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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

F =
L7 2

CLA(US,  Usy) (2.28)

whereup;; andupy, are the instantaneous velocities at the top and bottom of the particle, and the
drag force as

1 1
Fo = 5 Colaly = 5 Co o< F(z0) > Ay (2.:29)

whereup:a is the velocity averaged over the particle cross-section and the functidfz=z) >
indicates a dependency on the structure of the near-bed velocity pro le. By analytically resolving
the particle's equilibrium, they derived

_ 2 tan cosSp.  SinSy,
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Ocr (2.30)
whereCghapeis a parameter depending on particle’s sh&fig, 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

Fo i g - —(s )gD® (2.31)

tan 6
assuming the validity of the logarithmic distribution of ow velocities up to the mean bed level.
Following Wiberg and Smith (1987) in the formulation of drag and lift forces, and de ning
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
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where the functiorf (z) describes the distribution of near-bed velocities in the form
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andz is the roughness length of the bed, which they set equallthp
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Torque balance at the particle level

Vollmer and Kleinhans (2007), de ne 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 particlexposureandprotrusion(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

g(s )D 1+ f-tan O Cof(Z2)

pivot

(2.34)

where pjvot and ?)ivot are angles between the pivot point and barycentre of the particle and the
point where drag force is exerted (see for clari cation the full paper by Vollmer and Kleinhans,
2007),kpackingis the packing density parameter], depending on particle shape, size distribution
and porosity. Andf(z=z) 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 thetraetive force

or drag force, with the particleesistive forcei.e. friction force, proportional to all forces in the
direction normal to the ow, in the form

Fp(u)=Fyr (2.35)

This requires that, at the onset of motion, the friction coentcs, equals the value of the tangent

of the friction anglecs, = 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 weighsubtracted of particle's buoyan®&/

Wab=W B=9g(s ¥ (2.36)

By imposing equilibrium of forces in the ow direction, the threshold condition for the particle
can be obtained as

|
u?_, ud

5 (2.37)
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By de ning the Shields' mobility parameter as

2
u O;cr

“gd ofs )d

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

(2.38)

whereRe is the particle Reynolds number angl, is the mean bed shear stress at onset of
motion, both estimated through the bed shear velacityl he original Shields' diagram plots

the particle Reynolds number vs his newly de ned (Shields') parameter, separating mobility
and non-mobility of particles through a shaded area where incipient transport was observed (see
Figure 2.3).

Figure 2.3: Original Shields' diagram, modi ed 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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Figure 2.4: Higher resolved Shields' diagram, modi ed 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°)

_ 0188
“T 1+Re

+0:0475(1 0:699 exp *01Fe) (2.40)

and upper and lower limits to envelope the high scatter in experimental data from Equations 2.41,
valid in the same range &e as Equation 2.40

0:075 _
crupper = m + 0;03(1 0:699 exp 0.015Re) (2 41)
0:280 _ :
crilower = m + 0075(1 0:699 exp 0'015Re)

Shields' diagram, due to the use of particle Reynolds nurge(which corresponds to the bed
Reynolds number for the bed homogeneity in his experiments), has the advantage of considering
the ow regime. It goes from smooth-bed f&e 2 (light blue in Figure 2.3) where there is

a linear trend in the bi-logaritmic graph betwelea and , to transitional forRe = [2;200]

(purple shaded in the middle) where the relation follows a more complex dependency reaching a
minimum value for at 0.03, to rough-bed fdRe  200(magenta shaded area) where 0:057

is independent frorRRe .
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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 diarDetirthe form

D =ds g—2 (2.42)

which results in a threshold curve fax, vs D (Van Rijn, 1984)

8
024D 1 forD 4

0:14D 064 for4<D 10

o =30:04D %1 for10<D 20 (2.43)
0.013D %2° for20<D 150
20:055 forD > 150

The Shields' criterion has been thoroughly discussed (as visible in the reviews bydon

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 ow (accounting not only for mean values but also for
turbulent uctuations) and nally the methodological de nition of incipient motion de ned either

as nite 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 at-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 uctuation around
mean bed shear velocity, to disregard the deterministic noti@hiflds' curveto the advantage

of a more nuanced concept, where particle's motion can occur at any mean bed shear velocity
provided turbulent uctuations are strong enough to overcome particle inertia.
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2.2.2.4 Graded sediments: geometric and hydrodynamic ects

The presence of a graded sediment mixture at the bedta the incipient motion and remobilisa-
tion of particles, in that: (i) the exposure of the fractions to near-bed ow 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 heightl933). The former entails that particles can
be shielded and protected from upstream larger grains (as rstly con rmed experimentally by
Fenton and Abbott, 1977). The latter means that the structure of the near-bed ow eld changes,
when compared to uniform sediment beds, and the thickness of the viscous sublayer may not
always contain bed particles, thus exposing particles ofmdint sizes to dierent velocities.
A rst approach to tackle the mobilisation of derent fractions in a graded mixture looks at
the local topographical eect, via the concept gfrotrusionandexposure Following Kirchner
et al. (1990): (i) protrusiom indicates the elevation of the target grain from the mean bed level,
while (ii) exposureeis de ned as the elevation of the target grain above the crest of its closest
upstream grain. BotbBxposureandprotrusionare geometric indicators of the bed topography
at the grain level, and can be used to describe the mobility adréint fractions of a mixture as
hereby summarised.
Starting from Einstein (1950) and later Egiazaf@.965), a functional relationship was proposed
linking the Shields' mobility threshold,, (for a de nition 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

|
oo & (2.44)

crm dm

where ¢, is the threshold Shields' parameter for size fraciion,m is Shields' parameter for
the m-th grain-size fractiom) is the diameter of the i-th fraction aml, is the diameter of the
m-th fraction.

Many authors chose to refer to either the mediar=(60), or the mean diameter of the sediment
mixture (e.g. Egiazarg 1965; Wiberg and Smith, 1987). Equations similar to Eq. 2.44 are called
hidingexposure functionand are used to estimate the mobility of dient fractions in sediment
mixtures. The rst hidingexposure function is the formulation proposed by Egiazgf®65) in

the form

cri _ a,bglo 19. E (2.45)

crm 0019 1951—;1

wheredy, is the mean diameter of the mixture.
More generally, hidingexposure functions are expressed in the form

|
g
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+ag (2.46)
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where ; denoted the hidingxposure function for the i-th fraction having a diameteanda; ad

ap andag are coe cients 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
di ering in sorting but not in the representatosy. Their results show that the choice of the
parameted;=dsg is convenient and adequate to model incipient motion oéént size fractions

in a mixture.

More recently, Yager et al. (2018) estimated the contribution to grain resistance of grain submerged
weight, partial burial grotrusiorn) and intergranular friction. They found out that the role of
protrusionand intergranular friction is major for estimating correctly and sediment uxes.

Hodge and Buechel (2022) investigated thee of exposurprotrusion 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

=D (2.47)

whereD is the representative diameter of the moving grains anid 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 di erent 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- ne diameter
ratio (with nes 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 re ects a non-geometric @ct (not depending only on hidifexposure 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 reduttessexposure of grains to
turbulence and turbulent uctuations 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 theceof the viscous sublayer(and the
increased mobility of grains generally coarser than the bed material) through a threshold on the
dimensionless grain-siz2 occurring atD = 51. The authors argue that f&r > 51the viscous
e ect should be negligible, while f@ < 51the combination of viscous and geometriceets
increases the mobility of the coarser fraction.
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2.2.3 Incipient motion of sediments in owing waters: a classi cation of ap-
proaches

By digression over the available literature, a shallow classi cation can be drawn for the various
approaches developed to study the beginning of motion of cohesionless grains in open channel
ows. The di erent categories read as follows:

deterministic vs stochastic methods

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

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

A~

~

Under those categories, further re nement 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 ofidint ow 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
ow.

2.2.3.1 Deterministic vs stochastic methods

Since the rst 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 signi cant transport occurs, and above which sediment
transport can be expected. The unique value is usually derived from a time-space averaging of
ow variables (e.g. Nikora et al., 2013). On the other hand, a full stochastic characterisation
of incipient motioritransport requires the full probability distribution of both ow and bed
properties: to be summarised in at least velocity (and turbulent uctuations) or shear velocity, or
bed shear stresses for the ow, and a proxy of solid transport (e.g. number of particles dislodged
or massvolumes transported). While for the statistics of the ow, 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 de nes the probability

of motion of a grain as a function of ow 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 uctuation around mean bed shear velocity
they propose to disregard the deterministic notioSlields' curveto the advantage of a more
nuanced concept, where particle's motion can occur at any mean bed shear velocity provided
turbulent uctuations are strong enough to overcome particle inertia.

2.2.3.2 Particle-oriented vs bed-oriented

To overcome the diculties 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 re ned
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 stiggesbed shear velocity 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 uctuations. Such approaches require the knowledge of
many parameters, not only for the description of near-bed ow, 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 ow eld (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 re ect 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 ow and particle dynamics in mean
terms, for quantifying e.g. bedload uxes within a de ned 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 speci c discipline and applications of the sought
threshold value and to the availability of instruments and technological constraints. Thus we see,
that, for approximately the rst 50 years of research, most of the contributions in the direction of
athreshold for transporincluded weighting the transported grains at a control section (i.e., the
control volume in the Eulerian approach). This approacérs areal, if not volumetric, averages

of moving bed patrticles 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 towardsthreshold for motiorallowed 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 uxes 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
di erenttechniques (and ux 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 Waldschlager and Schuttrumpf (2019b) and
Goral et al. (2023a), who conducted experiments in an annular ume 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) dierent material characteristics for clastic and plastic sediments and

i) 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 de ning 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 ume. Their study
investigates the role of bed roughness on the incipient motion threshold for a range of MPs
di ering in polymer composition (and therefore density), shape and size. They propose a criterion
to adapt the classical Shields' parametg(Shields, 1936), and movability number formulation

U, =Ws (Paphitis, 2001, modi ed 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 Waldschlager
and Schittrumpf (2019b), looked into the sheltering& of the bed surface roughness in the
guanti cation of MPs' threshold of motion. There, the authors propose another formula for the
estimation of the classical Shields' parametgrbased 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 behaviowriig 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 uni ed 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 de ning 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
e ect of the speci ¢ density of the plastic sediment class.

2.2.6 Onthe many, di erent de nitions for incipient motion

Usually, sediment threshold is de ned in terms of hydrodynamic parameters, the most used of
which is bed shear stress. Sediment threshold can be de ned "as the mean bed shear stress that
produces a certain minimal amount of sediment ux" weighted or visualised. Common threshold
are assumed d@® ©- 10 4 [kg s 'm 1] (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 ux 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 de nition 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 rst mode uses a Lagrangian
framework, looking at particle-level forces and kinematics. The second, treats mobility as a bed-
dependent parameter, lumping local stochastiects (such as e.g. microtopography, particles'
orientations and exposure) into one, reach-averaged quantity. The present work revolves around
this latter approach, proposing a simpli ed method to assess the movability of plastic particles on
di erent types of bed substrates under unidirectional ows 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) hidéxgosure eects, (ii) di erences in
protrusion and pivot angle and interactions among grains (Ferreira et al., 2015), @fedce 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 @r us (see Section 2.2), the variables for the hydrodynamic de-
scription of the problem are linked to the near-bed velocity eld, with bed shear velocity and shear
stress most often regarded as the key parameters governing particles' mobilisatiamytBo

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 ow
eld, the estimation of grains resisting stress is highly complex, depending on grain-scale interac-
tion and forceBnoment 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 uid shear stress (continuous probability function) acting on bed
particles. The probabilities of instantaneous bed shear stress due to ow turbulence ~— and shear
stress needed to dislodge the particles "¢ 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 xed time step, the time average
of the cross-sectional integrated distribution of nely 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 nito, nelle scienze come in poesia, non c'é
traccia della fatica del processo creativo e dei dubbi e
delle esitazioni che lo accompagnano.”

"In the nal product, in science like in poetry, no trace

remains of the eorts 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 Laboratdiyl() 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 simpli ed 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

i) remobilisation of compact microplastics from a natural clastic bed, clastic bed experiments
The rst set of experiments with the two types of plastic particles constituting the mobile bed
under steady, quasi-uniform ow conditions aimed to provideeline conditionfor 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 Pro ler (UVP), and
bed particles motion was recorded through videos.

33
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Experiments on the remobilisation of microplastics from a at, clastic bed were also carried out

at theHML facility. This second set of experiments aimed to study whethegrdnces in the

bed surface content of microplastics had ang& 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 dirent model from homogeneous bed) and videos.

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

In this Chapter a description of the ume and apparatus used is provided, as well as key aspects
of the methodology adopted. For details on the experimental protocol for at bed tésdlat

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 tting 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 telintipient motionis to be properly used speci cally for grains
moving on a substrate composed of the same material.

The slope was measured with a digital leveller with an accuracy of Jebi@2l was kept constant

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

3.1.2 Materials

Ellipsoidal plastic grains, diering only in material composition, namely polyamide 6 (PAG)
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 patrticles are ellipsoidal, the median diameter resulting from sieve anddykis (

is a measure of the minor of the ellipsoid axes (Kennedy et al., 1985). The medsyied.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 Waldschlager and Schuttrumpf, 2019a), preferring the use of an
equivalent diameter (see Equation 3.1).

Following the procedure outlined, among others by Waldschlager and Schittrumpf (2019a) and
Yu et al. (2022), the equivalent diameter for the two materials was estimated. The areal equivalent
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Table 3.1: Results from the sieve analysis for the two microplastics used

PA6 | mesh sizgdmm <1,18| 1.7 | 236 28| 3.35
percentage passing%o] 0.0 | 0.58| 6.03] 51.74 89.04
POM | mesh sizdmm <1,18| 1.7| 2.36 2.8 3.35
percentage passing%] 0.0 0.0| 00| 6.06| 95.12

diameterdeq Was computed as the diameter of a circle with the same area of the plastic ellipse,
following the formula 3.1.

deq=" 31 22 (3.1)

whereay, ap are the major and minor axes of the particle approximating ellipse. Measurements
of a; anda, 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 respectivelyeriing slightly from

the values for spherical equivalent diameter given in Mrokowska and Kalgtaziopa (2024),
corresponding of 2.88 mm for PA6 and 3.16 mm for POM. From here on, when referrifygto

we implicitly mean the equivalent circle area diameter of the microplastic parttlege.

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

Table 3.2: Summary of microplastic particles' characteristics

MP type || [kg=m?] | dwp [mN]
PAG 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 ctentCU = dgp=d1g iS

1.15. Due to the value @@ U, the gravel was considered uniform (Miura et al., 1997), djad-

2.79 mm was chosen as representative diameter. Gravel particles' shape was angular and their
density s was 2650 k¢m®.

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

mesh sizgmni <2,0| 20, 25| 3.0] 40
percentage passing%] | 0.5 | 9.5| 62.0 25.0 3.0

The grain-size distribution of the sand used is reported in Table 3.4, and the resulting uniformity
coe cientCU is 1.46. Due to the value @@U smaller than 2, the sand was considered uniform
(following Miura et al., 1997), andsg = 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

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

mesh sizgmm 10| 08| 05| 04| <04
percentage passing%] | 2.5 | 32.5| 61.5 3.0 0.5

3.2 HML ume experiments: at bed

The tilting ume 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 ume
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 ume inlet, and one
additional pump in the downstream tank supports high- ow conditions. The ume can be operated
for discharges spanning from 30rlin to 160 I'min (0.5 Vs to 2.7 Is), in quasi-steady, quasi-
uniform ow. The regulation of discharge was operated by the manual opening of a valve located
downstream of the loading tank (Figure 3.1). At the ume entrance, an array of rigid tubes serves
as ow-stabiliser. The ume'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 ume 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).

Figure 3.1: Sketch of the HML ume, 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 ¥min to 140 Imin (1.9 Vs to 2.1 Is), and from 115/min to 160 Imin (1.9 Vs to 2.7 Is)
in steady quasi-uniform ow conditions. In homogeneous bed experiments, local scour at the
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ume 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 lling, no scouring was observed.
Experiments were performed in at-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
ow-driven changes in the bed morphology. Indeed, such changes directlt areal patterns of
sediment motion, in that they generate areas where dominant aggrédiegi@uation 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 arti cial 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 (Bu ngton 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 rst 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 threerént ow conditions, with
discharge steps of &hin, and measurements of the ow eld 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 werermtifor

the two types of plastics. This choice was due to the characteristics of the ume, the discharge
regulation apparatus and the operation of the weir gate at the ume end, as well asd¢hende

in density of the two materials.

On bed preparation.
The bed arrangement was as follows: high-porosity gum mats lled with the chosen plastic
granules (either PA6 or POM) covered the full length of the ume. 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 ume width where measurements were carried out at three to four cross-sections.
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Table 3.5: General ranges for the hydraulic conditions in the plastic bed experiments. Discharge
Q, water depth y, bed elevation from the ume rigid bottom Zgeq, Water surface elevation from the
ume rigid bottom h

MP type Q[lfs] y[mm | Zgeq[mn] | h[mn]
PAG 1.92-2.08 59-64 25-28| 82-89
POM 2.33-250 40-46 20-24| 62-6

==

The rst 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 ow measurements.

The discharge value per each test was determined using an ultrasonic owmeter built into the
inlet pipe. Tested discharges were in the range 1.9 - P0f m¥/s and 2.3 - 2.510° m3/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 ume, with an average increase
of around 2-3 mm along a 1.5 m-long stretch. The bed slopex®a83001. 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 ume 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 ow depths (spanning
from 4.5 for POM to 6.5 cm for PAG6), 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
signi cantly. The possibility to measure the ow 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 pro les
were recorded, respectively for the PA6- and POM-bed tests. The transversal pro les of velocity
were measured at xed 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 ume are later used to derive the longitudinal
velocity, from which the shear velocity was estimated, as outlined in Section 3.3.1.

On identi cation of grain motion: camera measurements.

All tests were performed in steady, quasi-uniform ow conditions. The rst ow condition tested
was set by visual observation of grains' motion, which occurred all along the ume 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 ow rate fogib fesulted in three
slightly di erent ow conditions triggering increasing grains' mobilisation.

The plastic sediments' detachments from the bed were recorded by videos. The camera was
located above the ume, and its eld of view comprised the whole width, observing the ume
from the top. Single particles' detachments were identi ed 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 ow eld were carried out via the use of a UVP mounted on the side wall

of the ume (Figure 3.2). This particular choice is justi ed 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 depthglue to measurements
performed at dierent equispaced cross-sections (Figure 3.1), in steady, quasi-uniform ow
conditions. Per each ow conditions the range of ow depths varied by a maximum of 3 mm
along a 1.5 m-long stretch. The bed elevatiftyaq and the water surface elevatibrwere
measured from the rigid bottom of the ume.

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

Figure 3.2 shows all components of the experimental setup. The UVP transducers mounted
at the wall had an angle of70°, with their beams meeting approximately at the ume 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 covés 4f the ume width (because of a particular de ciency

in the adopted transducers, provided together with the UB-Lab P beta version for testing, which
was not able to detect anything in the rst5 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., alorfgsitiped beams) and the
homogeneity assumption within beam axes (max longitudinal distance2f5 cm) allowed
mapping of the longitudinal and transversal velocities across each section, providing information
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