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ACADEMIC ABSTRACT

This dissertation aims to better understand how floc aggregate characteristics and be-

haviors are modified under different local conditions and how such alterations impact the floc

settling velocity, which is one of the most crucial parameters influencing sediment transport

modeling.

A series of laboratory experiments were conducted to examine the impact of suspended

sediment concentration, mixes of clay and silt, and resuspension process to equilibrium floc

size and floc settling velocity. In order to observe floc size evolution, a new floc imaging acqui-

sition was first developed. This new method allows flocs in suspended sediment concentration

up to C = 400 mg/L can be imaged non intrusively. This new method was applied in all three

individual studies, which are composed of this dissertation.

The first chapter investigates the behaviors of flocs under constant and decay suspended

sediment concentrations within a steady turbulent suspension. In the constant-concentration

set of experiments, floc size time series were measured for 12 h for each of the concentration

C = 15, 25, 50, 100, 200, 300, and 400 mg/L. In the decay-concentration experiments, clear wa-

ter was introduced to the mixing tank, simultaneously the suspension was drained out of the

mixing tank at the same rate to make the suspended sediment concentration reduce while the

turbulent shear was remained unchanged. The data shows that the equilibrium floc size is a

weak, positive function of concentration. For example, in order to increase 20% of floc size (≈
22 µm) the concentration needs to be increased by 700% (going from 50 to 400 mg/L). The data

also illustrates that during the decrease of concentration from C = 400 to 50 mg/L, the floc size

responses to the changes of concentration in the order of 10 min or less.



The second chapter examines how silt particles and clay aggregates interact in a turbulent

suspension. Floc sizes and settling velocity of three different suspensions, i.e., pure clay, pure

silt, and a mixture of clay and silt, were monitored. The floc size data show that the presence of

silt particles does not have significant impacts on clay aggregate sizes. Silt particles, however,

get bound up within floc aggregates, which in turn increase the settling velocity of the floc by at

least 50%.

The third chapter examines whether any changes in floc properties during the deposi-

tion and resuspension processes. The floc sizes and shapes in a set of experiments with dif-

ferent consolidation times, concentrations, and shear patterns were measured. The conditions

at which the flocs deposited or resuspended were maintained the same. The data reveal that

floc size and shape of freshly deposited and after resuspended are unchanged. The erosion rate

and concentration is a function of consolidation time and the applied shear stress during the

deposition phase. Hence, there is a small reduction in resuspended concentration resulting in

a slight decrease in resuspension floc size since floc size is also a function of concentration.
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GENERAL AUDIENCE ABSTRACT

Sediment transport is a narrative poem from mother nature telling us about the evolution

of ancient and modern rivers, deltas, and estuaries. For thousands of years, mankind has been

examining the coarser part of the poem, the gravel and sand. The finer part, the mud, has not

been systematically investigated until the last 60 years. The key difference between sand and

mud is the capability of mud to aggregate and form flocs which have sizes, densities, and shapes

that are vastly different from the original constitutive particles. This flocculation process adds

a layer of dynamics to the erosion, deposition, and transport of mud that is not present in the

transport of sand.

Therefore, the primary motivations for this dissertation are 1) to better understand the

behavior of floc size under different conditions, e.g., in the estuaries, and 2) to provide high-

quality data of floc characteristics and size evolution for model development, testing, and cali-

bration purposes. Laboratory studies are conducted to measure the floc size and in some cases

settling velocity, as a function of time under different turbulent, concentration, and sediment

mixture. The findings in this dissertation help to fill the gaps of knowledge in cohesive sediment

transport processes. This dissertation also suggests how floc behaviors should be accounted for

under different conditions. Such information is valuable for projects such as management of

sediment supplies, mitigation of land loss, restoration, and land-building diversions, e.g., on

the Mississippi and Atchafalaya Rivers.

Data associated with this dissertation are also available on GitHub under

https://github.com/FluidSedDynamics.

https://github.com/FluidSedDynamics
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1 Introduction

1.1 Overview

Any water body generally consists of water, coarse non-cohesive sediment, and fine cohesive

sediment. Existing hydrodynamic and morphordynamic models allow one to predict the trans-

port of the first two phases, i.e., water and coarse non-cohesive sediment, within reasonable

bounds. Yet, our current knowledge of flocculation processes is insufficient to quantitatively

predict the fate of fine-grained sediment transport. This is because, when it comes to predict-

ing the transport and depositional fate of suspended sediment, the accuracy of such models

depends heavily on the selection of an appropriate sediment settling velocity, ws (Dyer, 1989;

Winterwerp et al., 2002; Geyer et al., 2004; Harris et al., 2005; Partheniades, 2009; Chen et al.,

2010). For sands, estimating the settling velocity is comparatively straightforward because ws

is a function of the size, density, and shape of the particles found in the deposit (Rubey, 1933; Di-

etrich, 1982; Ferguson and Church, 2004). The settling velocity of mud is essentially a function

of the same properties of size, density, shape, and porosity (Strom and Keyvani, 2011). However,

the flocculation process complicates the estimation of these properties at the time of deposi-

tion for muds since suspensions of flocs can have sizes, densities, and shapes that are vastly

different from the constitutive, or primary, particles found in the deposit or the water column

at a particular moment in time (Krone, 1963; Dyer, 1989; Winterwerp and van Kesteren, 2004;

1
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Figure 1.1: Schematic of the flocculation process. Floc settling velocity is a function of floc size, d f

and floc submerged specific gravity, R f — which is related to the floc size and the size of the primary
particles, dp , through the 3D fractal dimension, n f . The settling velocity equation shown is that of Strom
and Keyvani (2011).

Partheniades, 2009). Therefore, understanding the flocculation process and its impact on set-

tling velocity is crucial for sediment transport modeling of muds in rivers, estuaries, the shelf,

and the deep ocean.

Flocculation is a process of simultaneous aggregation and breakup of cohesive particles

within the water column (Krone, 1962; Winterwerp and van Kesteren, 2004), and is an important

mechanism in a variety of fields of study, including: chemical and environmental engineering,

oceanography, and river and estuarine mechanics (Argamam and Kaufman, 1970; Kranck, 1973;

Gibbs, 1985; McAnally and Mehta, 2000; Biggs et al., 2003; Manning et al., 2010). In general, clay

particles in suspension aggregate when they are brought close enough to each other for their

overall net repulsive force (generated by a positively charged ion atmosphere) to be overcome

by van der Waals attractive forces. Whether or not particles brought into proximity of each

other aggregate is a function of the clay type, the actual distance between the particles, and the

thickness of the diffuse ion atmosphere surrounding the particles.
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Figure 1.1 depicts a few key elements related to flocs. The first key element to note is that

there is a typical pattern to a time series of floc growth in a field of constant turbulent mixing.

If one considers the growth of a suspension of primary particles from an unflocculated state

up to a flocculated state, then the time series for the average floc size in the suspension will

typically progress as shown in the bottom right panel of Figure 1.1. Initially, there will be a

period of growth at a near constant rate. Following this, the rate of increase in size decreases as

a steady-state size is asymptotically approached. Similar behavior is observed in the floc size

distribution as a whole.

The second key element to note about mature flocs is that they are comprised of a large

number of smaller particles and flocs that are packed together in a seemingly random way. This

leads to irregularity in floc shape. It also leads to a floc density that is dependent on the pack-

ing arrangement of the constituent particles and the size of the floc itself. Observations have

shown that, in general, floc density decreases with size following a power law decay (McCave,

1975). One mathematical framework used to view floc structure and theoretically account for

this power-law decay in floc density is fractal geometry (Jiang and Logan, 1991; Kranenburg,

1994; Maggi and Winterwerp, 2004; Maggi, 2008). Under this framework, larger flocs are con-

sidered to be made up of smaller flocs which are composed of aggregates smaller yet and so-

forth down to the so-called primary particles, or the smallest constituent particles within a flow

(Winterwerp and van Kesteren, 2004) (Figure 1.1). One of the main advantages of treating flocs

as fractal structures is that it allows for floc size, d f , to be related to the size of the primary

particles, dp , and the total number of primary particles within the floc, N , through a 3D frac-
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tal dimension, n f (the second equation, upper-right of Figure 1.1). This in turn allows for floc

submerged specific gravity, R f = (ρ f −ρ)/ρ (where ρ f is the floc density and ρ is the water den-

sity), to be expressed as a function of floc size, the size of the primary particles, and the fractal

dimension (Jiang and Logan, 1991; Kranenburg, 1994) (the third equation in the upper right of

Figure 1.1). For a solid particle, n f = 3, i.e., R f = Rs . However, for flocs, n f is always less than

3. This means that R f will decrease with floc size following a negative power-law trend. The

smaller the fractal dimension, the more loosely packed and irregularly shaped the flocs will be

and the more rapidly R f will decrease with size. n f is therefore a useful index for quantifying

the packing arrangement of particles within flocs.

There are at least three primary ways that flocculation impacts on settling have been in-

corporated into numerical models of sediment transport. In the first – the size-based approach

– the floc size is modeled as a function of the hydrodynamic and suspension characteristics.

The changes in floc size are then used along with a floc settling velocity equation, which uses

the floc size and submerged specific gravity, to produce a dynamic settling velocity in the sus-

pended sediment advection diffusion transport equation. The dynamic floc size is modeled ei-

ther as a single, average floc size (Winterwerp, 1998; Winterwerp et al., 2006; Son and Hsu, 2008,

e.g.) or a size population (e.g., McAnally and Mehta, 2000; Maggi, 2007; Verney et al., 2011). In

general, these methods produce either a single (for the one size class) or multiple (for the multi-

size class) PDEs whose solution yields the spatiotemporal floc size information. The methods

are based on the principle of conservation of mass and use rate equations for aggregation and

breakup of flocs based on particle collision theory and heuristic floc erosion models. Use of the
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size-based approach for including flocculation effects in sediment transport models has largely

been confined to the realm of academics. This is due to the increased computational cost de-

manded by the additional PDEs and the lack of floc size data needed for testing and calibrating

the models.

In the second class of methods – the steady-state approach – the same governing equa-

tions for floc size are simplified through a steady-state assumption. The result is a model for

the equilibrium floc size based on the aggregation and break up rate kernels. The settling ve-

locity is then again calculated using a standard settling velocity equation. Because the approach

neglects any time dependence, there is a built in assumption that flocs respond instantaneously

to changes in local conditions.

The third method for producing a flocculations-influenced settling velocity is through

the use of empirical relations between local turbulence and suspension characteristics and ob-

served net settling behavior (Hwang and Mehta, 1989; van Leussen, 1999; Teeter, 2001). In some

cases, such models are based on in situ estimates of suspension settling speeds and sometimes

they are based on observations from stagnant tanks. By definition, the empirical relations as-

sume that the settling properties of the suspension, and hence floc sizes, are in equilibrium

with the locally-measured fluid and suspension properties. A practical advantage of the empir-

ical relations approach is that no new PDEs need to be solved when modeling transport. The

reason for this is that the relations link the local fluid and suspension properties, such as fluid

shear rate and suspended sediment concentration, directly to a suspension settling velocity.

The disadvantage of these methods is that key physics are often lost, and local conditions may
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not best represent the historical conditions experienced by a floc that led to its current size and

density. Because they are easy to implement, all practical modeling platforms that I am aware

of, such as MIKE (DHI) and Delft3D (Deltares), use the empirical relations method for including

flocculation influences when modeling mud transport.

1.2 Study Motivation

The incorporation of floc size modeling in sediment transport simulations has been limited, in

part, because of the added computational expense associated with solving for floc size. Such

limitations will be resolved in time as computational power and methods improve. However,

the more fundamental limitation to inclusion of flocculation dynamics in sediment transport

simulations is that there is very little time series data of floc size in turbulent suspensions with

respect to key drivers. Without such data, it is difficult to test the conceptual models for floc-

culation that have been proposed. For instance, there is still uncertainty regarding the role that

suspended sediment concentration plays in setting the equilibrium floc size, and few, if any,

data has ever been collected to examine whether the presence of silts and sands in suspended

muds impact floc properties such as size and density. Furthermore, current floc models have a

number of water and sediment specific user-set coefficients; yet very little floc data exists in a

form that is suitable for calibration or validation purposes.

Therefore, this dissertation broadly focuses on: (1) experimentally investigating the change

in floc size with time in turbulent suspensions under the influence of different water column

and sediment conditions; and (2) providing high-quality data of floc characteristics and size

evolution under such conditions for floc size model development, testing, and calibration pur-
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poses. The next section presents the specific research questions and hypotheses followed by an

overview of the approaches used to test these hypotheses.

1.3 Research Questions and Hypotheses

In this section, a brief summary of three research questions, the hypotheses and a background

introduction associated with each question are presented. The next chapters, Chapter 2, 3, and

4 are self-contained papers on the topics of 1) suspended sediment concentration influences

floc growth rate and equilibrium floc size, 2) the impact of suspended silt on mud floc sizes

and settling velocity, and 3) floc sizes and entrainment rates after repeated cycles of deposition

and entrainment, respectively. The full background information and rational behind these hy-

potheses can be found in the self-contained papers in Chapter 2, 3, and 4. As of the writing of

this dissertation, Chapter 2 and 3 both have been published in the Continental Shelf Research;

Chapter 4 is in preparation and will be submitted soon.

In Chapter 2, we examine the question: How do changes in suspended sediment concen-

tration alone influence the size of mud flocs under steady turbulent shearing? We hypothesize

that (1) concentration exerts a strong control on the rate of floc growth, but (2) that it only exerts

a weak control on the ultimate, equilibrium floc size.

The influence of suspended sediment concentration on floc growth, size, and density has

been discussed in many studies (Burban et al., 1989; Chen and Eisma, 1995; Milligan and Hill,

1998; Shi, 2010). However, not all studies report the same impact on flocculation with changes

in suspended sediment concentration. A positive relation between suspended concentration

and equilibrium floc size has been observed in several studies (Eisma and Li, 1993; Berhane
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et al., 1997; van Leussen, 1999; Gratiot and Manning, 2004; Law et al., 2013). However, there

are other studies that show floc size can reduce with increasing concentration (Tsai et al., 1987;

Burban et al., 1989). Furthermore, several other studies have not observed any relation between

flocculation rate or equilibrium floc size and suspended sediment concentration (Milligan and

Hill, 1998; Kumar et al., 2010). Chapter 2 investigates the relationship between suspended sed-

iment concentration and floc sizes.

In Chapter 3, we investigate the question: Do suspended clay and silt size fractions act

independently or dependently when it comes to settling in a turbulent flow? We hypothesize

that are: (1) that the addition of silt will decrease the equilibrium floc size; (2) that a fraction of

the silt will be bound within the flocs; and (3) that the addition of silt particles within the floc

will produce an increase in the overall floc density and settling velocity.

To the best of our knowledge, whether or not this interaction does or does not occur has

never been investigated in a turbulent suspension. Treating mixtures of suspended cohesive

and non-cohesive sediment – like mixtures of clay and silt – independently is the commonly

used approach in hydrodynamic and sediment transport models such as Delft3D, MIKE, and

ROMS. The most essential assumptions made in such models is that concentration profiles of

silt and clay are not impacted by other and are therefor linearly additive. Chapter 3 examines

whether silt and clay in suspension can be treated independently or dependently.

Chapter 4 investigates: How do floc characteristics change once they have deposited to

a bed, and how, if at all, are they modified during re-entrainment? The hypotheses are that (1)

flocs grow in size once deposited on a bed; and (2) that re-entrainment efficiency plays a crucial
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role in dictating re-suspension concentration which in turn influences the floc growth rate and

equilibrium floc sizes after resuspension.

In many environments, recently deposited flocs (< 1 day) can be reentrained by increases

in stress at the bed. For example, flocs deposited to the bed during high or low slack may expe-

rience significant erosive forces during the ebb or flood. Being able to properly characterize this

reentrainment process is important for adequately modeling mud transport in systems that see

either simultaneous erosion and deposition of flocs (such as in a river or turbidity current) or

systems that have periodic erosion and deposition (such as estuaries and fresh shelf deposits

that are reworked by waves).

1.4 Research Approach

Laboratory studies will be conducted to address the research questions by testing the hypothe-

ses described above. A unifying quantity the work will seek to measure is the floc size, and in

some cases settling velocity, as a function of time under different conditions of shear rate, con-

centration, consolidation time and sediment mixture. Experiments will primarily be carried out

inside a mixing chamber where the turbulent shear rate, suspended sediment concentration,

salt levels, and sediment type can be tightly controlled. Suspended sediment concentration

will be measured with optical backscatter sensors (OBSs). Flocs sizes as a function of time and

conditions will be measured using a floc camera system that is capable of photographing flocs

while they are in suspension. When needed, the settling velocity of the flocs will be measured

using an insulated settling column. Figure 1.2 illustrates the apparatus and setup of a typical

experiment in this dissertation. The function and specifications of each devices in Figure 1.2
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are highlighted in each individual Chapter.
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Figure 1.2: Upper panel: Schematic of the mixing tank and floc camera setup (Set A), and settling column
(Set B). Lower panel: Schematic and picture of the Near Wall setup. The flow through cell results in
slowing the speed and reducing the number of flocs being imaged.

A key to being able to obtain the data needed to test the hypotheses is the ability to collect

time series measurements of floc sizes within a turbulent suspension over a range of suspended

sediment concentration. Until now, both commercially manufactured and laboratory-built floc

imaging systems have been confined to making measurements in concentrations less than 100

mg/L. The only way to make estimates of floc size in concentrations higher than this has been
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to use proxy measurements such as those made with a LISST 100x, or to use other methods that

can significantly alter the size of the flocs from that of what they may have been within the sus-

pension, e.g., sizing with a Malvern mastersizer and pipet-sample-and-image-elsewhere meth-

ods. Therefore, the first task of this work was to develop a new method for making image-based

measurements of flocs in suspensions up to concentrations of 400 mg/L. The new method,

what I refer to as the Near Wall method (Figure 1.2 lower panel), created a flow-through cell

by placing a round glass plate close to the wall. The placement of the glass near the wall both

slowed the speed of the flocs and reduced the number of flocs between the light source and the

tank wall. As a result, the Near Wall method significantly improves the quality of the floc images

and also increases concentration in which the floc camera can be used. Details of the Near Wall

method development and verification are presented in the Appendix of Chapter 2.

1.5 Dissertation Organization

The rest of this dissertation is organized into three primary chapters. Chapter 2 discusses the

impact of concentration alone to equilibrium floc size and floc growth rate. This chapter also in-

troduces a new image processing acquisition that allow us to capture floc images in suspension

under concentration of C = 400 mg/L. Chapter 2 was published in Continental Shelf Research as

Tran et al. (2018). Chapter 3 examines the interaction of silt and clay under different shear con-

ditions and different ratios of clay:silt in suspension. Chapter 3 was also published in Continen-

tal Shelf Research as Tran and Strom (2017). The third primary chapter, Chapter 4, investigates

the changes, if any, of floc characteristics before deposit and after resuspension. Following this,

the last chapter, Chapter 5, provides a summary of prominent findings from each individual

https://www.sciencedirect.com/science/article/pii/S0278434317303965
https://www.sciencedirect.com/science/article/pii/S0278434317303965
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paper in the scope of how local conditions dictate floc behaviors and our recommendations of

how to integrate such behaviors in flocculation models.
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2 How Do Changes in Suspended Sediment Concentration alone Influence
the Size of Mud Flocs under Steady Turbulent Shearing?

2.1 Introduction

Engineers and scientists rely on physics-based numerical modeling to predict the transport and

fate of sediment in river, estuarine, and coastal systems. In terms of predicting the transport

and depositional fate of suspended sediment, the accuracy of such models depends heavily on

the selection of an appropriate sediment settling velocity, ws (Dyer, 1989; Winterwerp, 2002;

Geyer et al., 2004; Harris et al., 2005; Partheniades, 2009; Chen et al., 2010). For sands, estimat-

ing the settling velocity is comparatively straightforward because ws is a function of the size,

density, and shape of the particles found in the deposit (Rubey, 1933; Dietrich, 1982; Ferguson

and Church, 2004). The settling velocity of mud is essentially a function of the same properties

of size, density, shape, and porosity (Krone, 1963; Dyer, 1989; Winterwerp and van Kesteren,

2004; Partheniades, 2009; Strom and Keyvani, 2011). However, the flocculation process compli-

cates the estimation of these properties at the time of deposition for muds since suspensions

of flocs can have sizes, densities, and shapes that are vastly different from the constitutive par-

ticles found in the deposit or the water column at a particular moment in time (Krone, 1963;

Chapter 2 was published in Continental Shelf Research as Tran et al. (2018)
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Dyer, 1989; Winterwerp and van Kesteren, 2004; Partheniades, 2009). Therefore, understand-

ing the flocculation process and its impact on settling velocity is crucial for sediment transport

modeling of muds in rivers, estuaries, the shelf, and the deep ocean.

Flocculation is a process of simultaneous aggregation and breakup of cohesive particles

within the water column (Krone, 1962; Winterwerp and van Kesteren, 2004). In general, clay

particles in suspension aggregate when they move close enough for their net repulsive forces

(generated by a positively charged ion atmosphere) to be overcome by van der Waals attractive

forces. From a sediment transport perspective, the result of aggregation is that the mud settling

velocity will increase due to the increase in floc size. Flocs can disaggregate due to fluid shear

or ballistic impacts from other particles whenever these forces are sufficient to overcome inter-

particle bond forces. The breakage of these bonds can occur around the exterior surface of

the floc (erosion), or within the interior (fracture); either way, the breakup of flocs leads to a

reduction in floc size and settling velocity.

The change in average floc size can be conceptualized as a rate problem (Winterwerp,

1998):

d(df50)

d t
= A−B (2.1)

where df50 is the diameter of a floc in suspension for which 50% of the flocs are finer by volume,

A is the floc aggregation rate [L/t], and B is a floc breakup rate [L/t]. If A and B are unequal, the

floc size will change with time and move towards an equilibrium value, df50e, defined as the floc

size when d(df50)/d t = 0 or when A = B . Many factors, such as: the mineral and organic com-

position of the mud (Krone, 1963; Partheniades, 2009; Tang and Maggi, 2016), the time history
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of exposure of the suspension to various levels of turbulent mixing (van Leussen, 1994; Mehta

and McAnally, 2008; Keyvani and Strom, 2014), the chemical properties of the water (e.g., ion

levels and pH) (Xia et al., 2004; Mietta et al., 2009), and suspended sediment concentration, C

(Krone, 1978; Van Der Lee, 1998; Manning and Dyer, 1999; Mikeš and Manning, 2010) all in-

fluence the A and B terms for any given suspension. In this paper, we focus on the role that

suspended sediment concentration, C , plays in altering the size of suspended mud flocs within

a turbulent suspension. To provide context for the work, we briefly discuss, in the next section,

the terms and processes related to the growth rate (i.e., Equation 2.1) and equilibrium size, df50e

of mud flocs as it pertains to suspended sediment concentration. Then, an overview of past

laboratory and field observations regarding the influence of C on floc size and settling velocity

is presented. Following this general discussion, the paper examines how the influence of C can

be incorporated into floc settling velocity equations used in sediment transport modeling.

2.2 Background

2.2.1 Overview

For a given mud mixture and fixed water chemistry, the floc growth rate is largely a function

of the particle collision rate (McAnally and Mehta, 2000; Winterwerp and van Kesteren, 2004;

Partheniades, 2009; Keyvani, 2013). Collisions can be driven by Brownian motion, differential

settling, and/or turbulent mixing (Burban et al., 1989; Eisma et al., 1991; Huang, 1994). The

mean turbulent shear rate, G , is a quantitative measure of turbulent energy and is defined as

G =p
ε/ν= ν/η2, where ε is the mean turbulent energy dissipation rate, ν is the kinematic vis-

cosity of the fluid, and η is the Kolmogorov micro length scale (Tambo and Watanabe, 1979).
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Other factors that impact the collision rate are the particle number concentration, or the mass

concentration, C , particle or floc diameter, df , and particle shape (Tang et al., 2014). Classic

shear-driven collision kinetics show that the rate of collision is ∝ GC 2ρ−2
s d−3

f , where ρs is the

sediment density (McAnally and Mehta, 2000). Taking the collision kinetics relationship given

above to be true, it is easy to see that increases in C (along with G) will promote collisions,

and therefore the potential for an increase in the floc growth rate and floc size. This fact, cou-

pled with empirical observations of suspension settling velocity in stagnant settling columns

(e.g., Krone, 1962; Hwang, 1989; Teeter, 2001) have resulted in empirical floc settling velocity

equations that take the settling velocity of floc-impacted mud suspensions to be a function of

concentration, ws = ws(C ) (e.g., Wolanski et al., 1989; Hwang, 1989). An example of this style of

relation is the three-part settling velocity equation of Hwang and Mehta (1989):

ws =



wsf C <C1

aw
C n

(C 2 +b2
w )m

C1 <C <C2

∼ negligible C2 <C

(2.2)

Where ws f is free settling velocity, aw is velocity scaling coefficient, n is flocculation set-

tling exponent, bw is hindered settling coefficient, and m is hindered settling exponent. Eq.

2.2 has a general parabolic form and accounts for the impact of flocculation (due to differen-

tial settling) and hindered settling on the net suspension settling velocity. In this formulation, if

C <C1, flocculation is thought to have no impact on ws ; the transitional concentration marking

the boundary between floc influence and no floc influence is suggested to be around 100 to 300
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mg/L (Mehta and McAnally, 2008). C2 is the concentration associated with the peak in settling

velocity (maximum floc size) and is stated to range from 1 to 15 g/L. For concentrations higher

than C2 floc enhanced settling rates start to decline due to hindered settling affects. While not

all floc-settling-velocity equations take the exact form of Equation 2.2, many do take ws = ws(C )

(e.g., Ariathurai and Krone, 1976; Burt, 1986). Furthermore, many larger-scale sediment trans-

port modeling platforms often use some sort of concentration-dependent settling velocity to

account for flocculation (such as Eq. 2.2) in the transport of mud regardless of whether the

equation is being applied to stagnant or turbulent water.

Relations such as Equation 2.2 assume that floc size will increase with C without account-

ing for the level of fluid stress being applied to the flocs. This assumption is an outcome of the

fact that all studies which have sought to examine the influence of C on floc size or settling ve-

locity have done so in stagnant settling columns (e.g., Krone, 1962; Huang, 1994; Teeter, 2001;

Cuthbertson et al., 2016), or in suspensions for which the shearing or mixing has been turned

off for a number of minutes before measurements were made (e.g., Manning and Dyer, 1999).

Yet, it has also been shown that the level of turbulent energy, G , plays a key role in limiting the

maximum size that a floc can obtain, and that this maximum size is proportional to the Kol-

mogorov micro length scale, η (van Leussen, 1997; Milligan and Hill, 1998; Manning and Dyer,

1999; Kumar et al., 2010; Braithwaite et al., 2012; Tran and Strom, 2017). Therefore, it is rea-

sonable to expect that both d(df50)/d t and df50e could be a function of C and G (among other

parameters). Or, at least that the function between floc size and C could look different in a

turbulent suspension than it would in a stagnant, or near stagnant, settling column or tank.
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2.2.2 Prior Results and Equations Pertaining to the Influence of Concentration on the Equi-
librium Floc Size and a Floc-impacted Settling Velocity

As discussed previously, the influence of C on df50e and ws has been examined primarily in stag-

nant settling columns, in suspensions for which turbulence had been reduced prior to the time

of measurement, or in conditions where both C and G covary in the field or lab (Burban et al.,

1989; Chen and Eisma, 1995; Milligan and Hill, 1998; Shi, 2010; Sahin et al., 2017). As might be

expected, not all of these studies report the same relationship between concentration and df50e

and C (Table 3.1). For example, most studies have shown that df50e is positively related to C

(Oles, 1992; Eisma and Li, 1993; Berhane et al., 1997; Li et al., 1999; van Leussen, 1999; Gratiot

and Manning, 2004; Shi and Zhou, 2004; Law et al., 2013). Yet, a few studies have also con-

cluded that floc size can reduce with increasing concentration (Tsai et al., 1987; Burban et al.,

1989; Safak et al., 2013; Sahin et al., 2017; Guo et al., 2018). For example, Burban et al. (1989)

concluded that while increasing the concentration enhances the aggregation rate, the effect of

disaggregation due to three-body collisions is significant enough to result in smaller equilib-

rium sizes. Furthermore, other studies have not observed any relation between flocculation

rate or equilibrium floc size and C . This is especially true regarding the impact of C on the equi-

librium size, df50e (Milligan and Hill, 1998; Manning and Dyer, 1999; Kumar et al., 2010; Mikeš

and Manning, 2010; Zhang and Zhang, 2011; Braithwaite et al., 2012). One complicating factor

in understanding the relationship between floc size and C is that in the field, C and G typically

covary, with C being positively related to G (Manning and Dyer, 1999; Gratiot and Manning,

2004; Safak et al., 2013; Sahin et al., 2017; Guo et al., 2018). Such covariance can make it difficult

to determine if the observed change in floc size is due to a change in C or a change in G . Table
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Source
Concentration Shear ws Floc size Salinity Sediment Relation
C [mg/L] G [s−1] [mm/s] d f [µm] S [ppt] type to C

Gratiot and Manning (2004) 200 - 8,000 3, 7, 19 1 - 4.22 30 - 700 16.5 Tamar & Gironde mud d f ∼C
van Leussen (1999) 10 - 1,000 - 0.008 - 2 5 - 25 0 - 35 Ems mud d f ∼C
Eisma and Li (1993) 40 - 250 - - 10 - 800 2 - 30 Dollard mud d f ∼C
Milligan and Hill (1998) 50, 250 8 0.03 - 5.43 125 - 1,195 30 Bentonite & drill-mud None
Kumar et al. (2010) 50, 150 2 - 50 0.2 - 4 20 - 350 0, 10, 15 San Jacinto mud None

Manning and Dyer (1999) 80, 120, 160
< 27.45

0.2 -1.05 36.5 - 255 10 ± 0.5 Tamar mud
d f ∼C

> 27.45 d f ∼ 1/C
Burban et al. (1989) 10 - 800 100 - 600 - 18 - 106 - Detroit River mud d f ∼ 1/C
Wendling et al. (2016) 1,600 - 10,900 3, 7, 19 - 45.3 - 63.9 0 Molasses and Clay d f ∼ 1/C
Safak et al. (2013) 500 - 1,400 3 - 35 - 2.5 - 500 - Atchafalaya shelf mud d f ∼ 1/C
Sahin et al. (2017) 500 - 20,000 0 - 4 - 10 - 400 25 - 30 Atchafalaya shelf mud d f ∼ 1/C 3/2

Table 2.1: Sample of different relations between concentration and floc size in literature.

3.1 provides a summary of past findings regarding the impact of C on floc size.

The variability in the relationship of flocs size, or settling velocity, with C is mirrored in

the mathematical models used to account for the impact of flocs on mud settling velocity. For

example, consider the equilibrium size-based models of Winterwerp (1998):

df50e = b + K A

KB
G−1/2C (2.3)

and Lick and Lick (1988):

df50e =αG−1/2C−1/2 (2.4)

In Equation 2.3, b = dp , with dp being the size of the smallest, or primary, particles within the

environment of interest and K A and KB are suspension-specific aggregation and breakup coef-

ficients;α in Equation 2.4 is also a suspension-specific coefficient. The key item to note in these

two equations is that d f 50e ∝C in the Winterwerp (1998) formulation while is inversely related

to
p

C in the Lick and Lick (1988) formulation. Therefore, one model says that df50e goes up with

C (due to increased collisions and therefore aggregation), and the other says it goes down with
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C (due to an increase in floc breakup under ballistic collisions).

The point of the comparison between Equations 2.3 and 2.4 is not to say that one model

is correct and the other is not. Rather, the comparison is meant to highlight the fact that the

dependence of the equilibrium floc size on C is poorly constrained. One might obtain signif-

icantly different trends in mud deposition rates and zones of accumulation depending on the

model’s functionality between floc size and C . This could be particularly acute in zones where C

is continually changing due to deposition, resuspension, and/or entrainment of ambient fluid

(such as in river mouth plumes and turbidity currents). For example, Strom and Keyvani (2016)

made calculations of floc settling velocity in an idealized river mouth plume, using both a size-

based floc model and empirical equations, and found that reductions in concentration due to

entrainment (not settling) led to strong reductions in the modeled floc size, and hence in the

suspension settling velocity, in the cross-shore direction. This runs counter to field observa-

tions, such as Hill et al. (2000) and Milligan et al. (2007), and perhaps reflects a defect in our

understanding of the drivers of floc size in conditions of clear-water entrainment.

2.2.3 Research Questions and Hypotheses

Based on the current state of knowledge, we suggest that further laboratory and field experi-

ments are needed to better constrain the relationship between C and floc size. Certainly, it is

true that floc size is a function of C in stagnant settling columns, but how exactly floc size and C

are related to each other in a turbulent suspension is unclear. Toward this end, we experimen-

tally investigate the influence of C on the growth rate and equilibrium size of flocs in conditions

of steady shear, G 6= G(t ), with both constant and time-varying C . The two primary questions
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being investigated are as follows: (1) is there any relationship between df50e and C in a turbulent

suspension under conditions of steady concentration at levels below those associated with hin-

dered settling?; and (2) how fast do floc sizes respond, if at all, to changes in C , alone, within this

range? In response to these questions, we hypothesize that: (1) concentration exerts a strong

control on the rate of floc growth, but that it exerts only a weak control on the equilibrium floc

size; and (2) that flocs size responds quickly to changes in C . Throughout the study, we will

make measurements of the floc sizes directly within the turbulent suspension without transfer-

ring the samples to another location for measurement. Doing so will allows for less ambiguous

understanding of the influence of C alone on floc size in both steady and unsteady settings —

providing data that will be useful for building better models of time dependent flocculation.

2.3 Methods

2.3.1 Approach

Two sets of laboratory experiments were conducted to examine the influence of concentration

(over the range of C = 15 to 400 mg/L) on floc growth rate and equilibrium size under condi-

tions of steady turbulent shearing. In the first set of experiments (Set A), C was held constant

with time while flocs grew from an unflocculated state up to their equilibrium size. The Set A

experiments were used to examine hypothesis 1. In the second set of experiments (Set B), flocs

in equilibrium were subjected to a continual decay in C with time to examine the influence of

settling or clearwater (C = 0 mg/L) entrainment on the size of flocs left in suspension, i.e., to

test hypothesis 2. All experiments were run in a turbulent mixing tank (rather than a stagnant

settling column); details on the experimental setup are given below. Data collected in all runs
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consisted of time series measurements of concentration and the floc size distribution. Table 3.3

summarizes the experimental conditions.

To test the hypotheses, the ability to measure floc sizes over a range of suspended sedi-

ment concentrations is crucial. In general, using a camera system to make measurements of

flocs within a turbulent suspension is the best way to preserve floc structure and provide high-

fidelity data (Eisma and Kalf, 1996; Gratiot and Manning, 2004; Smith and Friedrichs, 2011; Key-

vani and Strom, 2013; Maggi, 2015; Smith and Friedrichs, 2015). However, concentrations of

suspended sediment that exceed 50 to 100 mg/L make the water so cloudy that it has previ-

ously been impossible to obtain good measurements of floc sizes without transferring a sample

of the suspension to another dilution chamber for measurement (Gratiot and Manning, 2004;

Strom and Keyvani, 2016). There are two reasons for this. The first is that C ∼ 100 mg/L and

greater limits the amount of light that makes it to the camera’s sensor. The second is that it be-

comes nearly impossible to distinguish one floc from another in most setups since there can be

thousands of flocs within the volume of fluid surrounding the focal plane in the image at these

concentrations. To overcome these deficiencies, we have developed a small flow-through cell

close to the wall of the tank where imaging can take place in a thin slice of fluid. A flow-through

cell such as this reduces the number of flocs between the camera and the light source, thereby

allowing more light to make it to the sensor and reducing the number of flocs within the im-

aged frame. The development and testing of this new method, the so-called Near-Wall Method,

is presented in the Appendix. In the following sections, the equipment and experimental pro-

cedures for the two sets of experiments used to test the hypotheses are introduced.



Duc Tran Chapter 2. Concentration Influence Floc Size 43

Set A: C = constant (mg/L) Set B: C decays from 400 to 50 mg/L in (min)

15 25 50 100 200 300 400 50 (min) 100 (min) 200 (min)

Time of 1NPS 12 12 12 12 12 12 12 - - -
monitoring (h) 2PS 12 12 12 12 12 12 12 170 (min) 220 (min) 320 (min)

Table 2.2: A summary of the experimental conditions. In Set B, all experiments started from NPS phase,
similar to Set A, but this phase lasted only 2 hours and was not measured. Flocs measurement via imag-
ing commenced during the PS phase of the Set B runs. 1NPS stands for non prior shear. 2PS stands for
prior shear.

2.3.2 Experimental Equipment

All experiments were run in a 13 L mixing chamber that has dimensions of 27.5 x 27.5 x 25 cm.

A rotating paddle mixer was used to generate turbulent shear. The shear rate can be related to

the paddle and tank geometry as suggested by Logan (1999):

G =
(

52.3bd,p Aps3R3
p

νwVT

)1/2

(2.5)

where bd,p is the drag coefficient, Ap is the area of the paddle in m2, Rp is the radius of the paddle

in m2, s is the paddle speed (rotation per minute), ν is the fluid kinematic viscosity (m2/s), and

VT is the total volume of the fluid in the chamber in m3. Our selected paddle rotation rates, 35

rpms, produced tank-averaged turbulent shears of approximately G = 50 s−1, such shear rate

can be found in nature in rivers (Tran and Strom, 2017), energetic estuaries and bays (Dyer

et al., 2004), the mouth regions of coastal river plumes (MacDonald et al., 2007), and turbidity

currents (Xu et al., 2014), or under extreme events like storms, hurricanes.

A floc camera system was used to collect still images of flocs within the turbulent mix-

ing chamber. The camera has a 2080 x 1552 pixel progressive scan, monochrome 8 mm CMOS
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sensor fitted with a 2X primary magnification objective lens resulting in quantification of par-

ticle size over the range of 10 to 1000 µm. To provide illumination, a LED was fitted inside a

waterproofed housing, sealed inside with a round glass plate, and placed inside the tank.

Two Optical Backscatter Sensors (OBS) were installed at 5 and 12 cm above the bottom of

the mixing tank to monitor the concentration and stratification of the suspension. OBS cal-

ibration followed the protocol in Operation’s Manual (2008 - 2012) for OBS-3+ and OBS300

Suspended Solids and Turbidity Monitors given by Campbell Scientific, Inc.. For our sedi-

ment mixture, the relationship between C in (mg/L) and the OBS measurement of NTU is:

C = 0.9761(NTU) − 3.5794 with the coefficient of determination, R2 = 0.99. The suspension

in all experiments consists of a mixture of 80% kaolinite and 20% montmorillonite, a mixture

that has been used in past studies to mimic estuarine mud (Keyvani and Strom, 2014; Tran and

Strom, 2017). The background water for all experiments was a base of tap water with enough

salt added to bring the salinity to 8.5 ppt; we have empirically found that adding salt at 5 ppt

and greater reduces variability in floc growth that may occur from run to run with unsalted tap

water. The water was left at room temperature for 24 hours before being used.

Figure 4.1 shows a schematic of the mixing tank with the OBS and floc camera system in

the Near Wall configuration for the Set A experiments. In the Set B experiments, the concentra-

tion in the tank was systematically reduced with time while G was held constant. The decay in

C was accomplished by simultaneously introducing clearwater (C = 0 mg/L) to the top of the

mixing tank while draining sediment-laden water from the bottom of the mixing tank. Con-

trol over the inflow and outflow was accomplished by introducing two additional tanks to the
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system; one was placed above the mixing tank and the other below it (Fig. 2.2). This arrange-

ment results in a gravity-driven system where the flow rate into and out of the mixing tank is

controlled by a pair of needle valves and the elevation difference between the water surfaces in

the tanks. To keep G constant through the decay in C , the volume of fluid within the mixing

tank must remain constant (Eq. 4.4); i.e., the inflow discharge of clear fluid to the mixing tank

must equal the outflow discharge (Fig. 2.2). This steady volume condition is accomplished by

ensuring that the water surface elevation difference between the top tank and the mixing tank,

and between the mixing tank and the waste tank, are equal and that the valves are opened to

the same position. For the experiments, the initial water surface elevation difference was set

to 1.2 m. A reduction in the initial elevation differences does occur once the valves have been

opened. However, the reduction in the elevation difference is the same between the mixing tank

and both the upper and lower tanks. Hence, the volume in the mixing tank stays constant.

2.3.3 Procedures

All experiments began with the preparation of the mixture. The 80%/20% kaolinite and mont-

morillonite mixture (by dry mass) was first hydrated in a beaker with 150 mL of water and son-

icated for 15 minutes to break the clay aggregates down to an average size of approximately 5

µm (Keyvani and Strom, 2014). The suspension was then introduced directly to clear water that

was mixing at a rate of G = 50 s−1in the mixing tank (Keyvani and Strom, 2014).

In Set A, mixing at G = 50 s−1continued for 12 hrs following the introduction of the sedi-

ment to allow the flocs to grow up to an equilibrium size distribution; throughout this time, the

suspension was continuously imaged at a rate of 0.5 Hz. After 12 hours, the paddle rotation rate



Duc Tran Chapter 2. Concentration Influence Floc Size 46

500 µm

Floc Camera

Mixer Example
Image

LED

OBS

Set A: Setup

Set A: Procedure

Time [hr]

G
 [s

-1
]

50
55

0

Non Prior Shear Prior Shear

Steady concentration

De-flocculate (30 min)

12 hrs 12 hrs

Sonication

Figure 2.1: Schematic of tank setup and procedure time series of imposed turbulent shear, G , and sus-
pended sediment concentration for the experiments run with constant concentration (Set A).

was increased to produce conditions of G ≈ 550 s−1. Mixing at this rate continued for 30 minutes

to ensure that all flocs were broken down to a new primary particle suspension; mixing at this

rate is larger than what would be experienced in any average flow environment. The purpose

of this period of high shearing was to disaggregate the flocs and produce a turbulent-shear-

generated initial condition for the suspension. Following the 30 min of high mixing, conditions

were returned to G = 50 s−1 for another 12 hrs (Fig. 4.1), and images of the suspension were

collected at 0.5 Hz. This procedure was applied for the seven values of concentration used in

the Set A experiments, i.e., C = 15, 25, 50, 100, 200, 300 and 400 mg/L.

The sequence of sediment preparation and mixing outlined above leads to two phases

within each experiment. Following previous work, these phases are referred as the “non prior”
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Figure 2.2: Schematic of tank setup and procedure time series of imposed turbulent shear, G , and sus-
pended sediment concentration for the experiments run with an unsteady decay in concentration (Set
B); the times over which the decay occur, ∆T , are given in Table 3.3.

and “prior” shear phases (Keyvani and Strom, 2014; Tran and Strom, 2017). The non-prior-

shear (NPS) phase refers to the growth of flocs from the sonified suspension (Fig. 4.1). The

prior-shear (PS) phase refers to the growth of flocs following the end of vigorous mixing. A key

difference between the two phases was that the non-prior-shear phase – deflocculated by ultra

sound during sonication – starts with smaller clay particles (dp ≈ 5 µm) relative to the prior-

shear phase (dp ≈ 10−15 µm), which was deflocculated by high turbulent shear.

The Set B experiments followed the same initial steps as those in Set A, but differed in
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the length of the NPS phase and the steadiness of the concentration during the PS phase. The

NPS phase in Set B was run for 2 hrs to produce mature flocs before creating the turbulent-

shear-generated initial conditions for the PS phase (G = 50 s−1) via 30 min of vigorous mixing

at G ≈ 550 s−1(Fig. 2.2). Following the vigorous mixing, the concentration was held steady for

1 hr of mixing at G = 50 s−1; which was more than enough time for the size distribution to

reach an equilibrium. After 1 hr, the valves on the inflow and outflow tubes to the mixing tank

were opened to a predetermined setting to produce a time-dependent decay in C (Fig. 2.2).

In all Set B runs, C decreased from 400 mg/L to 50 mg/L over a set time of decay, ∆T ; values

tested include ∆T = 50, 100, and 200 (min). Upon reaching C = 50 mg/L, the valves on the

inflow and outflow lines were closed and mixing was continued for another hour. Images of the

suspension were recorded for both the steady and unsteady portion of the PS phase to allow for

measurement of any change in the floc size distribution through the decay in C .

2.3.4 Image Processing

Time series of floc and general suspended particle sizes were extracted from images using au-

tomated procedures of Keyvani and Strom (2013). The routines remove out-of-focus flocs,

by comparing the gradients of particles’ grayscale values to an empirical threshold (Keyvani

and Strom, 2013), and then combine the results from 30 images to yield size distributions of

suspended particles every minute. Each 1-minute distribution contains several hundred to a

few thousand particle measurements – depending on concentration and floc size. The raw

by-number size distributions are then converted to a by-volume distribution (which is nearly

equivalent to a by-mass distribution). Key floc size distribution statistics reported on in this
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paper include: df5, df16, df50, df84, and df95. The statistics dfX always refers to the floc diameter

for which X% of the material is finer than by volume.

2.3.5 Floc Size Uncertainty

Uncertainty in reported floc sizes comes from at least two sources, i.e., floc overlap in the im-

ages and experimental variation. First, images of flocs at higher concentrations, e.g. C = 200,

300, and 400 mg/L, resulting in a significant number of flocs within the imaged plane. This can

lead to what we refer to as “overlap” issues when running the automated image processing rou-

tines. The term overlap refers to automatically identified flocs in the image processing routines

that appeared to be the superposition projection of two or several individuals, detached flocs

(Fig. 2.10). These overlap “flocs” often appear larger and more irregularly shaped than the true

flocs, and the inclusion of them in the size statistics can lead to overestimation of the floc size

statistics. Our analysis (see Appendix) showed that the overlapping flocs do not significantly

alter the shape of the floc size distribution, but that they do lead to slight overestimation of the

average floc sizes, df50e. For example, the average overestimation of df50e was found to be +3µm

for a concentration of 100 mg/L, up to +11 µm for concentrations of 400 mg/L (Fig. 2.11 and

Table 2.4). An in-depth discussion on how overlap was quantified is presented in the Appendix.

Second, in previous work (Tran and Strom, 2017), we have conducted replicate experi-

ments to quantify the variability inherent in experiments using this particular clay mixture and

the experimental procedures of Set A. Data from these tests showed that even without overlap

issues, the equilibrium size may vary up to ± 8 µm from run to run with C = 100 mg/L. There-

fore, it is important to keep in mind that the direct size data from the image processing proce-
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dures are biased largely for C > 100 (i.e., Eq. 2.12 with max +∆df50 of 11 µm at C = 400 mg/L),

and that there is inherent experimental variability of up to approximately ± 10 µm from run

to run even without overlap. In the following Results section, we present the time-series data

that is the direct result of the image processing procedures with no attempt to remove overlap

bias. In the Discussion, we attempt to remove the overlap bias when considering the impact of

concentration induced changes to df50e and settling velocity.

2.4 Results

2.4.1 Set A: Floc Size Evolution under Steady Concentration

Figure 2.3 shows a sampling of flocs imaged at equilibrium condition under the NPS phases

from the six different concentration experiments in Set A. Visually, it is evident that the number

of flocs increase with C , and that the flocs in conditions of C = 25 mg/L are slightly smaller than

the flocs that develop in higher concentrations (the size data confirms this observation). While

this is true, it is difficult to decipher a clear difference in either the average floc size or shape

among the images from other Set A experiments. The size differences are also apparent in the

floc-size time series for the NPS phase (Fig. 2.4a) and the PS phase (Fig. 2.4b). That is, there is

a general increase in the average floc size as C goes up, with the increase in size being starkest

between C = 15 to 25 mg/L and the rest of the runs (C = 50, 100, 200, and 400).

Overall the time series data for the NPS and PS phases show similar trends in that floc

size and rate of growth both increase with C (Fig. 2.4). However, comparing data from the two

phases does reveal two differences. The first is that the average equilibrium floc size, df50e, from

the NPS runs are ≈ 25 µm larger than their PS phase counterparts at the same concentration.
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Figure 2.3: Samples of typical floc images at equilibrium (minute 720) in the NPS phase for the Set A runs
(steady-state concentration). At higher concentrations, one can note that microflocs can occasionally be
loosely bound to form macroflocs; some of these are circled.
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Another difference between the phases is that the NPS phase has a peak in the time series for

df50, whereas the PS phase does not (Fig. 2.4a,b). We expect that these differences are a manifes-

tation of different initial primary particle sizes and shapes. Because the NPS phase starts with

smaller primary particles that have been generated by sonication of the suspension, i.e., dp ≈ 5

µm, the particles comprising the flocs initially have a higher sticking efficiency and stronger

bonding than they do during the PS phase. A consistent result of this is an initial peak in the

floc sizes during the NPS phase followed by a slow drop down to an equilibrium size as the flocs

are reworked by mixing (Keyvani and Strom, 2014). Suspensions that start from a state with

larger primary particles, produced by turbulent mixing do not produce such behavior.

Figure 2.4c and 2.4d display floc size distribution characteristics measured within the last

five minutes (minutes 716 to 720). These five minutes of data made for a total population of

13,673 individual flocs, unevenly distributed from several hundred for each lower concentra-

tion conditions to thousands of floc for each higher concentration conditions. At least two

observations are evident from this set of size distribution data. The first is that df50 is clearly

a function of C (Fig. 2.4). Second, this change in df50 is primarily a result of a stretching of

the distribution by adding in larger flocs; that is, the distributions are also getting more poorly

sorted with C (Fig. 2.4c, and 2.4d).

2.4.2 Set B: Floc Size Evolution under a Decay in Concentration

Figure 2.5 shows the concentration time series and corresponding change in the floc df50 from

the three Set B experiments in which concentration was decreased linearly at three different

rates from 400 mg/L down to 50 mg/L (Fig. 2.2); the time to go from C = 400 mg/L to 50 mg/L,
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Figure 2.4: Measured floc size, df50, from Set A experiments (steady-state concentration). a) and b): time
series data for NPS and PS, respectively. c) and d): boxplot of the last five minutes (minutes 716 to 720)
of the time series data for NPS and PS, respectively. The bars in the boxplot from top to bottom present
df95, df84, df50, df16, and df5.

∆T , was 50, 100 and 200 min respectively. For context, data shown in Figure 2.5 is from the PS

phase of the experiment only; that is, from the time period following de-flocculation by strong

mixing (Fig. 2.2). A few observations regarding the data from Set B (Fig. 2.5) are in order. First,

it is clear that floc sizes decrease in time with the drop in concentration (Fig. 2.5 a-d). This

outcome shows that flocs created at one concentration will change their size with a decrease

in concentration even when the mixing conditions remain constant. Second, the differences in

equilibrium floc size at C = 400 mg/L to 50 mg/L between Set A and Set B are all within the range

of experimental variation of ± 8 µm. Third, even throughout the concentration drop, there is

little difference between the floc sizes at a particular concentration, e.g., 300, 200, or 100 mg/L,
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and the equilibrium floc size at that concentration from the Set A experiments (Fig. 2.5 e-g).

While the magnitude of the differences between the Set A and Set B sizes was small, there was

a general trend of df50 at a particular concentration in the Set B runs being slightly larger than

those in Set A. Fourth, there was no consistent trend in the df50 between the Set B runs at a

particular concentration. We take this to indicate that, at least when averaged over a 5 minute

window, average floc size df50 did not depend on the rate of decrease in concentration.

2.5 Discussion

The Set A (steady concentration) and Set B (unsteady concentration) experiments both show

that the equilibrium and time-dependent floc size distribution is a function of concentration

(Fig. 2.4, 2.5). Specifically, the data show that the size of the largest flocs increase with C (Set A)

and that, similar to some other studies (e.g., Milligan, 1995), floc size responds rather quickly

(within 20 min) to a time dependent decay in C . In this discussion section, we explore: (1) the

relationship between df50e and C ; (2) the floc size differences at a given C between experiments

A (steady) and B (unsteady); (3) the impact of a change in C on the calculated settling velocity

of the flocs in suspension relative to changes in G (turbulent shearing); and (4) the capabilities

of empirical floc settling velocity equations to capture these relationships.

2.5.1 Relationship between df50e and C

The data show that floc size, df50e, is a weak positive function of C . As discussed in section ??,

it is expected that df50e can vary by ± 8 µm due to variability in the experiments. Furthermore,

overlap can cause an overestimation of 3 to 11 µm depending on the concentration (Table 2.4
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Figure 2.5: Data from the Set B experiments (change in floc size due to a steady rate of decrease in C ).
The diagrams on the left depict (a) the concentration time series and (b-d) the time series of df50 for each
run. The correlation coefficients between the concentration and floc size are 0.94, 0.88 and 0.90 for 50,
100, and 200 minutes scenarios, respectively. Plots in the column to the right (e-g) shows the box-and-
whisker plot of floc size characteristics at three different concentrations during the decay period. The
data of equivalent concentrations from Set A are also presented for comparison. In all cases, the box
plots were developed with 5 minutes of floc size data. The horizontal box-and-whisker markers from top
to bottom correspond to: df95, df84, df50, df16, and df5.
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Figure 2.6: Floc size with overlap removed. The error bars show the experimental variations of ± 8 µm.

and Appendix). To provide context for these differences, the equilibrium size data from Set A

is plotted in Figure 2.6 both with and without the overlap bias removed [via Equation 2.12];

the ± 8 µm experimental variation is also indicated via error bars. The differences among the

experiments at different concentrations all reduces once the overlap bias has been removed.

After removal of the overlap bias from the Set A data, the difference in df50e between C = 15

mg/L and C = 400 mg/L is 48 µm; this difference reduces to 22 µm comparing only C = 50 mg/L

and C = 400 mg/L (Fig. 2.6). Similarly, if the floc overlap bias is removed in the Set B data, [via

Equation 2.12] the difference in floc size between 50 and 400 mg/L drops to approximately 35

µm. The equilibrium size data in Figure 2.6 also show that df50e from Set B is close to that from

Set A for C = 400 mg/L (within the experimental variability), but that the sizes at C = 50 mg/L

are slightly smaller than their counterparts in Set A.

The equilibrium size model of Winterwerp (1998) (Eq. 2.3) suggests that df50e should be

proportional to C . Data from our experiments illustrates that this is reasonable if data from the

C = 15 and 25 mg/L experiment are neglected (Fig. 2.6). Fitting a line to all of the equilibrium
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size data (both Set A and Set B) for which the overlap bias has been removed (using Eq. 2.12)

gives:

df50e = 0.103(C )+78, (R2 = 0.77) (2.6)

Hereinafter, in all equations C is in mg/L and df50e is in µm, unless otherwise stated. Consider-

ing only data from C = 50 to 400 mg/L gives: df50e = 0.08(C )+85.73 (R2 = 0.90). These fits show

that df50e is linearly related to C in the experiments, at least in the range of C = 50 to 400 mg/L.

However, a direct comparison between Equation 2.6 and Equation 2.3 of Winterwerp (1998)

is somewhat tenuous because a one-to-one comparison would suggest an interpretation of the

intercept as being equal to the primary particle size inµm (i.e, dp = 78µm, which is significantly

larger than the expected value of dp ≈ 15 µm. With either of the two linear fits, and assuming

that the trends hold for much larger concentrations than the ones tested here, C would need to

increase from 100 to 1000 mg/L to produce a doubling of df50e.

2.5.2 Are Flocs in Equilibrium with the Local Conditions During a Time-dependent Decay
in C

This section further examines the data from Set B experiments to determine how close the flocs

sizes are during the unsteady decay in C to their equilibrium values at the same concentration.

That is, we explore the question of wether or not d f 50 at a concentration of C1 ( 400 > C1 > 50

mg/L) is equal to the equilibrium value, df50e(C =C1), as determined by the Set A experiments.

Inherent in many empirical floc settling velocity equations, such as Equation 2.2, is the

assumption that floc size and density, and hence settling velocity, are in equilibrium with the

local concentration. That is, that ws is defined based solely on C without any time dependence.
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Figure 2.5 reveals that the df50 does respond to changes in concentration quickly. In fact, the

correlation coefficients between the concentration decay and the reduction in floc size are 0.94,

0.88, and 0.90 for scenarios 50, 100, and 200 minutes, respectively. Hence, it seems reasonable

to consider, at least for our experimental conditions, that the floc size is very close to being in

equilibrium with the local conditions — even during periods of slow or fast reductions in C .

Perhaps this outcome is partially due to the fact that the average equilibrium floc sizes over this

range of C and G conditions are already reasonably close to each other. Unfortunately, our data

does not say anything about how a mature floc size distribution responds to increases in C with

time.

In this section, we use the idea of a linear function between df50e and C for concentra-

tions between 50 and 400 mg/L to examine how close to equilibrium the floc sizes are during

the decay in C within the Set B experiments. If the floc sizes are in equilibrium with the local

conditions, then the size data through the decay in C should be well approximated by a line

resulting from a linear fit to the equilibrium size data. Fitting a line through the two points of

df50e at C = 50 and 400 mg/L (for the Set B data only) gives:

df50e,m = 0.145(C )+75.1 (2.7)

Concentration time series data from the OBS was used in Equation 2.7 to generate a the-

oretical time series of df50,m for which the size is in equilibrium with the local concentration at

every point in time. The comparison between this theoretical curve and the measured df50 data

is shown in Figure 2.5. Strictly speaking, the size predicted by Equation 2.7 through the decay
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is smaller at any given point in time than the measured data. In other words, there is a lag in

time between when a particular size is reached in the measured data relative to the equilibrium

model (Eq. 2.7). This observation may also be an artifact of using the measured floc sizes at

C = 400 and 50 mg/L to develop the equilibrium model (Eq. 2.7).

2.5.3 The Impact of C on Settling Velocity in a Turbulent Suspension

The data show that floc size changes with C . In this section, we explores how those changes

in size might manifest in modifications in the floc effective settling velocity due to changes in

concentration, C , and turbulent shearing, G . In the analysis, we assume that the floc’s fractal

dimension, n f , is insensitive to variation in C or G and that n f = 2; based on previous settling

velocity measurements (Tran and Strom, 2017), a value of n f = 2 is a reasonable estimate for

this particular mixture of mud. Doing so allows for the computation of a floc effective settling

velocity based on floc size. This calculation used the settling velocity equation of Strom and

Keyvani (2011):

ws =
g Rf d 2

f

b1ν+b2

√
g Rf d 3

f

(2.8)

where g is the acceleration of gravity, Rf = (ρf −ρ)/ρ is the submerged specific gravity of the

floc or particle, ρf is the density of the particle or floc, ρ is the density of the ambient water, df

is the equivalent diameter of the floc or particle (in the analysis we use df = df50e), and b1 and

b2 are coefficients that are dependent on particle shape and porosity (unless otherwise stated,

we use b1 = 20 and b2 = 1.26). R f can be put as function of Rs the submerged gravity of the

sediment, d f , dp , and a fractal dimension, n f using the following relation: R f = Rs(d f /dp )n f −3

(Kranenburg, 1994). Considering the data with the overlap bias removed, the calculation reveals
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that a 700% change in C results in an ≈ 20% change in floc ws (i.e, going from 0.4 mm/s to 0.5

mm/s). Assuming that Equation 2.6 can be applied to higher concentrations, a doubling of the

predicted effective settling velocity can be obtained by going from C = 100 mg/L to 1,000 mg/L

(from 0.38 mm/s to 0.76 mm/s).

In our present study, we have isolated the impact of steady-state and decaying suspended

sediment concentration on time-dependent and equilibrium floc sizes under conditions of

steady shear. However, numerous studies have shown that floc size is proportional to the Kol-

mogorv micro length scale, η, or that df50e ∝ G−1/2 (Lick and Lick, 1988; Winterwerp, 1998;

Verney et al., 2011; Guo et al., 2018). Here we use this proportionality and data from previous

studies to estimate the expected change in ws(d f 50) due to only changes in G . The purpose of

doing so is to compare the magnitude of the change in settling velocity that might be expected

from variation in G to changes that might be expected from variations in C . These estimates are

based on the following approximation:

df50e,m ≈ 0.75η= 0.75

√
ν

G
(2.9)

The factor of 0.75 in the proportionality between floc size and η was chosen because it allowed

for a reasonable match between Equation 2.9 and the equilibrium size data from the current

experiments (at G = 50 s−1) and the experiments of Tran and Strom (2017). Using Equations 2.9

and 3.1, one would expect to see a doubling of the effective settling velocity due to a decrease

in shear only when going from G = 50 to 12 s−1(from 0.46 mm/s up to 0.91 mm/s).
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2.5.4 Can Current Equilibrium Models Capture the Observed Trend?

This section examines the ability of historic equilibrium floc size, or empirical floc settling ve-

locity, equations to capture the basic trend in our data for df50e = df50e(C ). In the comparison

Equation 3.1 was used to translate between df50e and ws . The models being tested are those

of, Krone (1962), Teeter (2001), and the steady-state version of the Winterwerp (1998) floc size

model. These three models were chosen because their basic structure represents the widest va-

riety in relationship of such models while still maintaining some dependence of df50e, or ws , on

C .

The most basic form of a concentration dependent settling velocity is that of Krone (1962),

who suggested that the flocculation impacted settling velocity relationship,

ws = aC n (2.10)

described his experimental observations from a dilute suspension of San Francisco Bay mud.

Here a and n are sediment and water chemistry specific parameters, equal to a = 0.107 and

n = 4/3 for Krone’s data where ws is in mm/s and C is in g/l. Please note that the Krone (1962)

flocculation-influenced settling velocity is solely a function of C . We would argue that the shear

rate being experienced by the mixture strongly influences the size of the flocs and therefore

the settling velocity of the mud. However, since the experiments presented in this paper were

conducted under uniform conditions of G , it is possible that an equation like Equation 2.10

could do a good job of capturing the trends in our data.
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In a previous study, Strom and Keyvani (2016) found that the van Leussen (1994) model

could be calibrated to reasonably estimate the dependence of ws on changes in G only. How-

ever, the van Leussen (1994) model does not have any dependence with C , and would therefore

predict no difference in ws among our current set of experimental conditions. Therefore, we

test the function of the Teeter (2001) model, which adds a concentration dependence to the

basic structure of the van Leussen (1994) equation:

ws,i = a1

(
C

Cul

)ni
[(

1+a2G

1+a3G2

)
exp

(
−a4

C

Cl l

)
+1

]
(2.11)

where a1 through a4 are general coefficients, ni is a power specific to each size class i , Cl l is

the the lower concentration limit below which flocculation is thought to be unimportant, and

Cul is the upper limit past which hindered settling is important. The third model is given by

the steady-state solution to the time-dependent model by Winterwerp (1998) (Eq. 2.3); which

seems appropriate without modification because flocs in our experiments never settle.

Figure 2.7 displays the results from our analysis. Figure 2.7A compares the equilibrium

floc size data from the prior shear experiments of Set A to the three models presented above,

using the coefficients given by the original authors. As can be seen, when using the original

model coefficient values, the three models underpredict the settling velocity calculated from

the floc size measurements over the range of C values tested. That is, the models predict very

little influence due to flocculation in the 15 to 400 mg/L range. For this reason, we re-calibrated

the model coefficients for each equation by fitting the models to our observed data. Figure 2.7B

shows the models after they were calibrated with our data; the original and newly calibrated
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coefficient values are given in Table 2.3. Because the Krone (1962) and Teeter (2001) models are

both power functions, they can be calibrated to well match the observed data over the range

of concentrations used in the experiments, and even down to smaller sizes as C approaches 0

mg/L. However, because the Winterwerp (1998) equation is linear, it cannot capture the change

in slope between C = 0 and 50 mg/L. Furthermore, setting the intercept equal to the primary

particle size, b = dp , in Equation 2.3, makes it impossible to capture the slope of the settling

velocity curve for C ≥ 50 mg/L. For these reasons, two types of calibration with b and K A/KB in

Equation 2.3 were investigated. In the first, b was set equal to dp and K A/KB was determined

by ensuring that the settling velocity predicted with Equation 2.3 and Equation 3.1 matched the

value obtained with the experimental data at C = 100 mg/L. For the second, both b and K A/KB

were varied to best fit the data in the range of C ≥ 50 mg/L (Fig. 2.7B). Following the work in

this study we proposed a modification of the limits floc sizes to that of the Kolmogorov micro

length scale so that Winterwerp (1998) equation can better predict floc size at other level of

concentrations, e.g., Figure 13 in (Kuprenas et al., 2017).

Once calibrated, all three of the models could reasonably describe the equilibrium floc

size, or settling velocity, over the range of C = 25 to 100 mg/L. However, in all cases, the original

model coefficients: (1) under predicted the influence of flocculation in the dilute suspension

tested here (predicted a lower ws value than the data suggest), and (2) overpredicted the in-

fluence of C on ws (or overpredicted the slope of the ws = ws(C ) function). This comparison

shows that there are both empirical and semi-empirical equilibrium floc-size models that can

adequately capture the relationship of floc settling velocity under conditions of constant shear.
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Figure 2.7: Comparison between the equilibrium floc data from Set A and the equilibrium models of
Krone (1962) (K62), Winterwerp (1998) (W98), and Teeter (2001) (T01). Note, the assumption in this
figure is that ws goes to the settling velocity of the primary particles as C approaches 0 mg/l, which is
very small. (a) comparison between the data and the models using the original calibration coefficients
of the authors; (b) comparison between the data and the models using coefficients that were developed
in calibrating the models to the data in this paper. Values for all coefficients in both panels (a) and (b)
can be found in Table 2.3.

However, these models need calibration and, as of yet, cannot be used with off-the-shelf model

coefficients. Of the three models tested here, we suggest that the Teeter (2001) and Winterwerp

(1998), or the limited-residence-time model of Winterwerp et al. (2006), are better suited for

describing the resulting impact of flocculation on ws because they also include a functionality

with G .
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Model Original Values Calibrated Values

Krone (1962)
a 0.107 0.50
n 1.33 0.16

Winterwerp (1998)
K A/KB 1.04 6.5 (0.43)*
b [µm] dp dp (91)*

Teeter (2001)
wsi,max [mm/s] 1 1
a1 266 300
a2 9 10
a3 0.80 0.05
ni 1 0.89
Cl l [mg/l] 100 10
Cul 10000 10000

Table 2.3: Coefficient values for the settling velocity equations presented section 2.5.4. *values in paren-
thesis represents the best fit of both the slope (K A/KB ) and intercept, b, of Equation 2.3 using only data
from C = 50 mg/L and larger.

2.6 Conclusions

This study investigated the influence of suspended sediment concentration, alone, on (1) the

equilibrium floc size, and (2) the rate of adjustment in size within a suspension in response to

a decay in concentration mimicking that of clearwater entrainment. The investigation was car-

ried out through two sets of experiments, one of which maintained a steady concentration (Set

A), while the other was configured so that concentration decreased with time (Set B). The newly-

developed “near wall” imaging method allowed us to directly image flocs in concentrations up

to C = 400 mg/L without removing any samples from the turbulent suspension.

The data suggest that equilibrium floc size is a function of C , but that the dependence is

weak–at least when the turbulent shearing is relatively strong (i.e., G = 50 s−1) and C ≥50 mg/L.
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For example, a 700% increase in concentration (going from 50 to 400 mg/L) only led to a change

in the floc size of 22 µm (a ≈ 20% change in size). The increase in equilibrium floc size with C

was found to be linear within the range of C = 50 to 400 mg/L. Furthermore, increases in C were

found to enhance the growth rate of flocs in the NPS phase; yet this pattern was not discernible

in the PS phase since floc re-equilibrated very quickly during the PS phase.

In these experiments, it seems reasonable to take the PS floc behavior as being a more

accurate representation of flocs in natural water bodies. Under this paradigm, the Set B exper-

iments showed that floc sizes respond quickly to decreases in C , making the time dependent

flocs size nearly equal to the equilibrium floc size predicted by the conditions in the tank at

any instant. In the strict sense, flocs were out of equilibrium with the local conditions. How-

ever, factoring in experimental error and a natural variability in floc size data, we conclude that

for the water and sediment conditions tested in our experiment, the floc size, and hence set-

tling velocity, could be treated as being in equilibrium with the local conditions for process or

computational time scales on the order of minutes to tens of minutes and larger.

2.7 Appendix

2.7.1 Development of Near-wall Method

In this study, we suggest an alteration to the setup we have used in the past to allow for mea-

surement of floc sizes within suspensions of up to C = 400 mg/L. As mentioned previously,

to provide illumination, a LED was fitted inside a waterproofed housing, sealed inside with a

round glass plate, and placed inside the tank. The glass plate served two functions. First, it al-

lowed light to pass out of the waterproofed housing. Second, placing the LED in the tank such
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Figure 2.8: Schematic and picture of the Near wall setup. The flow through cell results in slowing the
speed and reducing the number of flocs being imaged.

that the glass plate was parallel to the mixing tank wall produced a thin, (≈ 1 mm) flow-through

cell where flocs could be imaged. The flow-through cell both slowed the speed of the flocs and

reduced the number of flocs between the light source and tank wall. The combined effect was

that flocs could be imaged with a constant (as opposed to flashed) light source, and flocs could

be imaged in concentrations up to 400 mg/L (Figure 2.8). Without the glass plate, the maximum

concentration in which flocs could be imaged is ≈ 100 mg/L (Strom and Keyvani, 2016).

2.7.2 Comparison Between the Near-wall and Standard, Far-wall, Methods

The new glass plate, flow-through cell was tested extensively to ensure that it did not filter out

larger flocs, cause a breakup, or increase floc size due to congestion in the cell. To conduct this

test, we used two identical floc camera systems within the same mixing tank. Both light sources

were fitted with the glass plate described above and placed within the tank. One was placed at 1

mm from the wall (i.e., the “near-wall” setup), and the other was placed at 8 mm from the wall;

the one placed at 8 mm from the wall is referred to as the far-wall method. Experiments on floc
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growth, with procedures identical to those of Set A, were run with this setup under conditions

of C = 25, 50, and 100 mg/L; note that the camera with the light source 8 mm away cannot

capture meaningful data when C >100 mg/L. Images from both cameras were run through the

image processing routines to produce floc-size populations and average-size time series. The

sizes captured with the two different camera setups were then compared. Data from the three

experiments showed very little difference in floc size or rate of growth between the two cameras

(Fig. 2.9). Based on these experiments, we conclude that the near-wall method creates a climate

for collecting reasonable floc-size data when the floc’s diameters are less than about half of the

flow-through cell gap.
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Figure 2.9: Time series of the average floc size, d f 50, from the near and far wall setups for both the NPS
and PS phases of floc growth.
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Figure 2.10: Examples of overlap flocs. The overlap flocs A and B were eliminated during the automated
image processing based on the circularity threshold. Overlap flocs C and D, which were not detected by
the automated code, were taken into account when computing floc size. The overlap causes overestima-
tion of about 3 to 11 µm for concentration ranging from 100 to 400 mg/L, respectively.

2.7.3 Floc-overlap at Higher Concentration

Even with the near-wall flow-through cell, images of flocs at higher concentrations, e.g. C =

200, 300, and 400 mg/L, resulted in a significant number of flocs within the imaged plane. This

can lead to what we refer to as “overlap” issues when running the automated image processing

routines. The term overlap refers to automatically identified flocs in the image processing rou-

tines that are really the superposition projection of two or several individuals, detached flocs in

a 2-D plane (Fig. 2.10). These overlap “flocs” are often larger and far more irregularly shaped

than the true flocs in suspension, and the inclusion of them in the size statistics could lead to

overestimation of the average floc size.

A circularity filter was included in our standard image processing routines to help reduce

the impact of overlapping flocs on the measured size distribution. Here circularity was defined

as Ccirc = 4π(A f /(P f )2) where A f is the floc area and P f is the floc perimeter. In this way, all
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C = 100 [Original] C = 100 [Overlap removed]
C = 200 [Original] C = 200 [Overlap removed]
C = 400 [Original] C = 400 [Overlap removed]

Figure 2.11: Comparison of floc size distribution with automated procedure and manually removal of
overlap flocs. Each distribution curve was plotted from a population of 500 individual flocs. The total
number of flocs that were manually examined were 3,000 flocs.

flocs identified by the automated procedures with circularity values that fell outside the range

of Ccirc = 0.09 - 0.65 were removed from the results. These filter values were based on analysis of

approximately one million flocs for which we knew that overlap was not an issue. Adding this

filter removed the majority of the bias in sizes at higher concentration. For example, the criteria

led to the removal of flocs A and B in Figure 2.10 from the results. Nevertheless, even with the

circularity filter, testing showed that some overlapping flocs still made it through to the results

(e.g., C and D in Fig. 2.10).

Other criteria were extensively explored to aid in removal of overlapping flocs from the
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1NPS
C = 100 [mg/L] C = 100 [mg/L]

Diff.
C = 200 [mg/L] C = 200 [mg/L]

Diff.
C = 400 [mg/L] C = 400 [mg/L]

Diff.
original overlap removed original overlap removed original overlap removed

d5 [µm] 71 70 1 66 66 0 79 72 7
d16 [µm] 88 87 1 88 86 2 107 95 12
d50 [µm] 117 117 0 127 121 6 154 145 9
d84 [µm] 153 151 2 167 164 3 197 197 5
d95 [µm] 177 176 1 201 197 4 241 238 3

1PS
C = 100 [mg/L] C = 100 [mg/L]

Diff.
C = 200 [mg/L] C = 200 [mg/L]

Diff.
C = 400 [mg/L] C = 400 [mg/L]

Diff.
original overlap removed original overlap removed original overlap removed

d5 [µm] 64 64 0 58 53 5 62 56 6
d16 [µm] 76 76 0 74 67 7 85 72 13
d50 [µm] 103 100 3 106 98 8 123 112 11
d84 [µm] 137 135 2 144 138 6 156 151 5
d95 [µm] 164 161 3 173 168 5 174 172 2

Table 2.4: Comparison of floc size with and without removal of overlap flocs. The grain size characteris-
tics obtained from 3,000 individual flocs (500 flocs for each condition) of which were used to manually
quantify the overestimation of floc size causing by overlap. 1NPS stands for non prior shear. 2PS stands
for prior shear.

size results. However, no other suitable filter parameter was found. In the end, we simply quan-

tified the impact of overlapping flocs on the size measurements. This was done by manually

checking 500 individual flocs identified by the automated procedures at concentrations of 100,

200, and 400 mg/L during minute 720 of each phase of the Set A experiments (i.e., during equi-

librium for both the NPS and PS phase); in all, 3,000 flocs were manually checked. In each case,

any floc that appeared to be an overlap projection of two or more flocs were broken down into

their individual floc components. We used ImageJ, a program that was developed by National

Institutes of Health and has been widely used in image processing, to trace the shape of the

particle to measure its size.

For example, overlap flocs C and D in Figure 2.10 consists of three and four individual

in-focus flocs, respectively. The sizes of flocs C and D were therefore eliminated from the size

distribution and replaced by the sizes of the three and four in-focus individual flocs that com-

prise flocs C and D. The floc size distribution as well as the mean floc size, df50e, were calculated
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for both with and without the removal of the overlap flocs. Figure 2.11 and Table 2.4 illustrate

the original data and the modified data after removal of the overlapping flocs. In Figure 2.11,

the frequency distributions have been normalized by the total number of measured flocs to

allow for better comparison between the “with” and “without” overlap size distributions. The

results of this analysis show that the overlap flocs do not significantly alter the shape of the size

distribution, but that they do lead to slight overestimation of the average floc sizes, df50e; aver-

age overestimation of the df50e was +3 µm for a concentration of 100 mg/L, up to +11 µm for

concentrations of 400 mg/L (Table 2.4). Fitting a curve to the bias gives,

+∆df50e = 5.12ln(C )−20.74, (R2 = 0.90) (2.12)

Here, C is in mg/L and ∆df50 is in µm. It must be noted that this curve is limited to C in the

range of 50 to 400 mg/L and that it is specific to our particular data; there is no reason to expect

it to be more generally applicable.
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3 Suspended clays and silts: Are they independent or dependent fractions
when it comes to settling in a turbulent suspension?

3.1 Introduction

3.1.1 Overview

Many riverine, coastal, and marine environments produce conditions where suspended sed-

iment contains a mixture of cohesive clay minerals and non cohesive silt in the size range of

0.1−63 µm. Examples include, low land rivers such as the lower Mississippi (Galler and Allison,

2008), river mouth plume discharges (Walsh and Nittrouer, 2009), turbidity currents (Xu et al.,

2014), and deep ocean currents (McCave and Hall, 2006). Understanding and predicting the

vertical distribution of such sediment mixtures and the resulting zones and rates of deposition

requires one to know the settling velocity of the particles, ws . Without the presence of clay, the

settling velocity of silt, and therefore the settling velocity of the mixture, can be defined using

standard terminal settling velocity equations such as Stokes equation or that of Ferguson and

Church (2004). However, the settling velocity of a pure clay suspension can be more difficult to

define due to the aggregation and breakup process of flocculation. The flocculation process can

produce flocs (or clay aggregates) that have sizes, densities, and shapes that are vastly different

Chapter 3 was published in Continental Shelf Research as Tran and Strom (2017)
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from the original constitutive, or primary clay particles. Moreover, flocs can grow or shrink in

size as the turbulent properties of the flow change (Milligan and Hill, 1998; Manning and Dyer,

1999; Kumar et al., 2010; Wang et al., 2013). This makes the settling velocity of suspended clay

potentially dependent on, at least, clay mineral type, flow conditions, water chemistry, and sus-

pended sediment concentration.

A common starting point for modeling mixtures of suspended clay and silt is to assume

that the silt fraction is non cohesive, that the clay fraction is cohesive, and that the two fractions

mix and settle independent of one another. That is, that the settling velocity of the silt can be de-

fined by the terminal settling velocity of a solid particle, and that the settling velocity of the clay

fraction can be defined using empirical floc-modified settling velocity equations (e.g. Hwang,

1989; van Leussen, 1994; Teeter, 2001; Soulsby et al., 2013) or through modeling of the average

floc size (e.g. Winterwerp, 1998) or population (e.g. Hill and Nowell, 1995; Verney et al., 2011)

coupled with a floc settling velocity equation (e.g. Strom and Keyvani, 2011). This framework

allows one to treat the two mud fractions independently using our knowledge of sand transport

for the silt and our flocculation models that have been developed for pure clay, and then to

calculate the total mixture properties through a simple linear addition. For example, if concen-

tration profiles are linearly additive, then the effective settling velocity of a size distribution is

equal to the summation of each size fraction’s settling velocity, ws,i, multiplied by the fraction

of the distribution contained within the size class, pi ; that is, ws,avg =∑n
i=1 pi ws,i. With sand or

pure silt, this assumption is likely very reasonable because particles in suspension only interact

through a slight transfer of momentum during collisions, and these particle collisions do not re-
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sult in a change in the particle size or density. However, the reasonableness of this assumption

for mixes of silt and clay is suspect due to the fragile nature of flocs and the potential for flocs

to bind around silt particles. The broad goal of this paper is to explore whether or not clay and

silt size fractions can be treated independently when it comes to settling velocity calculations.

3.1.2 Past Work

The general question of whether or not clay and silt or clay, silt, and sand settle independently

or together in mass has been a topic of past interest. In some cases, the mixtures have sim-

ply been treated as independent fractions. That is, the suspension was considered as having

either cohesive-like or non-cohesive-like behavior, and flocculation processes were included

through empirical relationships between ws and the suspended concentration (Van Ledden,

2003; Merckelbach and Kranenburg, 2004; Hir et al., 2011; Carniello et al., 2012). Other labo-

ratory studies have focused on bulk settling of high concentration mixtures of mud in settling

columns, with the aim of identifying rates of interface descent and segregation or mixing of

the clay and silt fractions in the resulting deposit texture (Amy et al., 2006; Cuthbertson et al.,

2016). For instance, Amy et al. (2006) examined five settling regimes that resulted in five dis-

tinct sand-mud sedimentation textures in an effort to better understand processes that lead to

sandstones with bimodal mud content. The study showed a strong dependence between the

bed deposit characteristics and the concentration and ratio of cohesive to non-cohesive sedi-

ment in the suspension. Their experiments, however, were conducted in a stagnant column of

water void of sustained turbulent shear. In cases where the water is stagnant and concentra-

tion of clay is high, flocs can grow to sizes that are much larger than they would be if turbulent
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shear existed. Hence, in such experiments, the flocculation process will possibly exaggerate its

impacts on the suspension and dictate the deposit behavior in comparison to the same type of

experiment with dynamic turbulent shear stress environments, e.g., river plumes and turbidity

current. Another example is that of Cuthbertson et al. (2016). Employing a non-invasive, elec-

trical resistivity measurement and time-lapsed imaging Cuthbertson et al. (2016) showed that

the bulk settling velocity and bed profile varied with the ratio of clay and sand in the mixture.

As such, a sharp interface with sand-dominated deposit layer turned to a mixed clay-sand tran-

sition layer with the increase of clay fraction in the mixture. Furthermore, it required a longer

time to form the transition layer under the clay-dominated condition. Yet, the authors did not

address the mechanism of how sand and clay interact in either a field of turbulent shear or at

the particle scale.

While these studies show that there are cases where clays and silts do and do not settle as

a mixture, they do not, as a whole, discuss whether or not the presence of silt and clay together

in turbulent suspensions can modify the individual floc settling velocity or the settling velocity

of the individual silt grains. This is important in more dilute suspensions as might be found in

estuaries, plumes, and turbidity currents. The only study we know of that has attempted to look

at this was the study of Manning et al. (2013). In their work, Manning et al. (2013) compared the

settling velocity of clay flocs with particles and flocs formed in a mixtures of sand, silt, and clay.

They concluded that the presence of sand increased the settling speed of microflocs (flocs with

diameters <160 µm), but that the presence of the sand decreased the settling velocity of larger,

so-called macroflocs. The Manning et al. (2013) study suggests that the presence of sand may
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alter the settling velocity of flocs. Yet the study does not discuss the fundamental mechanism

by which sand modifies the settling speed of flocs of different sizes.

3.1.3 Important Properties that Could be Impacted by Size Fraction Interaction

The settling velocity of any particle, whether it be a solid or porous aggregate, is largely dictated

by the particle or aggregate density and size. Consider the following general relation for the

settling velocity of a solid particle or floc aggregate based on a balance between fluid drag and

submerged weight Ferguson and Church (2004); Strom and Keyvani (2011):

ws =
g Rf d 2

f

b1ν+b2

√
g Rf d 2

f

(3.1)

where g is the acceleration of gravity, Rf = (ρf −ρ)/ρ is the submerged specific gravity

of the floc or particle, ρf is the density of the particle or floc, ρ is the density of the ambient

water, df is the equivalent diameter of the floc or particle, and b1 and b2 are coefficients that

are dependent on particle shape and porosity. For a floc aggregate, Rf is a function of floc size,

df , raised to a negative power (Dyer and Manning, 1999; Markussen and Andersen, 2013). For

convenience, one can relate Rf to df using a 3D fractal dimension, nf :

Rf = Rs

(
df

dp

)n f −3

(3.2)

where, Rs is the submerged specific gravity of the sediment itself making up the particle or

floc, dp is the size of the solid particles that any floc may be made of, i.e., the primary particles.

Note that n f = 3 yield Rf = Rs . Therefore, for a solid particle, n f = 3. For flocs, n f < 3; typically
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falling between n f = 1.8 and n f = 2.5 (Khelifa and Hill, 2006; Strom and Keyvani, 2011).

Equation 3.1 highlights that the floc or particle size, df , and density, tied up in Rf , are

the two primary parameters that set the value of ws . For silt, it is unlikely that the presence

of clay will impact the settling velocity of an isolated silt grain. However, it is possible that the

presence of silt could potentially alter either the size or density of a clay floc relative to that of

flocs formed in a suspension of pure clay. Figure 3.1 illustrates how increases in floc particle

density or size leads to changes in the settling velocity. These increases are expressed in terms

of percent change to better highlight the sensitivity of the parameters for flocs of different sizes.

For the figure, the changes in floc density are achieved by increasing the floc fractal dimension,

n f (Eq. 3.3). Of note in the figure is the sensitivity of ws to changes in density. For example,

for a floc size of 95 µm, a 50% increase in ws (going from 0.36 mm/s to 0.54 mm/s) can be

achieved through an increase in density of 4%. That is, by going from 1,108 kg/m3 to 1,152

kg/m3. This is equivalent to an increase of fractal dimension from n f = 2 to 2.14. Holding the

fractal dimension constant, a 50% increase in ws is achieved only after a near 50% change in

the floc size.

This short analysis highlights the fact that small changes in density or size of a floc can

lead to substantial changes in the settling velocity. Whether or not silt impacts a floc size or

density is not known. However it is possible that the presence of silt in clay suspension could

impact either. For example, silt particles could become lodged within clay flocs and increase

their overall density and settling velocity. It is also possible that the presence of silt could sup-

press flocculation due to the added force of silt to clay floc collision or weaker bonds between
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Figure 3.1: Settling velocity variation with increase of density and floc size.

silt and clay particles. The added force of collisions, or the weakening of bonds within the flocs,

could both lead to a reduction in the flocs size and, hence, a reduction in the overall average

settling velocity.

3.1.4 Study Objectives

In this paper, we examine the question of whether or not mixtures of clay and silt in suspension

act independent of each other. More specifically, we examine the following three questions: (1)

does the presence of silt in suspension alter the size of mud flocs relative to that from a pure

clay suspension of equivalent concentration? (2) can silt particles become bound inside clay

flocs?; and (3) if silt is bound within flocs, how does this change the settling properties of the

clay and silt? Our three hypotheses are: (1) that the addition of silt will decrease the equilibrium
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floc size; (2) that a fraction of the silt will be bound within the flocs; and (3) that the addition

of silt particles within the floc will produce an increase in the overall floc density and settling

velocity.

3.2 Material and Methods

Two series of laboratory experiments were conducted using different suspensions of clay, silt,

and clay-silt mixtures to test our hypotheses. In the first set (Set A), the floc and silt size distribu-

tions were measured as a function of time within a turbulent suspension. The second series of

experiments (Set B), measured the settling velocity of individual sediment particles or flocs in a

stagnant column of water at the end of the Set A experiments. Floc cameras and image process-

ing techniques were used in both cases to measure the floc and silt sizes as a function of time in

the turbulent suspension (Set A), and the settling velocity in the stagnant settling column (Set

B). Images from experimental Set A also allowed for data to be collected on the capture of silt

particles within individual flocs. Table 3.1 summarizes the clay to silt ratios, concentrations,

and turbulent shear rates used in each experiment. In Table 3.1 and throughout this paper, the

notation clay:silt 1:1, 1:3 and C:S 1:1, C:S 1:3 refer to experimental conditions of which clay was

mixed with silt in dry mass/mass ratio of 1:1 and 1:3 respectively. The terms “Pure silt 1:1,” and

“Pure silt 1:3” refers to experiments that used only silt, but with the mass equivalent to that of

the silt in clay:silt ratio 1:1 or 1:3 experiments.
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3.2.1 Experimental Equipment

The sizing experiments were run on 13 liter suspensions in a mixing chamber with dimensions

of 27.5 x 27.5 x 25 cm. Turbulent shear was generated using a variable speed paddle mixer.

Two paddle rotation rates were used to examine the impact of turbulent shear on the stated

hypotheses. These paddle speeds were chosen based on two criteria. First, the rate had to be

high enough to keep the majority of the silt in suspension. Second, the paddle speed had to

produce equilibrium floc sizes that were significantly larger than the silt particles. That way, the

floc aggregates and silt particles could be distinguished in the image processing procedures.

Based on the geometry of the paddle and mixing chamber, and the mixing tank turbulent shear

relation of Logan (1999), the shear stress inside the mixing tank can be calculated as:

G =
(

52.3bd,p Aps3R3
p

νwVT

)1/2

(3.3)

Where bd,p is the drag coefficient, Ap is the area of the paddle, Rp is the radius of the paddle,

s is the paddle speed (rotation in second), ν is the fluid kinematic viscosity, and VT is the total

volume of the fluid in the chamber. Our selected paddle rotation rates, 35 and 52 rotation per

minute, produced tank-averaged turbulent shears in the range of G = 50 s−1 and G = 95 s−1,

respectively.

Two Campbell Scientific OBS-3+ sensors were installed inside the mixing chamber to

track the concentration of the suspension with time. Before being used in our experiments,

each OBS was calibrated using the same sediment mixture and concentration as those used
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Figure 3.2: Experimental apparatus. Left diagram: Particle size experiment setup and a sample image.
Right diagram: Settling velocity measurement experiment setup.

in the experiments; the calibration was done at a shear rate high enough to ensure that no

sediment settled in the tank during data collection. During the calibration, the OBS data was

recorded until the signal stabilized. For the pure clay condition, the relationship between the

suspension concentration in [mg/L] and the OBS measurement of NTU is: C = 0.9761(NTU)−

3.5794 with the coefficient of determination, R2 = 0.99. For the pure silt suspensions the relation

is: C = 11.717(NTU)−22.735 with R2 = 0.99.

A floc camera system was used to collect still images of flocs and silt particles within the

turbulent mixing chamber. The camera used in the system has a 2080 x 1552 pixel progressive

scan, monochrome 8 mm CMOS sensor fitted with a 2X primary magnification objective lens

that has a 34 mm working distance. The measured size of each pixel in the image with these

optics is 1.3 µm/pixel, and the field of view is 2.4×1.4 mm; the depth of field is 0.1 mm. The

camera and optics allow for quantification of particle sizes over the range of 10 to 1000 µm.

To provide illumination, a LED was fitted inside waterproofed housing, sealed inside with a
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round glass plate, and placed inside the tank. The glass plate served two functions. First, it

allowed light to pass out of the waterproofed housing. Second, placing the LED in the tank

such that the glass plate was parallel to the mixing tank wall produced a thin, (≈ 1 mm) flow-

through cell where flocs could be imaged. The flow-through cell both slowed the speed of the

flocs and reduced the number of flocs between the light source and tank wall. The combined

effect was that flocs could be imaged with a constant (as opposed to flashed) light source, and

flocs could be imaged in concentrations up to 400 mg/L. Without the glass plate, the maximum

concentration in which flocs could be imaged is ≈ 100 mg/L (Strom and Keyvani, 2016). We

tested the impact of the 1 mm gap between the wall and the glass plate to ensure that a distance

of 1 mm was not altering the size of the imaged flocs relative to those throughout the mixing

tank. To cary out this test, we used two identical floc cameras and light sources. Both light

sources were fitted with the glass plate and placed within the tank. One was placed at 1 mm

from the wall, and the other was placed at 8 mm from the wall. We ran the experiments on floc

growth with this camera setup under concentrations of C = 25, 50, and 100 mg/L; note that the

camera with the light source 8 mm away cannot capture any meaningful data at concentrations

greater than 100 mg/L. The data from the three experiments showed no difference in size or rate

of growth between the two cameras. We take the results of this experiment as a verification that

the flow-through cell created by the glass plate on the light sources and the mixing tank wall did

not filter out larger flocs, cause breakup, or increase floc size due to congestion in the cell.

The settling velocity measurements were made in a 1 m tall settling column using a floc

camera identical to the one described above, but with a different location for the light source
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(Fig. 3.2). The settling column and camera system were all placed within an insulated chamber.

This chamber was constructed atop an optics table to create a constant temperature environ-

ment with no air motion or table vibration during the settling velocity measurement process.

By trial and error, we found that the insulated box was absolutely necessary for obtaining re-

peatable and reasonable settling velocity measurements; the reasons for this will be discussed

in more detail at section 3.4.2. The settling column consists of three main sections. The top

and the bottom sections are made of circulate PVC pipe with a 4.5 cm internal diameter and

5 cm external diameter. The 40 cm long middle section is made of clear acrylic with internal

cross-sectional dimensions of 3x3 cm and external dimensions of 6x6 cm. Images of the falling

particles and flocs were captured near the bottom of the rectangular section. Suspension sam-

ples were transferred from the mixing tank to the settling column using a 6 mm inner diameter

pipet.

3.2.2 Sediment Type and Water Conditions

The three suspensions tested in the experiments consisted of, (1) pure clay minerals, (2) pure

silica silt, and (3) mixtures of clay and silt with 1:1 and 1:3 ratios of clay and silt by dry weight.

The concentration of clay in all experiments was kept constant at 100 mg/L; the ratio of clay

and silt was varied by increasing the amount of silt in the mixture. The clay fraction in all ex-

periments consisted of a mixture of 80% kaolinite and 20% montmorillonite; a mixture that has

been used in past studies to mimic estuarine mud Keyvani and Strom (2014). For the silt, we

used crushed silica quartz with a density of 2650 kg/m3 with grain sizes ranging from 5 to 63

µm was used. The background water for all test was a base of distilled water with enough salt
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Number of replicates

Sediment Shear Clay added Silt added Sizing (Set A) ws (Set B)
Mixture G [s−1] mg/L (g) mg/L (g) NPS1 PS2 NPS PS

Pure Silt 1:1 50 0 (0) 100 (1.3) 3 - - -
95 0 (0) 100 (1.3) 3 - - -

Pure Silt 1:3 50 0 (0) 300 (3.9) 3 - - -
95 0 (0) 300 (3.9) 3 - 1 -

Pure Clay 1:3 50 100 (1.3) 0 (0) 3 3 1 1
95 100 (1.3) 0 (0) 3 3 1 1

Clay:Silt 1:1 50 100 (1.3) 100 (1.3) 3 3 1 1
95 100 (1.3) 100 (1.3) 3 3 1 1

Clay:Silt 1:3 50 100 (1.3) 300 (3.9) 3 3 1 1
95 100 (1.3) 300 (3.9) 3 3 1 1

Table 3.1: Summary of experimental conditions highlighting the sediment mixture concentrations and
total mass added for each mixture. Note that the value outside of the parentheses in the “Clay added” and
“Silt added” columns represents the initial concentration of the clay or silt fractions. The value within
the parentheses is the total added mass. 1NPS stands for non prior shear; 2PS stands for prior shear.

added to bring the salinity to 8 ppt. The distilled water and salt combination was used to mini-

mize variability in ion and pH levels that may be present in tap water. Preliminary tests showed

that, all else being equal, there was no change in the flocculation behavior or floc sizes between

tests run with salinities of 5 ppt and 35 ppt. Therefore, the 8 ppt test can be considered to be

representative of estuarine or marine conditions as far as flocculation with this particular mud

mix is concerned.

3.2.3 Procedures

Each of the five sediment mixtures (pure silt 1:1, pure silt 1:3, pure clay, clay:silt 1:1, and clay:silt

1:3) were run through the sizing experiments (Set A) at shear rates of G = 50 s−1 and G = 95 s−1

(Table 3.1). Each suspension and shear rate experiment was replicated three times for a total of

30 sizing experiments.
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For experimental Set A, the preparation of each mixture varied depending on whether or

not clay was being used. For the pure silt runs, the desired mass was simply added to the clear

water as it mixed in the mixing chamber. The suspension was mixed at the desired shear rate

for 12 hours. Throughout this time, images of the suspension were taken at 0.5 Hz.

When using clay, 1.3 gr of the 80%/20% kaolinite and montmorillonite mixture were first

well mixed in 150 mL of water in a beaker. This suspension was then sonicated for 15 minutes

to break apart any large clay aggregates that were not broken down when initially mixing the

clay with the 150 mL of clear water. This procedure produced an average initial size of the clay

suspension of near 5 µm. In the pure clay experiments the suspension was then introduced di-

rectly to clearwater fluid mixing at a rate of G = 50 s−1; for the clay:silt experiments, silt was also

added to the mixing chamber at this time. The suspension was then left to mix for 12 hours to

allow the flocs to reach and equilibrium size distribution. During this time, the suspension was

imaged at 0.5 Hz. At the end of the 12 hours of mixing, the paddle rotation rate was significantly

turned up (G ≈ 500 s−1) and left for 30 minutes. The purpose of this period of high shearing was

to disaggregate the flocs and produce a turbulent-shear-generated initial condition for the sus-

pension. Following the 30 minutes of high shear, the suspension was again returned to a mixing

condition of G = 50 s−1 for another 2.5 hours and imaged at 0.5 Hz (Fig. 3.3). This procedure

was also followed for the G = 95 s−1 runs.

The sequence of sediment preparation and mixing outlined above leads to two phases

within each sizing experiment. Following previous work, we refer to these phases as the “non

prior” and “prior” shear phases (Keyvani and Strom, 2014). The non prior shear (NPS) phase
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Figure 3.3: Experimental procedures (not to scale).

refers to the growth of flocs from the sonified suspension up to some equilibrium size during the

first 12 hours of mixing (Fig. 3.3). The prior shear (PS) phase refers to the growth of flocs during

the last 2.5 hrs of the experiment following the end of vigorous mixing. A key difference between

the two phases is that the non prior shear phase starts with smaller clay particles (dp ≈ 5 µm)

relative to the prior shear phase (dp ≈ 10−15 µm).

A few notes regarding the Set A experiments are in order. First, both shear rates (G = 50

and 95 s−1) were able to keep the vast majority of the pure clay in suspension for the entire 12

hrs. However, neither of the two shear rates were able to keep all of the silt in suspension for the

the entire 12 hours. Mixing at G = 95 s−1 did keep more of the silt in suspension than the G = 50

s−1 run, but there was still some settling of silt at this rate. The result is that the actual mass of

silt in suspension at the time of equilibrium for the clay:silt 1:1 and clay:silt 1:3 tests was only

around 0.6 and 1.8 times the mass of clay. Nonetheless, to maintain notational consistency, we

still referred to the clay to silt ratios as 1:1 and 1:3. Secondly, because the silt did not aggregate,

we did not run a “prior” shear phase for either of the pure silt experiments. This resulted in a

total of 30 complete Set A experiments with 30 non prior shear time series and 18 prior shear

time series (Table 3.1)



Duc Tran Chapter 3. Clay Silt Interaction 99

The settling velocity experiments (Set B) were conducted using pure silt and the flocs pro-

duced at the end of each phase in the Set A experiments containing clay. To make the measure-

ments, very small samples were taken from the mixing tank and gently transferred to the top

of the settling column. Care was taken to ensure that the density of the clear stagnant fluid in

the settling column was the same as the density of the suspension in the mixing tank (this is

discussed in greater detail in the discussion). Small background particles present in the clear

fluid were used to ensure that circulation was absent from the column before the sediment

was released from the pipet. Images were collected with the camera at a rate of 3 Hz. The set-

tling velocity experiments were very labor and computationally intensive. Because of this, we

collected settling velocity data from only one of the replicates in each of the six different exper-

imental conditions containing clay for each of the two phases. This resulted in a total of 13 sets

of settling velocity data, with each set containing many different 40 individual settling velocity

measurements.

3.2.4 Image Processing

The methods used in these experiments produced a very large volume of images. For example,

each experiment in the Set A runs generated 26,100 images (≈ 50 GB). In total, over 3 TB of

images were used to build the size distribution time series and settling velocity data reported in

this paper.

Three types of information were extracted from the images to test the hypotheses. The

first was simply whether or not silt particles were found bound within the flocs. This data came

from the Set A experiments. Pure visual inspection was used to determine that silt particles
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were indeed bound within the flocs. All further quantitative data on the number and size of

silt particles within the flocs were then obtained through manual inspection of the images. The

other two quantities used to test the study hypotheses were the time series of silt and floc size

distributions, and the silt and floc settling velocities. Both of these quantities were extracted

from the images using automated procedures. For Set A, the size distribution time series were

extracted using the automated processing routines of Keyvani and Strom (2013). The routines

remove out-of-focus flocs, or particles, and then combine the results from 30 images to yield

size distributions of suspended particles every minute. Each 1-minute distribution contains

several hundred to a few thousand particle measurements – depending on concentration and

floc size. The floc identification and measurement routines used to obtain the size distributions

in Set A were also used to identify and measure floc sizes in the settling velocity experiments.

However, a second set of Matlab routines where then run on the output to identify the same

particle in multiple images and extract the distance traveled by the particle in sequential images

in units of pixels. Knowing the resolution of the camera and the time gap between images, set

by the 3 Hz sample frequency, the settling velocity and size of the particle or floc was extracted

and written to an output file.

3.3 Results

3.3.1 Observations from Visual Inspection of the Images

Visual inspection of the images from the Set A experiments yielded two prominent observa-

tions. First, in the runs with clay and silt, it was easy to see that most of the silt was bound

up within the clay aggregates. Second, it seemed, at least qualitatively, that the size of the floc
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aggregates was not dependent on the amount of silt present. Figure 3.4 shows images from all

experiments at the lower shear rate of G = 50 s−1 at three different time windows (minute 4, 180,

and 720). From the pure silt runs, it is visually evident that both the number and the size of silt

grains reduces with time. This happens because the mixing condition was not vigorous enough

to keep all the silt in suspension; leading to selective deposition of the largest silt grains. For the

pure clay experiments (during the non-prior shear phase), flocs grow very rapidly at first (reach-

ing a peak in size around minute 4) and then decay in size with time down to an equilibrium

value. This decay in size is accompanied by an increase in the number of flocs with time since

the total concentration of clay remains nearly constant. Images from the clay and silt mixture

show that a trend similar to the one described for the pure clay occurs regardless of silt concen-

tration. In fact, from visual inspection alone, one cannot say that there is really any difference

in size between the flocs formed in pure clay or those formed in the clay/silt suspension at any

given minute (comparison by row in Fig. 3.4). However, contrasting the images from the run

with pure silt to the run with silt and clay at minutes 180 and 720, one can see that it is difficult

to find any silt particles within the background suspension for the clay/silt runs. That is, the

majority of the silt particles were bound within the flocs. Note that the lack of unbound silt was

the norm in all images from these time periods. It seems then, at least from initial inspection,

that the presence of silt had little impact on floc size, but that nearly all of the silt eventually be-

came bound within the floc. Therefore, any impact of clay and silt interaction will likely come

through modification of the floc density and not from modification of floc size. In what follows,

we first quantify the amount and maximum size of silt bound within the flocs. We then present
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the detailed size distribution data and then the settling velocity results from the experimental

Set B.

3.3.2 The Capture of Silt within Flocs

Figure 3.5 illustrates the capture of silt within the clay-silt aggregates. The image was taken at

minute 4 of the clay:silt 1:1, shear rate of G = 50 s−1 experiment. In Figure 3.5 there are three

clay-silt aggregates with sizes of 338 µm (top left), 527 µm (top right) and 184 µm (bottom). A

first observation is that the silt grains are distributed fairly evenly throughout the flocs. Some

grains are lodged deep inside the floc whereas others nest at the edge. In this particular case,

the largest silt grains captured (60 µm and 62 µm for the top left and bottom right) happened

to be near the perimeter of the flocs. The capture of silt within the clay flocs was a ubiquitous

outcome among all of the experiments run with both clay and silt. Under this observation, at

least four further questions emerge: (1) on average, how many silt particles are captured in a

floc of a given size? (2) does this value change as a function of the amount of silt added to the

suspension? (3) what is the largest silt size that can be captured by a floc? And (4), does the

bound silt modify the settling velocity of the flocs? Question 4 is addressed with experimental

Set B. Questions 1, 2, and 3 are here investigated by manually counting the number of silt grains

within flocs of different sizes, and noting the maximum silt size captured in a given floc.

400 individual flocs were chosen at random from the clay and silt suspensions of 1:1 and

1:3 at minutes 4 and 720 in the G = 50 s−1 experiments for the purpose of quantifying the num-

ber, and maximum size, of silt particles present within flocs. The flocs chosen for this analysis
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500 µm

Figure 3.5: Sample image at minute 4, Non prior shear phase of experiment condition: clay:silt ratio 1:1,
shear rate of G = 50 s−1. Particle size of 338 µm (top left), 527 µm (top right) and 184 µm (bottom).

ranged in size from 10µm to 170µm. Data on both the number and maximum size of silt within

the flocs was sorted by floc size in 10 µm wide bins to allow for presentation of the number and

max silt diameter as a function of floc size. Results from this showed that, on average, the num-

ber of silt particles present within a floc was a function of floc size, time, and the quantity of

silt available in suspension. We also found no size limit on the diameter of silt that could be

captured within a floc. The flocs were able to capture the largest silt particles in the suspension

at any point in time. Figure 3.6 shows the data for the average number and maximum size of silt

particles within flocs of different size ranges.

Figure 3.6 reveals that both the average number of silt particles, Ns , and the average max-

imum silt size, dsm that can become bound within a floc were directly proportional to the size
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Figure 3.6: Manually counted and measured number of silt particles and silt grain size that gets bound
within a floc. Each point in all plots is the average of at least 8 individual floc. Data used for this manual
data processing from experiments under shear rate of G = 50 s−1.

of that floc. This observation holds for both the 1:1 and 1:3 clay to silt mixture ratios. While all

of the Ns data was linear with df , the slope of this functionality was greater for the clay to silt

mixture ratio of 1:3 when compared to that of 1:1. This difference was particularly strong for

minute 4 (Fig. 3.6a). It is likely that the larger slope in the Ns vs df functionality for the 1:3 data

has to do with the larger number of silt particles being present in suspension for capture in the

early phases of the experiment (minute 4) in the clay:silt 1:3 suspension relative to the 1:1 sus-

pension. The difference in the Ns = Ns(df ) line between the 1:1 and 1:3 suspension decreased

with time. In fact, there was little change in the slope of the line for the 1:3 case from minute 4
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to minute 720 (Fig. 3.6a,c). The difference in behavior of Ns with df for the different clay to silt

mixture ratios suggests that there might be some maximum volume of silt that can be captured

by a floc of a given size and still remain in suspension. Contrary to the Ns data, no difference

was observed in the average maximum silt size captured, dsm, between the two mixture ratios

(Fig. 3.6b,d). Larger flocs had the ability to capture larger silt grains for both mixture ratios of

clay and silt. The data shows, however, that dsm does tend to reduce with time for floc sizes over

df ≈ 100 µm.

3.3.3 Floc Sizes in the Presence of Suspended Silt

In this section we compare the data obtained from the pure clay, the clay:silt 1:1, and the clay:silt

1:3 runs to examine the impact of the presence and quantity of silt in suspension on flocs size

under different shear rates (G = 50 and 95 s−1) and different initial conditions (i.e., non prior or

prior shear). The general behavior of all experiments were identical. In the NPS runs, flocs grow

in size up to some peak value at around minute 4 and then decrease down to an equilibrium

value. In the PS runs, the “peaking” behavior is absent. Instead, flocs quickly grow to their

equilibrium size within the first few minutes of the test and then remain unchanged for the

remainder of the experiment.

Each experimental condition was replicated three times to quantify the natural uncer-

tainty of each run and better distinguish any true shift in the floc size distribution between

treatments. Values of the average, maximum, and minimum differences in df50 of the replicate

distributions are given in Table 3.2 to aid in quantifying the amount of inherent variability in

experiments run with identical conditions. In general, the NPS runs showed a slightly higher
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Shear rate G = 50 s−1 Shear rate G = 95 s−1

1NPS Pure clay C:S 1:1 C:S 1:3 Pure clay C:S 1:1 C:S 1:3

∆df50,avg (µm) (23) 11 (49) 6 (32) 11 (26) 5 (19) 10 (6) 4
∆df50,max (µm) (34) 17 (50) 9 (48) 17 (38) 7 (29) 15 (9) 7
∆df50,min (µm) (7) 1 (7) 2 (4) 3 (16) 1 (6) 0 (3) 1

2PS Pure clay C:S 1:1 C:S 1:3 Pure clay C:S 1:1 C:S 1:3

∆df50,avg (µm) (16) 9 (12) 6 (8) 6 (13) 4 (9) 14 (4) 3
∆df50,max (µm) (25) 13 (17) 9 (12) 9 (16) 6 (14) 21 (6) 4
∆df50,min (µm) (3) 6 (8) 3 (1) 2 (8) 2 (4) 0 (2) 1

Table 3.2: The average, maximum, and minimum difference in the df50 of the distribution at the begin-
ning and end of each replicate experiment. Numbers in the brackets are for the fourth minute of each
experiment, and numbers outside of the brackets are for the last minute of each experiment. 1NPS stands
for non prior shear. 2PS stands for prior shear.

degree of variability than the PS runs. ∆df50 was also larger in the first few minutes of the ex-

periments near the peaking time than it was at equilibrium. At equilibrium, the average ∆df50

among both the NPS and PS runs was 7 µm; the maximum observed difference between repli-

cates for any condition or initial condition was 21 µm (for the PS, clay:silt 1:1 run).

To reduce within treatment variability and make presentation of the data easier, we aver-

aged the df50 time series for each of the three replicates to yield a single df50 time series for each

sediment mixture, shear rate, and initial condition. Figure 3.7 shows the change in the average

floc size, df50, as a function of time for the three different sediment mixtures containing clay,

i.e., pure clay, clay:silt 1:1 and clay:silt 1:3, during the non prior and prior shear phase (top two

panels in Fig. 3.7). Table 3.3 summarizes the size distribution statistics of the first ten minutes

(in parentheses) and the last ten minutes for each condition. Data from all three replicates for

each of the 10 min intervals were combined to produce the size distribution statistics given in

the table.

As mentioned earlier, floc sizes peak early in the experiment in the non prior shear phase
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Figure 3.7: Measured d f 50 time series for the pure clay and clay:silt mixtures at two different shear rates.
In all experiments, 100 mg/L of clay is used. Bottom row: Boxplots of particle size at minute 4 and 720.

and then decay down to some nearly constant equilibrium value. In all three sediment mixtures,

the average peak size at minute 4 was between 200 and 250 µm at G = 50 s−1 and between

125 and 150 µm when G = 95 s−1. After 720 minutes of mixing, the df50 reduced down to 125

µm for G = 50 s−1, and 80 µm for G = 95 s−1. An immediate observation from the time series

data is that df50 is more dependent on G , and whether or not it is a non prior shear or a prior

shear experiment, than it is on the presence of silt in suspension. For example, in the non prior

shear phase at G = 95 s−1, there is no noticeable difference in df50 = df50(t ) trend or values
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Shear rate G = 50 s−1 Shear rate G = 95 s−1

1NPS Pure clay C:S 1:1 C:S 1:3 Pure silt 1:1 Pure silt 1:3 Pure clay C:S 1:1 C:S 1:3 Pure silt 1:1 Pure silt 1:3

d5 (µm) (102) 80 (103) 72 (93) 69 (8) 5 (8) 4 (70) 44 (67) 42 (56) 44 (9) 6 (10) 7
d16 (µm) (154) 100 (148) 92 (135) 89 (13) 7 (14) 7 (94) 56 (92) 56 (80) 57 (16) 10 (17) 10
d50 (µm) (226) 132 (222) 124 (203) 123 (26) 13 (28) 13 (134) 79 (136) 81 (121) 83 (31) 19 (33) 22
d84 (µm) (303) 169 (301) 158 (273) 162 (45) 21 (45) 23 (185) 107 (187) 112 (169) 114 (50) 34 (53) 41
d95 (µm) (198) 352 (360) 185 (321) 192 (58) 28 (57) 32 (217) 130 (229) 132 (202) 141 (63) 44 (63) 54

2PS Pure clay C:S 1:1 C:S 1:3 Pure silt 1:1 Pure silt 1:3 Pure clay C:S 1:1 C:S 1:3 Pure silt 1:1 Pure silt 1:3

d5 (µm) (44) 49 (38) 45 (49) 59 - - (35) 37 (34) 35 (36) 41 - -
d16 (µm) (60) 62 (53) 56 (69) 76 - - (47) 48 (47) 47 (50) 54 - -
d50 (µm) (91) 88 (81) 80 (106) 110 - - (68) 69 (71) 72 (77) 80 - -
d84 (µm) (131) 122 (115) 112 (150) 153 - - (93) 95 (100) 101 (109) 111 - -
d95 (µm) (158) 147 (143) 135 (184) 180 - - (114) 115 (120) 123 (134) 135 - -

Table 3.3: Grain size statistics for all experimental conditions at two different times in each experiment.
The numbers in the brackets are for first ten minute of the experiment, and numbers outside of brackets
are for last ten minute. Each number represents that average from the three replicates of each experi-
mental condition. 1NPS stands for non prior shear. 2PS stands for prior shear.

between the pure clay, clay:silt 1:1, or clay:silt 1:3 data. This is nearly true for the G = 50 s−1

data as well where df50 of the pure clay suspension is slightly larger than that for either of the

two clay:silt mixtures. However, the difference between the mixtures is small relative to the

difference created by changing the shear rate.

The reason for the slightly larger floc sizes in the pure clay runs at G = 50 s−1 could be a

result of a change in floc density due to the incorporation of silt particles within the floc; and

not necessarily due to the silt particles modifying the size of the flocs under a condition of no

settling. If we consider that a particular mixing condition can only keep flocs below a particular

threshold settling velocity in suspension, then increases in floc density (through the addition of

bound silt) would result in flocs reaching that threshold settling velocity at smaller sizes. Hence,

the size of the flocs in suspension may go down as silt becomes bound within flocs. The OBS

data from the experiments leads us to conclude that this explanation makes the most sense

for our floc size and concentration time series data for the non prior shear case at G = 50 s−1.
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Figure 3.8: Measured concentration time series of Non prior shear phase for all experiment conditions.

OBS data for the various experiments performed at G = 50 and 95 s−1 are presented in Figure

3.8. At G = 50 s−1, notice that the clay:silt 1:1 concentration is equivalent to, or a little less

than, the pure clay experiments (Fig. 3.8a). Under conditions of no settling, one would expect

the concentration of the clay:silt 1:1 experiment to be roughly equivalent to the addition of the

pure clay and the pure silt 1:1 concentration time series; as they are for the G = 95 s−1run (Fig.

3.8b). The fact that concentration for the clay:silt mixtures at G = 50 s−1 do not exhibit as large

of a shift upward as one would expect seems to indicate that more of the clay is settling in the

clay and silt mixture cases than is settling in the pure clay case. If this is true, then it is likely that

it is the largest flocs that are settling out with the aid of bound silt grains, leading to an overall

slight reduction in the floc size relative to the pure clay case. This phenomena was not observed

for the higher shear condition.

Looking at the prior shear phase data, one can conclude that the runs with clay and silt

produce flocs sizes that are, on average, slightly larger than those produced in the pure clay sus-
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pension. The difference between the equilibrium df50 sizes in the clay:silt and clay ranged from

−8 to +12 µm for the NPS data and from +3 to +11 µm for the PS data. The magnitude of these

differences are not that great, and they certainly fall within the range of variability experienced

within the replicates themselves. However, since the differences exist in the averages, it would

appear that the image processing routines are yielding slightly larger sizes for the clay-silt flocs.

Differences on this order cannot be seen by eye in the images, and it is difficult to say whether

they should be taken as true differences or simply experimental variability.

3.3.4 Silt Particle Impact on Floc Settling Velocity

The settling velocity measurements were collected using pure silt and the flocs produced from

each of the different conditions in the Set A experiments (Table 3.1). Because the pure silt grains

are solid and should roughly follow Stokes settling, we used the measured silt settling velocity

as a test of the settling column and image processing procedures. Results from the silt mea-

surements showed that the data was parallel to the line set by Stokes relation. However, the

measured ws was less than that predicted by Stokes by a factor of ≈ 2. To account for this un-

known bias in our procedures, we multiplied all of the settling velocity measurements (both silt

and floc data) by a factor of 2.

Measured settling velocity from the 13 Set B experiments are plotted in Figures 3.9, and

3.10. Figure 3.9 shows settling velocity as a function of floc size, and Figure 3.10 plots the values

from different sediment mixtures and mixing conditions against each other as one to one plots.

Each point represents an average of about four individual floc settling velocity measurements

(in some cases more, and in others less).
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Figure 3.9: Measured functionality of ws = ws(df ) for flocs formed under different turbulent shear rates
and with different sediment mixtures. Each point is the average of several measurements.

The measured ws values for the flocs fell well within the rather large range of values that

have been reported elsewhere in laboratory experiments (Gibbs, 1985; Lick et al., 1992; Huang,

1994; Gratiot et al., 2005; Kumar et al., 2010) and field work (Dyer et al., 1996; Van der Lee, 2000;

Fox et al., 2004; Manning and Bass, 2006). As expected, measured ws increased with flocs size

at a rate less than that of the solid silt particles (Fig. 3.9). The data also clearly shows that the

settling velocity of flocs formed in the presence of suspended silt is higher than that of flocs

formed in pure clay suspensions (Figs. 3.9 and 3.10a,b). This indicates that the silt particles

bound within the flocs do indeed increase the overall floc density.

The settling velocity data can be further subdivided into two zones based on size. Zone

1 consists of flocs with df < 45 µm; that is, the size range where there is significant overlap

between the floc aggregates and the individual silt particles. Manual processing of the images
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Figure 3.10: Top row: 1 to 1 comparison of pure clay floc settling velocity to those formed in mixtures of
clay and silt. Bottom row: 1 to 1 comparison of floc ws for different shear rates.

revealed that within this size range, a floc can capture 1 to 3 small silt particles. When this

happens, the addition of the 1 to 3 silt particles can result in drastic changes to the overall floc

density and ws . Manual calculation of the settling velocity of 10 clay:silt aggregates in the size

range of 20 to 35 µm yielded ws values from 0.05 to 0.1 mm/s. Comparing these values to ws

measures of pure clay flocs in an equivalent size range showed that the clay-silt flocs ws values

could be up to 250% greater than the pure clay flocs. The combination of the large influence
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that a few bound silt grains can have on a floc in this size range, coupled with the inability of

the image processing routines to distinguish between pure clay flocs, clay-silt flocs, and pure

silt particles at this scale, resulted in significant variability in settling velocity in Zone 1.

For Zone 2, df > 45µm, the processing algorithms are able to exclude isolated silt particles

from the reported settling velocity measurements based on the differences in shape between

silt grains and flocs. Because of this, and the natural smaller effect of the added silt particles on

density at larger sizes, variability in measured ws tended to decrease with floc size. Within this

size range, clay-silt flocs settle considerably faster than pure clay flocs of the equivalent size. For

example clay-silt flocs in this size range were, on average, 91% faster than the pure clay flocs in

the non prior shear phase and 52% faster in the prior shear phase. This increased settling speed

due to the addition of silt is also reflected in the change in the calculated fractal dimension of

the suspensions. Using eq. 3.1 and 3.3 with a primary particle size of dp = 5 for the non prior

shear phase and dp = 10µm for the prior shear phase, and treating n f as a regression parameter

yields n f = 1.95 for the pure clay flocs and n f = 2.18 for the clay and silt aggregates. The values

for the prior shear phase are both smaller than those for the non prior shear phase, but the

trend is the same in that n f goes up with the addition of silt by ≈ 0.2.

An interesting observation from the ws = ws(df ) data is that the addition of silt at the

smaller sizes results in a flattening of the response of ws with df . That is, not only does the

addition of silt increase the overall settling velocity of a mud floc of size df , it also tends to make

ws less dependent on size. This is particularly true of the experiments run at G = 50 s−1. In

fact, the settling velocity of all clay-silt floc sizes for G = 50 s−1 is reasonably approximated at
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ws ≈ 0.35 mm/s.

Figure 3.10 illuminates the variation of settling velocity of different mixtures and shear

rates in the NPS experiments. The top row shows 1 to 1 comparison of pure clay floc settling

velocity to those formed in mixtures of clay and silt, and the bottom row illustrates the clay:silt

flocs ws for different shear rates. In Figure 3.10, the vertical bars show the minimum and max-

imum of the parameters of the y axis. Likewise, the horizontal bars show the minimum and

maximum of the parameters of the x axis. Figure 3.10a and 3.10b again highlight that ws of

the clay:silt flocs is higher than that of the pure clay aggregates. Figure 3.10b also suggests that

flocs formed with the clay:silt 1:1 ratio have a slightly higher average settling velocity than those

formed with the 1:3 mixture under conditions of G = 95 s−1. This result is unexpected since

flocs formed in the 1:3 mixture had, on average, more grains of silt per floc for a given size (Fig.

3.6a,c). There are at least two potential explanations for this shift. The first explanation is that

the shift falls within the inherent variability of the experiments. Note that the max and min

variability bars on the 1:3 data in Fig. 3.10b encompass the clay:silt 1:1 data. Additionally, the

trend of higher settling velocities for flocs formed in the 1:1 mixture over those formed in the

1:3 mixture was not observed at lower shear rates (Fig. 3.10a). A second explanation might be

that the added silt grains in the 1:3 flocs resulted in more fragile flocs broken and released silt

particles in the transfer of flocs from the mixing tank to the settling column. We think that the

first explanation is the more likely. Figure 3.10c and 3.10d show that the shear conditions un-

der which the flocs were formed did not significantly influence the density, and hence settling

velocity, of the flocs.
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3.4 Discussion

3.4.1 Potential Changes to the Depositional Flux

The turbulent shearing conditions used in this study were picked to ensure that silt remained

in suspension and that flocs could grow to sizes on the order of 100 µm. Within the conditions

we tested, nearly all of the silt in suspension at a given mixing rate was found to bind with

the clay in the formation of flocs; thereby increasing the floc density. Fitting a settling velocity

equation to the measured settling velocity and size data showed that the increase in density

had a larger effect on the smaller flocs (Fig. 3.9). As floc size increased, the changes in settling

velocity brought on by the change in density were tempered. Even so, for the largest flocs, a

change in the settling speed was evident. This increase in settling speed with the addition of silt

for the larger particles could be described by a shift in the fractal dimension of ∆n f ≈ +0.2. In

this section we compare how big of an impact a ∆n f = +0.2 would make on the total average

settling velocity of a suspended mixture. That is, we look at how big of a difference it makes if

we consider the silt and clay to be dependent fractions instead of independent fractions. To do

this, we compute the average settling velocity of the mixture,

ws =
n∑

i=1
pi ws,i (3.4)

for the pure silt, the pure clay, and the clay and silt mixture using particle and floc size distribu-

tion data from G = 50 and 95 s−1 cases for each of the clay:silt ratios. In eq. 3.4, pi is the fraction

of material associated with a grain or floc size of di and ws,i is the settling velocity of that size.
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Avg. Settling Velocity, ws,avg [mm/s]

Condition Silt Particles Clay Flocs Clay:Slit Flocs ws,I ws,D

NPS (G = 50 s−1, C:S 1:1) 0.21 0.30 0.64 0.26 0.64
NPS (G = 50 s−1, C:S 1:3) 0.21 0.30 0.64 0.24 0.64
NPS (G = 95 s−1, C:S 1:1) 0.54 0.21 0.40 0.37 0.40
NPS (G = 95 s−1, C:S 1:3) 0.54 0.21 0.41 0.43 0.41

Table 3.4: Average settling velocities for the different particle and flocs types along with the total mixture
settling velocity taking the clay and silt as independent, ws,I , and dependent, ws,D, fractions.

In all calculations, we used data from the end of the NPS runs with a total of six size classes

(n = 6). Size statistics for each of the mixtures at this time are given in Table 3.3. For the pure

silt measurement, ws,i was calculated using Stokes equation for natural grains, which can be

obtained from eq. 3.1 with n f = 3, b1 = 20, and b2 = 0.91 (Ferguson and Church, 2004). For the

pure clay settling velocity, we used the floc size distribution from the clay:silt 1:1 and 1:3 runs,

with n f = 1.95 and dp = 5 µm. For the clay and silt mixture, ws,i calculations were made using

the same size and dp conditions but with a n f = 2.15 in each run. In all floc calculations, the

shape coefficients b1 and b2 (eq. 3.1) were set to 18 and 0.548 respectively (Strom and Keyvani,

2011). Table 3.4 summarizes the results from the analysis.

The analysis shows that for the lower shear runs (G = 50 s−1), the average settling velocity

of the clay-silt flocs, (ws,av g )clay:silt , is higher than that of both the silt left in suspension and the

pure clay flocs. Whereas, at the higher shear condition (G = 95 s−1), the overall average settling

velocity of the clay-silt flocs falls between ws,avg of the pure silt and pure clay. The reason for

this is that in moving from G = 50 to 95 s−1, the flocs become smaller while the silt left in sus-

pension becomes larger. The result indicate, as expected, that the settling velocity, and hence

settling flux, of the clay is certainly enhanced (by a factor of about 2) when silt is captured within
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flocs. However, another interesting implication of the calculation is that it seems possible for

the binding of silt particles within the clay floc to actually slow the settling velocity of the silt

fraction.

If the majority of the silt in suspension is captured by the flocs, then the settling velocity

of the clay and silt mixture will be identical to the settling speed of the clay-silt flocs. We can

think of this as the dependent settling velocity of the mixture, ws,D:

ws,D = (ws,av g )clay:silt (3.5)

An independent, mixture settling velocity of a suspension of clay and silt particles can be cal-

culated using:

ws,I = fs(ws,av g )silt + fc (ws,av g )clay (3.6)

where fs is the fraction of silt in the mixture and fc is the fraction of clay. A useful comparison

between the dependent (eq. 3.5) and independent settling velocity (eq. 3.6) can be made using

(ws,av g )silt and (ws,av g )clay calculated from the pure clay and pure silt data (Table 3.4). Calcu-

lated ws,I values for fc = 0.5 and 0.333 with fs = 1− fc are given in Table 3.4. The comparison

shows that ws,D ≈ ws,I for G = 95 s−1, and that ws,D ≈ 2ws,I for G = 50 s−1. The implication

from this is that clay and silt fractions can potentially be treated as independent fractions when

mixing conditions are high, but that the dependence or binding of the two fractions could be

important for moderate shear conditions that are not able to keep the largest silt fractions in

suspension.
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It seems then that whether or not the two basic size fractions, clay and silt, can be treated

as independent fractions depends, at least to some extent, upon the shear rate. For very high

shear rates G > 100 s−1, flocs will approach the size of the silt grains that can be maintained

in suspension. When this happens it is likely that flocs will not be able to capture many silt

particles; recall that the number of captured silt particles was a function of floc size (Fig. 3.6).

Furthermore, the presence of larger silt particles in suspension will likely dominate the settling

flux of the material if fs & fc . The combination of the smaller flocs and the significant contribu-

tions to the settling flux from the larger silt grains would tend to make the assumption that the

clay and the silt are independent fractions more applicable. For low shear rate, G < 20 s−1, silt

cannot be maintained in suspension for very long and therefore will tend to disassociate with

the flocs. In such cases, it is also likely that the assumption of clay and silt being independent

fractions is reasonable. However, at moderate shear stresses, perhaps in the range of G = 20 to

70 s−1, it is quite possible that silt in suspension may become bound within flocs, thereby alter-

ing the floc density and significantly modifying the average mixture settling velocity compared

to that obtained from the assumption of independent fractions.

The exact bounds on this middle range where interaction between silt and clay maybe

important has not been precisely defined in this study. Rather, the study simply suggests that

such a range may exist. If it does exist, it is of interest to consider what type of flow environ-

ments produce this range. Based on simple calculations and field and laboratory observations

from the literature, we have compiled a table listing approximate ranges of depth averaged G

that may exists in different flow environments (Table 3.5). It is worth mentioning that in Table
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Environment G [s−1] Notes

Steep rivers 75-300 1Based on S =O(0.001); e.g., the Elwha
Mild rivers 20-120 1Based on S =O(0.0001); e.g., the Mississippi
Estuaries and bays 1 - 50 e.g., Dyer et al. (2004)
River mouth plumes (field) 1 - 50 e.g., MacDonald et al. (2007)
River mouth plumes (lab) 1 - 10 e.g., Yuan and Horner-Devine (2013)
Turbidity currents (field) 5 - 60 e.g., Xu et al. (2014)
Turbidity current (lab) 1 - 40 e.g., Garcia and Parker (1993)
Deep ocean boundary currents 1 - 5 Estimated from velocities of 5 to 30 cm/s

Table 3.5: Approximate ranges of depth-averaged turbulent shear rate, G , in various flow environments.
1Values of G of the steep and mild rivers were obtained by depth averaging the vertical profile of G de-
fined by: G = [u3∗((1−ζ)/ζ)/(κνh)]1/2, where the friction velocity u∗ is approximated from u∗ =

√
g hS; h

is flow depth, κ is the von Karman constant, and ζ is the vertical coordinate scaled with depth. A range
of reasonable depths and slopes about the order shown in the table were used to develop the estimates.

3.5, we assumed that a G = 20 s−1in the field has the same impact on floc size and collision rate

as G = 20 s−1in the laboratory. This is because C scales directly between the lab and field, and

because G is related to the size of the smallest eddies (or the dissipation rate); the association

with the smallest scales of motion imply that information that is associated with the larger tur-

bulent scales of a particular flow environment will theoretically gets lost in the cascade process.

If this is the case, then all the flocs “feel,” in a sense, is the total energy input, resulting in a

particular shear and smallest eddy size (which limits the size of the flocs). Hence, if we take the

range of G from 20 to 70 s−1to define the approximate conditions in which the interaction of

silt and clay might be important, we would suggests that mild muddy rivers, energetic estuar-

ies and bays, and turbidity currents would be the environments most likely to have potential

interaction between the clay and silt fractions.



Duc Tran Chapter 3. Clay Silt Interaction 121

3.4.2 Uncertainty in Settling Velocity Measurements

The use of camera systems and settling columns have been widely used to obtain the settling

velocity and back-calculated density of flocs in both the field and laboratory (Fennessy et al.,

1994; Syvitski et al., 1995; Gratiot and Manning, 2004; Winterwerp et al., 2006; Kumar et al.,

2010; Maggi, 2015). The basic procedure involves transferring a sample of suspended flocs to a

clear and stagnant column of water, and then extracting the velocity and size of the aggregate

as it moves through a series of images. This process is typically taken to be a reliable, state-

of-the-art method for measuring settling velocity. One might expect this method to be rather

straightforward. In fact, for the settling velocity of larger particles with ws > 1 mm/s, such as

sand, the authors have found the method to be fairly resistant to methodological variability.

However, this is not the case when it comes to measuring the settling speed of individual flocs.

Yet the difficulties and uncertainties present in this method when it comes to measuring floc

settling velocities are rarely discussed.

The major issues that lead to uncertainty or error in the measured floc settling velocity

with the settling column method are primarily two fold. The first is that when dealing with

suspensions of small particles one is forced to introduce a small suspension of particles to the

settling column instead of a single particle. This leads to the potential for group settling due

to the added mass of the particles in the suspension. That is, the tiny suspension added to the

settling column may flow downward as a small turbidity plume due to gravity acting on the

particles. In such cases, the measured speed of the individual flocs flowing in the small current

is higher than that of a single floc settling in identical background fluid. In such cases, the speed
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of the descending flocs is a function of the overall density difference between the column fluid

and the small suspension, which is set by the difference in temperature, salinity, and suspended

sediment concentration. This is particularly problematic when trying to measure the settling

speed of the flocs since it is impossible to capture a single floc to drop into the settling column.

To mitigate settling driven by the difference in suspended sediment in the experiments reported

on in this paper, we slightly increased the salinity of the fluid in the settling column relative to

that in the mixing chamber. The increase in salinity was set such that the increase in density due

to the presence of the suspended sediment was offset by the increase in salt within the settling

column. The density of the mixture can be defined using: ρmi xtur e = ρsal t w ater (1+β′
Co) where

β
′

is the volumetric expansion coefficient defined as β
′

= δρ/ρδCo and Co is the initial salinity

in the mixing tank (Co = 8 ppt). This increase in salinity kept the sample from settling in mass.

The second major issue that confounds floc settling velocity measurements is the devel-

opment of small circulation currents within the settling column itself. These currents can be

driven by temperature gradients, vibration, air currents, or the natural return flow that com-

mences as falling particles drive and drag fluid down in the center of the column. The velocity

of such currents are fairly small (0.06 to 0.2 mm/s), and they do not impact the measurement of

the settling velocity of larger sediment such as sand since ws,sand is much greater than the veloc-

ity of the current. However, the velocity of such currents tends to be about the same as the ws of

flocs. Therefore, if such currents exist, they can significantly increase or decrease the measured

settling velocity depending on whether the floc is in a downward or up flowing current (Fig.

3.11). We tested small and large settling columns in many different locations within our labora-
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Figure 3.11: Circulation flow within a settling column, causing both underestimate and overestimate
measurement of settling velocity.

tory and with many different techniques for setting up the column and transferring the sample

from the mixing tank to the settling column. The only way found to eliminate the circulation

currents in the settling column was to place both the mixing tank and the settling column in a

fully enclosed and insulated chamber atop an optics table. Additionally, a time gap of at least

three hours between filling of the settling column and the settling velocity measurements was

required to dampen the circulation motion created from filling the column.

The broad point we are trying to make in this discussion is that extreme care must be

taken when making these types of measurements. We suspect that the large range of variability

in reported floc settling velocity measurements likely has as much to do with variations in the

methods used to extract the data as they do with the differences in floc properties and sizes. For

example reported variation in floc ws for a given floc size sometimes varies up to two orders

of magnitude. In field work, Van der Lee (2000) reported Ems-Dollard estuary clay flocs with

sizes of df ≈ 100 µm was ws = 2 mm/s, while Fennessy et al. (1994) reports River Tamar mud

flocs with df ≈ 100 µm of nearly ws = 0.25 mm/s. In laboratory experiments, Adachi and Tanaka
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(1997) used kaolinite and acquired ws = 0.075 mm/s for a floc of df ≈ 100 µm while Gratiot

and Manning (2004) reported ws ≈ 10 mm/s for natural muds at Gironde and Tamar estuar-

ies. Undoubtedly the differences in the mud composition and floc structure are responsible for

some of the variability in these settling velocities. But it is quite possible that a large fraction of

the variability is due to the difficulty in making consistent measurements of floc ws in settling

columns.

3.5 Conclusions

This study sought to explore the question of whether or not clay and silt size fractions can be

treated independent of one another when it comes to modeling or predicting the settling veloc-

ity of a mixture. That is, does the presence of silt in suspension modify the settling properties

of the clay, and/or does the presence of clay modify the settling properties of the silt? To begin

to answer this broader question, we tested the following hypotheses: (1) the addition of silt will

decrease the equilibrium floc size; (2) a fraction of the silt will become bound within the clay

flocs; and (3) the addition of silt particles within the floc will produce an increase in the overall

floc density and therefore the floc settling velocity.

These hypotheses were tested in a laboratory mixing chamber and settling column where

the size, composition, and settling speed of the flocs could be observed and measured. Based

on this data, we conclude that the presence of silt does not significantly modify the size or time-

rate of development of flocs relative to a suspension of pure clay mineral; at least for the range

of conditions tested in this study. While silt does not appear to modify floc size, the data did

show that the majority of silt particles that remained in suspension at a given mixing condition



Duc Tran Chapter 3. Clay Silt Interaction 125

will eventually become bound within the clay flocs. In fact, clay flocs were able to capture silt

of diameters up to 63 µmif they were in suspension. Additionally, the number of silt grains

captured within a floc and the average maximum size of captured silt increased linearly with

floc diameter. The addition of silt within the flocs in our study modified the floc density and led

to at least a doubling of the floc settling velocity relative to flocs of equivalent sizes formed in a

pure clay suspension.

This study has only looked at the interaction of one type of clay mineral mixture and one

type of silt for a limited range of concentrations and turbulent shear rates. Several questions

regarding how to treat mixtures of suspended silt remain. Some of these questions include:

what exactly is the range of shear conditions for which one might expect to see the binding of

silt in clay? Is there an upper limit to the capture of silt within flocs and what governs this limit?

And, can a single settling velocity be used for all sizes of clay-silt flocs?
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4 How Does the Deposition and Resuspension Process Alter Floc Sizes and
Resuspension Rates?

4.1 Introduction

The transport processes of fine sediments are the same as those for sands involving advection

and diffusion (in 2 or 3D) or dispersion (in 1D) in the water column and the boundary exchange

processes of erosion and deposition (Mathew and Winterwerp, 2017). However, for mud, the

main complicating issue is the substantial inter-particle interaction can occur in the suspension

and deposit. These inter-particle forces add a layer of dynamics to the erosion, deposition, and

transport of mud that is not present in the transport of sand. A 1D depth-averaged transport

equation has the form of:

∂(C z)

∂t
+ ∂(UzC )

∂x
− ∂

∂x

(
εsx

∂C

∂x

)
= E −D (4.1)

Where C is the depth-averaged suspended sediment concentration (M L−3), U is the average

fluid velocity (L T−1), z is the water depth [L], and εsx is the longitudinal sediment dispersion

coefficient. D is the rate of sediment mass per unit volume leaving the flow to the bed (depo-

sition) (ML−2T−1), and E is the rate of sediment mass per unit volume of fluid coming from the

bed to the water column (erosion) (ML−2T−1). This study investigates the impact of deposition

133
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and erosion processes on floc sizes and resuspension rates. In Equation 4.1, the terms E and D

are often expressed as:

D = wsCb (4.2)

and

E = M [τb −τcr (h)]n (4.3)

where ws is the settling velocity, Cb is the sediment concentration near the bed (for a 1D case,

Cb is typically taken be a factor of C or equal to C for well-mixed conditions). E is the ero-

sion rate (kg m−2 d−1), M is an empirical erosion rate constant with unit depending on the unit

used in E (kg m−2 d−1 Pa−1), τb is the bed shear stress (Pa), τcr is critical shear stress (Pa), h

is distance from the bed surface (m), and n is an empirical exponent. Equations 4.1, 4.2, and

4.3 can be applied for both cohesive and non-cohesive sediment transport. For sand, the use

of these equations is straightforward since the grain size, density and shape are independent

of the flow conditions. Hence, parameters such as settling velocity, ws , and the critical shear

stress, τcr of a certain sand size are constant, and the size of the eroded or entrained material is

the same as that in the deposit. However, for cohesive sediment, the flocculation process results

in dynamic changes in settling velocity through alterations to floc size, density, and shape. Fur-

thermore, τcr may vary with depth or time, and the size of the eroded material may not be the

same as it was at the time of deposition. For example, when applying Eq. 4.3 for a consolidating

bed of mud, τcr is not only dependent on the grain size of the aggregates on the bed but also a

function of the distance below the sediment surface (Sanford, 2008; Wiberg et al., 2013; Schoell-
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hamer et al., 2017). Moreover, the knowledge of floc sizes that were detached from the bed and

resuspended into the water column must also be known to model the erosion and transport

processes. The complexity caused by the flocculation and consolidation processes, therefore,

increases the challenge and uncertainty in prediction of transport of fine sediment. Labora-

tory and field studies alike have demonstrated the importance of quantifying the erosion rate

and critical shear stress in order to accurately model the resuspension and transport of cohe-

sive sediment (Tolhurst et al., 2000; Grabowski et al., 2011). For example, Moriarty et al. (2017)

reveal that including the re-suspension process in their numerical model results in a more ac-

curate prediction of the oxygen dynamics offshore of the Rhone River, France. Nevertheless,

the characteristics of re-entrained flocs from freshly deposited mud has received little attention

relative to the work that has been done to characterize entrainment rates of non-cohesive sand

(García, 2008) or the erosion rate of muds beds of varying levels of consolidation (Grabowski

et al., 2011; Wiberg et al., 2013).

Unlike cohesionless particles, cohesive sediment has the potential for the properties of

the sediment to change during their time on the bed. For example, it is conceivable that during

their time on the bed, flocs could dewater, increase in density or fractal dimension, and/or

increase in floc strength. The consequences of the consolidation processes are reported widely

in the literature as the depth-dependent critical shear stress for erosion, τcr = τcr (h) (Sanford

and Maa, 2001; Wu et al., 2017; Mathew and Winterwerp, 2017). However, these studies focused

on the erosion of cohesive bed as a whole rather than investigated the size of the entrained

material. Knowledge of how consolidation activities on the bed impact floc characteristics once
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they resuspend are not fully understood yet. From the flocculation modeling perspective, in

order to account for the re-suspension process of mud, data and understanding surrounding

the change in the size of freshly deposited flocs, and their change in size after resuspension are

needed.

In this study, we experimentally investigate the question: How does the deposition and

resuspension process in alter floc sizes and resuspension rates? We hypothesize that flocs’ char-

acteristics changed once deposited on a bed. We further hypothesize that the conditions of the

suspension at the time of deposition, the flow conditions present while the sediment is on the

bed, and the duration of time the sediment is on the bed all influence the resuspension charac-

teristics of the bed and therefore the floc sizes after resuspension.

4.2 Methods

4.2.1 Approach

Three sets of laboratory experiments were conducted to test the hypotheses. Using a mixing

chamber, the experiments mimicked the cycle of deposition and erosion (or cycles of low and

high shear stress) found in estuaries and/or between two benthic storm events. Parameters that

were varied between experiments include: different time periods between the cycles of high and

low turbulent shearing, different turbulent shear rates during the low to no shear period (what

we will refer to as the deposition time), and the concentration of the suspension at the time of

initial deposition (which also translates to the availability of sediment on the bed at the time of

resuspension). In the first set of experiments (Set A), the shear was set with the pattern of high-

low-high turbulent shearing at rates of G = 40, 0, and 40 s−1. The length of time between the two
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periods of high shearing was set to 0.25, 6, and 12 days for different experiments (4.2). We refer

to the time period between the two high shear conditions as the time of low to no shear and

as the period of deposition, T . In the second set of experiments (Set B), the shear pattern was

modified by setting the shear rate to G = 10 s−1 during the period of deposition as G = 40 – 10 –

40 – 10 – 40 s−1 with T = 0.25 days. Therefore, the difference between Set A and Set B is that there

is still some mixing occurring during the Set B runs when sediment has deposited to the bed. In

both Set A and B, the sediment concentrations were relatively low (C = 25, 100, and 400 mg/L),

leading to a limited sediment supply at the time of resuspension. In the third set of experiments

(Set C), the imposed shear stress steps were G = 550 – 0 – 40 s−1 with concentration up to C =

10,000 mg/L. These high concentration experiments led to the development of a thicker mud

bed during the time of no shear; this thicker bed then reduced in thickness with time through

the period of deposition. Set C experiments were carried out with T = 0.25, 6, and 12 days.

Erosion of the thicker bed in the Set C runs provided a contrasting condition to the runs with

limited sediment supply. These three sets of experiments were used to investigate hypothesis

1 and 2. We consider that changes to the state of the bed from the beginning to the end of

the period of deposition in the Set A and B experiments to occur by growth, compaction, or

binding of individual flocs to each other or the bed. However, changes to the bed during the

set C experiments may also come from bed consolidation processes. Table 4.1 summarizes the

experimental conditions. Data collected in all runs consisted of time series of concentration

and the floc size distribution. Details on the experimental setup are given below.
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Set A: G = 550 – 40 – 0 – 40 Set B: G = 550 – 40 – 10 – 40 – 10 – 40 Set C: G = 550 – 0 – 40 [s−1]

G ∗ [s−1] 0 10 0

Cycles # 1 2 1

C [mg/L] 25 400 25 100 400 10,000

T [days] 0.25 6 12 0.25 6 12 0.25 0.25 0.25 0.25 6 12

Table 4.1: A summary of the experimental conditions. In this paper, a specific experiment will be referred
as X:SSC:T Y where X is the experiment set A, B, or C; SSC is the suspended sediment concentration in
mg/L; T is the low to no shear time or the deposition period in days; and Y is either before deposition
(Y=D) or after resuspension (Y=R). For example, experiment B:25:0.25 R indicates the experiment in Set
B with condition of concentration C = 25 mg/L, deposition time T = 0.25 days and the floc is at resus-
pension stage. ∗: shear stress during the deposition period. #: the number of high-low-high shear cycles
repeated in one experiment.

4.2.2 Experimental Equipment

In this study, we used a mixing tank, floc camera system, and an OBS to provide the data needed

to test our hypotheses; the setup is similar to the one used in our previous studies (Tran and

Strom, 2017; Tran et al., 2018). Figure 4.1 shows a schematic of the mixing tank with the floc

camera system and the Optical Backscatter Sensors (OBS). All experiments were run in a 13 L

mixing chamber that has dimensions of 27.5 x 27.5 x 25 cm. Turbulent shear was generated

by using a rotating paddle mixer. Logan (1999) proposed the relation between tank geometry,

paddle speed, and turbulent shear rate have the form of:

G =
(

52.3bd,p Aps3R3
p

νwVT

)1/2

(4.4)

Where bd,p is the drag coefficient, Ap is the area of the paddle, Rp is the radius of the paddle,

s is the paddle speed (rotation in second), ν is the fluid kinematic viscosity, and VT is the total

volume of the fluid in the chamber. Our selected paddle rotation rates, 0, 12, and 29 rpms,
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produced tank-averaged turbulent shears of approximately G = 0, 10, and 40 s−1, respectively.

This ranging of shear rates can be found in rivers (Tran and Strom, 2017), energetic estuaries

and bays (Dyer et al., 2004), river mouth plumes (MacDonald et al., 2007), and turbidity current

(Xu et al., 2014), or under extreme events like storms and hurricanes.

Floc size evolution within the suspension was monitored by a floc camera system. The

floc camera has a 2080 x 1552 pixel progressive scan, monochrome 8 mm CMOS sensor fitted

with a 2X primary magnification objective lens resulting in quantification of particle size over

the range of 10 to 1000 µm. To provide illumination, a LED was fitted inside a waterproofed

housing, sealed inside with a round glass plate, and placed inside the tank. Another floc cam-

era with the same specification was placed underneath and perpendicular with the bottom of

the tank to record the floc activities on the bed (Figure 4.1). Images from this camera provide

qualitative data of deposited floc behaviors on the bed.

Two OBSs were installed inside the mixing chamber at 5 and 12 cm above the bottom

to monitor the concentration and stratification of the suspension. OBS calibration followed

the protocol in Operation’s Manual (2008 - 2012) for OBS-3+ and OBS300 Suspended Solids

and Turbidity Monitors given by Campbell Scientific, Inc. The calibration yield a relationship

between C in mg/L and the OBS measurement of NTU is: C = 1.3902(NTU)−7.3153 with the

coefficient of determination, R2 = 0.99.

The suspension in all experiments consists of a mixture of 80% kaolinite and 20% mont-

morillonite (by dry mass), a mixture that has been used in past studies to mimic estuarine mud

(Keyvani and Strom, 2014; Tran and Strom, 2017). The background water for all experiments
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was a base of tap water with enough salt added to bring the salinity to 8.5 ppt; we have em-

pirically found that adding salt at 5 ppt and greater reduces variability in floc growth that may

occur from run to run with unsalted tap water. The water was left at room temperature for 24

hours before being used.

Setup

500 µm

Example
Image

Mixer

OBS

LED

LED

Suspension Camera

Bed Camera

Suspension

Bed

Figure 4.1: Schematic of the mixing chamber, including a mixer to generate turbulent shear, OBSs to
measure suspension concentration, two floc camera systems to monitor floc size time series in the water
column and on the bed.

4.2.3 Procedures

All experiments began with the preparation of the mixture. A mixture of 80%/20% kaolinite and

montmorillonite (CEC = 29 meq) was first mixed with 13 L of 8.5 ppt saltwater, at shear rate of

G ≈ 550 s−1for 30 minutes. The purpose of this period of high shearing was to disaggregate the

flocs and produce a turbulent-shear-generated initial condition for the suspension. Following

this vigorous mixing, the mixture was treated differently according to the purposes of each set

of experiments (Table 4.1 and Figure 4.2 and 4.3).

In Set A, the shear rate was then set to G = 40 s−1and left for two hours to allow flocs to
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Figure 4.2: Procedure time series of imposed turbulent shear, G and deposition time, T .

reach their equilibrium size. During this time, images of flocs in suspension were collected at

a rate of 1 Hz. The paddle was then turned off, resulting in a shear rate of G = 0 s−1during the

deposition time T = 0.25, 6, and 12 days, respectively. In this period of time, it is possible that

flocs could have bound together or compacted somewhat. However, without the presence of

overlying sediment, classic consolidation was not present (Figure 4.3). (Figure 4.3). No images

of flocs in suspension were collected after an approximately 30 min during the period of depo-

sition because all sediment settled out of the water column when G = 0 s−1. After this no-shear

period, the paddle rotation rate was again set to produce G = 40 s−1for another two hours of floc

imaging. The mixture concentrations used in Set A were C = 25 and 400 mg/L. Set A provided

data for comparison of floc size before deposition and after resuspension.

In Set B, the first two hours proceeded similarly to Set A with G = 40 s−1. However, during

the deposition period, there were two changes. First, instead of applying G = 0 s−1(as in Set A)

the shear was reduced to G = 10 s−1. Mixing continued at G = 10 s−1 for 6 hours (T = 0.25 days),

before returning the shear to G = 40 s−1. The low shear period also resulted in some deposition
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h = h(t)
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<latexit sha1_base64="AX5bYr/G0dRtiiHmXvp/nqjnTA0=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrtB0IsQ8GCOEcwDkiXMTmaTIbMPZnqDccmfePGgiFf/xJt/4yTZgyYWNBRV3XR3+YkUGh3n21pb39jc2i7sFHf39g8O7aPjpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6Hbmt8ZcaRFHDzhJuBfSQSQCwSgaqWfbd+SGOKSL/BEzUnua9uySU3bmIKvEzUkJctR79le3H7M05BEySbXuuE6CXkYVCib5tNhNNU8oG9EB7xga0ZBrL5tfPiXnRumTIFamIiRz9fdERkOtJ6FvOkOKQ73szcT/vE6KwbWXiShJkUdssShIJcGYzGIgfaE4QzkxhDIlzK2EDamiDE1YRROCu/zyKmlWyq5Tdu8vS9VKHkcBTuEMLsCFK6hCDerQAAZjeIZXeLMy68V6tz4WrWtWPnMCf2B9/gCYuJJK</latexit><latexit sha1_base64="AX5bYr/G0dRtiiHmXvp/nqjnTA0=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrtB0IsQ8GCOEcwDkiXMTmaTIbMPZnqDccmfePGgiFf/xJt/4yTZgyYWNBRV3XR3+YkUGh3n21pb39jc2i7sFHf39g8O7aPjpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6Hbmt8ZcaRFHDzhJuBfSQSQCwSgaqWfbd+SGOKSL/BEzUnua9uySU3bmIKvEzUkJctR79le3H7M05BEySbXuuE6CXkYVCib5tNhNNU8oG9EB7xga0ZBrL5tfPiXnRumTIFamIiRz9fdERkOtJ6FvOkOKQ73szcT/vE6KwbWXiShJkUdssShIJcGYzGIgfaE4QzkxhDIlzK2EDamiDE1YRROCu/zyKmlWyq5Tdu8vS9VKHkcBTuEMLsCFK6hCDerQAAZjeIZXeLMy68V6tz4WrWtWPnMCf2B9/gCYuJJK</latexit><latexit sha1_base64="AX5bYr/G0dRtiiHmXvp/nqjnTA0=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrtB0IsQ8GCOEcwDkiXMTmaTIbMPZnqDccmfePGgiFf/xJt/4yTZgyYWNBRV3XR3+YkUGh3n21pb39jc2i7sFHf39g8O7aPjpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6Hbmt8ZcaRFHDzhJuBfSQSQCwSgaqWfbd+SGOKSL/BEzUnua9uySU3bmIKvEzUkJctR79le3H7M05BEySbXuuE6CXkYVCib5tNhNNU8oG9EB7xga0ZBrL5tfPiXnRumTIFamIiRz9fdERkOtJ6FvOkOKQ73szcT/vE6KwbWXiShJkUdssShIJcGYzGIgfaE4QzkxhDIlzK2EDamiDE1YRROCu/zyKmlWyq5Tdu8vS9VKHkcBTuEMLsCFK6hCDerQAAZjeIZXeLMy68V6tz4WrWtWPnMCf2B9/gCYuJJK</latexit><latexit sha1_base64="AX5bYr/G0dRtiiHmXvp/nqjnTA0=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrtB0IsQ8GCOEcwDkiXMTmaTIbMPZnqDccmfePGgiFf/xJt/4yTZgyYWNBRV3XR3+YkUGh3n21pb39jc2i7sFHf39g8O7aPjpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6Hbmt8ZcaRFHDzhJuBfSQSQCwSgaqWfbd+SGOKSL/BEzUnua9uySU3bmIKvEzUkJctR79le3H7M05BEySbXuuE6CXkYVCib5tNhNNU8oG9EB7xga0ZBrL5tfPiXnRumTIFamIiRz9fdERkOtJ6FvOkOKQ73szcT/vE6KwbWXiShJkUdssShIJcGYzGIgfaE4QzkxhDIlzK2EDamiDE1YRROCu/zyKmlWyq5Tdu8vS9VKHkcBTuEMLsCFK6hCDerQAAZjeIZXeLMy68V6tz4WrWtWPnMCf2B9/gCYuJJK</latexit>

G = 0 Hz
<latexit sha1_base64="AX5bYr/G0dRtiiHmXvp/nqjnTA0=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrtB0IsQ8GCOEcwDkiXMTmaTIbMPZnqDccmfePGgiFf/xJt/4yTZgyYWNBRV3XR3+YkUGh3n21pb39jc2i7sFHf39g8O7aPjpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6Hbmt8ZcaRFHDzhJuBfSQSQCwSgaqWfbd+SGOKSL/BEzUnua9uySU3bmIKvEzUkJctR79le3H7M05BEySbXuuE6CXkYVCib5tNhNNU8oG9EB7xga0ZBrL5tfPiXnRumTIFamIiRz9fdERkOtJ6FvOkOKQ73szcT/vE6KwbWXiShJkUdssShIJcGYzGIgfaE4QzkxhDIlzK2EDamiDE1YRROCu/zyKmlWyq5Tdu8vS9VKHkcBTuEMLsCFK6hCDerQAAZjeIZXeLMy68V6tz4WrWtWPnMCf2B9/gCYuJJK</latexit><latexit sha1_base64="AX5bYr/G0dRtiiHmXvp/nqjnTA0=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrtB0IsQ8GCOEcwDkiXMTmaTIbMPZnqDccmfePGgiFf/xJt/4yTZgyYWNBRV3XR3+YkUGh3n21pb39jc2i7sFHf39g8O7aPjpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6Hbmt8ZcaRFHDzhJuBfSQSQCwSgaqWfbd+SGOKSL/BEzUnua9uySU3bmIKvEzUkJctR79le3H7M05BEySbXuuE6CXkYVCib5tNhNNU8oG9EB7xga0ZBrL5tfPiXnRumTIFamIiRz9fdERkOtJ6FvOkOKQ73szcT/vE6KwbWXiShJkUdssShIJcGYzGIgfaE4QzkxhDIlzK2EDamiDE1YRROCu/zyKmlWyq5Tdu8vS9VKHkcBTuEMLsCFK6hCDerQAAZjeIZXeLMy68V6tz4WrWtWPnMCf2B9/gCYuJJK</latexit><latexit sha1_base64="AX5bYr/G0dRtiiHmXvp/nqjnTA0=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrtB0IsQ8GCOEcwDkiXMTmaTIbMPZnqDccmfePGgiFf/xJt/4yTZgyYWNBRV3XR3+YkUGh3n21pb39jc2i7sFHf39g8O7aPjpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6Hbmt8ZcaRFHDzhJuBfSQSQCwSgaqWfbd+SGOKSL/BEzUnua9uySU3bmIKvEzUkJctR79le3H7M05BEySbXuuE6CXkYVCib5tNhNNU8oG9EB7xga0ZBrL5tfPiXnRumTIFamIiRz9fdERkOtJ6FvOkOKQ73szcT/vE6KwbWXiShJkUdssShIJcGYzGIgfaE4QzkxhDIlzK2EDamiDE1YRROCu/zyKmlWyq5Tdu8vS9VKHkcBTuEMLsCFK6hCDerQAAZjeIZXeLMy68V6tz4WrWtWPnMCf2B9/gCYuJJK</latexit><latexit sha1_base64="AX5bYr/G0dRtiiHmXvp/nqjnTA0=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrtB0IsQ8GCOEcwDkiXMTmaTIbMPZnqDccmfePGgiFf/xJt/4yTZgyYWNBRV3XR3+YkUGh3n21pb39jc2i7sFHf39g8O7aPjpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6Hbmt8ZcaRFHDzhJuBfSQSQCwSgaqWfbd+SGOKSL/BEzUnua9uySU3bmIKvEzUkJctR79le3H7M05BEySbXuuE6CXkYVCib5tNhNNU8oG9EB7xga0ZBrL5tfPiXnRumTIFamIiRz9fdERkOtJ6FvOkOKQ73szcT/vE6KwbWXiShJkUdssShIJcGYzGIgfaE4QzkxhDIlzK2EDamiDE1YRROCu/zyKmlWyq5Tdu8vS9VKHkcBTuEMLsCFK6hCDerQAAZjeIZXeLMy68V6tz4WrWtWPnMCf2B9/gCYuJJK</latexit>

G = 10 Hz
<latexit sha1_base64="aEnXeViuyhTByvP0F1Xwa5G6a9s=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwFHaDoBch4MEcI5gHJCHMTmaTIbMPZnrVuOZTvHhQxKtf4s2/cZLsQRMLGoqqbrq7vFgKjY7zba2srq1vbOa28ts7u3v7duGgoaNEMV5nkYxUy6OaSxHyOgqUvBUrTgNP8qY3upr6zTuutIjCWxzHvBvQQSh8wSgaqWcXrsklcR3SQf6AKak+Tnp20Sk5M5Bl4makCBlqPfur049YEvAQmaRat10nxm5KFQom+STfSTSPKRvRAW8bGtKA6246O31CTozSJ36kTIVIZurviZQGWo8Dz3QGFId60ZuK/3ntBP2LbirCOEEesvkiP5EEIzLNgfSF4gzl2BDKlDC3EjakijI0aeVNCO7iy8ukUS65Tsm9OStWylkcOTiCYzgFF86hAlWoQR0Y3MMzvMKb9WS9WO/Wx7x1xcpmDuEPrM8fCzyShQ==</latexit><latexit sha1_base64="aEnXeViuyhTByvP0F1Xwa5G6a9s=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwFHaDoBch4MEcI5gHJCHMTmaTIbMPZnrVuOZTvHhQxKtf4s2/cZLsQRMLGoqqbrq7vFgKjY7zba2srq1vbOa28ts7u3v7duGgoaNEMV5nkYxUy6OaSxHyOgqUvBUrTgNP8qY3upr6zTuutIjCWxzHvBvQQSh8wSgaqWcXrsklcR3SQf6AKak+Tnp20Sk5M5Bl4makCBlqPfur049YEvAQmaRat10nxm5KFQom+STfSTSPKRvRAW8bGtKA6246O31CTozSJ36kTIVIZurviZQGWo8Dz3QGFId60ZuK/3ntBP2LbirCOEEesvkiP5EEIzLNgfSF4gzl2BDKlDC3EjakijI0aeVNCO7iy8ukUS65Tsm9OStWylkcOTiCYzgFF86hAlWoQR0Y3MMzvMKb9WS9WO/Wx7x1xcpmDuEPrM8fCzyShQ==</latexit><latexit sha1_base64="aEnXeViuyhTByvP0F1Xwa5G6a9s=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwFHaDoBch4MEcI5gHJCHMTmaTIbMPZnrVuOZTvHhQxKtf4s2/cZLsQRMLGoqqbrq7vFgKjY7zba2srq1vbOa28ts7u3v7duGgoaNEMV5nkYxUy6OaSxHyOgqUvBUrTgNP8qY3upr6zTuutIjCWxzHvBvQQSh8wSgaqWcXrsklcR3SQf6AKak+Tnp20Sk5M5Bl4makCBlqPfur049YEvAQmaRat10nxm5KFQom+STfSTSPKRvRAW8bGtKA6246O31CTozSJ36kTIVIZurviZQGWo8Dz3QGFId60ZuK/3ntBP2LbirCOEEesvkiP5EEIzLNgfSF4gzl2BDKlDC3EjakijI0aeVNCO7iy8ukUS65Tsm9OStWylkcOTiCYzgFF86hAlWoQR0Y3MMzvMKb9WS9WO/Wx7x1xcpmDuEPrM8fCzyShQ==</latexit><latexit sha1_base64="aEnXeViuyhTByvP0F1Xwa5G6a9s=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwFHaDoBch4MEcI5gHJCHMTmaTIbMPZnrVuOZTvHhQxKtf4s2/cZLsQRMLGoqqbrq7vFgKjY7zba2srq1vbOa28ts7u3v7duGgoaNEMV5nkYxUy6OaSxHyOgqUvBUrTgNP8qY3upr6zTuutIjCWxzHvBvQQSh8wSgaqWcXrsklcR3SQf6AKak+Tnp20Sk5M5Bl4makCBlqPfur049YEvAQmaRat10nxm5KFQom+STfSTSPKRvRAW8bGtKA6246O31CTozSJ36kTIVIZurviZQGWo8Dz3QGFId60ZuK/3ntBP2LbirCOEEesvkiP5EEIzLNgfSF4gzl2BDKlDC3EjakijI0aeVNCO7iy8ukUS65Tsm9OStWylkcOTiCYzgFF86hAlWoQR0Y3MMzvMKb9WS9WO/Wx7x1xcpmDuEPrM8fCzyShQ==</latexit>

C = 10 g/L
<latexit sha1_base64="a++XmVH298H9+xEjx1RDl9ZKs6o=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5oUQS9CoRcPHirYD2hD2Ww37dLNJuxOpCXkr3jxoIhX/4g3/43bNgdtfTDweG+GmXl+LLgGx/m2ChubW9s7xd3S3v7B4ZF9XG7rKFGUtWgkItX1iWaCS9YCDoJ1Y8VI6AvW8SeNud95YkrzSD7CLGZeSEaSB5wSMNLALjfwLXYd3Ac2hRSPLu+zgV1xqs4CeJ24OamgHM2B/dUfRjQJmQQqiNY914nBS4kCTgXLSv1Es5jQCRmxnqGShEx76eL2DJ8bZYiDSJmSgBfq74mUhFrPQt90hgTGetWbi/95vQSCGy/lMk6ASbpcFCQCQ4TnQeAhV4yCmBlCqOLmVkzHRBEKJq6SCcFdfXmdtGtV16m6D1eVei2Po4hO0Rm6QC66RnV0h5qohSiaomf0it6szHqx3q2PZWvBymdO0B9Ynz9fYZKr</latexit><latexit sha1_base64="a++XmVH298H9+xEjx1RDl9ZKs6o=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5oUQS9CoRcPHirYD2hD2Ww37dLNJuxOpCXkr3jxoIhX/4g3/43bNgdtfTDweG+GmXl+LLgGx/m2ChubW9s7xd3S3v7B4ZF9XG7rKFGUtWgkItX1iWaCS9YCDoJ1Y8VI6AvW8SeNud95YkrzSD7CLGZeSEaSB5wSMNLALjfwLXYd3Ac2hRSPLu+zgV1xqs4CeJ24OamgHM2B/dUfRjQJmQQqiNY914nBS4kCTgXLSv1Es5jQCRmxnqGShEx76eL2DJ8bZYiDSJmSgBfq74mUhFrPQt90hgTGetWbi/95vQSCGy/lMk6ASbpcFCQCQ4TnQeAhV4yCmBlCqOLmVkzHRBEKJq6SCcFdfXmdtGtV16m6D1eVei2Po4hO0Rm6QC66RnV0h5qohSiaomf0it6szHqx3q2PZWvBymdO0B9Ynz9fYZKr</latexit><latexit sha1_base64="a++XmVH298H9+xEjx1RDl9ZKs6o=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5oUQS9CoRcPHirYD2hD2Ww37dLNJuxOpCXkr3jxoIhX/4g3/43bNgdtfTDweG+GmXl+LLgGx/m2ChubW9s7xd3S3v7B4ZF9XG7rKFGUtWgkItX1iWaCS9YCDoJ1Y8VI6AvW8SeNud95YkrzSD7CLGZeSEaSB5wSMNLALjfwLXYd3Ac2hRSPLu+zgV1xqs4CeJ24OamgHM2B/dUfRjQJmQQqiNY914nBS4kCTgXLSv1Es5jQCRmxnqGShEx76eL2DJ8bZYiDSJmSgBfq74mUhFrPQt90hgTGetWbi/95vQSCGy/lMk6ASbpcFCQCQ4TnQeAhV4yCmBlCqOLmVkzHRBEKJq6SCcFdfXmdtGtV16m6D1eVei2Po4hO0Rm6QC66RnV0h5qohSiaomf0it6szHqx3q2PZWvBymdO0B9Ynz9fYZKr</latexit><latexit sha1_base64="a++XmVH298H9+xEjx1RDl9ZKs6o=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5oUQS9CoRcPHirYD2hD2Ww37dLNJuxOpCXkr3jxoIhX/4g3/43bNgdtfTDweG+GmXl+LLgGx/m2ChubW9s7xd3S3v7B4ZF9XG7rKFGUtWgkItX1iWaCS9YCDoJ1Y8VI6AvW8SeNud95YkrzSD7CLGZeSEaSB5wSMNLALjfwLXYd3Ac2hRSPLu+zgV1xqs4CeJ24OamgHM2B/dUfRjQJmQQqiNY914nBS4kCTgXLSv1Es5jQCRmxnqGShEx76eL2DJ8bZYiDSJmSgBfq74mUhFrPQt90hgTGetWbi/95vQSCGy/lMk6ASbpcFCQCQ4TnQeAhV4yCmBlCqOLmVkzHRBEKJq6SCcFdfXmdtGtV16m6D1eVei2Po4hO0Rm6QC66RnV0h5qohSiaomf0it6szHqx3q2PZWvBymdO0B9Ynz9fYZKr</latexit>

C = 25, 400 mg/L
<latexit sha1_base64="CaSJezp6N14knspjOafReHde0Kc=">AAACAXicbVA9SwNBEN2LXzF+ndoINotBsJB4FyLaCIE0FhYRzAckR9jbbJIlu3fH7pwYjtj4V2wsFLH1X9j5b9wkV2jig4HHezPMzPMjwTU4zreVWVpeWV3Lruc2Nre2d+zdvboOY0VZjYYiVE2faCZ4wGrAQbBmpBiRvmANf1iZ+I17pjQPgzsYRcyTpB/wHqcEjNSxDyr4ChfPT3HJcXAb2AMkWPbPbsYdO+8UnCnwInFTkkcpqh37q90NaSxZAFQQrVuuE4GXEAWcCjbOtWPNIkKHpM9ahgZEMu0l0w/G+NgoXdwLlakA8FT9PZEQqfVI+qZTEhjoeW8i/ue1YuhdegkPohhYQGeLerHAEOJJHLjLFaMgRoYQqri5FdMBUYSCCS1nQnDnX14k9WLBdQrubSlfLqZxZNEhOkInyEUXqIyuURXVEEWP6Bm9ojfryXqx3q2PWWvGSmf20R9Ynz9ZIZQ6</latexit><latexit sha1_base64="CaSJezp6N14knspjOafReHde0Kc=">AAACAXicbVA9SwNBEN2LXzF+ndoINotBsJB4FyLaCIE0FhYRzAckR9jbbJIlu3fH7pwYjtj4V2wsFLH1X9j5b9wkV2jig4HHezPMzPMjwTU4zreVWVpeWV3Lruc2Nre2d+zdvboOY0VZjYYiVE2faCZ4wGrAQbBmpBiRvmANf1iZ+I17pjQPgzsYRcyTpB/wHqcEjNSxDyr4ChfPT3HJcXAb2AMkWPbPbsYdO+8UnCnwInFTkkcpqh37q90NaSxZAFQQrVuuE4GXEAWcCjbOtWPNIkKHpM9ahgZEMu0l0w/G+NgoXdwLlakA8FT9PZEQqfVI+qZTEhjoeW8i/ue1YuhdegkPohhYQGeLerHAEOJJHLjLFaMgRoYQqri5FdMBUYSCCS1nQnDnX14k9WLBdQrubSlfLqZxZNEhOkInyEUXqIyuURXVEEWP6Bm9ojfryXqx3q2PWWvGSmf20R9Ynz9ZIZQ6</latexit><latexit sha1_base64="CaSJezp6N14knspjOafReHde0Kc=">AAACAXicbVA9SwNBEN2LXzF+ndoINotBsJB4FyLaCIE0FhYRzAckR9jbbJIlu3fH7pwYjtj4V2wsFLH1X9j5b9wkV2jig4HHezPMzPMjwTU4zreVWVpeWV3Lruc2Nre2d+zdvboOY0VZjYYiVE2faCZ4wGrAQbBmpBiRvmANf1iZ+I17pjQPgzsYRcyTpB/wHqcEjNSxDyr4ChfPT3HJcXAb2AMkWPbPbsYdO+8UnCnwInFTkkcpqh37q90NaSxZAFQQrVuuE4GXEAWcCjbOtWPNIkKHpM9ahgZEMu0l0w/G+NgoXdwLlakA8FT9PZEQqfVI+qZTEhjoeW8i/ue1YuhdegkPohhYQGeLerHAEOJJHLjLFaMgRoYQqri5FdMBUYSCCS1nQnDnX14k9WLBdQrubSlfLqZxZNEhOkInyEUXqIyuURXVEEWP6Bm9ojfryXqx3q2PWWvGSmf20R9Ynz9ZIZQ6</latexit><latexit sha1_base64="CaSJezp6N14knspjOafReHde0Kc=">AAACAXicbVA9SwNBEN2LXzF+ndoINotBsJB4FyLaCIE0FhYRzAckR9jbbJIlu3fH7pwYjtj4V2wsFLH1X9j5b9wkV2jig4HHezPMzPMjwTU4zreVWVpeWV3Lruc2Nre2d+zdvboOY0VZjYYiVE2faCZ4wGrAQbBmpBiRvmANf1iZ+I17pjQPgzsYRcyTpB/wHqcEjNSxDyr4ChfPT3HJcXAb2AMkWPbPbsYdO+8UnCnwInFTkkcpqh37q90NaSxZAFQQrVuuE4GXEAWcCjbOtWPNIkKHpM9ahgZEMu0l0w/G+NgoXdwLlakA8FT9PZEQqfVI+qZTEhjoeW8i/ue1YuhdegkPohhYQGeLerHAEOJJHLjLFaMgRoYQqri5FdMBUYSCCS1nQnDnX14k9WLBdQrubSlfLqZxZNEhOkInyEUXqIyuURXVEEWP6Bm9ojfryXqx3q2PWWvGSmf20R9Ynz9ZIZQ6</latexit>

C = 25, 100, 400 mg/L
<latexit sha1_base64="qU0vS0SqdhVSaXgCMlNPCxjLAww=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBIsTZENFGCKSxsIhgHpAsYXYymwzOPpi5K4YllY2/YmOhiK3fYOffOHkUmnjgwuGce7n3Hi+WQgMh31ZmaXlldS27ntvY3NresXf3GjpKFON1FslItTyquRQhr4MAyVux4jTwJG96d9Wx37znSosovIVhzN2A9kPhC0bBSF37sIovcemsgB1CCrhMCO4Af4AUB/3T61HXzpMimQAvEmdG8miGWtf+6vQilgQ8BCap1m2HxOCmVIFgko9ynUTzmLI72udtQ0MacO2mkzdG+NgoPexHylQIeKL+nkhpoPUw8ExnQGGg572x+J/XTsC/cFMRxgnwkE0X+YnEEOFxJrgnFGcgh4ZQpoS5FbMBVZSBSS5nQnDmX14kjVLRIUXnppyvlGZxZNEBOkInyEHnqIKuUA3VEUOP6Bm9ojfryXqx3q2PaWvGms3soz+wPn8AeSuVSQ==</latexit><latexit sha1_base64="qU0vS0SqdhVSaXgCMlNPCxjLAww=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBIsTZENFGCKSxsIhgHpAsYXYymwzOPpi5K4YllY2/YmOhiK3fYOffOHkUmnjgwuGce7n3Hi+WQgMh31ZmaXlldS27ntvY3NresXf3GjpKFON1FslItTyquRQhr4MAyVux4jTwJG96d9Wx37znSosovIVhzN2A9kPhC0bBSF37sIovcemsgB1CCrhMCO4Af4AUB/3T61HXzpMimQAvEmdG8miGWtf+6vQilgQ8BCap1m2HxOCmVIFgko9ynUTzmLI72udtQ0MacO2mkzdG+NgoPexHylQIeKL+nkhpoPUw8ExnQGGg572x+J/XTsC/cFMRxgnwkE0X+YnEEOFxJrgnFGcgh4ZQpoS5FbMBVZSBSS5nQnDmX14kjVLRIUXnppyvlGZxZNEBOkInyEHnqIKuUA3VEUOP6Bm9ojfryXqx3q2PaWvGms3soz+wPn8AeSuVSQ==</latexit><latexit sha1_base64="qU0vS0SqdhVSaXgCMlNPCxjLAww=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBIsTZENFGCKSxsIhgHpAsYXYymwzOPpi5K4YllY2/YmOhiK3fYOffOHkUmnjgwuGce7n3Hi+WQgMh31ZmaXlldS27ntvY3NresXf3GjpKFON1FslItTyquRQhr4MAyVux4jTwJG96d9Wx37znSosovIVhzN2A9kPhC0bBSF37sIovcemsgB1CCrhMCO4Af4AUB/3T61HXzpMimQAvEmdG8miGWtf+6vQilgQ8BCap1m2HxOCmVIFgko9ynUTzmLI72udtQ0MacO2mkzdG+NgoPexHylQIeKL+nkhpoPUw8ExnQGGg572x+J/XTsC/cFMRxgnwkE0X+YnEEOFxJrgnFGcgh4ZQpoS5FbMBVZSBSS5nQnDmX14kjVLRIUXnppyvlGZxZNEBOkInyEHnqIKuUA3VEUOP6Bm9ojfryXqx3q2PaWvGms3soz+wPn8AeSuVSQ==</latexit><latexit sha1_base64="qU0vS0SqdhVSaXgCMlNPCxjLAww=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBIsTZENFGCKSxsIhgHpAsYXYymwzOPpi5K4YllY2/YmOhiK3fYOffOHkUmnjgwuGce7n3Hi+WQgMh31ZmaXlldS27ntvY3NresXf3GjpKFON1FslItTyquRQhr4MAyVux4jTwJG96d9Wx37znSosovIVhzN2A9kPhC0bBSF37sIovcemsgB1CCrhMCO4Af4AUB/3T61HXzpMimQAvEmdG8miGWtf+6vQilgQ8BCap1m2HxOCmVIFgko9ynUTzmLI72udtQ0MacO2mkzdG+NgoPexHylQIeKL+nkhpoPUw8ExnQGGg572x+J/XTsC/cFMRxgnwkE0X+YnEEOFxJrgnFGcgh4ZQpoS5FbMBVZSBSS5nQnDmX14kjVLRIUXnppyvlGZxZNEBOkInyEHnqIKuUA3VEUOP6Bm9ojfryXqx3q2PaWvGms3soz+wPn8AeSuVSQ==</latexit>

Limited supply
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Conditions at the time of little to no shear by experimental set
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Figure 4.3: Schematic and photos of the period of deposition for each experimental set (organized by
column). Sets A and B are considered to be conditions of limited sediment supply at the time of resus-
pension, whereas Set C is taken to be a condition of unlimited sediment supply in the bed at the time of
resuspension. While on the bed, flocs can grow, compact, and bind to each other and/or the bed in the
Set A and B runs. In Set C, the bed also undergoes compaction with time and depth (what we refer to as
consolidation).
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as in Set A, yet it allowed flocs in the water column and on the bed to slowly move and grow in

size (Figure 4.3). Second, there were two cycles of low and high shear in the Set B runs. In Set B,

three concentration conditions were examined, i.e., C = 25, 100, and 400 mg/L. Set B coarsely

mimics an estuarine with periods of low but non-zero shear during low and high slack.

In Set C, after the 30 min of high shearing, the shear was brought to G = 0 s−1and the

suspension was left intact for T = 0.25, 6, and 12 days, respectively. Following this no-shear

period, the shear rate of G = 40 s−1 was applied to the suspension for five hours during which

concentration and floc size were monitored.

Sets A and B are considered to be conditions of limited sediment supply at the time of

resuspension, whereas Set C is taken to be a condition of unlimited sediment supply in the bed

at the time of resuspension. While on the bed, flocs can grow, compact, and bind to each other

and/or the bed in the Set A and B runs. In Set C, the bed also undergoes compaction with time

and depth (what we refer to as consolidation).

A preliminary experiment was conducted to investigate the maximum amount of sedi-

ment that a turbulent shear rate of G = 40 s−1can keep in suspension. After the high shearing

period, the shear was dropped down to G = 40 s−1for 48 hrs. The result indicated that at G = 40

s−1the turbulent can keep C ≈ 10,000 mg/L in suspension.

Throughout this paper, a specific experiment will be referred as X:SSC:T Y where X indi-

cates the experiment set (i.e. A, B, or C), SSC is the concentration in mg/L, T is the low to no

shear period in days, and Y is the notation for either before deposition (Y=D) or after resus-

pension (Y=R). For example, floc size before being deposited in an experiment in Set A that has
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the condition of C = 25 mg/L and consolidation time of 6 days will denote as the floc size of

experiment A:25:6 D.

4.2.4 Image Processing

Automated image processing routines were used to extract the floc size information from col-

lected images using the ImageJ and Matlab processing scripts of Keyvani and Strom (2013). The

routines remove out-of-focus flocs and then combine the results from 60 images to yield by-

volume size distributions of suspended particles every minute.

4.3 Results

In this study, we can have compaction, growth, or binding of individual flocs to either each

other or the bed for Set A and B. And we have consolidation of the mud bed for Set C. We use

the term consolidation to refer to the reduction in the void space of the bed (as evidenced by

the reduction in the thickness of the bed) with time, i.e., G = 0 s−1and C = 10,000 mg/L. Besides

consolidation, binding and compaction are other two processes that have important influence

on the bed structure and behavior. The term binding refers to a process takes place on the bed

in which floc either sticks to the bed or with other flocs as it rolls around in the fluff layer. Com-

paction refers to a process in which individual floc reduces in volume and increase in density.

Binding and compaction can occur under both low shear or no shear period.

4.3.1 Primary Results of the Three Set of Experiments

Figure 4.4 shows the plot of the average floc size and suspension concentration with time for

the Set A experiments. Figure 4.5 shows the same for sets B and C. Four observations from
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the figures are in order. First, within the first 3 – 20 min of the resuspension phase, the floc

sizes increase rapidly towards equilibrium. Second, in the Set A experiments, the deposited

and resuspended average equilibrium floc size appear to be similar. However, in Set B, there is

a slight downward trend in both floc size (in experiments B:25, and B:100) and in some cases

concentration (B:400) (Figure 4.5 a,b,c). Note that the main difference between Set A and B is the

shear rate during the period of deposition, G = 0 s−1 in Set A and G = 10 s−1 in Set B. Third, in Set

A the floc size seems to be independent of T the length for which the flocs are on the bed (Figure

4.4). Fourth, under the same turbulent shear condition, higher concentration resulted in larger

floc sizes. For example, the left column in Figure 4.5 shows the results from Set B experiments

in which the floc size slightly increases according to the increase of the concentration from 25

to 400 mg/L.

In the Set C experiments, the floc size after resuspension decreased slightly relative to

the sizes at the time of deposition with the increase in the time for which the sediment sat on

the bed T (Figure 4.5 d,e,f). In all experiments, floc sizes reached equilibrium within 3 to 20

minutes.

4.3.2 Decrease in Resuspension Concentration

The deposition time and the availability of sediment on the floor of the tank both influence the

resuspension rate and resuspended floc size. In Set A, resuspension concentration quickly goes

back to the concentration value before deposition (Figure 4.4 a to f). The last experiment of Set

B, B:400:0.25 shows a reduction of about 50 mg/L in resuspension concentration (Figure 4.5 c).

The preliminary experiment indicates that the flow in our experiments is strong enough to keep
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Figure 4.4: Measured average floc size and suspension concentration time series from the Set A exper-
iments. The deposition period, T , increases from top to bottom and the concentration increases from
left to right.
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Figure 4.5: The left column shows floc size and concentration time series from the Set B experiments.
Concentration increases from top to bottom; in all cases, T = 0.25 days. The time series of average floc
size and suspended sediment concentration during the resuspension phase only of the Set C experi-
ments is given in the righthand column. For these three runs, the deposition period T increases from
0.25 to 6 to 12 days from top to bottom.
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about 10,000 mg/L in suspension. Hence, the deficit in concentration in the last experiment in

Set B must be due to reasons other than a lack of carrying capacity of the mixing fluid. In the

discussion section, we will further investigate this observation.

Figures 4.5 d,e,f illustrate the floc size and concentration evolution from the Set C experi-

ments. The concentration time series manifest a correlation with deposition period (or the time

for which the sediment was left on the bed before resuspension). For example, the equilibrium

concentration after resuspension for the case of T = 12 days was about 500 mg/L whereas with

T = 0.25 days, C increased to approximate 870 mg/L. Nevertheless, amongst the three experi-

ments in Set C, the erosion behavior is similar with a steep increase in the first 50 minutes then

gradually reduce to an equilibrium. Up to this point, it seems that consolidation time does not

have a significant impact on floc size but alters the behavior of the resuspension concentration.

The next section will discuss in more detail the evidence of how turbulent shear, concentration,

and consolidation time impact floc characteristics.

4.4 Discussion

4.4.1 The Modification of Floc Size on the Bed

Evidence that flocs grow on the bed can be seen through the reduction of resuspended floc

size and concentration in both the Set B and C experiments. In Set B, the low shear, G = 10 s−1,

allows about half of the aggregates to settle while keeping the rest in suspension. This is the time

during which flocs on the bed can slowly move and grow in size. When the shear was set back

to G = 40 s−1, most of the flocs resuspended, but some large flocs remained on the bed. Two

lines of reasoning that lead us to this observation are 1) the video of floc activities on the bed
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(V1), please refer to the supporting information, and 2) a decrease in floc size and C compared

to the first G = 40 s−1period, or the period before deposition.
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Figure 4.6: Data shows the floc size characteristics at equilibrium before deposition (D) and after resus-
pension (R) – except for Set C (figure d) where only resuspension data is shown. The horizontal bars in
the box-and-whisker plots from top to bottom are: df95, df84, df50, df16, and df5). Each population of floc
size comes from the last ten minutes of each period of G = 40 s−1. On average, the number of measured
flocs in the last ten minutes is around 36000 for C = 25 mg/L and 125000 for C = 400 mg/L.

First, in this paper, the second floc camera captured floc images on the bed during the

low shear period. Images from this bed-camera were not used for any of the analysis in this

study, such information rather used for qualitatively verifying if flocs aggregates and grows in

size once they settled on the bed. The video, provided in the supporting information, reveals

that flocs bind with other aggregates and grow rather quickly as soon as the shear was turned off.
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Second, Figure 4.5c shows the results of the Set B experiments which unveils that the increase

of floc size during the deposition time leads to a reduction in resuspended sediment concen-

tration. For example, a deficit in resuspension concentration of 50 mg/L in each resuspension

cycles is seen in experiment B:400:0.25. The reduction of resuspension sediment in lower con-

centration runs, i.e., B:25:0.25 and B:100:0.25, is also indirectly reflected via the resuspended

floc sizes (Figure 4.6). Figure 4.6 illustrates the box-and-whisker plot of floc size characteristics

at equilibrium, the last ten minutes of each G = 40 s−1period, of all experiments. The hori-

zontal bars in the box-and-whisker plots from top to bottom are df95, df84, df50, df16, and df5.

Figure 4.5 a,b and Figure 4.6c show that the floc size after each cycle was slightly smaller than

the previous cycles. Tran et al. (2018) proposed that at low concentration floc size is very sensi-

tive to the change in concentration. Hence, an insignificant reduction in concentration, which

our OBS could not detect, can cause a small decrease of resuspended equilibrium floc size in

experiments B:25:0.25 and B:100:0.25.

In Set C, observation from experiments shows that the surficial bed strata, or the fluff

layer, will initially resuspend with a number of large flake shaped flocs before the turbulent

shear stress takes control and reset the floc size within a few minutes. The flake flocs are only

present in the longer consolidation time experiments, i.e., 6 and 12 days, where flocs have

enough time to dewater and bind with other aggregates. The video V2 in the supporting infor-

mation provides images of the flake flocs. This observation confirms that flocs’ characteristics

are a function of local conditions as shown previously in Section 4.3.1. Moreover, Figure 4.5 and

4.6d display that both the average floc size and the range between d f 95 and d f 5 after resuspen-
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sion go down slightly with an increase in the period of deposition (or with an increase in the

time for which the bed has a chance to consolidate).

It is noted that the presence of shear stress during the period of deposition impacts the

resuspension behavior. For example, even though the experiments A:400:0.25 and B:400:0.25

have the same conditions of C = 400 mg/L and T = 0.25 days, the difference in magnitude of

shear stress during the slack water resulted in different resuspension characteristics. Namely,

only 87.5% of freshly deposited aggregates in the Set B experiment were resuspended compared

to 100% resuspension in the Set A experiment (Figure 4.4f and Figure 4.5c). The importance of

fluid conditions while the flocs are on the bed was also reported by Lau and Droppo (2000), who

suggested that the antecedent conditions of deposition have a profound impact on the stability

of the bed.

Hence, we conclude that during the low to no shear period, flocs can growth, bind, com-

pact while on the bed and thereby slightly modify the ability of the flow to resuspend the flocs

relative to the time before the flocs spent significant time on the bed. These processes seem

to be rather insignificant when the fluid is stagnant while the flocs are on the bed for concen-

trations in the range of 400 mg/L before deposition occurs (the limited sediment supply con-

ditions). Within this set of conditions, neither the concentration at the time of deposition or

the time for which the flocs are on the bed before being resuspended have any influence on the

resuspended floc size or rate of suspension. However, the presence of low shear while the flocs

are on the bed in conditions of limited supply does seem to have some small influence on the

resuspension characteristics of the flocs. Furthermore, increasing C at the time of deposition
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to create a thick mud deposit (C=10,000 mg/L, unlimited sediment supply at the time of resus-

pension) does produce a dependence in the resuspension characteristics on the length of time

for which the bed is left undisturbed before resuspending the sediment. Such alteration in floc

characteristics reflects via the reduction in resuspended floc size and concentration. The de-

gree of modification of floc characteristics depends on the shear stress, concentration and the

time of low shear period.

4.4.2 Resuspension Efficiency

From our data, it is not possible to quantitatively obtain the erosion coefficient or the critical

shear stress, τcr . Hence, in this paper, we use the time to equilibrium as a proxy of the erosion

efficiency or the resuspension efficiency. Figure 4.7 shows the time for the resuspension con-

centration to reach its equilibrium condition in Set A and B experiments. Figure 4.8 illustrates

the rates at which resuspension concentrations reach a certain value, i.e., 100, 200, 300, and 350

mg/L, in experiments in Set A and C.

Impact of Deposition Time on Resuspension Efficiency

It is widely reported in the literature that erosion rate goes down with an increase in time be-

tween deposition and erosion of a mud bed (Winterwerp and van Kesteren, 2004; Partheniades,

2009). Figures 4.7 and 4.8 also show that the erosion rate decrease with an increase in the depo-

sition time. The time to equilibrium in Figure 4.7 was defined as the time that the suspension

concentration needed to rise from 0 mg/L until reaching a plateau. Figure 4.7 indicates that in

very low concentration in Set A experiments, i.e., C = 25 and 100 mg/L, the erosion or resuspen-

sion rate is independent of deposition time with the time to equilibrium C being about 3 to 4
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min for all three different deposition time scenarios. The disparity in resuspension efficiency

with respect to deposition time is only exposed to higher concentration experiments, C = 400

mg/L. In experiments A:400, increase in deposition time from 0.25 to 6 or 12 days doubled the

time to equilibrium (Figure 4.7 opened triangle markers). Figure 4.5 d,e,f also confirms that

the longer the deposition time, the smaller the erosion rate will be, as evidenced by the lower

concentrations. This, in turn, lead to slightly smaller resuspended floc size, since concentration

also has an impact on the floc size in water column (Tran et al., 2018).

It is important to clarify that in our experiments there are two main sources causing the

decrease of resuspended concentration which, in turn, leads to the reduction of equilibrium

floc size in the erosion phase. First, the period of low shear, i.e., in Set B with G = 10 s−1, en-

hances floc binding process resulting in a small amount of floc aggregates remain on the bed

during the resuspension. Such reduction of resuspended concentration leads to the decrease

in floc size distribution (Figure 4.5 a,b,c and 4.6c). Second, longer deposition time improves the

consolidation process making the bed stronger and more resistant to the erosion forces. Hence,

the suspension concentration reentrains into the water column also reduces. Consequently, the

resuspended floc size decreases (Figure 4.5 d,e,f). Impact of concentration of the mixture and

turbulent shear during the slack water are discussed in more detail in the next section.

Impact of Concentration and Shear on Resuspension Efficiency

Figure 4.8 elucidates that in general Set C, unlimited sediment supply, takes a longer time to

resuspend the same amount of sediment than in the limited sediment supply case of Set A.

For example, the differences in erosion rates between experiments A:400:0.25 and C:10,000:0.25
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Figure 4.7: The time for concentration to reach equilibrium in the resuspension phase in experiments
Set A and B. In the figure, C is in mg/L and G is in s−1. The square, circle, and triangle markers show
concentration C = 25, 100, and 400 mg/L, respectively. Solid shape illustrates Set B experiments where
number 1 and 2 are the first and second resuspension cycle. Opened shape indicates Set A experiments.

could only be due to differences in the concentration at the time of deposition since the other

conditions such as G and T were the same (Figure 4.8). Unfortunately, during the deposition

period due to the excessively high concentration, our floc camera was unable to obtain the floc

size at the time of deposition for the Set C experiments. Nevertheless, we would argue that the

floc size, shortly before deposition, of these two particular experiments, were considerably dif-

ferent since the floc size also a function of concentration. Such differences in prior-deposited

floc size and concentration of sediment on the bed result in different aggregation, bed structure,

and hence the erosion rate. If we further assume that in case of T = 6 hrs, the impact of consoli-

dation is negligible then obviously the distance between two lines A:400:0.25 and C:10,000:0.25

in Figure 4.8 caused by concentration only. Another evidence of concentration dictates erosion

rate can be seen in Figure 4.7, e.g., in Set A experiments. That is, given the same deposition time,
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higher concentration mixtures take two or four times longer to reach the equilibrium condition.

Figure 4.8 also shows that higher concentrations take longer to get to equilibrium, i.e., C:10000

compare to A:400 experiments. However, what is interesting is that higher concentrations are

also slower to reach to the absolute C values such as the time to C = 200 mg/L. Concentration,

therefore, plays important role in modifying the resuspension efficiency.

In this study, the applied turbulent shear before and after deposition of the mixture is

always at G = 40 s−1. However, there are two different shear rates were applied during the de-

position period, G = 0 s−1in Set A and C experiments and G = 10 s−1in Set B experiments. The

variation in shear during slack water period resulted in two different floc sizes on the bed. Con-

sequently, the time to equilibrium in Set B is more than twice the time needed in Set A, given

the same T = 0.25 days (Figure 4.7). In other words, resuspension efficiency in Set A is double

that of Set B’s or at least in our experiment condition the presence of shear during the consol-

idation period has as much influence on resuspension efficiency as consolidation time and/or
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concentration (Figure 4.7).

It is noticed that in Figure 4.8 the time to re-suspend the first 100 mg/L of sediment in all

experiments are quite similar, ranging from 1.5 to 4 min, the variation becomes greater since

the 200 mg/L level. For deeper layers, the values of τcr increase significantly as a function of

depth results in different time to erode the same amount of sediment in different experiments.

Since the τcr = τcr (h) the erosion of the first 100 mg/L in similar time means such layer of bed

deposit has similar value of τcr . Thus, it seems that C = 100 mg/L is the cap for flocs erosion,

thenceforth, it would be the flocs or surface erosion where the turbulent shear need to break

down the aggregates and/or the structure of the bed in order to bring individual floc into sus-

pension. This observation coincides with other studies (Thomsen and Gust, 2000; Winterwerp

and van Kesteren, 2004; Partheniades, 2009; Mathew and Winterwerp, 2017). Another interest-

ing observation is that the pre-deposit condition also plays an important role in dictating the

characteristics of floc aggregates on the bed which in turn impact on the resuspension coeffi-

cient.

4.4.3 Implication of the Findings to Resuspension Modeling

Aspects that impact the critical shear stress and erosion coefficient of pure mud or cohesive sed-

iment have been thoroughly examined, including physical properties of the sediment (Parthe-

niades, 1962; Dade et al., 1992; Lick et al., 2004; Mahalder et al., 2018), hydrodynamic proper-

ties (Partheniades, 2009; Mathew and Winterwerp, 2017), geochemical properties (van Ledden

et al., 2004; Gerbersdorf et al., 2008; Mahalder et al., 2018), and biological properties (Dickhudt

et al., 2009; Briggs et al., 2015; Li et al., 2017). Nonetheless, to the best of the authors’ knowl-
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edge, no studies have ever investigated the flocculation and consolidation processes of freshly

deposited flocs on a bed and how such experiences can modify size and characteristics once

the flocs re-entrain to the water column. Subjected to dewatering and consolidation processes

the deposited flocs are expected to increase in density and fractal dimension, and decrease in

size. Tran and Strom (2017) pointed out that for a floc size of 95 µm, a small increase in den-

sity (4%) or fractal dimension (n f = 2 to 2.4) can lead to an increase in settling velocity of 50%.

Hence, being able to properly characterize the properties of resuspended floc is important for

adequately modeling mud transport in systems that see either simultaneous erosion and depo-

sition of flocs (such as in a river or turbidity current) or systems that have periodic erosion and

deposition (such as estuaries and fresh shelf deposits that are reworked by waves). This present

study is unique in that it is the first study comparing the floc characteristics before deposit and

after resuspension under different condition of shear stress, suspended sediment concentra-

tion, and consolidation time.

As discussed previously, in our experimental conditions, the equilibrium floc size and floc

characteristics can be altered due to two main reasons, binding and consolidation and/or the

combination of both processes. The binding has a profound impact on the antecedent condi-

tions of resuspension. First, the presence of low shear during slack water conditions was found

to modify flocs on the bed relative to the case of zero shear. As shown in Figure 4.7, maintaining

G = 10 s−1in just 6 hours in the short deposition time experiments resulted in the same effect on

the resuspension rate as of increasing the time of consolidation from 6 hours to 12 days in the

case of zero shear. The importance of antecedent conditions to resuspension process was also
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reported by (Lau and Droppo, 2000). Lau and Droppo (2000) conducted a series of experiments

with bed deposited under quiescent conditions and under shear. Their data show that the pres-

ence of shear during the deposition increase the stability of the bed about eight times larger

than without shear in the deposition process. This information shows the effect of binding ei-

ther between floc and floc or between floc and the bed is a very important factor. Second, the

suspension concentration at the time of deposition will define the deposited floc sizes as well as

the floc sizes that will be torn off the bed and re-entrained into the water column. It is believed

that the order of binding increases with the increase of suspension concentration at the time of

deposition. Both binding and consolidation processes result in a stronger bed, smaller amount

of large flocs and suspension concentration reentrain into the water column. This is, in turn,

lead to a reduction in resuspended floc size.

Several mud erosion models are widely used in the literature include (Sanford and Maa,

2001; Sanford, 2008; Wiberg et al., 2013; Mathew and Winterwerp, 2017; Wu et al., 2017). These

studies presented and discussed comprehensively the factors that affect critical shear stresses

and/or erosion coefficient. Unfortunately, none of these studies illustrated how the modifi-

cation of resuspended floc should be included in resuspension models. We recommend that

further laboratory experiment studies to quantify the impact of antecedent conditions on the

increase of fractal dimension and density of resuspended flocs are needed.

4.5 Conclusions

This study investigates the modification if any, of flocs after resuspension relative to their state

before spending time on the bed and being resuspended. We tested two hypotheses that 1) flocs



Duc Tran Chapter 4. Resuspension 159

grow on the bed and 2) resuspension efficiency dictates resuspended concentration which in

turn influence the floc size. Three sets of experiments were conducted to examine the resus-

pended floc characteristics under different conditions of 1) consolidation time, 2) the presence

of shear stress during the low shear period, and 3) limited and unlimited of sediment supply.

Overall, the data suggest that resuspended floc size is a function of local condition and

independent of consolidation time. In our experiment, the floc sizes reentrain into the water

column were smaller than that of the deposition phase due to either reduction in resuspended

concentration or the remaining on the bed of larger flocs. The data highlights the importance

of the prior-erosion condition, i.e., high concentration or the presence of low shear during the

slack water period. For example, in Set B, the presence of shear during consolidation period en-

hances floc size on the bed and prevent some bigger flocs to resuspend which in turn influence

both resuspended concentration and floc size in the water column. In Set C, a depth-limited

erosion case, longer consolidation time resulted in a deficit in resuspended concentration caus-

ing smaller resuspended floc size since floc size is also a function of concentration. We conclude

that for the water and sediment conditions tested in our study, the resuspended floc character-

istics are could be treated as being in equilibrium with the local conditions. We also observe

that in our experimental conditions, the antecedent condition of resuspension play a role as

important as the duration of consolidation does.
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5 Conclusions

The settling velocity, and hence floc properties, play a large role in determining where mud

delivered to coastal zones ends up. Because of the difficulty in predicting how flocs change

in dynamic transition zones, and because of the lack of data, flocculation is typically treated

in only a very basic way in both detailed hydrodynamic models (Lesser et al., 2004; Edmonds

and Slingerland, 2010) and geologic-scale deltaic and basin filling models (Syvitski and Hutton,

2001; Hutton and Syvitski, 2008). Most academic and professional studies that have included

flocculation in their modeling efforts have done so using the direct modeling of ws on local

conditions of C and G (Chapter 1). The next most common method is to use an equilibrium

floc size approach (Chapter 1). Nevertheless, the flocculation data used to calibrate and vali-

date such models are often measured in a stagnant settling column in laboratory experiments

or under conditions in which multiple parameters, e.g., C , G , and salinity S, are co-varied dur-

ing filedwork campaigns. As a consequence, the models that are developed based on such data

can lead to under- or over- prediction of the floc size or floc settling velocity. Furthermore, due

to the low resolution of the data sampling some important physical processes during the floc-

culation time might lose. For example, the aggregation and break up rate are often in the order

of five minutes or less depending on the concentration and shear, hence, if the time between

two sampling points is longer than five minutes the modification rate of floc to the change of
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local conditions would be missing. Subsequently, in order to enhance the accuracy and to val-

idate/calibrate any flocculation model high caliber data of flocculation evolution under differ-

ent hydrodynamic conditions is required.

This dissertation examines several typical processes in coastal zones and deep ocean

which have influences on the flocculation processes and hence the floc aggregates size and

settling velocity. We developed a new, non-intrusive optical method, the Near Wall method,

to increase the upper limit of concentration from 100 to 400 mg/L. The Near Wall method not

only provides better floc images but also allow customizing the frequency at which the floc size

data will be collected, every one minute in our case. Laboratory experiments also allow us full

control of the hydrodynamic conditions which in turn eliminate the covariation of different pa-

rameters such as G , C , salinity and mixture of sediment. The high resolution of data collection

from our laboratory experiments help to isolate the impact of each and every parameter on floc

size and settling velocity. Such data is a good source of input for flocculation modeling calibra-

tion and validation. Data associated with this dissertation are also available on GitHub under

https://github.com/FluidSedDynamics.

5.1 Summary of Primary Findings

In Chapter 21, the dependence of floc size on steady and decaying concentration were investi-

gated. We hypothesized that 1) concentration has strong influences on the flocculation rate but

weak impacts on equilibrium floc size and 2) the floc size adapts quickly to the change in C . Ac-

cordingly, two set of experiments were conducted. In the first set, different concentrations, i.e.,

1Published in Continental Shelf Research

https://github.com/FluidSedDynamics
https://www.sciencedirect.com/science/article/pii/S0278434317303965
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C = 15, 25, 50, 100, 200, 300, 400 mg/L, were kept constant in 12 h of floc size measurement. The

result shows that floc size is a weak, positive function of concentration. The data also illustrate

that increase in C will enhance the floc growth rate, particularly when the primary particle sizes

are small. In the second set of experiments, the river plume processes with the entrainment of

clear water, C = 0 mg/L, was mimicked using a three-tank setup. The flow rate of clear water

discharged from the top tank to the mixing tank was set the same with the drain rate from the

mixing tank to the bottom tank. Hence, the water level inside the mixing tank was remained

unchanged during the experiment, and so was the turbulent shear. The data reveal that the

equilibrium floc size response quickly to the decrease of concentration, within the range of ten

minutes.

In Chapter 32, we examine whether mixers of silt and clay have any interaction in a tur-

bulent suspension. Three hypotheses were tested, including 1) if the presence of silt impacts

the floc size, 2) whether clay aggregates can capture silt particles, and 3) whether silt parti-

cles increase the density and thus the settling velocity of clay flocs. Subsequently, floc/particle

size and settling velocity in suspension of pure clay, pure silt and mixtures of different ratio

of clay:silt were measured. The data show that while silt does not has a significant impact on

clay aggregate sizes, it gets bound up within the flocs and increases the density of floc which

in turn lead to the increase in settling velocity. It is worth noting that under low shear (G < 20

s−1)or very high shear (G > 70 s−1) the number of silt particles that floc aggregates can capture

reduce significantly. In other words, within the range of G from 20 to 70 s−1 silt particles and

floc aggregates can be treated independently. However, within this range, the presence of silt in

2Published in Continental Shelf Research

https://www.sciencedirect.com/science/article/pii/S0278434316305374
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suspension modified floc settling velocity considerably and the two fraction should be treated

dependently. The work in Chapter 3 was published in Continental Shelf Research, volume 138,

pages 81 - 94.

Chapter 4 investigates whether floc properties are modified during the resuspension pro-

cess. Erosion or resuspension of floc aggregates occurs at estuary zones and/or during a benthic

storm when the turbulent shear is intensive enough to break up the surficial bed strata struc-

ture, tearing off individual flocs then bringing them into suspension. We tested the hypotheses

that 1) once deposited on a bed, flocs grow in size and 2) the re-entrainment efficiency dictates

the resuspension concentration which in turn influences the floc growth rate and equilibrium

floc sizes as floc size is also a function of concentration. To mimic the resuspension processes

three sets of experiments with different turbulent shear stress patterns, consolidation times,

and concentrations, were conducted. Within one experiment, the conditions at which the flocs

being deposited and resuspended are always the same to make the equilibrium floc size compa-

rable. The data show that there are unnoticeable alterations of floc characteristics before and

after resuspension. The deposited flocs, however, grow in size depending on the antecedent

conditions of deposition and the shear stress during consolidation time. Higher deposited con-

centration results in larger floc size on the bed and stronger bed structure. Consequently, the

resuspension concentration reduces with the increase of concentration and/or consolidation

time, leading to slight smaller resuspended floc size. A low shear stress during the slack water

period also enhances the flocculation and hence the floc sizes. This improvement in floccu-

lation also results in lower re-entrainment concentration and smaller resuspended floc sizes.
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Chapter 4 is in preparation and will be submitted soon.

5.2 Implication and Future Work

The findings in this dissertation help to fill the gaps of knowledge in cohesive sediment trans-

port processes. More specifically, the dissertation unveils how cohesive sediment behaves in

different local conditions and also suggests how floc behaviors should be accounted for such

circumstances. This information is valuable for projects such as land-building diversions on

the Mississippi River. For example, we found that within the shear stress ranges G 20 - 70 s−1the

interaction between silt and clay is significant. Chapter 3 suggested that in this case, settling

velocity of clay:silt aggregates should be treated dependently. Another example is that better

understanding of how deposition and erosion impact floc size characteristics will enhance the

accuracy of cohesive sediment transport models during the resuspension process.

Currently, the findings from this dissertation have been contributing to one ongoing study.

Applying the idea of the Near Wall method in the second current project, we are modifying the

lens of a GoPro Hero 5 camera so that it can capture particle size ranging from 50 to 1000 µm

with concentration up to 400 mg/L.

Several questions regarding the interaction of clay and silt are also under investigation.

First, it is helpful to determine what exactly is the range of shear conditions for which one might

expect to see the binding of silt in clay. This information important in that it suggests conditions

in which the clay-silt flocs can be treated dependently or independently, i.e., can a single settling

velocity be used? Second, whether the presence of silt on a cohesive bed modifies the aggregate

and consolidate behavior of flocs which in turn influence the characteristics of the re-entrained



Duc Tran Chapter 5. Conclusions 171

flocs. Results from such research would provide calibration data to integrate resuspended floc

size and settling velocity in flocculation models.
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