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Abstract
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Doctor of Philosophy

Bio-sensors and Miniaturized Technology for Fine Sediments Monitoring
in Laboratory and Field Sites, Associated with Entropic Interpretation of

Ordinary and Intense Bed-load

by Ashkan Pilbala

This study has been carried out in the PRIN project “Enterprising”, aiming
to monitor and model river flow processes during floods. In this context, in
my work, I dealt with the impact of hydrodynamic processes on river biotic
communities (exploited as biological sensors), miniaturized gauges, and the-
oretical methods. Therefore, the aims of the present PhD work followed dif-
ferent paths that share a fascinating common phenomenology, trying to form
a robust and consistent understanding of some relevant aspects. The work
can be described through the following list of separate activities: 1) evaluat-
ing the impact of external stressors on aquatic ecosystems directly by using
biotic communities as real-time indicators; 2) developing low-cost systems
for monitoring bedload and suspended sediment transport; and 3) develop-
ing sediment transport theories based on Entropic theory. In the following, I
provide a summary of each of these three aspects.

Future climate scenarios predict an increase in the frequency and inten-
sity of extreme events; thus, it is crucial to understand how flood conditions
affect biotic communities in aquatic ecosystems. In this study, freshwater
mussels (FM), as reliable bioindicators for detecting environmental distur-
bances in aquatic ecosystems, were utilized. We performed experiments in
a laboratory flume to evaluate the suitability of using FM for developing a
tailored real-time biological early warning system (BEWS) for disturbances
in the aquatic ecosystem. Stressors inducing such disturbances may be ex-
ternal (i.e., anthropic) or internal (i.e., floods). In particular, we used the
valvometric technique to measure the FMs’ behaviour when subjected to in-
creasing discharges/sediment transport in laboratory experiments, mimick-
ing the onset of floods. On 30 March 2022, after laboratory validation, the FM
system was installed at the Paglia River in Orvieto, where a gauging station
was available for monitoring water level and discharge. On March 31st a
flood occurred, which was recorded by the gauging station at the project
site. This event caused a visible change in the individual FM behaviour,
which was clearly evident when the gaping signals were analysed using the
Continuous Wavelet Transform (CWT), a technique that proved particularly
suitable for characterising FM behaviour also in laboratory experiments.
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Besides FM investigation, two low-cost systems for continuous moni-
toring of streambed scour/deposition and turbidity were introduced and
tested in laboratory. We exploited a vertical string of photoresistors, partially
buried in the sediments and used as streambed detector. Different river bed
dynamics were considered for testing the streambed measurement device:
propagation of sediment front and scour dynamics in different points around
a pier of a bridge. The performance of the turbidimeter device was examined
in the flume with the flow turbidity undergoing increasing and decreasing
stepwise variations. Both measurement devices provided convincing results
and showed the potential for being used in the field.

Finally, as far as the theoretical contribution to the Enterprising project
was concerned, two different types of sediment transport theories, ordinary
bedload, and intense bedload, were developed, based on Entropy theory. Es-
timation of the velocity distribution based on the Entropy probability density
function was developed and applied in past works with the lack of informa-
tion about the sediment discharge. In this study, by using surface velocity,
we were able to link the sediment discharge to the statistics of particle rest-
ing time at low Shields stress (ordinary bedload). This approach was subse-
quently applied to data on one cross-section of Adige River (Bolzano, North-
ern Italy), and also on Estero Morales River (Chile). As far as the comparison
of theory and field measurements was possible, it looked satisfactorily. For
the case of intense sediment transport (high Shields values), the extended ki-
netic theory has been applied to unidirectional steady-uniform flow through
a statistic-mechanical model endowed with entropic information on the con-
centration profile. This made the solution pseudo-analytical, which can be
straightforwardly achieved (without numerical approximation tools), and
with great advantage in the understanding of the role of any terms in the
physical balances.

Overall, during my PhD project, because of its interdisciplinary nature, I
encountered numerous challenges. At the same time, I experienced collabo-
ration and multi-disciplinary joint efforts, which enabled me to gain a more
comprehensive understanding of the problem from a variety of perspectives.
Consequently, I and my supervisors gained a deeper understanding of the
nature of hydrodynamic effects on ecosystem biotic communities, which was
the main objective of the project “Enterprising”, along with a novel aware-
ness of how the entropic theory can be used in sediment transport and how
the advancing technology can support the endless need of monitoring re-
sources.
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Chapter 1

Introduction

Many countries worldwide have experienced flood damage, causing large
amounts of loss to individuals and governments. Implementing flood mon-
itoring and warning systems, along with approaches to understand mor-
phodynamic changes during and after flood events are essential to reducing
these losses. In recent decades, the development of smart, accurate, real-time
flood monitoring and early warning systems has been a hot topic for research
[10]. One of the key challenges in this field is the high cost and maintenance
of the necessary infrastructure. Developing countries often lack the finan-
cial resources to implement comprehensive flood monitoring/warning sys-
tems [121]. Therefore, research is also focused on creating cost-effective and
scalable solutions that can be deployed in resource-limited settings. Inno-
vations such as low-cost sensors, community-based monitoring programs,
and the use of open-source software for data analysis are being explored to
make these systems more accessible. Furthermore, understanding the mor-
phodynamic changes during and after flood events is crucial for effective
river management and flood risk mitigation. Floodwaters can cause signif-
icant alterations to river channels, eroding banks, and depositing sediments
[89, 199]. Monitoring these changes helps in predicting future flood risks and
planning river restoration and management activities. Developing theories
and techniques such as LiDAR (Light Detection and Ranging), bathymetric
surveys, and GIS (Geographic Information Systems) mapping are invaluable
tools in capturing these dynamic changes [84, 30]. In addition to physical
monitoring and modelling, the use of biotic communities as bioindicators of-
fers an insightful approach to understanding the ecological impacts of flood
events. Aquatic organisms, such as mussels, respond sensitively to changes
in water quality and toxicant concentrations [203, 177, 103, 208, 209, 18, 81].
These biotic indicators can provide valuable information about the health of
river ecosystems and the long-term effects of flooding [144]. By integrating
biotic monitoring with traditional flood monitoring/evaluating methods, a
more comprehensive understanding of flood dynamics and their ecological
consequences can be achieved.

This study has worked out within the PRIN project "Enterprising," which



2 Chapter 1. Introduction

is dedicated to monitoring and modelling the dynamics of river flow dur-
ing flood events. As a part of this project, the overall objective is to de-
velop technological capabilities and innovative methodologies, utilizing bi-
ological sensors, theoretical frameworks, and miniaturized technology to
develop precise predictions of river flow dynamics, especially during high
flood events, as well as assess its impacts on riverine biotic communities.
Therefore, the present PhD work followed different paths that share a com-
mon phenomenology but contribute from different perspectives to form a
robust and consistent understanding. The work can be described through
the following list of separate activities:

- evaluating the impact of external stressors on aquatic ecosystems di-
rectly by using biotic communities as real-time indicators;

- developing low-cost systems for monitoring bedload and suspended
sediment transport; and

- developing sediment transport theories based on Entropic theory.

Significantly, the interdisciplinary nature of these pursuits necessitated nav-
igating various challenges inherent in collaborative efforts across diverse
fields. In order to effectively address the challenges of working with live
organisms and developing electronic instrumentation and sensors, we de-
cided to collaborate with experts in biology and electronics. This thesis is
organized in the following manner in order to fully exploit and establish the
previously introduced concept.

Chapter 2 describes the impact of hydrodynamic processes on river bi-
otic communities based on laboratory and field experiments with the aim of
using freshwater mussels as a real-time biological early warning system. To
determine whether FM can be used to develop a tailored real-time biologi-
cal early warning system (BEWS) for detecting disturbances to the aquatic
ecosystem due to external stressors, we performed experiments in a labora-
tory flume, in different flow and sediment discharge conditions. A valvomet-
ric technique was used to measure FMs’ valve gapping behaviour, which was
then analyzed using Continuous Wavelet Transform (CWT), a method that
proved particularly suitable for analyzing FM behaviour. The field study
case is also discussed in this chapter. The FM system was installed at the
Paglia River in Orvieto after being validated in the laboratory. At the site of
the project, the gauging station recorded a flood that occurred on March 31st.
As a result of this event, individual FM characteristics changed dramatically,
as demonstrated by the CWT analysis of the gaping signals.

Chapter 3 introduces two measurement devices for turbidity, scour and
deposition monitoring of stream beds. The results of some experiments are
also presented. The two measurement devices were developed as practical
and affordable monitoring systems for experimental investigations with the
potential for field application. As part of this chapter, we will also discuss
the challenges we encountered during the development process.

Chapters 4 and 5 discuss how we have applied the entropic theory in a
few different ways. First, as done in previous approaches, we have dealt



Chapter 1. Introduction 3

with velocity fields in fluvial cross-sections; second, we applied the entropy
theory, in an original way, to the resting times of grains involved in ordinary
bed-load processes; finally, in another part of this Thesis, by supplying an en-
tropic input into a rather complex model predicting profiles of velocity and
other quantities through the highly concentrated sheet layers, we obtained
straightforward access to the analytical solution. Indeed, it appears that the
entropy theory is ubiquitous in geophysical flows. On one side, therefore, we
encourage to boost up interpretations based on it; on the other side, it urges
building a theoretical framework addressing the potential applications and
giving them substantial validation.

As a final point, we draw the conclusion of the thesis in chapter 6.
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Chapter 2

Real-Time Biological Early
Warning System based on
Freshwater Mussels’
Valvometry Data

2.1 Introduction

Sustainable water resource management requires the protection of water-
dependent ecosystems, as they play a pivotal role in maintaining the eco-
logical balance and overall health of our water resources [223, 123]. This is
a challenging task, that is further compounded by the ongoing effects of cli-
mate change on water resources, which intensifies conflicts related to water
resource allocation. Indeed, besides impacting water availability and qual-
ity, climate change influences water demand, thereby affecting the availabil-
ity of water needed to sustain the ecological functioning of water bodies [17,
179]. There are several manifestations of climate change’s impact on wa-
ter resources, encompassing floods, droughts, rising temperatures, deterio-
ration of water quality, and in general intensification of extreme events [114,
163, 198]. These phenomena, combined with anthropogenic alterations of
flows and water quality resulting from various activities (e.g., irrigation, hy-
dropower production, aquaculture), can exert profound influences on aquatic
ecosystems, causing alterations in their structure, function, and overall eco-
logical balance [216, 166, 7]. Consequently, the establishment of compre-
hensive monitoring systems and analytical tools is imperative for accurately
quantifying these impacts on aquatic ecosystems.

In the field of river monitoring, technological advancements have signif-
icantly improved our ability to assess both water quantity and quality. Stan-
dard monitoring methods for key variables such as water level, temperature,
and quality have been greatly enhanced through the utilisation of real-time
sensors [85, 155], the establishment of cost-effective sensor networks [136],
the development of more advanced monitoring instruments [47, 161], and
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the access to remote sensing imagery [75, 36], ultimately leading to height-
ened precision and reliability. However, it is important to emphasise that
none of these tools addresses a direct quantification of the impact of external
stressors, whether they arise from natural or anthropogenic disturbances, on
the aquatic ecosystem. Although early-warning indicators based on physical
and biological state variables can be used to predict loss of system resilience
and the occurrence of critical transitions, these indicators typically operate
on long-term time scales (e.g., decades) and require knowing the underlying
mechanisms that steer ecosystem transitions to identify the pertinent state
variables [77]. If the aim is to assess the impact of external disturbances on
the time scale of a flood event or management operation, a good level of
assessment still requires labour-intensive in situ biological sampling with re-
peated sampling before and after the event [e.g., 137, 66].

A noteworthy source of inspiration can be found in the field of water
pollution monitoring, where biotic communities have been used as direct
ecosystem indicators for a long time [33, 49, 31, 74, 115, 88, 187]. Benthic
communities, shrimps, and other animals have been targeted for this pur-
pose. In particular, but quite relevant in this doctoral work, mussels have
been used in bio-monitoring since the mid-1970s with the establishment of
the "Mussel Watch" program [76] and since then they have been widely used
worldwide as bioaccumulators for the assessment of aquatic pollution [180].
Going beyond their employment as bioaccumulators, dating from the 1980’s,
mussels started being explored as potential biological sensors (or biosensors)
for biological early-warning systems (BEWS) [see e.g., 11] for real-time sur-
face and drinking water pollution monitoring [78, 56, 215]. Over 40 years of
studies show that the observation and analysis of mussels’ behaviour is a re-
liable tool for water quality monitoring [194] because they change their valve
opening and closing activity when they perceive a change in environmental
conditions, such as toxicants concentrations [177, 103, 208, 209, 18, 81], food
quantity and quality [86], tidal cycles, and salinity [51, 52, 2]. The immediacy
of behavioural responses and the development of simple and cost-effective
valve measurement (valvometry) methods have stimulated the production
of commercial valvometric systems, such as the Mossel Monitor [103] or
the Dreissena Monitor [28]. The interest in using valvometric responses as
an alarm signal in real conditions has stimulated technological innovations,
such as online data systems equipped with remote control capabilities [194]
and, more recently, the integration of artificial intelligence for signal inter-
pretation [201].

The extensive and successful use of mussels as reliable biosensors for
real-time detection of water quality-related disturbances, suggests that mus-
sels’ valvometry can be a suitable technique also for the automated assess-
ment of the effects of physical stresses, such as the occurrence of floods and
droughts or the anthropogenic alteration of flow patterns, on the aquatic
ecosystem. These and further hydrological perturbations are increasing in
frequency and intensity due to climate change. The extension of mussels’
valvometry beyond its initial use in ecotoxicological monitoring of water
quality can indeed enhance the importance and highlight the unique insight
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of this approach.
The present study, conducted within the framework of the Enterprising

PRIN Project (2017), funded by the Ministry of Education, University and
Research (MIUR) of Italy, aims to explore the use of mussels as an effective
real-time BEWS in rivers, with a particular focus on assessing the response of
aquatic communities to a change of flow intensity during natural floods. In
this regard, in the first phase of this study, by the years 2020 and 2021, some
experiments were conducted on freshwater mussels (FMs) in the laboratory
with a simplified frequency analysis in order to verify how mussels are re-
liable as bio-indicators of hydrodynamic stresses. In the second phase of
this study, from year 2022, laboratory and field experiments with advanced
signal analysis approaches were conducted. The field studies addressed
both the technical challenges related to the installation of live organisms in
the field and the interpretation of the data obtained within the complexity
of real-world conditions. The transition from laboratory-controlled condi-
tions to the field represented a challenge in the development of monitoring
methodologies and protocols. First, the installation of a monitoring system
to assess the effects of discharge dynamics on FMs’ behaviour necessitated
securing the mussels using cages and/or anchoring systems to prevent them
from being displaced by the flow. Secondly, to prevent the packing of FMs
against the downstream wall of the cage during high discharge, we deemed
it advisable to secure the FMs to steel rods that are anchored in situ rather
than allowing them to move freely in the substrate as done in the laboratory
tests. The use of steel rods to anchor the FMs was required also consider-
ing that the river bottom of the field monitoring site was characterised by
bedrock, which is not an ideal substrate for FMs. The need to immobilise the
mussels in an unnatural position, as is commonly practised to monitor the
quality of aquatic environments [103, 154, 174], may alter the behavioural
responses compared to those of mussels that can freely move within the sub-
strate. This aspect should be carefully considered when analysing the results.

With the overall aim of proposing and assessing the operational use of
FMs as a real-time BEWS for hydrological disturbances in rivers, in this
study, we address four main challenges to: i) understand the response of
free-to-move FMs to hydrodynamic changes (Phase 1), ii) compare the be-
haviour of free-to-move and immobilised FMs in the laboratory in presence
of discharge perturbances (Phase 2), iii) transfer the experience acquired from
laboratory-controlled experiments to applications in real river conditions (Ph-
ase 3), and iv) define a robust signal processing methodology to analyse the
valvometric data and assess the FMs’ behaviour (Phase 4),

This chapter is extracted from my recent two papers [164, 144], which
were published during my PhD program. It is structured as follows. Section
2.2 describes the laboratory experiments. An overview of the field monitor-
ing site location and field experiments is present in Section 2.3. Section 2.4
provides an overview of the signal recording and analysis approaches. The
results of the laboratory experiments and field observations can be found in
Section 2.5. Finally, in Section 2.6 we discuss the results of the work and
draw the final conclusions.
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2.2 Laboratory Experiments

2.2.1 Experiments with Free-to-move FMs (Phase 1)

In the first phase of the study, Unio elongatulus species were collected in the
mesotrophic Lake Caldonazzo, Italy (figure 2.1 a and b). Mussels after the
collection were sent to the Hydraulics Laboratory of the University of Trento
(Italy) for the flume experiments. On arrival at the laboratory, the animals
were acclimated for two weeks in a 500 L recirculating flow-through aquar-
ium with aerated water and gravel-sand substrate and fed with a mixed cul-
ture of natural algae as recommended by the biologists of the Enterprising
project (figure 2.1 c,d, and e).

Table 2.1 summarizes the experiments with free-to-move FMs conducted
during the study’s first phase. The experiments were conducted in a single
flume, as shown in figure 2.2(a) where a bed made of fine sand and silt (is
the d50 ∼ 0.06 mm in this case) as bed material and mussels were free to
move, but only within the limits of the Hall sensors’ cable that was attached
to them. Free-to-move mussels can be displaced on the bed surface, under
the bed, and also drift on the water surface during high discharge. 32 Free-to-
move mussels were divided into four subgroups (8 mussels in each group),
and each experiment was performed on all the groups. First, mussels were
sorted in the flume (figure 2.2 b and c) with the lowest discharge (Q1) for 1
hour (acclimation), then were exposed to constant flow discharges (Q2, Q3,
Q4) during 4 h, followed by a rapid increase of discharge without (from Q2
and Q3 to Q4) and with (from Q2 and Q3 to Q5 and Q6) sediment transport
during 1 h and 30 min (Table 2.2).

Figure 2.1: a) Sampling of mussels at Lake Caldonazzo (TN), Italy; b) Samples
of Unio elongatulus species; c) and d) Side and plan views of Mussels’ aquarium;

e) Natural algae.
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Table 2.1: Exposure scenarios of the hydrodynamic conditions considering: wa-
ter flow rate Q/B (being B the width of the channel and Q the discharge); wa-
ter depth; the cross-section averaged flow velocity; the specific solid discharge,
Qs/B (i.e. per unit of width); the Shields parameter

[
θ = u∗2/(s−)d - being u∗

the shear velocity and d the median sediment diameter] indicating the incipient
sediment motion conditions.

Discharge Q/B
(
m2 s−1) Water depth (m) Velocity

(
ms−1) Qs/B(kg/(ms) θ

Q1 0.005 0.115 0.04 0 0.002
Q2 0.013 0.135 0.09 0 0.007
Q3 0.019 0.140 0.13 0 0.011
Q4 0.029 0.150 0.19 0 0.019
Q5 0.036 0.085 0.43 0.003 0.056
Q6 0.055 0.110 0.50 0.032 0.066

Figure 2.2: a) Experimental setup of free-to-move mussels in the laboratory; b)
and c) Flow direction and plan views of mussels’ arrangement in the flume; d)

an example of FM equipped with a Hall sensor and a magnet.

2.2.2 Experiments with Immobilized FMs (Phase 2)

The second phase of the study was conducted in 2022. The in situ testing
of FMs as a possible BEWS for flood events poses a number of challenges
ranging from the selection of the field monitoring site to the choice of the
most suitable system for FM installation. The exposure of the animals to
the parameters to be monitored is one of the main operational challenges in
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Table 2.2: Description experiments in phase 1

Variation type Discharge Sediment transport classes
Constant Q1 -

Q2 -
Q3 -
Q4 -

Small variation Q2-Q4 -
(SV) Q3-Q4 -

High variation Q2-Q5 Low
(HV) Q2-Q6 High

Q3-Q5 Low
Q3-Q6 High

natural environments. While for the monitoring of chemical contamination,
it is possible to install the animals in lateral derivations of the watercourse
or water pipes, for monitoring the responses of FMs to hydrological stresses
(i.e., water velocity, turbulence, sediment transport) it is essential to expose
the animals in the main channel of the watercourse. This requires installing
the FMs in structures that are as transparent as possible to the flow, ensuring
they do not substantially affect the natural flow pattern, and sufficiently sta-
ble to guarantee the integrity of both the FMs and the installation throughout
the exposure [e.g., 102, 194]. For the sake of logistical convenience, the FMs
are commonly fixed to solid structures such as steel rods, thus limiting their
ability to move. Furthermore, it is important to note that FMs are frequently
used in environmental conditions that may differ from their natural habitat,
such as when using FMs accustomed to lentic waters in river environments
[e.g., 128], as is the case in the present study. To assess the extent to which
limiting FMs movement affects their behavioural response to environmen-
tal stress, a laboratory experimental comparison was carried out, analysing
and comparing valve movements in both freely moving and immobilised
animals on vertical rods.

In this phase, Unio mancus species were collected from Lake Montepul-
ciano, Siena Province, Tuscany, Italy on March 29, 2022, and they were main-
tained in a tank filled with lake water. The mussels were divided into two
groups, a group was installed at the field monitoring site in the afternoon
of March 30, 2022 (Phase 3) (details of the field installation are given in Sec-
tion 2.3), while the other group was sent to the Hydraulics Laboratory of
the University of Trento (Italy) for the flume experiments (Phase 2). On ar-
rival at the laboratory, the animals were acclimated for two weeks in a 500
L recirculating flow-through aquarium with aerated water and gravel-sand
substrate and fed with a mixed culture of natural algae the same as Phase 1
experiments.

The FMs were exposed to the same external conditions for 24 hours. FMs
from 1 to 4 were free to move, while the others i.e., from 5 to 8, were im-
mobilised on vertical rods by glueing one valve to the rod, that was hung
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vertically from the top of the flume (Figure 2.3 b and c). Free and immo-
bilised mussels were positioned in the middle of the flume, sufficiently far
from the upward and downward boundary conditions. After 10 hours of
continuous discharge at a constant rate of Q2 with 10 cm substratum (and
without sediment transport), the discharge was instantaneously increased to
Q2 and maintained at this high value for 2 hours, before returning to the
initial baseline value (Q2). This baseline discharge has been kept constant
during the rest of the experiment, i.e., for the following 12 hours. Additional
information we sought during the experiments relates to sediment transport
under different discharge configurations, as previous research has shown by
the result of phase 1 of this study, which will explain in the following, that
FMs are particularly affected by the presence of sediment transport. The
baseline discharge of 5.3 L/s (Q2) is characterised by negligible sediment
transport, whereas the higher discharge of 22 L/s (Q6) involves both bedload
and suspended sediment transport. In the same previous study, the critical
discharge, i.e. the value corresponding to the onset of sediment transport
(also referred to as the incipient condition), was found to be around 14 L/s.
Specifically, this is the discharge value capable of entraining the finest grains
(∼ 0.06 mm in this case) from the mobile bed mixture into the flow.

Figure 2.3: a) Experimental setup of immobilized mussels in the laboratory; b)
and c) side and plan views of mussels’ arrangement in the flume.

2.3 Field Experiments (Phase 3)

The field monitoring site is located along the River Paglia (Italy). The River
Paglia (Figure 2.4a) originates in the southeastern region of Tuscany, specif-
ically from Mt. Amiata (1738 meters above sea level). It is located in the
central part of Italy and is one of the primary right-side tributaries of the



12 Chapter 2. Real-Time Biological Early Warning System based on
Freshwater Mussels’ Valvometry Data

River Tiber. The River Paglia has a length of 86 km and its basin covers an
area of approximately 1320 km2. A painting of J.M.W. Turner (1775–1851),
made during his journey to Rome in 1828, shows landmarks that remind us
of snapshots of our fieldwork site: the towering city of Orvieto, the arches
of a bridge, a flowing stream (presumably a tributary of River Paglia) and
people at work with their hands in the water (Figure 2.4b). The monitoring
system based on FMs was installed in the River Paglia at Orvieto city, under
the Adunata Bridge, at the right bank of the river where the riverbed is rocky.
A gauging station was available at this site for monitoring water level and
discharge.

A preliminary survey of the river revealed that the native species of the
area, Unio mancus [106], is locally extirpated. Therefore, specimens of the
same species were collected from the neighbouring Lake Montepulciano,
Siena Province, Tuscany, Italy (similar spices used for the phase 2 experi-
ments), and then installed at the field monitoring site in the afternoon of
March 30, 2022.

At the River Paglia field monitoring site, thirteen FMs were fixed to ver-
tical rods of the same type as those tested in the laboratory and installed in a
cage secured at the riverbank. The use of steel rods was deemed necessary to
mitigate the risk of FMs being displaced during flood events and due to the
unsuitable bedrock substrate at the installation site. The cage was necessary
to prevent damage to FMs and electronics. The cage has been designed to en-
sure robustness while minimising interaction with the flow. To achieve this,
a thin steel frame covered by a coarse metal grid was used. The electronics
for the valvometry recordings (see Section 2.4.1) were installed on the bridge
above the riverbank where the cage was positioned. An overview of the in-
stallation is provided in Figure 2.5. A multi-parameter probe (OTT PLS-C)
was installed at the FM cage site to measure water level, temperature and
conductivity every 10 minutes. The FMs and multiparametric probe were in
operation during a flood on 31 March 2022, which is the event analysed in
this study.

Figure 2.4: a) Map of the River Paglia and its catchment, showing the location
of the field monitoring site and of Lake Montepulciano, where the FMs were
collected; b) Joseph Mallord William Turner (1775–1851), View of Orvieto, Painted

in Rome (1828, reworked 1830), © Photo: Tate, CC-BY-NC-ND 3.0.
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Figure 2.5: Field Installation - Enterprising pilot site, Orvieto City, Italy: a)
overview of the FM cage, location of the multiparametric probe and flow di-
rection; b) top view of the FM cage; c) front view (schematic); d) side view

(schematic).

2.4 Data collection and Signal Analysis (Phase 4)

2.4.1 Valvometry data collection

In order to monitor the frequency and intensity of FMs gaping, different
valvometry methods have been proposed for over one century [reviewed
in 215]. In his pioneering work, Marceau [127] first used a kymograph (i.e.,
a rotating drum or moving paper strip onto which data is drawn as a func-
tion of time) to track the valve movement of mussels by attaching a balanced
arm equipped with a scribe to one valve of the mussel. Electromagnetic in-
duction to measure the valve displacement was first used by Schuring and
Geense [181] and then further developed thanks to technological advance-
ments. Wilson et al. [220] introduced the use of the Hall effect to record the
valve movement of mussels. This approach requires installing a magnet on
one valve and a Hall effect sensor on the other valve. The Hall effect sensor
measures the magnetic field between the magnet and the sensor itself, which
changes according to the distance between the two valves. In this way, both
the frequency and intensity of valve gaping can be measured. When the
mussel is closed, the magnetic field around the sensor is at its maximum,
and when the mussel is fully opened the magnetic field strength around the
sensor decreases due to the increased distance between the magnet and the
sensor.

In this study, a Hall sensor (Honeywell SS495A1, 13 × 10.5 mm, 1.1 g
weight) was glued on one side of the mussels’ shell, a magnet (12 × 10 mm,
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1.8 g weight) on the opposite side of the shell (see the right plot in Figure
2.2d). An Arduino board (Mega 2560) was used to record the response of the
Hall effect sensor in mV, and then, by knowing the minimum and maximum
values, the output was normalised and turned to percentage opening (see
Section 2.4.2). An SD card connected to the Arduino was used to store the
voltage values. In laboratory experiments, each mussel provided data at a
frequency of 1 Hz, while in the field, due to a different set-up of the recording
system, a frequency of 2 Hz was used.

2.4.2 Signal processing

Describing the behaviour of FMs in terms of the frequency and intensity of
gaping using raw data expressed in mV may not be straightforward, because
of inherent physiological variations among FMs, primarily influenced by
their size and shape, as well as the nonuniform attachment of magnets and
sensors to the individual FMs. For this reason, in order to have a common
frame of response among all mussels, the opening signals were normalised
between 0 to 100 %, employing linear scaling based on the minimum and
maximum values recorded for each FM. Accordingly, 0% indicates that the
mussel’s valves are fully closed, and 100% that the mussel’s valves are fully
open.

In the first phase, a simple analysis was conducted, and after normaliza-
tion, the valve gaping frequency of each FM behaviour was calculated using
the statistical language Matlab (MATLAB software, 2010). For this analysis,
we decided to turn the signals into smaller signals to have a better perspec-
tive of the changes. Thus, the signals before and after the discharge variation
have been divided into 4 parts, which allowed us to divide the constant du-
ration into 1-hour parts (C1, C2, C3, C4) and the variation duration into parts
of 22.5 minutes (V1, V2, V3, V4).

For the second and third phases of the study, we were looking for a more
robust and technical approach. The first step was to remove possible outliers
due to occasional acquisition artefacts. In this context, outliers have been
defined using the 0.1 and 99.9 percentiles as the lower and upper threshold
bounds, respectively. The removed points were subsequently reconstructed
through interpolation, and then the normalization was done as explained
before. It should be noted that in order to effectively normalise a signal, the
signal duration must be long enough to include both the fully closed and
fully open periods of the FM. The resulting FM signals were analysed with
the aim of identifying the occurrence of change points in the FMs’ behaviour.
As discussed in the Introduction, these changes may be linked to the normal
behaviour of non-stressed FMs, but also to the response of these organisms
to external perturbations. The monitoring of a sufficiently large number of
FMs allowed us to discriminate between the specific behaviour of individ-
ual FMs driven by their own activity, and a systematic response of the FM
community to external disturbances. Abrupt change points in the mean of
the opening signals were identified using the Matlab function findchangepts,
an iterative procedure that detects significant transitions in time-series data
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through adaptive segmentation of the original time series. Parallel to abrupt
changes in behaviour characterised by step-like discontinuities in the open-
ing signal, it has been observed that when FMs are subject to stress they
exhibit marked changes in both the frequency and intensity of their gaping.
Here, the statistical analysis of the FM gaping frequencies was carried out
using the Continuous Wavelet Transform (CWT), a mathematical technique
that decomposes a signal into different frequency components. CWT is par-
ticularly useful when dealing with non-stationary signals. Indeed, unlike
traditional Fourier analysis, CWT can capture both high and low-frequency
variations in time-series data, making it especially effective for analysing sig-
nals that exhibit dynamic changes in frequency and amplitude over time
[139, 169]. The CWT analysis is based on the convolution of a signal f (t)
with a set of functions ψab(t), known as wavelets, derived from translations
and dilations of a so-called mother wavelet ψ(t) :

ψab(t) =
ψ√

a

(
t − b

a

)
a, b ∈ R, a > 0 (2.1)

where a is known as the scale factor and b defines a shift in time. Different
mother wavelets can be used to decompose a signal, all of which must meet
specific conditions [see e.g., 139]. The convolution of the signal f (t) with the
set of wavelets is the wavelet transform:

Tψ(a, b) =
1√
a

∫ +∞

−∞
ψ∗
(

t − b
a

)
f (t)dt (2.2)

where the superscript ∗ denotes the complex conjugate and Tψ(a, b) is the
wavelet coefficient (which, for the sake of completeness, depends not only
on a and b but also on the choice of the mother wavelet ψ ). In this way,
the signal f (t) is analysed by comparing it to a set of wavelet functions ψab
characterised by continuously varying scale a and shift b. Unlike sinusoidal
functions in Fourier analysis, these wavelet functions do not have a fixed fre-
quency. Rather, they are versatile mathematical functions inherently flexible
in both time and frequency domains, which adapt to the non-stationary char-
acteristics of the signal being analysed. The scale factor a is inversely related
to frequencies: smaller scales correspond to more "compressed" wavelets
(thus higher pseudo-frequencies), and capture details in the signal at shorter
time scales, while larger scales correspond to more "stretched" wavelets (thus
lower pseudo-frequencies), capturing broader features at longer time scales.
Note that the term pseudo-frequencies is often used to emphasise that these
values should not be confused with the fixed frequencies associated with si-
nusoidal waves.

The results of the CWT analysis can be effectively visualised through the
use of scalograms and pseudo-frequency (or scale)-averaged wavelet spec-
tra. The scalogram is a graphical representation of signal power distribution
across various pseudo-frequencies and through time. It is constructed by
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considering the absolute value (or magnitude) of the complex wavelet coeffi-
cients introduced in Equation (2.2) and allows for a comprehensive examina-
tion of how different pseudo-frequencies and times contribute to the overall
power of the signal. The pseudo-frequency-averaged wavelet spectrum pro-
vides a summary of the signal’s energy distribution across multiple scales
over time, offering insights into both localised and broad-frequency features
present in the signal over time. The pseudo-frequency-averaged wavelet
spectrum is obtained by scale-averaging the magnitude-squared scalogram
over all scales. In this study, CWT was computed by applying the Matlab
cwt function using the Morse wavelet as the mother wavelet to the time se-
ries signal of each FM, after the removal of abrupt changes in the mean of
the opening signal. Identifying and removing step changes in the mean of
the signal was necessary to avoid introducing spurious results. In fact, when
a CWT decomposition is performed on a signal with an abrupt step change,
the result is a mixture of high-frequency components that capture the abrupt
transition and lower-frequency components that describe the smoother and
more gradual changes in the signal, across the entire frequency spectrum.
The presence of abrupt changes would generate an artefact in the result-
ing scalograms and pseudo-frequency-averaged wavelet spectra, possibly
hindering the interpretation of the informative features of the signal. Step
change removal was achieved by detrending the segments of the signal be-
tween two successive step changes (identified as discussed above), i.e. by
subtracting the mean and removing the linear trend, hence without altering
the informative, high-frequency content of the original signal.

Similar to the signal pre-processing described above, in order to get a
consistent frame of reference, the scalogram of each FM was normalised be-
tween minimum and maximum values after the removal of outliers. This
allows us to effectively appreciate the existence of coherent features across
FMs and characterise them in terms of dominant pseudo-frequencies and
position in time. In order to obtain a synthetic summary of the results, the
normalized scalograms obtained from the wavelet analysis of all FMs were
combined into one, corresponding to the median scalogram. The summary
pseudo-frequency-averaged wavelet spectra was obtained from the median
scalogram.

2.5 Results and Discussion

2.5.1 Laboratory results

Figure 2.6 illustrates the frequency analysis of Phase 1 experiments. Fre-
quency analysis revealed no significant differences in gaping frequency at
constant (0.0132 ± 0.00744 Hz) and small discharge variations without sed-
iment transport (from Q2 and Q3 to Q4; 0.0177 ± 0.00473 Hz) (Table 2.1 and
2.2). Above this threshold (0.0256 ± 0.00660 Hz), the increase of discharge
prompted the sediment transport (from Q2 and Q3 to Q5 and Q6), and the re-
action of FMs passed from the normal behaviour with constant valve gaping
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frequency to a variable behaviour. Indeed, significant increases in valve gap-
ing frequency (0.0308 ± 0.00428 Hz) were observed immediately after the
onset of high discharge rates with sediment transport, i.e. from the period
C4 of constant discharges (Q2 and Q3) to the period V1 of high discharges
(Q5 and Q6).

Figure 2.6: Mean (±SD) valve gaping frequency (Hz) of 32 FMS behaviour exper-
iments with constant discharges (Q1, Q2, Q3, and Q4) and variable discharges
(Q2–Q4, Q3–Q4, Q2–Q5, Q3–Q5, Q2–Q6, and Q3–Q6). The different experimen-
tal periods C1, C2, C3, and C4 in constant discharges and V1, V2, V3, and V4
in variable discharges are represented by dark blue, light blue, light green, and

dark green bars, respectively.

based on the finding of the primary results, FMs respond to the hydro-
dynamic changes in the laboratory which means there is hope for evaluating
the impact of external stressors on aquatic ecosystems directly by using bi-
otic communities as real-time indicators. In this direction, the second phase
of the study was based on new experiments with immobilised FMs. Figure
2.7a shows the median opening signal of free and immobilised mussels sep-
arately measured during the 24-hour laboratory experiment along with the
25th and 75th percentiles. The evolution of discharge in time is also shown
in the second y-axis. The figure clearly shows that both groups of FMs re-
sponded to the discharge increase, 10 hours after the start of the experiment,
with a sharp and localised change in the median opening (thick coloured
lines). By examining the shaded area of this plot (representing the 25th and
75th percentiles), it becomes evident that, in general, the signals from free
FMs exhibit a more complex and varied behaviour compared to that of im-
mobilised FMs. Indeed, the shaded area for the free FMs is much ticker com-
pared to that of immobilised FMs, if we analyse the periods away from the
discharge perturbation. This is explained by the fact that the former group
displayed a larger number of features, most of which did not appear to be
directly related to hydrodynamic changes. By instance, the decrease in the
median opening of free FMs after 6 h after the start of the experiment is only
apparent and not related to a consistent response across the four free FMs,
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but rather to independent and uncorrelated activities of the organisms. This
is further evidenced in Figure A.1 in the Supplementary Material, which il-
lustrates the distinctive behavioural patterns exhibited by each FM and the
major discontinuities in the mean of the signal. However, during the per-
turbation (from 10 hours to 12 hours after the start of the experiment), the
width of the shaded area (25th-75th percentiles) shrinks and matches that
of the immobilised FMs, indicating a coherent response across the four free
FMs.

Figure 2.7: Laboratory experiment: a) left y-axis: median valve opening signals
of free and immobilised mussels with 25th and 75th percentiles indicated by the
shaded area; right y-axis: discharge (dashed, black line); b) scalogram showing
the median normalised magnitude of the continuous wavelet transform over
all the free FMs; c) scalogram showing the median normalised magnitude of
the continuous wavelet transform over all the immobilised FMs; d) pseudo-
frequency-averaged wavelet spectrum. White contours in b) and c) represent

the 95th and 99th percentiles of the CWT coefficient.

The distinction between the two groups of mussels arises from the re-
stricted mobility of immobilised FMs in contrast to free FMs, as behaviours
such as walking and drifting are not possible, resulting in a more straightfor-
ward signal. Notably, all immobilised FMs responded by closing their valves
when the discharge increased, while two out of the four free FMs responded
with an increase of the opening (FM1 and FM2) and one with a decrease
(FM4; see Figure A.1). Apart from exhibiting some noise, likely arising from
electrical issues, which, however, did not significantly impact the results, the
free FM3 displayed behaviour similar to that of FM4. While both free and
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immobilised FMs responded clearly and promptly to the rapid increase in
discharge, as evidenced by the change in the mean valve opening discussed
above, only immobilised mussels displayed a similar response upon the re-
establishment of the base flow (12 hours after the start of the experiment),
albeit to a lesser extent compared to the signal variation the mussels exhib-
ited when the flow increased (Figure 2.7a and Figure A.1).

Moving beyond the analysis of mean valve opening, however, a distinct
signature of the discharge perturbation is discernible in both free and im-
mobilised FMs through the occurrence of broad-frequency features localised
over time around the perturbation period (see the period between 10 and
12 hours in Figures A.1 and A.2, the latter showing the signals after de-
trending and removal of changes in the mean valve opening). Such fea-
tures are more clearly appreciable when looking at the scalograms of free
(Figure 2.7b) and immobilised (Figure 2.7c) FMs. Prior to the increase in dis-
charge (from the beginning of the experiment to 10 hours), the FMs’ gaping
was characterised by low pseudo-frequencies (below 10−3 Hz) with less en-
ergy. However, following the increase in discharge, they promptly began
responding across the whole range of pseudo-frequencies (up to 1 Hz), dis-
playing higher energy levels (as indicated by the more yellowish regions).
The white contours on the scalogram plot represent the 95th and 99th per-
centiles of the CWT coefficient and were used to emphasise the energy-rich
areas. The response is similar between free and immobilised FMs, although
immobilised FMs adapted quicker to the new discharge conditions com-
pared to free FMs. This is evident also looking at Figure 2.7d, which shows
the pseudo-frequency-averaged wavelet spectrum for both FM classes: im-
mobilised mussels’ power returned to normal an hour after the discharge
increase, followed by free mussels who responded with high power until the
end of the event (two hours after the discharge increase). In both cases, the
dominant pseudo-frequencies, after the discharge variations, reset to values
consistent with those characterising the first part of the experiment.

2.5.2 Field results

Because laboratory experiments showed overall consistent responsiveness
between free and immobilised FMs in the presence of hydrodynamic stresses,
this supported the suitability of installing immobilised FMs in the field. Fig-
ure 2.8a illustrates the signals of the thirteen immobilised FMs at the field
monitoring site along the River Paglia (see Figures 2.4 and 2.5) from 10 PM
on March 30, 2022 until midnight on April 1, 2022. It should be mentioned
that there is a gap of an hour and a half in the data for all FMs, with missing
signals from mussels between 10.5 and 12 hours since the start of the signal
(i.e., between 8:30 AM and 10:00 AM on March 31) due to unspecified tech-
nical issues. According to this plot, all FMs except for mussels numbered
2, 3, and 12 experienced a marked shift in the mean valve opening with a
generalised closing of the valves approximately 5.5 hours after the start of
the time series, specifically around 3:30 AM on March 31, coinciding with a
flood event in the river. As can be observed in the data, the sensor installed
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on FM2 experienced technical issues, preventing its use in the analysis. On
the other side, the sensors installed on FM3 and FM12 were operating nor-
mally but the FMs were already closed before the flood event (likely because
they were in the state of resting, see Introduction), hence not displaying any
additional closure but a minor and progressive opening and gaping. All
the other ten FMs were characterised by normal behaviour before the flood
event, with their valves open and characterised by regular valve movements
as expected during respiration and filtration.

In general, in terms of change in the mean valve opening, the mussels
responded similarly to changes in hydrodynamic conditions as observed in
the flume experiment and illustrated in Figure 2.8b, which depicts the me-
dian valve opening signal of the FMs (all individuals except FM2) in relation
to the changes in water level measured by the multiparametric sensor every
10 minutes (see also Figure A.3). The median valve opening shows two main
discontinuities, which coincide with marked changes in the water level line.
The first discontinuity is evident at 5.5 hours from the start of the time series
(i.e., at 3:30 AM), when the water level, as measured by the multiparamet-
ric sensor, rapidly increased from 0.3 m (corresponding to about 4 m3/s) to
2 m (corresponding to about 140 m3/s, based on the data from the official
gauging station, available every 30 minutes). This rise in water level marked
the onset of the flood event, which was characterised by a sharply rising
front. The associated discontinuity in the valve opening signal is clearly vis-
ible when examining both the individual FM signals (Figure2.8a) and the
median signal (Figure 2.8b). The second discontinuity clearly emerges only
by looking at the median signal (Figure 2.8b), while it is hindered in the in-
dividual time series. It occurred at about 23 hours after the start of the time
series (i.e., at 9 PM), when the water level rose from 0.6 m (approximately
18 m3/s) to 1 m (approximately 45 m3/s), thus interrupting the previously
gradual decrease in water level following the initial peak.

The FMs response to the hydrodynamic disturbance, as reflected in chan-
ges in the frequency of gaping, is shown in the scalogram of Figure 2.8c.
This plot is obtained excluding FM2, which was affected by the technical is-
sues discussed above, and for the sake of clarity also FM7 and FM13, respec-
tively characterised by intense activity before the flood and a significantly
damped response after the flood, to an extent that was not in alignment with
the behaviour of the other FMs. These mussels are labelled with * in Figure
2.8a (and in the corresponding Figure S4 showing the signals after detrend-
ing and removal of changes in the mean valve opening). As indicated by
the scalogram, the mussels exhibited responses at a low frequency (below
10−4 − 10−3 Hz) before the peak of the flood, displaying signals of lower en-
ergy. As soon as the level raised, parallel to the sudden closure of the valves
seen in Figures 2.8a and b, the FMs showed a generalised response shifted
towards higher frequencies (up to 0.1 Hz) and characterised by higher en-
ergy levels (yellowish regions). This response gradually diminished as the
discharge decreased, resulting in lower frequencies and reduced energy lev-
els. Between 15 to 23 hours from the beginning of the time series, the water
level, and consequently the discharge, transitioned into the latter phase of
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Figure 2.8: Results from the thirteen FMs deployed at the River Paglia field mon-
itoring site during the flood on March 31, 2022; a) valve opening signals for the
individual FMs (dots indicate abrupt change points in the mean of the open-
ing signals when the mean opening changes by more than 25%; the asterisk *
depicts FMs that are excluded from the wavelet transform analysis); b) left y-
axis: median valve opening signals with 25th and 75th percentiles indicated by
the shaded area (all FMs except FM2); right y-axis: water level (dashed, black
line); c) scalogram showing the median normalised magnitude of the contin-
uous wavelet transform over the FMs; d) pseudo-frequency-averaged wavelet
spectrum. White contours in c) represent the 95th and 99th percentiles of the

CWT coefficient.
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the flood event, characterised by minor fluctuations over time. Additionally,
water temperature and conductivity steadily returned to higher values and
stabilised (see Figure A.3). During this time window, the FMs underwent a
slight opening of the valves (Figure 2.8b) and intensified their gaping around
frequencies of 10−3 Hz (Figure 2.8c). Following the occurrence of the second,
smaller peak in water level (approximately 23 hours after the start of the time
series), all FMs closed their valve once more (Figure 2.8b) and the majority
of them exhibited a significant decrease in the frequency of gaping (Figure
2.8a and c). The overall picture is summarised also in the pseudo-frequency-
averaged wavelet spectrum shown in Figure 2.8d, which clearly indicates the
instantaneous evident response of the FMs to the main perturbance, similar
to what was observed in the laboratory experiments.

2.6 Conclusion

Based on the results of primary laboratory experiments which show that
FMs respond to the hydrodynamic perturbation, we proposed FMs as effec-
tive BEWS for assessing the impact of hydrodynamic stresses on the aquatic
ecosystem. In this study, for the first time, FMs were deployed and evaluated
in real river conditions, in the River Paglia at Orvieto, Italy. The initial chal-
lenge we faced was securing the mussels in place and preventing them from
being carried away by the river’s current. In consideration of other in situ ex-
posure methods [e.g., 102, 194], we opted to glue the mussels to vertical rods
anchored at the riverbank. To ensure that the use of immobilised mussels did
not significantly alter their behavioural responsiveness, we conducted con-
trolled laboratory experiments to confirm that immobilised and free mussels
exhibit consistent reactions under the same hydrodynamic stressors.

The results demonstrated that immobilised and free mussels behave in a
consistent way during a hydrodynamic perturbation, but the signals of the
immobilised mussels exhibit less complexity, primarily due to the reduced
number of features resulting from movement constraints (Figure 2.7). Con-
sequently, these signals can be more easily interpreted and associated with
perturbations in external conditions. In fact, immobilised mussels have lim-
ited means of response, primarily relying on gaping, as they are unable to
engage in actions such as escaping or burying themselves more deeply. It is
worth noting that concerning mussel behaviour classification, both free and
immobilised mussels showed avoidance behaviour by immediately closing
their valves and changing their gaping frequency at the onset of the higher
flow levels. However, immobilised mussels showed a faster adaptation in re-
sponse to a prolonged stimulus, facilitating the faster restoration of pre-event
gaping frequencies. This could be explained by the positive correlation be-
tween the intensity of the stimulus and the degree of adaptation [38, 87]. In
fact, immobilised mussels experience a stronger stimulus than free mussels
due to the impossibility of actively searching for shelter at the time of the
event, and as a result, they have a shorter adaptation period most likely be-
cause they get tired sooner. Overall, based on the laboratory comparison, we
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could confidently assert that the installation of immobilised mussels in real
river conditions ensures both site stability during floods and the representa-
tiveness of the results. This is particularly true in the context of using FMs
as real-time BEWS, which requires timely detection of significant changes,
while other information such as response type and duration may be of inter-
est for deeper biological interpretation, but is not the primary concern.

Field data acquired at the field monitoring site in the River Paglia pro-
vided a solid validation of the effectiveness and reliability of using immo-
bilised mussels as part of a real-time BEWS. All the FMs exhibited a synchro-
nised and highly distinct response to the flood event that occurred during
the monitoring campaign, promptly transitioning their behaviour in terms of
both mean valve opening and gaping frequency. Of paramount importance
for practical applications is the observation that these mussels responded
immediately as the discharge increased, effectively detecting the flood at its
very onset. These results confirm and validate what has been observed in the
laboratory. The sharp and rapid mussel reactions can be explained by the al-
most abrupt rise in water levels and discharges of the flood, and also by the
fact that, as in the flume experiments (see Section 2.5.1), the discharge values
around the peak triggered sediment transport and turbidity. To establish for
the River Paglia an incipient (alias critical) discharge value, we exploited the
shear-stress distribution relative to the flood on May 31, 2022, determined
by a 3D Reynolds-Averaged Navier-Stokes (3D-RANS) model described in
Bahmanpouri et al. [14], and some bed material samples we collected from
the bed surface just upstream and downstream of the Adunata Bridge site.
With a constant flow discharge corresponding to that observed at the flood
peak, the numeric shear stress distribution reached a maximum of about 100
Pa under the bridge, and smaller values away from the bridge. Looking at
the numerical results, a reference value of 30 Pa is exerted over a large part
of the flow domain. From the bed material sample, we found that the d90
(i.e., diameter corresponding to the 90th percentile of the granulometric dis-
tribution) of the sediments forming the substrate of the bed is about 0.01
m. With these values, the well-known dimensionless Shields stress number
θ = τ/ [(ρs − ρw) gd] (where τ is the bottom shear stress, ρs (ρw) is the sed-
iment (water) density, g the gravitational constant, and d the characteristic
particle diameter), reached a value of about 0.6 at the discharge peak, well
above the critical one, which can be assumed equal to about 0.06, as in many
references [see e.g., 157]. According to the 3D-RANS model, a critical dis-
charge for the initiation of bedload in this reach of River Paglia (Adunata
Bridge) corresponds to about 4 m3/s. The ratio, in terms of peak flood-
discharge over the critical value, is therefore about 35 (i.e., 140/4), whereas in
the flume experiments, the mussels experienced a discharge about 1.6 times
larger than the critical one (i.e., 22/14), as from the data reported in Section
2.5.1. Our laboratory and field results show that the responsiveness of the
mussels is efficient in a wide range of peak/critical discharge ratios.

To improve the interpretation of behavioural signals, we proposed a sta-
tistical analysis based on the combined identification of abrupt change points
in the mean of the opening signals and application of continuous wavelet
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transform to the detrended time series after removal of these discontinuities
(refer to Figures A.2 and A.4 to view the cleaned signals). This approach
has proven to be a robust and reliable tool for FMs’ signal processing, able
to effectively identify the animals’ response to external stressors. This iden-
tification can be achieved both visually, through the examination of scalo-
gram plots, and quantitatively, through the generation of associated pseudo-
frequency-averaged wavelet spectrum plots. For the sake of comparability,
the scalogram of each FM was normalised between minimum and maximum
values after the removal of outliers. Then, the median scalogram was calcu-
lated and used to identify dominant pseudo-frequencies and their temporal
positions. This approach enables comparisons within the same frame of ref-
erence between different FMs and between median scalograms obtained un-
der various conditions (e.g., in the laboratory and in the river). Similarly, the
pseudo-frequency-averaged wavelet spectra derived from the median scalo-
grams can be fairly compared to discern shared patterns and distinctions
across the various setups. Notably, results from both the laboratory and the
field indicate that during external stress events (i.e., an increase in discharge),
the power of the spectrum reached and exceeded a value of approximately
0.25. While further data collection from additional sites is needed before
proposing a threshold value as a simple indicator of aquatic ecosystem stress,
these findings underscore the effectiveness of combining FM valvometry and
CWT processing towards the establishment of real-time operational BEWS.

The utilisation of FMs in real riverine conditions did present logistical
challenges. While the monitoring station at the River Paglia was operational
for several months, the data acquired only covered the occurrence of a flood.
The lack of significant events during the monitoring period and the mor-
tality of some FMs prevented the acquisition of additional data that would
have been valuable for the analysis. Additionally, during the monitoring
activity after the flood event occurred on March 30, 2022, it happened that
metal particles occasionally suspended in the water, likely originating from
an upstream mine, accumulated on the magnets installed to the FMs, thus
altering the valvometric signal. In addition, the extrapolation of laboratory
results to natural conditions should take into account the greater variability
of boundary conditions concerning the parameter being monitored. The re-
sponse of the mussels is an expression of their reaction to changes in multiple
conditions that can only be controlled and restored to previous conditions in
the laboratory (and even then not completely). In this respect, the increased
activity in terms of energy content at the highest frequencies observed at
the end of the descending phase of the flood observed in the River Paglia
(see Figure 2.6c and d, between 20-23 hours) cannot be explained based on
the available measurements. For example, the water temperature (see Fig-
ure A.3) should not be influential, since it was always below the tolerance
threshold of the eurythermal generalist species we used and showed minor
changes during the period analysed (about 1.5 ◦C). It is likely that other envi-
ronmental variables, such as turbidity or specific FM behaviour after a long
disturbance, were involved. For these reasons, efforts to expand the dataset
for a more comprehensive analysis are planned and underway, and further
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studies should be conducted to deepen the behavioural characteristics of the
FMs in the field, investigate the limitations of the method, and develop pro-
tocols addressing them appropriately.

The results obtained pave the way for the utilisation of the valvometry
technique and of the signal processing framework presented here in opera-
tional BEWS in different contexts. Freshwater mussels can serve as indicators
to quantify the impact of both natural stressors (e.g. heat waves, droughts)
and anthropogenic stressors (e.g. hydropeaking, reservoir flushing, chemi-
cal contamination) on the aquatic ecosystem. As such, they can be instru-
mental in reporting the impacts of climate change on water resources and in
the management and permitting processes implemented by local authorities.
Future research should focus on extending the investigation of the respon-
siveness of freshwater mussels to other stressors (e.g. turbidity, temperature,
chemicals) and on verifying the effectiveness of the signal processing tech-
nique presented here in identifying possible synthetic indicators related to
different stressors.

In summary, based on the above insights the following conclusions can
be drawn:

- both free and immobilised freshwater mussels can serve as effective
ecosystem warning indicators in aquatic environments, with the choice
between them depending on the riverbed and flow rate conditions;

- immobilising the mussels to support constrains their behaviour, but
this results in sharper event detection compared to free mussels and
easier interpretation of the signals;

- continuous wavelet transform proves to be a valuable tool for inter-
preting the FMs signals. It is effective in identifying pseudo-frequency
features present in the signal over time and describing the response of
FMs to external perturbations, providing more informative results than
only looking at discontinuities in the opening time series;

- laboratory and field experiments with immobilised mussels demon-
strate their response to hydrodynamic stresses within a frequency of
valve gaping ranging from 10−3 Hz to 1 Hz. This frequency range is
larger than the background frequency range during normal behaviour
(around 10−4 − 10−3 Hz when taking the median across multiple in-
dividuals). These frequency values correspond to conditions that indi-
cate the presence of stressful conditions for the FMs, thus underscoring
the potential use of FMs as real-time BEWS for identifying potential
threats to the aquatic ecosystem;

- the comparison between pseudo-frequency-averaged wavelet spectra
obtained in the laboratory and in the field suggests the potential intro-
duction (subject to further data acquisition) of a simple indicator based
on power values to detect disturbances in the aquatic environment.
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Chapter 3

Towards the Development of
an Affordable and Practical
Measurement Device for
Turbidity and Stream-bed
Monitoring

3.1 Introduction

Sediment is a set of naturally occurring particles that are broken down from
rocks by weathering and erosion or formed by natural chemical processes or
biological processes [108]. Typically, sediment transport refers to the move-
ment of organic and inorganic particles in a moving medium, such as water
[213]. Sediment, as well as larger particles, can be transported at greater
rates when the flow rate is higher. During sediment transport in waterways,
particles can be suspended in the water column or simply pushed along the
bottom [63]. Generally, sediment transport can be divided into three types
based on the characteristics of the streamflow and carried material, as well
as the watershed: bed loads, suspended loads, and wash loads [79]. In a
bedload, the force of the water flow is sufficient to overcome the weight and
cohesion of the sediment, causing the sediment to move like roll, slide, or
bounce along a waterway’s bottom [138].In the stream, some of the smaller
and lighter particles can be pushed up into the water column and become
suspended. Moreover, suspended sediment in equilibrium in the bed can
change its concentration as a function of flow intensity. On the contrary,
there is a fine fraction of the suspension which is not in equilibrium with the
bed and is called washed-load. May not necessarily remain suspended if the
flow rate decreases[172]. Wash load is a subset of suspended loads. A wash
load differs from a suspended load in that it will not settle to the bottom of
a waterway during periods of low or no flow [132]. Quantifying sediment
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transport and deposition in the aquatic environment is essential for a bet-
ter understanding of geomorphology and ecosystem health. Due to the high
variability and complexity of sedimentary processes, the correlation between
modelling results and field measurements may not always be satisfactory.

Several studies demonstrate the multiple benefits of monitoring, from de-
termining turbidity levels and understanding scour/deposition patterns to
identifying sediment-related hazards. Topczewski et al. [206] and Klingeman
[100] both emphasize the importance of understanding the nature of scour
around bridge piers, with Topczewski specifically discussing the use of mo-
bile and fixed devices for monitoring. Fisher [64] provides a comprehensive
review of scour monitoring techniques, highlighting the potential of a novel
device that uses turbulence in open channels. Mueller and Landers [150]
focuses on the development of instrumentation for measuring scour during
high-flow conditions, with a particular emphasis on the use of fathometers.
These studies collectively underscore the significance of effective monitor-
ing in assessing the potential for scouring and maintaining water quality.
Clare et al. [48] emphasizes the importance of monitoring platforms for un-
derstanding turbidity currents, suggesting design modifications to improve
their resilience. Sutherland, Brampton, and Whitehouse [200] discusses the
monitoring and prediction of toe scour at seawalls, highlighting the need
for suitable timescales and the use of remote sensing. Howes, Lemckert,
and Moss [90] underscores the significance of long-term monitoring in as-
sessing water quality and understanding estuary processes, particularly in
the context of turbidity in the Brisbane River. Skarbøvik and Roseth [193]
explores the use of sensor data for water quality monitoring, demonstrat-
ing its effectiveness in detecting high values of suspended sediments and
other parameters. Various engineering projects utilize these monitoring ef-
forts, such as designing check dams to mitigate erosion and evaluating sed-
iment impact on bridge pier stability and also water quality based on tur-
bidity measurement. Adapting monitoring approaches based on sediment
transport types and objectives allows researchers and practitioners to man-
age sediment-related risks effectively and support sustainable development
in aquatic environments. To monitor sediments, different methods are uti-
lized, with a particular focus on assessing streambed elevation changes to
understand scour and deposition, as well as measuring turbidity to under-
stand suspension load. In terms of monitoring streambed changes, some
different discontinuous methods and technologies have been introduced in-
clude using erosion pins [70, 197], Surface Elevation Table (SET, [32]), Sedi-
mentation Erosion Bar (SEB, [214]) and levelling (e.g. total station theodolite
and differential GPS, Silva et al. [188]). The elevation can also be determined
with great spatial coverage through the use of airborne laser altimetry (LI-
DAR), photogrammetric and Structure from Motion (SfM) techniques [141,
67, 124]. There have been numerous automated instruments developed over
the years for continuously measuring sediment surface dynamics and tur-
bidity, such as the PhotoElectronic Erosion Pin (PEEP) sensor developed by
Lawler [111], resistive rods developed by Ridd [171], acoustic bed-level sen-
sors [4], and fiber Bragg grating [119]. In addition to these methods, the
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use of acoustic sensors, such as ALTUS [71], ADV (Acoustic Doppler Ve-
locimeter) and PCADP (Pulse-Coherent Acoustic Doppler Profiler) [222, 99],
solid electromagnetic properties [140] and Surface Elevation Dynamics (SED,
[92]). As the newly low-cost developed methods, we can mention the meth-
ods based on temperature and light intensity. The thermal scour-deposition
chain (TSDC) method uses temperature as a tracer to monitor streambed ero-
sion and deposition [120, 183, 205]. TSDC is similar to a technique used
for measuring seepage flux associated with surface water-groundwater ex-
change and hyporheic flows [83, 110, 134, 195], and it is based on the analyti-
cal solution of the one-dimensional heat transport equation in a semi-infinite
domain [54]. Another cost-effective method is using infrared LED and three
photodetectors as Matos et al. [133, 132] used. They used an infrared LED
and three photodetectors with three different positions related to the light
source—135º, 90º and 0º—resulting in three different types of light detec-
tion: backscattering, nephelometry and transmitted light, respectively. Us-
ing this design, it is possible to monitor in almost any type of environment,
offering a wide dynamic range and high accuracy for low and high turbid-
ity or suspended particulate matter (SPM) levels. An in-lab calibration of
the sensor was made to establish a relation between SPM or the NTU to the
photodetectors’ electrical output value in Volts. In light of the fact that low-
cost monitoring instruments present promising results and are cost-effective
and widely accessible, they have attracted the attention of many researchers.
Drawing inspiration from seminal works such as the Arduino-based water
analysis [107, 135, 55], researchers have showcased the viability of employ-
ing Arduino-based platforms for turbidity measurement. Trevathan, Read,
and Schmidtke [210] recalibrated an appliance sensor (DF Robot SEN0189
Gravity - also attenuation style) and designed a waterproof housing for de-
ployment in the field. Although their test measurements were between 0-20
Nephelometric Turbidity Units (NTU). Further, they were unable to over-
come the influence of ambient stray light on their sensor’s data. In following
of using the DF Robot turbidity sensor, Mokua, Ciira, and Kiragu [145] con-
nected to a wireless network system which easily helped them access the
data in a cloud drive. In this field study, the reported data was lower than
150 (NTU) which compares the turbidity during the flood event is signifi-
cantly low. In 2022, Droujko and Molnar [55], created a sensor which detects
scattered light from an LED source using two detectors in a control volume,
which can be placed in a river. Two sediment types were used in a mixing
tank experiment in which our sensor was compared to multiple commer-
cial turbidity probes over a wide range of typical river concentrations. As
a result, they were able to measure turbidity between 0 and 4000 NTU or 0
and 16g/L with precision and reproducibility. Their sensor can also be used
directly as a suspended sediment sensor without the need to calibrate to For-
mazin. In addition to being much cheaper than existing options of compara-
ble quality, the developed sensor was designed in particular for distributed
sensing across a network of rivers.

This chapter conducted within the framework of the Enterprising PRIN
Project (2017), aimed at the development of two affordable and practical
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systems for continuous real-time monitoring of streambed scour/deposition
and turbidity. In this regard, this work marks the next phase following the
aforementioned laboratory tests. It addresses the technical challenges related
to assembling and designing the system and sensors’ waterproofing. The
main monitoring system is designed using an Arduino board used as a data
logger with two different innovative low-cost, low-power types sensors, one
is a vertical BED-sensors (Bed Elevation Dynamics) string based on Light De-
pendent Resistor (LDR) to obtain the data about the Scour/Deposition in any
fluvial environments, the second one is the new design of DFRobot turbidity
sensor for the turbidity measurement. In this study, we address two main
challenges: i) build a cost-effective and practical waterproof housing for the
sensors, and ii) define a robust approach to analyse the signals. This chap-
ter is structured as follows. Section 3.2 provides an overview of the sensor’s
design and also describes the laboratory installation and experiments, and
then analyses approaches. In section 3.3, we show the results of the work
and draw the final conclusions in section 3.4.

3.2 Methodology

3.2.1 Design of monitoring systems

An Arduino Uno Rev3 board was used as a data logger in each monitor-
ing device, which is commonly used for sensor measurements. To enable
the system to record data over a prolonged period of time, a clock and a data
storage device must be implemented. Micro SD and a Real-Time Clock (RTC-
DS1302) module were connected to the Arduino for real-time data storage.
The light-dependent resistor (LDR) used to build the BED-sensors string was
NSL-19M51, and the turbidity sensor was the DFRobot Gravity analogue tur-
bidity sensor. The Arduino board is capable of supporting six sensors, but
more sensors can be added by improving the board. For the BED-sensor
string, two Arduino boards were synchronized and used to collect the data
from 12 LDR sensors, whereas one Arduino was used for the turbidity de-
vice. As the first challenge of this study was to create waterproof housing for
both types of sensors, several different waterproof housings for both sensor
types were tested in the lab. Figure 3.1 shows the sensor housing that was
selected for both monitoring systems during the experiments. In terms of
cost, ease of assembly, and material availability, these designs were the best
among other designs. Based on the fact that the analogue input of Arduino is
converted to digital values in such a way that the maximum 5 Volts are equal
to 1024. Therefore, the output of an Arduino board with any connected sen-
sor may range from 0 to 1024[-] or 0 to 5 Volts. Depending on the sensor
and application, outputs can be converted into any measurement unit. In
this study, the raw output of Arduino, ranging from 0 to 1024 [-], was used
for the BED-sensors string gauge. For the turbidity gauge, the raw outputs,
ranging from 0 to 5 Volts, were turned into the Nephelometric Turbidity Unit
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(NTU). This required a calibration procedure, which is described within the
laboratory experiments section 3.2.2.

Figure 3.1: Final sensor designs: a) BED-sensors string design, b) installed BED-
sensors string in the flume with showing 5 sensors upper that bed surface level,
c) turbidimeter design, d) two turbidity sensors fixed in waterproof housing, e)

one waterproofed turbidity sensor fixed in the shielded pipe.

3.2.2 Laboratory Experiments

The experimental investigation was conducted in two groups, with continu-
ous real-time monitoring of streambed scour/deposition using BED-sensors
string (B-series tests) and turbidity monitoring with low-cost turbidimeters
(T-series tests), at the Hydraulics Laboratory of Trento University (Italy) in a
flume with 10 (m) length and 0.4 (m) width (figure 3.2a). The experimental
details will be explained in the following:

Deposition/Scour Tests

As a part of this study, we introduced and evaluated a new type of BED-
sensors string based on LDR for different applications such as Check dams
and bridge piers while considering the position of the sensors string to the
flow directions (opposite to the flow direction and perpendicular to it) (fig-
ures 3.2 and 3.3). The LDR sensor’s response to bed surface changes was
validated by analyzing pictures taken with one camera (30 frames per sec-
ond) placed perpendicular to the flume in the monitoring area (30 frames
per second). By using MATLAB (MATLAB software, 2023R), we were able
to extract the bed surface line frame by frame, which allowed us to calcu-
late the elevation of the bed in front of the BED-sensors string over time.
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Following this, the bed elevation over time was compared with the bed el-
evation obtained by the string of BED-sensors. According to table 3.1, four
experiments were carried out with fine sand and silt (d50 ∼ 0.06 mm) as bed
material in a laboratory flume to test the performance of the BED-sensors
string. For the first experiment, Check dam (B-Test1), the BED bar was em-
bedded in the flume wall without protrusion (Figure 3.2). The operator of
the channel maintained the bed elevation between S10 and S11 (the last two
sensors under the bed) (see figure 3.1a) as normal bed elevation and kept the
gate at the end of the flume closed, then the water discharge was increased
to turn the fixed bed into mobile, leading to the formation of dunes with the
height ranging between S2 and S3 (by keeping the first two sensors, S1 and
S2, out of the bed). Once the bed surface was stabilized between S2 and S3,
when the dune passed the front of the BED-sensors string, the gate at the
end of the flume was suddenly opened (like a dam break) to decrease the
bed elevation. In order to test the performance of the BED-sensors string for
the second application, bridge piers, the string was fixed on two different
shapes and three different positions (Figure 3.3). In the experiments with
piers, the flow pattern around the piers was assumed to be symmetric, there-
fore, half the longitudinal of the piers was made as shown by figure 3.3. The
vertical string was embedded in the piers’ body and then fixed to the flume’s
wall (with protrusion) (figure 3.2). During these experiments (B-Test2,3, and
4) only scour (decrease in streambed elevation) was addressed. Hence, the
operator began with a bed elevation between S2 and S3 (the first two sen-
sors out of the bed) and then increased the discharge for the bed elevation to
reach between S10 and S11 (the last two sensors under the bed).

Figure 3.2: a) Experimental flume setup; b) plan views of BED-sensors string
setup in the flume; c) plan views of turbidimeters setup in the flume
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Figure 3.3: Different designs of Piers with the BED-sensors string; from the left
to the right: B-Test2,B-Test3,B-Test4

Table 3.1: BED-sensors string setup for the experiments

Experiment type Name Sensor face position to flow direction
Check dam B-Test1 Perpendicular

Pier1 B-Test2 Opposite
Pier2 B-Test3 Perpendicular
Pier2 B-Test4 Perpendicular

Turbidity Calibration and Tests

Turbidity monitoring systems do not directly display NTU as a standard
measurement unit. The standard solution Formazin was used to extract the
correlation function between Volt and NTU for each turbidity sensor. Ac-
cording to Table 3.2, a 5-point calibration was conducted using Formazin
4000 NTU. For the preparation of solutions, a 200 (ml) flask was filled with
the necessary volume of Formazin (Table 3.2) and the remaining volume was
filled up with distilled water. For one minute, each sensor was immersed in
the solution with data recorded every 2 seconds (0.5 Hz). In order to de-
termine how temperature environments affect sensor response in the labo-
ratory and field (for future work), calibration was performed at 2 different
temperatures (4°C and 16°C), the first with a cold liquid (4°C), and the sec-
ond at a normal laboratory temperature (16°C). During calibration, one well-
calibrated industrial turbidimeter was used to verify that the solution liquids
had the correct value. Following the calibration experiment, we determined
the Volt value corresponding to the NTU value and found the correlation
functions for each sensor. After calibration, for the main turbidity experi-
ment (T-series1), sensors were sorted in the flume as shown in figure 3.2.
Once the turbidity sensors (figure 3.1c, d, e) were submerged in the water,
random amounts of green clay were added to the water from the beginning
of the flume to increase its turbidity. Following the 9 steps of increasing
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turbidity, the channel operator increases the flow discharge to increase the
quantity of clean water in the flume water circulation to reduce turbidity.
A well-calibrated industrial turbidimeter was also installed in the flume to
validate the data obtained by the sensors during this experiment.

Table 3.2: Calibration concentrations based on 4000 NTU Formazin standard
solution with 200mL flask

Concentration (NTU) Volume of Fomazin (mL)
0 0

25 1.25
100 5
500 25
2000 100

3.2.3 Analysis Approaches

Deposition/Scour Tests

The analogue input ranging from 0 to 1024 was used in these experiments. A
lower value indicates that the sensor was placed in the dark, while a higher
value indicates that the sensor detected more light. The crucial part of the ex-
periment was determining the threshold value, the boundary between dark-
ness and light in the laboratory. Before starting this experiment with BED-
sensors in the flume, all the sensors were buried in the bed material to find
this threshold. Once the bed material was removed from the monitoring
area, the maximum values for each sensor were determined. Based on the
minimum and maximum values for each sensor, we were able to normalize
the sensor responses from 0 to 1. In this sense, a value of 0 indicates that
the sensor is completely buried, which means that the elevation of the bed is
higher than the elevation of the sensor, while a value of 1 indicates that the
sensor is out of the bed, meaning that the elevation of the bed is lower than
the sensor. It is also reasonable to assume that when the sensor value is close
to zero the bed surface is located near the sensor or the sensor is placed in an
active bed layer.

The images captured by the camera installed along the side of the flume
in the monitoring area were analyzed using Matlab’s image analysis tool-
box (2023R). By using this approach, each frame is divided into two colour
segments (one for the bed and one for the water) and by using an edge de-
tection algorithm, the line between the two segments is determined to be the
bed surface line (see figure 3.4b, c). Due to the fact that the camera captured
the frames from the side or back of the BED-sensors string (the waterproof
housing was not transparent), there is a discontinuity in the extracted line
(figure 3.4c). It was necessary to connect the last left point and the first right
point in the missing data area using four different scenarios as shown in
figure 3.4c in order to obtain the bed elevation in front of the LDR sensors.
For the first scenario, the last left point and for the second scenario, the first
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right point were taken as reference points, and the bed elevation in front of
the LDR was assumed to be at the same level as the left or right point. It
should be noted that these two scenarios did not work for all experiments,
but for B-Tests 2 and 4, the left value was the benchmark, and for B-Test 3,
the right value was the benchmark. In the third scenario, the left and right
points are interpolated linearly. Although this works, when the crest of the
dune is behind the BED-sensors strings or when the distance between the
left and right points is significant, this approach is not precise. In the last
scenario, the right and left lines followed their own slopes until they crossed
at the intersection point. This approach based on intersection points mostly
works for experiment B-Test1. We tested all possible scenarios for each ex-
periment and selected the best one based on the application. Consequently,
seven different bed surface lines were identified for each deposition/scour
test, four lines based on four image analysis scenarios and three lines based
on BED-sensors string indicating the line based on the response of LDR sen-
sors and lower and upper bound lines based on the resolution of the sensor
string (with a vertical distance of one cm between the sensors).

Figure 3.4: An extract of the bed surface line in one frame: a) Original frame, b)
colour segments, c) Extracted line based on pixel index.

Turbidity Tests

In order to determine the correlation function (NTU-Volt), MATLAB’s Curve
Fitter Toolbox (2023R) was utilized. As recommended by the sensor manu-
facturer, a polynomial fit type (degree 2) was used in this study.

3.3 Results and Discussion

3.3.1 Scour/Deposition Experiments

Herein, to be concise, we will analyse the check dam (B-Test1) experiment
and only one experiment of the bridge’s pier (B-Test2), among the three piers.
In Figure 3.5, 5 different frames at different time steps of the B-Test1 exper-
iment show dune movement (frames 1 to 3) and dam break (frames 4 and
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5). As explained in section 3.2.2, the experiment started with a stable bed
elevation ranging between S10 and S11. By rapidly increasing the flow dis-
charge, the operator formed an approximate 9 cm high dune, which means
that the streambed elevation reaches between S2 and S3. In this case, the
sensors were buried one by one from S10 to S3 (figure 3.5, frames 1 to 3).

After completing the first part of the experiment ( e.g., increasing the bed
elevation), the operator of the channel suddenly removed the gate installed
at the end of the flume, such as the dame break, in order to reduce the el-
evation of the bed surface (figure 3.5, frame 4 to 4). In Figure 3.6, a set of
four subplots is presented, each corresponding to one image analysis sce-
nario, illustrating the detected streambed elevation by BED-sensors string, as
well as the upper and lower bounds. Upper and lower bounds are basically
lines 1 cm above and below the line extracted by sensors. In the check dam
experiment (B-Test1) with step-by-step elevation increase, figure 3.6 clearly
illustrates that the lines extracted from the frames and by the BED-sensors
string are closely related. In the second part of the experiment, when the bed
surface rapidly descends (dam break), there is a time gap between the lines
obtained by frame analysis and the string obtained by sensors. The sensor
string shows the decrease in the streambed elevation before frame analysis
(by seconds), which indicates the frame analysis method based on the colour
detection counts the sediment active layer as the bed. When the sensors are
placed in the sediment active layer, a value greater than zero indicates the
sensor is out of the bed in the analysis based on LDR sensors. We cannot
expect the lines to overlap when there is an active layer, since the LDRs do
not consider the active layer as a fixed bed due to the presence of light, and
on the other hand, frame analysis detects similar colour between a fixed bed
and a mobile bed. In considering which frame analysis scenario is most ac-
curate and reliable for this experiment (B-Test1), it is important to note that
it is highly dependent on the position of the crest and lee trough of the dune
(figure 3.4), as outlined below:

- all the scenarios, when the crest and lee trough points both are on the
left side of the sensor housing;

- only scenario 4, when the crest point is on the left side of the sensor
housing and and lee trough point is behind it;

- scenarios 3 and 4, when the crest point is on the left side of the sensor
housing and and lee trough point on the right side of it;

- only scenario 4, when the crest point is behind of sensor housing and
lee trough point on the right side of it;

- all the scenarios, when the crest and lee trough points both are on the
right side of the sensor housing;

In view of the above items, it is evident that the correct elevation of the
bed surface for the check dam experiment can always be determined by sce-
nario number 4.
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Figure 3.5: 5 time-series frames showing an increase (frame1 to frame3) and de-
crease (frame and frame5) in streambed elevation in front of BED-sensors string

Figure 3.6: Extracted bed surface line based on the BED-sensors string and
Frame analysis: a) BED-sensors string versus Scenario1; b) BED-sensors string
versus Scenario2; c) BED-sensors string versus Scenario3; d) BED-sensors string

versus Scenario4

Following the check dam experiment, the B-test2 experiment was con-
ducted. Fig. 3.5 shows three time-series frames of this experiment. Frames
1 and 3 show the start and end of this experiment, whereas frame 2 shows
a random frame during the flume run. The operator started this experiment
with bed elevation ranging between S2 and S3 (the first two LDRs were out
of the bed), then by increasing the flow discharge gradually, the scour around
the pier was started. then by continuing to open the value of water till the
streambed elevation stays between S2 and S3. In the B-test2 experiment, as
shown in Figure 3.3, the face of LDRs was opposite to the flow direction.
Therefore, scenario 1 represents the best solution because it represents the
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exact elevation of the bed surface in front of the sensors. Figure 3.8 demon-
strates the results of BED-sensors string and frame analysis of the scour ex-
periment (B-Test2) based on only scenario number 2. Based on the results
of this experiment, it appears that the BED-sensors strings can be success-
fully used in piers. From the beginning of the experiment, the line extracted
by frames is between the upper and lower bounds and overlaps with the
line obtained by BED-sensors string. However, after the scours began, sen-
sors showed a lower bed elevation than the frame analysis, so by that time
two lines stayed in the same domain until the experiment ended. After re-
viewing the recorded video footage of the experiment, this hypothesis con-
firmed that sediment stuck to the flume wall during scour formation and the
real bed surface (in front of the LDRs) was lower than the streambed at the
flume sides, and by increasing the discharge in time in order to increase ero-
sion around the pier, the horseshoe vortex and down flow became stronger,
washing the side flume walls, which is the main reason that after a while the
bed line extracted by the frames back to domain between upper and lower
bounds.

Figure 3.7: 3 time-series frames showing scour around the in front to the pier
(B-Test2): a1, 2) frame 1 showing the bed elevation condition at the beginning of
flume run from two different side views; b1) frame 2 showing the bed elevation
condition at a random time step during flume run from a side view; c1, 2) frame
3 showing the bed elevation condition at the end of flume run from two different

side views.

3.3.2 Turbidity Experiments

Figure 3.9 shows the fitting curve and correlation functions according to the
5-point calibration experiment for two different temperatures. During the
calibration, sensor number 2 was not in service due to a technical problem,
so we continued with the remaining five sensors. Each turbidity sensor re-
sponded differently to each turbidity concentration, highlighting the impor-
tance of collaboration sensors separately. As well, these graphs demonstrate
that these low-cost sensors respond differently to different temperatures at
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Figure 3.8: Extracted streambed line based on the BED-sensors string and Frame
analysis (Scenario1)

the same concentrations of turbidity. Regarding starting the main experi-
ment, We performed it as explained in Section 3.2.2 with a water tempera-
ture of around 16°C (±2°C), so we could consider the correlation function
obtained with calibration at this temperature. Figure 3.10 shows the T-Test1
experiment’s result with some steps in the increase and decrease of turbidity.
This figure clearly illustrates that the low-cost sensors demonstrated step-
wise behaviour both in increasing and decreasing turbidity during the ex-
periments in the same manner as the expensive turbidimeters. The low-cost
sensors did not have a good match and convincing overlap with expensive
turbidimeters from the beginning. By the time, in the higher turbidity val-
ues, sensors show more acceptable responses than in the beginning. As it is
clear, these sensors are not precise in low turbidity and more reliable at high
turbidity which one of the reasons can be the calibration approach. By hav-
ing more points and turbidity concentration at low turbidity, probably this
part will be correct. Only sensor number 6 responded differently than other
sensors by showing lower values, which can be related to the way that water
was turbidized (random amounts of green clay were added to the water at
the beginning of the flume, which was not thoroughly mixed in the flow), or
the position of sensors in the flume. According to these results, the affordable
device for the measurement and monitoring of turbidity shows the potential
of the device, but it needs to be improved more for laboratory work as well
as in the field.

3.4 Conclusion

The purpose of this chapter was to introduce and evaluate two practical and
cost-effective measurement devices for turbidity and streambed scour/ de-
position. It was an original idea to develop a streambed scour/deposition
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Figure 3.9: Calibration results showing the correlation functions between NTU
and Volt for two different Temperature

Figure 3.10: Result of T-Test1 with 5 low-cost turbidity sensors in the flume.

monitoring system using LDRs, which was developed, and tested in the lab-
oratory, but the turbidity sensors used in this study were introduced in pre-
vious works, however, in this study, the design and assembly of the system
have been improved with the potential of use in the field. The following
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items can be mentioned as key research results and some suggestions for
future works:

- a new BED-sensors string based on LDRs has been introduced and
successfully tested in the laboratory for different applications such as
check dam and pier of bridge dealing with streambed scour and depo-
sition. A promising result indicates that this device can also be used in
the field;

- a new turbidimeter based on low-cost turbidity sensors has been in-
troduced with a new design and waterproof housing. this device was
successfully calibrated and then tested in the flume with different tur-
bidity stages (increase and decrease in flow turbidity). A promising
result at high turbidity indicates that this device can be used in the lab-
oratory and field and with an improvement in the calibration method,
the device also can be reliable in low turbidity;

- the new BED-sensors string based on LDRs proved based on the present
study that can be used in the field studies, but the designs of water-
proof housing must be improved and equipped to the light source to
remove the effect of day/night light on the sensor results;

- based on the present study, a new turbidimeter based on low-cost tur-
bidity has been proven to be used in field studies. However, the sensors
are not equipped with a wiper (expensive turbidimeters are equipped
with a wiper), so the sensor cover will become dusty after some time,
and the results will not be reliable unless the cover is cleaned regularly.
Since we are still working on this device and trying to use it in field set-
tings, I am pleased to inform you that we have found a temporary, yet
cheap and environmentally friendly solution to keep the sensor’s cover
clean for approximately one to two weeks, depending on the turbidity
of the flow stream.
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Chapter 4

An Entropic Approach to
Ordinary Bedload applied to
Flume and case studies

4.1 Introduction

In far and recent years, theoretical and experimental studies have continu-
ously been conducted on sediment transport in rivers and torrents. Sediment
transport is a fundamental process in nature, governed by complex momen-
tum and energy exchanges between water and solid phases, also involving
particle collisions. Turbulent eddies in the liquid phase are strongly modu-
lated by the suspended grains, or by their rolling and jumping over the bed,
in a way that is still not fully understood. Several research works have been
conducted to investigate the characteristics of sediment transport under dif-
ferent flow conditions [1, 44, 204, 224, 175, 221, 104, 112, 13, 93]. Ordinary and
intense bed-load represent the two transport regimes that are focused on in
this work and are characterized by the random movements of isolated parti-
cles, or by the formation of a sheet layer of moving particles (over the mobile
or rocky bed), respectively. Monitoring bed-load transport in the field can be
logistically onerous, costly, time-consuming, and affected by several uncer-
tainties, especially during high flow conditions [53, 122, 125]. It has been the
focus of scientists for the past several decades to develop reliable approaches
for monitoring and evaluating morpho-dynamic changes with minimization
of the effort in terms of cost, time, and physical activity in the field. Sime,
Ferguson, and Church [189] discussed the calculation of bed shear stress
based on the ADCP data. The authors tested various alternatives for esti-
mating local bed shear stress in the lower Fraser River in Canada by using
the logarithmic law of the wall and ADCP transects. By contrasting estima-
tions from the outbound and return boat tracks, repeatability and accuracy
were evaluated. According to the results, the most reliable method utilized
a zero-velocity height according to the characteristics of the bed grain size,
and a vertically averaged mean speed. In Mao et al. [125], it was analyzed
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the effective slope, which is a fraction of the topographical slope to be associ-
ated to the bed load. They considered sediment transport data collected over
2014 and 2015 at Estero Morales, central Chilean Andes based on inter-day
surveys of tracer displacement. They utilize passive-integrated-transponder
tracers (PIT tags are transmitters without batteries) that emit an identifica-
tion code by radio which are embedded in the sediment. They developed
probabilistic distributions of resting times and flight distances of particles by
exploiting the measurements and a generalization of the Einstein theory [59].
Guterres et al. [78], also used acoustic methods to quantify bedload trans-
port in rivers, including the Acoustic Doppler Current Profiler (ADCP), the
Dune Tracking Method (DTM), and Hydrophones. Based on the results of
this study, it can be concluded that hydrophones represent an efficient and
accurate tool for the evaluation, through the analyses of the signals, of the
bedload fluxes in rivers. An Acoustic Mapping Velocimetry (AMV) method
was proposed by Muste et al. [151] for determining the characteristics of bed
load transport in the field. By using a dune-tracking method (DTM), AMV
may be employed for characterizing the shape and dynamics of the bedform
and estimating bed load transport rates. Because the AMV protocol is unique
and relies heavily on numerous site-specific assumptions and user-defined
parameters, an assessing comparison is presented in Muste et al. [152] be-
tween this new methodology and three existing non-intrusive DTM-based
methods and analytical predictors. Among the outcomes of the Enterprising
PRIN Project (2019), funded by the Ministry of Education, University and Re-
search of Italy (MIUR), Modesto et al. [144],Termini et al. [203] and Pilbala et
al. [164] developed biosensors for evaluating the inception of sediment trans-
port processes (or their ceasing), testing them in controlled laboratory flows
and applying afterword the system in real conditions. Based on frequency
analysis of mussel valve gaping (opening and closing sequence), these stud-
ies demonstrated that freshwater mussels can be used as a reliable bioindi-
cator to provide information on rapid changes in the discharge. However, it
is still unclear how multiple external sources, such as flow velocity and bed-
load rate (but more ones could be considered, such as polluted suspensions),
with or without sediment transport, can affect biotic communities in aquatic
ecosystems. Developing hybrid theories by combining existing ones, can
also yield a significant contribution to the interpretation of sediment trans-
port. They typically require some specific field data to eventually evaluate
the bedload transport. Following this line, we introduced the entropy theory
in the context of ordinary bedload. The entropy theory is commonly used
to get the velocity distribution of transects in clear water river flows [43, 45,
196, 46, 148, 202, 192, 57, 15, 14]. It was also applied to predict the location of
the velocity dip [142], always in clear water river flows, or to get the concen-
tration profiles of turbulent suspension of fine particles in plain rivers [131,
130], or the concentration profiles of collisionally suspended coarse fractions
in steep torrent, e.g., in sheet and debris flows [118, 191].

Together with entropy theory, we adopted the Einstein statistical approach
to the description of ordinary bedload, In particular, we utilized the funda-
mental Einstein’s conjecture, stating that, for a specific sediment type, grain



4.2. Dataset 45

displacements, in ordinary bed-load regime, have a mean value independent
of bedload rate. This milestone concept opens a way to use the entropy the-
ory to shed light on the resting-time statistics, as we have described in the
paper. We applied this approach to three flow conditions, namely to exper-
imental and field data, that offered us chances for various theoretical inter-
pretations. The first flow condition is the laboratory experience described in
Fraccarollo and Hassan [68]. They developed an analytical interpretation of
the data by considering the effects of grain entrainment and deposition on
the images. Their results showed that for a specific sediment type (they used
almost identical particle analogues) and bed slope, grain displacements had
a mean value independent of bedload rate, as suggested by Einstein [59].
We moved on from their results and inferred how the entropy theory can
be applied to produce statistical information on resting times. The probabil-
ity distributions derived from the experimental data and the entropic ones
match satisfactorily.

Two real flow domains have been further considered. In the former, a
major river in Italy, we had the chance to use ADCP flow data and applied
extensively the entropy theory, to both the liquid velocity field and the parti-
cle resting times. We show how from topographic data and some unintrusive
measurements (the flow velocity at the surface, for instance), it is possible to
obtain information about sediment discharge and particle movement statis-
tics. In the latter case, a small catchment, endowed with glaciers, feeds a
steep stream presenting a complex bathymetry with macro-roughness, very
different from the previous case. The challenge here was to include the grain-
size distributions in the approach, which ended up with a deep revision of
the Einstein conjecture when the moving grains have a poorly sorted distri-
bution.

This chapter is organized as follows: Section 4.2 is devoted to the pre-
sentation of the case studies and relevant datasets. Section 4.3 is devoted to
the approaches of both ordinary bed load, according to Einstein [59], and the
inherent application of entropy laws. Section 4.4 will show all the obtained
results, in the various applications, along with their discussion. Section 4.5
will deploy our conclusions.

4.2 Dataset

This paper presents data from three sources as explained in the following.

4.2.1 Flume experiments

The first dataset was obtained from nine experimental runs, conducted in a
10 cm wide and 6 m long recirculating flume at the Hydraulic Laboratory of
University of Trento, Italy, by Fraccarollo and Hassan [68]. In each run, sed-
iment and water discharges were constant, and the flow was uniform. All
runs had low bed-slopes (approximately 0.3◦ ÷ 0.5◦ ) and mobile bed, con-
sisting of well-sorted (in size and shape) PVC pseudo-cylindrical grains of
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equivalent spherical diameter d = 3.3 ± 0.08 mm (mean ± standard devia-
tion). The specific submerged density of the particles was s = ρs/ρw = 1.51,
where ρs and ρw are the mass densities of grains and water, respectively. The
fall velocity of the particles was approximately w = 0.18 m/s and their crit-
ical angle of internal friction was about 31◦, measured at very slow shear
rates. The runs present flow depths h between 2 ± 3 cm and flow discharges
per unit width between 5 and 15 m3/(ms).

4.2.2 Adige River (Italy)

The Adige River is the second largest river in Italy (after Po River), is located
in North-East Italy with 409− km long and has a basin of around 12, 100 km2

(Figure 4.1). Its stream crosses, from the source, several important urban
centres such as Bolzano, Trento, and Verona. For the present study, field
measurements at three different flow conditions (high, moderate, and low
discharges) have been carried out at the Hydrometric station of Ponte Adige
(UTM WGS84 676827 m / 5150310 m ) by the Department of Hydrology and
Dam, Autonomous Province of Bolzano (Table 4.1). During the field cam-
paigns, since 2020, an Acoustic Doppler Velocity Profiler (ADCP) was used
to collect the flow velocity field in about the same cross-section. Adige River
in this section has a slope of about 0.067% with a width from 36 to 46 me-
ters and a water depth between 2.1 to 3.3 meters, considering the three flow
events. Beyond some perusal of in situ photos, additional information on
morpho-dynamics and bed texture of Adige River, in the reach of interest,
has been sieved from Welber et al. [217], and Scorpio et al. [182]. As men-
tioned by Welber et al. [217], d50 at the Adige section is equal to 0.0105 m.
From in situ observation of the bed surface, through visual surveys and sam-
ple collection, we inferred that the texture of the sediment forming the bed
surface and sub-surface can be adequately depicted as well sorted. A sin-
gle value of the grain size is therefore representative of the particles in the
bed and in the transport. From velocity fittings with logarithmic profiles, we
found es ≈ 2d50.

Table 4.1: Information about the three ADCP measurements in Adige River.
Data Flow Condition Discharge

(
m3/s

)
Maximum Depth (m) Chanel width

1.6.2021 Low 74.64 2.1 35.3
2.8.2021 Moderate 116.13 2.4 37.6
31.8.2020 High 173.83 3.2 45.7

4.2.3 Estero Morales (Chile)

The study was conducted in a reach of the Estero Morales, a steep stream
in the central Chilean Andes (Figure 4.2). The basin extends for 27 km2,
with an elevation between 1780 and 4497 m a.s.1. Several relatively small
glaciers above 2700 m a.s.1. [126]. Mean annual rainfall, as measured in the
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Figure 4.1: Left panel: map of the Adige River and its catchment, showing the lo-
cation of the hydrometric station. Right panel: map of the stream Estero Morales

and its catchment, showing the location of the hydrometric station.

lower part of the basin, is around 550 mm. The climate is Mediterranean,
with snowfall from April to September, with occasional convective summer
storms and late summer rain. The catchment is covered by snow for approx-
imately 5 months a year; discharge mainly results from snowmelt in late
spring (from late September to November) and glacier melt from December
to March. Due to the hydrologic input, the fluent discharge is characterized
by almost regular, repeatable, daily fluctuations. The stream in the study
reach is steep (0.14 m/m), and the channel width is approximately 7 m. The
study reach is 760 m long and is located just upstream from the confluence
with the El Volcan River. Figure 4.2 shows a typical channel unit, with rapid
flow, small cascades, and sparse boulders. Coarse sediment mobility in Es-
tero Morales was investigated using natural clasts equipped with 23 mm -
long radio frequency identification (RFID), and passive integrated transpon-
der tags (PIT), [82, 116]. PIT tags are transmitters without batteries that emit
a code by radio frequencies, which are detected, and their position is deter-
mined by a short-range antenna. In all, in 2014 - 2015, about 850 grains were
equipped with PITs and poured in Estero Morales, with sizes in the range
from 27 to 420 mm (Figure 4.2). After several surveys, hundreds of resting
times or flight distances were measured.
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Figure 4.2: Left: view of the stream. Center: size distribution of PIT tracers, bed
surface, and subsurface. Right: intra and inter-day measurement of local depth.

4.3 Theoretical backgrounds

4.3.1 Ordinary bed-load regime

The Shields parameter (θ), the longitudinal slope
(

i f

)
, the density ratio

(s = ρs/ρ) (between solid and liquid densities), and particle Reynolds num-
ber ( Rep

)
, are the four parameters that dictate the transport regime in turbu-

lent flows. Shields and particle Reynolds numbers are:

θ =
hi f

∆d
; Rep =

d
√

g∆d
v

(4.1)

being d the reference grain size, h the uniform flow depth, g the gravity
acceleration, ∆ = s − 1 the submerged density ratio, and v the liquid kine-
matic viscosity. They represent, respectively, the dimensionless shear stress
at the bed, and the ratio of submerged particle gravity and viscosity forces.
Berzi and Fraccarollo [21, 22] used two of them to build a regime map to il-
lustrate the different transport regimes. Figure 4.3 reports a two-dimensional
representation of the regime map, where the density ratio is assumed order
of thousand and the slope mild (< 1◦). This map distinguishes the bound-
aries between ordinary bedload, collisional, mixed, or fully turbulent sus-
pensions. It also reports the Shields line, which represents the incipient con-
dition for the grain motion. When θ is larger than θc, some sparse grains start
moving. As reported by Berzi and Fraccarollo [21, 22], sediment transport
ceases to be free from the lifting effects of turbulence for the large magni-
tudes of the Shields number. We populated the map with data referring to
the three situations focused on in this paper. We see from the graph that they
all dwell in the ordinary bedload regime.

4.3.2 Determination of resting time pdf via the Shannon en-
tropic approach

The dimensionless volume of sediment per unit width (q̃s) can be estimated
by using a capacity formula (i.e., the bed is mobile and on its surface, the rate
of grains entrained and dis-entrained is in equilibrium), among the several
available ones deemed appropriate to quantify ordinary bed-load sediment
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Figure 4.3: Regime map for the sediment transport. Blue dots refer to the four
experimental runs, red to Adige River, black to Estero Morales.

discharge and based on a pseudo-mechanical rationale. It was not the pur-
pose of the present analysis to deepen this topic by deploying weaknesses
and merits of the various formulas. Instead, we choose one of these capac-
ity formulas, and accept the sediment discharge values it gives, beyond any
comparison with the other ones and without calibration against data. We
opted for the well-known Meyer-Peter and Müller [138] equation:

q̃s =
qs√

(s − 1)gd3
= 8 (θ − θc)

1.5 (4.2)

where θ is reported in equation 4.1, θc is the critical Shields magnitude,
below which the sediment discharge is null or negligible (see Figure 4.3), a
concept which has been thoroughly discussed in the last two centuries and
more (e.g., Brahms [29]). θc in a well-sorted bed can be simply assumed con-
stant and can be assigned a value, as reported in many papers, dating back to
Shields diagram [186], though old and recent contributions deeply address
doubts [59] and/or inconsistencies, which must be must be addressed and
resolved [157]. Though we acknowledge the importance of the work behind
it, we deem this is not among the foci of our analysis and put θc = 0.047,
as suggested by Meyer-Peter and Müller [138]. Regarding the ordinary bed-
load, Einstein [59] introduced a breakthrough in the calculation of sediment
discharge, consisting of a probabilistic approach to describe and evaluate the
sediment discharge per unit width, which ends up with:

qs = ELVp (4.3)

in dimensional and non-dimensional ways, a simple product of three
multipliers, or statistical predictors. The E is the mean number of particles
entrained per unit of bed surface and per unit of time; L is the mean travel
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distance run by particles between two subsequent rests (or flight distance);
Vp is the representative particle volume. Einstein’s basic conjecture is that L
is proportional to the grain size, independent of the transport stage, in the
bed-load regime. Following Einstein [59], several models based on a prob-
abilistic description of the bed-load process have been proposed [158, 156,
3, 105, 61]. Be Tr the resting time, which elapses from any dis-entrainment
of grain and its subsequent entrainment. Since we can neglect the times as-
sociated to the movement compared to the resting times, we can assume
E =< T−1

r > d−2. The particle volume is about Vp ≈ πd3

6 , while L is associ-
ated to the grain size (d), according to some algebraic law, and, quite impor-
tant, is independent of the sediment-discharge intensity. Einstein [59] semi-
nal proposal was L ≈ 100 d. We use d, g, s to get the predictors in dimension-
less form. Hence, the dimensionless resting time is T̃r = Tr

√
g(s − 1)d/d.

With this and the previous definitions, we get this dimensionless form of
equation 4.3:

q̃s = ẼL̃Ṽp (4.4)

where:

q̃s =
qs√

g(s − 1)dd
; Ẽ =< T−1

r >= E
√

g(s − 1)/d5/2; L̃ =
L
d

and Ṽp =
π

6
≈ 1

2
(4.5)

In equations 4.4 and 4.5, L̃ is the dimensionless form of L, for which Ein-
stein [59] proposed

L̃ ≈ 100(−) (4.6)

Some research studies considered the range of L̃(−) between 1 and 100
[184, 113, 105, 129, 35, 68]. By substituting the dimensionless predictors
(equation 4.5) into equation 4.6, and accepting the Einstein assumption (equa-
tion 4.7), we find:

Ẽ =
〈

T̃−1
r

〉
≈ 0.02q̃s (4.7)

which shows a linear relation between the dimensionless sediment dis-
charge, q̃s, and

〈
T̃−1

r
〉
. We will see afterwards, in the Estero Morales situ,

how a change in the relation between L and d would affect the proportional-
ity reported in equation 4.7.

To connect the above-described finding based on Einstein’s statistical ap-
proach to the probability density function (pdf) of T̃r, we address our atten-
tion to the entropic procedures presented in several studies [42, 43, 147, 149,
69], among others. Let us annotate with p̃(ỹ) the probability distribution
density function of the random dimensionless variable ỹ. The fundamen-
tal premise consists of the definition of the Entropy equation [185], which,
among a set of probability distributions, draws the p̃(ỹ) satisfying the maxi-
mum Entropy principle, as follows:

max H( p̃), with H( p̃) =
∫

p̃(ỹ) log{ p̃(ỹ)dỹ} (4.8)
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For the optimum distribution, the Shannon Entropy is reduced to

p̃
(

T̃−1
r

)
= eλ1−1eλ2(T̂−1

r ) (4.9)

where we substituted ỹ = T̃−1
r ; λ1 and λ2 are Lagrange multipliers asso-

ciated the following constraint equations:∫ ∞

0
p̃
(

T̃−1
r

)
d
(

T̃−1
r

)
= 1 (4.10)

∫ ∞

0
T̃−1

r p̃
(

T̃−1
r

)
d
(

T̃−1
r

)
=< T̃−1

r > (4.11)

By substituting equation 4.9 into equations 4.10 and 4.11, and solving the
integrals in equation 4.12 and 4.13, we get:

eλ1−1 1
|λ2|

= 1 (4.12)

eλ1−1 1

|λ2|2
= 0.02q̃s (4.13)

Finally, λ1 and λ2 can be made explicit: λ1 = 1 + ln
(

1
0.02q̃s

)
and λ2 =

− 1
0.02q̃s

. With them, finally, p̃
(
T̃−1

r
)
, given in equation 4.9, is achieved.

The final step is to move from p̃
(
T̃−1

r
)

to p̃
(

T̃r

)
, as it was pursued in

Fraccarollo and Hassan [68] and Mao et al. [125], as well. In statistics, this
requires:

p̃
(

T̃r

)
= p̃

(
T̃−1

r

) (
T̃−1

r

)2
(4.14)

The theoretical procedure above outlined eventually was able to merge
the Einstein theory to describe and evaluate a physical process like bed-load
and the general Shannon Entropy theory borrowed from the Information or
Thermodynamics worlds. In the present study, these theories are linked to
each other straightforwardly.

4.4 Results and Discussion

4.4.1 Experiments

The developed theory is compared to the experimental data set described by
Fraccarollo and Hassan [68] to see how they compare. The experimental con-
ditions and measurements are fully described in Fraccarollo and Hassan [68].
From their study, the size of the mono-dispersed grains is d = 0.0031(m), the
dimensionless sediment flux is measured (q̃s = 0.0180, 0.035, 0.089, 0.2), and
p̃
(

T̃r

)
are obtained. Figure 3 compares the distributions p̃

(
T̃r

)
provided in

Fraccarollo and Hassan [68] and corresponding ones given by equation 4.14.
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The results confirm a good matching between the experimental and Entropy
theoretical outputs.

Figure 4.4: Probability density functions of the resting times from measurements
(solid lines) and Entropy theory (dotted lines).

The distribution peaks have decreasing values as the intensity of dis-
charge increases, and vice versa, the corresponding modes are getting higher.
The measured modes span from a few seconds (q̃s = 0.2), up to a couple of
minutes (q̃s = 0.018), the mode values decrease as the discharges decrease.
They vary from a few minutes for the high flow condition, up to hours for
the less intense case.

4.4.2 Adige River

In Adige River, we had the opportunity, and the need, of a double employ-
ment of the Entropy theory. In the first, the velocity distribution is targeted
and then, we examine sediment transport.

We will deal with the velocity field in a cross-section (Ponte Adige, Bolza-
no), where the ADCP data have been collected by Ufficio Idrologia e Dighe,
Provincia Autonoma di Bolzano. An important branch of the entropic ap-
proach developed and reported in several works [43, 146, 148, 147, 190, 14],
deals with the velocity field; hence, we decided first to assess it against the
measured data and then to extract the Shield dimensionless stress all over the
boundary of the cross-section. After that, we will evaluate the sediment dis-
charge through a capacity formula for a monodispersed bed; finally, we will
get the p.d.f. of the resting time, following what was previously described in
the experimental case (Section 4.1), which shares with the present river reach
a monodisperse grain size of the bed.
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The cross-section is split with vertical bins of constant width. According
to Chiu [43] and Moramarco, Saltalippi, and Singh [146], the following func-
tion defines vertical velocity distribution along a vertical axis in a generic i-th
bin:

u (xi, y) =
umax (xi)

M
ln
[

1 +
(

eM − 1
) y − hB

h (xi)− D (xi)
exp

(
1 − y − hB

h (xi)− D (xi)

)]
(4.15)

where the coordinate x is the transect line placed at the free surface, run-
ning in the spanwise direction, with the origin at the left bank; xi is the center
position of the i-th vertical bin, y is the local vertical coordinate, with origin
at the bed where velocity is null, and hB is the local vertical coordinate of bed
surface from the thalweg position, u is the local time-averaged magnitude of
velocity, umax (xi) is the maximum value of u along the i-th vertical, h (xi)
the local flow depth, D (xi) is the dip, i.e., the difference between h and the
position of y corresponding to umax (xi); it can be placed at (D = 0), or be-
low (D > 0), the water surface. In equation (15), four inputs are supposed
to be available. They are: M, h, D and umax (xi). The knowledge of the cross-
section topography, and of the position of the free surface, gives h (xi). We
own this datum from the surveys associated to the ADCP measurements. M
could be considered a unique value for the entire cross-section [146], but we
allow it to change with the discharge. There, Table 4.2 reports the values of
M we got based on Moramarco, Saltalippi, and Singh [146].

Table 4.2: M for the chosen transects

Flow Condition Mean u (m/s)ADCP Maximum u (m/s)ADCP M
LF 1.26 1.8 2.73
MF 1.57 2.2 2.97
HF 1.83 2.5 3.27

Figures 4.5 (a, b) illustrate the cross-sectional velocity maps obtained by
the Entropy with the ADCP measurements for high flow conditions (for the
low and moderate flow conditions please see figures A.5 and A.6). Dplot
(Hydesoft Computing, LLC) interpolated the velocity data across the whole
cross-section. To ensure consistency between the ADCP data in the trans-
verse and vertical directions, the data had to be interpolated, since the two
sets of data had different mesh sizes and were unorganized. The interpola-
tion allowed the ADCP data to have the same mesh size as the output ve-
locity distribution produced by the Entropy model. In this direction, Dplot
(Hydesoft Computing, LLC) interpolated the velocity data across the cross-
section. Dplot offers two different interpolation options: planar and quadratic.
We applied both and presented, the smoother colour maps, obtained with the
latter one. The calculated velocity map (Figure 4.5b) is interpolated with the
same cell size of 0.1 m of the ADCP measurements. The information on links
between the maximum, mean and surface velocities, the Entropy parameter
(M), dip (D), and depth (h), provided by Moramarco, Saltalippi, and Singh
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[146]. Figure 4.5(a) presents blank areas near the surface and the bed in the
ADCP output; the Entropy theory is also useful to make up this missing in-
formation, getting the full velocity field. However, the lack of data in these
zones has a minor effect on predicting the mean velocity, and consequently,
on the total flow discharge and sediment discharge [15, 16]. In Figure 4.5(b),
we appreciate that the Entropy model simulates well the measured velocity
field, with better accuracy in zones with large velocity values.

Figure 4.5: Colour maps of the Velocity field in the cross-section for the high flow
condition: a) based on the ADCP data, b) based on the Entropy theory. Ponte
Adige cross section, high flow condition. c to g) random velocity profiles from

the left bank to the right bank. h) distribution of Shields stress.

In Figure 4.5(c, d, e, f, and g) the velocity profiles for five verticals at ran-
dom positions ( xi = 0.2m, 0.32B, 0.5B, 0.68B, 0.8B, where B(m) is the channel
width of the free surface in the transect). These figures point out that the ve-
locity profiles obtained by Entropy are in good agreement with the velocity
profiles measured by ADCP. Some factors are responsible for the deviations
between the measured velocities near the bed and the dip values and their
corresponding computed ones, as it appears in the c and g panels of Figure
4.5: a) secondary currents; b) postprocessing and smoothing the raw data of
ADCP [153]. In addition, let us shortly recall that entropic velocity profiles
in rivers apply in clear water conditions. There is no literature contribution
considering the flow of a mixture (water and solids) with significant stress
generation in both phases. By accepting the entropic distribution of equation
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4.15, we are therefore going to assume that the presence of a thin bedload
layer over the bed does not significantly alter the velocity field.

Our aim, in this section, is to obtain the shear velocity at the bed, u∗ at
each vertical, which may be then associated with grain entrainment and sed-
iment transport. We locally chose an approach based on the classic turbulent
logarithmic velocity profile over a rough wall [219, 213], which leads to:

u∗ = kes
du
dy

(y = es) (4.16)

where k is the Von-Karman constant and es is the roughness, the distance
from the bed where the velocity becomes null, according to the previous ap-
proach [219, 213]. The velocity strain rate is calculated by exploiting the
entropic profile (equation 4.15 ). Then, the mobility Shields parameter, θ
(equation 4.1), can be calculated.

Finally, the dimensionless and dimensional (q̃s, qs) sediment volumetric
discharge, per unit width, can be estimated by using both the Einstein equa-
tion 4.4 and the Meyer-Peter and Müller equation 4.2.

To face the bedload process in the Adige River site, we left from the shear
stress value above determined along the cross-section. Figure 4.5(h) illus-
trates the Shields distribution along the cross-section. The mean values of
the Shields are 0.06, 0.08, and 0.1 for the low, medium, and high flow rates,
respectively. The Shields values, in all flow conditions, were close to the
critical Shields, Θc = 0.05, which means that the bed load is not intense, but
ordinary (Figure 4.3). Equation 4.5, or any other capacity sediment discharge
can be used to evaluate the dimensionless sediment discharge.

Once the Shields distribution and the sediment discharge are known, the
statistics of particle resting times can be represented by applying the Entropy
approach above outlined (see Section 4.3), exactly as before was done with
the experimental data. The bed material is well-sorted and represented by
a single value. Figure 4.6 shows the obtained probability distribution func-
tions (p̃

(
T̃r

)
) for the three flow conditions at the Adige cross-section. This

figure indicates that the higher the flow discharge, the higher the peak val-
ues of p̃

(
T̃r

)
, and a similar trend holds for the mean resting time. Associated

with the peaks, the mode values decrease as the discharges decrease. They
vary from a few minutes for the high flow condition up to hours for the less
intense case. Incidentally, these real situations exhibit much higher resting
times than the value measured in the above-presented experimental runs.

According to this outcome, it is possible to figure out a physical definition
of what the boundary between ordinary and collisional suspended bed-load
is. Let us imagine starting from an ordinary bed-load condition and then
gradually increasing the flow intensity, namely the Shields stress. As de-
scribed in Berzi and Fraccarollo [21] and the regime map of Figure 4.3, the
boundary with collisional suspension is approached; along with Shields in-
crement, a layer of moving grains that undergo mutual collisions and have
little, nearly no rest time [68, 23] is progressively taking place. Under these
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conditions, resting times become unimportant and the Einstein theory does
not apply anymore; what matters is the frequency and type of collisions.

Figure 4.6: P.d.f. of the resting time for the three monitored flow conditions in
Adige.

4.4.3 Estero Morales

Mao et al. [125] presented a work on Estero Morales (Chile) in which the pre-
sented resting times are either directly measured or inferred. These data refer
to a sequence of daily floods and the direct measurements took place during
the low stage between two or more subsequent floods, when it was possible
to wade the stream and recover the PIT tracers. To interpret our dataset, Mao
et al. [125] relaxed the Einstein constraint and adopted the following linear
relationship [34, 126], still independent of the bed load intensity:

L̃ = L̃0 + ω̃ (4.17)

Being L̃0 = L0/d; in it, the L0 is expected to be a constant greater than 0,
given that L̃ must be positive for any value of the grain size d. Hence, it is
possible, at least theoretically, to assign a negative value to the constant co-
efficient ω̃, though it was always positive in experimental studies [34]. The
presence of L̃0 alters the original formulation of Einstein

(
L̃0 = 0, ω̃ = 100

); it implies that there are parts of the bed surface occupied by stable bed-
form structures over which particles do not stop during ordinary events (i.e.,
floods are not able to destroy the bedforms). Our results further show that
the relation between Li and di does not confirm Einstein’s assumption that
ω = 100 and c = 0 m. Indeed, the flight distance of single grains decreases
with particle size, and we obtained values of ω and c of 200 [-] and 50 m,
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respectively (Figure 4.7). Interestingly, ω is negative, revealing that in a nat-
urally structured step-pool channel experiment. Sediment mobility is com-
pletely different from flume runs with well-sorted sediments and no bed-
forms [34, 68, 105, 113]. Deviations from Einstein’s conjecture were reported
by Habersack [80] in one of the first reports on step lengths and rest periods
using tracers in the field.

The resting times in Mao et al. [125] were obtained by direct measure-
ments or, indirectly, through equation 4.14, which permitted to extraction of
one or more resting times from any inter-survey displacement. These data
showed no clear dependence on the grain size. Nonetheless, it is quite obvi-
ous that the grain size should matter when processes relevant to sediment
discharge in well-sorted beds are considered. However, in poorly sorted
beds the discharges of different grain size fractions are mutually influenced.
A simple and robust way to consider this aspect is, as reported by Mao et
al. [125], through the use of the hiding function [58, 159]. In the follow-
ing expression, we use the hiding function ξi to evaluate the sediment dis-
charge qsi, for the i-th grain size fraction, being ξi the hiding factor calcu-
lated as ξi = (di/d50)

n [6, 160]. Based on Meyer-Peter and Müller [138],
a fractional value qsi, relevant to di, which is the sediment discharge in-
volving the i-th volumetric percentage Fi of grains being in the size range
(di−1 + di) /2 ÷ (di + di+1) /2, reads:

q̃si =

[(
u2
∗

g(s − 1)di
− θc

d50

di

)
ξi

]3/2

(4.18)

The functions ξi work to enhance the discharge of sediment coarser than
d50, and to dwindle that of the finer ones. In poorly sorted beds, in fact,
grain clusters made by grains of different sizes form and pave the bed. Their
typical configurations, whatever the scale of the cluster (they may be small
aggregates or bigger, as ripples or dunes, for instance), are more stable when
the coarser grains protrude into the flow and protect, in their wakes, the
smaller ones. In the hiding function, the exponent n is close but smaller than
one. With n = 1, the role of the size is completely masked, and a condition
of equi-mobility is attained. The literature often offers values of n slightly
smaller than one, as by instance n = 0.905. In equation 4.18, we applied the
hiding factor to the entire difference between the dimensionless i-th shear
stress and the i - t h critical value. In previous works, when the bedload trans-
port rates for uniform sediment do not consider any threshold [9, 60, 62], the
hiding function applies to the critical Shields. Here, like in approaches with-
out thresholds [59, 159], the hiding function affects also the stress applied
to any grain size fraction Applied to Estero Morales, this approach allowed
us to satisfy two constraints, i.e.: first, the PITs are mobilized in all the size
range, in agreement with the measured data [125]; second, the dimensionless
sediment discharge qsi is decreasing with size, as expected from the physical
description on the role of coarse over small grains, above given.

The knowledge of q̃si, through equation 4.18, makes it possible to link
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the mean resting time, ⟨Tr⟩, relevant to di, through the equation 4.7, here re-
written and gradually expanded, with the help of previous equations 4.4,4.5
and 4.17, to make it specific to the i − th grain size:

q̃si = Ẽi

(
L0

di
+ ω̃

)
π

6
; (4.19)

The 1.h.s of equation 4.19 is calculated through Meyer-Peter and Müller
[138], while in the r.h.s. the only unknown is Ẽi, which can then be deter-
mined.

To accomplish the implementation of the entropic treatment of resting
times, as done in Section 4.3.1, but for a poorly sorted bed, as in Estero
Morales, we still need to get the global predictor Ẽ and the comprehensive
solid discharge, q̃s. Ẽ comes from the weighting operation expressed in equa-
tion 4.19, in which the summation is made for i = 1÷ N, with N the number
of grain size fractions.

Ẽ =
N

∑
i=1

FiEi (4.20)

This value of Ẽ is, therefore, the mean of the inverse of the resting times
that took place during a specific flood and regards all the PIT grains. It is
not, therefore, a direct function of the discharge, as it was for the previous
two steady-state cases, examined in this paper. To calculate q̃s we first make
a mean of each q̃si over the considered time interval, that is one day

(
T̃1 day

)
,

and then applied the weight criterium already exploited to get Ẽ, in equation
4.20:

q̃s =
N

∑
i=1

Fi
1

T̃1 day

∫
T̃1 day

q̃sidζ (4.21)

being ς a dummy dimensionless variable. In the left panel of Figure 4.7,
we display the behaviour of the dimensionless flight distances, discharge,
and entrainment frequency as a function of the grain size. q̃si and L̃i are both
decreasing with di, as expected, but at a different rate. Ẽi, instead, is increas-
ing, meaning that the dimensionless mean resting time is decreasing with di.
In well-sorted beds, this trend would be the opposite. This latter result is a
principal result of the mutual influence of the size classes forming the clus-
ters and macro-roughnesses (Figure 4.2). Figure 4.7, in the right panel, plots
the probability density function we get from the Shannon Entropy, applying
the equation 4.14 with the value of q̃s given by 4.21, and the normalized his-
tograms of the dimensionless resting times we got in the Estero Morales, as
reported in Mao et al. [125]. It can be appreciated that the entropic pdf is
quite well representing the histogram distribution.
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Figure 4.7: Left: Normalized values of ẼiN , L̃iN , q̃siN , where biN = bi/ max (bi),
with b = Ẽi, L̃i or q̃si, as di spans over the PIT grainsize range. Right: the nor-
malized histogram of the measured resting times in Estero Morales (Chile) and

the entropic outcome

4.5 Conclusion

In the present research, statistical information for ordinary bed-load trans-
port is inferred through an innovative methodology based on surface veloc-
ity measurements. Experimental data, and field data collected in a river and
a torrent, offer different flow conditions and chances for various theoretical
interpretations. The study mainly focuses on resting-time statistics, specifi-
cally its probability distribution p̃

(
T̃r

)
, which is achieved within the frame

of the general Shannon Entropy principle and by adopting the Einstein ap-
proach to ordinary bed-load processes. Experimental data provide the basic
dataset to assess the entropic approach. Adige River, Italy, presents as a bed
almost monodispersed and flat, as, to some extent, the experimental one,
but offers the chance to work on the entropic representation of the velocity
field. This latter finding was then exploited to get the Shields stress over the
bed. This methodology paved the way to get information on volumetric and
solid discharges also in cases where limited data are available, such as the
surface velocities and the flow depth. Finally, the case of a torrent offers the
chance to gain an insight into the complexity of sediment processes over a
bed endowed with macro-roughness and a poor grain size distribution.
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Chapter 5

Extended kinetic theory
applied to unidirectional
collisional suspensions with
entropic distributions of
particle concentration

5.1 Introduction

The topic of sediment transport has a long history of research and a variety
of nomenclatures has been introduced to describe, at least partially, its vast
phenomenology, with special emphasis on the characteristics of the motion
of the solid particles carried by, at least on Earth, either air or water. Bedload
[138, 173], saltation [12], sheet flow [96, 72], and suspension load [176] have
been and are still used to define various types of sediment transport, often
with partial super-positions and ambiguity. Part of the issue is that sediment
transport involves a distribution of sizes of the solid particles, and sizes mat-
ter when, e.g., comparing the forces acting on the grains. Hence, different
regimes of sediment transport usually coexist, complicating the physical un-
derstanding and the mathematical modelling of the phenomenon.

To clean up the field, let us focus on an assembly of mono-sized particles
transported by a shearing, turbulent fluid over a basal boundary that does
not move. The latter can be a rigid bottom or comprise a packing of not
moving or barely moving [101] particles identical to those flowing above it.
We refer to these two scenarios as sediment transport over rigid or erodible
beds, respectively. Then, bedload, in its original spirit [138], is the regime
of sediment transport in which only a few particles are moving, and these
particles leave the bed at a certain instant, fly over the bed under the effect of
gravity and fluid forces, and eventually re-touch the bed at the end of their
solitary flights. Occasionally, there might be a few mid-fluid collisions above
the bed, but their effect on the transport rate is negligible. We might also call
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bedload as the ballistic regime: the particles are like projectiles moving under
the influence of gravity. In the field of windblown sand, this ballistic regime
is called saltation [178, 5, 211] and represents the main mode of sediment
transport.

On the other side of the spectrum, we term suspension the regime of sed-
iment transport in which particles can fly over the bed without directly in-
teracting with the bed itself. For this to happen, we must look for physical
mechanisms able to provide one or more forces that balance the buoyant
weight of the particles. This physical mechanism can be either the momen-
tum exchange in interparticle collisions or the turbulent lift generated by the
interstitial fluid. We can thus distinguish between collisional and turbulent
suspensions.

Next, quantitative criteria must be provided to identify the regimes men-
tioned above. The length of the particle trajectories comprised between two
successive interactions with the bed or other particles can be suitably em-
ployed to distinguish between the ballistic and the collisional regimes. In-
deed, there is a maximum length, called the mean free path in the literature
of kinetic theory [39], for which the influence of the external forces acting
on the particles, such as gravity, buoyancy and drag, can be safely ignored
when calculating the stresses originated from the collisional exchange of mo-
mentum in the particle phase of the mixture (treated a s a continuum). There
is a transition from ballistic to collisional regime of sediment transport when
the averaged trajectory length equals the mean free path [162]. Given that
the mean free path is a decreasing function of the particle concentration [39],
there is a minimum concentration above which the regime is collisional. In
the collisional regime, constitutive relations of the kinetic theory of granular
gases can be employed [97, 73].

If the intensity of the turbulence is large enough to overcome the par-
ticle buoyant weight, the sediment transport enters the turbulent suspen-
sion regime. Given that, in a fluid at rest, the competition between gravity,
buoyancy and drag determines the particle settling velocity, and that a good
measure of the turbulence intensity is given by the fluid shear velocity (the
square root of the fluid shear stress over the fluid mass density), the ratio of
the fluid shear velocity over the particle settling velocity, which is inversely
proportional to the Rouse number [176], has been proposed as a criterion for
the onset of turbulent suspensions. There is a minimum value of this ratio
above which the turbulent suspension regime takes over [165].

Even in the idealized case of sediment transport of mono-sized particles,
the concentration and the fluid shear velocity are local fields, non-uniform
in the flow domain. As such, the ballistic, collisional and turbulent suspen-
sion regimes can be simultaneously present in different regions of the spatial
domain, perhaps in a stratified fashion. More troublesome, there might be
regions of the flow where two or more of the above-mentioned regimes coex-
ist and are equally important. Models of sediment transport stratified into a
purely collisional and a turbulent-collisional layer have been proposed [22].
On the other hand, the existence of a region in which both ballistic and col-
lisional regimes conspire to determine the particle stresses has recently been
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assessed [40], and we deem it will be crucial to understand the transition
from ordinary bedload to collisional suspensions [167].

In this work, we focus on modelling the sediment transport over erodible
beds in the collisional regime, particularly on the transport of solid particles
in water in inclined channels, for which detailed measurements of the distri-
butions of particle volumetric concentration, particle mean velocity and ve-
locity fluctuations are available [37], allowing for a severe test of continuum
models. Some of the authors of the mentioned paper have used the kinetic
theory of granular gases in the past, in an attempt to solve this regime of
sediment transport [19, 21, 22]. In so doing, they formulated a system of dif-
ferential equations governing the motion of the two phases, solid particles
and liquid, but were unable to find full numerical solutions of the system.
They only provided approximate analytical solutions obtained by stratifying
the flow domain into a few layers characterized by different physical mech-
anisms and integrating the differential equations through crude trapezoidal
rules.

Complications of solving balance equations with closures from the kinetic
theory of granular gases come from the fact that the particle phase must be
treated as compressible, and the equation of state, the granular viscosity and
pseudo-thermal conductivity, and the dissipation rate of fluctuation energy
are all strongly nonlinear functions of the particle concentration. Chassagne,
Bonamy, and Chauchat [40] proposed a two-phase continuum model for col-
lisional suspensions based on the kinetic theory of granular gases that in-
cludes the presence of both saltating particles and a Coulomb-like frictional
behaviour of the solid phase near the bed. They were able to numerically
integrate the differential equations and make comparisons against coupled
fluid-discrete element simulations of spheres. When compared against phys-
ical experiments, however, it seems to strongly underpredict the intensity of
particle agitation.

Here, we introduce a strong simplification by decoupling the determi-
nation of the particle concentration from the other hydrodynamic variables.
First, we assume that the concentration distribution in the flow is such that
it maximizes some definition of the Shannon Entropy. This permits, then,
to solve analytically the momentum and energy balances, with the constitu-
tive relations of the kinetic theory of granular gases, extended to include the
role of particle friction [98, 27], velocity correlation [94, 95], particle softness
[24], cylindrical shape [20]. We also include the role of the particle in mod-
ulating the fluid turbulence [23] and the mutual influence of the turbulent
fluctuations and the particle agitation [91, 23]. We limit the analysis to the
region of the flow dominated by collisions, but, through comparisons with
experiments of plastic cylinders in water [37], we confirm, as suggested in
Chassagne, Bonamy, and Chauchat [40], that the ballistic regime, and/or a
combination of the ballistic and collisional regime, are important in the case
of sediment transport in water, and they should be accounted for.

The chapter is organized as follows: we introduce the governing equa-
tions and show how to solve them in Section 5.2; in Section 5.3, we make
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comparisons between the predictions of the theory and the experimental re-
sults on the sediment transport of plastic cylinders and gravel in water; the
chapter ends with some concluding remarks in Section 5.4.

5.2 Theoretical backgrounds

The sketch of the flow configuration is depicted in Figure 5.1. We focus
on the steady, fully-developed, free-surface flow of a mixture of a liquid, of
mass density ρ and molecular dynamic viscosity η , and identical, inelastic
spheres, of diameter d , and mass density ρp , over an erodible bed composed
of the same particles, assumed at rest. Particles are driven into collisions by
the combined effect of gravity and the drag exerted by the turbulent liquid.
We characterize the collisions through the coefficients of normal, en , and
tangential restitution, et , i.e., the negative ratio of pre- to post-collisional rel-
ative velocities normal and tangential to the plane of contact; the coefficient
of sliding friction, µ ; and the effective coefficient of restitution, e , which is
a function of en , et and µ , and accounts for the role of friction in the rate at
which energy is dissipated in collisions [98, 109].

We limit the analysis to situations in which the thickness of the transport
layer, h is, at least, a few particle diameters. We assume that the momentum
exchange in collisions is at the origin of the dominant stresses in the particles.
We provide a criterion to distinguish between this collisional-dominated re-
gion and the region where the particles follow ballistic trajectories above it.
On top of the transport layer there is a turbulent liquid layer, The total thick-
ness of the transport and liquid layer over the erodible bed is H. The range of
validity of the aforementioned assumption of a collisional-dominated regime
is given in Berzi and Fraccarollo [21, 22] as a region in the phase diagram
with the Shields number, the dimensionless strength of the shearing flows,
on one axis and the angle of inclination of the bed, ϕ , on the other. We limit
the analysis to flows for which the turbulent lift on the particles is weaker
than the particle weight.

We take x and y to be the direction parallel and perpendicular to the
erodible bed, respectively, and neglect variations in the spanwise direction.
The surface of the bed is located at y = 0. The local particle velocity and con-
centration are u and v, respectively. In what follows, all quantities are made
dimensionless using the particle density and diameter, and the reduced grav-
itational acceleration, g(σ − 1)/σ , where g is the gravitational acceleration
and σ = ρp/ρ is the density ratio. With this, the inverse of the dimensionless

molecular viscosity of the liquid is σR , with R =
ρd
√

g σ−1
σ d

η the fall particle
Reynolds number

Following Lien and Tsai [117], we found that the Shannon maximum En-
tropy principle leads to the following Probability Density Function (PDF) of
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Figure 5.1: Sketch of the flow configuration with the frame of reference and
concentration reference values at specific positions

the particle concentration v:

P(v) =
E

vmax

exp (Ev/νmax)

exp E − exp (Evmin/νmax)
(5.1)

where E is the entropic parameter. The PDF in equation (5.1) has been nor-
malized so that its integral over the admissible range of concentration (say
from a minimum vmin to a maximum vmax) is equal to one. P(v) is a mono-
tonic exponential distribution. To infer the spatial distribution of the concen-
tration in the transport layer. we define the conditional probability , P(y | ν),
where y must be thought as a random variable in the range {0, h}. Given
the monotonicity of P(v), the probability of finding a concentration value
in the infinitesimal interval dv around v must correspond to the probabil-
ity of this concentration interval to occupy the physical space dy around
y. Hence, it must be that P(ν)dv = P(y | v)dy. Lien and Tsai [117] as-
sumed that y and v are uncorrelated and that y has a uniform distribution,
i.e., P(y | v) = P(y) = 1/h, so that

E
vmax

exp (Ev/νmax)

exp E − exp (Evmin/νmax)
dv =

1
h

dy (5.2)

We will discuss later the unphysical consequences of the strong assumptions
of Lien and Tsai [117] on P(y | v).

Integrating equation (5.2), we obtain the following concentration profile,
already reported in Lien and Tsai [117]

v =
vmax

E
ln
{
[exp E − exp (Evmin/vmax)]

y
h
+ exp E

}
(5.3)

Figure 5.2 exhibits how the concentration profile changes as a function of
E, in the range between -20 and 20. Negative or positive values of E give
concave or convex concentration profiles respectively. With E close to zero
(but different from zero, as E = 0 would make equation 5.3 singular), the
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Figure 5.2: Entropic concentration profiles from equation (5.3) for different val-
ues of the entropic parameter.

concentration profile is approximately linear.
The minimum and maximum concentrations correspond to the values

of the concentration at the top of the sediment layer and at the surface of
the erodible bed, respectively. As explained in Pasini and Jenkins [162], a
ballistic layer, in which the concentration is so small that the length of the
particle trajectory in between collisions is much larger than the mean free
path of kinetic theory, must be present on top of the actual collisional layer.
In the ballistic layer, the influence of the external forces cannot be ignored,
when deriving the constitutive relations for the particle stresses. Here, we
assume that the additional contribution to the total sediment transport from
the ballistic layer is negligible, and simply take vmin = 0. As shown in Berzi,
Jenkins, and Richard [25, 26], the interface between the flow and the erodi-
ble bed is characterized by a critical value of the particle concentration, vc,
which, for spheres, is solely dependent on the sliding friction coefficient. For
cylinders, the critical concentration would depend on the sliding friction and
the aspect ratio [20]. The critical concentration is the minimum value of v, at
which rate-independent components of the stresses first develop [41]. Then,
here, we take vmax = vc. With these, the concentration distribution in the
transport layer, parametrized in terms of E, simplifies to

v =
vc

E
ln
[
exp E + (1 − exp E)

y
h

]
(5.4)

which gives the following expression for the average concentration in the
transport layer:

v̄ =
1
h

∫ h

0
vdy = −vc

(
1
E
+

exp E
1 − exp E

)
(5.5)
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The balance of particle momentum along the direction perpendicular to the
flow (y direction) is

p′ = −v cos φ (5.6)

where p is the particle pressure. Here, and in what follows, a prime indi-
cates a derivative along y. As mentioned, we have neglected the turbulent
lift force associated with the correlation between the fluctuations of particle
concentration and liquid velocity. Integrating equation (5.6), with equation
(5.4), gives

p = p0 − h
[(

y
h
+

exp E
1 − exp E

)
ν − νc

E

(
y
h
+

E exp E
1 − exp E

)]
cos ϕ (5.7)

where p0 is the granular pressure at the surface of the bed (y = 0),

p0 = v̄h cos ϕ (5.8)

Equations (5.7) and (5.8) imply that the particle pressure vanishes at y = h.
To actually determine p for a given entropic parameter E, we need the depth
of the transport layer h. To do this, we first assume that the particle shear
stress, s, is at yield at the bed, that is s(y = 0) = s0 = k0 p0, where the yield-
ing coefficient k0 is taken to be as the ratio of the particle shear stress over the
particle pressure where the concentration is equal to vc [27]. Its expression
as a function of en and e is reported in Table 1. Then, we define the Shields
number, Θ, as the dimensionless total shear stress of the mixture at the sur-
face of the bed. The Shields number quantifies the intensity of the shearing
flows, and we take it as an input of the problem. At large concentrations, the
fluid turbulence is heavily suppressed, but the velocity fluctuations of the
particles induce shear stress in the fluid proportional, through a function of
the concentration to that of the particles [23]. Hence, s0 + S0 = Θ, and, with
equation (5.8),

h =
Θ

k0v̄ cos ϕ

(
1 +

2
5

1
2σ

1 + 2vc

1 − vc

)−1
(5.9)

The last term between parentheses in equation (5.9) represents the propor-
tionality factor between the fluid and the particle shear stress at the bed. It
differs with respect to the expression of Berzi and Fraccarollo [23] by a factor
2/5, which permits to better reproduce the dependence of the mass hold-
up, v̄h, on the Shields number and the angle of inclination measured in the
experiments (see Figure 5.3).

When collisions are the dominant source of stresses, the constitutive ex-
pression of the particle pressure can be deduced from the kinetic theory
of hard, inelastic spheres. However, as suggested by Berzi, Jenkins, and
Richard [26], flows over erodible beds imply that the concentration must
reach its critical value vc at the surface of the bed This is possible only if
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Figure 5.3: Measured (circles, Capart and Fraccarollo [37]) and predicted (line,
equation 9, with k0 = 0.35, σ = 1.51 and vc = 0.61, as appropriated for plastic

cylinders) mass hold-up, v̄h, against Θ/ cos ϕ.

the actual finite stiffness of the particles and the associated finite contact du-
ration during collisions is accounted for, leading to [24]:

p = f1T

(
1 +

12
5

vχ0
T1/2

k1/2
n

)−1

(5.10)

where f1, a coefficient, and χ0 (Table A.1), the radial distribution function
at contact, are both functions of v, which is singular at vc. Here, T is the
granular temperature, one-third of the mean square of the particle velocity
fluctuations. The term between parentheses in equation 5.10 is the correction
due to the finite contact duration, in which kn is the dimensionless particle
stiffness [24]. With p and v known at every y, equation (5.10) is quadratic in
the square root of the granular temperature that gives

T =

−6
5

pvχ0

f1k1/2
n

+
1

2 f1

√(
12
5

pvχ0

k1/2
n

)2
+ 4 f1 p

2

(5.11)

Irrespectively of the entropic parameter E, the Shields number or the an-
gle of inclination, equation (5.11) implies that the granular temperature de-
creases near the top of the transport layer, where the concentration is small.
Experiments and discrete simulations of flows of granular-fluid mixtures
and dry granular materials over erodible beds indicate, instead, that the
granular temperature monotonically increases with the distance from the
bed [8, 23, 26], eventually saturating and becoming independent of y in the



5.2. Theoretical backgrounds 69

ballistic layer [162]. In the dilute limit, p = vT [73], and, with equation (5.6),
we obtain

T′ =

(
v′
∫

vdy
hv2 − 1

)
cos ϕ (5.12)

In order to agree with the experimental observation that T′ ≥ 0 near the top,
then,

v′
1
h

∫
vdy ≥ v2 (5.13)

It is easy to show that this condition cannot be satisfied by the logarith-
mic distribution of the concentration of equation (5.3), implying that the as-
sumptions about the PDF P(y | v) are not satisfied, at least near the top of
the transport layer. An exponential distribution of the concentration, such
as that typical of saltation [50], the dominant mode of transport for wind-
blown sand, is the only profile compatible with a uniform distribution of
the granular temperature. However, despite the unphysical consequence of
equation (5.3) for the distribution of the granular temperature near the top of
the transport layer, we will show that the rest of the hydrodynamic variables
can be reasonably well predicted assuming its validity throughout the flow.

Now that we have determined the distribution of the granular temper-
ature in the transport layer, we can employ the fluctuation energy balance,
that, for steady and fully developed collisional granular-fluid flows [91], re-
duces to

−Q′ + su′ − Γ + (2.3
√

3T2K − 3T)CDv = 0 (5.14)

where: Q′ is the fluctuation energy diffusion associated with the particle ag-
itation; s⊓′ is the fluctuation energy production through the work of the par-
ticle shear stress; G is the energy dissipation due to the inelastic nature of
collisions [26]; and the last term accounts for the particle agitation produced
by the fluid turbulence (where K is the turbulent kinetic energy) and its sup-
pression due to the drag exerted by the fluid on the particles. We take the
drag coefficient to be that appropriated for spheres (hence, neglecting the in-
fluence of the particle shape) in the case of Stokes flows, CD = 18

(1−v)3.1σR ,
with the concentration dependence suggested by Richardson and Zaki [170].
A more physically grounded expression for the drag coefficient, such as that
suggested in Jenkins and Hanes [96], should include the form as well as the
friction drag and incorporate the role of the particle velocity fluctuations.
However, we checked that this does not significantly alter the present results
while making implicit the system of equations (and the description of its so-
lution less straightforward).

The term associated with the production of fluctuation energy due to the
fluid turbulence is taken to be proportional to

√
3T2K, the geometric mean

of the intensity of the particle and the fluid fluctuations, rather than simply
to 2K as in Hsu, Jenkins, and Liu [91], which we deem as more appropriate
given that it originates from the average of the product of the velocity fluctu-
ations of the particle and those of the fluid. The numerical factor 2.3 in front
of it permits to reproduction of the behaviour of the granular temperature in
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the dilute part of the flow described in Berzi and Fraccarollo [23].
In the spirit of a simple treatment of turbulence, we take the turbulent

kinetic energy to be K = lm2U′2, with lm the mixing length. Berzi and Frac-
carollo [23] found that the mixing length in collisional suspensions at a con-
centration larger than 0.2 was only a function of the concentration itself, im-
plying that the size of the turbulent eddies was constrained by the size of the
interparticle gap. When the concentration is less than 0.2, however, the size
of the turbulent structures should increase and eventually, we should recover
the classical result that the mixing length increases linearly with the distance
from some reference position (being the von Karman’s constant, κ = 0.41,
the coefficient of proportionality). Indeed, as shown in Revil-Baudard et al.
[168], the influence of the sediments on the mixing length extends well be-
yond the transport layer, in a region where the concentration is negligible.
Revil-Baudard et al. [168] proposed to change the von Karman’s constant
to the reduced value of 0.225 to account for this phenomenon. In doing so,
however, they cannot recover the classical expression for the mixing length
in the absence of sediments. Here, we propose the following expression for
the mixing length,

lm = 3
(
vrcp − v

)3
+ κy

[
1 − exp

(
−0.3

y
h

)]
(5.15)

where the first term on the right-hand side of the equation (5.15) is the local
mixing length suggested in Berzi and Fraccarollo [23], being vrcp the con-
centration at random close packing [207]. The second term represents the
nonlocal growing of the mixing length, in which we have introduced the
damping factor, 1 − exp

(
−0.3 y

h
)
, in the spirit of Van Driest’s model of tur-

bulence [212], where the thickness of the transport layer is the natural length
scale for the damping of the eddies in the presence of sediments. Figure 5.4
shows that equation (5.15) can reproduce the values of the mixing length
measured in the experiments [168]. The increase of the mixing length in the
proximity of the erodible bed is actually a signature of the component of the
fluid viscosity associated with the particle agitation, as shown later.

Although not strictly necessary, here we assume, as in Berzi and Frac-
carollo [23], that the energy diffusion in equation (5.14) is negligible (we can
always remove this assumption and make use of the constitutive relation of
the pseudo-thermal flux of kinetic theory if deemed important). Then, we
employ the following constitutive relations for the particle shear stress [24]:

s = f2T1/2

(
1 +

12
5

vχ0
T1/2

k1/2
n

)−1

u′ (5.16)

where the dependence of the coefficient f2 on the concentration and the
normal coefficient of restitution is reported in Table A.1; and for the rate of
collisional dissipation of the fluctuation energy, Γ, [24]:
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Figure 5.4: Measured (circles, Revil-Baudard et al. [168]) and predicted (line,
equation 15, with vrcp = 0.64 and h = 10 ) mixing length as a function of the

distance from the erodible bed.

Γ =
f3

L
T3/2

(
1 +

12
5

vχ0
T1/2

k1/2
n

)−1

(5.17)

where the coefficient f3 (Table A.1) depends on the concentration and the ef-
fective coefficient of restitution ε; and L is the correlation length [94], which
accounts for the fact that, at concentrations larger than the freezing point,
0.49, correlations in the fluctuation velocities of the particles develop [143],
thus reducing the energy dissipated in collisions. Here, for the sake of sim-
plicity, we employ the expression for the correlation length that has been
determined in numerical simulations of simple shearing flows [27]:

L = 1 +
26(1 − ε)

15
max(v − 0.49, 0)

vrcp − v
(5.18)

Using equations (5.16) and (5.17) into equation (5.14), with lm and L deter-
mined from equation (5.15) and (5.18) once the distribution of the concentra-
tion is known, neglecting Q’ and assuming for simplicity that u′ ≃ U′, so that
K ≃ lm2u′2, permits to re-write equation (5.14) as a quadratic equation in the
particle shear rate, u′, that can then be calculated at every position inside the
transport layer. Then, with equation (5.16), we obtain also the distribution of
the particle shear stress.

With u′ known at any position, we can numerically solve by quadrature
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the integral u =
∫ y

0 u′dy, with the boundary conditions u = 0 at the surface
of the bed, to obtain the particle velocity distribution in the transport layer.
The particle velocity at the surface of the bed is actually nonzero because
the bed creeps [101]. However, the contribution of the creep motion of the
particles inside the bed to the total transport rate can be ignored [26].

The momentum balance of the mixture in the flow direction [21] permits
the determination of the distribution of the fluid shear stress in the transport
layer and in the clear fluid region above it,

S =
H − y
σ − 1

sin ϕ + p tan ϕ − s (5.19)

given that p and s are zero for y > h. Then, the total flow depth H can be
obtained by taking s + S = Θ at the surface of the bed in equation (5.19), so
that, with equation (5.8),

H =
σ − 1
sin ϕ

Θ − (σ − 1)v̄h (5.20)

As suggested in Berzi and Fraccarollo [23], we take the fluid shear stress to
be the sum of two contributions: one associated with turbulence, which we
describe using the aforementioned mixing length approach; and one associ-
ated with the momentum exchange induced by the particle agitation, with
the associated viscosity is proportional to the granular viscosity. Then,

S =
1 − v

σ
l2
mU′2 +

2
5

1
σ

1 + 2v
2(1 − v)

f2

(
1 +

12
5

vχ0
T1/2

k1/2
n

)−1

T1/2U′ (5.21)

The pre-factor in front of the granular viscosity, s/u′, in the second term
of the right-hand side of the equation (5.19) is the concentration-dependent
coefficient of proportionality that we have already employed in the determi-
nation of the depth of the transport layer (equation 5.9).

With the distribution of the fluid shear stress given by equation (5.19),
the fluid shear rate, U′, can be determined by solving the quadratic equation
(5.21). Then, with U′ known at any position, we can numerically solve by
quadrature the integral U =

∫ y
0 U′dy, with the boundary conditions, U = U0

(see later), at the surface of the bed, to obtain the fluid velocity distribution
in the transport layer.

The momentum balance for the fluid in the flow direction [23] permits to
determination of the distribution of the drag, D, exerted by the fluid on the
particles as

D = +
1 − v
σ − 1

sin ϕ + S′ (5.22)

where the derivative of the fluid shear stress must be calculated numerically
from the distribution of S in the transport layer. We model the drag as [96]

D = vCD(U − u). (5.23)
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which includes the role of the particle velocity fluctuations and the concen-
tration dependence suggested by Richardson and Zaki [170]. Using equa-
tion (5.22) into equation (5.23), and ignoring the derivative of the fluid shear
stress at the surface of the erodible bed permits to determine U0 there as

U0 =
σ

σ − 1
(1 − vc)

4.1

vc

R
18

sin ϕ (5.24)

Equation (5.23) is the equivalent of Darcy’s law (Whitaker [218], "Flow in
porous media I: A theoretical derivation of Darcy’s law". Transport in Porous
Media. 1: 3-25.) to evaluate the fluid velocity in a porous medium when
gravity is the sole driving force.

As pointed out in Pasini and Jenkins [162], the constitutive relations for
the particle stresses of the kinetic theory are valid if the mean free path (the
mean distance covered by a particle in between two successive collisions) is
less than the typical length of a ballistic trajectory (the path followed by a
particle under the influence of gravity and, in our case, buoyancy and drag).
With the expression of the mean free path of kinetic theory [39], and the
length of a ballistic trajectory approximated as twice the maximum height
reached by a saltating particle given in Berzi, Buettner, and Curtis [20] in
terms of drag coefficient and granular temperature, this criterion translates
into

2
CD

√
2T − ln

(
CD

√
2T + 1

)
C2

D
>

√
2

12vχ0
(5.25)

Actually, we might expect that, even if the length of a ballistic trajectory is
larger than the mean free path, there is a layer in which the two quantities
have similar values, thus indicating the existence of some kind of transitional
regime between purely collisional and purely ballistic.

Application of the criterion of equation (5.25) to the experimental mea-
surements of Capart and Fraccarollo [37] indicates that a significant portion
of the transport layer is actually characterized by a mix of ballistic and colli-
sional behaviour. In the cases of Aeolian transport [162] and gravity-driven
dry granular flows [26], the ballistic layer has, instead, a negligible contribu-
tion to the total transport.

The above-described full solution of the hydrodynamic variables requires
as input the angle of inclination of the bed, ϕ, the Shields number, Θ, and the
entropic parameter, E. These three degrees of freedom are at odds with the
experimental evidence (e.g., Capart and Fraccarollo [37]) that there are ac-
tually only two degrees of freedom: steady, fully-developed inclined flows
of particles and liquid over erodible beds are completely determined once
the angle of inclination of the bed and the Shields number (or, equivalently,
the particle and liquid flow rates) are assigned. To eliminate the additional
degree of freedom, we choose E as the optimum value of the entropic pa-
rameter that minimizes the mean variance of the residuals between the drag
distribution determined by the momentum balance (equation 5.22) and that
determined by its constitutive relation (equation 5.23), in the region where
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the mean free path is less than 20% of the length of the ballistic trajectory.

5.3 Results and comparisons

Herein, we present a comparison between the results of the present theory
and the experiments performed by Capart and Fraccarollo [37] with plastic
cylinders (ratio of length-to-diameter equal to 0.8 and diameter of the equiv-
alent sphere equal to 3.35 mm ) and water, with σ = 1.51 and R = 370. The
experiments were performed in a rectangular channel, covering a range of
Shields numbers from 0.4 to 2.8, and angles of inclination of the erodible bed
from 0.6◦ to 4.5◦. We take the coefficients of restitution and friction from the
measurements of the impact of two Delrin spheres reported in Foerster et al.
[65]: en = 0.97, et = 0.44 and µ = 0.2.

With these, the calculations suggested in Larcher and Jenkins [109] give
an effective coefficient of restitution ε = 0.77. The discrete numerical simula-
tions of steady, simple shearing of true cylinders reported in Berzi, Buettner,
and Curtis [20] indicate that the critical volume fraction vc is equal to 0.61
for cylinders with an aspect ratio of 0.8 and friction equal to 0.2 and that
vrcp = 0.68. Finally, Young’s modulus of plastic translates into a dimension-
less stiffness kn approximately equal to 108. In the experimental measure-
ments, we set the position of the bed and the origin of the y-axis where the
velocity of the particles in the x-direction falls below the sensitivity limit of
the tools used to determine it. This is in conflict with the criterion v = vc that
we employ to identify the erodible bed in the previously described semi-
analytical treatment based on kinetic theory, and must be kept in mind when
assessing the agreement between the theory and the experiments.

The behaviour of the optimum entropic parameter with the Shields num-
ber and the angle of inclination of the erodible bed in the case of plastic cylin-
ders transported in water is depicted in Figure 5.5. We found that E mono-
tonically increases with ϕ, indicating that more convex concentration profiles
are associated with steeper flows. The dependence on the Shields number is,
instead, non-monotonic, with a maximum at about Θ = 2. However, a large
Shields number causes the concentration profile to become more concave.

Figure 5.6 depicts the theoretical profiles of the particle, liquid and total
shear stresses in the transport layer for assigned input values of ϕ and Θ.
Here and in what follows, unless differently stated, the results of the theory
only refer to the region of the flow for which the criterion given by equa-
tion (5.25) is satisfied. The particle shear stress decreases toward the top of
the transport layer, where eventually it vanishes, and reaches a maximum
slightly above the interface with the erodible bed. This maximum reflects
the minimum in the liquid shear stress, due to the different dependence of
its two components (equation 5.21) on the presence of the particles: the liq-
uid turbulence decreases when the particle concentration increases, while
the momentum exchange induced by particle agitation increases towards the
bed.
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Figure 5.5: Optimum entropic parameter as a function of the Shields number
for three different angles of the inclination of the bed in the case of sediment

transport of plastic cylinders in water.

Figure 5.6: Profiles of particle, liquid | and total shear stress in the transport
layer for ϕ = 1.9◦ and Θ = 1.7, with the corresponding optimum E = 0.95.
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Figure 5.7a illustrates the comparisons between the experiments and the
theoretical predictions in terms of profiles of concentration, particle veloc-
ity and granular temperature for two of the runs performed by Capart and
Fraccarollo [37], characterized by large enough values of the Shields number
that the region of the transport layer dominated by collisions is a signifi-
cant portion of the total flow thickness. Similar results, not shown here for
brevity, are obtained for the rest of the experimental runs with intense sedi-
ment transport. The agreement between the experiments and the theoretical
predictions is remarkable, and more so if the region in which collisions dom-
inate (represented by the extension along the y-axis of the lines relative to
velocity and granular temperature profiles in Figure 5.7a) covers the major-
ity of the thickness of the transport layer (represented by the extension along
the y-axis of the line relative to the concentration profile in Figure 5.7a). One
can notice the evident improvement when the collisional region goes from
being around 50% of the transport layer (Figure 5.7a) to almost 70% (Figure
5.7b).

A striking feature of sediment transport in water is that the top of the re-
gion dominated by particle collisions is characterized by a non-negligible
particle concentration, about 0.2 to 0.3. That means that the collisionless
region, i.e., where the trajectories of the particles in between collisions are
strongly affected by external forces such as gravity, buoyancy and drag, is a
significant portion of the transport layer. Once again, this is very different
from both inclined granular flows [26] and Aeolian transport [162], where
collisions are dominant and, therefore, kinetic theory of granular gases is rel-
evant even at very small values of the particle concentration, say of order
10−2.

Although not measured in the experiments, we also show in Figure 5.7
the theoretical profiles of the liquid velocity in the flow direction. As as-
sumed to simplify part of the analytical treatment, the liquid and particle
shear rates are rather similar, with the velocity difference more pronounced
near the top of the transport layer.

5.4 Concluding remarks

In this chapter, the steady inclined collisional flow of sediments immersed
in a turbulent liquid over an erodible bed has been modelled in the frame of
the kinetic theory of granular gases. In doing so we have accounted for par-
ticle surface friction, cylindrical shape, finite-duration of contacts, exchange
between turbulent kinetic energy and fluctuation kinetic energy of the par-
ticles, suppression of turbulence due to the presence of the particles, and
fluid momentum exchange induced by particle agitation. The complicated
set of differential equations composed of balances of momentum and energy,
closed by a series of constitutive relations, has been solved analytically by as-
suming that the particle concentration followed a one-parameter logarithmic
distribution, in order to satisfy the Shannon maximum Entropy principle.
The entropic parameter of the distribution was chosen as to minimize the
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Figure 5.7: Experimental measurements (symbols) and theoretical predictions
(lines) of profiles of concentration (black lines and circles), particle (red lines
and triangles) and liquid (blue lines) velocity, and granular temperature (green
lines and squares) when: (a) ϕ = 1.9◦ and Θ = 1.7, with the corresponding
optimum E = 0.95; (b) ϕ = 3.0◦ and Θ = 2.9, with the corresponding optimum

E = 1.35.

mismatch between the distribution of the fluid drag obtained by solving the
fluid momentum balance in the flow direction and that obtained by employ-
ing a constitutive relation for the drag based upon a linear dependence on
the velocity difference between the fluid and the particles. We have shown
that the optimum entropic parameter depends on the angle of inclination of
the bed and the intensity of the shearing fluid. We have determined the an-
alytical profiles of different hydrodynamic fields - particle and fluid shear
stresses, velocities and granular temperature - and made successful compar-
isons against several experimental measurements on the collisional transport
of plastic cylinders in water, in a range of slope and Shields values. We have
confirmed that, unlike the case of aeolian transport, in a significant upper
part of the transport layer, the length of the particle trajectories influenced
by external forces in between successive collisions is shorter or of the same
order of magnitude than the mean free path of kinetic theory. Hence, the
ballistic regime plays a significant role even in the case of intense sediment
transport, supposedly dominated by interparticle collisions.
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Chapter 6

Conclusions and future
research

According to the major aims of PRIN project "Enterprising", synthesized in
monitoring and modelling high-flow conditions in rivers, the key-stone idea
the project started from was to check freshwater mussels as potential reli-
able bioindicators. We investigated, as a first attempt to our knowledge, the
effects of hydrodynamic perturbations of the aquatic environment on the bi-
otic community, both in the laboratory and in natural sites. On another side
of this work, two different measurement devices for turbidity and streambed
scour and deposition have been introduced and successfully tested in a lab-
oratory flume, assessing the potential of being used in the field. Finally, on
more theoretical ground, we got some inferences on ordinary and intense
sediment transport, made possible by using in a specific way the entropy
theory. We validated as much as possible all the theoretical premises we
introduced, either through experiments or field observations. The interdisci-
plinary nature of these pursuits required intense collaborative efforts across
diverse fields and approaches, ranging from mechanical devices (electronic
boards and sensors) to biotic communities (live organisms, FMs), which en-
abled us to reach a wider view of the processes and of their representation
through measurements. Resuming what represented in this thesis through
its chapters, the following ones are those I deem as my key research results:

- free and immobilised freshwater mussels can serve as effective ecosys-
tem warning indicators in aquatic environments, though they need a
specific installation depending on the expected stressors, riverbed and
flow rate conditions (Chapter 2);

- continuous wavelet transform proves to be a valuable tool for interpret-
ing the FMs signals, in terms of identifying pseudo-frequency features
present in the signal over time and using them to describe the response
of FMs to external perturbations, providing more informative results
than only looking at discontinuities in the opening time series (Chap-
ter 2);

- laboratory and field experiments with immobilised mussels demon-
strate their response to hydrodynamic stresses within a frequency of
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valve gaping ranging from 10−3 Hz to 1 Hz. This frequency range is
larger than the background frequency range during normal behaviour
(around 10−4 − 10−3 Hz when taking the median across multiple in-
dividuals). These frequency values correspond to conditions that indi-
cate the presence of stressful conditions for the FMs, thus underscoring
the potential use of FMs as real-time BEWS for identifying potential
threats to the aquatic ecosystem (Chapter 2);

- a new BED-sensors string based on LDRs has been employed and suc-
cessfully tested in the laboratory for different applications such as check
dam and pier of bridge dealing with streambed scour and deposition.
A promising result indicates that this device can also be used in the
field (Chapter 3);

- a new turbidimeter based on low-cost turbidity sensors has been in-
troduced with a new design and waterproof housing. This device was
successfully calibrated and then tested in the flume with different tur-
bidity stages (increase and decrease in flow turbidity). A promising
result at high turbidity indicates that this device can be used in the lab-
oratory and field and with an improvement in the calibration method,
the device also can be reliable in low turbidity (Chapter 3);

- statistical information for ordinary bed-load transport (low Shields val-
ues) is inferred through an innovative methodology that also involves
surface velocity measurements. A new way to deal with the particle
resting-time statistics is achieved within the frame of the general Shan-
non entropy principle and by adopting the Einstein approach to ordi-
nary bedload processes; both well and poorly sorted bed texture have
been faced (Chapter 4);

- concentration profiles obtained by adopting the entropy law as offered
in several papers, without connection to the respect of mechanical prin-
ciples, was the input underpinning a solution involving velocity of
both phases and granular temperature in the stratified layer of colli-
sional bed-load layers. These flow conditions take place over a mo-
bile bed when Shields and slope values are in an intermediate range,
between ordinary bed load and either turbulent suspension or debris
flows. We got solutions by a quasi-analytical integration of differen-
tial equations expressing mass, momentum, and energy conservation
in the frame of kinetic theory (Chapter 5);

Several future research challenges stem from this PhD work and state-of-
art literature on the faced topics. Sediment transport, at different regimes,
offers so many aspects to explore that are still obscure and important. Mon-
itoring it with improved and more efficient technology, as we meant to do
by exploiting light and turbidity sensors, or understanding how the solid
and liquid phases collaborate to merge their momentum and energy fluxes,
their production and dissipation mechanisms are quite fundamental scien-
tific tasks. Last but not least, "asking" more intriguing questions to "our"
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mussels, that is for instance, how they allow us to distinguish between dif-
ferent stressors inducing a change in their behaviour, would be hectic. Still,
we need to find a "communicative language". I am eager to see how the rest-
less research work of our bio-fluid-mechanics community will progress in all
these aspects, and further but related ones, that are even difficult to conceive
in the present, and I shall remain happy to have worked and, hopefully, have
contributed to this joint effort.
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Figure A.1: Valve opening signals for the individual free and immobilised FMs
deployed in the laboratory experiment (dots indicate abrupt change points in
the mean of the opening signals when the mean opening changes by more than

25% ).
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Figure A.2: Valve opening signals for the individual free and immobilised FMs
deployed in the laboratory experiment after detrending and removal of step

changes in the mean valve opening.
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Figure A.3: Data from the multiparametric sensor installed at the field moni-
toring site; a) left y-axis: median valve opening signal with 25th and 75th per-
centiles indicated by the shaded area; right y-axis: water level; b) left y-axis: as
in a); right y-axis: water temperature; c) left y-axis: as in a); right y-axis: water

conductivity.
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Figure A.4: Valve opening signals for the individual immobilised FMs deployed
at the field monitoring site after detrending and removal of step changes in the
mean valve opening. The asterisk * depicts FMs that are excluded from the

wavelet transform analysis presented in Figure 5 in the main text.
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Figure A.5: Colour maps of the Velocity field in the cross-section for the low flow
condition: a) based on the ADCP data, b) based on the Entropy theory. Ponte
Adige cross section, high flow condition. c to g) random velocity profiles from

the left bank to the right bank. h) distribution of Shields stress.
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Figure A.6: Colour maps of the Velocity field in the cross-section for the moder-
ate flow condition: a) based on the ADCP data, b) based on the Entropy theory.
Ponte Adige cross section, high flow condition. c to g) random velocity profiles

from the left bank to the right bank. h) distribution of Shields stress.
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Table A.1: Functions of extended kinetic theory in the dense limit.

f1 = 2 (1 + en) vG

f2 = 8J
5π1/2 vG

f3 = 12
π1/2 vG

(
1 − e2)

G = vχ0

J = 1+en
2 + π

4
(3en−1)(1+en)

2

[24−(1−en)(11−en)]

e = en − 3
2 µ exp(−3µ)

χ0 = f 2−v
2(1−v)3 + (1 − f) 2

vc−ν

f =


1 i f v < 0.4,

v2−0.8v+vc(0.8−vc)

0.8vc−0.16−v2
c

otherwise,
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This study has been carried out as a part of the PRIN project “Enterprising”, a project with the
aim of monitoring and modelling river flow processes during floods. In this context, in my work, I
dealt with the impact of hydrodynamic processes on river biotic communities, miniaturized
gauges, and theoretical methods. The aims of the present PhD work, therefore, followed
different paths which share a common phenomenology and contribute from different points of
view to form a robust and consistent understanding of it. The work can be described through the
following list of separate activities: 1) evaluating the impact of external stressors on aquatic
ecosystems directly by using biotic communities as real-time indicators; 2) developing low-cost
systems for monitoring bedload and suspended sediment transport; and 3) developing sediment
transport theories based on Entropic theory.

In this study, freshwater mussels (FM) as reliable bioindicators for detecting environmental
disturbances in aquatic ecosystems were utilized. We performed experiments in a laboratory
flume and field to evaluate the suitability of using FM for developing a tailored real-time biological
early warning system (BEWS) for detecting disturbances to the aquatic ecosystem due to
external stressors. Besides FM investigation, two low-cost systems for continuous monitoring of
turbidity and streambed scour/deposition were tested. Different experiments have been done in
the laboratory, specifically testing a vertical string of photoresistors. The results obtained from
both systems were convincing. Finally, two different types of sediment transport theories,
ordinary and intense bedload, were developed based on Entropy theory. This theory developed
with the aim of having sediment discharge using surface velocity for the ordinary bedload,
further enabling us to find its relation to particle resting time. For the intense sediment transport,
the extended Kinetic theory has been applied to unidirectional steady-uniform flow through a
statistic-mechanical model endowed with entropic information on the concentration profile.

Ashkan Pilbala
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