, significantly less infiltration masses in the middle and bottom sections compared to fine247

sediment experiments. The integrated sum of infiltration masses for each section (averaged overall248

boundary conditions) gives 44.9 g, 12.6 g, and 15.7 g in the top, middle, and bottom sections,249

respectively. The corresponding porosities after sediment infiltration of the coarse sediment result250

in 51.5 %, 61.6 %, and 83.5 % in the top, middle and bottom sections, respectively. This clearly251

indicates the bridging of sediments and demonstrates the trapping effect when coarse sediments252

clog the pores within the bed structure.253

Heterogeneous-sediment mixture (mixed)254

The vertical distribution profiles of infiltrated mixed sediments are shown in Figure 3C. Com-255

pared tomeasured sediment thicknesses of the fine and coarse sediment experiments, large variations256

can be seen in all three sections. The mixed sediments did not bridge in the spheres due to bimodal257

grain-size distribution and having a value of 35.4 for the 𝑑𝑠𝑠/𝑑 𝑓 𝑠𝜎𝑠𝑠 ratio, which is greater than 27.258

The results of the experiments show that the vertical distribution of infiltrated mixed sediments259

is strongly influenced by the given supply rate and supplied mass boundary conditions. The260

maximum thickness of infiltrated mixed sediments (0.120 m) for all boundary conditions is seen261

close to the flume bottom (z = 0.005 m), which is a similar observation as for the experiments262

with fine sediments. However, this thickness of the infiltrated mixed sediments is also seen at263

flume heights z = 0.011 m and z = 0.116 – 0.130 m in the S3.3 and S3.4 experiments, respectively.264

Furthermore, the maximum thickness in the middle section (0.108 m, z = 0.068 m) is higher265

compared to the experiments with fine and coarse sediments. A reason for this behavior is the266
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heterogeneity of the sediment mixture, which results in a lower porosity of the filling compared to267

the fine and coarse sediments. The infiltrated sediment thicknesses in the top section have strong268

variations and are discussed according to the boundary condition effects subsequently.269

The effects of the supplied masses are very obvious in the experiments with a supply rate of270

1.4 kg/min (S3.1, S3.3) on the infiltrated sediment thicknesses in the bottom section. The S3.3271

experiment resulted in a considerably higher thickness at z = 0.018 - 0.025 m compared to the same272

experiment with 10 kg supplied mass of sediments (S3.1). However, the supplied mass did not273

influence the sediment thickness in the bottom section during the experiments with a supply rate274

of 3.7 kg/min. Further, the experiment with a supply rate of 3.7 kg/min (S3.4) resulted in a smaller275

thickness of infiltrated sediments compared to the same experiment with a supply rate of 1.4 kg/min276

(S3.3). The reason is twofold: first, a lower supply rate enables a smoother infiltration, leading to a277

lower probability of clogging. Second, with a supply rate of 1.4 kg/min, a 2.6 times longer sediment278

supply duration, compared to experiments with a supply rate of 3.7 kg/min, is given. This provides279

the opportunity for more sediments to infiltrate, especially for the particle sizes of 0.6 - 1.2 mm.280

Therefore, the smaller thickness of infiltrated sediments in the S3.1 experiment could be influenced281

by the higher infiltration of sediments in the empty volume, upstream of the measurement axis (dead282

storage), which results in a reduction of supplied mass for the measurement axis in this experiment.283

The mass of supplied sediments did not influence infiltrated sediment thicknesses in the middle284

section, while in the top section the higher supplied mass resulted in a higher amount of infiltrated285

sediments. For instance, the lower supplied mass and lower supply rate (S3.1) led to a minimum286

sediment thickness (0.044 m, z = 0.108 m), whereas a higher supplied mass and lower supply rate287

(S3.3) reached a maximum thickness (0.112 m at z = 0.108 m), although the thicknesses for z >288

0.12 m is equivalent in both experiments. Furthermore, the supply rate of 3.7 kg/min with 20 kg289

feeding mass (S3.4) produced the highest sediment thickness (0.120 m at z = 0.130 m) compared290

to the thickness of 0.049 m at z = 0.130 m in the experiment with a similar supplying mass, but 1.4291

kg/min supply rate (S3.3). The reason is that the flow conditions (shear force) were kept constant292

for all experiments, where the flow cannot transport sediments during a higher supply rate as in293

11 Mayar, January 20, 2022



the lower one. In addition, the higher supply rate increases the probability of clogging and leads294

to more sediments in the surface layers. For this reason, mixed sediments did not infiltrate to the295

lower layers of the top section (z = 0.095 – 0.116) and middle section (z = 0.053 – 0.060) during296

the supply rate of 3.7 kg/min with 10 kg feeding mass (S3.2).297

The infiltrated sediment masses of mixed sediments in Figure 3D also reflect the impact298

of changed supply rates and feeding masses on the infiltrated sediment thicknesses. The total299

infiltrated sediment masses in the top section range between 30.8 g (S3.1) and 58.0 g (S3.4). The300

infiltrated sediments in this section have a trend for both, supplymass and rates as: the higher supply301

mass resulted in more infiltration for both supply rates, while the infiltrated sediment masses are302

also high for the higher supply rate. The infiltrated mass of mixed sediments in the middle section303

is rather equal for the given supply rates and supplied masses (23.8 g on average). However, this304

value represents the highest infiltration mass in the middle section for all the sediment mixtures.305

The infiltration mass of mixed sediments in the bottom section ranges between 35.8 g (S3.1) and306

58.7 g (S3.3) without a clear trend. The overall average infiltrated mass of mixed sediments in the307

bottom section is 47.3 g. The resulting porosity after infiltration of mixed sediments yields from308

66.7 % in S3.1 to 37.3 % in S3.4 (average overall boundary conditions 52.1 %) in the top section,309

27.3 % (equivalent for all boundary conditions) in the middle section, and from 62.2 % in S3.1 to310

38.2 % in S3.3 (average overall boundary conditions 50.2 %) in the bottom section.311

Temporal changes in the sediment infiltration and accumulation behavior312

Vertical distributions and masses of infiltrated sediments in the second measurement (𝑇𝐹):313

The results of the measured infiltrated sediment thicknesses along the vertical profiles and the314

corresponding masses in the three vertical sections for 𝑇𝐹 are shown in Figure 4. A comparison315

between the vertical profiles and infiltration masses at the two time instants along the experiments316

(𝑇𝐸𝑥𝑝 and 𝑇𝐹) leads to one general observation for all experiments: significant differences occur317

only in the top section. The reason is twofold: first, deposited sediments are washed away from the318

surface (0.109 m < z < 0.130 m) after the sediment supply ended at 𝑇𝐸𝑥𝑝. This effect is the strongest319

for fine sediments, followed by the mixed and coarse sediments fraction. Second, within the bed320
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structure consolidation (re-distribution) of the sediments happens in all three sections, resulting in321

minor changes. However, the temporal behavior is depending on the sediment mixture. Within322

the lower part of the top section (z = 0.102 m) these temporal changes are within the statistical323

error for the fine sediments (range of error-bar). For the coarse (S2.1, S2.2, S2.4) and mixed324

sediment (S3.1, S3.2) experiments, a clear increase in the sediment thickness is observed at z =325

0.102 m. The reason is that fine sediments uniformly filled the pores of the spheres at this position326

during 𝑇𝐸𝑥𝑝, but mixed and the coarse sediments clogged the upper pores (z > 0.109 m). During327

the second flow period without sediment supply (𝑇𝐹), sediments at z = 0.102 m consolidated and328

additional sediments infiltrated from the upper layers. The overall boundary conditions averaged329

reductions of fine, coarse and mixed sediment masses in the top section are 15.3 g, 20.6 g, and 13.3330

g, respectively, which represents a value of 36.0 %, 45.8 %, and 30.1 % of the initial infiltrated331

sediment masses at 𝑇𝐸𝑥𝑝.332

The dynamic variations in the middle section for the fine and mixed sediments are in the range333

of the statistical error (error-bar thickness: ±0.01 m at z = 0.068 m); only additional accumulation334

is observed for the coarse sediment mixture until 𝑇𝐹 (z = 0.068 m, Figure 4D). The average overall335

boundary conditions of absolute net and absolute relative deviations in the middle section result in336

2.5 g, 4.6 g, and 2.3 g, which is equal to 11.4 %, 36.5 %, and 9.66 % for the fine, coarse, and mixed337

sediments, respectively. This clearly indicates that the coarse sediment mixture is most vulnerable338

to accumulation changes in the pores in case of no additional sediment supply. One potential reason339

can be higher interstitial flows occur in case of the coarse particles compared to the fine sediments340

that tend to consolidation effects.341

In the bottom section smaller variations are observed compared to the upper sections. The fine342

and coarse sediments experiments with a supply rate of 3.7 kg/min (S1.2, S1.4, S2.2) received343

additional sediments, which can be the result of the re-distribution of infiltrated sediments during344

the longer flow period in the second interval (𝑇𝐹). Similarly, mixed sediments show an increase345

of the sediment thickness for S3.1 (z = 0.011 – 0.018 m) and a decrease for S3.2, S3.3, S3.4346

experiments in the bottom section. These changes could be the result of 0.6 – 1.2 mm particles347
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displacement. The average overall boundary conditions of absolute net differences and absolute348

relative deviations in the bottom section are 6.25 g, 3.16 g, and 5.25 g or 12.1 %, 20 %, and 11.1349

% for the fine, coarse, and the mixed sediments, respectively.350

Further details on the experiments are available in the supplementary Figure S2 and Table S1.351

Figure S2 represents a comparison of the 𝑇𝐸𝑥𝑝 and 𝑇𝐹 vertical profiles for the boundary conditions352

discussed in Table 1. Similarly, the measured sediment masses of the first measurement (𝑇𝐸𝑥𝑝),353

their net and relative deviations until the second measurement (𝑇𝐹), at each section of the vertical354

profiles, are presented in the Table S1.355

Continuous one-point measurements to detect the dynamic development of infiltration process356

The results of the one-point measurements are presented in Figure 5A-C for all three sediment357

mixtures, supply rates and supplied masses of sediments. Based on the time-series, obtained with a358

temporal resolution of 60 s, it is feasible to detect three distinctive points and subsequent phases of359

the dynamic development of the infiltration and accumulation processes, namely: (I) the start of the360

pore-filling process, (II) the end of the pore filling, (III) the end of consolidation and re-distribution361

of sediments, which represents the final thickness (amount) of infiltrated sediments.362

The start and the end of the pore-filling can be indicated by the steep gradient section of the363

time-series. Figure 5A shows that the gradient is steep for the fine sediments and rather flat for the364

coarse-sediment mixture, which indicates that fine sediments fill the pores suddenly. The reason365

for this is that the measuring pore is located horizontally. Once the lower layers have been filled,366

this pore fills quickly owing to the unhindered infiltration of fine sediments.367

A deeper look into Figure 5A-C shows that the start of the filling process strongly depends368

on the supply rate. The 1.4 kg/min supply rate resulted in a later start (240 s and 180 s), while369

the 3.7 kg/min supply rate resulted in an earlier beginning (120 s and 60 s) of the filling, for all370

three sediment mixtures. Furthermore, the duration of the pore-filling phase for fine and mixed371

sediments is influenced by the supply rates. For the fine sediments (Figure 5A), the higher supply372

rate filled the pores during two measurement time-steps (120 s), while for the lower supply rate it373

took three time-steps (180 s). For coarse sediments such a clear trend between the two supply rates374
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is not visible. In which for the 1.4 kg/min supply rate a time span of 60 s and 180 s is visible, for the375

higher supply rate (3.7 kg/min) 180 s to 240 s can be seen (Figure 5B). This is the result of bridging376

effects, which occur during the infiltration process. However, although bridges develop, they may377

also break up within this phase of the experiment and develop again. The mixed sediments’ pore378

filling duration (Figure 5C) follows the fine sediments’ trend with one additional time-step (60 s)379

for each supply rate. However, here also bridging effects occur, which may break up again during380

the filling, and result in a less smooth filling compared to the fine-sediment mixture.381

The continuous one-pointmeasurements (Figure 5A-C) show the distribution of the accumulated382

sediments and the subsequent consolidation. The effects of the different supplied sediment mixtures383

are reflected by the results, in which thicknesses and the range of fluctuations vary after the pores384

are fully filled. This can be seen especially for the coarse sediments (Figure 5B), which gradually385

rise after a first filling as a result of ongoing consolidation process, e.g., due to higher interstitial386

flow compared to the experiments with fine sediments. As a consequence, an ongoing change of387

the thickness of the infiltrated sediments can be seen also after the end of the sediment supply388

(𝑇𝐸𝑥𝑝). However, once the available pore space is filled (Figure 5A and Figure 5C), considerable389

infiltration is no longer observed.390

In addition, Figure 5A-C indicates that the mixed sediments have the highest accumulated391

thickness of 0.070 m (averaged overall boundary conditions), while the fine and coarse sediments392

achieved 0.065 m and 0.035 m, respectively. This also shows the clogging process generated by the393

coarse sediments in the upper layers. The total masses of supplied sediments have not influenced394

the three phases of the sediment infiltration (I - III). According to Figure 5A and 5C, the sediments395

reached the peak thickness prior to the 10 kg sediment supply duration (𝑇𝐸𝑥𝑝 – shown by vertical396

lines) in both supply rates.397

Furthermore, the range of fluctuations after reaching the peak thickness for fine, coarse, and398

mixed sediments are 0.035m, 0.030m, and 0.050m, respectively. These fluctuations are larger than399

the related statistical error-bars (average overall boundary conditions: 0.014 m), which characterize400

the sediment accumulation and depletion processes in a higher temporal resolution.401
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The one-point measurement dynamic results cannot be compared directly with the infiltrated402

sediment thickness measurements in the vertical profiles as a result of different collimator sizes.403

However, the sediment thickness variations in the one-point measurements follow the pattern of the404

infiltrated sediment thickness variations at z = 0.068 m of the vertical profiles between 𝑇𝐸𝑥𝑝 and405

𝑇𝐹 .406

DISCUSSION407

The measured vertical profiles show that fine sediments infiltrate smoothly, start to accumulate408

from the bottom and progress further upwards due to an unhindered infiltration. The infiltration409

of coarse sediments leads to bridging and clogging effects within the pores, which prevent further410

infiltration downwards into the bed. The mixed sediments, despite the presence of coarse particles,411

did not bridge clearly. This is mainly the result of the bimodal particle mixture, where especially412

fine components of this mixture infiltrate all the way to the bottom. Hence, the coarser particles of413

this sediment mixture are unable to bridge the pores between the spheres of the artificial bed in a414

way that a bed clogging occurs.415

In addition, the infiltration of homogeneous fine and coarse sediment mixtures had a minor416

dependency on the supply rates and total feeding masses. However, they have strongly influenced417

the results of the experiments with mixed sediments, particularly in the bottom section of the bed.418

In overall, the experiments with mixed sediments result in the highest sediment thickness and mass419

of infiltrated sediments, owing to the heterogeneous mixture with a bimodal grain-size distribution.420

The experiments with higher supply rates result in smaller accumulations of the infiltrated sediments421

in the bottom section. This clearly indicates that for high supply rates, independent of the supplied422

mass, a partial clogging of the pores happens, mainly driven by the coarser part of the infiltrating423

particles. The combination of a low supply rate and a high supplied mass results in maximum424

accumulation in the bottom section. The reason is twofold: the lower supply rate enables a smoother425

sediment infiltration and the longer experimental duration offers the opportunity for more particles426

to infiltrate and that the fine particles infiltrate deeper into the bed.427

Furthermore, the comparison of the 𝑇𝐹 and 𝑇𝐸𝑥𝑝 measurements shows that dynamic changes428
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happen mainly in the upper section of the artificial bed, as a result of washed-away sediments.429

However, in the lower part of the top section and in the middle and bottom sections dynamic430

changes occur, although they are smaller compared to changes in the top layer and are partly within431

the uncertainty of the GRA measuring method. These changes are the result of a re-distribution of432

the infiltrated sediments (consolidation) and the resulting additional pore space, which is filled by433

fine sediments, infiltrating from the above located middle and top sections.434

The continuous one-point measurements give additional insight into the dynamic development435

of the sediment infiltration and accumulation processes. Due to the higher measurement resolution,436

the start, the duration and speed of pore-filling, as well as further consolidation processes within437

the measurement axis, which are also observed in the measurements of the vertical profiles at438

two subsequent steps, can be detected. The results of the experiments clearly indicate that higher439

supply rates lead to an earlier start and a more rapid filling of the pores compared to the lower440

supply rates. In addition, the supplied fine and mixed sediments achieve a form of dynamic steady-441

state condition regarding the sediment accumulation in the pores. Subsequent fluctuations in the442

sediment thickness reflect stochastic depletion and re-filling of the pores. This process is visible,443

especially for coarse sediments, which show a gradual increase of the accumulation process as a444

result of consolidation effects over time.445

The experiments of this study were conducted in a 0.024 m wide flume with one-dimensional446

flow conditions. An increment of the flumewidth in the future studies would reduce wall effects and447

may result in two-dimensional flow within the flume, affecting fine sediment transport, infiltration,448

and accumulation processes. The vertical distribution of the infiltrated sediments, particularly the449

clogging depth of the coarse sediments, will be influenced. The temporal variation of the vertical450

profiles at two time instants along the experiment may only happen in the upper layers of the451

bed. Finally, the one-point measurement will represent a pore filling result proportional to the452

sediments’ supply and available space. However, the limitations of the GRA method need to be453

taken into account. For a reliable measurement result in a wide flume, sufficient radiation should454

pass through the flume width. This is feasible by using either a very strong radioactive source or455
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larger collimators, though the latter reduce spatial resolution. In addition, a larger detector unit is456

also required to collect the scattered radiation.457

The measuring setup and procedure used in this study are based on only one GRA device.458

However, multiple devices to measure more vertical profiles and several one-point measurements459

at the same time would be beneficial and certainly lead to a more comprehensive understanding of460

the dynamics behind the sediment infiltration and accumulation processes. In addition, the choice461

of boundary conditions and artificial bed configurations could be improved in order to get closer to462

nature for further investigation of this phenomenon.463

CONCLUSIONS464

Sediment infiltration in porous gravel beds is a highly dynamic process. This study sets up first465

a measuring scheme that enables detection of the dynamic infiltration of fine sediments and the466

development of clogging layers with a high spatial and temporal resolution. Second, a series of467

experiments are conducted to capture the effects of fine sediments’ particle-size distributions, total468

supplied mass and supply rate on the infiltration and accumulation process. Therefore, the non-469

intrusive and undisturbed GRA measurement method is used to investigate the vertical distribution470

of fine sediment accumulations and possible clogging in an artificial bed. The measuring concept471

includes measurement of high-resolution vertical profiles at two time instants along the experiments472

(right after the sediment supply - 𝑇𝐸𝑥𝑝 and at the end of the experiment - 𝑇𝐹). In addition, a specific473

position of the vertical profile was continuously measured during the entire experiment to detect474

temporal changes of the infiltrated sediment thickness with a high temporal resolution. Considering475

the results, the following key conclusions are drawn:476

• The sediment infiltration and clogging in an artificial bed match the existing sediment’s477

bridging criterion of the porous gravel bed.478

• The infiltration of homogeneous fine and coarse sediment mixtures had a minor dependency479

on the supply rates and total feeding masses. However, it strongly influenced the results of480

the experiments with mixed sediments, particularly in the bottom section of the bed.481
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• The comparison of the measurement results at two time instants along the experiment482

shows that dynamic changes happen mainly in the upper section of the bed, as a result of483

washed-away and consolidation of the sediments.484

• The continuous one-point measurements, owing to the higher temporal resolution, deter-485

mined the start, the duration and speed of pore-filling as well as further consolidation486

processes within the measurement axis. The results of the experiments clearly indicate that487

higher supply rates lead to an earlier start and a more rapid filling of the pores compared to488

the lower supply rates.489

The developed scheme for measuring vertical profiles of infiltrated sediments, at different time490

instants along the experiments, combined with a continuous one-point measurement enables new491

insights into the infiltration and accumulation behavior of fine sediments under changing boundary492

conditions. By using this measurement method, it is possible, not only to understand the dynamic493

behavior of the sediment clogging, but also to unravel processes behind it in the future. The494

obtained experimental results within this study provide first data-sets with a very high spatial and495

temporal resolution, which may be used for the further development of numerical and mathematical496

modeling approaches to simulate and calculate sediment infiltration and accumulation processes.497
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SUPPLEMENTARY MATERIALS508

Figs. S1-S2 and Table S1 are available online in the ASCE Library (www.ascelibrary.org).509

20 Mayar, January 20, 2022



APPENDIX I. NOTATION510

The following symbols are used in this paper:511

𝑑𝑠 diameter of sediment particle size (mm);

𝑑 𝑓 𝑠 mean diameter of fine sediments (mm);

𝑑𝑠𝑠 mean diameter of substrate material size (mm);

𝑀𝑠 total mass of supplied sediments (kg);

𝑄 discharge (𝑚3/𝑠);

𝑄𝑠 supply rate of sediments (kg/min);

𝑄𝑠,𝑎𝑐𝑡 actual supply rate of sediments (kg/min);

𝑇𝐸𝑥𝑝 duration of supplying sediments to the flume (min), first vertical profilemeasurement

milestone;

𝑇𝐹 duration of running flowwithout sediment supply to the flume (min), second vertical

profile measurement milestone;

𝑥 thickness of the infiltrated sediments (m);

𝑧 vertical axis;

𝜎𝑠𝑠 geometric standard deviation of substrate material and

𝜌𝑠 density of the sediments (𝑘𝑔/𝑚3);

512
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TABLE 1. Overview of conducted experiments, including all varying boundary conditions.
Further, the actual supply rate of sediments with recorded sediment supply durations (𝑇𝐸𝑥𝑝) are
given.
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TABLE S1. Infiltrated sediment masses at 𝑇𝐸𝑥𝑝, their net and relative deviations until 𝑇𝐹 , showing
temporal effects of the sediment infiltration and accumulation behavior
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Fig. 1. (A) Vertical profile of the correction factor for background attenuation due to flume walls
and spheres. (B) GRA measured total pore space in comparison with the geometrically derived
total pore space. (C) Bed configuration of the large and small spheres with collimator positions for
the vertical profile and dynamic measurements, and (D) individual pore sizes between the spheres.
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Fig. 2. Particle size distribution of supplied sediment mixtures for infiltration into the artificial
bed.
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Fig. 3. Vertical distribution of infiltrated sediments, presented as sediment thicknesses, for the
different boundary conditions after the end of the sediment supply (𝑇𝐸𝑥𝑝) for (A) fine, (B) coarse,
and (C) mixed sediment mixtures; (D) represents the integrated infiltration masses for each section
(top, middle and bottom) of the vertical profile.
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Fig. 4. Vertical distribution of infiltrated sediments, presented as sediment thicknesses, for the
different boundary conditions at the end (28𝑡ℎ minute) of the experiment (𝑇𝐹) for (A) fine, (B)
coarse and (C) mixed sediment mixtures. (D) represents the integrated infiltration masses for each
section (top, middle and bottom) of the vertical profile. A comparison of the 𝑇𝐸𝑥𝑝 and 𝑇𝐹 profiles
for each boundary condition is available in the supplementary file (Figure S1).
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Fig. 5. Continuous one-point measurements for the three supplied sediment mixtures: (A) fine,
(B) coarse, and (C) mixed, including all varied boundary conditions. The vertical lines represent
the end of the sediment supply (𝑇𝐸𝑥𝑝), while the end of the time-series represents 𝑇𝐹 . Due to
variations in the actual supply rate (Table 1), the vertical lines for 𝑇𝐸𝑥𝑝 are not exactly in the same
position for the experiments of the three sediment mixtures.
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Fig. S1. Three steps of the flume experiment for measuring the infiltrated sediments using the GRA
method. (A) The empty flume with bed structure (spheres) to quantify background attenuation,
(B) the water-filled flume, to obtain the total pore space available for sediment infiltration, and (C)
the infiltrated sediments in the bed structure, with a water layer above, to determine the amount of
infiltrated sediments. The red-dashed line shows the measurement axis for the vertical profile of
GRA measurements.
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Fig. S2. The comparison of Figure 3 and Figure 4 (variation between 𝑇𝐸𝑥𝑝 and 𝑇𝐹) at the infiltrated
sediment vertical distributions expressed in sediment thicknesses for the four different (I - IV)
boundary conditions in columns and three sediment mixtures (1 - 3) in rows.
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