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Chapter 1

Outline

"For the world is changing: I feel it in the water,

1 feel it in the earth, and I smell it in the air."”
J.R.R. Tolkien, 1954

1.1 Problem’s statement

Historically, scientific and technical research devoted special attention to the conditions at which
grains, resting at the riverbed, begin to move forced by the overflowing water (Dey and Alj,
2019). For obvious reasons, most studies investigated such threshold conditions (i.e. incipient
motion condition) in the case of natural sediments. In this Thesis, instead, incipient motion
and remobilisation conditions of anthropogenic particles, which can be found presently among
river-bed sediments (J. Li et al., 2018, Frei et al., 2019, Koelmans et al., 2019) are investigated.
For their size, the material used can be referred to as microplastics (i.e. plastic particles in the
range 1 um - 5 mm), and, having a lower density than natural sediments, it is therefore more
mobile in a wide range of flow conditions.

A series of flume experiments is here presented and the results discussed, with the goal of setting a
basis for understanding the dynamics of plastic particles present in the bed sediments, also paying
attention to the relative effects of the bed sediments grain-size distribution on the remobilisation

of plastic particles having different densities.

Research questions

The work in this thesis aims at addressing the flow-induced mobilisation of plastic particles from
a loose bed, and its dependency upon the bed grain-size characteristics. Specifically, the presence
of both lightweight plastic and natural clastic sediments poses the following questions when

plastics mobilisation is considered: Q1.1 - How can we define the critical threshold for incipient

1



2 Chapter 1: Outline

motion of microplastic particles? Q1.2 - How to relate it to the hydraulic conditions? Q2.1 - Can
we use the same threshold definition for different bed compositions? Q2.2 - Does the threshold

value depend on the content of MPs potentially moving on the bed surface?

1.2 Thesis’ layout

The Thesis is subdivided into chapters, building a narrative around the microplastics’ incipient
motion and remobilisation in open channel flows. Chapter 2, introduces to the problem and the
main research aims, and contains a synopsis to present knowledge about the incipient motion of
sediments. The most adopted methods are classified and described and the framework for our
proposed method is given. In Chapter 3, the research facilities and experimental methodology
are described, with details about the measuring equipment and bed materials used. The chapter
also contains key aspects of the data analysis and assessment procedures, as well as the main
assumptions in processing data. In Chapter 4, our approach to define the mobility threshold
for uniform sediment is introduced, with reference to artificial grains, and the results of its
first application are reported and discussed. This chapter provides the answer to Q1.1 and
Q1.2 and the definition of incipient motion reported there serves later as baseline conditions for
assessing microplastics mobility on different types of beds. In Chapter 5, the proposed framework
is adopted to study threshold conditions of microplastics on various beds. The experimental
results are presented and analysed, and factors influencing the behaviour of the entire sediment
mixture and individual fractions are examined. Here the answer to Q2.1 and Q2.2 is provided.
Chapter 6 contains the conclusions from the research undertaken, together with suggestions
for future developments to complement the knowledge of microplastics sedimentary processes.
The Appendices contain detailed protocols to carry out experimental work of microplastics’
mobilisation and transport in laboratory flumes (Appendices C), summary tables of data measured
for all experiments (Appendices B), and a glossary for the most recurrent terms (Appendix A)
when dealing with erosion and remobilisation of sediments.

The datasets are available in the IG-PAS public repository
(https://dataportal.igf.edu.pl/group/about/lab_microplastics_ncn).

1.3 On the terms incipient motion and remobilisation

In this work, the term "incipient motion" is appropriately used only in the case of sediments
which cannot be distinguished by the ones composing the bed layer, while we address with
"remobilisation” the phenomenon of any type of other sedimentary material getting into motion
on a loose solid boundary by the action of a forcing fluid. We deem it important to be clear about
this point, since a variety of terminologies is available in the literature, which sows ambiguity to
a dichotomous problem per se, i.e. onset of motion of particles, and as a result, does not support

further efforts in addressing the more complex cases of bimodal bed composition in terms of
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particles’ materials.






Chapter 2

Introduction

"The root cause of this unfortunate proliferation and diversity
of ideas is evidently the absence of any sound and indisputable
quantitative basis of reasoning compatible both with the facts
and with the laws of nature and therefore commonly acceptable.
Consensus of opinion, which varies from decade to decade, is
no satisfactory substitute."”

R. A. Bagnold, 1966

2.1 Motivation and scope

"Plastics are used extensively because of their highly functional properties — they can be moulded
into many shapes and are lightweight, hygienic, cheap to make and good insulators. For these
reasons, plastics production is increasing sharply. In the past two decades it has doubled to
more than 450 million tonnes annually” (“UN plastics treaty: don’t let lobbyists drown out
researchers”, 2024). Plastic pollution has been recognised as a global problem by the United
Nations in 2022 (UNEP, 2022), thanks to the large body of evidence built in the past 20 years
on the presence of plastic in all environmental compartments (Thompson et al., 2004; Horton
et al., 2017; Hurley et al., 2020; Horton, 2022, among others). The field of plastic research is
therefore rather new and many uncertainties are still to be resolved around long-term effects
and environmental consequences (Wagner et al., 2014). Uncertainty does not involve only the
biological and ecotoxicological aspects of plastic pollution (Adam et al., 2019), but it spreads
through all facets of the problem: from monitoring of quantity and evaluation of single polymers
in samples to quantification and budgeting at both small and large scales (Wagner et al., 2014;
Schmidt et al., 2017; Gonzalez-Fernandez et al., 2023).

It is well known that plastic materials leaked into the environment undergo weathering and
fragmentation (Pfohl et al., 2022), forming smaller particles named microplastics (Liro et al.,
2023; Andrady et al., 2022) and, further down in size, nanoplastics (Wohlleben et al., 2024). The

5
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processes of ageing, weathering and fragmentation are likely to change not only the toxicological
effects of microplastics, but also, as recently outlined by Wang et al. (2024), the transport
processes, and specifically the incipient motion conditions.

Besides the increasing evidence featuring the presence of plastic particles and debris in freshwater
systems (Zbyszewski and Corcoran, 2011; Dris et al., 2015; J. Li et al., 2018; and Lechner,
2020), little is known about the interactions between plastics and natural clastic particles. Such
interactions can be classified as physical, like the interplay between microplastics’ and sediment
transport (Waldschldger and Schiittrumpf, 2019a; Boos et al., 2021; Russell et al., 2023), or
chemical, e.g. the absorption of heavy metals and contaminants (Rochman et al., 2014; Alimi
etal., 2018 and B. Li et al., 2024).

While comprehensive and sustained efforts in monitoring and measuring plastics appear, e.g.
Lechner et al. (2014) report the abundance of plastics in the Danube river, which help describe
the magnitude of the plastic problem beyond what is well known for the ocean (Dris et al., 2015),
the amount of resources invested in understanding transport processes among compartments, to
inform models and eventually monitoring strategies is much scarcer, for the inherent complexity
that plastic materials show.

This Thesis aims to add one small brick to reduce this knowledge gap, based on experimental work:
the estimation of the mobility threshold used in formulae for the estimation of sediment transport
(e.g. Meyer-Peter and Miiller 1948, Van Rijn 1984). Since those formulae are implemented in
numerical models, the results here obtained could be later used to estimate fluxes of microplastics

at the water-bed interface of open channel flows.

2.1.1 Plastics as new sedimentary material

Sediment derives from the Latin sedére, with the meaning of "to deposit". Sediments are all those
particulate matter and substances which, present in a fluid under a gravitational field, tend to
reach the lowest solid boundary. Within this definition, not only naturally occurring particles
fit, but also granular materials or debris deriving from anthropic activities, such as e.g. ceramic
fragments and plastic nurdles.

The literature on sediment transport discerns between the two environments in which sediment
is immersed, mobilised and transported, namely water and air. Different approaches have
been developed and adopted when dealing with transport in the two media (Shields, 1936;
Einstein, 1950; Bagnold, 1954), with attempts to unify sediment transport models (among the first
Bagnold, 1979, and more recent contributions are e.g. Lu et al., 2005; Houssais and Jerolmack,
2017; Pahtz and Durén, 2020 and Péhtz et al., 2020). The transferability of sediment transport
models (in both environments) to plastics transport has not been questioned, and adaptations
of available theories are being developed (e.g. Goral et al., 2023a; Luo et al., 2022) to transfer
methods to the new field of plastics transport.

Sediment transport dynamics depend on their physical and geometrical properties (e.g. size,

density and shape), and, for natural sediments, the range of variability in grain-sizes generally
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outweighs the variability of the other two properties. On the other hand, when considering
other types of sedimentary materials, such as heavy minerals and anthropogenic particles, like
microplastics, density and shape vary widely and can therefore play a greater role in determining
transport dynamics (e.g. Komar et al., 1981; Viparelli et al., 2015 and Waldschliger et al., 2022).
Gabbott et al. (2020) advance the proposition to treat plastic debris as a geological material due
to the "ubiquity, longevity and abundance" that geological materials entail, which could also be
among the properties of plastic debris. A rather recent review by Akdogan and Guven (2019)
collecting literature sources from Web of Science, highlighted how the proven ubiquity and
persistence of plastics in the environment require attention, not only in terms of toxicological
effects, but also in terms of understanding their fate and transport. Another review on the presence
of plastics in the environment (P. Li et al., 2021) highlighted the ubiquity of plastics in all
environmental compartments, calling for more research in freshwater, terrestrial, and atmospheric
systems, as marine plastics pollution has received much attention. In an assessment of the state of
policies to safeguard the integrity of planet Earth’s systems, Persson et al. (2022) refer to novel
entities (among which plastics) as "entities that are novel in a geological sense and that could
have large-scale impacts that threaten the integrity of Earth system processes".

Growing evidence of the presence and accumulation of plastic and microplastics in rivers at the
river-bed interface (Liedermann et al., 2018; Drummond et al., 2022 and Duong et al., 2023),
calls for an in-depth understanding of microplastic transport processes, and recent studies on
microplastics transport dynamics (Waldschldger and Schiittrumpf, 2019a; Boos et al., 2021)
started to answer such pressing need. Still, even when the usage of plastic products will be
drastically reduced, the legacy of such materials leaked from our hands into the environment
will likely last for ages to come (Bertling et al., 2018; Nyberg et al., 2023). Understanding the
sedimentary processes of erosion, transport and deposition alongside all efforts into the more
environmental and toxicological aspects of such materials in natural systems is paramount to
mitigate and reduce exposure and risks (Wagner et al., 2014; de Souza Machado et al., 2018;
UNEP, 2022).

2.1.2 The overlooked story of plastics incipient motion experiments

The use of artificial material for sediment motion studies dates back to the first USWES 1936
investigations, with the use of lightweight materials for bedload experiments (Bettess, 1990;
Henry and Aberle, 2018) and Bagnold (1955) on the "characterisation of the effects of grains’ low
density on transport processes". Apart from the scientific merit of investigating incipient motion
and transport of materials with diverse densities, the use of lightweight materials did not take
hold until the 1970s when the increased need for engineering design of river management works
required scaling sediments, and the "cohesion problem" did not allow for scaling by particle size
only. Indeed, lightweight materials, such as plastic granules, allow for reproducing significant
morphological processes at reduced time scales, due to the higher mobility for their lower density

at a given size (i.e., larger than 60-100 um to avoid possible cohesive force).
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Dynamic scaling involves (i) the identification of a set of dimensionless variables, needed for a
complete description of the studies process, and (ii) to design such model so that these variables
have the same value both in the model and in the (field) prototype (Paola et al., 2009).

Scaling of flow involves either Froude (Fr) or Reynolds (Re) similarity, with the two dimension-

less numbers equal to Equations 2.1 and 2.2

Fr= EL 2.1)
8
UL

Re = 7 (22)

while to scale sediment transport, Rouse number (Equation 2.3) and Shields’ number (see later,
2.2.2.3, Equation 2.38) are to be considered

(2.3)

In Equations 2.1, 2.2 U is the mean flow velocity, g is the gravity constant, L is a length scale,
usually the mean flow depth y is chosen, the coefficient of kinematic viscosity v = 107 m?/s. In
Equation and 2.3 wy is the settling velocity in quiescent fluid, « is the Von Karman constant and
u* is the bed shear velocity.

Scaled experiments with lightweight (plastic) materials have various advantages, and Table 2.1
reports an incomplete list of published works in which plastic grains were used as bed material.
Although the focus was not specifically on the onset of transport, the history of lightweight-scaled

experiments offers a starting point to understand microplastics sedimentary dynamics.

TasLe 2.1: Overview of studies using lightweight materials in physical models to scale morphody-
namic processes in time. Edited and updated from Henry and Aberle, 2018.

Name

Process studied

Modelling approach

Sediments characteristics

Juezetal., 2018

Bernietal., 2017

Finotello, 2017

Viparelli et al.,
2015

Gorrick and Ro-
driguez, 2014

Sediment supply-

triggered hysteresis

Bed destabilization un-

der waves

Tidal channel evolution

Sediment sorting and
selective transport by

weight

Mixed-load transport

Froude scaling. Unsteady flow.

Shields and Rouse number scal-
ing

No scaling

No scaling. Use of lightweight
sediments for testing sort-

ing/transport processes

Geometric and Froude scaling

polyurethane grains, diameters
dsp =200, 160, 80 um and pg =
1.16 g/cm?

angular shaped grains with me-
dian diameter d5y = 0.64 mm
and bulk density ps = 1.18
glem®

median diameter dsy = 250um
with bulk density ps = 1.35
glem®

sediments mixtures of different
densities spanning ps; = 1.5 —
4.0 and ps, =2.6 - 3.3 g/cm®
similar grading mixture as pro-

totype with ps = 1.3 g/cm’®
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Petruzzelli et al.,

2013

Thélusmond et

al., 2013

Meyering, 2012

Gill and Pugh,
2009

Radice et
2008

al.,

Maynord, 2006

Kocyigit et al.,
2005

Peters, 1990

Seng Low, 1989

Graf and Pazis,
1977

Bagnold, 1954

USWES, 1936

Beach profiles morpho-

dynamics

Sedimentary processes

Sediment density effect

on scouring

Sediment transport pro-

cesses

Scouring at rectangular

abutment

Morphodynamics for

river engineering

Sediment transport in

harbours

Sediment transport in

large alluvial rivers

with very low slopes

Bed load transport

Erosion and deposition

Transport processes

Bed load material

Froude scaling and distorted ge-

ometry

Distorted Froude

Flow intensity U/u* and densi-

metric Froude scaling

Modified-Froude model, sedi-
ment density and slope adjusted
to scale on dimensionless trans-

port rate

No scaling

Distorted Froude micromodels

No proper scaling

scaled
Ve-
locity adjustment to trigger

Distorted  Froude

lightweight sediments.

scouring

No scaling. Description of the
transport of lightweight sedi-

ments

No proper scaling

No scaling. Exploratory work
on transport of very lightweight
material

Investigation of the suitability
of lightweight materials to sim-

ulate bed load transport

various angular and spherical
particles with diameter and den-
sity range of d = 0.07 - 1.5 mm
and ps = 1.15-2.52 g/cm?®
ground melamine formalde-
hyde grains, size range d = 0.4
- 1.4 mm and density ps = 1.49
g/em?

ellipsoidal and cylindrical gran-
ules with grain-size d = 2.7 mm
and d = 2.6 mm and density
ps = 1.04 g/cm® and ps = 1.39
g/cm? respectively

crushed coal sediments with
d = 0.88 mm and pg = 1.27
g/cm® to scale 51-mm-clastic
sediments

grains with median diameter
dsp = 1.9 mm and density ps =
1.57 g/cm’®

a) coal beads and b) plastic
granules with d = 0.25 - 1.2
mm pg = 1.48 g/cm?

cation resin grains with median
diameter dsy = 0.73 mm and
density ps = 1.21 g/cm?

bakelite and polystyrene parti-
cles

cylinder shaped particles with
median dimension dso = 3.5
mm and range of density ps =
1.0-2.5g/cn?’®

rounded PVC grains with me-
dian dimension dsp = 3.02 mm
and density pg = 1.41 g/cm®
spherical particles with grain-
size d = 1.32 mm and density
ps = 1.0 g/cm?

The use of plastic media is therefore not new to hydraulic laboratory environments (as evident
in a first survey report by Bettess, 1990 and later by Henry and Aberle, 2018) and hydro-

morphodynamic studies, but the research questions behind it have now changed. A shift is
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needed from "plastic sediments as a proxy of (clastic) sediments”, to plastic sediments as
anthropogenic sediments leaking into the natural environment, for which transport processes are
still poorly understood, and the potential harm is still to be thoroughly assessed. Understanding
the sedimentary behaviour of plastic grains per se is slowly becoming the scientific focus of a
new branch of sedimentary research, and the work in this Thesis aims to contribute to this both

old and new research thread.

2.2 Literature review

2.2.1 Historical excursus on the importance of incipient motion studies

The beginning of transport of sediments has been investigated in a systematic way, to date, for
around a century, still, no coherent definition is available, which allows to definitely set such a
threshold (1966 and much more recently Dey and Ali, 2019), provided it exists after all (Lavelle
and Mofjeld, 1987 and Paphitis, 2001). The threshold concept itself has been questioned (Lavelle
and Mofjeld, 1987), since, due to the cohesionless nature of riverbeds, the process is highly
stochastic, and a single value is a rather poor descriptor of what happens to grains subject to
a flowing fluid. As outlined already in the founding studies by Shields (1936), stochasticity is
embedded in the process, and when looking at grain mobilisation from a loose bed, the descriptors
chosen should account for it. In the century passed since the first studies, multifarious approaches
appeared on the scene of “incipient motion and beginning of transport” and this section aims at
wandering among those and finding some commonalities and the main differences.

Historically, the first studies into the beginning of transport are closely connected to the field
of river geomorphology and morphodynamics. This tradition dates back to Davis and Gilbert
(Grant et al., 2013), respectively with a qualitative classification of the landscape changes (Davis,
1909), and a more physical, processes-oriented framework to explain such variability in the
landscape (Gilbert, 1914). Gilbert (1914) carried out laboratory experiments to investigate the
transport capacity of rivers by gradually increasing input discharge, defining incipient motion
by the discharge conditions mobilising few grains. From those landmarks, the present field of
geomorphology stemmed, and sediment transport studies can be considered a branch of it.

On another, related, front within the field of hydraulics, the first systematic studies into sediment
transport date back to the beginning of the XX century with Forchheimer (1908 and 1926) and
Schoklitsch (1914 and 1926) investigating sediments movements in flowing waters, but not before
the 30’s a clear framework was available to estimate and predict erosion (see Hjulstrom, 1932 and
Shields, 1936). Shields’ milestone study set a divide and a standard in approaching and investi-
gating sediments’ onset of transport, by providing a clear method for assessing such a condition.
From there on, the standard approach for the definition of the threshold for sediment motion
required a measurement of either shear velocity or bed shear stresses, be they cross-sectional
averaged, or local or very punctual values, and a proxy measurement of the solid flux. With

this said, we can now walk through the sediment motion studies scene, and meet the different
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characters in this story, keeping in mind that all of them shaped the current understanding of the

process.

2.2.2 Incipient motion of sediments in flowing waters: parameters’ choice

The definition of incipient motion conditions requires establishing a relationship between particles’
mobility (or alternatively solid discharge) and hydrodynamic conditions triggering mobility.
Throughout the last 90 years, the problem of incipient motion and onset of transport has been
approached with a highly diverse choice of parameters, resembling the background and education
of the various researchers tackling such a topic, spanning from geography and geomorphology
to civil engineering and physics. Hereby, combining multiple sources (Shvidchenko, 2000;
Armanini, 2018; Dey and Ali, 2019; Witz et al., 2019) a summary is presented of those parameters’

choices which had a sequel.

2.2.2.1 Hydrodynamics’ descriptors

The earliest formulation, as reported in Dey (2014), with reference to the incipient motion of
granular material resting at the bed can be found in Brahms (1754) and suggests a proportionality
between the grain weight (volume and density) and the near-bed velocity in the form

Vher o (ps, ¥p)'° (2.4)

where v;, . is the near-bed velocity triggering grains’ motion, pg is the particle density and ¥, is
the solid particle volume. This first formulation contains both particle information (density and
volume, which is directly related to the grain-size in the case of uniform sediments), and flow

characterisation, being, de facto, the basis for all successive research.

Threshold velocity

As seen above, the near-bed velocity was the first parameter adopted to explain particles’
threshold for motion. As a natural evolution of Brahms’ velocity threshold, few authors adopted
near-bed velocity thresholds, as hereafter briefly outlined. For example, Carstens et al. (1964)
propose a relationship between threshold velocity at the particle level u,, ., sediment and bed

characteristics in the form:
Uper = 1.9 - gAd"(tan ¢ cos S, o — sin ¢)!/? (2.5)

where d is a representative diameter for the particle, A = (ps — p)/p is the submerged relative
density of the particle, ¢ and S, are the bulk friction angle of the sediment and the bed slope in
degrees, respectively. In a discussion among many authors (see Neill et al., 1966) it was proposed

to relate the near-bed threshold velocity u., only to the bed particles’ density p, and size d, as
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follows:
U = 3.3 - AV2g4° (2.6)

Another thread for the estimation of the threshold near-bed velocity sees its relation to the settling
velocity of the particle wg observed for the first time by Rubey (1933). There he noticed similarity
between bed shear and settling velocities magnitudes, which was later used to derive empirical

formulae for bed shear velocity estimation. As an example, Egiazaroff (1965) assumes the

*
p.cr

of homogeneous beds with sustained transport, obtaining

threshold velocity at the particles’ level ), .. to equal the particles’ settling velocity w, in the case

u;,Cr =Ws (27)

Although very simplistic, this formulation has been reworked and is especially useful to discern
modes of transport for a variety of natural minerals as outlined in Komar and Clemens (1986)
and has been adopted for resuspension criterion (as in e.g Lane and Kalinske, 1939 and Komar,
1985).

> 1 suspended transport occurs
— 4~ 1 threshold to suspension (2.8)

<1 bedload transport occurs

As an example, Yang’s formulation (1973), depending on the settling velocity, was derived
through forces balance on a spherical sediment particle on a loose bed. By balancing drag, lift,

friction and gravity at the particle level he comes up with a relation

Uer (logRi‘S—O.Oﬁ + 0-66) Re* €[0,70)

Zer 2.9)
Ws 2.05 Re* > 70
where Re™ is the particle Reynolds’ number computed as
*d
Re* = (2.10)
v

For the purpose of this Thesis, resuspension limits are not further investigated. Still, for sake
of completeness, a relation between bed shear velocity and settling velocity is to be mentioned,
due to the particular characteristics and variety of microplastics, and the growing literature on
microplastics settling velocity estimation in both still and turbulent water (Waldschlager et al.,
2020; Goral et al., 2023b; Lofty et al., 2024).

Although Rubey already in 1938 concluded that "The velocity in the immediate vicinity of the
particle on the stream bed is more significant for this [particles’ onset of motion] inquiry than the

mean velocity of the entire stream”, threshold mean velocity relations were derived for various
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conditions thereafter (Dey, 2014). Such formulation had the advantage of being easier to estimate,
overcoming the inherent difficulty in near-bed velocity estimates both in the laboratory and in
field conditions.

As a first example, the Hjulstrom diagram (1932) represents the earliest systematic application
of a velocity threshold. Through experimental data, the critical mean flow velocity U, was
derived by Hjulstrom (1932) for a wide range of diameters, at a constant water depth of 1 m.
The Hjulstrom diagram (Figure 2.1) is still widely used for approximate assessment of erosional
depositional processes in rivers, even though its independence from flow depth does not allow

scaling to conditions different from those for which it was initially determined.
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Ficure 2.1: Hjulstrom diagram showing the dependency between the sediment grain-size and the
(critical) velocity required for its erosion, transport or deposition. Source Wikipedia, licensed with
CC-by-SA-3.0, GFDL.

Among the formulae valid for sediment mixtures (i.e. mixed grain-size sediments) Gvelesiani
(1970) proposes a relation of the mean threshold velocity depending on particles’ weight, a
function of particles’ submergence //d, and a proxy for sediments uniformity dos/d, where dos is

the 95" percentile of the grain-size distribution, with 95% of grains finer

log®"  [2gAd
Uop = 141 — = 2.11)
og(=~+ 1) :

valid for gravel-beds with representative diameter d > 1.5 mm.

Again for gravel-bed, with a slightly easier formulation still relating the mean threshold velocity


https://en.wikipedia.org/wiki/Hjulström_curve
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to a function of particles submergence Neill, 1967 proposed the following empirical formula:

1
6
Uy, = 141g A d(g) 2.12)

An early Zanke (1977) proposed a relation for mean threshold velocity depending on cohesion of

the sediments and viscous near-bed influence for fine material in the form

Uy =28 c( |20 d+ 5.253) (2.13)
Jol d

where v is the kinematic viscosity coefficient of water and c. s is a coefficient for cohesivity of
the bed sediments, spanning from 1 for cohesionless to 0.1 for cohesive sediments.

The relationships reported above were chosen among many available for their relevance for the
present Thesis in two terms: the range of diameters for which the formula is proposed valid
includes values relevant for microplastics studies, and the researchers investigated incipient

motion not only for homogeneous sediments, but also for graded mixtures.

Threshold discharge

The definition of a threshold discharge presents many advantages, and was adopted by e.g.
Bettess (1984) for gravel-bed streams (with grain-size greater than 2.5 mm). By calculating a
dimensionless equation for threshold unit discharge

V,d
gs = ——— (2.14)

Vig A d?]
and using Shields’ curve as a basis (see Section 2.2.2.3), he derived the following relation, valid
for natural sediments with relative density p;/p =2.65, and depending merely on the critical

specific discharge g,

0.104 /g A &3 1.211
qer = S g - log( (2.15)
b

S )
where S, is bed slope of the stream.
Bathurst and colleagues (1987) in the same years found a similar relationship for steep channels

with coarse, nonuniform bed material (and consequent low relative depths, /#/d < 10) in the form

015z B

o = 2.16
q S, (2.16)

The use of threshold discharge has not been particularly popular in incipient motion studies, still,
some applications appear, mostly for gravel-bed rivers (P. Carling, 1988), and the two formulations
reported here are valid for a range of diameters which can overlap that of microplastics present in

rivers.
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Threshold stream power

Related to the concept of discharge, Bagnold (1954) proposed to relate erosion processes to a
quantity he names "stream power", encapsulating mean flow discharge Q, S, representing the
slope of the energy grade line (or depending on uniform flow assumption S p, bed slope), density

p and gravity constant g, as follows

Q= pg0S. 2.17)
From Equation 2.17, the stream power per unit bed area can be estimated as

w=pgUS,=71U (2.18)

Strictly valid only for natural sediment (p; ~ 2600 kg/m?), threshold conditions can be obtained

by substituting threshold values for bed shear stress and shear velocity.

Threshold bed shear stress

A parameter more closely related to the near-bed hydrodynamics is the bed shear stress, which
informs on the force exerted by the flowing water at the bed surface and on the bed particles.
Empirical equations have been proposed to estimate the critical bed shear stress at the inception
of motion, and here some are reported.

The first proposed equation dates back to 110 years ago, proposed by Schoklitsch (1914), and
links the threshold bed shear stress (computed in [kg/ m?]) to particles’ parameters (density,

representative diameter, and shape through a shape factor CS F)

To.er = 0.448 - pg VCS F - Ad? (2.19)

where CSF is Corey shape factor (Corey, 1949) computed as the ratio between the shortest
particles’ axis a3 and the square root of the product of the two longest dimensions aj,a; (CS F =
az/ \/aiaz), and d is a representative dimension of the particle.

A few years later another author (Krey, 1925), suggested a formulation depending on only particle

density and the representative grain-size d:

0.076 - —p)ed, d > 6mm
T0,cr = (pS p)g (220)
0.000285 - (s —p)gd, 0.0001mm < d < 6mm

where 7 . was estimated in [kg/m?].
Kramer (1935), proposed yet another relationship, linking the same particles’ characteristics to
the threshold bed shear stress (computed this time in [g/ m?)) in the form

Toer = 29 \/M 2.21)
’ KUP
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where KUP is Kramer’s uniformity parameter describing the sediment mixture (KUP = 1 for
uniform sediment and KUP < 1 for non-uniform sediment). Equation 2.21 is valid in the range
d €10.24,6.52] mm and KUP € [0.265, 1].

Only one year later,in 1936, USWES recommended another formula for the estimation of the

critical bed shear stress modifying Kramers’ one:

Ad
= 0258 ] —L_ 2.22
Toer = 0258 2 (2.22)

with d € [0.205,4.077] mm and KUP € [0.28, 0.643].

Turbulence-oriented thresholds

As early as 1940, White proposed to incorporate the effects of turbulence through a turbulence
coefficient (see Equation 2.25) to account for instantaneous bed shear stress versus time-averaged
bed shear stress on single particles getting mobilised from a flat bed. Later, it was the seminal
work by Einstein (1942), highlighting the stochastic nature of bedload transport, that allowed
for a more detailed description of near-bed hydrodynamics, including turbulence, to enter the
characterisation of the onset of transport.

Following Einstein (1942), Sutherland (1967) describes the entrainment of particles as due to
"turbulent eddies disrupting the viscous sublayer and impinging directly onto the grain surface",
stressing the key role of turbulence in the entrainment mechanism. Research into the characteris-
tics of such eddies unveiled the role of specific flow events, linked to positive (greater than the
mean) fluctuations of flow velocity in the longitudinal direction (Heathershaw and Thorne, 1985;
Nelson et al., 1995), through quadrant analysis.

The concept of a distribution of bed shear stresses rather than a single value is the key in Grass’
work (1970) to describe the onset of transport. By accurate laboratory measurements of grain in-
stability and instantaneous longitudinal and vertical components of the flow velocity, he computed
the local instantaneous bed shear stress and compared it to the distribution of critical shear stress
depending on local bed topography and particle exposure. The result is a statistical formalisation
of the problem, based on two probability distributions whose increasing overlapping increases
the likelihood of the onset of motion (see Figure 2.5).

Questioning the concept of a threshold for motion, Lavelle and Mofjeld (1987) discussed the
importance of turbulent fluctuations at the bed, as the key factor determining the incipient motion
of single grains. They therefore refused the notion of threshold, arguing that single turbulent
events are able to mobilise particles at mean bed shear stresses well below the Shields’ curve.
Looking into the near-bed turbulence features with laser-Doppler velocimetry, Nelson et al. (1995)
conclude that for developed boundary layer flows, although sweeps (u” > 0, w’ < 0, where 1’ and
w’ are, respectively, the fluctuations of longitudinal and vertical components of the flow velocity
from its time-averaged value, following Reynolds’ decomposition) mobilise higher amounts of

bed sediments than all other interactions, the duration of the events also plays a major role in
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determining the bulk (time-averaged) sediment transport. The authors argue, instead, that for
developing and transitional boundary layer flows, other features, like flow separation, have a
major role in the mobilisation of bed sediments.

Zanke (2003) investigated the effects of fluctuations in the bed shear stress and turbulence-
generated lift force on the entrainment threshold with respect to the "smooth-wall" curve. He
found that the furbulent bed shear stress and lift combined reduce the "smooth wall" threshold,
and his results find good agreement with previous experimental data (among others, Shields,
1936; White, 1940; Neill, 1967; Mantz, 1977, Yalin and Karahan, 1979).

Diplas et al. (2008) investigated the role of both the magnitude and the duration of turbulent
fluctuations, highlighting the key role of the latter in the initiation of motion (as anticipated by
Nelson et al., 1995), thus proposing the use of impulse at the particle’s location to characterise
incipient motion. Further, Celik et al. (2010) and Valyrakis et al. (2010) adopted such a frame-
work, which allows for a quasi-deterministic characterisation of the onset of motion of individual
particles, for different degrees of exposure.

Dwivedi et al. (2011) conducted experiments on single particle’s motion, estimating hydrody-
namic forces on variously exposed particles. Consistently with the work of Nelson et al. (1995)
they found high-magnitude drag and lift forces induced by sweep (quadrant 4) events to be
responsible for the entrainment of both shielded and exposed particles, and, consistently with
Diplas et al. (2008) they stress the role of impulse on the onset of motion.

2.2.2.2 Particle-oriented descriptors

A second way to approach the incipient motion has been to focus on forces and torques at the
particle level and derive the destabilising mechanism analytically. If we consider a single particle
resting on the bed surface, the forces acting on such particle are reported in Figure 2.2. Friction
represents the effects of all contact reactions between the chosen particle and the surrounding
particles. Lift is the vertical component (normal to the bed for zero-slope) of the hydrodynamic
force acting on the particle, and drag is the component in the main flow direction. Buoyancy
depends on the fluid’s density and displaced volume, while weight on the particle’s relative

density and volume.

Forces balance at the particle level
The drag and lift force acting on a particle can be expressed as a function of the near-bed velocity
at the particle level u, in the forms

1

Fp = 2pCpupA, (2.23)
1 2

F = 2pCLf(u,)Ap (2.24)

where Cp and Cy, are the particle drag and lift coefficient, respectively, depending on particle
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FiGure 2.2: Schematic illustrations of various forces acting on a single grain for zero-sloped beds.
(after Armanini, 2018).

shape, surface roughness and orientation, f' (uf,) is a function of the velocities at the particles’
lowest and uppermost point and A, is the area of the particle exposed to the flow (e.g. for an
exposed sphere of diameter d it can be assumed equal to ”sz).

The approach by White (1940) balances forces around a particle assuming the effect of lift
negligible. He divided his experiments into two categories, hydraulically smooth (which he
names low-speed cases) with Re* < 3.5 and hydraulically transitional to rough (high-speed cases)
for Re* > 3.5. By balancing friction and hydrodynamic forces at the particle level, and introducing
a packing coefficient ¢ qcking and a coefficient for the near-bed turbulence ¢, corresponding to
the ratio of instantaneous (7p;) vs mean (< 7¢, >) bed shear stress

7o,

Crurb = (2.25)
< TO,[ >
he obtained for smooth regime and spherical particles
Tor = 0.18 - gAd tan ¢ (2.26)

while, for transitional to rough flow regime, he found a reduction of up to 40% of the threshold
bed shear stress 7., compared to smooth flow regime likely due to turbulent fluctuations in the
turbulent boundary layer.

Einstein (1949) assumed that a particle moves when its submerged weight is exceeded by the
instantaneous hydrodynamic lift force. By measuring lift fluctuations due to turbulence on
hemispheres, they proposed to choose an elevation of 0.35d for the measurement of u,,. Based on
these results, the threshold lift force Fy . was related to the threshold bed shear stress simply,
by the Task Committee on Preparation of Sedimentation Manual Committee on Sedimentation
(1966)

Frer =25 Toer (2.27)
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Wiberg and Smith (1987) proposed an equation, for a given grain-size and density, depending on
the near-bed drag force, lift force to drag force ratio, and particle angle of repose. They expressed
the lift force as

1
Fi = 5pCLAp(u, = uy)) (2.28)

where u,,; and u, are the instantaneous velocities at the top and bottom of the particle, and the

drag force as

1 1
Fp = EpCDulz,’AAp = 5pCpTo < FA(z/20) > A, (2.29)
where u, 4 is the velocity averaged over the particle cross-section and the function < f 2(z/20) >
indicates a dependency on the structure of the near-bed velocity profile. By analytically resolving

the particle’s equilibrium, they derived

2 tanpcos Spo —sinSp
CDC,Cshape < fz(Z/ZO) > [1+ (Fp/Fp)rtan ¢]

T0,cr = (2.30)
where Cgpqpe 18 a parameter depending on particle’s shape, S, is the bed slope and ¢ is the
particle’s friction angle.

Kirchner et al. (1990) use the balance of forces at the threshold for motion for individual spherical

particles, in the form

Fp
tan ¢

T
+ FL=Z(ps = p)gD’ (2.31)

assuming the validity of the logarithmic distribution of flow velocities up to the mean bed level.
Following Wiberg and Smith (1987) in the formulation of drag and lift forces, and defining
protrusion (see Section 2.2.2.4) as the particle height above the mean bed level, they derived the

threshold bed shear stress based on local geometrical considerations

7rD3{ 1 Cp

P
o = (ps =) 75 fp P —-ep-DPfera

nC -1
+ TIPSR - fp-DPl} @232)
where the function f(z) describes the distribution of near-bed velocities in the form

0, z<0
f@) = {l ( (2.33)

Z+20
n(=" ), z>0

and zg is the roughness length of the bed, which they set equal to 0.1dg4.
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Torque balance at the particle level

Vollmer and Kleinhans (2007), define incipient motion for an individual grain by the torque
equilibrium around a pivot point at the downstream contacting particle. By making use of the
concepts of particle exposure and protrusion (see Section 2.2.2.4), geometrical considerations
about the distance of the pivot point, and time-averaged parameters, they obtained a relationship

for the threshold bed shear stress in dimensionless form as

T0,cr _
glps —p) D (1+ fana), Cpf(2))

(o8 S po — SInSp o/ tan @iy, tan oz;ivmkpacking

(2.34)

’
pivot

point where drag force is exerted (see for clarification the full paper by Vollmer and Kleinhans,

where @ ;o and @ are angles between the pivot point and barycentre of the particle and the
2007), kpacking 1s the packing density parameter [m?], depending on particle shape, size distribution
and porosity. And f(z/zp) is a function accounting for the thickness of the viscous sub-layer,
following the rationale in Wiberg and Smith (1987).

2.2.2.3 Shields’ diagram

Shields’ approach to the problem of particles’ onset of transport was developed by means of
laboratory experiments on homogeneous sediments of varying relative density in the range 1.04
- 4.4 (corresponding to 4 density classes for crushed amber, lignite, granite and barite) and has
been widely used ever since.

Shields’ formulation of the incipient motion problem sees the balance of the flow fractive force,
or drag force, with the particle resistive force, i.e. friction force, proportional to all forces in the

direction normal to the flow, in the form
Fp(u*) = Fy, (2.35)

This requires that, at the onset of motion, the friction coefficient ¢, equals the value of the tangent
of the friction angle ¢, = tan ¢ (Armanini, 2018). The forces involved, with reference to Figure
2.2, are the hydrodynamic drag and lift components (Equations 2.23 and 2.24, respectively) and
the submerged weight equal to particle weight W subtracted of particle’s buoyancy B

Waw =W — B = g(ps —P)Vp (2.36)

By imposing equilibrium of forces in the flow direction, the threshold condition for the particle

can be obtained as

*2 *
£ - f(p” d) (2.37)

gAd v



2.2 Literature review 21

By defining the Shields’ mobility parameter as

u*2 _ T0,cr

~gAd T glps - p)d

(2.38)

a dimensionless relation for the incipient transport conditions of bed particles can be therefore
written as (Nifo et al., 2003)

fer(Re*,100r) =0 (2.39)

where Re” is the particle Reynolds number and 7, is the mean bed shear stress at onset of
motion, both estimated through the bed shear velocity u*. The original Shields’ diagram plots
the particle Reynolds number vs his newly defined (Shields’) parameter, separating mobility

and non-mobility of particles through a shaded area where incipient transport was observed (see
Figure 2.3).
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Ficure 2.3: Original Shields’ diagram, modified from Shields, 1936 PhD Thesis to highlight
near-bed regimes, from left to right: in light blue smooth-wall, in violet transitional and in pink
rough wall regime.
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Ficure 2.4: Higher resolved Shields’ diagram, modified from Armanini, 2018 reporting the original
dataset plotted by Shields’.

Shields’ diagram has ever since been used, usually collapsing the shaded area into a single
curve (Dey and Ali, 2019) which can be described by e.g. Paphitis (2001) valid for the range of
Re* = (0.01 — 10%)

0.188

6. =
7 14 Re*

+0.0475(1 — 0.699 exp 0013k (2.40)

and upper and lower limits to envelope the high scatter in experimental data from Equations 2.41,

valid in the same range of Re* as Equation 2.40

0.075 0015Re"
Ocrupper = 55 ooz *+0-03(1 = 0.699 exp 0015Re™ g
(2.41)
0.280 .
o lower = _ 1-0. —0.015Re
Oer, 5 e H0-075(1 - 0.699 exp )

Shields’ diagram, due to the use of particle Reynolds number Re* (which corresponds to the bed
Reynolds number for the bed homogeneity in his experiments), has the advantage of considering
the flow regime. It goes from smooth-bed for Re* < 2 (light blue in Figure 2.3) where there is
a linear trend in the bi-logaritmic graph between Re* and 6, to transitional for Re* = [2,200]
(purple shaded in the middle) where the relation follows a more complex dependency reaching a
minimum value for 6 at 0.03, to rough-bed for Re* > 200 (magenta shaded area) where 6 = 0.057

is independent from Re*.
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One of the greatest disadvantages of Shields’ formulation is that the abscissa and ordinate axes
are interdependent through the bed shear velocity. For this reason, Yalin (1972) and later Miller
(1977) proposed the use of a dimensionless particle diameter D* in the form

A 1/3
Dt = dso(g ) (2.42)

v
which results in a threshold curve for 6., vs D* (Van Rijn, 1984)

0.24D* ! for D* < 4
0.14D* 9% for4 < D* < 10

Oer =10.04D* %1 for 10 < D* <20 (2.43)
0.013D*92%  for 20 < D* < 150
0.055 for D* > 150

The Shields’ criterion has been thoroughly discussed (as visible in the reviews by Buffington
and Montgomery, 1997 and Dey and Ali, 2019). Among the critics to Shields’ criterion validity,
the scatter of data around the empirical curve takes the most space. Such scatter depends on
numerous variables, among which the local structure of the bed (including packing, exposure
and porosity), the local structure of the flow (accounting not only for mean values but also for
turbulent fluctuations) and finally the methodological definition of incipient motion defined either
as finite small transport (e.g. Yalin, 1963; Vanoni, 1964), or from observation of moving grains
(like in the pioneering work of Francis, 1973; Drake et al., 1988; and Keshavarzy and Ball, 1999).
Considering a wide range of conditions, spanning from incipient motion to sediment resuspension,
A.J. Sutherland (1967) refused to use the concept of threshold, and by experimental work looking
into turbulent eddies relate the onset of motion to turbulent events disturbing the viscous sublayer,
for both flat-bed and beds with bedforms.

Among researchers criticising Shields’ criterion, Lavelle and Mofjeld (1987), argued that the
concept of threshold is not needed, basing their argument on the scatter of literature data and on
observed turbulence at the particle level. They propose, following Shields’ (1936) considerations
on particle arrangement as a distribution of values, and based on turbulence fluctuation around
mean bed shear velocity, to disregard the deterministic notion of Shields’ curve, to the advantage
of a more nuanced concept, where particle’s motion can occur at any mean bed shear velocity

provided turbulent fluctuations are strong enough to overcome particle inertia.
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2.2.2.4 Graded sediments: geometric and hydrodynamic effects

The presence of a graded sediment mixture at the bed affects the incipient motion and remobilisa-
tion of particles, in that: (i) the exposure of the fractions to near-bed flow is not even and depends
on the local upstream topography, and (ii) the roughness itself cannot be summarised by one
value (e.g. Nikuradse’s bed roughness height e;, 1933). The former entails that particles can
be shielded and protected from upstream larger grains (as firstly confirmed experimentally by
Fenton and Abbott, 1977). The latter means that the structure of the near-bed flow field changes,
when compared to uniform sediment beds, and the thickness of the viscous sublayer may not
always contain bed particles, thus exposing particles of different sizes to different velocities.
A first approach to tackle the mobilisation of different fractions in a graded mixture looks at
the local topographical effect, via the concept of protrusion and exposure. Following Kirchner
et al. (1990): (i) protrusion p indicates the elevation of the target grain from the mean bed level,
while (ii) exposure e is defined as the elevation of the target grain above the crest of its closest
upstream grain. Both exposure and protrusion are geometric indicators of the bed topography
at the grain level, and can be used to describe the mobility of different fractions of a mixture as
hereby summarised.

Starting from Einstein (1950) and later Egiazaroft (1965), a functional relationship was proposed
linking the Shields’ mobility threshold 6., (for a definition see Section 2.2.2.3) of a fraction vs
mixture, to the ratio between the diameter of the moving fraction vs a diameter describing the

mixture, in the form

Ocri d;
i) s
where 6,,;, is the threshold Shields’ parameter for size fraction i, 8., is Shields’ parameter for
the m-th grain-size fraction, d; is the diameter of the i-th fraction and d,, is the diameter of the
m-th fraction.

Many authors chose to refer to either the median (m = 50), or the mean diameter of the sediment
mixture (e.g. Egiazaroff, 1965; Wiberg and Smith, 1987). Equations similar to Eq. 2.44 are called
hiding/exposure functions and are used to estimate the mobility of different fractions in sediment

mixtures. The first hiding/exposure function is the formulation proposed by Egiazaroff (1965) in

the form
2
Hcr,m loglo 195—1

where d,,, is the mean diameter of the mixture.

More generally, hiding/exposure functions are expressed in the form

di\™®
&=ap- (d—) + a3 (2.46)
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where &; denoted the hiding/exposure function for the i-th fraction having a diameter d; and a; ad
ap and a3 are coeflicients to be empirically determined.

Wilcock and Southard (1988) validated, through laboratory experiments and literature data, the
relation in Equation 2.46 for sediments homogeneous in density, with grain-size distributions
differing in sorting but not in the representative dsg. Their results show that the choice of the
parameter d;/dsg is convenient and adequate to model incipient motion of different size fractions
in a mixture.

More recently, Yager et al. (2018) estimated the contribution to grain resistance of grain submerged
weight, partial burial (protrusion) and intergranular friction. They found out that the role of
protrusion and intergranular friction is major for estimating correctly 6., and sediment fluxes.
Hodge and Buechel (2022) investigated the effect of exposure/protrusion on threshold conditions
of bed sediments in bedrock channels. By accurate bed surface characterisation and applying
Kirchner’s modelling approach (1990) to estimate threshold bed shear stress for the mobile grains,
they proposed the use of a functional relationship to model threshold bed shear stress on bedrock

rivers in the form
O = — (2.47)

where D is the representative diameter of the moving grains and o, is the standard deviation of
the elevations of the bed surface.

A second approach to the mobility of fractions in a sediment mixture is to look at near-
bed hydrodynamics, having the means, and investigate the role of the viscous sublayer on the
mobilisation of different fractions (Einstein, 1950). A recent contribution by Hassan et al., (2024)
stresses the importance of viscosity in the near-bed region when considering the mobilisation of
the coarse fraction of a mixture. By using two mixtures with the same coarse-to-fine diameter
ratio (with fines being sand and 2-mm gravel for the two cases), they show that the transport of
the coarse fraction is enhanced in the case of sand addition, but not for 2-mm gravel addition.
This reflects a non-geometric effect (not depending only on hiding/exposure processes linked to
local topography) which the authors explain as a variation in the thickness of the viscous sublayer
(), due to a smoothing of the bed. When such a variation reduces ¢ the exposure of grains to
turbulence and turbulent fluctuations becomes more important, and the coarse fraction becomes
more mobile, being subject to a wider range of instantaneous velocities. Hassan et al. (2024)
propose, following Parker et al. (2024), to summarise the effect of the viscous sublayer(and the
increased mobility of grains generally coarser than the bed material) through a threshold on the
dimensionless grain-size D* occurring at D* = 51. The authors argue that for D* > 51 the viscous
effect should be negligible, while for D* < 51 the combination of viscous and geometric effects

increases the mobility of the coarser fraction.
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2.2.3 Incipient motion of sediments in flowing waters: a classification of ap-
proaches

By digression over the available literature, a shallow classification can be drawn for the various
approaches developed to study the beginning of motion of cohesionless grains in open channel

flows. The different categories read as follows:

e deterministic vs stochastic methods

e particle-oriented vs bed-oriented (or cross-section oriented)

e Lagrangian (particles observation-based) vs Eulerian (solid transport, weighing-based)
methods

Under those categories, further refinement includes the consideration of diverse variables to
describe this grain instability phenomenon (shear stresses, shear velocity, turbulence descriptors,
and forces oriented), as well as the consideration of different flow conditions, relative to the range
of Reynolds numbers used in the studies. For the sake of simplicity, we neglect incipient motion
studies in the presence of wavy motion, focussing instead on open channel turbulent uniform

flow.

2.2.3.1 Deterministic vs stochastic methods

Since the first studies, it has been acknowledged how the process of onset of transport of particles
from a loose bed is highly stochastic in nature, and how the transition from no-motion to motion
of single grains needs statistical descriptors (e.g. the pioneering work of Shields, 1936) before
it being generalised to the whole bed. In its classical form, the simplest deterministic approach
sees a unique value below which no significant transport occurs, and above which sediment
transport can be expected. The unique value is usually derived from a time-space averaging of
flow variables (e.g. Nikora et al., 2013). On the other hand, a full stochastic characterisation
of incipient motion/transport requires the full probability distribution of both flow and bed
properties: to be summarised in at least velocity (and turbulent fluctuations) or shear velocity, or
bed shear stresses for the flow, and a proxy of solid transport (e.g. number of particles dislodged
or mass/volumes transported). While for the statistics of the flow, a lot of work has been done
(e.g. Yalin and Karahan, 1979; Diplas et al., 2008; Cecchetto et al., 2018; Keshavarzi and Ball,
2011 and Roseberry et al., 2012 among others), the statistic characterisation of bed topography
has been devoted to much less detailed studies, and among those, only rarely have researchers
focussed on the conditions for the onset of motion (a few examples are Chin and Chiew, 1993;
Hodge and Buechel, 2022; Rebai et al., 2024). Probabilistic approaches for the estimation of
incipient motion have built upon Einstein’s theory (1942 and 1950), which defines the probability
of motion of a grain as a function of flow intensity exerted on the bed, triggering (dimensionless)
sediment transport. Among deterministic approaches, early contributions date back to White

(1940), with an analysis of forces on a single grain resting on the bed (see Section 2.2.2.2).
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Paintal (1971) carried out experiments with extremely low still measurable bedload transport
rates for which the Shields numbers (see Equation 2.38) were well below the threshold values
predicted by the Shields curve. They did not identify a unique critical bed shear stress for the
onset of motion, and therefore proposed the selection of very small bedload transport rates to
compute a critical value for the bed shear stress.

Lavelle and Mofjeld (1987) following Shields’ (1936) considerations on particle arrangement
as a distribution of values, and based on turbulence fluctuation around mean bed shear velocity
they propose to disregard the deterministic notion of Shields’ curve, to the advantage of a more
nuanced concept, where particle’s motion can occur at any mean bed shear velocity provided

turbulent fluctuations are strong enough to overcome particle inertia.

2.2.3.2 Particle-oriented vs bed-oriented

To overcome the difficulties inherent to the stochastic nature of grains motion, starting from the
1980s’ a number of researchers started focusing on single particles’ motion, involving rather
sophisticated measurements of single grains parameters (Section 2.2.2.2). As complementary
approach is the consideration of the river bed as one entity, and the description of the onset of
motion and transport via a lumped characterisation of such a system. Both views entail a refined
degree of complexity, and most recent studies have taken advantage of the increase in hardware
and software capabilities (Wohl, 2013).

Particle-oriented descriptions resolve analytically forces or torque equilibrium at the grain-scale,
to estimate a threshold value of either bed shear stress 75 or bed shear velocity u* linked to the
destabilisation of the studied particle. Among more complex formulations, Lee and Balachandar
(2012) applied force and torque balance to predict the critical bed shear stress for exposed
particles, accounting also for turbulent fluctuations. Such approaches require the knowledge of
many parameters, not only for the description of near-bed flow, but also for the geometry of the
bed in the vicinity of the particle, information which, usually is not available.

Conversely, bed-oriented descriptions estimate incipient motion and onset of transport from areal
averaged quantities (if from visual estimation) or transport measurements. Such descriptions
need double averaged information on the near-bed flow field (like mean bed shear velocity or
stress), and do not require a detailed description of the bed. Relevant formulations in this terms
are Shvidchenko and Pender (2000) and Keshavarzy and Ball (1999), from which part of the
methodology applied in this Thesis derives.

2.2.3.3 Lagrangian vs Eulerian approaches

While the experimental setup can reflect the focus of the study, in the same setup two philosophies
can coexist for what the methodology is concerned, and those dictate the way the system is
described.

When a Lagrangian approach is used, the focus is on particle kinematics and detailed description

of trajectories and resting times are reported (Campagnol et al., 2015; Radice et al., 2017; Rebai et
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al., 2024). Lagrangian approaches, through statistics over a high number of particles’ trajectories
(both particle- and time- dependent), allow for obtaining detailed information on the average
travel time of particles, resting periods (Hosseini-Sadabadi et al., 2019), and oscillations before
motion (Rebai et al., 2024).

On the other side, Eulerian approaches allow a description of flow and particle dynamics in mean
terms, for quantifying e.g. bedload fluxes within a defined volume. Statistics in Eulerian terms
involve time-dependent quantities (Ballio et al., 2018).

2.2.4 Incipient motion measurements: weighted vs visual estimation

When looking at the many points added to the canonical Shield’s diagram, the sparsity of the
experimental results is evident, spanning two orders of magnitude (Ockelford and Yager, 2022).
This can be ascribed not only to the stochasticity of the remobilisation process but also to the
wide variety of approaches stemming from the specific discipline and applications of the sought
threshold value and to the availability of instruments and technological constraints. Thus we see,
that, for approximately the first 50 years of research, most of the contributions in the direction of
a threshold for transport included weighting the transported grains at a control section (i.e., the
control volume in the Eulerian approach). This approach offers areal, if not volumetric, averages
of moving bed particles transiting a section in a given time, as measured quantity, and generally
brings about estimates of threshold conditions which are linked to hydrodynamic parameters
averaged over both time and space.

From the 1970s, with the advent of cheaper visual techniques and later digital photography, a
shift towards threshold for motion allowed visual estimates of moving particles to enter Shields’
diagram (Grass, 1970; Francis, 1973; Drake et al., 1988). Such estimates build upon a count
of the individual grains (i.e., the Lagrangian approach) moving in the interrogation area and
only part of such literature estimated solid fluxes exiting such an area (e.g., Campagnol et al.,
2012). Threshold curves derived from the particle-counting type of measurements are generally
lower than the transport-derived ones (Ockelford and Yager, 2022), and results originating from

different techniques (and flux assumptions) are therefore hardly comparable (Ballio et al., 2018).

2.2.5 Microplastics remobilisation and incipient motion studies: an overview

With the history of incipient motion studies so rich in results, and the advent of a new candidate-
sedimentary material, i.e. microplastics, a few studies to date addressed the onset of motion for
such material, with the aim to propose and modify present formulations for wider applications in
MPs research and microplastics budgeting. A recent review by Rohais and colleagues, (2024)
stresses the need for more evidence to develop in-depth knowledge about MPs erosion behaviour.
In the still limited literature available, we can list Waldschldger and Schiittrumpf (2019b) and
Goral et al. (2023a), who conducted experiments in an annular flume and measured the motion

of single isolated MPs. Their results, using the classical Shields’ framework for mobility of
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sediments, show an apparent higher mobility for the MPs tested, compared to the clastic sediments’
mobility. According to the observations reported in Chapter 5, this peculiar behaviour can be
attributed to two factors: i) different material characteristics for clastic and plastic sediments and
ii) MPs bed availability. The latter has, to date, not been investigated in MPs threshold for motion
research, and, according to the author, plays an important role in defining such threshold, as later
outlined (see Chapter 5).

Another relevant source for this section is the work by Yu and colleagues (Yu et al., 2022) who
performed incipient motion tests for transversely aligned MPs in a linear flume. Their study
investigates the role of bed roughness on the incipient motion threshold for a range of MPs
differing in polymer composition (and therefore density), shape and size. They propose a criterion
to adapt the classical Shields’ parameter . (Shields, 1936), and movability number formulation
u,./ws (Paphitis, 2001, modified according to Beheshti and Ataie-Ashtiani, 2008) to the MPs case,
by accounting for the three parameters relevant for such materials (e.g. density, shape and size).
A more recent paper by the same authors (Yu et al., 2023), revising the rationale of Waldschlidger
and Schiittrumpf (2019b), looked into the sheltering effect of the bed surface roughness in the
quantification of MPs’ threshold of motion. There, the authors propose another formula for the
estimation of the classical Shields’ parameter 6., based on the density and equivalent diameter of
both MPs and bed surface roughness.

Although the body of evidence for MPs remobilisation and incipient motion assessment is limited,
general agreement exists on MPs’ erosional behaviour differing from natural clastic sediments.
This is mostly explained, by the researchers cited above, with the high variability of the three
parameters (i.e. density, shape and size) describing MPs, vs. the rather limited variability shown
when dealing with clastic sediments (especially for what density and shape are concerned).
Indeed the diversity of particles’ characteristics of MPs appears to hamper a unified formulation
of threshold conditions with classical approaches borrowed from sedimentary research. Still
knowledge of systems with a reduced degree of complexity, e.g. considering each characteristic
separately to assess its importance in defining the erosional threshold, is paramount to a more
systematic formulation of such a relationship.

Within this work, an attempt is made to simplify the variability of MPs characteristics, by
considering only compact-shaped MPs, with similar dimensions, thus trying to distinguish the

effect of the specific density of the plastic sediment class.

2.2.6 On the many, different definitions for incipient motion

Usually, sediment threshold is defined in terms of hydrodynamic parameters, the most used of
which is bed shear stress. Sediment threshold can be defined "as the mean bed shear stress that
produces a certain minimal amount of sediment flux" weighted or visualised. Common threshold
are assumed as 107 - 107* kg s~ tm™ (e.g. Yalin and Karahan, 1979; Shvidchenko et al., 2001
and Radice et al., 2008).

To date, no agreement has been reached, as to which parameter can be mostly representative of
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the sediments threshold, and we have, as outlined in Section 2.2.3, either motion-based estimates
which count the particles moving, or transport-based measurement where the solid flux is collected
and its volume or weight measured (Yager et al., 2018; Ockelford and Yager, 2022).

In this Thesis, motion estimates through particles’ counts are used and related to observed
conditions of bed-shear velocity, from which bed-shear stresses are later computed. This allows

to discuss the use of Shields’ approach for microplastics’ remobilisation studies.

2.3 A semi-probabilistic definition of threshold conditions for mobil-

isation

Incipient motion can be treated either deterministically by resolving individual grains equilibrium,
or via a probabilistic approach for bed-averaged estimates. The first mode uses a Lagrangian
framework, looking at particle-level forces and kinematics. The second, treats mobility as a bed-
dependent parameter, lumping local stochastic effects (such as e.g. microtopography, particles’
orientations and exposure) into one, reach-averaged quantity. The present work revolves around
this latter approach, proposing a simplified method to assess the movability of plastic particles on
different types of bed substrates under unidirectional flows stemming from near-bed velocity data
and information about bed surface changes.

In Shields’ approach, the scatter in the values of the Shields’ movability number is due, among
others, to the local heterogeneities of the bed substrate such as bed surface structure and texture
(microtopography and roughness), giving rise to (i) hiding/exposure effects, (ii) differences in
protrusion and pivot angle and interactions among grains (Ferreira et al., 2015), (iii) difference in
local turbulence. The viable way to account for this variability is to treat the problem of incipient
motion and motion threshold in probabilistic terms, evaluating the variability in time and space
of relevant hydrodynamic and bed cover parameters.

Building upon what literature can offer us (see Section 2.2), the variables for the hydrodynamic de-
scription of the problem are linked to the near-bed velocity field, with bed shear velocity and shear
stress most often regarded as the key parameters governing particles’ mobilisation (Buffington
and Montgomery, 1997; Dey and Papanicolaou, 2008; Dey and Ali, 2019; Shvidchenko, 2000).
If one chooses bed shear stress as the parameter governing bed particles’ remobilisation, active
and resisting stresses on individual particles can be represented via probabilistic distributions,
both in space and time. Figure 2.5 shows a proxy for the instantaneous probability distribution of
bed shear stresses for individual particles.

While the estimation of bed shear stresses can be derived from information on the near-bed flow
field, the estimation of grains resisting stress is highly complex, depending on grain-scale interac-
tion and forces/moment balance. Indeed, for the bed grains instability (causing incipient motion),
balance approaches at the grain scale have been used, and the Shields’ formulation itself can be
derived from forces balance (Armanini, 2018, see Section 2.2.2.3). A fully probabilistic approach

is therefore very hardly achievable, and requires attentive estimation of particles’ resistance (Witz
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FiGure 2.5: Probability distributions for the particle resisting shear stress (discontinuous probability
function) and the ambient fluid shear stress (continuous probability function) acting on bed
particles. The probabilities of instantaneous bed shear stress due to flow turbulence 7 and shear
stress needed to dislodge the particles 7 are determining the sensitivity of grains to mobilisation
(original from Grass, 1970, as reported in Cecchetto, 2017).

etal., 2019).

In the present work, both near-bed hydrodynamics and bed grains’ mobility are treated through
their probabilistic distribution, both in space and in time. With a fixed time step, the time average
of the cross-sectional integrated distribution of finely space-resolved velocity measurement, as

well as areal bed changes, are computed and analysed as outlined in Chapter 3.3.






Chapter 3

Methodology

"Nel prodotto finito, nelle scienze come in poesia, non c’e
traccia della fatica del processo creativo e dei dubbi e
delle esitazioni che lo accompagnano.”

"In the final product, in science like in poetry, no trace
remains of the efforts of the creative process and the

doubts and hesitations accompanying it."
Giorgio Parisi, 2022

3.1 Experimental programme and experiments’ design

The experimental work to investigate incipient motion and mobilisation of compact plastic parti-
cles was performed at the Hydrodynamic Models Laboratory (HML) at the Institute of Geophysics,
Polish Academy of Sciences. The experimental facility together with the experimental design and
instrumentation are hereby described. The experimental programme was designed to investigate
the remobilisation of compact microplastic particles in simplified reference conditions, resulting
in two sets of experiments, as listed below:

i) incipient motion of plastic particles from a loose plastic bed, homogeneous bed experiments
ii) remobilisation of compact microplastics from a natural clastic bed, clastic bed experiments
The first set of experiments with the two types of plastic particles constituting the mobile bed
under steady, quasi-uniform flow conditions aimed to provide baseline conditions for the onset
of motion of plastic grains. Homogeneous mobile bed experiments, like those carried out by
Shields (1936) for natural sediments, are the easiest to perform and the parameterisation of
incipient motion conditions for the bed grains requires simply the estimation of grains’ density
and diameter (e.g. Shvidchenko and Pender, 2000; Lee and Balachandar, 2012; Rousar et al.,
2016). Near-bed hydrodynamics were measured with Ultrasonic Velocity Profiler (UVP), and

bed particles motion was recorded through videos.

33
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Experiments on the remobilisation of microplastics from a flat, clastic bed were also carried out
at the HML facility. This second set of experiments aimed to study whether differences in the
bed surface content of microplastics had any effect on the conditions for the onset of motion.
Therefore, a range of surface concentrations of MPs (spanning from 0.05 % to 1% surface cover)
was scattered over the clastic bed. The hydrodynamics characterisation and bed surface changes
were recorded again with UVP (a different model from homogeneous bed) and videos.

For all experiments, other measured variables were bed slope, water discharge, bed elevation and
flow depth at relevant cross-sections and water temperature.

In this Chapter a description of the flume and apparatus used is provided, as well as key aspects
of the methodology adopted. For details on the experimental protocol for flat bed tests at HML,
please refer to Appendix C.

3.1.1 Measuring apparatus

The near-bed hydrodynamic conditions were measured with UVP for all experiments. Two UVP
devices were used: the UB-Lab P model by Ubertone, in its alpha version for testing for the
homogeneous bed tests and the DOP model by Signal Processing provided by the University of
Bologna Hydraulic Laboratory for the mixed bed tests. From UVP velocity measurements, shear
velocities were estimated by fitting the near-bed velocities to the logarithmic law.

The bed movements were recorded with cameras and ad-hoc image analysis algorithms were
used to estimate the amount of surface plastic grains detached from the loose bed. The derived
threshold conditions for the onset of motion on the plastic grains are strictly valid only for this
particular setup, i.e. plastic grains moving on a loose bed made up of the same plastic grains.
Indeed we claim (as in 1.3) the term incipient motion is to be properly used specifically for grains
moving on a substrate composed of the same material.

The slope was measured with a digital leveller with an accuracy of 0.02°, and was kept constant

at a value of 0.01 mm/m for all experiments (both homogeneous and mixed bed).

3.1.2 Materials

Ellipsoidal plastic grains, differing only in material composition, namely polyamide 6 (PA6)
and polyoxymethylene (POM) with a grain-size of around 3 mm were used in all experiments
as movable sediments. The sieve analysis for the two materials is shown in Table 3.1. As both
PA6 and POM particles are ellipsoidal, the median diameter resulting from sieve analysis (ds)
is a measure of the minor of the ellipsoid axes (Kennedy et al., 1985). The measured dsq is 2.4
mm for PA6 and 2.9 mm for POM, and it was not further used, to comply with microplastics
studies, (with the standard set in Waldschldger and Schiittrumpf, 2019a), preferring the use of an
equivalent diameter (see Equation 3.1).

Following the procedure outlined, among others by Waldschldger and Schiittrumpf (2019a) and

Yu et al. (2022), the equivalent diameter for the two materials was estimated. The areal equivalent
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Tasik 3.1: Results from the sieve analysis for the two microplastics used

PAG6 mesh size [mm] <1,18 | 1.7 | 236 | 2.8 3.35
percentage passing [ %] 0.0 0.58 | 6.03 | 51.74 | 89.08
POM || mesh size [mm] <1,18 | 1.7 | 236 | 2.8 3.35
percentage passing [ %] 0.0 0.0 | 0.0 | 6.06 | 95.12

diameter d,., was computed as the diameter of a circle with the same area of the plastic ellipse,

following the formula 3.1.
deq =vai - az (3.1)

where a1, a; are the major and minor axes of the particle approximating ellipse. Measurements
of a; and a, were done manually using a calliper, on a small sample of 10 grains per material
after visual inspection of the grains on millimetre paper. Equivalent diameter values for the
two materials are 2.9 mm for PA6 and 3.1 mm for POM respectively, differing slightly from
the values for spherical equivalent diameter given in Mrokowska and Krztori-Maziopa (2024),
corresponding of 2.88 mm for PA6 and 3.16 mm for POM. From here on, when referring to dyp,
we implicitly mean the equivalent circle area diameter of the microplastic particles, dog pp.

For convenience, Table 3.2 reports the density and equivalent diameter values for the two mi-

croplastic particles used.

TasLE 3.2: Summary of microplastic particles’ characteristics

MP type || p [kg/m*] | dyp [mm]
PA6 1100 2.9
POM 1410 3.1

The bed material for clastic bed experiments was natural sand and gravel. The grain-size distribu-
tion of the gravel bed sediments is reported in Table 3.3, uniformity coefficient CU = dgo/d0 is
1.15. Due to the value of CU, the gravel was considered uniform (Miura et al., 1997), and dsg =
2.79 mm was chosen as representative diameter. Gravel particles’ shape was angular and their
density ps was 2650 kg/m?.

TastLe 3.3: Granulometric distribution of the chosen gravel for HML flat bed experiments. Data
from the producer.

mesh size [mm] <20120| 25 | 30 |40
percentage passing [%] 05 |95 |620 250 |30

The grain-size distribution of the sand used is reported in Table 3.4, and the resulting uniformity
coefficient CU is 1.46. Due to the value of CU smaller than 2, the sand was considered uniform

(following Miura et al., 1997), and dsg = 0.72 mm was chosen as representative diameter for the
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sand mixture. Sand grains’ shape was angular and their density was 2650 kg/m>.

TasLe 3.4: Granulometric distribution of the chosen sand for HML flat bed experiments. Data from
the producer.

mesh size [mm] 1.0 08 | 0.5 |04 | <04
percentage passing [%] || 2.5 | 32.5 | 61.5 | 3.0 | 0.5

3.2 HML flume experiments: flat bed

The tilting flume at the Hydrodynamic Models Laboratory (HML) at the Institute of Geophysics,
Warsaw, is 5.2 m long, 0.25 m wide, with walls 0.3 m high. The system operating the flume
is closed, having two tanks (upstream and downstream) connected by pipes (see Figure 3.1).
Three pumps are present to circulate water from the upstream tank to the flume inlet, and one
additional pump in the downstream tank supports high-flow conditions. The flume can be operated
for discharges spanning from 30 I/min to 160 I/min (0.5 1/s to 2.7 I/s), in quasi-steady, quasi-
uniform flow. The regulation of discharge was operated by the manual opening of a valve located
downstream of the loading tank (Figure 3.1). At the flume entrance, an array of rigid tubes serves
as flow-stabiliser. The flume’s cross-section is rectangular for 5.2 m and the maximal usable
length spans 5.0 m. The water level can be controlled by a weir gate located at the flume outlet,
after which free fall occurs. In the downstream tank, a sediment trap is located, with a mesh size

of around 2.8 mm (this allowed to trap the chosen microplastic grains, as well as the gravel).

flow stabiliser immobile bed , , mobile bed sediment trap
\ ‘ - —

N\

=

downstream tank

upstream tank

Ficure 3.1: Sketch of the HML flume, planar view. Sections S_4 starting from a distance of 2.0
m from the inlet, where measurements were taken. At the outlet, a sediment trap was located,
collecting transported particles.

Homogeneous bed tests and mixed bed tests were performed with discharges spanning respectively
from 115 1/min to 140 1/min (1.9 1/s to 2.1 I/s), and from 115 I/min to 160 I/min (1.9 I/s to 2.7 1/s)

in steady quasi-uniform flow conditions. In homogeneous bed experiments, local scour at the
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flume inlet was prevented with a 0.4 m long area of marble cobbles, see Figure 3.1. This created
an immobile bed, and after the initial transient during filling, no scouring was observed.
Experiments were performed in flat-bed conditions, and the bed was stable (neither localised
erosion nor changes in the bed morphology occurred) for the whole experiments’ duration. Such
conditions were attained, not only for the natural beds, namely gravel and sand, sediments for
which the mobility threshold exceeded the one searched for (of the microplastic grains), but
also in the case of microplastic bedded experiments. The absence of bed rearrangements during
the experimental tests was key to ensuring that the observed conditions were neither local nor
flow-driven changes in the bed morphology. Indeed, such changes directly affect areal patterns of
sediment motion, in that they generate areas where dominant aggradation/degradation form, thus
invalidating the assumption of ergodicity of the observed process.

3.2.1 Plastics homogeneous bed experiments

Experimental work on sediment transport has been using artificial sediments as a proxy for natural
clastic ones for more than half a century, see Section 2.1.2, and numerous results from literature
(Ippen and Verma, 1955; Graf and Pazis, 1977; Komar and Clemens, 1986) highlight how, for
uniform bed material, the mobilisation threshold follows the classical Shields’ threshold curve
pattern (Buffington and Montgomery, 1997; Lee and Balachandar, 2012).

The need to derive the threshold values for the chosen materials (PA6 and POM 3-mm ellipsoidal
grains) required us to carry out a first batch of experiments, to validate this literature-proven
hypothesis under the experimental conditions we could model. Herein a short description of the
experimental procedure is reported, which complies with other plastic-bedded experiments by
e.g. Radice et al. (2017).

3.2.1.1 Short protocol

Plastic incipient motion experiments were performed at three different flow conditions, with
discharge steps of 5 1/min, and measurements of the flow field and bed changes. Velocity was
measured at three consecutive cross-sections for both PA6 and POM plastic grains, and three
repetitions were made of each condition. A summary of the hydraulic conditions is reported in
Table 3.5. As visible from Table 3.5, the ranges of both discharge and depth were different for
the two types of plastics. This choice was due to the characteristics of the flume, the discharge
regulation apparatus and the operation of the weir gate at the flume end, as well as the difference
in density of the two materials.
On bed preparation.

The bed arrangement was as follows: high-porosity gum mats filled with the chosen plastic
granules (either PA6 or POM) covered the full length of the flume. The thickness of the bed layer
was around 3 - 3.5 cm, allowing it to cover the mats, with 2-cm-thick loose bed (corresponding to
around six times a grain diameter). The total experimental area covered around 1.5 m in length

and the whole flume width where measurements were carried out at three to four cross-sections.
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TasLk 3.5: General ranges for the hydraulic conditions in the plastic bed experiments. Discharge
Q, water depth y, bed elevation from the flume rigid bottom Z,,;, water surface elevation from the
flume rigid bottom h

MP type Q [//s] y [mm] | Zgeq [mm] | h [mm]
PA6 1.92-2.08 | 59-64 25-28 82 -89
POM 2.33-2.50 | 40 -46 20-24 62 - 68

The first cross-section was located 2.0 m downstream of the inlet, see Figure 3.1, and the following
sections had a distance of 0.5 m from one another.

On flow measurements.

The discharge value per each test was determined using an ultrasonic flowmeter built into the
inlet pipe. Tested discharges were in the range 1.9 - 2.1 - 103 m?/s and 2.3 - 2.5 - 10"* m?/s for
PA6 and POM bed tests respectively. The mean water depth was around 6 cm and 4.5 cm for
PA6 and POM bed respectively, and it was not constant along the flume, with an average increase
of around 2-3 mm along a 1.5 m-long stretch. The bed slope was <0.0001. The bed layer was
levelled manually, with the aid of an ad-hoc built leveller operated from the wall top.

On velocity measurements.

Two UVP transducers were placed on the external wall upstream and downstream pointing, at
the flume centre with angles of +£70°, respectively. The reason for the external positioning of
the transducers is linked to the type of sediments used: at the chosen flow depths (spanning
from 4.5 for POM to 6.5 cm for PA6), small perturbations of the water surface were triggering
motion of the light microplastic particles, in their vicinity, and the perturbations generated by
the 3 MHz transducers in use with the UB-Lab P were disturbing the observed phenomenon
significantly. The possibility to measure the flow without disturbances (thanks to the presence
of polycarbonate walls) was therefore exploited, and transversal measurements of longitudinal
velocity were performed. The transducers’ position was manually regulated and adjusted, starting
from 0.5 cm up to 3.5 cm and 2 cm from the bed surface, meaning 5 or 4 transversal profiles
were recorded, respectively for the PA6- and POM-bed tests. The transversal profiles of velocity
were measured at fixed distances from the bed surface, i.e., at 0.5, 0.8, 1, 2 and 3.5 cm above the
mean bed level. The measured velocities across the flume are later used to derive the longitudinal
velocity, from which the shear velocity was estimated, as outlined in Section 3.3.1.

On identification of grain motion: camera measurements.

All tests were performed in steady, quasi-uniform flow conditions. The first flow condition tested
was set by visual observation of grains’ motion, which occurred all along the flume length, and
was labelled simply by a discharge value, since bed layer thickness and water level were constant
for all tests. From this, successive step-wise increases of flow rate by 5 1/min resulted in three
slightly different flow conditions triggering increasing grains’ mobilisation.

The plastic sediments’ detachments from the bed were recorded by videos. The camera was
located above the flume, and its field of view comprised the whole width, observing the flume

from the top. Single particles’ detachments were identified from the video frames in small time
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intervals as outlined in Section 3.3.2. The result of the image analysis algorithms is the count of

detected motions in all consecutive time windows for the duration of the experiment.

3.2.1.2 Hydrodynamic measurements

Measurements of the flow field were carried out via the use of a UVP mounted on the side wall
of the flume (Figure 3.2). This particular choice is justified by the need to avoid disturbances of
the water surface and its perturbations, because of the relatively low depths adopted. The mean
hydraulic conditions are outlined in Table 3.5. The range of depths y is due to measurements
performed at different equispaced cross-sections (Figure 3.1), in steady, quasi-uniform flow
conditions. Per each flow conditions the range of flow depths varied by a maximum of 3 mm
along a 1.5 m-long stretch. The bed elevation Zg,; and the water surface elevation & were
measured from the rigid bottom of the flume.

Plastic bed

Ficure 3.2: Experimental setup during PA6 experiments, the transducers for velocity measure-
ments are placed at an intermediate vertical position in the first available cross-section.

Figure 3.2 shows all components of the experimental setup. The UVP transducers mounted
at the wall had an angle of +£70°, with their beams meeting approximately at the flume centre.
Measurements were performed sequentially per each test, starting from the upstream cross-section
and moving downstream, starting from the closest to the bottom transect and moving upward. The
resulting velocity measurements cover 4/5 of the flume width (because of a particular deficiency
in the adopted transducers, provided together with the UB-Lab P beta version for testing, which
was not able to detect anything in the first 5 cm). The cell size for each measurement was 0.91
mm long, allowing to resolve both PA6 and POM grains, having a dimension of around 3 mm
(Table 3.2).

Two components UVP measurements from the wall (i.e., along 70° sloped beams) and the
homogeneity assumption within beam axes (max longitudinal distance of ~ 12.5 cm) allowed

mapping of the longitudinal and transversal velocities across each section, providing information
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on the spatial distribution.

Figure 3.3 reports an example of the obtained data. The mapped area is the central part of the
flume, spanning 0.15 m in width in total. As visible, the flow is quasi-uniform across the section,
with velocities slightly increasing (around 15 - 20%) close to the right wall. This asymmetry was
likely due to a combination of the geometry of the flume inlet and bed roughness effects because

it was consistent for all the tests, with lower velocities at the left wall compared to the right side.
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Ficure 3.3: Isolines of near-bed UVP-measured longitudinal velocities for PA6 experiments. The
water depth (highlighted in light blue) was around 60 mm.
The mean flow velocity for the test reported in Figure 3.3 was around 0.14 m/s (PA6 bed at fixed
discharge Q = 1.92 1/s) and it is visible that it corresponds to the range of highest values measured
close to the bed (covering about 30% of water depth). Therefore, we assumed that the measured
data provide good information about the flow field in the near-bed region and we fitted the data to
the law of the wall as later outlined in Section 4.3.1.

3.2.1.3 Bed movements measurements

The measuring apparatus for bed movements consisted of one down-looking camera, recording
videos of the bed surface. The positioning of the camera, with lens parallel to the bed surface and
elevation above the water surface around 0.10 - 0.15 m, resulted in recording all water surface
perturbations, which, consequently, led to methodological choices briefly outlined hereon (see
Section 3.3). The pre-processing of collected data required a time-averaging procedure, the
temporal scale of which was dictated by the image signal characteristics. Details on the definition
of such scale have been provided in Section 3.3.2. The measurements from videography resulted
in a time series of bed changes, which, coupled with near-bed velocity data, offers some insight

into the understanding of compact MPs’ incipient motion dynamics.
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3.2.2 Natural bed experiments: microplastics on a clastic bed

Sparse is research on bed sediments significantly different from the mobile material at the bed,
with few examples in the transport of heavy minerals and gold particles (among others Slingerland,
1977; Kuhnle and Southard, 1990; Komar, 2007; P. A. Carling and Breakspear, 2006); or biogenic
sediments and shells (Allen, 1984; Weill et al., 2010; Rieux et al., 2019).

The presence of plastic fragments and debris requires a better understanding of the role of
sediment density on the onset of transport processes. Besides, the availability of mobile material
on the bed may also play a role in the onset of transport, as when only a few grains are mobile,
those exposed to favourable (local) conditions for mobility are even less. We argue that the
definition of a threshold condition should consider the availability of movable sediments, and
for this reason, not only the two materials presented in the homogeneous tests were used on two
clastic sediment beds differing for mean grain-size, but also the amount of MPs on the bed was

varied, with values as from Table 3.6.

TasLE 3.6: Tested MPs surface concentrations €1 - ¢5 (in percentage of area covered by MPs) on
clastic beds.

cl c2 c3 c4 c5
0.05% | 0.1% | 0.2% | 0.5% | 1.0%

3.2.2.1 Clastic bed experiments: gravel

Adding a first degree of complexity to the system, the second group of experiments saw a
combination of gravel composing the bed and the plastic grains used in the homogeneous bed
experiments as mobile material (Section 3.1.2, characteristics reported in Table 3.1).

The tests were performed in steady flow conditions starting from a discharge of 115 1/min (1.96
1073 m3/s) and 150 I/min (2.5 1073 m3/s) for PA6 and POM respectively, determined by visually
observing when grains tended to move. Three different steady flow conditions were produced
consecutively, with increments of 5 1/min for five diverse surface concentrations of plastic grains
corresponding to a range of 0.05 - 1.0 % surface area. In all tests, velocity measurements were

done via UVP and plastic grains movements were recorded via videos.

Short protocol

The gravel bed experiments were run at five fixed discharge conditions, increasing the concen-
tration of the surface plastic grains in the range 0.05% - 1.0% (every time repeating the seeding
conditions and reducing the discharge to seeding value Qj..q). After each condition had been run,
a visual check on the number of particles mobilised and which exited the area allowed eventually
to adjust the quantity of the next seeding to comply with chosen values (0.05%, 0.1%, 0.2%,

0.5%, 1%). The duration of each experiment (at fixed flow conditions) was around 5-6 h.
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TasLe 3.7: General ranges for the hydraulic conditions in the gravel bed experiments. Discharge
Q, water depth y, bed elevation from the flume rigid bottom Z.,;, water surface elevation from the
flume rigid bottom h.

MP type Q [//s] y [mm] | Zgea [mm] | h [mm]
PA6 1.75-2.08 | 46 - 48 33-34 78 - 81
POM 2.33-2.67 | 44 - 48 33-35 81 -84

On bed preparation.

The HML flume was set to a quasi-zero slope, and the bed was prepared by pouring gravel, with
a dsp of 2.8 mm, over a plastic film covering the flume surface, up to a thickness of around 20
mm. Then, the film was folded on the gravel base layer, and another 10-15 mm of gravel were
poured. The levelling of the bed was done manually, with an ad-hoc leveller, which allowed for
partially compacting the bed as well. A weir gate at the outlet of the flume was positioned, at a
height of 65 mm from the rigid bed. The flume was filled with a discharge of 30 - 40 I/min (0.5 -
0.7 1073 m3/s) up to a water depth of around 70 mm, then the discharge was increased to 60 -
70 I/min (1.0 - 1.2 1073 m?/s) and let flow for 10 minutes to obtain a (partially) water-worked
bed. On top of the so-formed horizontally levelled bed, different concentrations of microplastic
particles were randomly distributed, and the changes in their incipient motion conditions were
measured, starting from reference data we collected previously (see Chapter 4), referring to
the motion of microplastics on a bed composed of microplastics. None of the tested conditions
triggered the motion of the gravel grains composing the bed, therefore the clastic bed is considered
hydraulically immobile.

On seeding.

Seeding was done at a discharge Qyeeq of 90 I/min (1.5 1073 m3/s) and 120 I/min (2.0 1073 m3/s)
for the PA6 and POM grains respectively, which was observed to be sufficient to allow the plastic
grains to deposit in an area approximately 0.10 - 0.15 m downstream from the seeding point.
The seeding points were located in 5 sections, covering 1.5 m around the interrogation area.
Seeding was done manually, by dropping wet grains in the flowing water at around 2 - 3 cm
distance from the bed. The manual seeding distribution followed the scheme reported in Figure
C.3 (see Appendix C.2 for more detailed explanation). The distribution of the plastic grains was
as randomly scattered as possible, and after seeding the bed looked like Figure 3.4 (where it is

visible a larger area around the measured section).

3.2.2.2 Clastic bed experiments: sand

Adding a second degree of complexity to the system, the third group of experiments consisted of
a sandy bed and the same plastic grains used before, as mobile material (for the characteristics of
mobile sediments and bed sediments see Section Section 3.1.2).

As for the previous gravel tests, three different steady flow conditions were produced consecutively,
with flow rates spanning the range 75 - 85 I/min (1.2 - 1.4 1073 m?/s) for PA6 and 130 - 140 1/min
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Ficure 3.4: Example of gravel bed covered by PA6 grains at 1% surface cover. It is visible how
the MPs are distributed randomly and uniformly over the bed. The image was not used for further
processing.

(2.1 - 2.3 1073 m3/s) for POM, again with increments of 5 1/min. The five surface concentrations
of plastic grains were in the range of 0.05 - 1.0 % surface area. Again, velocity measurements
were performed via UVP and plastic grains’ movements on the sandy bed were recorded through

videos.

Short protocol

The sandy bed experiments were run at three fixed flow conditions, increasing, as for the gravel
bed tests, the concentration of plastic grains at the bed surface in the range 0.05% - 1%, and
repeating the seeding at a fixed seeding discharge value Q;..s different from the one used for
gravel. The surface concentration of plastic grains was adjusted after each run, and the duration

of one experiment was around 3 - 4 h. Table 3.8 summarised the hydraulic conditions tested.

TasLe 3.8: General ranges for the hydraulic conditions in the sand bed experiments. Discharge Q,
water depth y, bed elevation from the flume rigid bottom Z,;, water surface elevation from the
flume rigid bottom 4.

MP type Q [//s] y [mm] | Zgeq [mm] | h [mm]
PA6 1.25-1.41 | 64-69 35-36 95-104
POM 216-233 | 71-75| 36-37 | 103-110

On bed preparation.

The HML flume was set to quasi-zero slope and the bed base layer was prepared in the same
way as for the gravel bed experiments (see Section 3.2.2.1). Above the base layer, 1 - 2 cm of
sand with a dso of 0.8 mm was poured and manually levelled with an ad-hoc leveller along the
whole flume length. At the outlet of the flume, a weir gate was positioned, with the same weir

crest level as for gravel bed experiments, corresponding to 65 mm above the flume rigid bottom.
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The flume was then filled with a discharge of 20 - 30 I/min (0.3 - 0.5 1073 m3/s) up to a water
depth of around 20 - 30 mm: this step was needed to remove air bubbles trapped in the sand
surficial layer and ensure all sand was wet. Then the discharge was increased to 60 I/min (1.0
1073 m?/s) and was let flow for 15/20 minutes to have a water-worked bed. None of the tested
conditions triggered the motion of the sand grains composing the bed, therefore it is considered
hydraulically immobile.

On seeding.

Seeding was done manually at a discharge of 75 1/min (1.2 1073 m3/s) and 100 1/min (1.7 1073
m?3/s) for the PA6 and POM grains respectively, which was observed to be sufficient to allow the
plastic grains to deposit in an area approximately 10 cm downstream from the seeding point. The
seeding procedure is the same as outlined in Subsection 3.2.2.1.

3.2.2.3 Hydrodynamic measurements

Measurements of the flow field were carried out with the use of UVP instrumentation, placing
one 3 MHz transducer in the water at an angle of 70° facing upstream (see Appendix C.2, Figure
??). The velocity measurements were performed at two symmetrical locations at 7 cm from the
side walls in three consecutive cross sections. Measured time-averaged vertical profiles were

used to derive bed shear velocity (as outlined in Section 3.3.1).

3.2.2.4 Bed movements measurements

Remobilisation of MPs grains was measured by means of a camera, mounted facing the bed.
Videos were recorded in three consecutive cross-sections, and grain motion was derived by
analysing the central half (Region of Interest, ROI) of the camera Field of View (FOV) in the

videos (see Figure 3.5).

wall RQI camera FOV

flow

Ficure 3.5: Camera field of view over the region of interest (ROI) for detecting the mobilisation of
microplastics on a gravel bed.
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Videos were recorded in the same locations of velocity profiles, to map plastic grains’ cover
movements in the region of interest. The GoPro 9 camera capture setting was set to linear at a
60 fps. Notably, due to the low water depths, the camera was located 0.15 m above the water
surface, and we chose to record the flume bed as it was, with water surface perturbations (without
the use of transparent panels, which would have disturbed the near-bed flow field). This meant a
rather extensive pre-processing of raw frames, to get rid of the noise created by perturbation of
the water surface as outlined in in the following Section 3.2.2.4.

Image analysis methods were used, to identify single particles’ motion from video sequences.
The analysis of the image sequence involved preprocessing the raw images to remove the water
surface perturbations (as in Section 3.2.1.2), and increase the visibility of areas where particles
had moved. The analytical steps were the same as for the homogeneous bed experiments, with the
only difference in the choice of the threshold for the identification of changes, which depended

on the bed cover characteristics and colour-filtering adopted in the preprocessing steps.

3.3 Data analysis fundamentals

The following subsection provides an overview of the analysis of data collected for the various
experiments carried out in the HML facility. It is divided according to the different types of data,
and reports the key hypotheses applied to the studied process, as well as an overview of both

UVP and image processing/analysis methods.

3.3.1 Analysis of velocity data

In the tests with homogeneous bed, the UVP signals, resolved into transects, were collated
resulting in a time series of the velocity field in each section, lasting approximately 3 min, at
a sampling rate of 1.6 Hz and 1.75 Hz for PA6 and POM respectively. Such time series was
then resampled at 0.2 Hz to derive a coarser time series of time-averaged 2D velocities in three
cross sections starting from S2, (Figure 3.1), 2.5 m downstream of the inlet. The amplitude of
the resampled time window was defined following the time resolution for which the number of
detachments was derived in the following Subsection 3.3.2. This step was needed to harmonise
the data.

In the tests with clastic beds, UVP measurements were performed at two locations, distant 7
cm from the walls, symmetrically. The signal consisted therefore of two vertical profiles, with
a spatial resolution over the transducers’ axis of 0.91 mm, allowing for the identification of
the boundary layer region from measured data. The sampling rate for this second group of
experiments was higher, from 10 Hz (for PA6 on sand) to 15 Hz (for POM on gravel). Again,
resampling was performed at 0.2 Hz for the three cross-sections where measurements were
recorded. The amplitude of the resampled time window was imposed by the noise in the image
data.

The UVP datasets were analysed in terms of the vertical distribution of longitudinal velocity, to
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derive the shear velocity for the various flat-bed cases. The analysis of velocity data was based

on the following hypotheses:

a) quasi-uniform flow along the flume allowing us to model the velocity distribution and the

related shear velocity and shear stress through a single value for each cross-section;

b) steady flow, allowing the subdivision of the time series of velocity data considering each
time-averaged velocity value as an independent;

c¢) validity of the logarithmic velocity distribution in the near-wall region.

From the measured velocities the near-wall region was identified. In the case of homogeneous
bed, it corresponded to the measured transects up to half the water depth. In the case of clastic
bed, the near-bed region was identified as the last centimetre before the echo peaked at the bed.
By fitting the data to Equation 3.2, the shear velocity u* was derived.

* *

w@) = L nz+(=Lylnzg = CiInz+C, 3.2)
K K

Where u(z) is the time-averaged velocity at each point along the transect, u* is the space-resolved
shear velocity, z is the elevation above the bed of the measured transect, zg is the hydrodynamic
roughness length and « is the Von Karman constant, set at 0.41 since the relative submergence
v/dpp in the tests exceeded the threshold value (corresponding to y/dyp = 15 ) set by Gaudio
et al. (2010).

The fitting to the law of the wall was performed for time-averaged velocities over both the whole
experiment duration (around 3 min) and a time window of 5 s (consistent with choices dictated
by videography, see Section 3.3.2) in which we assume steady, uniform flow conditions to be
valid. The resulting distribution is the basis of the semi-probabilistic approach hereby adopted to
solve the time-averaged properties.

It is worth recalling that other methods exist to estimate the bed-shear velocity, as outlined by
Pokrajac et al. (2006). Among the main limitations of our chosen method is its applicability to
very shallow flows, where the near-bed velocity distribution can deviate significantly from the

logarithmic approximation (Detert, 2008).
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3.3.2 Analysis of videos for particles’ detachments

Recorded videos were divided into frames for further processing. Pre-processing of images

consisted of:

(p-)

(p.-ii)

(p.iii)

(p-iv)

(p-v)

selecting the image portion to analyse: for homogeneous bed experiments, the central
third of the image was chosen, while for mixed bed experiments, the central half was
chosen, to cover more MP particles and be more representative. In the two cases, the
processed images covered approximately 13 and 19 cm in the longitudinal direction

and the full flume width in the transversal direction.

resampling the full resolution (corresponding to 0.1 mm/px) to 1/5 of its value. The
rationale behind such a choice was to analyse a more manageable dataset, for the

whole video duration (around 3 min).

converting to appropriate colour scale: greyscale and blue channel (out of the three
RGB) were chosen for PA6 and POM homogeneous bed tests, while a combination
of colour thresholding in the CIELAB colour-space and greyscale conversion were

selected for MPs on gravel and sand respectively (see Figure 3.6).

in 5 out of 6 datasets, the RGB information was relevant (only PA6 homogeneous
tests had black and white grains). When selecting the colour scale, some adjustments
were needed to the images: contrast enhancement was applied before colour filtering
and thresholding.

only in the case of clastic bed, the last step was masking of the immobile part of the

bed, to save computational time and reduce noise.

The outlined preprocessing of images was very computationally intensive, and was strictly due to

our need to reduce the effect of surface perturbations. Indeed, surface perturbations altered the

refraction angle of light, thus causing noise in the bed surface recorded in the pictures. To reduce

such noise, temporal averaging in time windows was applied (see later a./), and the definition

of the duration of the TW required the convergence of the cumulative average of pixel (colour)

values (Ermilov et al., 2022). Especially for clastic bed experiments, when colour information was

linked to the presence of plastic grains, the identification of the colour threshold and consecutive

colour-thresholding step of the time series of images took most of the computational time.

The image analysis procedure, on the other hand, included the following steps:

(a.1)

(a.ii)

(a.iii)

identification of the minimum time-interval (i.e. Time Window, TW) to have a stable

value of the pixel-wise mean,
computation of the first-order moments of each pixel,

identifying a function for colour-intensity thresholding and set a threshold,
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Ficure 3.6: Workflow from dataset selection to image analysis. If the image has more than two
colours, preprocessing is needed, and colour thresholding is done in the CieLAB colour space.
The analysis sees the computation of pixel-wise mean M, ,, and standard deviation M, ,, that
are later used to identify areas where significant change in the colour intensity occurred. Once
filtered by size, these areas correspond to particle-sized cover changes.

(a.iv) from the thresholded image, identify particle-sized areas where changes of bed cover
occurred (the thresholded portion) and count them (see Figure 3.6, Analysis).

The time interval, see (a.i), depends on the need to denoise image data: high-frequency oscilla-
tions linked to water surface perturbations were filtered out, thus retaining bed-cover relevant
information. The identification of such and interval was obtained when the cumulative mean
pixel values, in different pixels, converge to an asymptote. The use of first-order moments, (a.ii),
allows a simple way of detecting changes. The mean M ,, and standard deviation M, ), in each
time interval were computed for all pixels, and a function of their ratio was used to identify
areas where bed cover change occurred (see Figure 3.6), where ¢ is the threshold for change

identification.
eMZ,p.x/Ml,px > ﬂel (33)

This method allows to just detect the necessary information regarding whether a given pixel in
the bed cover changed in the chosen time window TW, and was used in all experiments for the
detection of changes in the bed cover. The assumption inherent to this method is that wherever
a change in bed cover occurred, a particle either deposited or detached, and due to the local
equilibrium hypothesis, both are considered proxies of motion. Sample results to illustrate the
data derived from the TW-averaging are reported in Figure 3.7 as the cumulative detected bed

changes over time.
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Ficure 3.7: Cumulative sum of bed changes detected at each time-window (for the dataset
PA6_Q2t3).

The algorithm for the detection of areas of change depends on the input image sequence properties
such as image brightness and colours. In each time series (in each video) the threshold & for
detection is therefore different, and was manually adjusted. The algorithm can be very easily
applied to red and white mixtures, while a mixture of white and coloured particles, especially red
(RAL 3000 colour, with RGB values [169, 66, 63]), needs attention in the colour thresholding
step. Accuracy depends on the chosen threshold, and on the time interval over which the bed
changes are to be estimated (in our experiments it was chosen as 5 s).

For homogeneous bed tests, the initial choice of the threshold was visual, by comparing detected
vs. visually counted changes. Then, the value resulting in the lowest difference among the two
counts in 8 consecutive time intervals was chosen. Visual assessment of the validity of such
threshold was carried out for 20 - 25 % of the homogeneous bed dataset, in randomly chosen
time intervals. For PA6 data, errors in detection account to a maximum of 10 % of detected
bed changes, while for POM data they are higher, amounting to 10 - 15 % of total bed change
detections. The given values for detection errors refer to cumulative changes in the longer time
interval (lasting 40 s, which is approximately 1/3 of the total experiment duration).

For clastic bed experiments, the initial visually estimated threshold was adjusted manually result-
ing in different accuracy of change detection for the two materials, on the two clastic beds, after
visual assessment of approximately 10 - 15 % of the dataset. Again, for PA6 data, errors in bed
change detection account for a maximum of 10 %, while for POM data they reach 20 % of bed
change detections. The given values refer to each time window of 5 s.

Image resolution also has a role (not investigated in our study), indeed local statistics change when
the resolution changes and this reflects in the ratio of the second to the first moment M /M ).
of the pixel-wise colour intensity distribution.

A further step, if one wants to compare differently resolved images, is to understand the depen-

dency of the detection algorithm upon the image resolution. The rationale behind the chosen
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compromise for spatial/temporal resolution is outlined in the following. Spatial resampling
was chosen to allow rather fast computation on the domain, without losing too much detail, it
involved downscaling from 30 px per particle’s mean equivalent diameter to 6 px per diameter.
This resolution allows still for some flexibility in the detection, requiring computational efforts
which are 10x lower than for fully-resolved images. The choice of the temporal resolution is,
instead, dictated by parameters related to the single video sequences: the smallest value at which

pixel-wise cumulative averages converge is chosen. For our data, this corresponds to 5 s.
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Plastic grains over a plastic bed

"Zwiemy je ziarnkiem piasku. "Lo chiamiamo granello di sabbia.
A ono siebie Ma lui non chiama se stesso

ani ziarnkiem, ani piasku. né granello, né sabbia.

Obywa sie bez nazwy Fa a meno di nome

ogolnej, szczegolnej, generale, individuale,

przelotnej, trwatej, instabile, stabile,

mylnej czy wlasciwej." scorretto o corretto.”

W. Szymborska, 1996

4.1 Introduction

Many natural environments see a fluid flow over a loose granular boundary, and the interactions
and reciprocal feedback among them have shaped landforms at any viable scale: from soil
microtopography to rills, ditches, rivers and landscapes. For our purpose, we focus on what can
be referred to as fluvial transport and mobilisation, occurring at the bed and boundary of water-
courses and rivers. The beginning of movement and transport has a crucial role for modellers,
since, when a threshold between immobility and motion can be identified, an equilibrium model
can be developed and applied for any value above such threshold. The binary nature of threshold
conditions makes their study an "evergreen" priority in sedimentary research, and, as outlined
in Chapter 2, state-of-art frameworks, methods and techniques have been diversely applied to
handle the subject. For a thorough discussion on the parameterisation of the incipient motion
problems and on the possible frameworks to approach it, please refer to Sections 2.2.2 and 2.2.3.
The simplest model for incipient motion and transport sees a flat bed, of homogeneous cohe-
sionless sediments, (potentially) mobilised by a steady, uniform flow discharge. Mobility, for a
cohesionless bed of homogeneous grains, is highly stochastic in nature (Grass, 1970; Lavelle and

Mofjeld, 1987), since every single grain is exposed to the flow in a slightly different manner, and

51
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the flow’s feedback to the particles’ exposure manifests in a range of conditions depending on
local microtopography (namely, at the grain scale).

In the experiments discussed in this chapter, the flat bed conditions are assumed to distribute
potential grain mobility due to microtopography effects uniformly over the bed plane.

Two sets of experiments on the incipient motion of plastic particles are described here, and the
results are presented and discussed. The chosen plastic materials reflect a density higher than the
ambient fluid (water), corresponding to pyp = 1100 kg/m?> for PA6 and pyp = 1410 kg/m> for
POM grains respectively. The type of microplastics studied is referred to as nurdles (Figure 4.1),
classified as primary microplastics, spilt into the environment from containers through transport
for secondary processing into products. The choice of the plastics, both for shape (compact
ellipsoids) and density parameters, is due to the need to have a material with characteristics
comparable with sediments (compact shape, density greater than water, for which descriptors as
reported in Section 2.2.2 are equivalent to those used for sediments) but stressing out the density
effect in the mobilisation process. The "plastics on plastics experiments” here reported aim to
set a baseline for the definition of incipient motion conditions for the two types of plastics, a
baseline which will be later compared to the more complex cases of remobilisation of deposited
microplastics from a clastic sediment bed (see Chapter 5).

We define compact-shaped plastic grains as plastic particles without cavities or holes, for which
the distance of any point laying on the grain surface from the barycentre of the grain does not
vary significantly. As outlined in Section 2.1.1, we assume that the plastic particles chosen for
our experiments can be treated as classical sedimentary material. Indeed, when the density range
allows, the compact plastic grains are able to deposit given appropriate flow conditions, and later
get into motion, as other (natural) sedimentary material. This is reflected in the large use of
plastic granules in physically-scaled models, Section 2.1.2, as well as in process-oriented models

for incipient motion characterisation (collected in a survey by Bettess, 1990).



4.2 Experiments 53

4.2 Experiments

The experiments were conducted in the HML flume at the Institute of Geophysics, Polish Academy
of Sciences, in Warsaw. Details on the experimental procedure are reported in Chapter 3 and
Appendix C. The bed was uniformly covered with a layer of plastic particles (the used plastics
are visible in Figure 4.1), levelled to a flat-bed topography. The plastic bed thickness was 8 -
10 MPs diameters to ensure uniform roughness conditions (no bed frictional regime, Armanini,
2013). The general flow conditions are reported in Table 3.5 while more detailed information on

the hydraulic and hydrodynamic conditions can be found in Appendix B.

Ficure 4.1: PA6 (black) and POM (red) particles chosen for the experiments.

4.2.1 Experimental conditions

Experiments of MPs moving from a homogeneous sediment bed composed of microplastic
involved three flow conditions tested per type of plastic bed, with three repetitions for each test to
ensure repeatability, and measurements of flow velocities and bed changes in three consecutive
cross-sections.

Table 4.1 summarises the flow conditions for all experiments with PA6 and POM in cross-section
S5 (see Figure 3.1). The range of Reynolds number is proper for turbulent flow and the near-wall
regime was transitional in all experiments with both plastics. This is reflected by flow Reynolds’
Re* > 7500 for all tests, and particle Reynolds’ number in the range Re* =~ 5 - 70, between
smooth and rough wall, with the turbulent boundary layer not fully developed. The flow was
subcritical, with Froude number around 0.2 and 0.3 in PA6 and POM experiments, respectively.
The estimation of bed shear velocity is discussed later and results are reported in Section 4.3.1.
The dataset consists of UVP transect measurements with two 3 MHz transducers, sampling at
1.6 Hz, and videos of bed changes recorded at 4K and 60 fps. The total number of combinations
amounts to 27 for each material, with spatial resolution for the velocity data of 1.1 - 1.5 mm (equal
to approximately half on the plastic grain-size, 0.5 dyp) across the section depending on acoustic
parameters (see Appendix ??), and raw spatial resolution for bed changes of approximately
0.1 mm depending on camera parameters. Due to the high spatio-temporal resolution of the
videos, subsampling was applied, both in space and time. The spatial subsampling was applied

by reducing the raw image resolution to 1/5 of the original, obtaining a grain mapped in areas of
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6x6 pixels instead of 30x30, and making the whole image processing procedure to derive bed
changes manageable within a commercial PC storage capacity. Temporal subsampling, on the
other hand, was applied, to obtain bed changes every 5 s, for later processing and comparison to

other bed conditions.

TasLE 4.1: Discharge-wise ranges for the hydraulic conditions in the plastic bed experiments for
PA6 and POM particles at Section 3: discharge Q, water depth y, flow Reynolds’ number Re,
time-averaged bed shear velocity U*, particle Reynolds’ number Re* and Froude number Fr. For
other conditions see Appendix B.1

| test | QlYs] | ylmm] | Re[-] | U* [mm/s] | Re" [-] | Fr[-] ||
PA6_QItl [ 1.9+0.02 | 60 +1.0 | 7667 9.6 28.84 | 0.17
PA6_QIt2 | 1.9+0.02 | 60 +1.0 | 7667 10.2 30.66 | 0.17
PA6_QIt3 | 1.9+0.02 | 60 +1.0 | 7667 9.3 27.85 | 0.17
PA6_Q2t1 | 2.0+0.02 | 59 +1.0 | 8000 8.7 2624 | 0.18

PA6_Q2t2 2.0+0.02 | 60 £1.0 | 8000 11.6 3490 | 0.17
PA6_Q2t3 2.0+0.02 | 60 £1.0 | 8000 10.1 30.30 | 0.17

PA6_Q3t] 2.1 +0.02 | 61 +£1.0 | 8333 9.5 28.54 | 0.18
PA6_Q3t2 2.1 £0.02 | 61 £1.0 | 8333 9.3 3781 | 0.18
PA6_Q3t3 2.1 £0.02 | 61 £1.0 | 8333 9.7 29.23 | 0.18

POM_QIt1 || 2.3 £0.03 | 45 £1.0 | 9333 17.1 51.31 | 0.31
POM_QIt2 || 2.3 £0.03 | 45 £1.0 | 9333 19.2 5752 | 0.31
POM_QIt3 || 2.3 £0.03 | 45 +1.0 | 9333 19.0 56.95 | 0.31
POM_Q2t1 || 2.4 £0.03 | 45 £1.0 | 9667 17.1 51.28 | 0.32
POM_Q2t2 || 2.4 £0.03 | 45 £1.0 | 9667 19.2 57.54 | 0.32
POM_Q2t3 || 2.4 £0.03 | 45 £1.0 | 9667 18.4 55.19 | 0.32
POM_Q3t1 || 2.5 +0.03 | 45 £1.0 | 10000 16.7 50.17 | 0.33
POM_Q3t2 || 2.5 £0.03 | 46 £1.0 | 10000 15.9 47.69 | 0.32
POM_Q3t3 || 2.5 £0.03 | 44 £1.0 | 10000 15.9 4775 | 0.35

4.3 Experimental results

4.3.1 Bed shear velocities

To derive the near-bed flow field, the velocity data transects were measured in the lower half
of the water depth, see Figure 3.3. Local shear velocities were computed from the measured
transects at each data point, by fitting the vertical available measurements to the logarithmic law
for near-wall velocity distribution, as from Equation 3.2.

To verify the consistency of the logarithmic velocity distribution hypothesis, we checked, for each
cross-sectional time-averaged value, whether they lie in the wall region, where the log-law is
considered valid (e.g. see Nezu and Rodi, 1986). For this purpose, dimensionless mean velocity
U+ and elevation coordinate Z+ were computed by scaling the time-averaged velocity U and

transects elevation z by the characteristic scales for velocity and length in the wall region (i.e. the
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time-averaged shear velocity U™ and the viscous length v/U™).

From Figure 4.2 we can verify that our data lie in the region Z* > 30. Nezu and Rodi, 1986
indicate that the wall region, where the log-law is valid, is 30 < Z* < 0.2@. This allows us to
apply the log-law assumption, with the data following a linear trend (Figure 4.2).
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Ficure 4.2: Distribution of mean flow velocities measured via UVP at increasing elevations from
the mean bed for Section 3 in PA6 experiments (lighter plastic grains).

The estimation of the bed shear velocity was therefore carried out by fitting the data points
over the available transects (5 points for PA6 and 4 points in POM bedded experiments in the
direction normal to the mean bed level) to the logarithmic profile (Equation3.2). This resulted
in a dense space-resolved (1 data point every 1.1 mm in the transverse direction) estimation of
local shear velocities u*, which can be used as a proxy for their probabilistic (spatial) distribution
across the cross-section. Following the need for time-averaging of bed-changes data (see Section
3.3.2, definition of the Time Window - TW), velocity profiles were obtained both for the whole
experiment duration, and for 5-s intervals covering the whole experiment. The former were used
in most of the analysis outlined in this Chapter, while the latter served two purposes: (i) assessing
that the flow was steady throughout the experiment (and therefore the temporal distribution of
estimated bed shear velocity for each experimental condition followed a Gaussian curve), (ii)
later comparing with clastic bed data (Chapter 5). For the first purpose, the Kolmogorov-Smirnov
test for normality at significance level p = 0.05 was carried out on all plastic bed experiments,

and the computed temporal bed shear velocities every 5 s resulted normally distributed.

4.3.2 Bed changes

Changes in the bed cover were mapped from images of the bed in an area covering the full flume
width, extended around 0.15 m in the longitudinal direction and centred where the UVP transect
was located (for a detailed methodology description refer to Chapter 3.2.1). Bed changes were

estimated in time intervals corresponding to 5 s, and a series of bed changes maps was created,
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including an estimate for the number of changes and their location.

The bed changes maps show an increase in mobilised particles following increasing discharge
value (Figure 4.3), while the time-averaged local bed shear velocities do not seem to be a good
choice for the estimation of particles’ mobilisation. Indeed, as visible from Figure 4.3, variations
of the same order of magnitude of the local time-averaged bed shear velocities u* generate
different responses in the bed cover changes. Such variability can be likely ascribed to near-bed
turbulence, at frequencies much higher than 0.2 Hz (5 s sampling intervals).
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Ficure 4.3: Example of time-averaged bed shear velocities computed from UVP measurements
and cumulative bed changes for the minimum (a) and maximum (b) discharges tested on PA6
bed. The scale indicates how long in the time intervals single particles were not in their initial
position (light grey meaning unchanged bed cover and yellow meaning sheet-flow occurring
throughout the whole experiment).

From estimates of bed change measurements, the bed changes frequency can be expressed as the
number of dislodged particles per unit time 72, vs. the total number of particles virtually available

for displacement (the number of particles on the bed surface layer) Nr,,. This results in the

expression
.= 4.1)
NTot t NTot

where n is the number of displaced particles in a time window, with 7 its temporal derivative,
Nro is the total number of particles, which in the case of homogeneous bed amounts to 100% of
the bed cover, and t is the duration of the time window in seconds.

The estimation of N7,, considers the area covered in the analysed footage A (the total area of
the Region of Interest ROI), and treats the bed surface particles as spheres, accounting also for a
surface packing density, ¢ = 0.75, indicating how much of the imaged area is covered by particles
directly exposed to the flow. The total surface packing density ¢ was estimated as an average

of five values obtained in sub-areas measuring 8 by 8 particles (approximately 50px x 50px in
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reduced resolution). This gives an expression for Nr,; in the form

Nror = EFN (4.2)

4%mp
The same formulation for bed changes estimation was used by Shvidchenko (2000 and 2000) and
named intensity of sediment motion, I to characterise his incipient motion regime, and we adopt

the same threshold he set at /N = 104571,

4.3.3 Threshold conditions

In the experimental runs, the intensity of bedload transport was rather small, lower than 0.01
particles/s in the observed area, and we assume that the highest discharge tested corresponds
to conditions of weak motion as defined by Chiew and Parker (1994). Following the classical
approach devised by Shields (1936), the observed conditions of the PA6 (orange) and POM
(pink) tests are plotted (Figure 4.6). For both plastics a linear pattern is identifiable, as the
time-cross-sectional averaged Shields’ number and particle (MP) Reynolds number are both
derived from velocity measurements, as was done in the plotted literature results (Wolman and
Brush, 1961; Neill, 1967; Everts, 1973; Petit, 1994; Keshavarzy and Ball, 1999). When looking at
the local values (densely, 1.1 mm, space-resolved across the flume width, with #* computed every
5's), they span a very wide range for Shields’ numbers 6; = 10~ — 4- 102, with the highest values
corresponding to approximately the maximum u* observed for time-cross-sectional averaged

value (reported in Figure 4.4 for both MPs).
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Ficure 4.4: Experimental data points for PA6 (orange) and POM (pink) bedded tests versus
literature data derived with similar methodology. The Shields’ curve range (dashed) follows the
relation proposed by Paphitis, 2001.
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The higher density of POM appears to shift the experimental results to the right, towards higher
particle Reynolds’ numbers, while the variability among tests for the time-space averaged values
of the Shields’ parameter does not appear to be significantly affected. Notably, in our specific
case, the diameter dj;p and density p,sp of the two materials are related (see Table 3.2), in that for
each material (and density) we have one diameter value, and this has a role in the POM shift to
higher particle’s Reynolds number. To resolve this relation, we discuss the mobility threshold of
particles’ with reference to their submerged weight, in that higher bed shear velocities are needed
to set into motion heavier particles, conditions which hold for the transitional regime (Re* ~ 20 —

70) we conducted the tests (see Figure 4.5).
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Ficure 4.5: Proxy distribution of experimental data points for PA6 (black) and POM (red) bed
changes frequency n/N vs bed shear velocities u*, computed for time intervals of 5 s for all
experiments. The variability of bed shear velocities is evident for both plastic materials.

Adapting a methodology widely used in structural engineering for the identification of limit
states (EN-1990:2002 Eurocode 0, Basis of Structural Design. 2001), the proposed derivation of
the threshold conditions for the two plastics is based on the measured quantities, i.e. bed shear
velocity and bed changes. Limit states are defined, in structural engineering, as conditions at
which the behaviour of an element of the structure change: i.e. the element behaviour shifts from
(i) elastic to plastic, showing irreversible deformation, (ii) plastic to failure, when it breaks creeps
or breaks showing severe cracks and permanent damage. Translating this concept to sediment
transport, possible limit states are: (i) the onset of motion, at which a bed behaviour under the
hydrodynamic forcing changes from fixed to mobile, with few particles moving as bedload, (ii)
the onset of entrainment (into suspended load), at which bedload particles are detaching more
and more from the near-bed region, and getting transported as suspended load, (iii) the onset of

bed creeping, when the bed uppermost layer, interacting with the flow, gets mobilised en-masse,
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and moves as a granular fluid.

A limit state requires the identification of a threshold, which for our purposes was chosen at bed
changes frequency i2/N = 10™*s7!, for which the corresponding shear stress is derived from a
sufficiently large number of tests. It is referred to as semi-probabilistic approach, since the limit
state value is not defined in probabilistic terms, but the stress corresponding to it is.

In our semi-probabilistic method, the chosen value of threshold bed changes frequency (107*s71)
was used to identify the associated threshold probability in the measured distribution (P,| i 10-4)-
Such probability was then adopted to compute the associated threshold bed shear velocities
(u*|p,,) from the measured bed shear velocities distribution.

The results are reported in Table 4.3, where, considering the probabilities associated with the cho-
sen threshold for bed changes frequency, we can see that approximately 1/4 of our measurements
for both bed materials are below such threshold. This represents around 100 data points for each

homogeneous bed (as can be also seen from Figure 4.5).

TasLE 4.2: PA6 and POM threshold conditions on homogeneous bed: %lcr is the chosen (threshold)
for bed changes frequency, P, |,y is its associated probability of occurrence, u, corresponds
to u*|P,, identified by the chosen threshold for frequency of bed changes P,,|yn, and 7o, was
computed for the obtained values of threshold bed shear velocities u},. For completeness, also
the particle’s Reynolds’ number Re* and threshold Shields’ parameters 6., are shown.

MP type §|cr [S_l] Pcrlr‘l/N llzr = u*chr [m/s] To,cr [Pal Re* [-] | Ocr [-]
PA6 104 0.264 0.0086 0.0737 2490 | 0.0173
POM 1074 0.256 0.0150 0.2253 45.03 | 0.0170

4.4 Discussion

The linear trend in the Shields’ diagram for measured data (Figure 4.4) is mostly evident and
strictly linked, as already discussed, to the measurement method adopted, in which measured
velocities are used to compute both particles’ Reynolds number and Shields’ mobility number.
The shift for the heavier microplastic grains to higher particles’ Reynolds number is assumed to
be directly linked to the different specific weights (and density, since both particles have approxi-
mately the same dimensions), leading to heavier particles being more stable than lighter ones on
beds with similar geometric roughness. The influence of grains’ weight translates, for natural
sediments, in the Rouse profile (Rouse, 1940). Grains weight also causes selective transport
for a clastic sediment mixture, where lighter/finer fractions are more easily transported than
heavier/coarser ones.

Looking at Figure 4.5, we have a wide variability of bed shear velocities, for each bed changes
frequency observed. The semi-probabilistic approach adopted allows us to overcome the "over-
lapping problem", and identify a threshold linked to the probability of occurrence of the chosen
bed change frequency. The threshold identified lies below the Shields’ curve limit identified by

Paphitis 2001 (see Figure 4.6, which is consistent with other visual-based estimations of incipient
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motion conditions on homogeneous beds (Ockelford and Yager, 2022). Moreover, the threshold
was not extrapolated from observations, since it lies within our data range, and the assumption

of weak movement (as described by Kramer, 1935 and Chiew and Parker, 1994), is considered

correct.
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FiGure 4.6: Experimental data points for PA6 and POM bedded tests versus Graf and Pazis, 1977
data for other plastics homogeneous bed tests. The Shields’ curve range (dashed) follows the
relations by Paphitis, 2001. The particle Reynolds number and Shields’ number calculated for all
tests for the two plastics are sorted by discharge (size of symbols). Downward triangles indicate
the incipient motion threshold identified with the semi-probabilistic approach proposed.

Figure 4.6 shows our measured Shields and particle’s Reynolds’ number vs. literature data by
Graf and Pazis (1977) derived for lightweight (plastic) particles with similar density to POM and
similar diameter (o, = 1.41 kg/m> and d; = 3.02 mm), where the increasing values for critical
Shields’ and Reynolds’ numbers correspond to an increase in the number of mobilised particles
per unit time N, in the range 0.3 - 300 particles/s. Our data, differently from Graf and Pazis, 1977,
are much more overlapped, and the identification of conditions for the different bed changes
frequencies is not straightforward from mean flow conditions. This can be ascribed to two factors:
(i) the Graf and Pazis’s counting method (1977) looked at transects, while the here proposed 7 is
estimated over an area, (ii) the time resolution of our measurements (5 s averages) is much higher
than Graf and Pazis. Both choices generate a more variable signal, for which no unique value is
identifiable for the different bed changes frequencies. As for the shift towards higher values of
Re* for literature data versus our heavier particles (POM characteristics are comparable to those
of the plastic sediments in Graf and Pazis, 1977), this is likely due to the different submergence
the plastics had. Indeed for the literature data, the flow depth was around 45 cm, while in our

case, POM experiments had a depth one order of magnitude smaller.
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TaBLE 4.3: Plastic sediments data, and experimantal conditions, from Graf and Pazis, 1977.

pslgem™] [ d[mm] | Ulm/s] | y [cm]
1.41 3.02 13.4 38-54

4.5 Summary

Incipient motion patterns for microplastic grains detaching from a homogeneous bed are aligned,
as expected and anticipated in Section 2.1.2 with past research on incipient motion for natural (and
artificial) granular materials. The variability of incipient motion conditions for our experiments
reflects the variability of past experiments around incipient motion. The conditions for this first
set of experiments correspond to homogeneous bed conditions, for which literature provides a
plethora of references. Still, given the vicinity to Shields’ curve limit, we can see how Shields’
diagram is a valid approximation for baseline conditions for microplastics motion, where by
baseline we mean "homogeneous bed conditions".

We observed that the range of estimated local time-averaged bed shear velocities across the
section does not directly correlate with increasing flow conditions (Figure 4.3), which instead
seem to have an influence on the percentage of bed changes. This might be related to the lower
density of the particles, which makes them more sensitive to deviations from the mean bed shear
velocity. To solve this, the analysis was carried out at a higher temporal resolution, computing
every 5 s time-averaged bed changes and bed shear velocities, which were used for the estimation
of threshold conditions for the two types of homogeneous beds via a semi-probabilistic approach.
The proposed methodology relies on only two measured quantities, namely bed changes per unit
time and bed shear velocities, and does not require synchronisation of measurements, which

might be problematic and costly.






Chapter 5

Remobilisation of plastic particles from
a clastic bed

"In every outthrust headland, in every curving beach,

in every grain of sand there is the story of the earth.”

Rachel Carson, 1950

5.1 Introduction

Natural sedimentary material constituting the solid boundary of rivers and streams consists pre-
dominantly of siliciclastic particles, with quartz among the most abundant minerals (the average
specific density of quartz grains being 2.65 g/cm?). Therefore, the river bed composition has been
described mostly in terms of the granulometric distribution of the (clastic) sediments composing
its uppermost layer. Variations in density and shape are not usually addressed when approaching
the problem of sediment mobilisation and transport, thus leading to a parameterisation of sedimen-
tary processes based solely on the grain characteristic grain-size (see Sections 2.2.2.3 and 2.2.2.4).
As outlined by Viparelli et al. (2015), experiments on the effect of relative particle size outnumber
by a few orders of magnitude those for the effect of the relative density of particles. Indeed,
the dominant parameter for the erosion and deposition of natural clastic grains has traditionally
been considered the dimension, usually synthesised either into representative classes or into a
representative diameter: e.g. median (dso) or equivalent (d,,) diameter.

Transport models are built upon the governing equations of fluid motions (conservation of mass,
momentum and/or energy) coupled with sediment continuity in the active layer (the bed surface
layer from which particles are mobilised and redeposited). The sediment continuity equation
(Exner equation) describes the feedback between variations in bed sediment flux and bed degra-

dation/aggradation in time, related to erosional (Og) and depositional (®p) processes, and takes

63
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the form

0 0z
O —®p = % :_6_: (5.1

where gy is the solid discharge per unit width and z; is the bed surface elevation. It resolves
the mass balance within the control volume (i.e. a portion of the riverbed) and the fluxes at its
boundary, with the latter calculated by erosion/deposition rates (to be converted into mass flux,
i.e., namely the sediment transport formula) mostly and uniquely linked to bed shear stress values.
The estimation of mass flux gs takes the form of sediment transport formulae, which, in many
instances, adopt the concept of threshold to distinguish between no-transport and transport (e.g.
Meyer-Peter and Miiller, 1948; Yalin, 1963 and Parker et al., 1982). This general (deterministic)
approach stems from the pioneering investigations of Shields (1936) which set a way to identify
a threshold condition. Therefore, a good estimate of the threshold values triggering transport
is essential for any estimation of transport, sediment budgeting, or, more generally, fluvial
engineering application.

The presence of new sedimentary material (i.e. plastic particles) has the potential to shuffle this
well-sorted (and widely tested) deck of tools. Moving one step farther from the homogeneous bed
model, in this Chapter we address the remobilisation behaviour of plastic grains on two natural
(clastic) sediment bed configurations, uniform gravel and uniform sand, moving closer to real
conditions.

Variations in the coarse content of the active layer, the bed uppermost layer interacting with the
flow by sediment transport, occur naturally in rivers due to selective transport processes, i.e. the
transport of different size fractions, where finer particles have higher mobility than coarser ones.
When the content of fines in the bed decreases due to a (temporary) increase in the transport
capacity (or decrease in fine sediment supply), a coarsening of the bed surface layer occurs, which
is named armouring. The armoured layer protects the lower layers from erosion, (temporally)
reducing the exchange of solid fluxes between bed and current (Armanini, 2018).

By contrast, the higher the geometric roughness of the (armoured) bed surface, the more single
particles can fit depressions, being, then, less exposed to the flow-induced shear. At the same
time, higher bed roughness modifies the near-bed velocity field shifting the turbulent regime
towards rough wall conditions, and exposing particles to near-wall turbulence.

The density, affecting the grains’ weight, plays a role in the equilibrium of single particles: gravity
force is considered as stabilising, and the lower the density, the lower its contribution to single
grains’ stability. Gravity force is also scaling the magnitude of the other stabilising contribution,
the inter-gain friction exerted at the boundary. Under the same hydrodynamic forcing, the lower
the density, the less stable a single grain is.

In natural conditions, the material transported as bedload is the same as the bed-forming material,
for continuous exchange happens at the bed interface. When we consider plastics entering
this delicate balance, a lot of new questions arise regarding the process of remobilisation and

entrainment, as well as transport dynamics. The sediment analogy framework has been used, in a
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first instance, to model MPs behaviour. This framework models the microplastic remobilisation
with the same model and approaches used in sediment transport research, treating the microplastics
as sediments, combining into calibration/adaptation parameters (e.g. a hiding/exposure coefficient)
the variability due to MPs’ various shapes. The advantages of using the same formulation for
both plastic and natural clastic sediments are evident, as a direct translation means not only faster
progress in building knowledge around MPs, but also a potential improvement in the robustness
of the well-established models for sediment transport.

Making therefore the sediment analogy framework a standard in MPs transport research, the two
most relevant studies on remobilisation of MPs used one-particle observation to derive the critical
threshold (Waldschldger and Schiittrumpf, 2019b and Goral et al., 2023a). Yu et al. (2022 and
2023), instead, observed remobilisation in a row of particles oriented transversely to the main
flow direction. They identify the threshold conditions when 50% of the material is moved. These
studies used an extremely controlled positioning of particles, which is very far from what occurs
in natural conditions.

As for the transport dynamics, Lofty et al. (2023) investigated saltation and trajectories of MPs
moving as bedload, and did not find significant differences between clastic and plastic sediments’
saltation kinematics. Notably, the particles chosen by the authors had mostly compact, spherical
shape, for which no effect of the reorientation during jumps can be observed.

A key aspect to take into account when dealing with microplastics on the riverbed, is their
availability (which might be linked to a "plastic sediment supply"). In the case of natural
sediments, indeed, Bong et al. (2016), observed an increased critical velocity for thin sediment
deposits whereas the effect vanished by increasing the thickness of the mobile sediment layer.
Notably, their proposed relation applies to both fixed and loosed bed cases. While the conditions
in Bong et al. (2016) are unlikely to occur for plastic sediments in fluvial environments, the
presence of sparsely distributed particles and fragments on a streambed is (unfortunately) not
unusual, and the amount of plastic mobile material might have an impact on the threshold
conditions for its mobilisation. Therefore, after investigating the case of a homogeneous bed at
the onset of motion, a second set of experiments aimed to investigate the role of inhomogeneity
between bed and mobile particles. The definition of a remobilisation threshold for this second
case needs a modification, compared to the one provided in Chapter 4, as, in this case, we assume

a major role of bed surface-available MPs on their mobility.

5.2 Experiments

The experiments were performed with a slightly different setup from the one adopted for ho-
mogeneous bed tests (see Section 3.2.2 and Appendix C.2). The clastic sediment layer was
prepared with the aid of non-slip gum mats to reduce the volume of clastic sediments needed
(see Section 3.2.2.1). The gravel and sandy bed were levelled manually up to a thickness of

around 3 - 4 cm, and the flume was filled with water up to the needed depth. The particles
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were seeded manually, in diagonal lines with an oscillatory motion, spreading evenly on the bed
surface (see Figure C.3) and allowed to deposit at low flow (see Section 3.2.2). Experiments on
clastic bed differ in measuring apparatus, since another UVP device was used, projecting the
acoustic beam from the water surface (instead of the wall) to eventually characterise the vertical
profile of the flow velocity with finer resolution (i.e. smaller cell size). The experiments were
performed at fixed discharge and increasing concentrations (see Chapter 3, Table 3.6), resulting
in a dataset consisting of videos of bed changes and UVP measurements in the same cross-section.

Ficure 5.1: Example of plastic PA6 particles on flat gravel (left) and sand (right) bed.

5.2.1 Experimental conditions

Experiments of microplastics moving on a clastic bed involved five increasing concentrations
of MPs content in the uppermost bed layer, spanning from 0.5 - 1.0%. For each MPs surface
concentration, three flow conditions were run, with discharges in the range 1.9 - 2.1 1/s (PA6) and
2.5-2.71/s (POM) for tests on gravel bed, and 1.2 - 1.4 1/s (PA6) and 2.1 - 2.3 1/s (POM) for tests
on sandy bed. Tables 5.1 - 5.4 contain more detailed information about the flow conditions in
the different tests. As in the homogeneous bed tests, the near-bed conditions were transitional
between smooth and rough wall, and the flow was subcritical.

The velocity profiles were recorded at two verticals for each section, with transducers symmetri-
cally placed at 7 cm from the wall and tilted 70° from the normal to the bed (for a side view of
the setup, see C.4). The dataset consists of 2 UVP profiles measured with 4 MHz transducers,
sampling at 16 Hz with a spatial resolution of 0.91 mm, and videos of bed cover changes in 4K at
60 fps.

The UVP data were used to estimate the bed shear velocity, by fitting the lower half of the
measured profiles (up to approximately 1.5 - 2 cm distance from the mean bed, depending on the
flow conditions) to the log-law (see Section 3.3.1 for further details). Image data, following the
pre-processing steps outlined in Section 3.3.2, served to estimate the number of MPs mobilised.
Again, both spatial and temporal averaging were applied, with the same values used for homoge-
neous bed (i.e. resolution reduced to 1/5 of original image resolution, and estimating bed changes

in time windows of 5 s).
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TasLe 5.1: Discharge-wise ranges for the hydraulic conditions in the gravel bed experiments
for PA6 particles: discharge Q, water depth y, flow Reynolds’ number Re, time-averaged bed
shear velocity U*, bed Reynolds’ number Re* and Froude number Fr. For other conditions see
Appendix B.1

test | QU] | ylmm] | Re[-] | U [mms] | Reyp [-] | Fr[-] |
PA6g_c1QItl [[ 1.9 £0.02 | 47 £1.0 [ 7667 8.4 2526 | 0.24
PA6g_c1QIt2 || 1.9 £0.02 | 47 £1.0 | 7667 6.2 1828 | 024
PA6g_c1Q2t] [ 2.0 +0.02 | 48 £1.0 | 8000 7.8 2340 | 0.25
PA6g_c1Q2t2 | 2.0 +0.02 | 48 £1.0 | 8000 8.7 2595 | 0.25
PA6g_c1Q3tl || 2.1+0.02 | 47 £1.0 | 8333 7.8 2343 | 0.26
PA6g_c1Q3t2 || 2.1 +0.02 | 47 £1.0 | 8333 7.8 2338 | 0.26
PA6g_c2Qltl | 1.9 +£0.02 [ 47 £1.0 | 7667 8.8 2631 [ 0.24
PA6g_c2Q112 | 1.9 £0.02 [ 47 +1.0 | 7667 8.1 2419 [ 0.24
PA6g_c2Q2t1 [| 2.0 £0.02 | 48 £1.0 | 8000 75 2247 | 0.25
PA6g_c2Q2t2 [| 2.0 £0.02 | 48 £1.0 | 8000 7.0 20.80 | 0.25
PA6g_c2Q3tl || 2.1+0.02 | 47 £1.0 | 8333 8.2 2455 | 0.26
PA6g_c2Q3t2 || 2.1+0.02 | 47 £1.0 | 8333 8.6 2546 | 0.26
PA6g_c3QItl || 1.9+0.02 | 47 £1.0 | 7667 7.9 23.60 | 0.24
PA6g_c3Q112 | 1.9 +0.02 | 47 1.0 | 7667 7.8 2325 | 0.24
PA6g_c3Q2tl | 2.0 £0.02 | 48 +1.0 | 8000 7.3 2193 | 025
PA6g_c3Q2i2 [ 2.0 £0.02 [ 48 £1.0 [ 8000 6.9 20.60 | 0.25
PA6g_c3Q3tl [ 2.1 +0.02 | 47 +1.0 | 8333 72 2159 [ 0.26
PA6g_c3Q3t2 [| 2.1 £0.02 | 47 £1.0 | 8333 6.6 19.63 [ 026
PA6g_c4Qltl || 1.9 £0.02 | 47 £1.0 | 7667 8.0 2396 | 0.24
PA6g_c4QIt2 || 1.9 +0.02 | 47 £1.0 | 7667 6.9 20.82 | 0.24
PA6g_c4Q2t] [ 2.0 +0.02 | 48 £1.0 | 8000 5.8 1729 [ 025
PA6g_c4Q2t2 | 2.0 +0.02 | 48 £1.0 | 8000 64 1928 | 025
PA6g_c4Q3tl || 2.1 +0.02 | 47 £1.0 | 8333 7.3 21.63 | 0.26
PA6g_c4Q312 | 2.1 +£0.02 | 47 +1.0 | 8333 6.5 19.65 | 0.26
PA6g_c5Qltl [ 1.9 +£0.02 [ 47 £1.0 | 7667 7.1 21.07 [ 0.24
PA6g_c5QIt2 || 1.9 £0.02 | 47 £1.0 | 7667 6.2 1848 [ 024
PA6g_c5Q2t1 [| 2.0 £0.02 | 48 £1.0 | 8000 8.8 2645 | 0.25
PA6g_c5Q2t2 [| 2.0 £0.02 | 48 £1.0 | 8000 7.1 2120 | 0.25
PA6g_c5Q3tl || 2.1+0.02 | 47 £1.0 | 8333 92 2753 | 0.26
PA6g_c5Q3t2 | 2.1 +0.02 | 47 £1.0 | 8333 8.6 2573 | 0.26
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TasLE 5.2: Discharge-wise ranges for the hydraulic conditions in the gravel bed experiments
for POM particles: discharge Q, water depth y, flow Reynolds’ number Re, time-averaged bed
shear velocity U™, bed Reynolds’ humber Re* and Froude number Fr. For other conditions see
Appendix B.1

test | QU] [ ylmm] [ Re[-] [ U [mms] | Rey, [-] | Fr[-] |
POMg_cl1QItl || 2.5+0.02 | 48 £1.0 | 10000 8.3 24.88 0.31
POMg_cl1QIt2 || 2.5 +£0.02 | 48 £1.0 | 10000 8.8 26.31 0.31
POMg_c1Q2tl || 2.6 +0.02 | 49 +1.0 | 10333 10.7 32.09 0.30
POMg_c1Q2t2 || 2.6 +0.02 | 49 +1.0 | 10333 12.0 35.96 0.30
POMg_c1Q3tl || 2.7 £0.02 | 47 +1.0 | 10667 11.8 35.38 0.33
POMg_c1Q3t2 || 2.7 £0.02 | 47 £1.0 | 10667 11.2 33.36 0.33
POMg_c2Q1tl || 2.5+0.02 | 48 £1.0 | 10000 8.5 2542 0.31
POMg_c2Q1t2 || 2.5 +£0.02 | 48 £1.0 | 10000 8.4 25.17 0.31
POMg_c2Q2tl || 2.6 +0.02 | 49 +£1.0 | 10333 11.3 33.76 0.30
POMg_c2Q2t2 || 2.6 +0.02 | 49 +1.0 | 10333 10.7 32.11 0.30
POMg_c2Q3tl || 2.7 £0.02 | 47 £1.0 | 10667 11.5 34.36 0.33
POMg_c2Q3t2 || 2.7 £0.02 | 47 £1.0 | 10667 9.8 29.45 0.33
POMg_c3Q1tl || 2.5 +0.02 | 48 +1.0 | 10000 9.0 26.94 0.31
POMg_c3Q1t2 || 2.5 +0.02 | 48 +1.0 | 10000 9.6 28.94 0.31
POMg_c3Q2tl || 2.6 £0.02 | 49 +£1.0 | 10333 11.0 33.07 0.30
POMg_c3Q2t2 || 2.6 +0.02 | 49 £1.0 | 10333 10.0 30.07 0.30
POMg_c3Q3tl || 2.7 £0.02 | 47 £1.0 | 10667 10.8 32.50 0.33
POMg_c3Q3t2 || 2.7 £0.02 | 47 £1.0 | 10667 10.7 32.19 0.33
POMg_c4QItl || 2.5 +0.02 | 48 £1.0 | 10000 8.9 26.71 0.31
POMg_c4QIlt2 || 2.5 £0.02 | 48 £1.0 | 10000 8.4 25.20 0.31
POMg_c4Q2tl || 2.6 +0.02 | 49 +1.0 | 10333 9.7 29.22 0.30
POMg_c4Q2t2 || 2.6 £0.02 | 49 +1.0 | 10333 94 28.09 0.30
POMg_c4Q3tl || 2.7 £0.02 | 47 £1.0 | 10667 12.3 36.98 0.33
POMg_c4Q3t2 || 2.7 £0.02 | 47 £1.0 | 10667 11.5 3441 0.33
POMg_c5QItl || 2.5+0.02 | 48 £1.0 | 10000 7.7 23.23 0.31
POMg_c5QI1t2 || 2.5 +£0.02 | 48 £1.0 | 10000 8.1 24.28 0.31
POMg_c5Q2tl || 2.6 +0.02 | 49 +£1.0 | 10333 10.4 31.05 0.30
POMg_c5Q2t2 || 2.6 +0.02 | 49 +1.0 | 10333 9.5 28.60 0.30
POMg_c5Q3tl || 2.7 £0.02 | 47 £1.0 | 10667 11.1 33.36 0.33
POMg_c5Q3t2 || 2.7 £0.02 | 47 £1.0 | 10667 11.0 33.14 0.33




5.2 Experiments 69

TaBLe 5.3: Discharge-wise ranges for the hydraulic conditions in the sand bed experiments
for PA6 particles: discharge Q, water depth y, flow Reynolds’ number Re, time-averaged bed
shear velocity U*, bed Reynolds’ number Re* and Froude number Fr. For other conditions see
Appendix B.1

test | QIys] | ylmm] | Re[-] | U [mmys] | Reyp [-] | Fr[-] |
PAG6s_c1QItl || 1.2+0.02 [ 65+1.0 [ 5000 1.7 5.04 0.09
PA6s_c1QIt2 || 1.2+0.02 | 65+1.0 | 5000 1.2 3.68 0.09
PAG6s_c1Q2tl || 1.3 £0.02 | 66 +1.0 | 5333 1.5 4.49 0.10
PAG6s_c1Q2t2 || 1.3 £0.02 | 66 +1.0 | 5333 1.3 3.78 0.10
PAG6s_c1Q3tl || 1.4 £0.02 | 67 +1.0 | 5667 2.3 7.05 0.11
PAG6s_c1Q3t2 || 1.4 +0.02 | 67 +1.0 | 5667 1.3 3.92 0.11
PA6s_c2Qltl || 1.2 +0.02 | 65+1.0 | 5000 1.7 522 0.09
PA6s_c2Q1t2 || 1.2 +0.02 | 65+1.0 | 5000 1.3 3.89 0.09
PAGs_c2Q2tl || 1.3 £0.02 | 66 +1.0 | 5333 2.0 5.85 0.10
PAG6s_c2Q2t2 || 1.3 £0.02 | 66 +1.0 | 5333 1.2 3.73 0.10
PAG6s_c2Q3tl || 1.4 £0.02 | 67 +1.0 | 5667 2.1 6.41 0.11
PAG6s_c2Q3t2 || 1.4 £0.02 | 67 +1.0 | 5667 1.7 4.98 0.11
PA6s_c3QItl || 1.2+0.02 | 65+1.0 | 5000 1.6 4.85 0.09
PA6s_c3QIt2 || 1.2 +0.02 | 65+1.0 | 5000 12 3.67 0.09
PAG6s_c3Q2tl || 1.3 £0.02 | 66 +1.0 | 5333 2.1 6.35 0.10
PA6s_c3Q2t2 | 1.3 +0.02 | 66 +1.0 | 5333 1.6 4.92 0.10
PA6s_c3Q3tl || 1.4 +0.02 | 67 +1.0 | 5667 2.3 6.77 0.11
PAGs_c3Q3t2 || 1.4 £0.02 | 67 +1.0 | 5667 1.4 4.26 0.11
PAG6s_c4QItl || 1.2+0.02 [ 65+1.0 | 5000 1.8 5.26 0.09
PAG6s_c4QI1t2 || 1.2£0.02 | 65 +1.0 | 5000 1.0 3.12 0.09
PAGs_c4Q2tl || 1.3 £0.02 | 66 +1.0 | 5333 2.3 6.95 0.10
PAGs_c4Q2t2 || 1.3 £0.02 | 66 +1.0 | 5333 1.8 5.47 0.10
PA6s_c4Q3tl || 1.4 +0.02 | 67 +1.0 | 5667 2.3 6.94 0.11
PAGs_c4Q3t2 || 1.4 £0.02 | 67 +1.0 | 5667 1.7 5.07 0.11
PA6s_c5QItl || 1.2 +0.02 | 65+1.0 | 5000 1.7 5.18 0.09
PA6s_c5Q1t2 || 1.2 +0.02 | 65+1.0 | 5000 1.1 3.39 0.09
PAG6s_c5Q2t1 || 1.3 £0.02 | 66 +1.0 | 5333 2.5 7.48 0.10
PAG6s_c5Q2t2 || 1.3 £0.02 | 66 +1.0 | 5333 1.6 4.87 0.10
PAG6s_c5Q3tl || 1.4 £0.02 | 67 +1.0 | 5667 2.4 7.11 0.11
PAG6s_c5Q3t2 || 1.4 £0.02 | 67 +1.0 | 5667 1.4 4.30 0.11
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TasLE 5.4: Discharge-wise ranges for the hydraulic conditions in the sand bed experiments for
POM particles: discharge Q, water depth y, flow Reynolds’ number Re, time-averaged bed
shear velocity U™, bed Reynolds’ humber Re* and Froude number Fr. For other conditions see
Appendix B.1

test | QUs] | ylmm] | Re[-] | U [mms] | Reyp [] | Fr[-] |
POMs_c1QItl [ 2.1+0.02 [ 72 £1.0 | 8667 6.2 18.67 [ 0.14
POMs_c1QIt2 || 2.1+0.02 | 72 £1.0 | 8667 6.1 1824 [ 0.14
POMs_c1Q2tl | 2.2+0.02 | 73 £1.0 | 9000 6.2 1851 [ 0.15
POMs_c1Q2t2 | 2.2 +0.02 | 73 £1.0 | 9000 7.1 2138 | 0.15
POMs_c1Q3tl [ 2.3 +£0.02 [ 74 £1.0 | 9333 5.9 1774 | 0.15
POMs_c1Q3t2 [ 2.3 £0.02 [ 74 £1.0 | 9333 - - 0.15
POMs_c2QItl [ 2.1 +0.02 [ 72 1.0 | 8667 6.4 19.16 | 0.14
POMs_c2Q112 | 2.1 £0.02 [ 72 +1.0 | 8667 5.6 1678 | 0.14
POMs_c2Q2tl [ 2.2+0.02 | 73 £1.0 | 9000 7.1 2130 | 0.15
POMs_c2Q2t2 | 2.2 +0.02 | 73 £1.0 | 9000 6.7 2021 | 0.15
POMs_c2Q3tl || 2.3 +0.02 | 74 £1.0 | 9333 6.1 1837 [ 0.15
POMs_c2Q3t2 || 2.3 £0.02 | 74 £1.0 | 9333 5.6 1685 | 0.15
POMs_c3QItl || 2.1+0.02 | 72 1.0 | 8667 6.2 1849 [ 0.14
POMs_c3QIt2 || 2.1+0.02 | 72 1.0 | 8667 5.6 1686 | 0.14
POMs_c3Q2t1 [ 2.2 +0.02 | 73 +1.0 | 9000 6.5 1938 | 0.15
POMs_c3Q2t2 [ 2.2 £0.02 | 73 +1.0 | 9000 6.6 19.69 [ 0.15
POMs_c3Q3tl [ 2.3 £0.02 [ 74 £1.0 | 9333 5.7 17.08 [ 0.15
POMs_c3Q3t2 || 2.3 £0.02 | 74 £1.0 | 9333 5.3 1587 [ 0.15
POMs_c4QItl || 2.1+0.02 | 72 £1.0 | 8667 6.0 1785 [ 0.14
POMs_c4QIt2 || 2.1+0.02 | 72 £1.0 | 8667 48 1436 | 0.14
POMs_c4Q2t1 | 2.2+0.02 | 73 £1.0 | 9000 7.1 2135 | 0.15
POMs_c4Q2t2 [ 2.2 £0.02 | 73 +1.0 | 9000 6.5 19.63 | 0.15
POMs_c4Q3tl [ 2.3 £0.02 [ 74 £1.0 | 9333 6.0 1790 | 0.15
POMs_c4Q3t2 [ 2.3 £0.02 [ 74 +1.0 | 9333 44 1321 | 0.15
POMs_c5QItl [ 2.1 +0.02 [ 72 1.0 | 8667 6.3 19.00 [ 0.14
POMs_c5Q112 [ 2.1 +£0.02 [ 72 1.0 | 8667 53 1592 [ 0.14
POMs_c5Q2t1 | 2.2 +0.02 | 73 £1.0 | 9000 6.8 2045 | 0.15
POMs_c5Q2t2 | 2.2 +0.02 | 73 £1.0 | 9000 6.7 2006 | 0.15
POMs_c5Q3tl || 2.3 +0.02 | 74 £1.0 | 9333 5.8 1741 [ 015
POMs_c5Q3t2 || 2.3 £0.02 | 74 £1.0 | 9333 43 1281 [ 0.15




5.3 Experimental results 71

5.3 Experimental results

The mobilisation of PA6 and POM particles over the clastic bed was estimated with the same
methodology adopted for homogeneous plastic bed (see Section 3.3). From the UVP measure-
ments, bed shear velocities and bed shear stresses were computed, and from videos, bed changes’
count was derived. The dataset consisted of 270 bed shear velocities and around 800 measure-
ments of bed changes, for each combination of material and bed, in different conditions of flow
rate Q and bed surface MP concentrations %C. For each condition of Q and %C, 20 bed shear
velocities and around 30 counts of bed changes were available.

To compare our data with published literature, we plot on Shields’ diagram (Figure 5.2) the
observed Shields’ mobility parameter, and as for the values for the abscissa we chose to use the
mobile particle Reynolds’ number Re),, computed as

udyp

Reyyp= = (5.2)

while other authors (Goral et al., 2023a) refer to the bed Reynolds’ number Rej,, , computed as

. u*dso Bed
Rely,, = Te (5.3)

where dsg p.q 1S the median diameter of the clastic sediments composing the bed.
In the estimation of the Shields’ parameter 6, the grain-size dy,p refers to the mobile material as
also the relative density Aysp computed as

Amp =
Figure 5.2 shows time-averaged conditions for the different combinations in the full dataset.
Our data for homogeneous beds distribute on the Shields’ curve (see Chapter 4), and have a
variability comparable to other literature studies (e.g. Graf and Pazis, 1977). Plastic grains
resting on a clastic bed (with median diameter dso p.q < dpp) get remobilised at lower mean bed
shear velocities, resulting in conditions (of motion) observed below the theoretical Shields’ limit
(consistently with Waldschldger and Schiittrumpf, 2019b and Yu et al., 2022). This is valid both
for gravel bed tests and for sand bed tests, where the movement of grains was occurring at bed
shear stresses one order of magnitude lower, approximately, than for homogeneous beds. By
looking at Figure 5.2 the alignment among homogeneous and clastic bed measurements is evident.
This alignment is also present in data provided by Waldschléiger and Schiittrumpf (2019b), see
later Figure 5.9, and Iuppa et al. (2024) for different morphotypes of MPs moving on beds of
varying roughness, and is linked to the dimensionless mobile particle diameter d},, depending
only on particle’s and ambient fluid characteristics (see later Equation 5.8, with reference to
Meyering, 2012 and Garcia, 2008).
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Ficure 5.2: Experimental data points for PA6 (orange) and POM (pink) flat-bed tests versus
homogeneous bed experiments (updated from Figure 4.4). Data on sand and gravel bed (full
points and big circles) are visibly below the theoretical Shields’ curve.

5.3.1 Bed shear velocities

The derivation of bed shear velocities was performed by fitting the time-averaged vertical profiles,
in their near-bed portion (approximately 10 - 15 cells starting from the bed, see Section 3.2.2.3)
to the logarithmic law (Equation 3.2). The spatial averaging across the section was done by
computing the average of the two vertical profiles, thus obtaining one representative value per
test. Time averaging was performed at two different resolutions: (i) a finer one every 5 s to
be consistent with previous tests and image analysis data, (ii) a coarser one over the whole
experiment (10 times larger than the finer one). The results of the finer were used to derive,
similarly as in Section 4.3.3, the threshold conditions for the two beds, independently from the
concentrations, as later explained in Section 5.3.4. For the sake of completeness, the goodness of
fit parameters, for the fitted velocities on clastic beds, are summarised in Appendix B.

Figure 5.3 shows the measured distribution (from double-averaged velocity profiles in 5 s Time
Windows) of bed shear velocities for the two types of plastic particles (PA6, lighter particles, in
black/grey and POM, heavier particles in red). Observed shear velocities in the case of POM
particles are higher than for PA6 particles, this is linked to our choice of observing similar
mobility conditions for the two types of MPs. Moreover, moving along the x-axis, we have a
decrease in bed-material grain-size and median diameter dsg, and our experimental conditions
(both discharge Q and water level y, see Tables 5.1, 5.2, 5.3 and 5.4) adapted to it, resulting in

decreasing observed bed shear velocities.
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Ficure 5.3: Violin plots showing the observed bed shear velocities u* for PA6 (black, lower density)
and POM (red, higher density) on the three different types of beds. The general trend with a
decrease in observed u* with decreasing geometric roughness (and grain-size) moving along the
x-axis from homogeneous bed to gravel and sand bed is evident.

5.3.2 Microplastics’ surface concentration changes

Changes in the MPs concentration on the clastic bed were derived from image data. For a detailed
description of the methodology, see Section 3.3.2. As for the homogeneous bed experiments, a
series of maps was created, from which the number of detached particles and their location were
derived. The initial number of particles after seeding, N7,;, was determined from the imposed
percentage of surface covered in MPs as from Table 3.6. The estimation of changes in the MPs
cover had a temporal resolution of 5 s, consistent with homogeneous bed tests (see Section 4.3.2).
Figure 5.4 is an example of detected changes on gravel bed for the lighter MPs, PA6, for all

surface concentrations in 20 consecutive time intervals (TW index).
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Ficure 5.4: Detected number of changes for PA6 on gravel flat-bed tests sorted by MPs surface
concentration at a discharge Q =2 I/s.
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5.3.3 Threshold conditions on clastic bed

From the full dataset presented at the beginning of Section 5.3 and in Figure 5.3, threshold
conditions were obtained. The same methodology was used, as outlined in Section 4.3.3 for the
homogeneous bed tests, with a modified 72/N threshold value for the bed changes frequency, to
account for the two orders of magnitude smaller amount of surface movable sediments. The
threshold bed changes frequency, used to identify the threshold probability, and from it, to

=1 This value

determine the associated threshold bed shear velocities, was set to a value 1072 s
lied in the observed region for all conditions.

The derived threshold conditions are reported in Figure 5.5, as red and black markers. While
for PA6 (black markers) the newly defined threshold is well within the time-averaged observed
values, for POM on sand (red *) the threshold is at the border of the observation range. This
was due to a constraint in the asset available, regarding the maximum discharge, which allowed
only very rare (in time) and weak (in space) movement of the POM particles on the sandy bed.
Differently, the PA6 on sand threshold was reached within the range of operability of the asset
pumps. Notably, for PA6 particles on sand, the threshold is around 6, = 1073, much lower than
the one observed by other authors (e.g Waldschldger and Schiittrumpf, 2019b and Yu et al., 2022),

as further discussed in Section 5.4.
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Ficure 5.5: Modification of Figure 5.2 with threshold conditions derived from a fixed 72/N = 1072571
Threshold for the chosen MPs on both sand (%) and gravel (¢) beds lies below the theoretical
Shields’ curve.
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5.3.4 Microplastics mobility

Due to the different surface concentrations, the mobility of MPs was estimated as the relative
number of mobilised MPs over the available (72/Nr,,), where Nr,, took different values spanning
from 7 - 8 particles for the lowest MPs concentration at the bed surface (0.05 %) to 130 - 150 for
the highest tested (1 %). The effect of different concentrations (translating in different numbers
of available MPs on the bed surface (N7,,) is shown in Figure 5.6. There, what was anticipated in
the Section 5.3.3 for experiments with POM on sand bed (4 plot) becomes evident: the number
of mobilised particles for these set of experiments is significantly lower than in all other cases,
with a few exceptions. From this one can infer that observed conditions for POM on sand are
more representative of lack of motion rather than motion. Indeed, in Figure 5.5 the threshold
identified lies slightly above the maximum observed (derived from time averaging on the whole

experimental length).
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FiGure 5.6: Detected frequency of particle motion 72 [s~'] for PAG (first row) and POM (second
row) on gravel (first column) and sand (second column) beds. Data are sorted by discharge,
where increasing darkness of blue means increasing discharge. On the x-axis the concentration
increases from ¢; = 0.05% 10 ¢5 = 1%.

5.3.5 Dimensional analysis and PCA

The effects of a hydrodynamically-immobile clastic bed on microplastic particles’ mobilisation
were investigated by dimensional analysis and Principal Component Analysis (PCA) to identify
the strongest dependencies among measured parameters.

The dimensional analysis uses the Buckingham theorem (1914) to derive dimensionless groups
from the dimensional parameters involved in a physical process. The choice of dimensionless

groups is multiple, and it is left to the individual researcher’s experience to select the relevant
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ones, for it is not possible to identify a priori the groups which must be constructed (Longo, 2022).
For our mixed sediment remobilisation problem, relevant parameters must describe the ambient
fluid, the bed composition and the mobile material, while fundamental units for the sediment
remobilisation process are mass [M], length [L] and time [T]. The list of relevant parameters is as

follows (see also Chapter 3):

flow: QorU, vy, p, v, g
bed sediments : Sp, ps, ds, CU, U*, T

mobile sediments : pyp, dyp, CSF, n, Nro, %C

where %C is the abundance of MPs on the bed surface.

By applying Buckingham theorem, the dimensional functional dependence of the above 17
variables, reduces to a non-dimensional functional dependence of 14 parameters. Classical
parameters for natural sediment transport can be adapted to the case of two different granular
materials composing the bed surface. This results in a set of dimensionless parameters which
we assumed suitable for the mobilisation of MP (treated as sedimentary material) from a bed
composed either of the same type of MPs (homogeneous bed case) or of clastic sediments (mixed

bed case):

homogeneous bed :  y/dyp , pup/p, Re, Re*, Fr, Fr;i, 0 5.5)
mixed bed : dMP/d50,Bed ) RE*Bed’ Re}kwp’ Res,MP, d:,MP’ %C’ XB> A’ Alllp .

In Equation 5.5, F'rg is the (movable) particle densimetric Froude number (dimensionless), as
from Aguirre-Pe et al. (2003), computed as

*

Fri—-—% (5.6)

V& Amp dup
Re; pp is the movable particle Reynolds number (dimensionless), representing the ratio between

the weight of the mobile particles resting on the bed and the kinematic viscosity of the fluid and

V& Appdiyp
Reg pp = — (5.7

is computed as

while, the dimensionless diameter for the microplastics, as defined in Equation 2.42, results

. Amp
diyp = dyp - (B2 (5.8)
the MPs surface concentration %C, imposed as fixed values (see Table 3.6) when seeding, can,

alternatively, be given by ratio of the portion of imaged area covered by MPs (Areayspcover) and
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the whole imaged area (Area,,r)

%C = Areaypeover (5.9)

Areamt

and the dimensionless degree of motion y p, comparable, in its form, to the dimensionless solid
discharge per unit width by Ballio and Radice, 2007, is computed from the bed changes per unit

time 7 as follows

n Vol
X5 = nome (5.10)

Nrot - B | Aup d3yp

where Volyp is the volume of a single MP particle (approximated to a sphere), and B is the width

of the flume.

The comparison of the possible parameters resulting from the Buckingham theorem and PCA
allows us to select a (reduced) combination of dimensionless parameters which best describes
the observed remobilisation of compact microplastics from both homogeneous and clastic bed
(following Pektas, 2015).

To clarify the interdependencies among the different dimensionless parameters, and their role in
the estimation of the dimensionless degree of motion y g, a principal component analysis (PCA)
was performed with each dimensionless parameter estimated from the 5 s-averaged values of the
measured quantities. The PCA operates in the space of the chosen dimensionless parameters,
and defines new parameters, as a linear combination of the initial ones, maximising the retained
information. This is done by identifying eigenvectors and eigenvalues of the covariance matrix
of the initial data, which have formerly been standardised to have zero mean and unit standard
deviation. The new parameters (Principal Components), are linearly independent, and help
determine the best lower-dimensional space, which derives from the terms corresponding to the
largest eigenvalues of the covariance matrix of the data (Frascati and Lanzoni, 2009).

For the PC analysis, the dimensionless parameters in Equation 5.5 were set as input, with the
exception of the flow Reynolds’ number Re, since all experiments showed turbulent flow, which
was substituted by stream power Q (see Equation 2.17), as this parameter has been used for
modelling incipient motion on rough, immobile beds (Ancey and Recking, 2023). The results are

shown in Figure 5.7, which reports the most relevant parameters only.
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Ficure 5.7: PC analysis of all experiments on homogeneous and clastic bed: first two principal
components PC1 and PC2 on the x- and y-axis respectively. Dimensionless parameters used are

from Equation 5.5 substituting the stream power Q to Re. Only those with the highest relevance
are shown.

The two axes show the orientation of the first and second Principal components (x- and y-axis
respectively. The clusters indicate the material (PA6 or POM particles), and the colour (blue,
orange and yellow) defines which bed type was used (homogeneous, gravel and sand respectively).
The first PC is visibly aligned with the sedimentological Reynolds number of the mobile particle
(microplastic) Res yp, as well as the dimensionless MPs diameter d),,, while most of the second
PC component depends on the dimensionless degree of motion of the MPs (y). The third
principal component, not visible in 5.7, is connected to the mobile particle Reynolds’ number
Re),p and to a lesser extent to the bed Reynolds” number Re; . The variability in the original
data, explained by the first 3 PCs, is shown in Figure 5.8 and amounts to 99.9%.
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Ficure 5.8: Percentage of variability in the data explained by the first 3 principal components.
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5.4 Discussion

The use of Shields’ mobility parameter (Equation 2.38) is well-established in sediment research,
and a direct transfer of methods has been adopted to estimate plastic sediments onset of motion
on natural beds (Waldschlidger and Schiittrumpf, 2019b; Yu et al., 2022 and Goral et al., 2023a).
Treating MPs as sediments (i.e. adopting a sediment analogy framework) implies assuming
microplastics sedimentary processes are similar to those natural clastic sediments undergo. When
comparing the present work’s thresholds with literature data (by Waldschlidger and Schiittrumpf,
2019b and Yu et al., 2022) the values for the tested particles lie in the same range as the one
identified by both authors, with the exception of the PA6 (lighter plastic grains) on sand. The
reason for this is likely the different submergence (y/dyp) conditions of the light PA6 particles,
which in the case of our tests was around 20 times the particle’s diameter dy;p, while in both
literature sources was greater than 100 dyp. Indeed the water depth at which our experiments
on sand were run (from Table 5.3), was approximately 6.5 cm, while for Waldschldger and
Schiittrumpf it was 50 cm, and for Yu et al. it was 43 cm. The case of our lower water depth,
combined with the density of PA6, results in very unstable particles resting on the sand bed.
Indeed, in our case, the effect of the pressure head (due to the column of water on top of the MP
particles) is approximately one order of magnitude lower than in both cited authors (it is directly
proportional to the submergence), and this reflects in very low bed-shear velocities needed to set
out PAG6 ellipsoidal grains into motion on the sand bed.
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Ficure 5.9: Threshold conditions for the PA6 (yellow) and POM (pink) particles determined in this
work versus literature data (grey). Most of the values fall in the same region but PA6 on sand.
The symbols show thresholds conditions on different bed, where literature data, and v, ¢ and =
represent our derived thresholds on homogeneous, gravel and sand bed respectively.
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A striking difference from the experimental results by Shvidchenko and Pender (2000) with
reference to the effect of relative submergence of the mobile particles can be observed. The
authors observed (on homogeneous beds composed of natural clasts) higher bed-shear effects for
shallower flows, with the most relevant increase for bed particles and their eddies comparable with
the flow depth, behaviour late confirmed by, among others, Bolhassani et al. (2015). Unfortunately,
the effect of relative submergence on the mobilisation of fractions from a mixed bed was not
further investigated in later studies by the two groups. The effects of density of the mobile
particle (still on homogeneous bed though) were, instead, included in the experimental study
by Prancevic and Lamb (2015), who looked into the incipient motion at varying slopes and
relative submergence for sediment beds with different densities (both clastic and acrylic grains
characterised by values of A of 1.65 and 0.15 respectively). Even though the link of slope
to relative submergence was present, they found that: (i) the "relative roughness was the key
parameter controlling initial sediment motion in our experiments, not bed slope”, and (ii) their
observed threshold conditions for the acrylic bed were lower than the expected from available
models. On our mixed bed, the combination of relative roughness effects, with low values of
relative roughness (dso/y) and low mobile particle submergence (y/dysp) on sand, and low particle
weight resulted in threshold conditions lower than other studies for the lighter MPs (PA6 grains).
Looking with more detail at the distribution of the observed data, Figure 5.10 shows the measured
relative mobility 72/N versus the Shields’ number 8 for all experiments performed, including those

on homogeneous bed (see Chapter 4).
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Ficure 5.10: Experimental data points for PA6 (black) and POM (red) flat-bed tests for homoge-
neous bed (full o), plastics on gravel (¢) and plastics on sand (x), the symbol size indicates the
(increasing) surface concentration in the tests with values equal to 0.05%, 0.1%, 0.2%, 0.5%,
1%. Data on sand and gravel bed, due to the lower surface concentration, show a higher relative
mobility (higher values of 7i1/N).

The fact that plastics are lighter than gravel, entails that their stability on gravel beds is on average
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lower than that of a gravel particle. Indeed, the two components contributing to resistance,
submerged particle weight and inter-particle friction, directly depend on the density. This is
reflected in generally lower mean bed shear stresses required to set plastic particles into motion.
From Figure 5.10, the variability of the Shields’ parameter 6 is generally higher for lighter plastic
sediments (PA6) than for heavier ones (POM). Moreover, for the lighter PA6 grains, tests on
gravel (¢) show higher Shields’ numbers than those observed for the heavier POM on the same
bed (). This can be related to the shape of the two particles, with PA6 grains being ellipsoidal,
and POM grains being closer to spherical in shape. Although these results are far from conclusive,
the density of the sediment plays a key role, when its value approaches that of the ambient fluid,
which, on smoother beds (in our case sand beds) triggers particle motion at bed-shear stresses
much lower than those expected by classical sediment transport theory (also accounting for a
correction due to hiding-exposure effects).

For particles with a weight comparable with the ambient fluid, Shields’ parameter 6 enhances
the effects of the near-bed velocity forcing. On the other hand, looking at the Shields’ parameter
for heavier particles does not provide such an insight, most likely due to the higher inertia of the
grains. This implies that, while for natural clastic sediments and heavy minerals a threshold on
Shields’ parameter can be used to describe the onset of motion and transport of particles, for light
sediments, having density comparable with the ambient fluid, such threshold cannot be uniquely
identified, as the particles with low inertia are very sensitive to any fluctuation in the surrounding

flow.

5.4.1 From analogy to analysis

The sediment analogy, i.e. using Shields’ diagram to model microplastics inception of movement,
has been adopted by all researchers dealing with the MPs onset of motion process (Waldschlidger
and Schiittrumpf, 2019a; Goral et al., 2023a; Yu et al., 2022 and 2023). While the adoption
of a widely-accepted model is advantageous in many forms, the assumptions behind the model
itself can hamper effective adoption, and generate confusion. The Shields’ model, and its
modifications, are undoubtedly useful in sedimentology, and represent an "averaged behaviour"
of homogeneous bed material put into motion by unidirectional water currents. The averaging
process implemented for obtaining the so looked-for curve operates at different levels and
scales. It is a temporal averaging, implying (i) turbulence effects are overlooked in favour of
a time-averaged indicators (the bed shear stress), (ii) local bed evolution is disregarded, and
the roughness feedback on the near-bed flow does not vary. It is a spatial averaging, where
(i) the variability of bed elevation/composition/sorting is averaged across the section leading to
one elevation and roughness value, (ii) the local hydrodynamics are summarised into one single
value for the volume considered (both cross-sectional and sometimes longitudinal averaging). It
is a particle-characteristics averaging, implying that one bulk measure (of motion) including
particles of different shapes is taken as representative. This "bulk measure" is a valid proxy

when one considers natural materials, with their shapes varying almost continuously for compact-
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morphotypes, but if one wants to focus on artificial materials, for which the variability in
characteristics is limited to a finite number, a question arises regarding whether the same model
can be applied.

While the first and second averaging dimensions (namely temporal and spatial) are a standard
approach in treating hydrodynamics on rough beds (Nikora et al., 2007), the third averaging
dimension (i.e. particle-characteristics) appeared significant only recently, as the sediment analogy
framework has been applied to study microplastics transport processes (see the wide-ranging
review by Waldschliger et al., 2022 and Russell et al., 2024).

Research on natural sediments resolves particle-characteristics averaging by considering a
correction coefficient accounting for the grain-size variability, and the different conditions grains
with different sizes undergo. Such a correction, which in the case of natural sediments is ascribed
to differences in grain-size, was firstly proposed by Egiazaroftf (1965) as a hiding-exposure
coefficient, and further adapted. Latest applications (following Waldschldger and Schiittrumpf,
2019b) proposed to fit the hiding-exposure correction to represent also the microplastics threshold
conditions on Shields’ diagram.

From the results of the PC analysis (Section 5.3.5) we can see that the particle weight, through the
dimensionless mobile particle diameter d,, and more evidently the sedimentological Reynolds’
number Re; yp, plays a key role in our dataset. This is due to the approach we chose, where
conditions close to the incipient motion were observed in all experiments, and from those
observations, the threshold was derived with a semi-probabilistic approach. The sediment
transport rate for our test was purposely set to very low values, and therefore, the effect of the
de-stabilising bed-shear stress on conditions close to no transport was hidden by the stabilising
effect of particles’ weight. When we remove from the PC analysis Re; yp, results are reported

in Figure 5.11, where the first two components explain around 94.2% of the total observed

*

variability in the data. The third component is almost parallel to the dimensionless diameter &), p,

and explains around 5% of the remaining variability.
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Ficure 5.11: PC analysis of all experiments on homogeneous and clastic bed: first two principal
components PC1 and PC2 on the x- and y-axis respectively. Dimensionless parameters used are
the same as in 5.7 with the exclusion of Re; »p, only those with the highest relevance are shown.

5.5 Summary

The validity of our findings are limited to our simplified experimental system: homogeneous
clastic bed with one type of microplastics (by density, size and morphotype) scattered on it,
and rearranged by flow. The remobilisation conditions, defined in a similar fashion as incipient
motion for the homogeneous bed tests, with a bulk correction due to the availability (see Section
5.3.3) appear to acceptably represent the onset of motion of the chosen MPs, when compared
with other literature data. The identified threshold plots lower than the Shields’ curve range
for clastic sediments, as also observed by other authors. The application of sediment analogy
framework allows to have initial assessment of the remobilisation conditions of microplastics
on different beds, and was proven valid by past research (Waldschlidger and Schiittrumpf, 2019b
and Yu et al., 2023). The validity of such approach is still to be proven under mobile particle’s
submergence conditions differing from the ones for which it has been developed. The role
of particle’s submergence becomes important when considering floodplains, and their higher
exposure to microplastic pollution linked mostly to recreational activities.






Chapter 6

Conclusions and further developments

"Tout est au mieux

dans le meilleur des mondes possibles"
"Everything goes to its best

in the best of all possible worlds"

Pangloss to Candide
Voltaire, 1759

6.1 Incipient motion of microplastics from homogeneous bed

The threshold condition for the onset of motion of microplastics on homogeneous bed was
addressed by adopting the same methods (Shields’ diagram) as for other homogeneous beds,
composed of natural clastic sediments (Q1.1). We chose to use the widely-accepted Shields’
diagram, and derived from experimental data of particles’ motion and near-bed velocity mea-
surements a threshold for the two types of microplastics, PA6 and POM grains. The derivation
of a threshold relates particles’ mobility to the near-bed hydrodynamic forcing, represented by
bed-shear velocity from our measurements (Q1.2). This was done by setting a limit value for the
bed changes frequency (n/N), and relating it, through its probability of occurrence to observed
bed-shear velocity u* (characterised by the same probability). The threshold thus identified lies
slightly beneath the range derived for natural sediments, consistently with other literature data.
The sediment analogy framework, i.e. treating microplastics as sediments and translating methods
from sedimentary research to derive their threshold conditions is valid in the case of MPs moving
on a bed made of the same material. This similarity was also exploited in the past in scaled

experiments of morphodynamic processes (see Section 2.1.2).
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6.2 Remobilisation of plastic particles from a clastic bed

Experiments on the threshold conditions for the same type of MPs deposited on a mixed bed,
see the adoption of the sediment analogy framework to study remobilisation. Adapting the
methodology used for homogeneous bed to the mixed bed case, with a bulk correction on
the frequency of bed changes limit to account for the lower availability of material, allows to
derive threshold conditions for the lighter fraction (MPs). The threshold for remobilisation for
MPs The threshold values for remobilisation, in all cases, are lower than those observed on a
homogeneous bed, with the lowest values observed for the less rough beds. The methodological
definition of threshold for a non-homogeneous bed was adapted, to take into account the lower
availability of movable material, irrespective of the main bed composition (Q2.1). The MPs
surface concentrations, spanning from 0.5% to 1%, did not appear to have an influence on the
threshold for remobilisation definition (Q2.2), but it rather modified the probability of occurrence

of motion, requiring a higher frequency of bed changes values to be set.

6.3 Are compact microplastics talking sedimentary processes’ lan-

guage?

Among all of microplastics morphotypes, those of compact shape resemble most natural clastic
sediments. Their basic characterisation, when using the sediment analogy framework for transport
processes, requires only information about their size and density, adding one degree of complexity
(while is clear how for other morphotypes shape is key in determining the transport behaviour).
The work presented in this thesis, especially those results of Chapter 5, highlight how, even
for compact-shape MPs, the shape effect plays a role in the determination of a bulk incipient
motion threshold. Indeed, for shapes deviating from spherical, the differences in the orientation
of the MPs particles trigger remobilisation at different observed bed shear velocities, and the
high variability in observed conditions for remobilisation for the PA6 more ellipsoidal particles
reflects this. Although high variability in observed bed-shear stresses does not hamper per se the
identification of a unique threshold, it has an effect on the range of uncertainty of any further

estimation depending on such threshold, which usually takes the form of a solid discharge.

6.4 Further work

The study of microplastics sedimentary processes is slowly blossoming, and can be seen as an
exciting "playground” (B. Sutherland, 2024, April 4) for widening our knowledge on transport of
granular materials.

Many variations of the very simple system-model presented in this work are possible including:

e bed characteristics: slope (both longitudinal and lateral), bedform roughness

e bed material characteristics: uniformity in terms of size and density
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e hydraulic characteristics: relative roughness, submergence variations
e bed layer characteristics: uniform or layered bed, density distribution
e mobile particle characteristics: morphotype (compact, flat or linear), density

There is a lot of room for experimental work, and research is slowly moving into more complex
setups. Tackling only the first point in the list, an important step for improving the understanding
of microplastic transport processes, is shifting from flat bed to perturbed bed with bedforms. The
bedform roughness effect, and the size of the bedform interact with the plastic grains generating
complex patterns of erosion and deposition which have just been scraped by recent work (Russell
et al., 2023) in a rather qualitative way.

Among the biggest limitations, not only for our setting, but for general laboratory experiments
on the transport of microplastics, is the fact that the studied particles are "frozen in a pristine
state", and ageing and weathering dynamics are hard to capture at the laboratory scales of our
investigations. Other researchers (Wang et al., 2024) carried out experiments on aged microplastic
particles, and by increasing the ageing period found an increase in the incipient motion threshold,
meaning that aged microplastics on fixed beds (as the one tested by the authors, and as do
clastic bed behave at MPs incipient motion) have a motion threshold limit higher than pristine
one, increasing the critical velocity. The road is still long before our understanding of plastics
sedimentary processes reaches a satisfactory level, and in this "playground"” the limits of what
is physically reasonable are so loose that genuine curiosity and improvisation are still highly

valuable.
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Appendix A

Glossary

A.1 List of key terms

Herein are listed some frequently recurring terms in this Thesis alongside their definition.

Equilibrium: mutual adjustment of sediment transport and fluid dynamics which does not change
topography features (e.g. slope) at the local level.

Incipient motion: The beginning of movement of a bed particle under a forcing flow.
Mobility: The capacity of a particle of being put into motion by a forcing flow.

Morphotype: morphological characterisation for microplastics’ shape, where it is considered
whether: (i) a microplastic has 1, 2 or 3 main axes (corresponding respectively to fibers, flat
fragments or films, and "general" particles), and (ii) its shape has cavities non-compact shape or
not compact shape.

Quasi-equilibrium: short-term equilibrium, in the analysed time window. A combination of
quasi-equilibrium conditions can constitute a simplified model for a transient.

Quasi-uniform flow: condition in which, locally, uniform flow can be assumed. In our case, the
flow was quasi-uniform as the bed slope and water surface slope were parallel within the accuracy
of our measurements ( = 1 mm). Within this assumption we can apply uniform flow relations.
Remobilisation: motion of particles previously deposited on a bed, differing from the bed mate-
rial in terms of e.g. size, density.

Threshold conditions: deterministic concept relating a change of state, in this case in terms
of kinematics, from static to moving (at equilibrium). Threshold conditions are sought for, and
are key points to identify, since the behaviour of the system at study changes as the threshold is

surpassed.
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Appendix B

Summary tables

Summary tables for HML experiments. For plastics on plastics experiments, the discharge
conditions tested were three, with three repetitions each, resulting in nine measured conditions
per cross-section. For plastics on a clastic bed, we tested for both PA6 and POM five different
discharge conditions, with five increasing surface concentrations of plastics, without repetitions.
A tentative dataset, discarded in this work for further analysis, contains HML plastics on clastic
bed tests with UB-Lab P device: it consists of five discharge conditions by respectively five and

three surface concentrations for POM and PA6 sediments.

B.1 Incipient motion experiments: plastics on plastics bed

PAG6: discharge conditions chosen were such that we could observe incipient motion at a depth of
around 6 cm. Other parameters in the following tables were derived from the measurements.
Data for XS1 are reported below

test Qll/s] Y[em] Re | Flow type | U* [m/s] | Re* | Near-wall regime
QItl || 1.9+0.02 | 59 +0.1 | 7667 | turbulent 0.0107 | 31.96 transitional
Ql1t2 || 1.9 £0.02 | 5.9 £0.1 | 7667 | turbulent 0.0096 | 28.66 transitional
QI1t3 || 1.9 +0.02 | 5.8 £0.1 | 7667 | turbulent 0.0113 | 33.90 transitional
Q2tl || 2.0 +0.02 | 5.8 +0.1 | 8000 | turbulent 0.0087 | 23.26 transitional
Q2t2 || 2.0 £0.02 | 5.9 +0.1 | 8000 | turbulent 0.0101 | 30.20 transitional
Q23 || 2.1 £0.02 | 5.9 +0.1 | 8000 | turbulent | 0.0103 | 30.81 transitional
Q3tl || 2.1 £0.02 | 6.0 £0.1 | 8333 | turbulent 0.0082 | 24.61 transitional
Q3t2 || 2.1 £0.02 | 6.0 £0.1 | 8333 | turbulent | 0.0082 | 24.60 transitional
Q3t3 || 2.1 £0.02 | 6.0 £0.1 | 8333 | turbulent 0.0093 | 28.03 transitional

Data for XS2 are reported below
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test Qll/s] V[em] Re | Flow type | U* [m/s] | Re* | Near-wall regime
QItl || 1.9 £0.02 | 6.0 £0.1 | 7667 | turbulent | 0.0096 | 28.84 transitional
QI1t2 || 1.9 £0.02 | 6.0 £0.1 | 7667 | turbulent 0.0102 | 30.66 transitional
Q1t3 || 1.9 £0.02 | 6.0 £0.1 | 7667 | turbulent 0.0093 | 27.85 transitional
Q2t1 || 2.0 £0.02 | 5.9 £0.1 | 8000 | turbulent 0.0087 | 26.24 transitional
Q2t2 || 2.0 £0.02 | 6.0 £0.1 | 8000 | turbulent | 0.0116 | 34.90 transitional
Q2t3 || 2.0 £0.02 | 6.0 £0.1 | 8000 | turbulent 0.0101 | 30.30 transitional
Q3tl || 2.1 £0.02 | 6.1 0.1 | 8333 | turbulent 0.0095 | 28.54 transitional
Q3t2 || 2.1 £0.02 | 6.1 £0.1 | 8333 | turbulent 0.0093 | 37.81 transitional
Q3t3 || 2.1 £0.02 | 6.1 £0.1 | 8333 | turbulent 0.0097 | 29.23 transitional

Data for XS3 are reported below
test Qll/s] y[cem] Re | Flow type | U* [m/s] | Re* | Near-wall regime
Q1tl || 1.9 +0.02 | 6.1 £0.1 | 7667 | turbulent 0.0093 | 27.87 transitional
QIt2 || 1.9 £0.02 | 6.1 £0.1 | 7667 | turbulent | 0.0095 | 28.52 transitional
QIt3 || 1.9 £0.02 | 6.3 £0.2 | 7667 | turbulent 0.0104 | 31.34 transitional
Q2t1 || 2.0 £0.02 | 6.0 £0.1 | 8000 | turbulent 0.0079 | 23.71 transitional
Q2t2 || 2.0 +£0.02 | 6.1 £0.1 | 8000 | turbulent 0.0105 | 31.55 transitional
Q2t3 || 2.0 £0.02 | 6.1 £0.1 | 8000 | turbulent | 0.0095 | 28.38 transitional
Q3tl || 2.1 £0.02 | 6.2 +£0.1 | 8333 | turbulent | 0.0096 | 28.73 transitional
Q3t2 || 2.1 £0.02 | 6.2 +0.1 | 8333 | turbulent 0.0095 | 28.59 transitional
Q3t3 || 2.1 £0.02 | 6.2 £0.1 | 8333 | turbulent 0.0093 | 27.82 transitional

Data for XS4 are reported below
test Ql[l/s] Ylem] Re | Flow type | U* [m/s] | Re* | Near-wal regime
QItl || 1.9 £0.02 | 6.2 £0.1 | 7667 | turbulent 0.0088 | 26.42 transitional
Q1t2 || 1.9+0.02 | 6.2+0.1 | 7667 | turbulent 0.0110 | 33.11 transitional
QIt3 || 1.9 £0.02 | 6.2 £0.1 | 7667 | turbulent | 0.0115 | 34.56 transitional
Q2t1 || 2.0 £0.02 | 6.1 £0.01 | 8000 | turbulent 0.0092 | 27.66 transitional
Q2t2 || 2.0+0.02 | 6.2+0.1 | 8000 | turbulent 0.0098 | 29.43 transitional
Q2t3 || 2.0+0.02 | 6.2 +0.1 | 8000 | turbulent 0.0113 | 33.83 transitional
Q3tl || 2.1 £0.02 | 6.4 0.1 | 8333 | turbulent | 0.0074 | 22.21 transitional
Q3t2 || 2.1 £0.02 | 6.3 £0.1 | 8333 | turbulent 0.0106 | 31.71 transitional
Q3t3 || 2.1 £0.02 | 6.3 +0.1 | 8333 | turbulent 0.0101 | 30.18 transitional
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POM: discharge conditions chosen were such that we could observe incipient motion at a depth

of around 4.5 cm. Other parameters in the following tables were derived from the measurements.

Data for XS2 are reported below

test Qll/s] Y[cm] Re Flow type | U* [m/s] | Re* | Near-wall regime
QItl || 2.3 £0.03 | 4.4 £0.1 | 9333 | turbulent 0.0135 | 40.39 transitional
Q1t2 || 2.3 £0.03 | 4.4 +0.1 | 9333 | turbulent 0.0165 | 49.46 transitional
QI3 || 2.3 +0.03 | 4.4 +0.1 | 9333 | turbulent | 0.0160 | 47.99 transitional
Q2tl || 2.4 £0.03 | 4.4 £0.1 | 9667 | turbulent 0.0177 | 53.10 transitional
Q2t2 || 2.4 +0.03 | 4.5 +0.1 | 9667 | turbulent | 0.0172 | 51.49 transitional
Q2t3 || 2.4 £0.03 | 4.5 £0.1 | 9667 | turbulent 0.0194 | 58.06 transitional
Q3tl || 2.5 +0.03 | 4.4 £0.1 | 10000 | turbulent | 0.0207 | 62.18 transitional
Q3t2 || 2.5 +0.03 | 4.5 +0.1 | 10000 | turbulent | 0.0183 | 54.87 transitional
Q3t3 || 2.5 +£0.03 | 4.4 £0.1 | 10000 | turbulent 0.0166 | 49.74 transitional
Data for XS3 are reported below
test Qll/s] Ylem] Re Flow type | U* [m/s] | Re* | Near-wall regime
QItl || 2.3+0.03 | 45+0.1 | 9333 | turbulent 0.0171 | 51.31 transitional
Q1t2 || 2.3 £0.03 | 4.5 £0.1 | 9333 | turbulent 0.0192 | 57.52 transitional
Q1t3 || 2.3 £0.03 | 4.5 +0.1 | 9333 | turbulent 0.0190 | 56.95 transitional
Q2tl1 || 2.4 +0.03 | 4.5 +0.1 | 9667 | turbulent | 0.0171 | 51.28 transitional
Q2t2 || 2.4 £0.03 | 4.5 £0.1 | 9667 | turbulent 0.0192 | 57.54 transitional
Q2t3 || 2.4 +£0.03 | 4.5+0.1 | 9667 | turbulent 0.0184 | 55.19 transitional
Q3tl || 2.5 +0.03 | 4.5 +0.1 | 10000 | turbulent | 0.0167 | 50.17 transitional
Q3t2 || 2.5+0.03 | 4.6 £0.1 | 10000 | turbulent 0.0159 | 47.69 transitional
Q3t3 || 2.5+0.03 | 4.4 £0.1 | 10000 | turbulent 0.059 47.75 transitional
Data for XS4 are reported below
test Q[l/s] ylem] Re Flow type | U* [m/s] | Re* | Near-wall regime
QItl || 2.3 £0.03 | 4.5 £0.1 | 9333 | turbulent 0.0185 | 55.63 transitional
Q1t2 || 2.3 +£0.03 | 4.5 +0.1 | 9333 | turbulent | 0.0181 | 54.39 transitional
QI1t3 || 2.3 £0.03 | 4.5 £0.1 | 9333 | turbulent 0.0173 | 51.78 transitional
Q2tl || 2.4 £0.03 | 4.5 £0.1 | 9667 | turbulent | 0.0162 | 48.57 transitional
Q22 || 2.4 £0.03 | 4.5 +0.1 | 9667 | turbulent | 0.0193 | 57.90 transitional
Q2t3 || 2.4 £0.03 | 4.5 £0.1 | 9667 | turbulent 0.0160 | 47.90 transitional
Q3tl || 2.5+0.03 | 4.5+0.1 | 10000 | turbulent 0.0182 | 54.49 transitional
Q3t2 || 2.5 +0.03 | 4.7 £0.1 | 10000 | turbulent | 0.0179 | 53.64 transitional
Q3t3 || 2.5 +£0.03 | 4.6 £0.1 | 10000 | turbulent | 0.0168 | 50.45 transitional
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B.2 Incipient motion experiments: plastics on clastic bed

In the following, summary tables for the clastic bed experiments report the hydraulic conditions
modelled.

B.2.1 Gravel: PA6

test Qll/s] Y[cm] Re(Ry) | Flow type | Near-wall regime
Qlcl || 1.92 £0.05 | 4.7 +0.1 | 22244 | turbulent transitional
Qlc2 || 1.92 £0.05 | 4.7 £0.1 | 22244 | turbulent transitional
Qlc3 || 1.92 £0.05 | 4.7 £0.1 | 22244 | turbulent transitional
Qlc4 || 1.92 £0.05 | 4.7 0.1 | 22244 | turbulent transitional
Qlcs5 || 1.92 £0.05 | 4.7 £0.1 | 22244 | turbulent transitional
Q2cl || 2.0+0.03 | 4.8 £0.1 | 23166 | turbulent transitional
Q2c2 || 2.0+0.03 | 4.8 0.1 | 23166 | turbulent transitional
Q2c3 || 2.0+0.03 | 4.8 £0.1 | 23166 | turbulent transitional
Q2c4 || 2.0+0.03 | 4.8 0.1 | 23166 | turbulent transitional
Q2c5 || 2.0+0.03 | 4.8 +0.1 | 23166 | turbulent transitional
Q3cl || 2.08 £0.05 | 4.7 +0.1 | 24178 | turbulent transitional
Q3c2 || 2.08 £0.05 | 4.7 £0.1 | 24178 | turbulent transitional
Q3c3 || 2.08 £0.05 | 4.8 £0.1 | 24178 | turbulent transitional
Q3c4 || 2.08 £0.05 | 4.7 0.1 | 24178 | turbulent transitional
Q3c5 || 2.08 £0.05 | 4.7 £0.1 | 24178 | turbulent transitional
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B.2.2 Gravel: POM

test Qll/s] Y[em] Re(Ry) | Flow type | Near-wall regime
Qlcl || 2.50 +£0.02 | 4.8 £0.1 | 28957 | turbulent transitional
Qlc2 || 2.50 £0.02 | 4.8 £0.1 | 28957 | turbulent transitional
Ql1c3 || 2.50 £0.02 | 4.8 0.1 | 28957 | turbulent transitional
Qlc4 || 2.50 £0.02 | 4.8 £0.1 | 28957 | turbulent transitional
Qlc5 || 2.50 +0.02 | 4.8 0.1 | 28957 | turbulent transitional
Q2cl || 2.58 £0.02 | 4.9 +0.1 | 29637 | turbulent transitional
Q2c2 || 2.58 £0.02 | 4.9 £0.1 | 29637 | turbulent transitional
Q2c3 || 2.58 £0.02 | 4.9 0.1 | 29637 | turbulent transitional
Q2c4 || 2.58 £0.02 | 4.9 £0.1 | 29637 | turbulent transitional
Q2c5 || 2.58 £0.02 | 4.9 0.1 | 29637 | turbulent transitional
Q3cl || 2.67 £0.02 | 4.7 £0.1 | 31008 | turbulent transitional
Q3c2 || 2.67 £0.02 | 4.7 £0.1 | 31008 | turbulent transitional
Q3c3 || 2.67 £0.02 | 4.7 £0.1 | 31008 | turbulent transitional
Q3c4 || 2.67 £0.02 | 4.7 0.1 | 31008 | turbulent transitional
Q3¢5 || 2.67 £0.02 | 4.7 0.1 | 31008 | turbulent transitional
B.2.3 Sand: PA6
test Qll/s] Y[em] Re(Ry) | Flow type | Near-wall regime
Qlcl || 1.25 £0.01 | 6.5 +0.1 | 13135 | turbulent transitional
Qlc2 || 1.25 +0.01 | 6.5 +0.1 | 13135 | turbulent transitional
Qlc3 || 1.25+0.01 | 6.5 0.1 | 13135 | turbulent transitional
Qlc4 || 1.25 +£0.01 | 6.5 £0.1 | 13135 | turbulent transitional
Qlc5 || 1.25 £0.01 | 6.5 0.1 | 13135 | turbulent transitional
Q2cl || 1.33 £0.01 | 6.6 £0.1 | 13937 | turbulent transitional
Q2c2 || 1.33 £0.01 | 6.6 0.1 | 13937 | turbulent transitional
Q2c3 || 1.33 £0.01 | 6.6 +0.1 | 13937 | turbulent transitional
Q2c4 || 1.33 £0.01 | 6.6 £0.1 | 13937 | turbulent transitional
Q2c¢5 || 1.33 £0.01 | 6.6 £0.1 | 13937 | turbulent transitional
Q3cl || 1.42 £0.01 | 6.7 0.1 | 14782 | turbulent transitional
Q3c2 || 1.42 +0.01 | 6.7 0.1 | 14782 | turbulent transitional
Q3c3 || 1.42 £0.01 | 6.7 £0.1 | 14782 | turbulent transitional
Q3c4 || 1.42 £0.01 | 6.7 £0.1 | 14782 | turbulent transitional
Q3¢5 || 1.42 £0.01 | 6.7 £0.1 | 14782 | turbulent transitional
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B.2.4 Sand: POM

test Qll/s] ylem] Re(Ry) | Flow type | Near-wall regime

Qlcl || 2.16 £0.02 | 7.2 £0.1 | 21960 | turbulent transitional

Qlc2 || 2.16 £0.02 | 7.2 £0.1 | 21960 | turbulent transitional

Qlc3 || 2.16 £0.02 | 7.2 £0.1 | 21960 | turbulent transitional

Qlc4 || 2.16 £0.02 | 7.2 £0.1 | 21960 | turbulent transitional

Qlc5 || 2.16 £0.02 | 7.2 £0.1 | 21960 | turbulent transitional

Q2cl || 2.25 £0.02 | 7.3 £0.1 | 22727 | turbulent transitional

Q2c2 || 2.25 £0.02 | 7.3 £0.1 | 22727 | turbulent transitional

Q2c3 || 2.25+0.02 | 7.3 £0.1 | 22727 | turbulent transitional

Q2c4 || 2.25 +£0.02 | 7.3 £0.1 | 22727 | turbulent transitional

Q25 || 2.25 £0.02 | 7.3 £0.1 | 22727 | turbulent transitional

Q3cl || 2.33 £0.02 | 7.5 0.1 | 23372 | turbulent transitional

Q3c2 || 2.33 £0.02 | 7.5 £0.1 | 23372 | turbulent transitional

Q3c3 || 2.33£0.02 | 7.5 0.1 | 23372 | turbulent transitional

Q3c4 || 2.33 £0.02 | 7.5 0.1 | 23372 | turbulent transitional

Q3¢5 || 2.33 £0.02 | 7.5 £0.1 | 23372 | turbulent transitional
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B.3 Logarithmic fit parameters for different beds

Summary: summary statistics for the logarithmic fits in Sections 2 and 3 for homogeneous beds,

and for all tests on all beds.

B.3.1 Homogeneous: PA6

test U* [m/s] | MSE [m/s] R2

QIXS2T1 || 0.0089558 | 2.7186e-06 | 0.98926
Q1XS2T2 || 0.0078279 | 8.537e-07 | 0.99556
QI1XS2T3 || 0.0086773 | 2.3064e-06 | 0.99028
QIXS3T1 || 0.0090737 | 3.8623e-06 | 0.98519
QI1XS3T2 || 0.0072332 | 7.1675e-07 | 0.99563
QIXS3T3 || 0.0087397 | 3.1021e-06 | 0.98716
Q2XS2T1 || 0.0094806 | 1.8984e-06 | 0.99328
Q2XS2T2 || 0.010925 | 6.9557e-06 | 0.98167
Q2XS2T3 || 0.0086165 | 4.403e-07 | 0.99846
Q2XS3T1 || 0.0090837 | 2.765e-06 | 0.98938
Q2XS3T2 || 0.0099055 | 6.4433e-07 | 0.9979
Q2XS3T3 || 0.0087131 | 1.6109e-06 | 0.99325
Q3XS2T1 || 0.0087082 | 6.931e-07 | 0.99708
Q3XS2T2 || 0.0098947 | 1.5849e-06 | 0.99029
Q3XS2T3 || 0.0094904 | 3.6667e-06 | 0.97593
Q3XS3T1 || 0.0099123 | 1.5546e-06 | 0.99496
Q3XS3T2 || 0.0089373 | 1.8216e-06 | 0.99275
Q3XS3T3 || 0.0086135 | 4.1974e-06 | 0.9822
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B.3.2 Homogeneous: POM

test U* [m/s] | MSE [m/s] R2

QI1XS2T1 || 0.011916 | 0.00023866 | 0.49544
QI1XS2T2 || 0.015396 | 2.6574¢-06 | 0.99325
Q1XS2T3 || 0.018566 | 5.306e-06 | 0.99076
QIXS3T1 || 0.015347 | 7.75¢e-06 | 0.98045
QIXS3T2 || 0.01497 | 5.568e-06 | 0.98517
QI1XS3T3 || 0.01496 1.256e-05 | 0.96711
Q2XS2T1 || 0.01573 | 2.7054¢-06 | 0.99342
Q2XS2T2 || 0.01549 | 5.1326e-06 | 0.9872
Q2XS2T3 || 0.017132 | 9.1245¢-06 | 0.98151
Q2XS3T1 || 0.017444 | 9.84e-06 | 0.98078
Q2XS3T2 || 0.017123 | 1.2509e-05 | 0.9748
Q2XS3T3 || 0.014801 | 1.0842¢-05 | 0.97089
Q3XS2T1 || 0.014465 | 3.4464e-06 | 0.99012
Q3XS2T2 || 0.017754 | 2.3336e-06 | 0.99553
Q3XS2T3 || 0.015687 | 4.6861e-06 | 0.98859
Q3XS3T1 || 0.016901 | 1.1873e-07 | 0.99975
Q3XS3T2 || 0.01688 | 5.7425e-06 | 0.98794
Q3XS3T3 || 0.015086 | 6.0815e-06 | 0.98407
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B.3.3 Gravel: PA6

test

U* [m/s]

MSE [m/s]

R2

QIcITl

0.0084206

2.7759e-05

0.88957

QlclIT2

0.0060946

1.0568e-05

0.91736

Q2cITI

0.0078009

2.346e-05

0.9007

Q2c1T2

0.0086488

2.3343e-05

091171

Q3cITI

0.0078095

1.3269¢-05

0.92889

Q3cIT2

0.007793

1.709e-05

0.91305

QI1c2T1

0.0087708

2.1999¢-05

0.92368

Ql1c2T2

0.008064

1.8224e-05

0.91133

Q2c2T1

0.0074925

1.9097e-05

0.90054

Q2c2T2

0.0069349

1.9839¢-05

0.86773

Q3c2T1

0.0081827

1.4844e-05

0.93211

Q3c2T2

0.0084868

1.2893e-05

0.94849

QI1c3TI

0.0078659

1.2613e-05

0.93753

Ql1c3T2

0.0077511

1.1081e-05

0.93388

Q2¢3T1

0.0073098

1.7699¢-05

0.91017

Q2c3T2

0.0068658

1.6706e-05

0.90206

Q3c3T1

0.0071956

2.1526e-05

0.89447

Q3c3T2

0.0065418

1.4003e-05

0.9058

QIc4Tl

0.0079874

8.0795e-06

0.9614

Q1c4T2

0.0069409

1.066e-05

0.93761

Q2c4T1

0.0057641

1.6098e-05

0.86685

Q2c4T2

0.0064279

1.4718e-05

0.90314

Q3c4TI

0.0072109

2.2975e-05

0.87694

Q3c4T2

0.0065499

1.2885e-05

0.89832

Ql1c5T1

0.0070223

1.6923e-05

0.89636

Ql1c5T2

0.0061586

1.0736e-05

0.92269

Q2c5T1

0.0088161

1.4157e-05

0.9453

Q2c5T2

0.0070668

9.6297¢e-06

0.94246

Q3c5T1

0.0091775

1.7247e-05

0.93704

Q3c5T2

0.0085777

2.2919e-05

0.91409
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B.3.4 Gravel: POM

test U* [m/s] | MSE [m/s] R2

Qlcl || 0.0082929 | 1.0712e-05 | 0.95385
Qlcl || 0.0087729 | 8.539e¢-06 | 0.96569
Q2cl || 0.010698 | 2.9837¢-05 | 0.93057
Q2cl || 0.011986 | 2.5136e-05 | 0.94633
Q3cl || 0.011792 | 2.5979e-05 | 0.94419
Q3cl || 0.011121 | 3.7012e-05 | 0.91543
Qlc2 || 0.0084737 | 2.3916e-05 | 0.90469
Qlc2 || 0.008389 | 2.0738e-05 | 0.92155
Q2c2 || 0.011252 | 2.9319¢-05 | 0.93119
Q2c2 || 0.010705 | 2.0491e-05 | 0.94624
Q3c2 || 0.011453 | 4.1252e-05 | 0.90806
Q3c2 || 0.0098167 | 6.3931e-05 | 0.82733
Qlc3 || 0.0089799 | 5.0408e-05 | 0.83291
Qlc3 || 0.0096459 | 2.0011e-05 | 0.93341
Q2c3 || 0.011024 | 2.4796e-05 | 0.9377
Q2c3 || 0.010023 | 1.9372e-05 | 0.94054
Q3c3 || 0.010833 | 4.5101e-05 | 0.89149
Q3c3 || 0.010731 | 4.5496e-05 | 0.88755
Qlc4 || 0.0089038 | 2.1446e-05 | 0.92242
Qlc4 || 0.0083999 | 1.6822¢-05 | 0.92637
Q2c4 || 0.0097388 | 3.0578e-05 | 0.90813
Q2c4 || 0.0093631 | 1.5305e-05 | 0.94485
Q3c4 | 0.012327 | 2.4619e-05 | 0.94995
Q3c4 0.01147 | 3.0072e-05 | 0.93652
Qlc5 || 0.0077439 | 1.8643e-05 | 0.90611
Qlc5 || 0.0080939 | 6.7936e-06 | 0.96796
Q2c5 || 0.010352 | 4.0964e-05 | 0.89154
Q2c¢5 || 0.0095319 | 1.4486e-05 | 0.95175
Q3¢5 || 0.011121 | 4.1831e-05 | 0.90114
Q3c5 || 0.011045 | 4.1762e-05 | 0.90314
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B.3.5 Sand: PA6

test

U* [m/s]

MSE [m/s]

R2

QIcITl

0.0016804

2.1285e-06

0.8254

QlclIT2

0.0012263

1.442e-06

0.79506

Q2cITI

0.0014979

1.7877e-06

0.81682

Q2c1T2

0.0012552

9.4635e-07

0.85295

Q3cITI

0.0023483

3.4962¢-06

0.84758

Q3cIT2

0.001307

6.853e-07

0.89452

QI1c2T1

0.0017393

2.3641e-06

0.83387

Ql1c2T2

0.0012971

1.3074e-06

0.81348

Q2c2T1

0.0019508

2.4693e-06

0.85131

Q2c2T2

0.0012432

9.2152e-07

0.85131

Q3c2T1

0.0021381

2.6298e-06

0.85544

Q3c2T2

0.0016589

1.0808e-06

0.89972

QI1c3TI

0.0016154

2.2868e-06

0.79916

Ql1c3T2

0.0012241

1.7258e-06

0.75431

Q2¢3T1

0.0021181

2.6605e-06

0.85291

Q2c3T2

0.0016406

1.7773e-06

0.83575

Q3c3T1

0.0022553

3.8795e-06

0.82443

Q3c3T2

0.0014187

1.8858¢e-06

0.78217

QIc4Tl

0.0017529

2.8415e-06

0.79604

Q1c4T2

0.0010416

9.1089¢e-07

0.80725

Q2c4T1

0.0023169

2.4296e-06

0.88501

Q2c4T2

0.0018228

2.6605¢-06

0.81272

Q3c4TI

0.0023119

2.4774e-06

0.88639

Q3c4T2

0.0016909

1.7245e-06

0.85126

Ql1c5T1

0.0017262

2.2862e-06

0.82086

Ql1c5T2

0.0011294

1.3598e-06

0.7586

Q2c5T1

0.0024945

3.1472e-06

0.87259

Q2c5T2

0.0016242

2.7118e-06

0.76906

Q3c5T1

0.0023705

3.516e-06

0.8477

Q3c5T2

0.0014348

1.2255e-06

0.8603
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B.3.6 Sand: POM

test U* [m/s] | MSE [m/s] R2
Qlcl || 0.0062234 | 1.0868e-05 | 0.92919
Qlcl || 0.0060796 | 9.2991e-06 | 0.93225
Q2cl || 0.0061684 | 6.1144e-06 | 0.95827
Q2cl || 0.0071275 | 6.2796e-06 | 0.96592
Q3cl || 0.0059145 | 1.2164e-05 | 0.9055074
Q3cl - - -
Qlc2 || 0.006388 | 1.4574e-05 | 0.90849
Qlc2 || 0.0055911 | 1.1784e-05 | 0.89962
Q2c2 || 0.0071016 | 9.9067e-06 | 0.94753
Q2c2 || 0.0067373 | 1.096e-05 0.93208
Q3c2 || 0.0061249 | 1.1929¢-05 0.9166
Q3c2 || 0.0056154 | 8.1897e-06 | 0.92992
Qlc3 || 0.0061663 | 1.2659¢-05 0.9127
Qlc3 || 0.005619 | 1.4607e-05 | 0.88424
Q2c3 || 0.0064613 | 5.8068¢e-06 | 0.96164
Q2c3 || 0.0065645 | 1.8937e-05 | 0.88914
Q3c3 || 0.0056959 | 8.405e-06 0.9295
Q3c3 || 0.0052897 | 6.5044e-06 | 0.93684
Qlc4 || 0.0059506 | 9.6711e-06 | 0.92953
Qlc4 || 0.0047883 | 9.9762¢-06 | 0.88932
Q2c4 || 0.007117 | 8.1329¢-06 | 0.95507
Q2c4 || 0.0065446 | 1.0284e-05 | 0.93174
Q3c4 || 0.0059672 | 1.006e-05 0.92529
Q3c4 || 0.0044057 | 1.3311e-05 | 0.86837
Qlc5 || 0.0063317 | 1.1993e-05 | 0.91694
Qlc5 || 0.0053076 | 1.269¢-05 0.89401
Q2c5 || 0.0068156 | 1.5321e-05 | 0.91473
Q2c5 || 0.0066888 | 1.1062¢-05 | 0.93358
Q3c5 || 0.0058035 | 1.5482e-05 | 0.88482
Q3c5 || 0.0042687 | 8.9672¢-06 | 0.88633




Appendix C

Experimental protocol

Flat bed experiments were all performed in a flume at the Hydrodynamic Models Laboratory
(HML) at the Institute of Geophysics, Polish Academy of Sciences. The flume is completely
made of transparent polycarbonate panels with dimensions 5.1 x 0.25 x 0.4 m?. It is supported by
metal elements and can be operated at different slopes because of a hinge and screw jack. In the

following, the protocols for the experiments are listed.

C.1 Movable bed experiments with plastic granules

The homogeneous plastics bed experiments were the first to be performed in the flume, and
the velocity measurements apparatus was provided by the company Ubertone® thanks to an
agreement with the purpose of testing their new UVP device in laboratory conditions.

C.1.1 Bed layer preparation

1. Cover the flume bed with high-porosity gum mats. They have a dual purpose: decrease the
total volume of granular material needed to fill the flume bed up to a given depth and, in
the case of light particles bedding, create a rigid matrix which stabilises their positions and

avoids immediate mobilisation and washout

2. Cover the gum mats with the granular material up to the desired level (approximately 2-3
cm from the PC bed)

3. Regulate the manual leveller to the right height and level the bed to a planar rough surface

4. Measure bed elevation in 4 (5) sections. These measurements will be needed to check, after
filling the flume, that the bed layer depth has not changed more than 1 particle’s diameter

5. Place the weir gate at the outlet (now it is up to +3cm from the bed surface)

119
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6.

7.

Place a weir gate (3 cm height) at the flume inlet

Saturate the bed with water from above with a pressurised nozzle, and from below by

manually discharging water with a 11 bucket in the flume inlet

8. When water covers the bed in the entire flume, bed preparation ends

C.1.2 Flume filling up to working conditions

1.

2.

Close the valves and start one pump

Open the upstream valve to vent the flowmeter pipe, regulate the second valve downstream

of the flowmeter (now still spherical) to reach a flowrate of 25 1/min

. Increase the flow rate stepwise with a step duration around 1 min up to the operational

value, this phase should take no longer than 10 mins. If a large amount of grains laying at

the bed surface starts to float, use the pressurised nozzle to wet them and enhance their sink

. Once the operational flow rate is established, wait 5-10 mins for the system to stabilise.

Depending on the sediment transport rate, remove elements of the weir gate, one at a time,

at the outlet of the flume, up to the desired transport intensity (to be assessed visually)

Measure the bed surface level again and check that changes are no higher than 1 grain

diameter. Else, the bed is not plane anymore

. Measure the flowrate at the flowmeter and pressure head at different sections (they can be

the same where the bed elevation was measured) to check whether the system is stable.

C.1.3 Flow field characterisation

1.

2.

Measure the water depth at the measuring section

Position the UVP transducers’ holder in the section on the side wall, adjust its elevation
according to the first measuring profile, before securing the location, check it is horizontal

with the spirit level. This operation now is done by using a suction cup.

NOTE: The first measured profile will be very close to the bed and the centre of the
transducers is approximately 5 mm from the bed surface. The horizontal check with

the spirit level is needed only with zero slope bed setup.

. Locate the transducers in their housing and apply USG gel so that no air is present between

the transducer surface and the flume side wall. Fix the transducer position at the wall by
screwing firmly at the hinges of its holder

Connect the computer to the UVP via its wireless network. Open a browser and enter its IP
address (192.168.42.1) to access the GUI (see Figure C.1)
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Ficure C.1: Ubertone® online drive GUI
5. Check the signal correlation on the GUI and setup parameters:
(a) pulse repetition frequency (it defines the velocity range)

(b) expected minimal velocity (it shifts the velocity range, it depends on the direction of

the transducer with reference to the mean flow)
(c) sample number (for calculating one profile, its unit should be a power of 2)
(d) profile number per block ()
(e) position of the first cell (distance of first measuring point from the transducer)
(f) distance between cells (distance between cells centres)
(g) cell size (length of one cell, parallel to the transducer axis)
(h) cell number (total number of cells making up a profile)

NOTE: The UVP setup is constant for all profiles (over the vertical in each cross section
and over the longitudinal direction along the flume) because we are measuring
horizontal velocity profiles (the longitudinal component of the velocity along the
horizontal direction). If you need also vertical profiles, you might need to change the

setups.
6. Start recording one profile

7. Change the elevation of the transducer, repeat points 2 to 6
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C.1.4 Bed movements and cover changes detection

Due to the low density of the materials, and the relatively low depths adopted in the tests (spanning
from 4.5 to 6.5 cm), we decided to allow perturbations of the water surface, as not to disturb
the flow field too much. We suggest whoever would be willing to replicate these experiments,
if possible, to adopt measures to prevent water surface perturbations from affecting the image
quality, measures which we could not adopt, and cannot describe hereby, but that are largely

available in the recent and less recent literature (e.g. Keshavarzy and Ball, 1999).
1. Use a screen or a foil at the flume inlet to reduce air bubbles on the water surface
2. Position the camera support in the measuring section

3. Fix the camera so that the field of view covers the whole flume width and the lens is at the

flume centre. Use the signs on the support as a guide.

Ficure C.2: Positioning of the measurement apparatus: a) details on the UBLab P transducers by
Ubertone®, b) camera and its support.

4. Cover the area with a lid to reduce to a minimum reflections of light over the water surface

5. Start recording (videos have a duration of 2 - 5 minutes depending on the intensity of bed

movements)
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C.2 Fixed bed experiments with plastic granules: clastic bed

Experiments are run at fixed hydraulic conditions and increasing the MPs surface concentration,
both for gravel- and sand-bed tests. The total duration for each hydraulic condition is around 5 -
6 h.

C.2.1 General protocol for experiments with MPs on clastic beds.

Gravel

The preparation of the bed end experimental condition involves the following steps:
1. Position the weir gate at the flume outlet with an elevation of 6.5 cm.

2. Level the wet bed manually up to an elevation around 3.7-3.5cm from the flume rigid

plastic bed.

3. Fill the flume (1 pump) at Qg = 30 - 40 l/min up to a depth of 7 - 8 cm, then increase the
flow up to 60 - 70 1/min and flow it for 10’ to obtain a water-worked bed.

4. Reduce the flow depth to the experimental conditions (around 5cm) and seed with particles,
at Qsed 65-701/min and 100-1051/min with the chosen concentration of PA6 and POM

respectively.

5. The seeding scheme is reported in figure (I am drawing it) C.3. The seeding is done by
dividing the quantity of MP into parts, with a maximum number of 8, and spreading it
manually in diagonal transects covering the whole area 1.5 m long. The remaining quantity
is used to fill areas where the least particles are present, so to keep the pattern as randomly

uniformly covered as possible.

6. The experiments are run at three fixed discharge conditions, increasing the concentration
of the surface MPs in the range 0.05% - 1% (every time repeating the seeding conditions

and reducing the discharge to Qsed).

7. After each condition has been run, a visual check on the number of particles mobilised and
which exited the area allows eventually to adjust the quantity to seed to meet chosen values
(0.05%, 0.1%, 0.2%, 0.5%, 1%).

The duration of each experiment (at fixed flow conditions) is around 5-6h.

Sand

The preparation of the bed end experimental condition involves the following steps:

1. Position the weir gate at the flume outlet with an elevation of 6.5 cm.
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. Level the wet bed manually up to an elevation around 3.7 - 3.5 cm from the flume rigid

plastic bed.

. Fill with water at 20 - 30 1/min up to a depth around 2 - 3 cm: this step is needed to remove

air bubbles trapped in the sand surficial layer and ensure all sand is wet.

Let the bed drain out the water for 40 mins.

. Level the wet bed manually up to an elevation around 3.7 cm.

Fill the flume slowly, stepwise from 20 to 60 1/min, in 5-minute steps, up to a water depth

of around 8 cm.

Flow 60 1/min for 15/20 minutes to have a water-worked bed (not anymore influenced by

the initial levelling conditions.

. Seeding of particles is done manually as for gravel bed experiments, at discharges Qseq

around - and — for PA6 and POM particles respectively, following the scheme in figure C.3

. From Qy.4, increase the discharge up to experimental conditions stepwise, in 3 - 5 minutes

time.

C.2.1.1 Bed layer preparation

The bed is prepared in two steps: (i) filling of the flume with a layer of bed sediments, (ii)

modelling the layer to flat bed conditions. The procedure for preparing the bed layer is similar to

that outlined in Section C.1.1. Hereon are the main steps:

1.

Cover the flume with plastic lining to prevent big scratches of the rigid bottom

. Cover the bottom with gum mats

. Pour the granular material to completely cover the mats (gravel was always used also in

the case of experiments on sand, to reduce the total weight of the bed layer)

. Add around 2 cm of material, to have a homogeneous layer of either gravel or sand

Regulate the manual leveller to the right height and level the bed to a planar rough surface

Measure bed elevation in 4 sections. These measurements will be needed to check if

readjustments occurred in the water-filling phase

. Place the weir gate at the outlet

. Manually level the (dry) bed to flat conditions
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C.2.1.2 Flume filling

The flume is filled slowly, from the upstream end, by manually opening a valve. It requires the

following steps:
1. Close the weir gate at the downstream end of the flume up to 7 cm above mean bed elevation
2. Let the water flow and cover the bed up to a depth of 2 cm

3. While checking the bed does not experience movement, gradually open the valve to increase

the flow rate, up to depth allowed by the weir gate
4. In case the bed starts to move, reduce the valve opening

5. Regulate the elevation of the weir gate to reach the desired conditions

C.2.1.3 Seeding

The seeding is done by dividing the quantity of MPs into even parts, with a maximum number of
8, and spreading it manually in diagonal transect lines C.3 covering the whole area 1.5 m long.
Along the line, seeding follows an oscillatory pattern. The remaining quantity is used to fill areas
where the least particles are present, so as to keep the general pattern of MPs on the bed surface

as randomly uniformly covered as possible.

ROI

Ficure C.3: Scheme of manual seeding method: seeding lines (violet) inclined 45° to the
longitudinal axis of the flume.

C.2.2 Flow field characterisaton

The characterisation of the flow field requires the following steps:
1. Place the transducer on its support

2. Regulate the support distance from the wall to the desired value
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3. Regulate the elevation of the transducer so it just touches the water surface, and does not

create a large wake
4. Turn on the UVP measuring apparatus
5. Check the settings, it usually requires regulating the pulse repetition frequency
6. Check the bed is detected in the echo signal (there you have a peak)
7. Set the measurement duration

8. Start measuring

o ' : UVP trasducer
R camera

Ficure C.4: UVP transducer and camera setup during gravel bed experiments. Flume seen from
the side.

C.2.3 Bed cover changes detection

To detect the changes in the bed cover, images of the bed are necessary. The procedure requires
to have top-view videos, and follows the steps:

1. Prepare the camera support

2. Insert the camera in its support and regulate the camera positioning to cover the whole
flume width

3. Cover the camera to avoid light reflections on the surface, and check

4. Start video recording
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