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Abstract

Purpose Fluid mud layers can be substantial in waterways and they can jeopardise navigation when the ship’s keel comes in its
vicinity. The nautical bottom has therefore to be properly characterised. Mud density and yield stress are used as criteria to
characterise the nautical bottom. For a decade, measuring these parameters in situ has been a challenging task. The goal of this
paper is to compare the parameters obtained from recently developed in situ measuring instruments.

Materials and methods Two vertical profilers (Graviprobe and Rheotune) were used in this study. The Graviprobe measures the
undrained shear strength, whereas the Rheotune measures the Bingham yield stress and density of mud layers. Four different
locations at the Port of Hamburg were used to test the Rheotune. Bingham yield stresses obtained from Rheotune measurements
were compared with the laboratory rheological measurements. The mud layer thicknesses profiled by Graviprobe and Rheotune
at the Port of Hamburg and at the Port of Rotterdam were compared. The measurements were also compared with a model that
predicts the consolidation of weak mud.

Results and discussion The Rheotune data match well with the laboratory experiments at two of the four tested locations at the
Port of Hamburg. For the other two locations, the Rheotune data underestimates the Bingham yield stress, as compared with the
laboratory data. The reason for the discrepancy is discussed. The comparison between the Graviprobe’s and Rheotune’s profiles
showed that the thickness of the fluid mud layer, found from each device, for all locations, is similar. The in situ density
measurements were confirmed by the laboratory experiments. It was found that the standard model for consolidation of mud
could reproduce the in situ strength and density measurements as a function of time relatively well. The mismatch between model
and experimental data is most probably due to a change in constitutive parameters over time.

Conclusions Our results show that the correlation between density and yield stress measurements, as a function of different
measuring equipment, strongly depends on the type of mud. Therefore, a proper calibration should be performed by establishing
a reference database for each equipment. In order to decrease the amount of in situ survey, it is also necessary to develop models
that can accurately predict the consolidation over time.

Keywords Fluid mud - Nautical bottom - Predictive maintenance - Shear strength - Yield stress
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Traditionally, the surveying in ports is conducted using
multibeam echo-sounders. The high-frequency (more than
200 kHz) multibeam echo-sounders are proven efficient in
detecting the water-mud interface (lutocline), which is used
as a reference worldwide for a nautical bottom criterion in
many ports. However, the multibeam echo-sounding tech-
niques are particularly adapted to water bodies with sharp
interfaces like the one existing between a water phase and a
sediment bed. Fluid mud layers on the other hand are layers
with large vertical density gradients and multibeam echo-
sounding techniques are, therefore, less adapted to detect
them. Fluid mud, a mixture of water, organic matter and min-
erals, is defined by densities ranging from 1030 to
1300 kg m >. Fluid mud layers have typical yield stress values
below 20 Pa (Shakeel et al. 2020 and references within). Mud
layers having yield stresses below 20 Pa exhibit very small
complex modulus values and strong frequency dependence,
which indicated their weak structure (i.e., liquid-like). This
type of mud is usually found in estuaries and in rivers with
low-intensity currents (Ross and Mehta 1989). This so-called
“fluid mud” is in a transient state and settles and consolidates
with time, unless mixing energy is added by means of main-
tenance dredging or natural currents. Since current acoustic
methods are not capable to detect the bed in the areas with
fluid mud layers, alternative surveying methods have been
tested in different ports. The early developed measuring tools
(such as radioactive probes) were typically designed to mea-
sure mud densities, where mud density was used as a criterion
for defining the nautical bottom (e.g., the Port of Rotterdam,
the Port of Zeebrugge) (McAnally et al. 2007). Moreover,
density is also an important parameter for maintenance dredg-
ing because it can be used for estimating the volumes that are
required to be dredged.

One of the most prominent drawbacks of these techniques
is that they provide only a vertical (density) profile in a water
column at a specific location. To get a spatial profile, seismic-
based methods (e.g., SILAS) were introduced in order to in-
terpolate the density data over the port area.

Since the early days of fluid mud research, it was
recognised that the density is not the only parameter that
should be accounted for to assess the nautical bottom (Kirby
et al. 1980; Wurpts and Torn 2005; PIANC 2014; Kirichek
et al. 2018). Already in 2005, the Port of Emden authorities
implemented a criterion based on yield stress measurements as
their nautical bottom definition. In their approach, the yield
stress of mud samples is found using a conventional rheome-
ter in the laboratory. As usual for rheological measurements, a
protocol should be followed in order to assess the rheological
properties as the measurements are dependent on the sample
history, the type of rheological experiments and the measuring
geometries. Currently, several measuring protocols exist in the
literature. Wurpts and Torn (2005) used stress sweep tests and
Couette geometry. Claeys et al. (2015) proposed another

protocol with vane geometry that includes preconditioning
of mud. Recently, Shakeel et al. (2020) conducted an exten-
sive laboratory rheological study on mud samples of different
densities. Different measuring geometries, rheological
methods and protocols were compared. The authors found that
a stress sweep test with Couette geometry is a practical and
time-efficient method for determining the yield stress values
of mud samples with weak yield stress values (Shakeel et al.
2020).

The in situ strength measurements of deposited and fluid
mud only became possible in the last decade. One of the tools
that provides yield stress is Rheotune. The working principle
of the Rheotune is similar to the one of a tuning fork.
Rheotune gives vertical profiles of (Bingham) yield stress
and density as output. The vertical profiles of density can be
interpolated spatially via the SILAS system that links the seis-
mic signal of 38 kHz to the densities measured by Rheotune
(Diaferia et al. 2013). The SILAS system is currently used for
detection of the nautical bottom in the Port of Rotterdam and
in the Port of IJmuiden.

Another tool that gives information about the strength of
mud beds is the Graviprobe (Bezuijen et al. 2018). The
Graviprobe is a free-fall cylinder that penetrates the water-
mud column under its own weight. The primary measurement
of the Graviprobe is acceleration/deceleration of the cylinder.
The measurements are related to an undrained shear strength
using a force balance equation. The undrained shear strength
is not a rheological parameter, but it can be used for determin-
ing the strength of mud layers. The Graviprobe is currently
tested in the Port of Rotterdam.

The purpose of the present study is to compare the appli-
cability of density, shear strength and yield stress criteria with
the definition of nautical bottom. Rheotune and Graviprobe
were tested under different circumstances in situ in different
areas of the Port of Hamburg and at the Port of Rotterdam. The
in situ measurements were then compared with yield stress
and density measurements carried out in the laboratory. In
the last part, densities and undrained shear strength measure-
ments are presented as a function of time and used to predict
the development of strength over time.

2 Methods

Figure 1 shows the in situ tools that were used in this research.
The Graviprobe (from DotOcean) measures the acceleration/
deceleration while falling freely in a water-mud column. The
undrained shear strength is then obtained from the
acceleration/deceleration using a force balance equation
(Bezuijen et al. 2018). The Rheotune (from Stema Systems)
records the amplitudes which are triggered by mechanical
vibrations at the frequency range of 500-800 Hz. The record-
ings can then be used to get the information about the
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Fig. 1 In situ measuring devices
used in the study

Graviprobe

Frahmlot

(Bingham) yield stress and density of mud layers (Fonseca
et al. 2019).

A so-called Frahmlot is used to collect mud samples. This
sampler allows to collect cylindrical core samples of mud of
1 m, which are then manually divided in smaller samples. The
samples collected with the Frahmlot were analysed in the lab-
oratory. Both the density and the yield stress of the samples
were measured. The yield stress was assessed using a recently
developed rheological protocol (Shakeel et al. 2019, 2020). A
HAAKE MARS I rheometer (Thermo Scientific, Germany)
was used to perform the rheological experiments with concen-
tric cylinder (Couette) geometry.

Four different locations at the Port of Hamburg were used
to test the Rheotune and to compare the results with laboratory
measurements: Vorhafen (VH), Kohlfleet mit Kohlfleethafen
(KH), Rethe (RT) and Reiherstieg Vorhafen (RV) (see Fig. 2
for selected locations). Sedimentfang Wedel (SW) (another
location in Port of Hamburg, see Fig. 2) was used to compare
the measurements of the Graviprobe and Rheotune on 07-06-
2018, 28-06-2018, 07-08-2018 and 18-09-2018. A previous
analysis revealed the existence of significantly different

@ Springer

Rheotune

Slibsampler

rheological properties for mud samples collected from the
selected locations. These differences are due to different den-
sities and organic matter content (Shakeel et al. 2020).

Graviprobe and Rheotune measurements were also com-
pared in a sediment trap in the Calandkanaal at the Port of
Rotterdam (Fig. 2b). The sediment trap was originally about
1.5 m deeper than the natural bed in the Calandkanaal. Water
injection dredging activities were performed in order to
fluidise the mud layer in the Calandkanaal. Subsequently,
the fluidised mud was advected into the sediment trap.
Regular Graviprobe and Rheotune surveys were carried out
after the water injection dredging in the sediment trap. More
information on the pilot at the Port of Rotterdam is given in
Kirichek and Rutgers (2019).

The combination of a “Slibsampler” and a DMA 35
Anton Paar density meter was used to measure the density
along the collected core samples. The Slibsampler is a cy-
lindrical core sampling device with a diameter of 5 cm.
Inlets are installed along a lateral surface of the core (see
Fig. 1), so that the fluid mud can be subsampled from the
collected core using a syringe. The subsample was flashed
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Fig. 2 Selected locations in the a Port of Hamburg, Germany, and b Port of Rotterdam, the Netherlands, to collect mud samples

through the Anton Paar density meter which gives the den-
sity with an error of 1 kg m™. This procedure is repeated
for each inlet and hence a vertical in situ density profile of
mud can be obtained.

A model that describes the consolidation of weak mud was
used to relate the strength and density measurements. This
model was validated for different natural mud samples from
Ems-Dollard Estuary and the Caland-Beer Channel at the Port
of Rotterdam (Merckelbach 2000).

VH

Fig. 3 Comparison of densities

3 Results and discussion

Figure 3 shows the yield stresses measured in situ and in
laboratory as a function of density at different locations of
the Port of Hamburg. The in situ measurements for Vorhafen
(VH) and for Kohlfleet mit Kohlfleethafen (KH) match well
with the laboratory experiments. However, the values mea-
sured for Rethe (RT) and Reiherstieg Vorhafen (RV) showed
the smaller in situ Bingham yield stress compared with the one

KH

300

and yield stresses measured in situ
using the Rheotune and in
laboratory using the Couette
rheometer. The abbreviations
indicate different locations in the
Port of Hamburg: Vorhafen (VH),
Kohlfleet mit Kohlfleethafen
(KH), Rethe (RT) and Reiherstieg
Vorhafen (RV)
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Fig. 4 Comparison of Rheotune (yield stress and density) and Graviprobe measurements (undrained shear strength) in the Port of Hamburg
(Sedimentfang Wedel). The Rheotune (density) plot shows sedimentation before and after dredging shortly after 28-06-2018

measured in the laboratory. The discrepancy can be due to
high organic matter content in RT and RV (Shakeel et al.
2020).

The comparison between the Graviprobe’s and Rheotune’s
profiles is shown in Fig. 4. The thickness of the fluid mud
layer, found from each device, is similar. The evolution of
the undrained shear strength and Bingham yield stress follow-
ed the same trend in time. The measurements conducted on
18-09-2018 show that weak fluid mud layers can be measured
by both Graviprobe and Rheotune. On 18-09-2018, this weak
fluid mud layer had an undrained shear strength smaller than
0.2 kPa and a thickness of 1.25 m. We note that undrained
shear strength and yield stress have a non-linear dependence
(Bezuijen et al. 2018). One important upcoming study will be
to analyse the relation between these properties.

The Rheotune measurements report a weak mud layer
thickness (< 100 Pa) of about 1.20 m. The measurements con-
ducted by Graviprobe and Rheotune (Bingham yield stress)
on 07-08-2018 and on 28-06-2018 also show an acceptable

correspondence. The corresponding density measurements are
given on the right panel of Fig. 4.

The Rheotune and the Graviprobe have also been tested in
the Port of Rotterdam. Figure 5 shows the corresponding den-
sities and yield stress measurements from Rheotune. The den-
sity was estimated using (a) the Rheotune and (b) the Anton
Paar density meter combined with the Slibsampler. The yield
stress was measured by laboratory rheological analysis. It is
found that the Rheotune and Slibsampler density data are in
very good agreement, as is the Bingham yield stress data
found by Rheotune and rheological measurements in the lab.
The reason for the better agreement, than for the experiments
conducted in the Port of Hamburg, is most probably related to
the lower amounts of organic matter content in the Port of
Rotterdam.

In the last part, it was checked whether modelling could
reproduce the in situ strength and density development as a
function of time. The comparison between model and exper-
imental data was done for the measurements conducted in the

Fig. 5 Validation of density and . 0 ——— . 0
yield stress values measured by £ ..‘ £
Rheotune in the Port of - ! ® 1> .
Rotterdam at the sediment trap § 0.2 > .0 § 0
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WkO02 = after 2 weeks, wk04 = f_; -04r¢ .t‘ 19 -04 ——Rheotune (wk07)
after 4 weeks, wk07 = after Bt 0& = 4 Rheometer (wk02)
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sediment trap at the Port of Rotterdam, see Fig. 6. The hydro-
dynamic conditions in the trap are expected to be very low—a
prerequisite for the model. The numerical code solves the
Gibson equation (Merckelbach 2000) and requires three input
parameters: the initial mud density as a function of depth, and
the two material parameters: the permeability K and the effec-
tive stress o function of density p. For last two parameters,
following the work of Merckelbach (2000), we took K = K
- p"and 0 = Kigma - . For n, we used 6.67, which is a number
in line with the findings of Merckelbach (2000). Ky and Kjgma
are constants to be calibrated. We found K, =7-10 ' and
Kgoma=T-+ 10”. The model’s output is the mud density as a
function of time and depth. The measured density profiles
show a good resemblance with the modelling, but differences
are observed. The strength measurements are in line with the
modelling results of the effective stresses. The observed dif-
ferences can be due to several reasons: (1) the hydrodynamic
activity in the trap, even though low, can contribute to a
change in density and strength in time and space, (2) The
accuracy of the in situ data poses a problem. It is in particular
very difficult to sample twice at the exact same location, (3)
the constitutive parameters (permeability and effective stress)
are taken to be constant in the model and adjusted to reproduce
the data as best as possible. However, these parameters could
be changing over time, as the properties of mud are evolving
due to its composition and complex interaction with its
environment.

4 Conclusions

Recent progress in the development of the in situ shear
strength and rheology measuring equipment enables to use
these methods in waterways with fluid mud layers to assess
the properties of mud layers. In the present work, we reported
the results obtained using the Rheotune and Graviprobe, to
assess respectively (in situ) the density and yield stress
(Rheotune) and the undrained shear strength (Graviprobe) of
mud layers in the different areas of the Port of Hamburg and
the Port of Rotterdam. Our study shows that the density mea-
surements using Rheotune match well with density values
measured using an Anton Paar density meter. The yield stress
values found using the Rheotune correlates well with the yield
stresses measured in the laboratory for two locations but not
for two others, where the in situ Bingham yield stresses are
systematically lower than the ones found in the laboratory.
This finding is attributed to the diversity and amount of or-
ganic matter in the harbour.

The measurements of Graviprobe and Rheotune, density
and strength profiles, are in good agreement with the settling
and consolidation model presented in the article, which was
developed for mud layers at the early stages of consolidation.
In this study, Ky and K;em, Were used as (constant) adjustable
parameters for the model; however, these parameters can also
be obtained in laboratory by performing specific experiments
on the mud (Merckelbach 2000). Further research is required

Fig. 6 Modelled and measured a) -22 v . -
water-mud interface (a), density —Water-mud interface
(b) and strength (c) at the Port of - - -Bed-mud interface
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are conducted after water injec- .g.
tion dredging actions. For the 8 s
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to study if laboratory-obtained Ky and Kjgm, are in line with
the adjusted K and Kijoma used to fit the in situ data.

Data availability This study is carried out within the framework of the
MUDNET academic network https://www.tudelft.nl/mudnet/.
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