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Abstract

Gravel-bedded rivers are crucial to riverine ecosystems worldwide, offering vital ecosys-
tem services and often experiencing signi cant human impacts. Water, sediment, and veg-
etation interaction are central to river morphodynamics. Understanding these interactions
is essential for effective river management and restoration. Despite advancements in to-
pographic survey technologies and ume experiments, key aspects of bedload transport
and riverbed morphology remain unclear, especially regarding the time scales of morpho-
logical changes. The spatial patterns of morphological changes and sediment dynamics,
including entrainment, transport, and rest stages, are also poorly understood due to the
spatial-temporal variability of bedload transport and challenges in direct ood measure-
ments and modelling. Indirect methods such as geophones, tracers, and sediment volume
budgeting have addressed these gaps. Morphological methods, based on sediment mass
conservation, estimate sediment transport by tracking changes in river morphology. How-
ever, these methods are time-intensive, and their accuracy remains uncertain. While useful
for rivers with high spatial-temporal variability, further understanding of bedload dynam-
ics is needed to validate these approaches. This thesis utilizes laboratory experiments to
address these knowledge gaps to investigate sediment transport dynamics and morpholog-
ical imprints in a controlled environment. This approach provides deeper insights into
the relationship between bedload and its morphological imprint. We investigate how bed-
load active width and morphological active width differ across various types of gravel-bed
morphology and how these active widths change over different temporal scales. It will
also explore the underlying mechanisms responsible for the differences between bedload
and its morphological imprint. In addition, we analyse the temporal and spatial trends of
tracer distributions in response to changes in ow rate within a consistent morphology, aim-

ing to separately assess the in uence of ow rate and morphological factors. We explore



the in uence of the main deposition areas on the path taken by sediments. We nd that
the difference between the morphological and bedload active width depends on the river
con nement. Morphological active width envelope from high temporal resolution DoDs
improve bedload active width estimates, in particular in low con ned systems. Not all ar-
eas experiencing bedload transport undergo morphological changes, which is central to the
distinction between bedload and morphological active widths. This difference is attributed
to near-equilibrium transport and the compensation and ltering processes. Compensation
processes were observed to increase with discharge with their effects ampli ed when survey
frequency decreases. In a broader context, compensation affects not only the active width
but also the volume of sediment transported. The research underscores the critical role of
compensation in sediment dynamics, particularly as the time between topographic surveys
increases. The intensity of bedload transport in these areas is also substantial. In con-
trast, the in uence of ltering processes shows a slight reduction with increasing discharge
and decreasing survey frequency, with bedload activity in these areas being considerably
lower than in compensation zones. Tracer displacement exhibited a clear correlation with
river con nement and bed morphology. Tracers are more likely to settle in depositional
zones. The spacing between distribution modes and depositional areas offered further in-
sights into tracer behaviour. In particular depositional zones act as attractors resulting in
multi-modal distributions. This nding provides valuable insights into the frequency of
river observations and has important implications for the application of methods such as
the virtual velocity approach, where the volume of eroded sediment is directly proportional
to the bedload ow rate. The ndings of this research offer signi cant contributions to un-
derstanding the complex interplay between bedload transport, morphological changes, and

river con nement.



Rio Blanco gravel-bed river - Coyhaique, Aysén region, Chile (2023)



CHAPTER 1
INTRODUCTION

Gravel-bed rivers are fundamental components of riverine ecosystems worldwide, pro-
viding essential ecosystem services while being signi cantly impacted by human activities.
The increasing recognition of the ecological and geomorphological importance of these
rivers has spurred growing scienti ¢ interest in both ood protection for communities and
the preservation of their ecological integrity. At the core of river morphodynamics lies the
interaction between water, sediment, and vegetation. A comprehensive understanding of
these interactions is crucial for effective river management and restoration (Wohl et al.,
2015).

In particular, elucidating the processes that govern the interactions between these key
components and assessing the in uence of anthropogenic activities on these mechanisms
are of paramount importance for the sustainable management of river systems (Wohl et al.,
2015). Despite substantial efforts by the scienti c community, the complexities of water-
sediment interactions remain only partially understood. In gravel-bedded rivers, sediment
transport occurs primarily through rolling, sliding, and saltation along the riverbed. This
mode of transport, known as bedload, takes place in close contact with the riverbed.

1.1 Bedload Estimation: Essential yet Challenging

Predicting sediment transport using theoretical and empirical relationships often results
in considerable uncertainty, particularly in settings where the spatial variability of sediment
transport is dif cult to account for. In gravel-bedded rivers, sediment transport exhibits
signi cant lateral heterogeneity and is frequently con ned to a limited portion of the river
width (Ashmore et al., 2011; Ferguson, 2003; Gomez, 1991).

The concept of river active width, de ned as the riverbed area where sediment transport
occurs, is recognized as a key parameter for predicting sediment dynamics and bedload ux
(Ashmore, 1991; Ashmore and Church, 1998; Ashmore et al., 2011; Bertoldi, Ashmore,
and Tubino, 2009; S. Peirce et al., 2018).

Despite the established importance of active width, its spatial extent and temporal vari-
ability remain dif cult to quantify. This is primarily due to challenges associated with
tracking bedload transport during ood events and the highly unpredictable nature of sedi-
ment transport. Even in rivers with wide and complex channel networks, bedload transport
and morphological changes are often observed in only a single channel which makes bed-
load investigation more challenging.(Ashmore, 1991; Bertoldi, Zanoni, and Tubino, 2009).

Direct bedload measurements, while reliable, are extremely challenging due to the
high-energy conditions under which sediment is mobilized (Williams et al., 2015). More-
over, in rivers characterized by high spatial variability, obtaining continuous and spatially
distributed bedload measurements is nearly infeasible (Ashmore, 2013; Habersack and
Laronne, 2001), often leading to signi cant inaccuracies (Wilcock, 2001).

Various direct measurement methods, such as pressure difference bedload samplers



(Helley and Winchell, 1971; Lucia et al., 2013; Piton and Recking, 2016) and bedload
traps (Kondolf, 2016), provide accurate point measurements but are limited in their ability
to capture the full spatial and temporal variability of sediment transport (Bunte and Abt,
2003; K. Bunte and Abt, 2005; Vericat et al., 2006).

Sediment traps and settling ponds offer an alternative means of estimating bedload
ux with greater accuracy, yet they fail to represent spatial variability adequately and are
impractical for use in wide rivers (Garcia et al., 1999; Habersack et al., 2001; Reid et al.,
1980; Rickenmann et al., 2012; Vericat and Batalla, 2010).

Due to the above-mentioned dif culties related to direct bedload measurements, it is
possible to resort to the so-called "indirect methods". These methods study the effects of
bedload with the aim of providing estimates on transport. Among these, morphological
methods study morphological changes in order to estimate the bedload ux. The most
recent review on the morphological method is presented by Vericat et al., 2017.

The pioneering work of Exner (1925) provided a theoretical framework for linking
sediment transport variability to changes in sediment volume within a control volume. This
approach, along with subsequent re nements (Hubbell, 1964), is based on the study of
sediment budget.

A, Yq por 20 )
y @t @t

whereg; is the bedload ux per unit widthp is sediment porosity, is bed elevation,
andC is mixture concentration. The variablegy; andt represent the streamwise, cross-
wise, and temporal coordinates, respectively. Assur@ingmains constant over time, the

equation simpli es to:
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This relationship led to the development of the so-called “inverse method, pioneered by
Ashmore and Church, 1998. The method formalized the possibility of inferring sediment
transport from observed morphological changes over time using the Exner equation.

With the advent of repeated topographic surveys for measuring sediment storage, the in-
verse method evolved into a more general approach, now referred to as the "morphological
method" (Brewer and Passmore, 2002; Church, 2006).

By integrating the Exner equation, it can be rewritten as:

Q: _
<+(1 P =0 ©

whereQgs is the bedload ux computed over a unit length of channel width. The formula
leads to:

(1 p) V= (Qs;in Qs;out) t (4)
where V is the sediment volume variation computed for the area unit and is computed
from the . This equation represents the mathematical foundation of the morpholog-

ical method. The practical application of this approach remains challenging due to the
high uncertainty associated wi@x.i, , andQs.out (Grams et al., 2013). Achieving a well-



constrained sediment budget, where aV¥, Qg.,, andQs.qy are reliably quanti ed, re-
mains rare (Erwin et al., 2012; Vericat et al., 2017).

Figure 1 — The morphological method scheme as a succession of sediment reservois.

The morphological method can be schematised as a succession of sediment reservoirs
(Figure 1). Each reservoir models a portion of the channel domain between two cross
sections. The volume balance for the N-channel portion can be written as follows:

Vi+ Vi
Qsin  Qsiout = - (5)

t
whereQs.in andQs.qu are the sediment discharge from upstream and to downstream, re-
spectively,V; andVt+ t is the volume of sediment measured at timandt + t.
Equation 5 can be written as:

Qs t=V (6)

where t is the time between surveys (or the time during which sediment transport oc-
curs), V can be computed from repeated topographic surveys, &ylis the difference
between the sediment discharge in and out. Time akdare known quantities, from
which Qg can be obtained. If two Digital Elevation Models (Digital Elevation Model
(DEM)s) are available and both are consistent with the same reference system and pro-
jection (Passalacqua et al., 2015), it is possible to compute their difference, yielding a map
that illustrates the morphological changes between the two surveyed time points (Williams,
2012). From this map the volume of eroded or deposited sediment can be easily computed.
Given that

Qs = Qsin Qs;out (7)

Qs:in andQs.out remain unknown.

The underlying principle of the morphological method is based on sediment volume
measurements obtained through repeated topographic surveys over time. By conducting
topographic surveys at appropriate intervals, ideally following each ood event, it is pos-
sible to compute the V term, which represents the volume variation within the surveyed
reach. Given that the temporal interval between surveyB)(is known, the net sediment
transport differenceQsi,  QsSout, can be derived. This formulation is always valid as it
follows the principle of mass balance, providing insights into sediment transport variations
across space. However, it does not directly quantify sediment ux e and Qs.out
remain unknown. The morphological method described herein yields the spatial distribu-
tion of sediment transport variations. Two distinct approaches can be employed to derive
the spatial distribution of sediment transport, as outlined in the following sections. Both
approaches involve determining an unknown sediment ux, from which the distribution of
bedload variation can be translated into bedload transport.



1.1.1 SedimenBudgetingApproach

The sediment budgeting approach can be applied at different timescales: from the event
scale to the multi-event scales this method produces the spatial distribution of the bedload
ux since the bedload ux is known in a certain section. The sediment budgeting approach
determines the necessary boundary @X{, or Qs.ou ) to initiate the numerical solution
by employing two different strategies:

1. Azero- ux section can be incorporated within the reach, such as a gravel-sand transi-
tion (McLean and Church, 1999), an upstream lake or reservoir that does not release
sediment, or an upstream dam (A. Brenna et al., 2020; Merz et al., 2006).

2. Alternatively, the reach can be subdivided into smaller sub-reaches. The known sed-
iment ux can be speci ed at the boundary of one of these sub-reaches. If a net-
depositional sub-reach transitions into a net-erosional sub-reach, a zero- ux bound-
ary condition can be assumed, providing a lower-bound estimation of the sediment
ux. If this condition is not applicable, sediment ux can be estimated through con-
tinuous bedload monitoring at a boundary (Grams et al., 2013). Alternatively, sedi-
ment ux can be derived using empirical (Erwin et al., 2012) or theoretical (Anderson
and Pitlick, 2014) sediment transport models. In such cases, the length of each sub-
reach should exceed the sediment step length to prevent sediment eroding from the
upstream sub-reach from arti cially passing through the downstream sub-reach.

As noted by Ashmore and Church, 1998, topographic calculations of scour and |l
volumes likely include a non-negligible amount of ne sand and gravel, which may bypass
the control volume via saltation or suspension. This introduces a potential bias in sediment

ux estimation (Vericat et al., 2017).

1.1.2 Virtual Velocity Approach

The virtual velocity approach estimates sediment transport based on the mean velocity
of bedload material. This method assesses the distance travelled by sediment during a
ood event using tracers. Thus, this method should be applied at the event scale since the
implementation of tracers provides better results once the tracer displacement is surveyed
after a single ood to avoid sediment burial. For larger time scales, the approach loses its
effectiveness as it becomes dif cult to monitor the position of the tracers over a long period
due to the distance travelled and the effects of burial. This approach relies on the ability
to track the distance travelled of a representative sample of the entire sediment population
present. It is therefore of paramount importance that the tracers placed and mobilised
move on average as the entire population of sediments moved during the event studied.
Furthermore, when evaluating mass ow, it is important to consider the time during which
the sediment is actually put into motion, leaving aside the step-and-rest alternation but
evaluating the motion from the entrainment phase to the stop phase. The virtual velocity
approach is a valuable alternative to the sediment budgeting approach, in particular in large
gravel-bed rivers (Brenna et al., 2019; Mao et al., 2017).

The virtual velocity is de ned as:



Vb = T (8)

wherelL is the path length and is the time interval between surveys. This distance
is divided by the duration of sediment entrainment or the total duration of the ood event.
The velocity computed in this manner is referred to/esial because it does not account
for intermittent rest phases between transport steps.

By coupling the virtual velocity value with the volume of moving material, an estimate
of sediment transport can be obtained. As proposed by Church, 2006; Haschenburger and
Church, 1998, sediment transport can be estimated using the equation:

Qs = wpdsws(1 p) s )

wherev,, is the virtual velocityds is the erosion depthys is the active widthp is porosity,

and s is the sediment density. The scour depth can be obtained using scour chains (Laronne
etal., 1994) and tracers (Hassan and Ergenzinger, 2005). When detailed topographic data is
available, the equation can be modi ed to incorporate the total volume of eroded sediment
(Vericat et al., 2017):

P
— Vb Ve(l p) S
Qs = L.

WhereP Ve is the eroded volume derived from repeated topographic surveyd, and
is the channel domain streamwise length. In the two above formulations of the virtual
velocity approach, the mass ow is given by the virtual velocity of the sediment and a
volume of sediment that is considered to have passed through a given portion of the channel.
This approach assumes that the volume of sediment eroded is representative of the volume
of sediment transited and thus considers only the morphological component of transport,
neglecting the non-morphological component (e.g. Piton and Recking, 2017).

(10)

1.1.3 MorphologicalChangeDetectionandSurveyFrequency

As discussed earlier, advancements in survey technology now provide high precision
and accuracy, allowing for a detailed representation of the riverbed with remarkable spatial
resolution (Vericat et al., 2017).

However, sediment volume computation is affected by survey frequency due to local
compensation effects (Lindsay and Ashmore, 2002). Compensation occurs when alternat-
ing scour and deposition processes take place at the same location between two survey
periods. While the net difference between surveys can be computed, the intermediate mor-
phological changes remain undetected.

Since topographic surveys cannot be conducted during oods, the event scale dictates
the survey frequency of the topographic surveys and thus the morphological measurements
that can directly in uence bedload estimation. Although compensation effects have been
investigated (Lindsay and Ashmore, 2002), the relationship between compensation dynam-
ics, morphology, and discharge remains insuf ciently understood.

Additionally, the noise introduced by morphological change detection in topographic



surveys could be signi cant. However, the impact of thresholding (removing all DoD val-
ues that in absolute value are less than a certain threshold) in DoDs compared to compen-
sation effects has yet to be fully quanti ed. As Vericat et al., 2017 highlighted in response
to J. Laronne, the in uence of ow rate on Itered areas in morphological change compu-
tations requires further investigation.

1.1.4 PathLengthComputatiorandTracerEmployment

When a known ow section cannot be incorporated into the analysis domain, the vir-
tual velocity approach can be utilized. Both Equation 9 and Equation 10 require the path
length to be known, which can be estimated through two primary methods: tracer studies
or analysis of sediment transport about morphological unit distribution.

Comprehensive reviews on tracer studies can be found in the works of Hassan and
Ergenzinger, 2005, Vazquez-Tarrio et al., 2019, and Liébault et al., 2024. In R. S. Pyrce
and Ashmore, 2003, the authors investigated the relationship between particle path length
and morphological changes in a gravel-bed river. Based on previously published data, they
summarized key factors in uencing path length, including morphology, channel width,
sediment grain size, and discharge conditions. Their ndings suggest that path length is
strongly in uenced by morphological scale, with the longitudinal distribution of tracers
potentially exhibiting positive skewness or multimodality showing preferred stop positions
(Church and Hassan, 1992a). Moreover, when a river features regularly spaced scour and
deposition zones or well-de ned morphological units, these factors signi cantly regulate
path length. Morphology plays a key role not only in tracer displacement but in tracer
entrainment as well, as pointed out by A. Brenna and Surian, 2023; Mao and Surian, 2010.

Tracers implementation presents several limitations, including low recovery rates Vazquez-
Tarrio et al., 2019, burial McDowell and Hassan, 2020; Pierce and Hassan, 2020, and label
decay Hassan and Bradley, 2017. To address these challenges, estimating path length based
on the spacing between geomorphic units and determining the distance between sediment
sources (scour areas) and sinks (Il areas) can provide valuable insights.

Neill, 1971 rst explored this approach in meandering rivers, evaluating travel distance
as half the wavelength of a meander. Subsequent investigations in gravel-bed rivers have
been conducted by Ferguson and Ashworth, 1992 and Goff and Ashmore, 1994a, among
others. A pioneering laboratory-scale study by Kasprak et al., 2015 con rmed the signi -
cance of river bars as zones of tracer accumulation in braiding networks.

Tracer displacement is also in uenced by particle size, as conceptualized in Einstein's
initial formulation and further developed by Vazquez-Tarrio et al., 2019. Field observations
by Mao et al., 2020 con rm that particle size affects sediment mobility and resting time,
the duration a tracer remains stationary before subsequent movement. These factors play a
crucial role in shaping the overall dynamics of tracer transport.

R. S. Pyrce and Ashmore, 2003 emphasized the need for further investigation into the
relationship between path length and morphological pattern distribution, particularly as
the extent and magnitude of morphological changes evolve Ashmore and Church, 1998;
Vericat et al., 2017.



1.2 The Laboratory Scale

Laboratory experiments are of considerable importance in the study of river morphol-
ogy (Paola et al., 2009). In nature, the monitoring of certain variables can be quite compli-
cated and often isolating the driving variables of the processes studied is quite impossible.
Integrating empirical eld data with controlled experimental studies enables the re nement
of numerical models, enhancing both calibration and predictive accuracy. A more compre-
hensive understanding of sediment transport processes, combined with the increasing avail-
ability of large datasets, will facilitate the advancement of morphological methods (Pyrce
and Ashmore, 2003) . In fact, although the morphological method has long been known,
less well known are the space-time scales to be considered, which parameters to take into
account and therefore the conditions under which it is most effective in assessing bottom
transport. Ultimately, these improvements will enhance the reliability of numerical simula-
tions and deepen our understanding of underlying geomorphological mechanisms Vericat
etal., 2017. The laboratory scale provides signi cant advantages in the study of river mor-
phodynamics. It allows direct observation and measurement of the processes underlying
river morphodynamics, working in clear water and avoiding the dangers of studying the
same phenomena during river oods. It also makes it possible to isolate the guiding vari-
ables that underlie morphodynamic processes and allows considerable control over them
(e.g. slope, ow and grain-size). Finally, in the laboratory, it is possible to study phe-
nomena that in nature have very long timescales by conducting experiments at reduced
timescales, resulting in considerable energy savings. As we will see in the following chap-
ters, the study of bedload transport and tracer displacement are two good examples of how
the laboratory can allow us to investigate phenomena that would be impossible to study in
the eld. Since it is not the aim of this work to simulate a speci ¢ case but to focus on the
processes at work, the experimental setup used was tested to ensure fully turbulent motion
conditions (Re>2000 and Re*>70). These conditions have been veri ed in previous work
carried out with the same experimental setup. Although the model can be seen as a simpli-
cation of reality, this is exactly what makes the use of this methodology worthwhile. In
addition, the results obtained do not preclude the possibility of, where possible, proceed-
ing to veri cation by means of experimental data or comparing the results obtained with
theoretical results.

Laboratory-scale experiments provide a controlled environment to investigate the rela-
tionship between bedload transport and its morphological imprint. The ability to regulate
key system variables allows for the isolation of speci ¢ processes Paola et al., 2009. Ad-
ditionally, advances in image analysis techniques since Hergault et al., 2010; Papanicolaou
et al., 1999; Radice et al., 2006 have signi cantly improved the capacity to track bedload
movement through imagery analysis. Continuous, but very punctual, bedload measure-
ments are described by Curran et al., 2015; Zaidan et al., 2024. Although very reliable,
they often lack the spatial resolution necessary to capture bedload variability comprehen-
sively.

Notably, the methodology developed by Redol etal., 2017, which leverages variations
in image saturation as a proxy for bedload intensity, has demonstrated effectiveness in
laboratory experiments for mapping bedload activity areas.



1.3 Aim of This Work

The objective of this thesis is based on the study of the indirect method as a useful
tool for analysing the dynamics of solid transport in gravel-bed rivers. The morphological
method is widely used to assess solid transport dynamics and produce bedload transport es-
timates. Although it has long been studied, the relationship between bedload transport and
its consequences on morphology remains partly obscure. This work aims to shed more light
on the potential and limitations of the morphological approach by studying the relationship
between bedload and its morphological imprint, using observations at the laboratory scale,
including the use of tracers.

Speci cally, the study will focus on:

» Evaluating the impact of survey frequency on estimating morphological variations
under different discharge conditions.

* Investigating the morphological imprint of bedload transport by analyzing variations
in active width, and comparing the active area in terms of bedload with the active
area in terms of morphology across different ow conditions.

* |dentifying the conditions under which the morphological imprint is more or less pro-
nounced and determining when bedload activity can be inferred from morphological
changes.

» Examining tracer displacement under varying discharge conditions and using re-
peated topographic surveys to assess the in uence of ow on tracer travel distances.

» Assessing the relationship between tracer distribution patterns and major morpho-
logical structures, determining when these structures can be used to de ne sediment
path length.

» Evaluating the applicability of the morphological method using the virtual velocity
approach, speci cally analyzing the effects of survey frequency and the relationship
between morphological changes and tracer displacement.

These analyses will enhance our understanding of sediment transport processes and
identify key factors in uencing tracer dynamics. Furthermore, they will contribute to the
re nement of indirect sediment transport estimation methods, particularly the morpholog-
ical approach, and provide valuable insights into the optimal conditions for their applica-
tion.



CHAPTER 2
MATERIALS AND METHODS

This chapter provides a comprehensive description of the experimental setup and the-
oretical background employed to achieve the research objectives. It details the main char-
acteristics of the instruments used, the parameters selected for the experiments, and the
preliminary data elaboration process.

2.1 Experimental setup: Pi ume

The Pi ume (Figure 3 and Figure 4) is a laboratory channel at the Hydraulics Lab-
oratory at the University of Trento, Italy. This arti cial channel consists of a reinforced
concrete base structure, 25 meters long and 2.9 meters wide. An aqueduct equipped with a
pump (G) and ow meter (K), allows the recirculation of water from a trench (D) located
downstream of the channel to a stilling basin (B) located upstream. The ow meter (k) has
a logger time resolution d:01l=s. From the stilling basin (B), water can ow through the
channel and back to the downstream trench (D). The ow rate can be controlled manually
from the controls panel or automatically by custom-built software. The internal structure
of the channel is lled with ne sediment (C), homogeneous, with a grain siZze@8mm,

a porosity 0f0:37, and a submerged relative density of 1.63. The corresponding grain size
distribution curve is presented in Figure Figure 2.

Figure 2 — Sediment grain-size curve.



The main components of the experimental setup are illustrated below with reference to
Figure 4. For the present study, an internal 0.6-meter-wide channel was constructed. The
rationale behind this speci c geometry lies in the capabilities of a wide range of morphol-
ogy (from braiding to wandering) involving a reasonable range of discharge as shown in
Garcia Lugo et al., 2015. Upstream of the stilling basin, a dry sediment container (A) is
positioned. A helical screw conveyor, with adjustable rotation speeds, facilitates sediment
dosing. This sediment is introduced into the channel via a chute, with the in ow rate con-
trolled manually or through custom-built software. At the downstream end, after crossing
a threshold, water and sediment are collected in the downstream trench (J). The sediment
is retained within a Itering crate (E) placed on load cells (F) with a logging time reso-
lution of 1 minute and a precision @01 kg, allowing continuous measurement of solid
out ow rates. The channel slope is adjusted using a attening blade (O), which attens the
channel bed based on the slope of the supporting tracks (N). For all experiments conducted
in this study, the channel slope was se0i@1 m=m. A topographic survey system is im-
plemented using a laser (J) mounted on a movable bridge (1), which runs on longitudinal
rails (H). This laser system provides an elevation accura®ylahm within an acquisition
range of 10;,+10] mm. The survey area and spatial resolution of the collected points can
be con gured via custom-built software.

A Nikon D3100 SLR camera (M) equipped with a Nikkor 28 mm/f2.8D AF lens is
mounted approximately 3 meters above the sand bed on a movable bridge (L) running
along rails (H). The optical axis is oriented perpendicularly to the bed surface and aligned
with the channel centerline. This setup enables systematic photographic surveys of the
entire channel length, with each image covering an approximate ai@a & m? and a
resolution oft mm?2. Additionally, two stationary SLR cameras (P and Q) are positioned 3
meters above the bed to capture the last 6 meters of the channel, ensuring an image overlap
of approximately0:3 m.

Ground control markers are placed along the central channel to facilitate topographic
referencing and image orthorecti cation. Uniform illumination during photographic sur-
veys is ensured using LED strips positioned along both channel banks. The entire experi-
mental setup is enclosed with opaque drapes to minimize external light interference.

A series of controlled experiments were conducted to simulate ood events under con-
stant discharge conditions and to evaluate the impact of bedload transport on riverbed
morphology. The experimental setup was designed to capture a range of morphological
con gurations, including braided networks, wandering single channels, and alternate bar
formations.

2.2 Theoretical Background: The Exner Equation

To determine appropriate ood durations, we derived a time scale for riverbed evolution
using the Exner equation. This equation, which expresses mass balance in a control volume,
takes the following form:

@4, @4, , »@,08C, (11)
@x @y @t @t
Where:
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Figure 3 —a) The ume cross section with water, sediment and arti cial banks. b) Photo of
the ume taken from upstream to downstream. Are visible the movable bridge in yellow and
the laser movable bridge in red. The inner channel banks are visible in blue.

G is the bedload ux,

p is sediment porosity,

is bed elevation,

C is mixture concentration,

X;y;t are the stream-wise, cross-wise coordinates, and time, respectively.
Assuming thaC is constant over time, the equation simpli es to:

@g, @4 @ _
@x+ @y-'- (1 p)@t— 0 (12)

To make the Exner equation dimensionless, we can scale the terms with speci ¢ length,
time, velocity and sediment ux:

X U (08 t
X =— U=— = — = t = — 13
Lo Uo e ¢ P oy T



Figure 4 — The ume scheme where the main components and the laser reference coordinate
system are shown. Cross-section (top) and upper view (bottom).

Substituting these dimensionless quantities into the Exner equation, we obtain:

P
@g gb2( o) @ Do
+ = =
ox L. @ Pgir. (14)
From this, the time scale for riverbed evolutidg is derived as:
LoD
Te=(1 pPp—=s (15)
gDs ( 0)
The speci ¢ ow of bedloadq is related to solid dischard@s as follows:
P
&= gb( o (16)
P 3
Qs=W  gb{( o) (17)
Thus, the Exner time scale can be rewritten in terms of solid discharge:
_ LoDo
o= Py (18)

This time scale represents the rate of morphological evolution and serves as a funda-
mental parameter in de ning experimental durations.

This relationship varies directly with the characteristic length sdajeB o, andw, and
inversely with the solid discharg@s. Considering the scheme in Figure 5, it is possible to
propose an interpretation of Exner's time scale.

Let us consider a channel section of lengthwidth W, and water deptb o, assuming
that both the water surface and riverbed are stationary. Furthermore, we assume that the
downstream cross-section is impermeable to sediment transport. If the channel section is
subjected to a solid dischargg, the Exner time scale of riverbed evolution corresponds
to the time required for the sediment to Il the current water volume.
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Figure 5 — Exner time-time scale interpretation scheme.

Thus, the Exner time scale provides a characteristic measure of the rate of riverbed
evolution. This parameter can be used to characterize laboratory experiments and to de ne
their duration so that the magnitude of bedload remains theoretically constant.

In Equation (Equation 18), the paramefers a constant that characterizes sediment
porosity. To study morphological variations that scale with the channel Widtthe char-
acteristic length o is set equal t&V . Special attention must be paid to b@i andQ:s.

The current dept, in the absence of experimental data, can be approximated using
a uniform ow equation. Using Chézy's formula, the ow dischar@ecan be written as:

Q= c”griS (19)
where:
* isthe wetted cross-sectional area,
» C isthe Chézy roughness coef cient,
* gis gravitational acceleration,
* Ry is the hydraulic radius, and
» Sis the channel slope.
For the Chézy roughness coef cie@t we adopt the following formulation:

11D

C=2:5In (20)
where:
* D is the water depth,

* k is a calibrated parameter based on previous experiments under similar conditions,
and

» D; is the sediment grain size.

Given that:
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3
- QSWL - g DS (2 1)

we can compute the dimensionless solid discharge

2.3 Bedload morphological imprint investigation

2.3.1 Experimentandrunsetup

To investigate the effects of bedload transport on riverbed topography, a series of con-
secutive ood simulations were conducted. Each simulation run was bracketed by topo-
graphic surveys to capture the morphological changes induced by the bedload. An example
hydrogram for the 0.7 L/s ow rate is presentedii

Approximately two minutes after starting the test, the ow rate reaches the set target.
Through continuous feedback from the ow meter, the inverter acts on the number of rev-
olutions of the pump. This produces some variability on the output ow rate gure, which,
however, is mitigated at the outlet of the stilling basin.

Figure 6 — Example of DEMs varying owing discharge.

To isolate the effects of discharge variation, all simulations were performed under
conditions of constant discharge. Additionally, the runs were carried out under near-
equilibrium conditions to minimize the in uence of long-term processes such as incision
or aggradation. This objective was achieved by evaluating the sediment ux at both the
inlet and outlet of the channel ume. In this way, the morphology studied is that generated
by the constant ow that is made to ow. Thus, the owing discharge can be considered
as the formative discharge or, in other words, as the bankfull discharge or mean annual
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ood. Furthermore, the duration of each run was set to half of an Exner time, leading to
shorter runs for higher discharges. This approach ensured that the bed evolution rate, as
computed in the previous section, remained theoretically constant. A preliminary estimate
of the Exner time was derived from previous experiments conducted under similar condi-
tions. Starting from a at-bed morphology, a long-duration run with constant discharge
was initiated. The run duration was set to 30 Exner times, allowing the constant discharge
to adequately develop the bed morphology. During this run, solid discharge at the channel
outlet was monitored to provide feedback to the screw conveyor, ensuring that the sediment
input and output remained balanced. By continuously monitoring the solid discharge at the
outlet and adjusting the inlet accordingly, equilibrium conditions were determined. Once
equilibrium was achieved, the Exner time was updated to re ect the new solid discharge
measurements.

The last 10 Exner times of the long-duration run were monitored using a xed camera,
providing a time-lapse of channel evolution. Additionally, bedload transport was continu-
ously monitored at the outlet, yielding valuable information without interruptions.

After 30 Exner times of morphological development, an initial topographic survey was
performed, followed by a run lasting 0.5 Exner times. A series of nine simulated oods,
each lasting 0.5 Exner times, were conducted, with topographic surveys performed be-
fore and after each run. The selection of 0.5 Exner times for each test was driven by the
constraints of the laboratory instrumentation, representing the maximum achievable time
discretization. For a ow rate of 2.0 I/s, the Exner time is approximately 30 minutes, mak-
ing 0.5 Exner times equivalent to 15 minutes. This time frame represents the lower limit
and was chosen to minimize the impact of pump startup effects, ensuring that the water
ow reached the desired regime along the entire length of the channel.

During the ood phase, xed SLR cameras positioned above the nal section of the
channel continuously captured images, enabling the creation of time-lapse sequences that
documented channel evolution. The images obtained through this method provided valu-
able qualitative data, offering insights into channel dynamics, including the number of
channels and their evolution over time.

Topographic surveys

The spatial discretization for measuring riverbed elevations was determined by a bal-
ance between morphological and practical considerations. On the one hand, it was nec-
essary to identify the bedforms of interest, speci cally those with characteristic dimen-
sions and spatial scales relevant to the phenomenon under study. On the other hand, the
discretization had to allow for agile surveying and manageable data processing. Thus, a
compromise was sought between a spatial resolution that effectively captured the morpho-
logical changes and a data size that remained computationally feasible. Bedforms such as
gravel bars, which scale with the channel willthin planform and with the water depih
in pro le, were of particular interest.

It is well known that bedforms like gravel bars exhibit anisotropic spatial variability.
This morphological structure dimension scales crosswise with the water depth and stream-
wise with the channel width. Given the constant speed of the laser survey along the trans-
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verse axis (approximately 40 seconds to traverse the entire channel width), the longitudinal
advance depended heavily on the chosen spatial discretization. Consequently, the laser sur-
veys were conducted with a spatial resolution of 5 mm along the transverse axis (1/120th of
the channel widtiW) and 50 mm along the longitudinal axis (1/12th of the channel width
W). To account for the slope of the channel and the limited acquisition range, and to avoid
complex vertical adjustments of the laser, the decision was made to conduct the surveys
using the full extent of the available laser measurement range. Moreover, the surveyed area
was positioned at a distance from the initial conditions to minimize their in uence, while
being close to the downstream section, which is nearest to the out ow sediment measure-
ment system. As a result, a survey length of 14 meters, corresponding to 23 channel widths,
was achieved.

This setup produced a total of 280 cross-sections, each comprising 144 data points, and
the entire survey took approximately ve hours to complete. After the long preparation run
and after each run, a topographical survey is carried out. This consists of DEM (Digital
Elevation Model) in ASCII grid format. For each discharge, a total of 9 oods and 10
topographic surveys are reproduced. General information about water discharge, sediment
ow, run duration, and the ratio between wet width and total width is reported in Table 1.

Table 1 — Main run parameters and measured variables for each discharge value.

Discharge Sediment Run duration Exnertime Wet/Total Stream power Planform

[L/s] ow [g/s] [minute] [minute] Width [-] [-] style

0.5 0.25 81 109 0.85 0.07 Braiding
0.7 0.33 47 74 0.82 0.11 Braiding
1.0 0.78 25 48 0.88 0.14 Braiding
15 2.39 20 30 0.92 0.20 Wandering
2.0 3.34 15 20 0.95 0.25 Wandering

2.4 DoD analysis

The digital Elevation Models (DEMSs), generated by laser surveys and processed through
the ume management software, undergo initial processing to achieve a more manageable
le structure for further analysis. These surveys are converted via a script into les with
an ASCII grid structure, forming a matrix in which each cell corresponds to a spatial dis-
cretization element. Additionally, the script produces a detrended DEM, from which the
initial bed slope (0.01 m/m) is subtracted. This detrended DEM is particularly useful as it
enhances the visibility of the river bed morphology.

From these DEMs, DEMs of Difference (DEM of Difference (DoD)s) can be derived
through straightforward subtraction. Since DEMs are represented as matrices, their point-
by-point components can be subtracted using the formula:

DoD; 4fi;j]= DEMg[i;j] DEMfi;j ] (22)

wherei andj represent the rows and columns of the matrix and 1 and 2 represent
consecutive epochs. This process yields a matrix of differences between two consecutive
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surveys, DEM1 and DEM2. In this difference matrix, values less than zero indicate exca-
vation, while values greater than zero represent deposition.
However, as shown in Figure 8, the simple subtraction of DEMs introduces signi cant
background "noise", primarily attributable to surface roughness. To address this issue, a
Itering process was applied to the data. The rst step involved applying a moving average
along the cross-section. This was done by imposing a moving average (8;slyecross
the entire section, weighted according to the kernel:
2 3
1
ker=4 25 (23)
1

In addition, a Iter was applied to the DoD data. Given that the laser's accuracy in
measuring elevations exceeds the grain size, small changes, such as the movement of a sin-
gle particle, could be misinterpreted as excavation or deposition. Therefore, data Itering
aims to distinguish between areas in the DoD that re ect actual excavation or deposition
and those that are merely background noise or local scour and Il phenomenon. The study
is focused on analyzing larger bed forms that scale with channel width rather than depth
(such as ripples, dunes, and antidunes).

The lItering process is divided into two main steps. The rst step, known as threshold
analysis, eliminates background noise by setting all DoD values below a threshold (Th1)
to zero. By applying a threshold of 2.0 mm, background roughness is effectively removed.
A second threshold (Th2) is then introduced to de ne areas of signi cant excavation and
deposition. All scour or Il that, in absolute value, exceeds the Th2 threshold set at 15
mm remain as such. For DoD absolute values between Thl and Th2, a secondary ltering
process is applied.

This secondary step, known as neighbourhood analysis, follows the steps below:

1. Isolated scour of Il clusters are eliminated if the number of cells that belong to each
cluster is less than 6.

2. Isolated area where the DoD values are zero but are surrounded by non-zero values
are lled with the neighbourhood mean if the cluster number of cells is greater than
6.

3. The nature (scour, no-change, or Il) of the DoD cells is analyzed: for each DoD
cell, the 8 surrounded cells nature is evaluated and the number of scour, I, or zero
cells is computed. The nature of the core cell is con rmed once at least 5 cells with
the same nature are found in the neighbourhood. Otherwise, the cell value is set to
zero.

4. Step 1. and 2. are repeated to despeckle the DoD domain.

An example of the effects of the Itering process is reported in Figure 9, where the
main scour (red) and Il (blue) areas are highlighted. Background noise and small areas
are lItered out. The ltering process does not produce appreciable alterations in the total
volume of sediment computed from the DoD.

17



In Figure 10 an example of DoDs taken at the maximum temporal discretization is
presented for each discharge.

2.5 The PiQs framework

As previously discussed, during the ood phase, two cameras positioned approximately
3 meters above the channel capture one photograph per minute. The two SLR cameras are
arranged to produce slightly overlapping images, covering a total investigation length of
about six meters. Ground Control Points (GCPs) are placed on top of the inner canal
banks, with their coordinates known in relation to the canal's reference system.

Taking advantage on the algorithm developed by Redol et al., 2017, the time-lapse
was used to obtain maps of bedload activity. The images are recti ed using a MATLAB
script that takes into account the lens characteristics and the GCPs coordinates. This pro-
cess establishes a direct correspondence between each pixel in the image and a coordinate
in the channel's reference system. RGB images are converted to the HSV (Hue, Saturation,
Value) colour space. The difference between two consecutive images can then be calcu-
lated in terms of the saturation (S) component. As demonstrated by Redol etal., 2017, the
saturation component provides greater signal homogeneity and is less impacted by shadow
noise from the banks. By using the change in saturatio8)(as a proxy for sediment
transport activity, it is possible to obtain maps of bedload activity. A threshold on the satu-
ration value [0,255] is applied to these maps to calibrate the model, ensuring that saturation
differences above the threshold correspond to actual transport activity. This threshold is
determined through a manual calibration process where a set of images for each discharge
is analyzed to nd the best- tting threshold.

Figure 11 illustrates an example of a saturation difference map between two successive
images taken during a constant ow rate of 1.0 L/s. From these comparisons, it is possible
to quantify which portions of the riverbed are affected by transport.

In Figure 12 areas where bedload is detected are presented for different discharges.
Colours show the magnitude of difference in saturation that is used as a proxy of bedload
as reported in Redol etal., 2017.

2.6 Tracers displacement investigation
2.7 Tracer Implementation and Initial Analysis

The objective of these experiments is to trace the position of the tracers placed in the
channel using photographic surveys. We want to investigate the in uence of morphology
on tracer displacement and, at a xed morphology, the effect of different ow rates. For
this reason, the experiments will be conducted on a morphology generated by a constant
formative ow rate of 1.0L/s. On this morphology, a set of 12 tests will be performed
during which a constant ow rate will interact with the tracers. To evaluate the effect of
different ow rates, three sets of 12 runs each will be performed at three different constant
ow rates: 1.0L/s,0.7 L/s, and 0.5 L/s. For more details on the experimental design, please
refer to section 5.2.
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Discharge (l=s] | BedlaodQs[I=s]

0.5 0:18 0:12
0.7 0:33 0:18
1.0 0:78 0:30

Table 2 — Discharge and solid discharge for the three runs.

2.7.1 Experimentsandrunsetup

To study the effects of water discharge and bed morphology in tracer displacement
we carried out a series of experiments involving the same channel described at the be-
ginning of this chapter, and uorescent and paramagnetic tracers. To avoid the effects
of different transported materials, we used as tracers the same sand present in the labo-
ratory ume. A specic coating is applied to make them uorescent and paramagnetic
(poleykettDevelopmentDualSignature, blackEverythingGoesSomewhere2013, hardyHigh-
PrecisionTracing2019) without changing their density and size. Tracers can be detected
using UV light and can be harvested using a magnet.

The experiments involved placing a crosswise stripe of tracers where bedload is ex-
pected as shown in Figure 13. Tracers are placed in semi-dry condition, this means that
the channel is wet but no water is owing. This prevents some tracers from being washed
away by the current during the hydration phase of the channel.

The position of the tracers is monitored by photographic surveys in an aiga &
meters. In order to be able to monitor the maximum area available from the photographic
survey, a wooden frame was therefore constructed to t the banks of the inner channel. UV-
led stripes were placed on this 2.2-meter-long frame to uniformly illuminate the portion of
the channel affected by the analysis. Following some trials on the movement of tracers at
the maximum ow rate, it was decided to carry out tests lasting 15 minutes for all ow
rates. In fact, for the highest ow rate, after 15 minutes it was observed that either many
tracers moved downstream leaving the analysis domain or remained xed in the positions
reached. All runs therefore lasted 15 minutes.

Given the limited duration of the tests, accurately measuring the solid ow rate is chal-
lenging, especially considering the time required for morphological evolution, which was
approximately 70 minutes for the 1 I/s ow rate. Due to the inherent uncertainty of the
ow meter (£ 0.025 I/s) and the load cells (£ 0.01 kg), it was not possible to obtain a pre-
cise measurement of the bedload ow rate. In the absence of precise measurements for
the incoming solid ow rate, data from previous tests conducted in the same laboratory,
using an identical experimental setup, were referenced. The tests were designed to achieve
equilibrium and bedload discharge value from previous experiments is used to obtain this
condition at the reach scale without arti cially overfeeding or underfeeding the channel.
Thus, the inlet sediment management system was calibrated to ensure mass balance, based
on the bedload ow rate data. By averaging the results of the steady-state tests and con-
ducting an analysis of the screw conveyor calibration, the sediment discharge values were
obtained and are reported in Table 2:
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2.7.2 Tracersextraction

Starting from the RGB images, we need to extract the tracer, de ne their position on the
photo coordinate system and then convert this coordinate in the laboratory ume coordinate
system. An example of RGB image is shown in Figure 14.

The algorithm of tracer extraction is schematize below.

Preliminary operation

The rst operation involves correcting barrel distortion, which causes vertical and hor-
izontal lines to curve outward from the centre of the image. Although this distortion is
minimal with the lens used, it is corrected using the “lensfunpy?2" library. Next, the photos
are cropped to exclude areas outside the monitored region, reducing computational time
and saving memory.

Tracers detection

The extraction of tracers takes place through operations on the RGB band. Each band
is extracted and, after numerous attempts, the uorescent band was extracted successfully
applying the following formula:

F=((G R)> 10)(350<V < 700)@G > 100)(R < 190) (24)

whereF is the uorescentband arfd, G, B are the red, green, and blue bands respectively.

V is the value and it is the sum of the red, green, and blue bands. This creates a binary
map (Figure 15) in which for each pixel 1 indicates the presence of uorescence and 0
indicates its absence. This image was subjected to light Itering to Il in individual non-
uorescent pixels surrounded by uorescent pixels and to remove individual uorescent
pixels surrounded by non- uorescent areas.

Fluorescent area polygonization

To obtain geometric information on the uorescent area, such as the position of the
centroid in the photo reference system, the surface area of the individual uorescent areas,
and their perimeter, the binary map was vectorised using the GDAL library available in
Python. This allows us to convert the uorescent areas in the binary map into polygons.
For each polygon, it was possible to derive the position, area, and area-over-perimeter ratio
(Figure 16).

Polygons with area-to-perimeter ratios lower than 2 are eliminated to avoid elongated
polygons caused by water surface re ections.

Number of tracer estimation

In the initial phase of the run, the tracers hit by the current begin to move downstream
from the feeding point. At this stage, the tracers are positioned very close together and
the uorescent halo detected by the algorithm may include more than a single tracer. In
order to associate each uorescent polygon with the number of tracers belonging to it, a
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threshold was manually identi ed to discern whether there was a single tracer or more than
one. 100 examples of single tracers and 100 examples of multiple tracers belonging to a
single polygon were extracted from different runs. Analysing the area of the polygons and
the photos where single tracers are easier to recognize, it was observed that generally single
tracers generate a uorescent halo ranging frémm? to 40mm?2. Polygons comprising

two tracers, on the other hand, always have an area excegding?. Thus, polygons with

an area of less thaBmm? are eliminated. The areas of polygons frdrto 36mm? were
associated with the presence of a single tracer, while for areas 8bma?, the number

of tracers was estimated by approximating the total area of the polygomihdivided by
36mm? to the nearest integer. In this way, it was possible to estimate the number of tracers
in each polygon. This manually calibrated threshold is only necessary in the early stages
when the moving tracers are very close together. In the intermediate and nal phases of
the run, the tracers are generally spaced a little apart and the algorithm detects individual
tracings with very good results.

Centroids extraction

For each polygon, the centroid and its planar coordinates in the photographic refer-
ence system were calculated. The planar coordinates were entered into a matrix, as many
times as the number of estimated tracers within the polygon. The coordinates were then
translated into the laboratory ume reference system (the laser reference system) to enable
dialogue with the topographic surveys. Since only moving tracers are of interest, the ini-
tial deposition area is excluded using a mask from the initial photo, buffered by 6 pixels
(approximately a little bit more than double the diameter of one tracer). Since only tracers
that have moved relative to the feeding point are of interest, the uorescent halo detected
in the rstimage of the time-lapse was used as a mask for all subsequent images. In Fig-
ure 16 in fact, tracers that belong to the feeding point are not detected by the polygonization
algorithm.
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Figure 7 — Example of DEMs varying owing discharge.
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Figure 8 — Example DoD computed as the difference between two DEMs.
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Figure 9 — Example of DoD ltering process. The Itering process aims to highlight bedforms
that scale with the channel width and remove small areas and background noise
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Figure 10 — Example of DoDs varying owing discharge.
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Figure 11 — Example of difference in saturation between consecutive maps. This information
is used as a proxy for bedload intensity.

Figure 12 — Example of bedload intensity map for each of the available discharges. Bedload
intensity is expressed as difference in saturation.
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