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HIGHLIGHTS GRAPHICAL ABSTRACT

e Mud samples with different TOC content
were analysed using rheology.

e Two-step yielding was observed in mud 10'
from amplitude and stress sweep
experiments.

o Rheo-optical analysis showed the for-
mation of cylinder-like structure during
shearing.

e Larger and porous flocs were observed
for samples with higher TOC content.
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e This study provides a useful under-
standing of mud flocs during shearing. Amplitude (Pa)

ARTICLE INFO ABSTRACT

Keywords: Natural fine-grained suspensions usually exhibit a complex rheological fingerprint — in particular a two-step
Fluid mud yielding phenomenon - due to the presence of mineral clay particles and organic matter (often found in a floc-
Mud ﬂocf culated state). These rheological properties may vary considerably from one location to another due to the dif-
Rheo'()pt_lcal . ferences in mud composition (specifically in organic matter content). In this study, the origin of this two-step
Fractal dimension 1 . . s s . . . .
Moduli yielding behaviour for natural suspensions is discussed with the help of different experimental techniques
Two-step yielding including rheology, particle sizing, rheo-optics, and video microscopy. The samples were collected from different
locations in the Port of Hamburg, Germany. A rheological analysis of the samples was performed with amplitude
sweep, frequency sweep, stress ramp-up and structural recovery tests. The shear-induced structural changes of
mud samples was studied by using a parallel plate shearing device with a microscope. Mineral clay-organic matter
flocs were studied using video microscopy to obtain the floc size, floc density and settling velocity of flocs. Higher
values of rheological properties such as cross-over stress, yield stress, and moduli were observed for samples
having higher organic matter content. These samples also produced the largest floc sizes. The rheo-optical analysis
showed the formation of cylinder-like structures in fine-grained suspensions upon shearing action, which reflect
the origin of two-step yielding behaviour in mud samples, observed in stress ramp-up and amplitude sweep tests.
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A. Shakeel et al.
1. Introduction

Natural fine-grained suspensions found in harbours fall under the
generic name of “mud”. They typically consist of clay minerals, water,
sand, silt, and a small amount of organic matter of different origin and
composition [1]. A complex rheological behaviour - through a combi-
nation of yield stress, thixotropy or viscoelasticity — is usually observed
in such sediments due to the combined presence of hard particles (e.g.,
mineral clay) and soft polymeric chains (i.e., organic matter). The
rheological signature of mud is significantly dependent on the clay
mineral concentration. It is reported in literature that the cohesiveness
and rheological properties of mud are strongly affected by even a small
amount of organic matter [2-7]. The rheological fingerprint of mud is
quite important for predicting the density currents and flow of fluid mud
in coastal and harbour environments. These parameters may also be
used to set the boundary conditions for the modelling of sediment
transport, which in turn facilitates the maintenance of dredged channels
[8-11].

Several studies have been reported in the literature on the rheolog-
ical analysis of cohesive mud [12-19]. For instance, a comparison of
rheological properties between pure mineral clay (e.g. kaolinite) and
estuarine mud samples demonstrated that the higher values of yield
stress in estuarine mud samples may be attributed to the presence of
organic matter [19]. Likewise, the rheological properties of kaolinite
and Hendijan mud (from the Persian Gulf) were found to be strongly
dependent on the water content of the mud samples [20]. Yang et al.
[21] examined the rheological fingerprint of cohesive sediments ob-
tained from three different locations in China (Yangtze River, shoal of
the Hangzhou Bay and Yangcheng Lake). Those authors reported the
existence of three deformation regimes in the sediment flow curves. The
yield stress of mud samples is usually observed to vary exponentially as a
function of the solid content of mud samples [22-25].

Recently, Shakeel et al. [24,26] examined the rheological charac-
teristics of mud samples collected from different locations and depths of
Port of Hamburg, Germany. From the extensive study, a two-step
yielding phenomenon was found for the mud samples collected at the
top of the water/bed interface. A similar two-step yielding for mud
samples was reported by other researchers as well [23,27]. The first
yield step (named “static yield”), found at very low shear rates (of the
order of 0.01 s~1) was attributed to the breakage of the sample structure
in large flocs/clusters. The second yield step (named “fluidic yield”),
observed at shear rates of the order of 10 s™1, was associated with the
complete destructuration of the samples. The open question remained to
answer is whether the flocs/clusters formed after the static yield point
had specific characteristics, linked to the sample composition and shear
history. The purpose of the present article is to answer this question.

To study the influence of sample composition, video microscopy
studies of settling flocs were performed to obtain the floc size and
density. Many studies have investigated the size and settling velocity of
mud and sand-mud flocs [28-35]. Floc size and density are dependent
on their composition, their rheological (shear) history and the strength
of the bonds within the floc [14,36]. In particular, in the case of
clay-organic matter flocs, it has been observed that the flocs can grow
larger than the Kolmogorov microscale [36]. By studying a cycle of low
shear — high shear — low shear, the equilibrium floc size was found to
be dependent on the shear history as well as the current applied shear.
For sediments in the marine environment, floc growth and
shear-dependent restructuring also depends on solid concentration (or
turbidity) of the water column [37] as well as organic matter content
[38].

For the present study, mud suspensions with different organic matter
content were analysed. A detailed rheological analysis was conducted on
the samples with amplitude sweep, frequency sweep, stress ramp-up and
structural recovery tests. The shear-dependent structural changes (i.e.,
static and fluidic yield points) were investigated with a modified form of
RheOptiCAD (i.e., a parallel plate shearing device with an upright
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microscope [39]), where the structural changes could be recorded by
video microscopy. The main objective of the current study was to
investigate the origin of two-step yielding behaviour in mud samples
with the help of rheological and microstructural analysis. Therefore, the
rheological results were discussed in connection to the mud floc prop-
erties (i.e., size and density) studied with settling column experiments
coupled with video microscopy.

2. Experimental

The mud samples were collected from different locations of the Port
of Hamburg, Germany (Fig. S1a and Table S1) using a core sampler of 1
m length. The dry density of the samples were taken to be 2650 kg m™>
and the bulk density was calculated by using the method reported
elsewhere [14]. The particle size distribution of different mud samples,
without any pre-treatment, was investigated using static light scattering
(SLS) technique (Malvern MasterSizer, 2000MU) and the results are
presented in Fig. S1b. The bi-modal distribution observed for P4 sample
showed the presence of sand-sized particles in the mud sample. Different
characteristics of the mud samples are presented in Table 1. The
following sub-sections describe the rheological, rheo-optical, and floc
settling velocity analyses of the collected mud samples.

2.1. Rheological analysis

A HAAKE MARS I rheometer (Thermo Scientific, Germany) with
Couette geometry was used to perform the rheological characterisation
of mud samples. Samples were homogenised by mild manual stirring
before measurement. A constant temperature of 20 °C was maintained
during each experiment with a Peltier controller system. The experi-
ments were performed in duplicate and the repeatability error was less
than 2% in all cases. To ascertain the absence of wall slip, tests were also
carried out using Couette geometry with grooves on the surface and
compared to the results without grooves [40]. The results were quite
similar for tests with and without grooves (data not shown), which
verified the absence of wall slip.

Amplitude sweep tests were performed at a constant frequency of 1
Hz to investigate the solid-to-fluid transition in the mud samples. This
permitted an analysis of the linear viscoelastic (LVE) regime and
cross—over stress, where the storage modulus, G, is equal to the loss
modulus, G'1.

Frequency sweep tests were carried out in the LVE regime using a
frequency range between 0.1 and 100 Hz. The complex modulus (G*)
and phase angle (5) were determined from storage and loss moduli and
plotted as a function frequency. Stress ramp-up tests were performed by

Table 1
Characteristics of the collected mud samples.

Sample Bulk Water Total Particle size distribution
D density content” organic percentiles from SLS
3 o
tgm ) o0 '(:;robg)n (% Do Dso Dog
D) (um) (um) (um)
P1 1127 452 5.1 4.99 23.09 115.90
+ + 0.40 +8.39
0.07
P2 1166 337 3.7 3.94 16.16 81.70 +
=+ + 0.24 3.38
0.26
P3 1151 374 3.2 3.59 14.71 76.61 +
+ +0.17 3.17
0.03
P4 1305 166 2.0 4.71 44.14 230.36
+ +2.41 + 46.70
0.09

@ Water content = based on the weight of total solid content.
b TS = total solids.
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linearly increasing the stress (z) at a rate of 1 Pa/s, until the shear rate
(y) reached 300 s7L. The apparent viscosity was determined from the
torque and plotted against the applied shear stress. The experimental
data of each stress ramp-up test was fitted with the following empirical
model (Shakeel et al. [41]) to capture the two-step yielding behaviour of
each mud sample:

T= /h-xrat + (1 - A)Tﬂuid (1)

where the step function 1 is given as

1

A=1-— — (2)
1 +exp(—10(7 — 7))
The 7, term of Eq. (1) can be written as:
Ts
Tt = 7 7= 3
iy ®
Similarly, the 74,4 term can be written as:
Tf . .
Tia = Te + ——————— + H (T — 7o) C))
! U+ (= 70) /G = 10) ‘

In short, this empirical model contains six fitting parameters: y,, 7,
Tss Tps 75 and pi .

The structural recovery test was performed according to the protocol
reported in Shakeel et al. [38]. First, the geometry set position was
established, then an oscillatory time sweep experiment was performed
for 100 s in the LVE regime. In the second step, a steady shear rate was
applied at 300 s™! for 500 s. Finally, the structural recovery step was
performed with the help of an oscillatory time sweep experiment within
the LVE at the frequency of 1 Hz for 500 s. The pictorial representation
of the experimental protocol is shown in Fig. S2. To quantify the
structural recovery parameters, a stretched exponential function,
adapted from [42,43], was used:

o (GA0-L0])

where G (t) is the storage modulus of sample after breakup, G/0 is the

storage modulus before shearing (i.e. the “undisturbed” sample), G; is
the value of storage modulus immediately after the shearing step, G, is
the equilibrium storage modulus, ¢, is the characteristic recovery time of
the sample, d is the stretching exponent, and t is the recovery time. G,
t., and d are the fitting parameters in Eq. (5).

2.2. Rheo-optical analysis

For the structural analysis of mud flocs under shearing action, a
modified version of RheOptiCAD (detailed in Shakeel et al. [39]) was
used with a 20x microscope objective. This modified RheOptiCAD has
an upright microscope instead of an inverted microscope. The mud
samples were diluted with tap water, to permit a clear observation of the
flocs under the microscope. In all experiments, the mud flocs were
deformed instead of displaced, due to the perfect contact of flocs with
both upper and lower plates. The videos or images (2592 x 2048 pixels)
were recorded in the x-y plane with an LED light as illumination.

Oscillatory experiments were performed using a frequency f of 1 Hz
and amplitudes A between 0.1 and 0.2 mm, for the bottom plate.
Continuous strain experiments were conducted by placing the mud flocs
between the upper and lower plates and setting the movement of both
plates in same direction at a rate of 0.003 mm/s and 0.17 mm/s for top
and bottom plate, respectively. The gap between the upper and lower
plate was maintained between 10 um and 100 um. All experiments were
performed at a constant temperature of 20 °C.
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2.3. Floc settling analysis

To analyse the size, shape, and settling velocity of mud flocs, video of
settling experiments were performed using an apparatus similar to the
one described in Ye et al. [44]. A schematic of the apparatus is shown in
Fig. 1. The mud samples were diluted with tap water, drawn up with a
wide-mouth pipette, then gently introduced to the water column to
permit videos/images of freely settling flocs to be recorded. A custom
package Safas (Sedimentation and Floc Analysis Software, [45]) was
used to select flocs and determine their settling velocity from the videos.
Individual flocs were then re-segmented using WEKA, a machine
learning-based image segmentation tool, to obtain high quality shape
and size information.

2.3.1. Mean diameter

Mean diameter, d,, [um], was calculated from the diameter of major
axis (dmgjor) and minor axis (dminor) Of the object in an image according to
Ye et al. [44]:

dy, = najor X Aminor (6)
2.3.2. Fractal dimension

In a 2-dimensional image, the fractal dimension of an object may be
related to the object’s area and perimeter according to Meakin [46]:

PxA!?

where P [um] and A [pm2] are the perimeter and area of the object in the
binary image. A log-log plot of perimeter versus area was used to
calculate the perimeter-based fractal dimension, D,. Values for D, may

vary between: 1, for a massive structure; and 2, for a completely fila-
mentous or extended structure [47].

2.3.3. Effective density of mud flocs
The effective density of a floc, p,, is:

Pe=Pr =Py Q)

where p,, s, and p,, are the floc, solid, and water density, respectively.
For an estimate of floc effective density, Stokes’ Law was used to plot iso-
lines 10, 100, and 1000 kg m > with:

72pc d,,, :
=53 ®

where v is the floc settling velocity, y is the viscosity of water, g is the
acceleration due to gravity and d,, is the mean diameter of the floc.

Settling column

. . Water
High resolution

camera Lens
— LED
illumination

Fig. 1. Schematics of the settling column apparatus used for the floc analysis.
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3. Results and discussion

3.1. Rheological analysis of mud
3.1.1. Amplitude sweep tests

Oscillatory amplitude sweep tests were carried out to investigate the
solid-liquid transition in mud samples, when a cross-over between
storage, G, and loss, G’, moduli occurs. A suitable frequency was chosen
for amplitude sweep tests by performing preliminary tests at different
frequencies (data not presented). Those results showed that the higher
frequencies were not suitable for amplitude sweep tests because the
cross-over between G and G’ was absent. Therefore, a frequency of 1 Hz
was selected to perform all remaining amplitude sweep tests.

The storage and loss moduli are plotted as a function of amplitude for
different mud samples in Fig. 2a. A two-step yielding behaviour is
evident from Fig. 2a for all investigated samples. In Fig. 2a, the first yield
(i.e. static) occurred at different values for each sample between 5 and
12 Pa; while the second yield for each sample occurred between 25 and
41 Pa. Furthermore, two important characteristics may be identified
from Fig. 2a: (i) a linear viscoelastic regime where moduli are more or
less independent of amplitude, which may be considered a solid-like
impression and (ii) a solid-to-fluid transition where the moduli G and
G’ cross each other. This information about solid-liquid transition in
mud samples can be quite important where the destruction of mud/floc
structure is required (e.g., for navigational purposes). The stress corre-
sponding to this transition state, when G = G, is referred to as the
cross-over stress and is presented in Fig. 2b for different samples. It is
shown that the cross-over stress of samples P1 and P2, with a higher
organic matter content, occurred at higher values than samples with
lower organic matter content, which is consistent with the results
already reported in the literature for mud [24].

3.1.2. Frequency sweep tests

Frequency sweep tests were performed at an oscillatory amplitude
within the LVE regime, where the structure was undisturbed, with a fre-
quency from 0.1 to 100 Hz. These experiments are suitable to investigate
the mechanical behaviour (i.e., strength) and microstructure of mud
samples without affecting their structure. In Fig. S3a and b, the results of
frequency sweep tests are presented in terms of complex modulus and
phase angle as a function of applied frequency for different samples. A
solid-like behaviour of the mud samples was found from the weak fre-
quency dependency of the complex modulus and the smaller phase angle
values. Similar results of the solid-like character of mud samples have
been reported in the literature [20,19,25]. The experimental data at
higher frequencies was unreliable due to rheometer head inertial effects
and, therefore, not included in the analysis.
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To compare the characteristics of different mud samples, complex
modulus and phase angle at 1 Hz are plotted in Fig. 3a and b, respec-
tively. In Fig. 3a, samples P1 and P2 showed higher moduli values
compared to the other two samples, which may be linked, as in the case of
the cross-over stress, to the presence of higher organic matter content.
However, sample P2 is an anomaly, with an even higher modulus than P1
sample. Although the amount of organic matter is lower in P2 sample, it
has a slightly higher density (Table 1). It has already been shown that the
modulus is strongly correlated with density of mud [48]. The values of
phase angle (i.e., degree of structuration [49]) were more or less constant
for the samples investigated (Fig. 3b), which indicated that this param-
eter was not particularly sensitive to the organic matter content or mass
density of the samples.

3.1.3. Stress ramp-up tests

The yield stress of mud samples was determined from stress ramp-up
tests because they are considered as a reliable yield stress analysis. The
outcome of this test is shown in Fig. S4, with apparent viscosity plotted
as a function of stress for different mud samples. This experiment also
verified the existence of two-step yielding behaviour observed in the
amplitude sweep tests, which is discussed in more detail in Section 3.2.
To explain the two-step yielding behaviour observed in mud samples, an
empirical model (Eq. (1)) was used to fit the experimental data of stress
ramp-up tests. The values of the fitting parameters are presented in
Table S2 for different mud samples. Two important parameters, 7; and 7¢
which represent the static and fluidic yield stresses (i.e., two yield
points) of samples are plotted in Fig. 4a and b, respectively. This test
confirmed the higher yield stresses of samples P1 and P2 compared to
samples P3 and P4, which may be attributed to the higher organic
matter content of samples P1 and P2.

3.1.4. Structural recovery tests

The structural recovery of mud samples after breakup was investigated
with a three step protocol [38]. In the final step, the storage modulus was
recorded as a function of time, within the LVE regime, to quantify the
structural recovery of mud. The structural growth after pre-shearing for
different mud samples, is shown in Fig. S5, in terms of normalised storage
modulus, G / G;), as a function of time. An empirical model (Eq. (5)) was
further used to obtain the structural recovery parameters by fitting the
experimental data. The values of the model parameters are shown in
Table S3. The extent of recovery (G,,/G,) and the characteristic time of
recovery, (t.), are plotted in Fig. 5a and b, respectively for different mud
samples.

Sample P4 exhibited the highest structural recovery while sample
P1 showed the lowest, which may be associated with the different

18 T T T T
16] (D) I
. - I P2
w 14+ G =G I P3 |
= I P4
— ‘n A
& » 4
- gm_
= ("]
'g » 84
<) g .
= o 6
»
g 4 -
S
() 2
. +AV;P4
10 T T 0 T T T

1 T T oo
Amplitude (Pa)

Location (-)

Fig. 2. (a) Storage (filled symbols), G and loss (empty symbols), G moduli as a function of oscillation amplitude for different mud samples at 1 Hz. The shaded

region represents the LVE regime and the circles represent the cross-over between G' and G, (b) cross-over stress values (i.e., when G = G”) for different mud

samples obtained from amplitude sweep tests.
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Fig. 3. (a) Complex modulus (G*) and (b) phase angle (5) at 1 Hz for different mud samples. Bars represent standard deviation.
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Fig. 4. (a) Static (z;) and (b) fluidic (zf) yield stresses obtained from the fitting of Eq. (1) for different mud samples.
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Fig. 5. (a) Equilibrium structural recovery (G’m /G;)) and (b) characteristic recovery time (t.) obtained from the fitting of Eq. (5) for different mud samples.

organic matter content in these samples [38]. Furthermore, the
enhanced recovery in sample P4 may be due the higher silt/sand
content in that sample, which is also observable in the bi-modal dis-
tribution of the PSD of that sample in Fig. S1b. The silt/sand fraction
of a sample will tend to settle during shearing, which leads to a clay
dominant, structured system, that may achieve a higher structural
recovery [14]. The settling of silt/sand particles during shear flow of
sand-clay mixtures and the consequential enhancement in the rheo-
logical properties has also been reported in literature [50]. On the
other hand, the extensive pre-shearing of mud samples with highest
organic matter content (such as sample P1) may result in severe
re-organisation and deterioration of polymeric chains [38], which

could contribute to a reduced extent of recovery, (G;o/ G/O), as shown
in Table S3.

All samples, except P3, showed quite a high characteristic time of
recovery () (Fig. 5b), which means a stronger and slower recovery for
samples P2 and P4 and a weaker and slower recovery for P1 sample. The
behaviour of sample P3 was quite interesting, particularly in terms of
characteristic time. This sample showed slightly higher structural re-
covery than P1 sample, although the amount of organic matter is
significantly lower than P1 sample. Furthermore, the smallest charac-
teristic time was observed for P3 sample, which depicts stronger re-
covery than sample P1 with a shorter recovery time. This observation
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cannot be fully explained in terms of organic matter and solids con-
centration. Our preliminary analysis as a function of ionic composition
(obtained during the same campaign, see Table S4) indicates that the
type and concentration of ions may contribute to differences in struc-
tural recovery, but this requires further systematic investigation.

3.2. Rheo-optical analysis of mud

In the literature, the two-step yielding phenomenon has been
observed in diverse systems, including carbopol microgel [51], colloidal
glasses [52], capillary suspensions [53], silica dispersions [54], surfac-
tant pastes [55], magneto-rheological systems [56], muscovite disper-
sions [57] and mud suspensions [24]. Typically, this two-step yielding
has been explained by the breakage of inter-connected network of
flocs/clusters (i.e., first yield, named “static yield” in the present article)
followed by the disruption of individual flocs/clusters (i.e., second yield
or “fluidic yield”) [26,58]. A more in-depth study of the structure of the
samples was performed by rheo-optical analysis after first and second
yield points were measured.

The RheOptiCAD oscillatory shearing test was performed by placing
the diluted mud sample between two plates, at a frequency of 1 Hz. The
extracted images from the recorded video are shown in Fig. 6 for P1
sample. At the onset of shearing (Fig. 6a), an inter-connected network of
mud flocs was observed, which is mainly responsible for the higher
moduli values within LVE (Fig. 2a), for complex moduli and phase angle
values at 1 Hz in frequency sweep tests (Fig. 3) and for higher apparent
viscosity values before first decline in stress ramp-up tests (Fig. S4).
After further shearing, this floc network started to collapse, which rep-
resents the first (static) yield point in the amplitude sweep and stress
ramp-up tests. After breakage of the inter-connected floc network,
continued shearing resulted in the formation of hollow cylinder-like
structures (Fig. 6b and c), which resisted the application of shear.
Therefore, the plateau behaviour after the first decline in amplitude
sweep and stress ramp-up tests (in between the first and second yield
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step) was attributed to these cylinder-like structures. These structures
were also observed in samples (P2-P4) (Fig. 7), although the samples
from P4 were irregularly shaped, likely due to the presence of larger silt/
sand particles, which may have hindered the re-orientation of organic
matter to create the structures observed in other samples.

The formation of similar cylinder-like structures (referred to as log-
rolling flocs in Varga et al. [59]), by shearing between parallel plates
or in a Couette cell, has been reported in literature for different weakly
attractive suspensions (e.g., carbon black particles in mineral oil, poly-
amide particles in water or water/glycerine mixture and hollow glass
spheres in mineral oil) [59]. In Fig. S6, the structures from our study are
presented with those from Varga et al. [59]. Varga et al. [59] attributed
the formation of these structures to the hydrodynamic coupling between
the confining geometry and flocs, which was verified by experiments
and simulations. Furthermore, the authors have also studied the influ-
ence of strain on the formation of log-rolling flocs and the influence of
the gap between the plates on the stability of the flocs, as a function of
the ratio between gap size and mean particle radius. Likewise, the
development of log-rolling structures as a function of shearing action
along with the existence of two-step yielding at higher solid content, in
oscillatory amplitude sweep tests, has been reported in literature for
silica rod suspensions [60].

These cylinder-like structures break down into smaller flocs on
continuous shearing (Fig. 6d), which is associated with the second yield
point observed in the rheological tests. Therefore, the possible mecha-
nism of two-step yielding reported previously for mud suspensions [26,
38], —i.e. the breakage of inter-connected network of flocs (static yield)
followed by the collapse of individual flocs into particles or smaller flocs
(fluidic yield) — was verified by this structural analysis. The true
explanation about the existence of a plateau after the first decline was
missing from that prior analysis, but has been elucidated here with a
description of the cylinder-like structure formation that occurs in the
samples. The complete mechanism of two-step yielding is pictorially
presented in Fig. 8.

Fig. 6. The snapshots from the recorded video at (@) t =25, (b) t =305, (¢c) t = 50 s and (d) t = 100 s for P1 sample oscillatory sheared at a frequency of 1 Hz and
amplitude of 0.1 mm with the gap between the plates of 20 um. The scale bar represents 70 um.
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Fig. 7. The snapshots from the recorded video at t = 50 s for (a) P1 sample, (b) P2 sample, (c) P3 sample and (d) P4 sample oscillatory sheared at a frequency of 1 Hz
and amplitude of 0.1-0.2 mm with the gap between the plates of 10-100 pm. The scale bar represents 70 um.

Plateau after
first decline

Moduli (Pa)

1 1‘0 11‘)0
Amplitude (Pa)

Fig. 8. Schematics of the two-step yielding observed by amplitude sweep tests
for mud samples.

These cylinder-like structures were also exposed to the continuous
strain experiments by setting the movement of both plates in same di-
rection but at different rates. Selected images from the video are shown
in Fig. S7. It was found that the cylinder-like structure followed the
movement/rolling in the direction of faster moving plate without any
breakage. However, in stress ramp-up tests, a second decline in viscosity
was observed, which suggests the destruction of these cylinder-like
structures. The absence of breakage of these cylinder-like structures in
rheo-optical experiments may be attributed not only to the significantly
lower shear rate of the parallel plate measurement (compared with the
higher shear of the rheological experiments) but also due to the sample
dilution required for this analysis (i.e. no neighbouring effect).

3.3. Settling analysis of mud flocs
In the last part, the particle (floc) shape and density was investigated
prior to shearing to determine whether a correlation could be found

between floc properties and the rheological properties and cylinder-like
structures observed in rheological and rheo-optical experiments. To
analyse the mud floc size, settling velocity and to derive their density,
settling experiments were performed with the experimental setup pre-
sented in Fig. 1. A few flocs from a single video frame of P2 location are
shown in Fig. 9.

In Fig. 10, floc settling velocity is plotted against floc size (mean
diameter) for mud samples obtained from different locations. A similar
correlation between the settling velocity and the size of flocs has also
been observed in literature [61-64]. Effective floc density was calculated
with Stokes Law according to Eq. (8). These results show that the spread
in effective density is aligned with the trend in the organic matter
content (TOC), i.e., P1 > P2 > P3 > P4 (Table 1). The sample from

—
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I ]

Fig. 9. Flocs from a single video frame of P2 sample along with the values of
perimeter-based fractal dimension (D).
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Fig. 11. Effective floc density as a function of mean diameter for mud flocs from (a) location P1, (b) location P2, (c) location P3 and (d) location P4.
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location P1 displayed a relatively consistent effective density and a
linear relationship between log(settling velocity) and log(floc size);
whereas, sample P4, with the lowest organic matter content, showed a
much larger spread in effective density values. For example, in case of P1
sample, the flocs appear to fall along the 30 kg m~> iso-line, while for P4
sample, there was a wide spread in excess density values from below
10 kg m 3 to above 800 kg m ™. Based on the effective density relation,
Eq. (7), this is equivalent to an effective density between 1.01 and
1.8 kg m~3. In Fig. S8, the perimeter-based fractal dimension is calcu-
lated for the flocs as two times the slope of the log-log plot of perimeter
versus area. This method for calculating the fractal dimension has been
used in many studies [65-70], therefore, it provides a convenient means
of comparing the structural characteristics of flocs between different
studies. From the plot of perimeter-based fractal dimension, it was found
that P4 sample has the smallest value of D,, which is an indication of
tightly packed, less open, or less porous mud flocs — having, hence, a
larger density. The mud samples from other locations (P1, P2 and P3)
displayed similar values of D,, within the range of 1.32-1.34.

The correlation between the settling velocity and the aspect ratio of
the flocs for different locations is shown in Fig. S9. The result shows that
the flocs with higher aspect ratio displayed lower settling velocity, for
locations P1 and P2. For P3 and P4, there is no trend between aspect
ratio and settling velocity. This result is in line with the TOC of these
samples: larger amounts of organic matter tend to produce organic
matter-rich flocs, which are highly cohesive and lead to the formation of
elongated flocs by macro-aggregation of two flocs.

The effective density of flocs is presented as a function of size of flocs in
Fig. 11, which shows an exponential decay in floc density on a log-log plot,
as is usually found in literature [71-75]. The similar trend can also be seen
from the images of the flocs, as shown in Fig. S10. In Fig. 12, a histogram
of the mean diameter is shown for each sample and the mean floc size was
calculated as the simple mean of the measured values. The mean floc size
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was found to decrease in the following order: P1 > P3 > P2 > P4. This
result also confirms that the floc size was largest for P1 sample (having
highest organic matter content) and smallest for sample P4 (with lowest
organic matter content). The presence of larger organic matter-rich flocs
in sample P1 also justifies the higher values of rheological parameters such
as cross-over stress, moduli, and yield stresses. Furthermore, the lowest
amount of organic matter in P4 samples resulted in higher average
effective density, smaller floc size, and higher settling rates of the flocs.

4. Conclusions

Fine-grained suspensions typically exhibit a complex rheological
fingerprint due to the presence of hard clay particles and flexible chains
of organic matter. The rheological properties of mud suspensions, with
same density, can considerably vary from one location to another due to
the differences in composition (particularly organic matter content).
Therefore, in this study, mud samples from different locations of Port of
Hamburg, Germany were analysed by using amplitude sweep, frequency
sweep, stress ramp-up and structural recovery tests. The results showed
that the samples containing higher amount of organic matter (i.e., P1
and P2) displayed higher values of rheological properties such as cross-
over stress, yield stress, and moduli. However, the structural recovery
after breakup (Gloo / G;,) was observed to be lowest for P1 sample, which
may be attributed to the severe re-organisation/deterioration of organic
matter, which were not able to recuperate their original state after
removal of shear. Furthermore, the rate of structural recovery was
fastest (i.e., smallest value of ¢.) in case of P3 sample, which may be
associated to the presence of a higher concentration of ions in this
sample, which needs to be further investigated. All the mud samples
displayed a two-step yielding behaviour in amplitude sweep and stress
ramp-up tests.

To understand the origin of this two-step yielding behaviour, the
structural organisation upon shearing of mud samples was examined

80 : — : 80 . — . .
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by using modified form of RheOptiCAD. The RheOptiCAD analysis
confirmed the formation of cylinder-like structures in mud suspensions
upon shearing action, which explains the second plateau observed in
stress ramp-up and amplitude sweep tests. Therefore, the first decline
in viscosity or moduli (i.e. static yield) may be linked to the breakage
of inter-connected network of flocs while the second decline (i.e. flu-
idic yield) may be associated to the breakage of cylinder-like structures
formed upon further shearing. In the final part, the detailed analysis of
mud flocs was performed with the help of floc-camera settling setup, to
obtain the floc size, density and settling velocity. The floc analysis
confirmed the formation of larger flocs with higher aspect ratio (open
and porous structure) for the samples with higher organic matter
content (P1 and P2 locations), which explains the higher rheological
properties for these samples. For P4 location, the scattered behaviour
of settling velocity as a function of floc size revealed the presence of
silt/sand particles, as confirmed by PSD analysis from laser diffraction
technique. The RheOptiCAD analysis of sample from P4 location
showed the formation of irregular cylinder-like structures, which was
similarly attributed to the presence of silt/sand. This study provides a
useful understanding of correlation between the rheological signature
and floc characteristics of natural fine-grained suspensions.
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