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Abstract

Purpose An innovative way to define navigable fluid mud layers is to make use of their rheological properties, in particular their
yield stress. In order to help the development of in situ measurement techniques, it is essential that the key rheological parameters
are estimated beforehand. Is there only one yield stress? In which shear rate/shear stress range is yield expected to occur? How is
yield stress dependent on depths and locations in the harbor? In order to answer these questions, we investigated the changes in
the rheological properties of mud from along the river stream in the Port of Hamburg, Germany, using a recently developed
laboratory protocol.

Materials and methods In this study, a detailed rheological analysis was carried out on the mud samples collected from different
locations and depths of the Port of Hamburg. A variety of rheological tests was performed including: stress sweep tests, flow
curves, thixotropic tests, oscillatory amplitude, and frequency sweep tests.

Results and discussion The yield stresses of sediments from different locations were significantly dissimilar from each other due
to differences in densities and organic matter content. Two yield stresses (termed static and fluidic) were observed for every
sample and linearly correlated to each other. The thixotropic studies showed that all mud samples, except from one location,
displayed a combination of thixotropic and anti-thixotropic behaviors. The results of frequency sweep tests showed the solid-like
character of the sediments within the linear viscoelastic limit. The yield stresses, thixotropy, and moduli of the mud samples
increased by going deeper into the sediment bed due to the increase in density of the sediments.

Conclusions This study confirmed the applicability of the recently developed protocol as a fast and reliable tool to measure the
yield stresses of sediments from different locations and depths in the Port of Hamburg. The fluid mud layer, in all the locations it
was observed, exhibited relatively small yield stress values and weak thixotropic behavior. This confirms that despite the fact that
rheology of fluid mud is complex, this layer can be navigable.

Keywords Rheology - Thixotropy - Flow curve - Yield stress; Moduli - Fluid mud

1 Introduction

Mud is a cohesive material which contains predominantly clay

minerals, water, organic matter, and some amounts of silt and
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2004; Manning et al. 2007; Spencer et al. 2010; Soulsby et al.
2013; Mehta et al. 2014). The hindered settling behavior was
also observed for the sand/mud mixtures (Whitehouse and
Manning 2007; Manning et al. 2010; Manning et al. 2011;
Spearman et al. 2011; Spearman and Manning 2017). The
navigation in ports and waterways and the maintenance of
dredging channels are highly dependent on the rheological
properties of fluid mud (May 1973; Parker and Kirby 1982;
Kirichek et al. 2018). Generally, natural mud has a complex
rheological behavior, displaying viscoelasticity, shear thin-
ning, thixotropy, and yield stress. It has been shown that rhe-
ological properties are dependent on the mud density, and that
the presence of small amounts of organic matter is affecting
the cohesion and rheological behavior significantly (Paterson
etal. 1990; Paterson and Hagerthey 2001; Tolhurst et al. 2002;
Waurpts 2005; Malarkey et al. 2015; Schindler et al. 2015;
Parsons et al. 2016).

In the literature, extensive research is available on
cohesion-less sediment rheology (Jorgen Fredsoe 1992;
Houssais et al. 2016). In particular, steady and oscillatory
rheological analysis of cohesive sediments have been reported
(Jiang and Mehta 1995; Coussot 1997; Van Kessel and Blom
1998; Bai et al. 2002; Fass and Wartel 2006; Coussot 2007;
Babatope et al. 2008; Huang and Aode 2009). Van Kessel and
Blom (1998) reported the rheological analysis of estuarine
mud and kaolinite clay samples. The results showed higher
yield stress values for estuarine mud samples compared with
the china clay due to the cohesive nature of the samples. Xu
and Huhe (2016) presented the rheological studies of estuarine
mud at Lianyungang (China) using both steady and dynamic
measurements. They reported an exponential increase in the
yield stress of mud samples by increasing the volume fraction
of particles. From the oscillatory experiments, two regions
were identified: elastic and viscous. Yang et al. (2014b) also
investigated the rheological characteristics of three different
cohesive sediments from the Yangtze River, and shoal of the
Hangzhou Bay and Yangcheng Lake (China). The results re-
vealed three different deformation regions in the flow curves
obtained from shear rate sweep tests. Yang et al. (2014a) also
discussed the comparative rheology of kaolin and natural mud
samples using mechanical and shear vibrational loads. They
observed a typical thixotropic and shear thinning behavior for
cohesion-less sandy sediments, whereas a combination of
thixotropy and anti-thixotropy, as a function of shear rate,
was evident for cohesive sediments (kaolin and mud).
Soltanpour and Samsami (2011) compared the rheology of
kaolinite and Hendijan mud, northwest part of the Persian
Gulf. The outcome of this study showed that the rheological
parameters were strongly dependent on the water content of
the samples.

Besides fluid mud, other mud layer types can be observed
in a port, corresponding to mud in different stages of consol-
idation. All these layers can vary in thickness and rheological
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properties. As natural mud samples can exhibit various rheo-
logical behaviors like viscoelasticity, shear thinning, thixotro-
py, and yield stress, multiple rheological tests were performed
on the samples to fully characterize them. In the literature, the
rheological properties of natural sediments as a function of
density are usually studied by diluting dense mud samples.
In this study, however, the samples are not diluted and the
dependence on density is done by studying the rheological
properties of denser natural mud layers at the same location.
Management of mud sediments (i.e., fluid mud) using the
nautical bottom approach (McAnally et al. 2007b), based on
the yield stress of the sediments, requires the knowledge of
rheological properties particularly the yield stress of the sedi-
ments. The application of this navigable bottom approach may
reduce operational and maintenance costs particularly in the
areas where a significant layer of fluid mud exists. In order to
help the development of in situ measurement techniques, it is
essential that the key rheological parameters are estimated
beforehand. Therefore, the following research questions are
addressed in the present study: Is there only one yield stress?
In which shear rate/shear stress range is yield expected to
occur? How is yield stress dependent on depths and locations
in the harbor? The aim of the present study is therefore to
quantify the rheological characteristics of mud observed in
different locations of the Port of Hamburg, particularly where
significant amounts of fluid mud are found, using a recently
developed protocol.

2 Experimental methods

In this study, natural mud samples were collected from differ-
ent locations (Vorhafen (VH), Kohlbrand (KBZ), Rethe (RT)
and Reiherstieg Vorhafen (RV), Kohlfleet mit Kohlfleethafen
(KH) and Sedimentfang Wedel (SW)) of the Port of Hamburg,
Germany, using a 1-m core sampler (Fig. 1a and b). These
locations were chosen on the basis of a preliminary analysis,
which showed that the selected locations have different den-
sities and organic matter content with significantly different
rheological fingerprints. The collected samples were divided
into different layers based on the differences in their visual
consistency. These layers were named fluid mud (FM), pre-
consolidated (PS), pre-consolidated to consolidated (PS/CS),
and consolidated (CS) sediments (Fig. S1, Electronic
Supplementary Material (ESM)). The samples were packed
in sealed containers and transported to the laboratory. The
dry density of the minerals was considered to be about
2650 kg m . The bulk density of the mud samples was deter-
mined by the method reported in Coussot (1997). In short, the
mass of the mud samples was determined before and after
oven drying at 105 °C for 24 h. This gave the mass of the
dry solids and water content in the mud samples. By using the
densities of water and minerals, the corresponding volumes
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Fig. 1 a Sample collector of mud sediments. b Selected locations in the Port of Hamburg, Germany, to collect mud samples. ¢ Apparent viscosity as a

function of stress and d Flow curves for the PS layers of all locations

were then estimated. The final bulk density of mud samples
was then calculated based on these masses and volumes.
Particle size distributions within the different mud layers were
measured using static light scattering (Malvern MasterSizer
2000MU). The organic matter content of the sediments was
determined using an ISO standard 10694:1996-08 (ISO
1995). The characteristics of the selected mud samples are
summarized in Table S1 (ESM). Before the rheological exper-
iments, all the mud samples were homogenized by mild hand
stirring. Rheological experiments were performed using a
HAAKE MARS I rheometer (Thermo Scientific, Germany)
with concentric cylinder (Couette) geometry. Couette geome-
try with grooves was also used to investigate the wall slip
effects. The results revealed the absence of wall slip by
displaying similar results as obtained with smooth Couette
geometry (data not shown). A waiting time of 3—5 min was
used to eliminate the disturbance created by the bob after
attaining its measurement position. This time was estimated
by performing the preliminary oscillatory time sweep experi-
ments in linear viscoelastic regime. After this time interval, the
increase in storage modulus as a function of time was not very
significant, which showed the recovery of a structure dis-
turbed by the bob. The temperature was maintained at 20 °C
during each experiment using a Peltier controller system. Each

experiment was carried out in duplicate to check the repeat-
ability of the measurements.

Stress sweep tests were performed using the stress-
controlled mode of the rheometer. An increasing stress was
applied from 0 to 500 Pa at a rate of 1 Pas ', depending upon
the consistency of the sample. The corresponding motor dis-
placement was measured, and the shear rate and viscosity
were then determined. The flow curve experiments were car-
ried out using the shear rate—controlled mode of the rheometer
by linearly increasing the shear rate from 0 to 25 s ' in 170 s
and from 25 to 300 s™' in 100 s without giving enough time
between each point of measurement to reach the steady state.
Thixotropic experiments were performed by increasing the
shear rate from 0 to 100 s ', followed by shearing at 100 s
for 30 s and then decreasing from 100 to 0 s . These thixo-
tropic loops were produced two times without giving any time
between both loops to evaluate the effect of structural break-
down on the response of the material. The dynamic experi-
ments were executed as a function of either oscillation ampli-
tude or frequency. Preliminary amplitude sweep tests were
carried out at a constant frequency of 1 Hz to estimate the
linear viscoelastic regime. Frequency sweep tests were then
performed from 0.1 to 100 Hz within the linear viscoelastic
regime. The storage modulus (G’) and loss modulus (G") were
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Fig. 2 Evolution of density, TOC, and static and fluidic yield stresses for
different locations in the harbor for a PS layer and b CS layer. The right
side of panels a and b represents upstream of the river and left side
represents downstream. To plot all the parameters in one figure, some
of them were multiplied with different factors indicated close to the

recorded as a function of frequency. The complex modulus
(G™) and phase angle (9) can then be calculated as follows:

G =G+ G”

/1
5 =tan! i

(1)

(2)

3 Results and discussion
3.1 Stress sweep and flow curves

Figure 1c shows the outcome of stress sweep tests for the PS
mud layer. Two yield stresses (i.e., two-step yielding) were
determined from the sharp decline in viscosity by an extrapo-
lation method (Zhu et al. 2001). The stress values associated
with the first decline are referred to as “static yield stress” (7,
); the second decline are termed “fluidic yield stress” (7'5 ).
Increasing shear rate sweeps were performed to obtain the
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Filled symbols represent static yield stress values and empty symbols
represent fluidic yield tress values (multiplied by 1/5)

flow curves presented in Fig. 1d. At low shear rates, a mini-
mum in flow curve was observed for all samples. This type of
minimum in flow behavior has already been reported for sim-
ilar systems (Van Kessel and Blom 1998) and is attributed to
stick/slip phenomena at the cup’s wall. Below a shear rate of
20 s !, an extensive structural breakdown is observed for all
samples followed by the shear stress equilibrium above 205"
This value can be referred to as the “critical shear rate” that
was applied to destroy the structure of the sample as found by
Xu and Huhe (2016). By comparing Fig. 1c and d, it can be
seen that this critical shear rate is corresponding to the fluidic
yield stress found by the stress sweep test. The same analysis
has been done on the samples from different mud layers. For
all layers, similar trends were obtained, and two yield stresses
(static and fluidic) were defined. The comparisons of static
and fluidic yield stresses, TOC, and density of the PS and
CS layers for all locations are presented in Fig. 2a and b.
The mud samples obtained from the RT location displayed
higher values of yield stresses (57-312 Pa) with the compar-
atively lower values of densities (1154—-1210 kg m™) due to
their higher organic matter content (4.1-4.3%).
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It can be observed that for all layers (FM and PS/CS not
shown), the ratio between fluidic and static yield stress is
always of the order of 5 (KH, KBZ, RV). At VH (FM) and
RT (PS/CS layer), it is of the order of 3, while it is nearly 7 for
SW (PS layer). Both static and fluidic yield stresses are fol-
lowing the same trends in density: higher densities lead to
higher yield stresses and vice versa. Even though the amount
of organic matter and the values for density are rather constant
between the PS and the CS layers, there is a significant in-
crease in yield stresses between the layers. As expected, the
organic matter content decreases in the seawards direction.

For the locations VH and KH, the organic matter content is
higher which may be attributed to harbor activities.

The increase in yield stress is generally fitted as an expo-
nential function of density. In Fig. 2c and d, we give the
relation between yield stress and density as a function of
layers and as a function of locations. It is clear that the expo-
nential relation holds for a given location only. This is consis-
tent with the exponential increase in yield stress as a function
of density found by diluting concentrated mud samples (Xu
and Huhe 2016). Other parameters, such as particle size dis-
tribution, type of clay, and organic matter of the sample, must
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Fig. 4 PS layer results: a complex modulus and b phase angle as a
function of frequency for different locations within linear viscoelastic
regime; ¢ complex modulus and d phase angle as a function of

play a role to explain the differences observed between the
layers of different locations (see Fig. 2c).

3.2 Thixotropy

The thixotropic character of the mud samples was investigated
by ramping up and ramping down the shear rate between 0
and 100 s~'. Several factors such as the composition of the
material, shear history, level, and rate of shearing can affect
the shape of the thixotropic loop. Comprehensive reviews
have been reported on the topic of thixotropy by Barnes
(1997) and Mewis and Wagner (2009).

Thixotropic behavior (clockwise hysteresis loop) is typical-
ly observed when the rate of structure breakdown in increas-
ing shear rate ramp (ramp up) is faster than the rate of structure
buildup in decreasing shear ramp (ramp down). Anti-
thixotropy or negative thixotropy, represented by a counter-
clockwise hysteresis loop, is the inverse case where the rate of
structure reformation during ramp down is faster than the
structure breakdown in ramping up the shear rate. The results
showed that all the PS sediments, except from the RV loca-
tion, behave like a typical flocculated suspension, where flocs
are broken at higher shear rates and do not have time/
possibility to reform during the ramp down (Fig. 3a). An
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Frequency (Hz)

frequency within linear viscoelastic regime for different mud samples
having different visual consistencies. Bars represent standard deviation.
The solid line is a guide for the eye

anti-thixotropic behavior was however observed at lower
shear rates, which suggests that at those shear rates the rate
of forming bonds between particles is faster than the rate at
which bonds were destroyed at ramp up. Nosrati et al. (2011)
reported similar results with a combination of thixotropy and
anti-thixotropy for muscovite dispersions. The combination of
thixotropy and anti-thixotropy can be associated with the oc-
currence of shear thickening phenomenon, which was evident
for these mud samples in stress weep tests particularly at
higher stresses. Mud samples from the RV location were the
only ones to display a typical thixotropic behavior (lower
stresses in the whole ramp down curve) for the investigated
shear rate range. The RV samples are (see Fig. 2a and b and
Table S1, ESM) the samples having one of the lowest densi-
ties and the highest organic matter content. The flocs in the RV
samples might therefore be much larger than the flocs in other
samples, which implies that their restructuration at ramp down
might require a longer time. The anti-thixotropic behavior of
the sample from the SW location and the typical thixotropic
behavior for the RV sample were also observed in the second
thixotropic loop (Fig. 3b and c, respectively).

Thixotropic behavior was also investigated for the sedi-
ments from the same location (VH) having different consis-
tencies. Figure 3d—f show the outcome of thixotropic
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experiments for different layers of sediments from the VH
location. Two thixotropic loops were performed by increasing
and decreasing shear rates without giving any time between
each measurement loop. The fluid mud layer displayed quite a
small thixotropic character (Fig. 3d) due to its very low den-
sity and liquid-like behavior. A minimum was also observed
in the first ramp up for the fluid mud layer which was absent

for other ramps. This may be associated with the structural
collapse which was irrecoverable in subsequent ramps due
to the very short shear rate times. A similar irrecoverable
structure in thixotropic experiments was also observed for
Caland channel mud (Van Kessel and Blom 1998). On the
other hand, pre-consolidated and consolidated mud layers
showed quite significant thixotropic behaviors with different
shapes of hysteresis loops. For the pre-consolidated mud lay-
er, a combination of thixotropy and anti-thixotropy was ob-
served (Fig. 3e). The consolidated mud layer, contrary to the
pre-consolidated layer, displayed typical thixotropic behavior
over the entire range of shear rates (Fig. 3f). The area of
second hysteresis loop was also smaller than that of the first
hysteresis loop, in addition to the lower stress values, which
also suggested the structural breakdown in the sediments
which was irrecoverable in such small shear rate times.

3.3 Frequency sweep

In the oscillatory mode, amplitude sweep tests at a constant
frequency were performed prior to the frequency sweep experi-
ments in order to recognize the different transition regimes for
selecting suitable stress values. Figure S2 (ESM) presents the
storage and loss moduli as a function of applied amplitude at a
constant frequency of 1 Hz for PS layer sediments. Three differ-
ent regimes were identified for all the sediments: (i) a linear
regime where sediments displayed solid-like behavior (G'>G'
Y; (ii) a transition regime in which the transformation from solid-
like to liquid-like state occurred; and (iii) a non-linear regime
where a liquid-like behavior was evident for all the sediments
(G"> G)). The sediments displayed different values of the stress
at which the crossover between G and G occurred, with the
highest value (27 Pa) for SW sediments and the lowest value
(11 Pa) for RV sediments which may be due to their different
densities and organic matter content. Frequency sweep tests were
then performed by selecting the stress values within the linear
viscoelastic regime (i.e., intact structure), in order to evaluate the
effect of frequency on the properties of the sediments.

Figure 4a and b show the outcome of these frequency sweep
tests, performed in the linear regime, in the form of complex
modulus and phase angle as a function of frequency for PS layer
sediments. These tests are very useful for examining the mechan-
ical properties of the samples without altering the structure of the
samples. The complex modulus values with weak frequency
dependency and very small phase angle values (no crossover)
were observed, which points to a solid-like behavior of the sam-
ples. A similar solid-like behavior of natural sediments for fre-
quency sweep tests, within the linear viscoelastic regime, has
been reported in the literature (Van Kessel and Blom 1998;
Soltanpour and Samsami 2011; Xu and Huhe 2016). The com-
plex modulus of sediments from the SW location (3917 Pa) was
one order of magnitude higher than the sediments from the RV
location (417 Pa), which can be attributed to their very high
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Table 1  Comparison of rheological properties of mud samples from different studies with those of this study

Study area

Density range (kg m )

Fluidic/Bingham yield
stress range (Pa)

Storage modulus Ref.
range at | Hz (Pa)

Port of Rotterdam, the Netherlands 1168" 7 45 Van Kessel and Blom (1998)
Eckemnforde Bay, Germany 1038-1280 1.07-20.50 — Fass and Wartel (2006)
Hangzhou Bay, China 1145-1634 0.55-40 0.02-15 Huang and Aode (2009)
Mouth of Yangtze River, China 1650-1700 910-2810 - Yang et al. (2014a, b)
Shoal of Hangzhou Bay, China 1705-1741 772-2140 - Yang et al. (2014a, b)
Yangcheng Lake, China 1651-1691 2070-3960 - Yang et al. (2014a, b)
Lianyungang, China 1098-1305 0.098-28.029 2-1050 Xu and Huhe (2016)
Port of Santos, Brazil 1085-1206 5-334 — Fonseca et al. (2019)
Port of Rio Grande, Brazil 1132-1308 5-350 - Fonseca et al. (2019)
Port of Itajai, Brazil 1138-1360 5-299 - Fonseca et al. (2019)
Amazon South Channel 1293-1512 5-379 Fonseca et al. (2019)
Port of Hamburg, Germany 1087-1484 2.44-312 0.47-8033 This study

*Calculated from mud concentration

density. At higher frequencies, an increase in complex modulus
and a decrease in phase angle were observed, which was due to
the rheometer head inertial effects. This experimental data ob-
tained due to the head inertial effects was removed from the
figures to avoid any misconception.

Frequency sweep tests were also carried out in linear regime
for sediments from the same location but with different consis-
tencies (i.e., densities), in order to evaluate their mechanical
properties, and the results are shown in Fig. 4c and d. All the
sediments displayed a solid-like behavior as evident from their
weak frequency-dependent complex modulus (Fig. 4c) and
very small values of phase angle (Fig. 4d). This solid-like char-
acter became more pronounced (the modulus increased from 13
to 8033 Pa and the phase angle decreased from 11° to 7°) with
the increasing consistency of the samples (i.e., going deeper
into the sediment bed). The similar increase in mechanical
properties (i.e., increase in storage modulus) of natural sedi-
ments as a function of volume concentration of solids was also
reported by Huang and Aode (2009). Furthermore, the rheom-
eter head inertial effects were very substantial for the fluid mud
layer at frequencies higher than 3 Hz due to their prominent
liquid-like character.

3.3.1 Relation between storage modulus and volume fraction
of solids

The following empirical model, similar to the one report-
ed by Lupi et al. (2016, 2017), is proposed to fit the
storage modulus of samples as a function of volume frac-
tion of solids:

/_G()(b
== 3)

O
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where Gy is a fitting parameter, ¢ is the volume fraction
of solid, and ¢,, is the maximum packing fraction. The
volume fraction of solids is determined by using the ex-
pression given by Coussot (1997). Figure 5a shows the
quite good fit of the model with the experimental data of
the storage modulus at 1 Hz of the mud sediments. The
values of the fitting parameters are presented in Table S2
(ESM).

3.3.2 Correlation between storage modulus and yield stresses

An empirical approach, similar to the one proposed by
Chateau et al. (2008), was used to correlate the yield stresses
with the storage modulus of the mud suspensions using the
following relation:

7o = Va2G (4)

where o is the fitting parameter and its value was 0.325 Pa for
static yield stress, and 7.62 Pa in the case of fluidic yield stress.
Figure 5b and c present the good agreement between the mod-
el and the experimental data of mud sediments for different
locations.

The values of the rheological parameters obtained in this
study were also compared with the values of rheological prop-
erties of the mud samples reported in the literature (Table 1).
The comparison displayed similar values of rheological pa-
rameters for mud samples from the Port of Santos, the Port
of Rotterdam, and the Port of Hamburg, for similar density
ranges. However, the mud samples from Eckernforde Bay
have significantly lower yield stress values for comparable
density ranges. This might be due to the differences in mea-
suring technique/geometry, organic matter content, or analysis
of rheological data. The samples from other mentioned
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locations showed substantially higher values of rheological
parameters because of their higher densities compared with
those of the three other ports mentioned above.

Stress sweep tests were proven to be practical and time-
efficient tests for measuring both static and fluidic yield stress-
es. The fluidic yield stress value of fluid mud is an important
parameter for controllability and maneuverability of vessels
because above this yield stress the fluid mud behaves as a
liquid-like material. Static yield stress of fluid mud, on the
other hand, can be a suitable parameter for characterizing the
mud in the low-energy regions of the harbor. The fluid mud
layer, in all locations it was observed, displayed small yield
stresses with a weak thixotropic character. This result shows
that vessels can pass through this layer without damage. This
rheological analysis is a step forward for safe navigation and
economic sediment management strategies at the Port of
Hamburg.

4 Conclusions

A detailed rheological analysis was performed on the mud
samples collected from different locations of the Port of
Hamburg, Germany, representing different layers within the
sediment bed. Stress sweep tests, flow curves, thixotropic
tests, oscillatory amplitude, and frequency sweep tests were
performed to assess the rheological fingerprint of the consid-
ered mud sediments. Two yield stresses (static and fluidic)
were identified for all samples and their relative ratio was
approximatively equal to 5. The mud samples obtained from
RT location displayed higher values of yield stresses (57—
312 Pa) with the comparatively lower values of densities
(11541210 kg m ) due to their higher organic matter content
(4.1-4.3%). The yield stress analysis of the mud samples of a
given location displayed an increase in the yield stress values
(0.8 to 45 Pa in the case of static yield stress, and from 2.44 to
284 Pa for fluidic yield stress) by going deeper into the sedi-
ment bed attributed to the increase in density of these samples
(i.e., from 1087 to 1230 kg m ). The thixotropic studies re-
vealed that all the sediments, except from the RV location,
exhibit a combination of thixotropic and anti-thixotropic be-
haviors. The fluid mud layers showed a negligible thixotropic
behavior due to their liquid-like character. The sediments from
RV location displayed only a thixotropic behavior for the en-
tire shear rate range. The results of frequency sweep tests,
within the linear viscoelastic limit, showed that the complex
moduli of all the sediments were fairly frequency independent
and also the phase angle values were very small (no crossover)
which can be linked to a solid-like behavior of the samples in
that frequency range. Even though the results presented here
are applicable to the Port of Hamburg, the same protocol and
principles can be applied to investigate any other harbor mud
samples.
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