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Technical Note 

Collective effects on the settling of clay flocs 

W. Ali a,*, A. Kirichek b, C. Chassagne a 

a Section of Environmental Fluid Mechanics, Department of Hydraulic Engineering, Faculty of Civil Engineering and Geosciences, Delft University of Technology, 
Stevinweg 1, 2628 CN Delft, the Netherlands 
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A B S T R A C T   

In this work a high-magnification digital video camera in combination with a settling column is used to study in a 
first part the influence of the amount of flocs transferred into the settling column on their settling velocity. In a 
second part, the setup was used to study the properties of flocs prepared at different clay concentrations but at 
same flocculant to clay ratio (2.5 mg g− 1). Illite clay was used and flocculated in a 1 L jar with an anionic 
polyacrylamide (flocculant). Results show that the average settling velocity of flocs is a function of the amount of 
transferred flocs. It was also found that floc size and settling velocity depend on clay concentration. This is 
attributed to the fast aggregation happening in the jar when flocculant and clay are mixed: at higher clay 
concentrations, larger flocs are created in the first minutes of the experiment, with low densities that prevent 
them from settling to the bottom of the jar.   

1. Introduction 

Estuarine mud particles can flocculate and form aggregates called 
“flocs”. The sediment having the ability to flocculate is usually referred 
to as “cohesive sediment” (Whitehouse et al., 2000; Mehta, 2014; 
Chassagne, 2020). Cohesive sediment can adsorb contaminants and 
nutrients, which has a direct impact on water quality and biota (Uncles 
et al., 1998). Flocs are formed in response to a change in environmental 
conditions (hydrodynamics, salinity, presence of organic matter…), 
which occurs principally in estuarine regions. As these regions are of 
great importance for human activities, an ongoing research topic is to 
refine sediment transport models such as to incorporate cohesive sedi
ment transport (Geyer et al., 2000; Cheviet et al., 2002; Ali and Chas
sagne, 2022). 

Flocs are composed of mineral clay bound to organic matter particles 
with entrapped water. Organic matter and salinity strongly influence the 
cohesiveness and flocculation ability of sediment, and hereby its depo
sition, consolidation, and erodibility (Nowell et al., 1981; Heinzelmann 
and Wallisch, 1991; Safar, 2022; Van Leussen, 1999). There is very large 
spread in settling velocity (and hence in density) for flocs in the range of 
50–150 μm (Khelifa and Hill, 2006; Maggi, 2013; Safar, 2022). It is 
usually found that flocs' density is a decreasing function of their size 
(McDowell and O'Connor, 1977; Dyer and Manning, 1999; Klimpel and 

Hogg, 1986; Droppo et al., 2000; Khelifa and Hill, 2006). 
For long-time particle size measurements, in situ laser-based 

diffraction techniques are used, such as the Sequoia Scientific Laser In- 
situ Scattering and Transmissometry (LISST) 100× and 200×, that 
measure floc size and volume concentration (Agrawal and Pottsmith, 
2000). From this data, the density of flocs and settling fluxes can be 
estimated based on Stokes' law. It was shown that when flocs are het
erogeneous in composition and have a non-spherical structure, the re
sults obtained from LISST are subject to caution (Mikkelsen et al., 2005; 
Smith and Friedrichs, 2011). Furthermore, in salinity-driven pycno
clines where the Schlieren effect influences measured sizes, LISSTs may 
provide ambiguous data (Karageorgis et al., 2015; Chapalain et al., 
2019). For these reasons, additional monitoring campaigns are usually 
planned episodically during the long-time measurement series, to sam
ple flocs from the water column and assess their properties using video 
microscopy-based techniques (Law et al., 1997; Manning et al., 2011; 
Manning, 2015; Fall et al., 2021). These techniques involve transferring 
a few mL of the collected sample into a settling column and record the 
settling of the transferred particles. These particles at first form a small 
cloud, that breaks up as particles start to settle. 

It is known from studying the physics of the settling of a cloud of 
particles in quiescent water that the settling velocity of the cloud is 
proportional to the number of particles inside the cloud (Guazzelli and 
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Morris, 2011). Consequently, the settling velocity of a particle in a cloud 
can be orders of magnitude larger than the Stokes velocity of the same 
isolated particle. In the experiments, the measurements are performed at 
the bottom of the settling column after the cloud has broken up, and 
where particles are expected to settle according to Stokes. The density of 
flocs can then be estimated from particle size and settling velocity. The 
first objective of the work presented in this article is to measure the 
settling velocities as a function of the amount of transferred flocs and 
check whether these velocities are (or not) dependent on the amount of 
transferred flocs. A second objective is to study the dependence of flocs 
settling velocities and sizes for samples made at different clay concen
trations, at the same flocculant to clay ratio to test the hypothesis that 
floc sizes should be a function of flocculant to clay ratio only. 

2. Material and methods 

The illite clay (100% illite) used in the experiments was obtained as a 
dry powder from Argiletz laboratories. This clay was selected as being of 
interest for our study on turbidity currents (Ali et al., 2022). The illite 
particle's D50 was determined to be approximately 5 μm using Malvern 
Master Sizer 2000, a technique that relies on static light scattering for 
measurement (see Fig. S1 supplementary material online). 

Zetag 4110, an anionic polyacrylamide (produced by BTC Europe 
GmbH) with a medium anionic charge and a high molecular weight, was 
used as a flocculant in this study. 2.5 mg g− 1 flocculant to clay ratio was 
used for flocculation, which is close to the optimum dosage for this 
flocculant (Shakeel et al., 2020). Eight different clay concentrations 

(0.01, 0.025, 0.1, 0.5, 1.0, 1.5, 2.0 and 5.0 g L− 1) were used and floc
culated by addition of flocculant, keeping the ratio of clay concentration 
to flocculant concentration constant. All suspensions were flocculated 
by stirring them using a rectangular impeller in a 1 L jar (see Fig. S2) for 
1 h at 50 s− 1, which was enough to reach equilibrium floc size. It was 
observed that for the samples with clay concentration below 0.1 g L− 1, 
the created flocs settled at the bottom of their respective jars within 5 
min. The action of the impeller (located 5 cm above the bottom of the 
jar) then only mobilized them at the bottom of the jar for the remaining 
of the hour. For the samples with clay concentration above 0.1 g L− 1, 
the flocs were formed very rapidly and remained in suspension for the 
whole hour. After one hour of stirring, the stirrer was stopped, flocs 
settled and were sampled at the bottom of the jar. 

All suspensions were made using tap water. The composition of tap 
water provided by the drinking water company Evides is shown in Table 
S0 for the days the experiments were conducted. 

2.1. Floc size and settling analysis 

2.1.1. FLOCCAM 
The FLOCCAM setup (see Fig. S3) comprises a rectangular settling 

column and employs video microscopy to assess particle size distribu
tions (PSDs) for particles larger than 20 μm and their settling velocities. 
The settling column measures 10 cm × 10 cm × 30 cm and features glass 
panels on the front and rear, along with plastic sides. The camera used is 
a 5MP CMOS camera with a resolution of 2592 × 2048 pixels, a 4.8 μm 
pixel size, and a Global Shutter, known as iDS UI-3180CP-M-GL Rev.2.1 

Fig. 1. Settling velocity and particle size analysis of 5 g L− 1 experiment for both collective (A) and individual settling (B) cases. Settling velocity is plotted as a 
function of equivalent spherical diameter, with diagonal dashed lines representing effective density isolines calculated by using Stokes equation (from left to right: 
1600,160,16 (kg m− 3)). Fig. (C), shows settling velocity comparison in both cases, whereas Fig. (D) shows the comparison between aspect ratio. 
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(AB02546). This camera is paired with the S5VPJ2898 telecentric lens 
which offers an adjustable working distance and a C-mount, manufac
tured by Sill Optics GmbH & Co. KG. The flocs were collected using a 
pipette with an aperture of 5 mm, which is large enough to minimize the 
breaking of the collected flocs. The aperture of the pipette was brought 
into contact with the water surface, allowing the flocs to settle under 
their weight into the settling column. In the experiments, a volume of 
roughly 2 mL was transferred from the pipette into the 3 L settling 
column, filled with the same tap water as the jars. The flocs were then 
recorded 10 cm above the bottom of the settling column while they were 
settling, and their size, shape and settling velocity were determined. The 
set-up used in our experiments makes use of the natural breakup of a 
particle cloud upon settling. When the flocs are recorded by the camera, 
it is expected that each floc has reached its Stokes settling velocity and, 
hence, is not influenced by the presence of neighbouring flocs. Analysis 
of recorded settling floc videos in the settling column, including PSD, 
size, aspect ratio, and settling velocity calculations, was performed using 
the Safas software package (MacIver, 2019). The size of flocs was esti
mated using the relation R =

̅̅̅̅̅̅̅̅̅̅̅
a × b

√
, where a is the major and b the 

minor axis of the particle. 

3. Results and discussion 

3.1. Individual vs collective settling 

The results of 5.0 g L− 1 illite flocculated with 2.5 mg g− 1 flocculant 
to clay ratio are shown in Fig. 1. Two cases (“collective and individual 
settling”) are displayed. “Collective settling” refers to experiments 
whereby a subsample with a substantial amount of flocs was collected at 
the bottom of the jar and transferred into the settling column, as is 
usually done when performing this type of measurements (Manning 
et al., 2010). The combined results of three such samplings are presented 
in the graphs (Fig. 1 (B)). “Individual settling” refers to experiments 
whereby one floc at the time was sampled at the bottom of the jar and 
transferred to the settling column. 

It is found that in the case of collective settling, the settling velocity is 
much higher than for individual settling for all size classes. For 

individual settling, it is observed that the settling velocity is increasing 
with floc size, as expected. For collective settling, broad ranges of 
settling velocities are found for each class of particle sizes. From the 
video recording, it could be observed that, indeed, flocs settling in the 
same frames had the same settling velocity, irrespective of their size. 

From video analysis, it was also found that the mean aspect ratio of 
flocs in both individual and collective settling cases is 0.7 (see Fig. 1(D)), 
indicating that the flocs are not quite spherical. In both cases (and 
especially in the collective settling case), some flocs were observed to be 
obtained from differential settling in the column (see Fig. S4). In Fig. 2, 
the scatter plot of the settling velocity vs equivalent spherical floc size 
for the collective settling case at three different times during the settling 
are shown, labelled “start” (first flocs to be recorded), “mid” (flocs 
recorded after the first flocs), and “end” (last flocs to be recorded). 
Snapshots taken during these different times are displayed in Fig. S4. 
From the scatter plots it was found that, as expected, particles settling 
fastest were observed in the start frames and particles settling slowest in 
the end frames. The mean settling velocity of flocs found in the size 
range of 20–100 μm is similar to the settling velocity of bigger flocs 
(>700 μm) for all times (“start”,“mid” or “end”). From these results, it 
can be concluded that small flocs are always entrained in the wake of the 
large ones, matching their velocity. 

Similar results were obtained by Dyer and Manning (1999) for the 
settling velocity of flocs from the Tamar estuary: when only a few flocs 
are sampled (as in Fig. 2, top graph in Dyer and Manning (1999)) the 
flocs have a settling velocity that increases with floc size, following a 
constant effective isodensity line of 16 kg m− 3. When a lot of flocs are 
sampled (as in Fig. 2, the bottom graph in Dyer and Manning (1999)), a 
large horizontal band of points, representing flocs of sizes in the range 
20–500 μm are found in the range of 10 mm s− 1. This implies that flocs 
of sizes smaller than 100 μm would have an equivalent effective density 
much larger than 1600 kg m− 3 if the Stokes settling formula is applied. 
Dyer and Manning (1999) attribute this very high density to the pres
ence of crystals of hornblende and tourmaline, which indeed can have 
densities as high as 3400 kg m− 3. However, for 50 μm particles reach
ing 10 mm s− 1 it would imply that these particles have a density of 
8600 kg m− 3 (density of brass), which would be unlikely. 

Fig. 2. Figs. (A,B,C) Settling velocity and particle size analysis of 5 g L− 1 experiment at three different times, e.g. start, middle and end. Figs. (D,E,F) show floc size 
bin range and mean settling velocity corresponding to Figs. (A,B,C) respectively. 
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Using Stokes equation, the effective density of flocs (i.e. their density 
minus the density of water) was estimated, which is shown in Fig. 3. The 
decreasing effective density as function of particle size was fitted, as is 
often done in literature, using a negative power law of the size (Klimpel 
and Hogg, 1986; Droppo et al., 2000; Khelifa and Hill, 2006). The 
effective density was fitted by accounting or not for the first bin size of 
0–100 μm, as displayed in the insert of Fig. 3 and Fig. S5. It was found 
that the exponent “n” varied significantly in both collective and indi
vidual settling cases and also when accounting or not for the 0–100 μm 
size range. The highest effective densities are found for the smallest 
particles (around 20 μm in size, which is the camera detection limit). 
This small study demonstrates that caution should be taken when dis
cussing the value of “n” as being a material parameter for a given sus
pension. Often, “n” is said to be related to a fractal dimension 
(Winterwerp, 1998). A discussion about fractal dimension is given in 
Chassagne et al. (2021). 

3.2. Clay concentration dependence 

For the results presented in this section, subsamples of flocculated 
material were carefully collected at the bottom of the jars and trans
ferred into the settling column (“collective settling”). The distribution in 

floc size (boxplots) for the investigated clay concentrations is shown in 
Fig. 4(A). For concentrations up to 0.1 g L− 1, it was observed that flocs 
formed and settled at the bottom of the jar within 5 min. This results in 
floc size distributions being very similar for these low concentrations. It 
also indicates that flocs did not further flocculate once they had settled 
at the bottom of the jar, despite the action of the stirrer that agitated the 
water for one hour: contacts between flocs at the bottom of the jar did 
not result in significant sticking between flocs. For concentrations larger 
than 0.1 g L− 1, large flocs formed rapidly, resulting in flocs with a 
density low enough to keep them in suspension for an hour. Large floc 
sizes are, therefore, observed at high clay concentrations. Fig. 4(B,C) 
shows the settling velocity for different concentrations of clay for the 
floc size ranges 20–100 μm and 900–1000 μm. Larger settling velocities 
are found above 0.1 g L− 1 for particles in the 20–100 μm range, indi
cating these small flocs settle in the wake of the large flocs formed above 
0.1 g L− 1. 

4. Conclusions 

In this work, a video-based setup was used to study flocs' settling 
velocities. It was shown that “collective settling”, whereby particles 
settle in the wake of others occurs even at low amount of sampled flocs 
when flocs, brought into contact with water, have reached the position 
of 20 cm below the air/water interface. Their terminal velocities are 
then roughly one order of magnitude larger than flocs that were settling 
individually (“individual settling”). This implies that extremely low 
amounts of particles should be used in this type of settling column ex
periments to estimate realistic individual settling velocities. The use of a 
video image-based device to record floc sizes also enables to pinpoint the 
shortcomings of laser diffraction particle sizers for flocs. Flocs have a 
strong size-dependent density, because flocs of larger sizes contain more 
flocculant. Consequently, flocs have a size-dependent refractive index. 
Large flocs also have a complex structure. It is, therefore, not yet clear 
what errors are made when converting the laser diffraction data into 
particle sizes. The combined use of video microscopy and laser diffrac
tion techniques will, in the future, enable to answer this question. 

In a second study, the “collective settling” method was used to 
compare flocs properties for flocs created in a jar, at different clay 
concentrations but same same flocculant to clay ratio. It was found that 
both size and settling velocities depended on clay concentration. The 
reason is linked to flocculation kinetics: at large clay concentrations, 
(large) flocs can be formed rapidly. At lower clay concentrations, the 
flocculation kinetics are slower and thus, flocs settle to the bottom of the 
jar within 5 min after mixing clay and flocculant. This is reflected in the 
density of flocs: large flocs (that remain in suspension in the jar) have a 
very low density (their effective density is in the range 10–30 kg m− 3) 
whereas small flocs (containing relatively more clay) have, on average, a 
ten times higher relative density. 

This last result can be of interest to the study of in-situ flocculation. 

Fig. 3. Effective density as a function of floc size range for both collective and 
individual cases for 5 g L− 1 experiment. The fit is performed for floc sizes 
above 100 μm; for fits for all bin size see Fig. S5. The effective density was 
estimated from Stoke's Law Δρ = ρfloc − ρwater = 9ην/2gR2 where η and ρwater the 
viscosity and density of water, ν the floc measured settling velocity, g the 
gravitational acceleration and R the floc size. 

Fig. 4. (A): Floc size plotted for different concentrations. Fig. (B): Settling velocity of floc size range between 20 and 100 μm. Fig. (C): settling velocity of floc size 
range between 900 and 1000 μm. Raw data is shown in Fig. S6. 
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Most flocculation occurs in regions of high fine sediment concentration, 
such as in the water body close to the sediment bed. Not only the floc
culant (organic matter) to clay ratio but also clay concentration in the 
water column are, therefore, factors determining both the size and 
density of the floc. At high clay concentrations, flocculation will occur at 
short timescales (minutes), and large flocs with low density will be 
formed that can be transported over large distances. At moderate/low 
clay concentration, smaller and denser flocs will be formed. Further 
growth of these flocs will be prevented as these flocs will rapidly settle 
onto the bed. 
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