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SUMMARY

Ships are considered the best mode of transport throughout the human history. The demand of the goods
transportation across the world increased exponentially from the past few decades. Therefore, the ships
size are increasing and also demanding better infrastructure at ports and harbours.

When a ship reaches the shore, the water depth reduces and thus the under keel clearance also reduces.
The ship keel clearance influences the maneuverability of the sailing ship. Scientists and engineers are
keenly studying the impact of very low under keel clearance and defining nautical bottom.

In this thesis project, the link between the fluid mud rheology and its density is first investigated. The expo-
nential relation reformulated between the density and yield stress necessitates the direct measurement of
rheology for navigability. It was confirmed true that the yield strength grows exponentially with the density
of the fluid mud. However, at higher densities of mud, more thixotropy is observed in the flow curves.
Besides, the Power-law relations were found for the relation with volumetric concentration, for yield stress
in agreement with fractal dimension theory.

Second, quantification of the thixotropy effect of fluid mud is conducted to justify the importance of the
time-dependency effect in the rheological modeling. We found that an unremolded fluid mud has high
thixotropy even at high shear rates. However, diluted and remolded fluid mud at high shear rates found a
negligible thixotropy effect. We also observed that Houska’s modeling curve coincides perfectly with the
flow curve of fluid mud at high shear rates, and also it integrates the thixotropy into the modeling.

Third, the total resistance of a plate moving through fluid mud is measured and compared to the frictional
forces calculated using the available analytical formulas of a plate moving in Bingham fluids and Power-law
fluids. The moving plate is an abstraction of a vessel’s keel sailing through the fluid mud. We found that
the total resistance of the plate moved in fluid mud at low velocity agrees with the frictional force of a plate
moved in Bingham fluids. As the velocity increases, the stagnation pressure becomes significant, and the
deviation of the total resistance of plate and frictional force of a plate increases. Thus, to estimate the total
resistance of a plate moved in mud, normal forces (stagnation pressure) and vortices at edges should be
investigated because these need to be subtracted.

The experimental data in this thesis are made resourceful to help researchers validate their Computational
fluid dynamics(CFD) models in the application of sailing through the mud.

Keywords

Fluid mud, total resistance, Rheology, Rheometry, Flat plates, Thixotropy, Non-Newtonian Modelling,
Houska thixotropy, Port of Rotterdam, Beerkanaal, Calandkanaal, 8e Petroleumhaven.
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Chapter 1

Introduction

1.1 Background

For many millennia, humans have been using the waterways for the movement of goods and people.
However, after the first industrial revolution, the infrastructure of ships was significantly improved. For
example, sail-powered to steam-powered, oil-powered, to digital support transport. Therefore the transport
rates at ports are increasing, and so the vessel size.

The Port authorities are concerned with the safe navigation of ships and ever-changing sea bathymetry
(Rodrigue, 2020). In the Netherlands, Rijkwaterstaat maintains the waterways and provides updates of
water levels for safe navigation. Shippers use these water level data to determine the load capacity for
safe shipping. However, the increased shipping business led to larger draughts of vessels. Therefore,
during the design of canals, water depth- draught ratios are used for safe navigation. However, such
guidelines are not available for natural water bodies because of fluctuating water levels and changing
bathymetry.

The Port of Rotterdam is looking to improve the port infrastructure and facilities with emerging technology
that enables the ship to sail safely through the fluid mud. This master thesis is part of the PRISMA project
conducted in collaboration with Hamburg Port Authority, Rijkwaterstaat, TU Delft, Hamburg University of
Technology, MARIN and Deltares.

1.2 Problem definition

The growing dimensions of vessels demand more significant drafts for safe navigation. Sea-going vessels
do not have these problems because of extensive water depths. However, for the ships reaching ports
or harbors, the ship’s and bed’s clearance becomes essential. Therefore, to increase the water depth,
seaports and harbors often do the dredging.

Instead of maintenance dredging, another alternative option is to adopt the nautical bottom approach
(PIANC, 2014), where can use fluid mud layers for the Under Keel Clearance (UKC) estimations (see
Figure 1.1). PIANC (2014) defined nautical depth as "the level where physical characteristics of the bottom
reach a critical limit beyond which contact with a ship’s keel causes either damage or unacceptable effects
on controllability and maneuverability." So, the density and yield stress of the fluid mud are considered as
the physical characteristics of nautical bottom estimations. However, it is not clear in the literature which
of the fluid mud properties (density/ yield strength) should be considered for the nautical bottom approach
and how these two parameters are related Kirichek et al. (2018).
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Figure 1.1: Nautical bottom concept. Schematic sketch is taken from Kirichek et al. (2018)

The fluid mud is defined as a mixture of fine sand, silt, clay, organic matter and water. Thus, the composi-
tion of fluid mud can depend on the geographical location (Mehta, 2013). Therefore, the nautical bottom
criteria can also change within the port or harbor area. The conventional method to determine the bottom
is by identifying the interface of the bed sediments and water layers using the hydrography surveys. To
analyse the fluid mud density and rheology on-site, Kirichek et al. (2020) provided more information on
advanced in-situ tools.
When a ship sails through the fluid mud, there will be a predominant influence on the ship’s resistance.
In order to determine the criteria and type of nautical depth for safe navigation, the composition and the
effect of fluid mud rheology on the ship’s maneuverability also should be known.

Some of the full-scale experiments can be found in Sellmeijer & van Oortmerssen (1984) and Barth et al.
(2016). They provided the relations between the mud and water interface, effect on ship behavior by the
maneuverability and speed of the ship. However, full-scale tests are challenging to perform because the
situation and observed conditions change. Some of the controlled model tests can be found in Delefortrie
(2007), Vantorre (1991), and Brossard et al. (1991) on the implications of the thickness of the mud layer,
depth, and speed on the ship maneuverability. A numerical analysis is another way to look into the impact
of fluid mud properties on ship maneuverability. Kaidi et al. (2020) studied the influence of density and
viscosity of fluid mud on the resistance of the ship and Gao et al. (2015) studied the effects of ship
speed and mud layer thickness on the ship resistance. Leijs (2021) found that the yield stress of the fluid
mud mainly affects pressure component in total resistance of the ship. It is still unclear which fluid mud
characteristic is affecting the ship resistance.

In addition to the laboratory and full scale experiments, different analytical models, empirical models, and
numerical models are developed to predict the non-Newtonian flow behavior of mud (Fitton et al., 2007).
It can replicate a wide range of water bodies and can also model highly concentrated non-Newtonian
flows. However, there is lack of non-Newtonian rheological modelling which takes fluid mud properties like
shear-thinning and time-dependency (thixotropy) into account.

1.3 Objective

This thesis intends to study the rheological behavior of fluid mud from the Port of Rotterdam, investigate
the link between the yield stress and density, and verify the available analytical formulas in the literature
for the frictional force of plate dragged in non-Newtonian fluids with the total resistance of a plate moved
in fluid mud.
The research questions of this thesis are:

1. What is the link between the presence of clay and the rheological properties of mud? And how it can
link to the density and the yield stress of mud?

2. How thixotropy of fluid mud can be quantified and taken into account in the non-Newtonian rheolog-
ical modeling?

3. What is the relation between towing forces for a plate dragged in fluid mud and rheology? What
existing analytical formulas for non-Newtonian fluids can be used for estimating the plate resistance
measured in the flume experiments?
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1.4 Approach

This thesis consists of three main parts. First a literature study was done to have an understanding of
the rheological experiments. Second a rheological study of fluid mud from different locations of Port of
Rotterdam is conducted. This experiment is also helpful to design the test matrix for flume experiments
for measuring the plate resistance dragged in fluid mud. Third is the flume experiments in which total
resistance of the plate moved in fluid mud is measured and then compared to the analytical formulas
available for Bingham fluids and power-law fluids.

Part 1 - Literature study

A literature study was done to describe the fluid mud behaviour. This includes:

1. Elaboration of fluid mud characterization, formation and in-situ testing tools.

2. Providing the available theories for describing the link between the density and rheology.

3. Describing the rheology of non-Newtonian fluids and its measurements through rheometry practice.
This includes:

• Yield stress measurement,

• Thixotropy effect quantification

4. Understanding the rheological models that also includes time-dependent properties of the fluid mud.

5. Elaboration of analytical formulas to find the frictional force of a plate moved in Bingham fluids and
power-law fluids.

6. Conclusions and knowledge gaps.

Part 2 - Rheology study of mud samples from different Port locations

Rheology tests are performed on fluid mud samples from Beerkanaal, Calandkanaal, and 8e Petroleumhaven
by diluting with seawater and freshwater. The tests concerns:

1. Investigating the influence of salt content on the rheology of fluid mud.

2. Analysing the applicability of fractal dimension theory relating volumetric solids concentration and
yield stresses.

3. Standardizing the rheometry test protocols for the flume experiments.

Part 3 - Flume experiments for studying the plate resistance in fluid mud

The flume experiments are performed using the fluid mud from the Calandkanaal. In the tests, a plate was
dragged in the fluid mud at different velocities. During the tests, the fluid mud samples were collected for
rheology tests before and after the towing experiments. The tests concern:

1. Performing experiments by moving a plate in mud at different velocities and recording the total re-
sistance of a plate in mud.

2. Conducting the rheological tests on the fluid mud samples collected during the tests.

3. Comparing the total resistance of the plate moved in mud to the frictional force of a plate calculated
using analytical formulas moved in a Bingham fluid and power-law fluid.

4. Fitting the Houska model to the flow curves of the mud samples collected during the flume experi-
ments.

5. Quantifying the fluid mud thixotropy effect using the hysteresis loop method and the sensitivity
method.

1.5 Contributions

This thesis is a part of Port of Rotterdam’s PRISMA project, which collaborated with Hamburg Port Author-
ity, MARIN, TU Delft, TU Hamburg, Rijkwaterstaat and Deltares. The rheology tests and flume experiments
are performed at Deltares. A towed object borrowed from Hamburg Port Authority and also another towed
object was designed and built at Deltares.
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Chapter 2

Literature review

2.1 Fluid mud

Fluid mud is a highly concentrated aqueous suspension of fine sediment particles. The settling is hindered
substantially in fluid mud by the proximity of flocs and fine grains (McAnally et al., 2007). The other names
of the fluid mud are cremes de vase (French) and slib (Dutch). Another definition of fluid mud defined
by Foda et al. (1993) is, the fluid mud is a reverse process of consolidation in which water quantity is
increased in the mud and form suspension of particles.

2.1.1 Characterization of fluid mud

Characterization is essential in understanding the fluid mud processes and presenting information avail-
able in the literature on fluid mud. Some of the fluid mud characteristics are:

1. Composition: Water, fine sand, clay, silt, and organic materials make up fluid mud. As per the
Went-worth scale for sediment sizes, the particle size of fluid mud is less than 62.5 microns in
diameter (McAnally et al., 2007). Here, particle size refers to the individual grain constituents but not
the loosely bound flocs present in the mud.

2. Density: Near the bottom of the mud beds, different layers of mud like fluid mud, pre-consolidated,
and consolidated mud can be found which means the density increases with the depth. In addition,
these mud layers with varying densities have different rheological properties and composition (Sha-
keel et al., 2021). Figure 2.1 taken from Shakeel et al. (2021), represented the relation between the
fluidic yield stress as a function of density. In addition, they concluded that the rheological behavior
is significantly dependent on the fluid mud density and total organic content (see Figure 2.1b.

Figure 2.1: (a) Relation between the density and fluidic yield stress of fluid mud samples from port of Hamburg. (b) Relation between the total organic
content and different river locations of port of Hamburg. Image taken from Shakeel et al. (2021).

3. Water content: The engineering perspective on water content evaluation differs. Fluid mud con-
centrations in dredging range from 50 to 350 kg/m3 (Teeter, 1992). In natural occurrence, fluid mud
lower limit of concentration is 10 kg/m3 (Kineke et al., 1996), upper limit of 250 kg/m3 (Allen, 1991).
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4. Particle size distribution (PSD): In low organic content of fluid mud, 50-70% solids are of clay
sized (McAnally et al., 2007). In fast changing environments, the sand particles (larger size), has
tendency to settledown fast and entrain in very less fraction of fluid mud.

5. Mineralogy: In fluid mud, platey, which is a cohesive mineral, dominates in mineralogy. In the
Gironde estuary, 60-70% are of clay and mica, 20-25% are of quartz, and 5- 10% are of calcite
(Granboulan et al., 1989). Studies at Mobile Bay, Alabama, show that dredged mud was dominated
by kaolinite and montmorillonite, and the James River, Virginia, was dominated by chlorite and illite
(Nichols et al., 1978)

6. Organic matter: Fluid mud in a calm environment, such as lakes, with vast amounts of organic
matter, substantially affects dewatering and keeps the bed fluid (McAnally et al., 2007). High accu-
mulation of organic content can also found in inland harbors, which creates an intense suspension
of fluid mud because of bacterial respiration (Abril et al., 2004; Zander et al., 2020).

7. Rheological properties: Fluid mud exhibits viscoelastic, viscoplastic, and/or pseudoplastic flow
behaviors. This flow behavior depends on hydrodynamic conditions, mud characteristics, and inter-
molecular arrangement. Fluid mud rheometry helps us to understand the behavior of fluid mud
from flow curve measurement. In rotational rheometry, tests like controlled shear stress (CSS) and
controlled shear rates (CSR) variants are performed to obtain flow curves and viscous curves.

8. Thixotropic properties: The stress history influences rheological characteristics such as yield
stress τy, viscosity η, and other fluid mud properties. When constant and sufficient stress or strain
is applied on the fluid mud, yield stress and viscosity decrease over time. After a certain resting pe-
riod, thixotropic strength will be regained. For natural mud to build up to τy and associate molecular
structure appears to be in the range of 104-105 seconds (Van Kessel & Blom, 1998).

2.1.2 Fluid mud formation

In the process of sediment erosion in water bodies and on land, the mobile sediments consist of cohesive
material (fine-grained) and non-cohesive material (coarse-grained). In shelf waters and tidal embayments,
waves and tide action aids the formation of fluid mud (McAnally et al., 2007). In addition, field studies
revealed that disposal of dredged materials in open water created fluid mud (Nichols et al., 1978).

As per Mehta et al. (2014), fluid mud is formed by the influence of waves and currents on the muddy sea
bed, which entrains the coagulation and settling of the particles. Thus, during the settling of particles,
multiple layers of varying concentrations are formed, see Figure 2.2. The top layer (above Lutocline)
exhibits Newtonian behavior because of low sediment concentration. Below this layer, fluid mud layer,
the sediment particles concentration is increased, creating the larger flocs. However, in the fluid mud
later, the insufficient sediment concentration tends to exhibit significant non-Newtonian behavior. As the
concentration of the sediments increases over the depth, the material starts exhibiting Newtonian behavior
again (Mehta et al., 2014). Finally, the bottom layer has consolidated mud.

Figure 2.2: The image illustrates different layers of mud at a seaway depth in which the sediment concentration increases over depth and forms different
layers. Image taken from Mehta et al. (2014).
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2.1.3 In-situ fluid mud testing tools

Nowadays, using t the fluid mud layers, finding undrained shear strength, fluid mud sampler, portable
rheometers, and density measurements. Some of the most commonly used in-situ tools are listed below.

1. Graviprobe: This measures the undrained shear strength of the fluid mud. Graviprobe is a free fall
cone built with accelerometers. The relation of free-fall acceleration and undrained shear strength is
mentioned in Bezuijen et al. (2018).

Figure 2.3: The image shows the Graviprobe device. Image taken from (Kirichek et al., 2020).

2. Rheotune: This correlates yield stress and density to mechanical tuning fork vibrations in the fre-
quency range of 500 to 800 Hertz (Kirichek et al., 2020).

Figure 2.4: Rheotune. Image taken from (Kirichek et al., 2020)

3. FANN 286 rheometer: This device is portable and easy to use on collected mud samples. In this
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rheometer configuration, the cup rotates, and the bob geometry is connected to the spring, which
records its torque. Thick fluid materials cannot be tested in this rheometer. This rheometer has
built-in fixed rotational speeds and also has a variable speed option at low rotational speeds. While
performing tests, the shear stress is recorded for different rotational speeds.

Figure 2.5: FANN 286 rheometer

4. Slib sampler: Along the vertical direction of this device, the in-situ fluid mud is collected. The
samples are taken using the syringe, and density is measured using Anton Paar DMA 35. The
procedure is repeated along the axial direction of the slib sampler, and vertical in-situ density profiles
are measured (Kirichek et al., 2020).

Figure 2.6: Slib sampler. Image taken from (Kirichek et al., 2020)

2.2 Rheology

Rheology is the science of material’s flow and deformation. Some materials exhibits viscoplastic prop-
erties, behaves as visco-elastic material upto yielding point and then non-Newtonian fluid. The key link
between material flow and deformation behavior is that the shear force creates significant deformations,
which causes the material to flow.
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2.2.1 Why fluid mud rheology?

Fluid mud exhibits viscoelastic, viscoplastic and/or pseudoplastic flow behaviours (McAnally et al., 2007).
Fluid mud rheometry helps us to understand the behaviour of fluid mud from flow/viscous curve measure-
ments.

2.2.2 Glossary of rheology in brief

1. Rheometry: The experimental practices followed in rheological tests to define fluid rheological prop-
erties.

2. Flow: Any material flow can be divided into one of two categories (Liepsch, 2016). The first type of
flow is the shear flow, in which the fluid components shear over one another. The second type of
flow is extension flow, which occurs when fluid components flow towards or away from each other.
The most frequent flow behavior observed in fluids is shear flow, which can be studied with rotational
viscometers or rheometers.

3. Shear stress (τ ): It is defined as shear force (F ) acting on a unit area (A), see equation 2.1. Let the
width of the layer be h. On the application of this shear force, the top layer displaces by a distance
x. The shear strain (γ), also known as the displacement gradient, is given by the ratio of lateral
displacement and width, see Eq. 2.2.

τ =
F

A
[Pa] (2.1)

γ =
x

h
(2.2)

4. Shear rate: In solid materials where the flow behavior is not possible, the shear strain is finite for
shear stress applied. While in liquids, the shear strain increases over time of shear stress applied.
Thus, velocity gradient is created, (dγ/dt), and often termed as Shear rate (γ̇).

γ̇ =
dγ

dt
[1/s] (2.3)

5. Dynamic Viscosity: The shear viscosity, or dynamic viscosity (η), is a proportionality coefficient
between shear stress and shear rate. It is also known as apparent viscosity, where it characterizes
the tangent to the flow curve.

η =
τ

γ̇
[Pa.s] (2.4)

6. Non-Newtonian fluids: Shear stress or shear rate affects the viscosity of these fluids. Figure 2.7
represents various flow behaviors.

Figure 2.7: Different types of flow behaviour- 1) Newtonian liquid, 2) Pseudo-plastic liquid, 3) Dilatant liquid, and 4) Plastic liquid. Figure adapted from
Schramm (1994)

7. Shear Thinning: In shear-thinning fluids, the viscosity decreases on the application of shear stress
or shear rate (Chandran et al., 2020). The zero shear viscosity (η0) refers to the viscosity at low shear
rates and the Viscous curve plateaus at low shear rate regions. The infinite viscosity (η∞) refers to
the viscosity at high shear rates. The Viscous curve shows a plateau profile. The magnitude of
infinite viscosity is several orders smaller than zero viscosity (Liepsch, 2016).
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2.2.3 Rheometers

In the world market, there are sophisticated rheometers and viscometers available to test the non-Newtonian
fluids. The design of the rheometers is based on input, either controlled stress (CSS) or controlled shear
rate (CSR). In advanced rheometers, both of these functional features are available. However, there is two
design difference in these rheometers (Schramm, 1994). The outer cylinder (cup) or plate is stationary
while the inner geometry (rotor) is driven and vice versa. In both cases, the torque on the inner element is
measured.

Controlled shear rate (CSR) in comparison to controlled shear stress (CSS)

The difference between the CSS and CSR should be known in order to perform the tests on visco-elastic
fluids and specifically visco-plastic fluids to have a better understanding of some solid and liquid shear
responses (Schramm, 1994). Most controlled shear stress (CSS) tests are designed to obtain a higher
sensitivity to compare similar fluids at low shear rate values. Gleißle (1993) showed the importance of
CSS tests while differentiating the polymer melts of different grades.

Importance of rotational geometry

Based on the viscosity of the sample material ranging from thick to fluidic, the type of rotational geometry
chosed for rheology tests (Stieger, 2019). For instance, parallel plate geometry will be used to test high
viscous materials like chocolate or honey. For creamy materials, bob-cup, vane-cup geometries can be
used. For fluids with low viscosity like water, double gap bob cup geometry can be used (Stieger, 2019).
Bob-cup and vane-cup geometry configurations are used in this project to study the rheology of fluid mud
samples collected in flume experiments.

Standard rheological protocols

Some of the standard rheological protocols which are often performed on non-Newtonian fluids are de-
scribed below:

1. Stress growth: A constant shear rate is applied in this test, and corresponding shear stress is
monitored over time. This test determines the yield points, peak stress, and steady-state stress
(Chhabra & Richardson, 2008).

2. Stress sweep: Shear stress is increased linearly from zero to a value greater than the yield point in
this test, and the corresponding shear rate is recorded. Similar tests can be found in Barnes (1999),
Cheng (1986), and Shakeel et al. (2020b) to find the yield stresses of the visco-plastic fluids.

3. Oscillatory amplitude sweep: The shear stress or strain is applied in a sinusoidal form at a specific
frequency in this test. The storage modulus (G′) and loss modulus (G′′) are determined from this test
(Schramm, 1994). The primary goal of dynamic tests like these is to explore samples rheologically
at rest structure, which implies without rupturing the internal structure (Schramm, 1994).

2.2.4 Yield stress of non-Newtonian fluids and its measurement

The behavior of the many fluids can be explained by their rheological properties, like the material yield
stresses. The yield stress is a critical stress point below which the viscosity becomes infinite and exhibits
solid characteristics. To define this critical phase of this transition, researchers came forwards with their
definitions and explanations. Some of the most widely used yield stresses are:

1. Bingham yield stress: The word "yield stress" was first coined by Bingham and his coworkers
(Steffe, 1967). They stated yield stress as a profound and considerable change in material behavior
under a less resistant state. In rotational rheometer experiments, the Bingham yield stress is deter-
mined by extrapolating the ramp down controlled shear rate flow curve onto the shear stress axis.
Figure 2.8 represents the method to find Bingham yield stress from the flow curve.
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Figure 2.8: Measurement of Yield stresses. Plot taken from Boger (2009)

2. True Yield Stress: There are many misconceptions about how the materials yield. The Bingham
yield stress should be utilized only to fit the model. However, it has no relation with the actual yield
stress (Boger, 2009). The yield stress of the fluid should be determined in low shear rate exper-
iments. However, at such low shear rates, the tests with smooth concentric cylinder geometries,
wall-slip may happen.

Boger (2009) mentioned in his research paper that vane in cup geometry technique eliminates the
wall-slip condition. In addition, they performed experiments on paste-like materials and of known
properties to analyze the different rheometry techniques. Figure 2.9 illustrates the results obtained
from the experiments performed on capillary rheometer, rheometer with conventional couette, and
a vane-cup geometry for a paste of true yield stress of 250 Pa. At high shear rates, both Couette
and capillary rheometers agree with data points, and below the shear rate of 300s−1 shows the sig-
nificant influence of the slip. On the other hand, the correct yield stress is obtained by extrapolating
the vane and cup readings. As a result, vane-cup geometry is recommended for investigations with
thick samples.

Figure 2.9: The image shows the comparison of different rheometry techniques performed on a paste sample of known yield stress 250Pa. Plot taken
from Boger (2009)

Barnes (1999) also observed the condition of wall slip at low shear rates. He defined the wall slip
as pseudo yield stress and concluded this artifact as "overlooked by many researchers" see figure
2.10. The leading cause of this condition is still unknown.
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Figure 2.10: Barnes schematized the pseudo yield stress in his research paper, Barnes (1999).

3. Yield Stresses in thixotropic fluids: Static Yield Stress and Dynamic Yield Stress The yield
stresses in thixotropic fluids are a function of the material’s molecular structure. As a result, the re-
covery period is also a factor. Cheng (1986) reviewed the methods for yield stress in thixotropy fluid.
The yield stress obtained for a fully structured fluid material is the same as that of the equilibrium
flow curve (EFC).

EFCs are constant structure curves with constant shear stress and rate across time. When the EFC
is exceeded, the structure breaks down, and the shear stress drops. The structure recovers below
EFC, and shear stress rises. The yield stress grows as the structure recovers over time. In some
materials, the yield stress obtained by extrapolating the EFC is not the same as that produced by
prolonged storage materials. The dynamic yield stress is obtained by extrapolating EFC, while the
static yield stress is obtained by storing the material for a long time, see figure 2.11.
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Figure 2.11: Schematic representation of Static and dynamic yield stress defined by Cheng (1986)

Cheng (1986) also developed methods for detecting these stresses. The dynamic yield stress is de-
termined by probing the material at a constant shear rate, while the static yield stress is determined
by probing the material at constant shear stress.

In rheometry, the dynamic yield stress is determined from the ramp-down flow curve by performing
the controlled shear stress or shear rate experiments using vane geometry. On the other hand, the
true static yield stress is determined from the ramp-up flow curve by performing the controlled shear
stress experiments using vane geometry, see Figure 2.12.
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Figure 2.12: Image illustrates the true static and dynamic yield stresses on a flow curve obtained by probing the fluid mud of Beerkanaal in controlled
shear stress mode.

4. Two step yielding processes: Static and Fluidic yield stresses Ahuja et al. (2020) presented
an overview of two-step yielding observed in the available literature. The two-step yielding is distin-
guished for soft materials based on the microstructures and intermolecular interactions.

These two-step yielding stresses are referred to as Static and Fluidic yield stresses by Shakeel et al.
(2020a). The static yield stress is defined as the lowest stress at which the fluid mud’s microstructure
begins to distort, but the fluid does not flow. On the other hand, the fluidic yield stress is defined as
the yield stress at which the fluid’s entire microstructure is destroyed, and the fluid begins to flow.
Controlled shear stress ramp-up tests with bob geometry are used to determine the static and fluidic
yield stress on the Viscous curve. Shakeel et al. (2020a) observed the two-step yielding in fluid mud
employing Couette, parallel plate (PP), and vane geometries with the first step being substantially
smaller in case of vane tests.
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Figure 2.13: The picture legend refers to the different sample locations represents two sharp declines in the Viscous curves obtained from bob-cup
geometry (Shakeel et al., 2020a)

.

Shakeel et al. (2021) presented the microstructural study of fluid mud and provided the reason for
two-step yielding. Figure 2.14 illustrates two steps yielding with microstructures observed in RheOp-
tiCAD combined with oscillatory sweep tests conducted in roto-viscometer measured with bob-cup
elements. In amplitude ramp-up, the first yield point and breakage of the flocs inter-connection were
observed. After that, plateau behavior was noticed on further shearing between first and second
yield points, attributing to the formation of cylindrical-like structures. On continuous shear, these
cylinder-like structures break into small flocs and thus result in a second yield point. The first and
second yield points are associated with the two declines in the Viscous curve, see Figure 2.13.

Figure 2.14: Two step yielding in bob-cup oscillatory sweep tests with micro structures. Adapted from Shakeel et al. (2021).

2.2.5 Manifestation of thixotropy effect in non-Newtonian fluids

In the history of thixotropy, there was often confused with the definition of thixotropy (Mewis & Wagner,
2009). For instance, Goodeve (1939), defined thixotropy as "an isothermal reversible decrease of viscosity
with an increase of the rate of shear." Presently this is well known as shear thinning. However, the scientific
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community currently describes thixotropy as the persistent drop in viscosity with time when a flow is applied
to a previously relatively still material and the subsequent recovery of viscosity when the stream is stopped.
This description follows IUPAC nomenclature (“The IUPAC Compendium of Chemical Terminology”, 2019).
The fundamental components of the definition (Mewis & Wagner, 2009) utilized these days are:

1. It depends on the viscosity of fluid because viscosity reduces with the force application.

2. Time-dependent decline of viscosity prompted by the flow.

3. Reversible effect on decline or cease of flow.
Mewis & Wagner (2009), concluded that thixotropy material may or may not be visco-elastic, and step-
down shear rate experiments determine this. In addition, they also concluded that measuring thixotropic
material is laden with difficulties because particles and their aggregates, time-dependency effects, extreme
shear-thinning all can induce errors. Some of the thixotropy quantification methods are described below.

1. Hysteresis loops: Green & Weltmann (1946) was the first to use rotational viscometers to deter-
mine thixotropy. Experiments were done commencing at zero shear rate and ramping up to max-
imum shear rate before returning to zero. The measured data is represented as Shear stress vs.
Shear rate (Flow curves), and a thixotropic material sample gives the hysteresis loop. Figure 2.15
represents the possible shapes of the hysteresis loop. The shape of the loop is mostly determined
by the material and test conditions, such as shear history, test protocols, and shear rate acceleration
(Mewis & Wagner, 2009). The linkage of the shear rate and time in the experiment is a disadvantage
of this technique. In irreparable softening and visco-elastic materials, hysteresis has also been seen
(Bird & Marsh, 2000).

Figure 2.15: Hysteresis loop possible shapes. Figure taken from Mewis & Wagner (2009)

2. Steps method: In this approach, the drawbacks of the Hysteresis loop methodology can be avoided
(Mewis & Wagner, 2009). The sample is sheared progressively by shear rate or shear stress in this
procedure. By running the test in reverse order, the reversibility effect can be determined, see figure
2.16. In this approach, the shear rate and time are uncoupled and help to test the thixotropy models
(Mewis & Wagner, 2009).
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Figure 2.16: Stepwise change shear stress or shear rate. Figure taken from Mewis & Wagner (2009)

3. Start-up and creep experiments (Mewis & Wagner, 2009): In the Start-up method, the static
sample is suddenly subjected to a constant shear rate (or shear stress). This action causes a stress
overshoot, followed by a decay to a steady state. Then, the test is repeated after a short break
(similar to the step-wise method). The degree of overshoot stress is determined by the shear history
as well as the rest period. Thus, plotting these overshoot stress over the previous rest periods gives
information on thixotropic recovery after shear at rest. The main limitation of this technique is, it is a
destructive method.

Figure 2.17: Start-up thixotropy test. Figure taken from Barnes (1997)

The Creep method involves applying steady shear stress and measuring the shear rate over time.
The problem with this technique is that shear history is essential, and testing near dynamic yield
stress is complex due to varying structures based on shear history.
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2.2.6 Rheological models

In CFD codes and also in analytical approaches, the rheological models describe the flow behavior of
fluids. These rheological models consist of more or less simple mathematical equations. These mathe-
matical equations are constructed using rheological parameters of the fluid, such as viscosity, shear stress,
power index, structural parameters, etc.

There are many rheological models available in literature like the Bingham model, Ostwald-de Waele
(power-law) model, Herschel-Bulkley model, Houska model, etc. Model selection depends on the curve
region required or the range of the data measured to model the curve. Below are the most commonly used
rheological models.

1. Bingham model (Bingham, 1922): This is one of the most widely used modeling approaches
because of a simple equation, see the equation 2.5. It has two parameters, Bingham yield stress,
and viscosity. This model’s primary goal is to simulate the flow curve for undetermined shear rates.

τ = τy + ηB γ̇ (2.5)
where τ is a shear stress, τy is Bingham yield stress, ηB is a Bingham plastic viscosity, and γ̇ is a

shear rate.
2. Ostwald de Waele (Power law) model: A straight line defines the relation between shear stress and

rate in double logarithmic plots for shear-thinning fluids. For a limited range of shear rate or shear
stress, these models are applicable (Chhabra & Richardson, 2008). In the power-law equation, m
and n are curve fitting parameters where m is a coefficient of fluid consistency, and n is a flow index,
τ is shear stress, and γ̇ is the shear rate, see equation 2.6.

τ = m(γ̇)n (2.6)

3. Herschel–Bulkley model (Herschel & Bulkley, 1926): This model is a power-law extension and
consists of yield stress parameters. The yield stress term represents the shear-thinning after the
yield point.

τ = τy + κγ̇n (2.7)
where τ - shear stress, τy is yield stress, κ is consistency, γ̇ is the shear rate, and n is the power

law index.
4. Winterwerp & van Kesteren (2004): This model incorporates fractal-dimension theory mentioned

in Kranenburg (1994).

According to fractal theory, all physical processes follow a power-law behavior of all sizes. On
the other hand, structures are bounded within particular spatial ranges and are not always self-
similar at all scales. However, based on several physical studies, it can be established that several
mechanisms influencing cohesive sediment, including viscosity, yield strength, and permeability,
exhibit similar power-law behavior (Kranenburg, 1994).

According to this concept, the yield stress for condition without sand is described in Eq2.8

τy = Ay

(
φclay

φwater + φclay

) 2
3−nf

(2.8)

The fractal dimension (nf ) can be found easily by equating to the slope (n) of the power-law curve
in double logarithmic scale, see Eq 2.9.

n =
2

3− nf
(2.9)

Winterwerp & van Kesteren (2004) concluded that the fractal dimension of flocs corresponds to the
flocs fracture under self-weight consolidation. Typical fractal dimension values in coastal waters
range from 1.7 to 2.2, and for sea bed, the range can be 2.6 to 2.8.

5. Jacobs et al. (2008) This model is similar to Bingham model in which the viscosity is constant. The
model is based on the ratio of water content and plasticity index of the fluid. Jacobs et al. (2008)
concluded that the increase in water content in the fluid reduces the rheological properties.

2.2.7 Integration of the time-dependency affect in the rheological models

Thixotropy can be incorporated in rheological models in two different ways (Mewis & Wagner, 2009).
First, using phenomenological models to characterize the unknown materials. In this class, principles of
continuum mechanics are used, which generally describe the time effects using the memory function.
Second, using micromechanical models. In this class, the "structure" parameter is used to define the
structure level. The rheological response is associated with the instantaneous structure in these models,
and the kinetic equation defines time dependence.
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(Šesták et al., 1983):

Houska model is an advanced Herschel-Bulkley model with dynamic parameters used to model thixotropic
non-Newtonian fluid flow curves. In the equation, τ is shear stress,τ0 is yield stress of fully structured fluid,
τ∞ is yield stress of totally destructed fluid, c is a structure-dependent contribution to viscosity, λ is the
structural parameter, γ̇ is the shear rate, and n is the power-law index.

τ = τ∞ + λ(τ0 − τ∞) + (µ∞ + λc)γ̇n (2.10)

The structure growth and decay is described by the kinetic equation, see equation 2.11.

∂λ

∂t
= a(λ0 − λ)− bλγ̇ (2.11)

2.3 Estimation of plate resistance when dragged in non-Newtonian
fluids

General forces on ship

Any moving body is subjected to three general forces types- inertia, body and surface forces. When a ship
sails at a constant velocity, the inertia force of a ship will be zero. Mass of the ship (gravity) is the only
body force that is noticeable (Birk, 2019). Archimedes’ principle postulates that the weight of the displaced
water by the ship is equal to the weight of the ship.

In the surface forces, the ship’s hull interacts with fluids in two ways: normal stresses and tangential
stresses (Birk, 2019). The normal stresses are the resultant of the pressure of the fluid over the surface
area. In comparison, the tangential stresses are the resultant of the viscosity of the fluid. Therefore, the
only force that can be measured directly is the total resistance.

Leijs (2021) conducted single-phase simulations of ship sailing through the fluid mud and concluded that
the total resistance of the ship increases with the yield stress of the fluid mud and viscous resistance
significantly increases with the yield stress.

Why flat plate experiments?

The ship resistance is dramatically influenced by the roughness of the ship hull, which results in increased
fuel utilization and emission of greenhouses gases (Schultz et al., 2011). Numerous research was per-
formed on the roughness effect on ship resistance. Song et al. (2021) research paper showed that the flat
plate experiments are in good agreement with the estimation of total resistance by extrapolating it to the
ship scale model and validating it to the ship model tests.

Flow of fluid on the flat surface

The fluid velocity at the surface is zero as it flows over a surface. This condition is known as the no-slip
boundary condition (Chhabra & Richardson, 2008) The velocity of the liquid gradually increases over the
distance from the solid surface. The validity of no-slip conditions for non-Newtonian fluid flow is conflicting.
A complete understanding of the boundary layer is essential in application because the flow influences not
only the drag force but also the mass and heat transfer when the gradients of temperature/ concentration
exist (Chhabra & Richardson, 2008).

Figure 2.18: Boundary layer development on solid surface. Schematic sketch took from Chhabra & Richardson (2008)
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Frictional force of the flat plate dragged in Bingham fluids (Chhabra & Richardson, 2008)

The Reynolds number of the fluid flow describes the flow nature and its maximum value can be found on
the trailing edge of a plate .

ReL =
ρV0L

µB
(2.12)

where ReL is the maximum Reynolds number at distance L from the leading edge (i.e trailing edge of the
plate), V0 is the flow velocity, ρ is the fluid density, and µB is the Bingham plastic viscosity

The shear stress acting on an entire plate is

τw = τB + 0.646

[
ρV 2

0√
ReL

]
(2.13)

where τw is the average shear stress and τB is the Bingham yield stress.

The drag coefficient CD is

CD = Bi+
1.292√
ReL

(2.14)

where Bi is the Bingham number

Bi =
2τB
ρV 2

0

(2.15)

The total frictional force (or drag force) exerted on the plate with plate dimensions L (Length) X W (Width)
is

Fd = CD
1

2
ρV 2

0 WL (2.16)

When the shear stress of the fluid at the surface equals the shear stress in the fluid, them the boundary
layer thickness (δ) at distance x from the front edge of the plate is given by

δ = 4.64xRe−1/2x (2.17)

For Bingham fluids flowing over the flat plate, the wall shear rate is given by

γ̇ =
3V0
2δ

(2.18)

Frictional force of the flat plate dragged in in Ostwald de Waele (Power law) fluids (Chhabra &
Richardson, 2008)

The total frictional force (or drag force) exerted on each side of the plate of dimension L (Length) X W
(Width) when dragged in the power law fluid of density ρ at velocity 0 is

Fd = CD
1

2
ρV 2

0 WL (2.19)

where
CD = C(n)Re

−1
n+1

L (2.20)

where Rex is the local Reynolds number in function of distance x from the front end of the plate.

Rex =
ρxnV 2−n

0

m
(2.21)

where

Cn = 2(n+ 1)(3/2F (n))n (2.22)

where

F (n) =

[
280

39
(n+ 1)

(
3

2

)n] 1
(n+1)

(2.23)
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The boundary layer thickness(δ) obtained from integral balance approach at distance x from the front end
is

δ

x
= F (n)Re

−1
n+1
x (2.24)

The wall shear rate when the fluid flows over the flat plate is

γ̇ =
3V0
2δ

(2.25)

2.4 Overall summary

The fluid mud is introduced in brief with its characterization, formation and measurement tools. It was
observed that the fluid mud rheology is highly affected by the density and organic content of the fluid mud
(Shakeel et al., 2021). The relation between the yield stress and volumetric concentration can be found in
Winterwerp & van Kesteren (2004). However, the link between density and yield stress using the fractal
theory in the literature is not discussed.

The rheology of non-Newtonian fluids is discussed with its measurement of yield stresses, rheometry
practices, and the manifestation of the thixotropy effect. In the rheological modeling of flow curves, ramp-
down of remolded flow curves are often modeled, which doesn’t include the time dependency effect. On
the other hand, Houska modeling integrates the time dependency effect, but Houska type modeling for the
fluid mud in literature like Toorman (1997) was not considered.

Estimation methods for frictional forces when dragged in Bingham fluids and power-law fluids are available
in Chhabra & Richardson (2008). In addition, Leijs (2021) studies were based on CFD simulations and
were not validated with experiments.

Thus, this thesis main objectives are:

• rheological study of fluid mud to investigate the link between the density and yield stress,

• quantify the thixotropy and justify its importance in rheological modeling, and

• measure the total resistance of plate dragged in fluid mud comparing its relation with rheology and
evaluate available analytical formulas of frictional forces of a plate dragged in non-Newtonian fluids.
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Chapter 3

Materials and methods

3.1 Origin of fluid mud

3.1.1 For rheological study of fluid mud from three different canals of Port of
Rotterdam

To study the rheology behaviour of fluid mud of three different canals, the fluid mud were brought from
Beerkanaal, Calandkanaal and 8e Petroleumhaven in an enclosed container. The dredge locations where
the fluid mud samples were collected is shown in the Figure3.1.

Figure 3.1: 1. Calandkanaal, 2. Beerkanaal, 3. 8e Petroleumhaven Google Maps (n.d.)
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3.1.2 For towing experiments

The fluid mud for the towing experiments was dredged at Calandkanaal of Port of Rotterdam. Initially, the
fluid mud was dredged at four different locations and fluid mud samples were collected for the rheological
tests and density measurements. We found that at 100m distance from bay the fluid mud samples Bingham
yield strength was more than 120Pa for a density of 1.2g/cc. We observed water injection dredging were
performed near to the bay. Since the required fluid mud of Bingham yield strength of 60-70 Pa, we dredged
the mud approximately 25m from the bay where the Bingham yield strength of the fluid mud was 70Pa for
the density of 1.2g/cc.

3.2 Equipments and facility

The equipment used to perform the experiments is listed below:

1. Thermo Scientific HAAKE Rheometer: This is an advanced rotational rheometer with wide range
rheology tests capabilities such as different rotating geometries, protocols and temperature control.
In this project, all rheology tests perfromed at 20oC.

Figure 3.2: Thermo Scientific HAAKE Rheometer

2. Geometries: In an advanced rotational rheometer, there are wide range of geometries available
like Bob, Vane, Groove bob, parallel plate, and double gap bob cup. In this project, bob-cup, and
vane-cup geometries are used to perform the rheology tests on fluid mud.
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Figure 3.3: a. Vane, b. Bob

3. FANN 286 rheometer: This is a portable rheometer which can be operated at 12V or 220V. FANN
286 rheometer is a conventional couette viscometer with controlled rotational speeds of the geome-
try and viscosity is recorded from the dial gauge, see Figure 3.4. In brief, the cylinder wall rotates,
and torque transferred over fluid mud is sensed by the bob and corresponding viscosity is shown in
dial gauge.

Figure 3.4: FANN 286 Rheometer

4. DMA-35: This is an advanced portable digital density meter manufactured by Anton Paar, see Figure
3.5. In this project, DMA 35 is useful for quick measurement of the fluid mud density. However,
because of non homogeneous mixture of fluid mud, DMA 35 show errors for thick mud samples.
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Figure 3.5: DMA-35

5. Oven: Another method to measure density is by oven test method. In this method, wet weight of
the fluid mud sample is measured and kept for drying in oven for 24 hours at 220oC, see Figure 3.6.
The fluid mud densities obtained from the oven test method are represented in Appendix A.

Figure 3.6: Samples kept in oven at temperature of 220oC

6. Flume: The dimensions of the flume are 31m in length, 2.5m in width, and 2.5m in depth, see Figure
3.7. The towing tank is equipped with a carriage, which can be operated up to a maximum speed of
2 m/s.
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Figure 3.7: Towing tank equipped with towing carriage

7. Flat plate

In the flume experiments, a plate was used for which the total resistance was measured in the mud.
We assume the thickness of the flat plate is negligible compared to the size of the plate. For the
experiments, we had a Cux sampler in which two thin plates are assembled, see Figure 3.8(a). In
addition, a flat wooden plate was also designed and built at Deltares was used in the experiments,
see Figure 3.8(b).

(a) CUX Sampler (b) Plywood

Figure 3.8: Thin plate towing objects

CUX Sampler looks like small torpedo made of stainless steel equipped with two thin plates as-
sembled with load-cells. The load cells are manufactured by HBM, model S9M with a rated force
500N and an accuracy of ±0.2N. The dimensions of two plates are 50X50 cms and 50X33 cms, see
Figure 3.9.
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Figure 3.9: Assembly of thin plates in CUX sampler

Wooden plate used in the flume experiments has dimensions of 0.8m in length, 1m depth immersed
in fluid mud, and 0.12m thickness. The thickness of the wood plate is assumed to be negligible, and
no turbulence near the edges. In order to reduce the bending effect of the plate while towing in a
flume, the load cell is connected at 1/3rd distance on top of the leading edge, see Figure 3.10.

Figure 3.10: Assembly of load cell to the wood plate
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3.3 Dredging and transportation of fluid mud

The fluid mud dredged at Calandkanaal of Port of Rotterdam is collected using a Backhoe dredger, and
collected the fluid mud is transferred to a hopper, see Figure 3.11. The fluid mud from the hopper is
transferred into trucks and then transported to the flume at Deltares. The volume of the fluid mud required
for flume experiments was calculated based on the dimensions of the flume. However, estimating the
required volume of fluid mud over the number of truck trips required to transport is not a suitable estimation
method. Instead, based on the density of the fluid mud, the mud weight can be calculated using the volume
required. Nowadays, trucks have an inbuilt weighing scale to measure the load in a truck.

Figure 3.11: The fluid mud dredged at Calandkanaal (Port of Rotteram) and transported it by truck to the flume at Deltares.

Before dredging, the relation between density and yield strength is studied in the laboratory. In order to
meet the test matrix requirements, the strength of the fluid mud is tested using FANN 286 rheometer, and
density is measured using DMA 35, see Figure 3.12.

Figure 3.12: Collecting fluid mud and testing the strength of fluid mud and its density

In order to reduce the effort of decreasing the strength of the fluid mud and meet test matrix requirements,
the fluid mud is diluted in the hopper by adding sea water, and mixed well with backhoe, see Figure 3.13

Figure 3.13: Mixing the mud with backhoe to make it homogeneous.
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Challenges encountered in meeting the test matrix requirements are enumerated below.

1. Mud lumps: Mud lumps makes the mixture non-homogeneous, see Figure 3.14. It was practically
impossible to dissolve all the mud lumps inside hopper. However, big lumps can be dissolved.

Figure 3.14: Mud lumps in hopper

2. Sedimentation in hopper: The fluid mud collected in the hopper settled, see Figure 3.15. It was
difficult to predict the overall strength of the fluid mud inside the hopper because of the formation of
three layers - Water, fluid mud, and thick mud.

Figure 3.15: Water layer on top of hopper

3.3.1 Fluid mud homogenization

After transporting the fluid mud from the hopper to the flume, the challenging task is to maintain a homo-
geneous mixture of fluid mud inside the flume. Two different approaches are used to tackle this issue. To
begin with, fill the flume from the center. Another approach was to use blade and rotor setup, see Figure
3.16. However, the mud strength was too high than required. We added seawater to reduce strength.
Because of practical limitations, we could not control the strength of the mud. Thus, the strength was
reduced below the requirement. Therefore, the test matrix was revised.
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Figure 3.16: Blade rotor setup hanged to the frame to mix the fluid mud in flume.

3.3.2 Experimental setup

The flume experiments and rheology tests are performed at Deltares, in the ’Water-Soil Flume’ and
’Physics Lab’ respectively.

The towing object hanged from the carriage frame, see in Figure 3.17. The connection between the
carriage, the frame and the load cells is rigid, thus we assume no relative motions between them.
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Figure 3.17: Location of the towing object in the test set-up

During the towing experiments, the fluid mud samples are collected at three different fixed positions. One at
10m distance, second at 15m distance, and third at 22.5m distance from one end of the flume, see Figure
3.18. The fluid mud samples are collected with the help of the cup and pole arrangement. We assume the
fluid mud is homogeneous after mixing over the depth, and the fluid mud samples are collected at 0.5m
depth from fluid mud surface and at the center line of of the flume.
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Figure 3.18: Location of fluid mud samples collected while flume experiment

3.3.3 Test matrix

The test matrix for the flume experiments was designed based on the density of fluid mud and towing
speeds, see Table 3.1. Because of practical limitations, as discussed in previous sections, the test matrix
was revised, see Table 3.2.

Table 3.1: Designed test Matrix for flume experiments

S.No Fluid mud strength [Pa] Towing Speeds [m/s] Repetitions Total tests
FM1 40-50 0.25, 0.5, 0.75, 1.0 8 32
FM2 20-30 0.25, 0.5, 0.75, 1.0 8 32
FM3 5-10 0.25, 0.5, 0.75, 1.0 8 32
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Table 3.2: Revised test Matrix for flume experiments

S.No Fluid mud strength [Pa] Towing Speeds [m/s] Repetitions Total tests
FM1 20-30 0.25, 0.5, 0.75, 1.0 8 32
FM2 10-20 0.25, 0.5, 0.75, 1.0 8 32
FM3 5-10 0.25, 0.5, 0.75, 1.0 8 32

The test matrix for rheology tests on fluid mud samples were designed on the basis of protocols and
geometries. The fluid mud samples were collected at two different periods and from three different location
as mentioned in previous discussion, see Figure 3.18. Initially, the protocol for tests with bob was decided
up to shear rate of 100 1/s, see Table 3.3. After performing the flume tests on the first mud charge,
modification in protocols were done, to get more information on high shear rates from flow curves with
bob. Thus, the test matrix was revised for bob geometry for shear rate up to 300 1/s, see Table 3.4.

Table 3.3: Designed test Matrix for rheology experiments

S.No Objective Geometery Protocol Samples

1
Dynamic Yield Stress
and
Static Yield Stress

Vane - FL22
CSR 0-20(1/s)
180s up - 60s constant - 180s down

6

2
Flow curve
and
Bingham Yield Stress

Bob
CSR 0-100(1/s)
180s up - 60s constant - 180s down

6

3
Static Yield Stress
and
Fluidic Yield Stress

Bob
CSS 0-100(Pa)
150s/20s up

6

Table 3.4: Revised test Matrix for rheology experiments

S.No Objective Geometery Protocol Samples

1
Dynamic Yield Stress
and
Static Yield Stress

Vane - FL22
CSR 0-20(1/s)
180s up - 60s constant - 180s down

6

2
Flow curve
and
Bingham Yield Stress

Bob
CSR 0-300(1/s)
180s up - 60s constant - 180s down

6

3
Static Yield Stress
and
Fluidic Yield Stress

Bob
CSS 0-100(Pa)
150s/20s up

6
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Chapter 4

Experiments on Port of Rotterdam’s
fluid mud from different locations

The fluid mud from three different canals (Beerkanaal, Calandkanaal, and 8e Petroleumhaven) were
brought in an enclosed containers to the Deltares laboratory. First, the particle size distribution was studied
and then the rheological experiments were performed by making diluted fluid mud samples.

4.1 Fluid mud particle size distribution (PSD)

The mud samples’ PSD was evaluated by diluting the mud samples extensively and using a static light
scattering technique (Malvern Mastersizer 2000MU). The d50 of the three canals fluid muds particle size
were - 12.5µm for Beerkanaal, 12.2µm for Calandkanaal, and 11.3µm for 8e Petroleumhaven. From
Fig 4.1, it seems that all the three canals particle size is similar and hence not varying with location. In
addition, the PSD is below 10µm, which means that the fluid mud contains either a high amount of clay or
silt, which also means that fluid mud almost contains a negligible amount of sand.

Figure 4.1: Particle size distribution of Beerkanaal(BK), Calandkanaal(CK), and 8e Petroleumhaven(8P) fluid mud
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4.2 Preparation of diluted fluid mud samples in the laboratory for
rheology tests

The fluid mud samples of varying densities were made in the laboratory by diluting the fluid mud with
seawater and freshwater. The density of seawater was 1025 kg/m3 and freshwater was 1000 kg/m3

measured using the DMA 35. The density of solids was tested in Helium gas pycnometer at Deltares for
Beerkanaal fluid mud and found 2568.3 kg/m3. These values were considered for fluid mud from different
canals in the density calculations of oven test methods. The procedure of making the diluted fluid mud
and testing is mentioned below. The oven density calculations are described in the Appendix A.8.

1. The first sample tested was without dilution, and three samples of fluid mud from each canal were
kept for consolidation test.

2. The diluted fluid mud samples were made by taking an equal amount of mud in five small beakers,
and seawater was added with increasing proportions in cups.

3. The diluted samples with seawater and fluid mud were hand stirred and closed with lids to prevent
evaporation.

4. From these samples in a cup, a small portion of fluid mud was collected every time for the rheology
test. While performing the rheology test, some fluid mud was collected for density measurement
using DMA 35 and the oven test method.

5. For every rheology test, new fluid mud samples were used, and before taking the samples, the fluid
mud was homogenized by hand stirring.

6. In rheometer, the fluid mud in a cup was set to a rest period of 10 seconds to maintain the tempera-
ture of 20◦C, and then the rheometer protocol action was executed.

4.2.1 Rheology tests on fluid mud samples diluted with freshwater

Rheological experiments were performed on the fluid mud samples from Beerkanaal, Calandkanaal and 8e
Petroleumhaven diluted with fresh water. The details of fluid mud samples are described in the Appendix
A and the yield stress values from these tests are mentioned in the Table 4.2.

Table 4.1: Rheology tests and density details of fluid mud samples diluted with fresh water. Here Conc.= Concentration, Sc= Solid content, Wc= Water
content, BYS= Bingham yield stress (at ramp-down, see Figure 2.8), SYS= Static yield stress, FYS= Fluidic yield stress (see Figure 2.13), and DYS=
Dynamic yield stress (see Figure 2.12)

Density
[g/cc]

Vol.
Conc.

Sc
[%]

Wc
[%]

BYS
[Pa]

SYS
[Pa]

FYS
[Pa]

DYS
[Pa] Test No

Beerkanaal
1.286 0.16 36 64 43 26.3 96 25.5 62,63,64,65
1.225 0.14 30 70 12 3.3 14.4 7.8 66,67,68,69
1.218 0.13 29 71 10.5 2.5 11.2 6.5 70,71,72,73
1.183 0.11 25 75 4 1.3 4.3 2.7 74,75,76,77
1.155 0.09 22 78 2 0.8 2.5 1.3 78,79,80,81

Calandkanaal
1.213 0.12 29 71 49 27.59 100.3 32.4 82,83,84,85
1.194 0.12 27 73 27.5 6.7 18.2 16.6 86,87,88,89
1.167 0.10 23 77 12 3.1 12.5 7.4 90,91,92,93
1.155 0.09 22 78 7.5 2.5 8.4 4.6 94,95,96,97
1.129 0.08 19 81 3.5 0.6 3.6 2 98,99,100,101

8e Petroleumhaven
1.212 0.12 29 71 49.5 29.2 100.4 38.5 102,103,104,105
1.186 0.11 26 74 25 8.1 - 16.5 106,107,108,109
1.176 0.11 24 76 17.5 3.7 - 11.6 110,111,112,113
1.147 0.09 21 79 7.5 1.8 8.9 4.9 114,115,116,117
1.129 0.08 19 81 4 1 5.2 2.8 118,119,120,121
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4.2.2 Rheology tests on fluid mud samples diluted with seawater

Rheological experiments were performed on the fluid mud samples from Beerkanaal, Calandkanaal and
8e Petroleumhaven. The details of fluid mud samples are described in the Appendix A and the yield stress
values from these tests are mentioned in the Table 4.2.

Table 4.2: Rheology tests and density details of fluid mud samples diluted with seawater. Here Conc.= Concentration, Sc= Solid content, Wc= Water
content, BYS= Bingham yield stress, SYS= Static yield stress, FYS= Fluidic yield stress, and DYS= Dynamic yield stress

Density
[g/cc]

Vol.
Conc.

Sc
[%]

Wc
[%]

BYS
[Pa]

SYS
[Pa]

FYS
[Pa]

DYS
[Pa] Test No

Beerkanaal
1.270 0.15 35 65 31.5 45.4 108.6 27.3 1,2,5
1.234 0.13 31 69 15.5 3 17.6 - 6,8
1.214 0.12 29 71 9 1.6 9.5 - 9,11
1.210 0.11 29 71 8 1.4 9.1 5.6 12,13,15
1.158 0.08 23 77 2.3 0.2 2.2 - 16,18
1.134 0.07 20 80 1 0.2 1.2 0.6 19,20,22
1.270 0.15 35 65 26.5 - - - 23
1.264 0.15 34 66 32.5 - - - 24
1.267 0.15 35 65 28 - - - 25

Calandkanaal
1.197 0.11 27 73 28 9.5 42.6 24.3 26,27,28
1.176 0.09 25 75 16 4 20.1 - 29,30
1.164 0.09 23 77 10.5 3.1 14 - 31,32
1.155 0.08 22 78 7.5 1.6 9.1 5.1 33,34,35
1.138 0.07 20 80 4.5 0.6 4.6 - 36,37
1.119 0.06 18 82 2.5 0.4 2.2 1.3 38,39,40
1.209 0.11 28 72 43.5 - - - 41
1.210 0.11 28 72 43 - - - 42
1.208 0.11 28 72 44.5 - - - 43

8e Petroleumhaven
1.192 0.10 26 74 29 25.8 53 23.9 44,45,46
1.171 0.09 24 76 15 3.4 17 - 47,48
1.149 0.08 21 79 7.5 1.2 8.1 - 49,50
1.131 0.07 19 81 4 0.2 3.6 2.7 51,52,53
1.128 0.06 19 81 3 0.2 3.6 - 54,55
1.112 0.05 17 83 2 0.2 1.8 1.3 56,57,58
1.204 0.11 28 72 44.5 - - - 59
1.207 0.11 28 72 47 - - - 60
1.205 0.11 28 72 43.5 - - - 61

4.2.3 Discussion

Relation between the density and the yield stress

From the Table 4.2 and 4.1, the yield stress like Bingham yield stress, static yield stress, fluidic yield stress,
and dynamic yield stress are plotted against the density measured using oven test, see Figure 4.2, 4.3,
4.4, and 4.5.

The plots suggest that the yield stress grows exponentially and the rheology of fluid mud changes with
the location. In addition, some fluid mud samples were kept for consolidation for 10, 13, and 18 days in
rheometer cups (see test numbers 23-25, 41-43, and 59-61 in Appendix A) to observe the influence of
the consolidation. The rheology tests of these consolidated mud suggest that there is neither a significant
increase in density nor Bingham yield stress (see Figure A.5, A.10, and A.14 in Appendix A.
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Figure 4.2: Bingham yield stress vs density of the fluid mud samples diluted with sea water and fresh water.

Figure 4.3: Dynamic yield stress vs density of the fluid mud samples diluted with sea water and fresh water.
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Figure 4.4: Static yield stress vs density of the fluid mud samples diluted with sea water and fresh water.

Figure 4.5: Fluidic yield stress vs density of the fluid mud samples diluted with sea water and fresh water.
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Influence of salt content on the rheology of fluid mud

In order to check the influence of salt in the fluid mud on the rheological properties of fluid mud, normalized
Bingham yield stress of the seawater dilution samples and the freshwater dilution samples are plotted
against its added water mass ratio (see Figure 4.6). The added water mass ratio is given by the Eq.4.1.

added water mass ratio = (added water volumetric ratio)X
ρwater

ρundiluted
(4.1)

where
added water volumetric ratio =

ρundiluted − ρdiluted
ρdiluted − ρwater

(4.2)

where ρundiluted is the density of undiluted fluid mud, ρdiluted is the density of fluid mud, and ρwater is the
density of water. The values of added water mass ratio and the corresponding Bingham yield stress are
mentioned in the Table 4.3

Table 4.3: Table represents the added water mass ratio of the fluid mud samples.

Seawater dilution Freshwater dilution

Test no BYS
added water
mass ratio Test no BYS

added water
mass ratio

Beerkanaal
1 to 5 31.5 0.00 62 to 65 43 0
6 to 8 15.5 0.14 66 to 69 12 0.22
9 to 11 9 0.25 70 to 73 10.5 0.26
12 to 15 8 0.27 74 to 77 4 0.47
16 to 18 2.3 0.74 78 to 81 2 0.73
19 to 22 1 1.12 - - -

Calandkanaal
26 to 28 28 0.00 82 to 85 49 0
29 to 30 16 0.12 86 to 89 27.5 0.08
31 to 32 10.5 0.20 90 to 93 12 0.23
33 to 35 7.5 0.28 94 to 97 7.5 0.32
36 to 37 4.5 0.47 98 to 101 3.5 0.57
38 to 40 2.5 0.75 - - -

8e Petroleumhaven
44 to 46 29 0.00 102 to 105 49.5 0
47 to 48 15 0.13 106 to 109 25 0.12
49 to 50 7.5 0.31 110 to 113 17.5 0.17
51 to 53 4 0.53 114 to 117 7.5 0.38
54 to 55 3 0.57 118 to 121 4 0.56
56 to 58 2 0.85 - - -

The Figure 4.6 suggests that the salt in the fluid mud which was increased by diluting the samples with
seawater has little or insignificant influence on the fluid mud on the Bingham yield stress. However, the little
deviation can be seen as the added water mass ratio increasing, see Figure 4.6, solid-line and dashed-line
curves are close.
Similar results were obtained by Ten Brummelhuis (2021), who is peer master student in PRISMA project
at Port of Rotterdam.
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Figure 4.6: Influence of salt content in the rheology behaviour of fluid mud. Dashed line indicates dilution with freshwater, and solid line indicates
dilution with seawater.

Relation between the volumetric concentration of solids and yield stresses

Generally, the salt is dissolved in rheological conditions, in the bed, or any flow. Thus, the volumetric
concentration of solids has to be calculated from solids density and seawater density (V/V) (see Eq. A.16).
Similar relations on mining sediments are discussed in Winterwerp & van Kesteren (2004).

Figure 4.7,4.8 and 4.9 represents the relation between the volumetric concentration of solids to the yield
stresses, which suggest that the fluid mud rheological property follows the power-law, and the rheological
property increases with the volumetric concentration of solids. Thus, the fractal theory applies to the thick
to high diluted fluid mud, and power-law curves can estimate the rheological properties of fluid mud of
different dilutions.
The fractal dimension for all the canals fluid mud found in the range of 2.5-2.7 (see Table 4.4) which
suggests that fluid mud flocs get fractured by its self-weight during the consolidation on the bed.

Table 4.4: Fractal dimension values obtained from the Figure 4.7,4.8 and 4.9

BYS SYS FYS DYS
Beerkanaal 2.53 2.68 2.62 2.57
Calandkanaal 2.51 2.64 2.60 2.59
8e Petroleumhaven 2.62 2.75 2.61 2.56
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Figure 4.7: Plots represents the increase of yield stresses with the increase of volumetric concentration of solids in double logarithmic scale for the
Beerkanaal fluid mud.

Figure 4.8: Plots represents the increase of yield stresses with the increase of volumetric concentration of solids in double logarithmic scale for the
Calandkanaal fluid mud.
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Figure 4.9: Plots represents the increase of yield stresses with the increase of volumetric concentration of solids in double logarithmic scale for the 8e
Petroleumhaven fluid mud.

Relation between the geo-technical water content and yield stresses

Based on the Atterberg-Limits, the Geo-technical water content is defined as the ratio of the mass of water
content to the mass of the solid content in the fluid mud.
Figures 4.10,4.11 and 4.12 represents the relation between the Geotechnical water content of the fluid
mud to the yield stresses. The rheological properties decrease with an increase of Geotechnical water
content in the fluid mud. This relation helps estimate the amount of water required to reduce the strength
of the fluid mud for flume experiments.
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Figure 4.10: Plots represents the decrease of yield stresses with the increase of geo-technical water content in double logarithmic scale for the
Beerkanaal fluid mud.

Figure 4.11: Plots represents the decrease of yield stresses with the increase of geo-technical water content in double logarithmic scale for the
Calandkanaal fluid mud.
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Figure 4.12: Plots represents the decrease of yield stresses with the increase of geo-technical water content in double logarithmic scale for the 8e
Petroleumhaven fluid mud.

4.3 Rheometry practice tests

For the rheometry practice tests Beerkanaal fluid mud is used and the rheological measurements were
performed on a Thermo Scientific HAAKE MARS I rheometer, see figure 3.2. This rheometer can be
operated in three modes: stress controlled, shear rate controlled, or deformation controlled. Creep tests
are performed using the rheometer’s controlled shear stress (CSS) mode, whereas stress growth studies
are performed using the controlled shear rate (CSR) mode. Table 4.5 represents the list of rheological
protocols performed on Beerkanaal fluid mud to study the rheometry practice and compare with different
geometry configurations.

The tests in CSR protocols were easy to perform because we are controlling the rotation speed of ge-
ometry in the CSR test. In contrast, the tests in CSS were challenging to obtain a ramp-down flow curve
because in CSS tests, torque is controlled, and the shear stress shoots up drastically when fluid mud
reaches yield point and becomes difficult to control. The details of fluid mud and rheometry protocols are
described in A.7
During these tests, the fluid mud was not diluted, and for each rheometer test, a fresh fluid mud sample
was used. The procedure of testing the fluid mud in the rheometer is similar as mentioned in the previous
section 4.2.

Table 4.5: List of rheological experiments performed on Beerkanaal fluid mud to assess the rheometry. Here CSS = Controlled shear stress, CSR =
Controlled shear rate.

Test No Configuration Mode Protocol
130 Vane(FL16)-cup CSR 0-100(1/s) 180s up - 60s constant - 180s down
131 Vane(FL16)-cup CSS 0-120Pa 180s up - 60s constant - 180s down
132 Vane(FL22)-cup CSR 0-20(1/s) 180s up - 60s constant - 180s down
133 Vane(FL22)-cup CSS 0-120Pa 180s up - 60s constant - 180s down
134 Bob-cup CSR 0-100(1/s) 180s up - 60s constant - 180s down
135 Bob-cup CSS 0-120Pa 180s up - 60s constant - 180s down
136 Bob-cup CSS 0-85Pa 180s up - 60s constant - 180s down
137 Groove bob-cup CSR 0-100(1/s) 180s up - 60s constant - 180s down
138 Groove bob-cup CSS 0-90Pa 180s up - 60s constant - 180s down
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4.3.1 Details of geometry configuration

The concentric cylinders geometries(CC DIN 25), also known as bob-cup geometry, have an inner diam-
eter of the cup 27mm and the outer diameter of the bob 25mm. The gap between the bottom of the cup
and the bob end was 5.3mm.
In the vane(FL22)-cup geometry configuration, the inner diameter of the cup was 27mm, and the outer
diameter of the vane geometry was 22mm. The gap between the bottom of the cup and vane was main-
tained at a gap of 1mm (as per Shakeel et al. (2020b), but manual advices gap of 11mm).

The vane (FL16) has an outer diameter of 16mm and the cup’s inner diameter of 27mm. The gap between
the wall of the cup and the rotor is 11mm.

4.3.2 Shear rate conversion theory for vane(FL22)-cup configuration rheometry

The Thermo Scientific HAAKE MARS rheometer is advanced and computerized. From the instruction
manual, 006-1422, Version 2.6, Eq. 4.3 and 4.4 are used to calculate A and M, which are the geometry
factors for coaxial cylinder geometries with recessed ends.

A =
1

2πR2
iL

(4.3)

M =
2δ2

δ2 − 1
; δ =

Ra

Ri
(4.4)

where Ra is the rotor outer radius, Ri is the cup inner radius, and L is the height of the cylindrical rotor.

The manual states that there is no flow field defined for the sample around the vane. Thus shear rate in
the sample cannot be calculated, and geometry factor M by default is set to 1.0. Dzuy & Boger (1983)
calculated geometry factor A (see Eq. 4.5) for vane geometry.

A =
1

4πR3
i (

L
2Ri
− 1

3 )
(4.5)

Since we know the dimensions of the vane-cup configuration, replacing the vane(FL22) with an imaginary
cylindrical bob of the same rotor diameter, the value of δ=13.6/11= 1.24. Substituting this value in Eq. 4.4
gives M = 5.8.

Thus, the results from the HAAKE rheometer vane(FL22) tests must be corrected by multiplying the shear
rate with a factor of 5.8 and dividing the viscosity by 5.8 to compare with the bob-cup measurements.

4.3.3 Discussion

Wall-slip artefact in bob-cup configuration fluid mud rheometry

Comparing the CSS and CSR tests of bob-cup geometry configuration seems that a wall-slip artifact
influences the fluid mud in the bob-cup rheometry, see Figure 4.13. This artifact is confirmed by performing
the rheology tests using vane (FL22)-cup configuration where the two-steps in flow curve at similar shear
rate range 0-15 (1/s) is not present, see Figure 4.14. Besides, the comparison of the viscous curves
obtained from CSS tests of bob and vane (FL22) geometries, also suggests the wall-slip artifact, see
Figure 4.15.
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Figure 4.13: Illustration of the wall-slip artefact in bob-cup rheometry on Beerkanaal fluid mud. In the legend, the test numbers are represented and
the corresponding details of the flow curve are mentioned in Table 4.5.

Figure 4.14: Comparison of CSS and CSR with vane geometry. In the legend, the test numbers are represented and the corresponding details of the
flow curve are mentioned in Table 4.5.
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Figure 4.15: Comparison of the viscous curves obtained from CSS ramp tests of bob and vane(FL22) geometry. For tests with vane, correction factor
was applied. In the legend, the test numbers are represented and the corresponding details of the flow curve are mentioned in Table 4.5.

Comparison of CSR tests of different geometries

Comparing the CSR tests of bob-cup, vane-cup (FL22), groove bob-cup, and vane-cup(FL16) rheometry
on Beerkanaal fluid mud of density 1.272g/cc seems to be agreeing to produce approximately same flow
curve except for vane(FL16)-cup geometry. Table 4.6 represents the Bingham yield stress obtained by
extrapolating the ramp-down flow curves onto the shear stress axis of respective tests.

Table 4.6: Comparison of Bingham yield stress obtained from different geometry configuration flow curve

Geometry
Bingham yield stress

[Pa]
Test
No

Bob-cup 32.5 134
vane(FL22)-cup 33.5 128
Groove bob-cup 31.5 137
vane(FL16)-cup 46 130

From figure 4.16, the geometries bob, vane (FL22), and groove bob represent nearly similar flow curves,
but the vane (FL16) shows a much larger Bingham yield stress value. The reason can be because of
geometry factor value M in Eq. 4.4 which also requires the correction factor. Another possible reason can
be the influence of turbulence in the gap between the cup and rotor.

47



Figure 4.16: comparison of CSR tests with different geometries

Comparison of CSS tests of different geometries

The flow curves from CSS tests of different geometries suggest that the vane(FL22) and vane(FL16)
induce the secondary flow at a shear rate of approximately 250(1/s) and 50(1/s), respectively, see Figure
4.17. On the other hand, the CSS tests with bob-cup and groove bob-cup configuration show no secondary
flows.
It seems that the groove bob is very sensitive to sand or solid particles in the mud. When solid particles
strike in the grooves of the groove bob, excursions are developed in the flow curves, see figure 4.16 and
4.17.

Figure 4.17: Comparison of CSR tests with different geometries. In the legend, the number with ’T’ represents the test number. The details of the flow
curve are mentioned in Table 4.5.
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Determination of true static yield stress from bob-cup CSR tests

Comparing the flow curves obtained from the bob-cup CSR test (Test no 134) and vane(FL22)-cup CSS
test (Test no 133) of the same fluid mud sample suggests that the peak stress (Peak stress=44.34Pa) in
the bob-cup flow curves is very near to true static yield stress (tSYS=44.06Pa) of the fluid mud (using
protocols of Cheng (1986)), see Figure 4.18. In conclusion, the static yield stress (43.1Pa) obtained from
Cheng (1986) protocols found very close to the fluidic yield stress (44.1Pa) obtained from Shakeel et al.
(2020a) protocols.

Figure 4.18: Comparison of bob-cup CSR test and vane(FL22)-cup CSS test

Comparison of HAAKE rheometer and FANN 286 rheometer

In order to test the fluid mud on-site while dredging at Port of Rotterdam for flume experiments, a portable
rheometer FANN 286 was used. However, the FANN 286 rheometer is an old technology viscometer that
does not assure the accuracy of the flow curves. Therefore, before using FANN 286 rheometer, the flow
curves obtained from the FANN 286 rheometer and HAAKE rheometer are compared.

Figure 4.19 represents the entire flow curve obtained from bob-cup in CSR mode (test no 134), only ramp-
down flow curve obtained from bob-cup in CSS mode (test no 136), and FANN 286 ramp down the curve.
The difference between the Bingham yield stress obtained from the HAAKE rheometer and FANN 286
rheometer is approximately 12 Pa. This suggests that using FANN 286 rheometer, a correction of 12Pa
should be added.
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Figure 4.19: Comparison of HAAKE rheometer (Test no 134 & 136) and FANN 286 rheometer
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Chapter 5

Thixotropy effect of fluid mud

The main aim of the thixotropy quantification is to justify the importance of thixotropy property in fluid mud
modeling and check the curve fitting of flow curve with the Houska thixotropy model.

In the flume experiments, three different fluid mud strengths were proposed. The high strength fluid mud
in the test matrix is named Fluid mud 1, medium-strength fluid mud as Fluid mud 2, and weak fluid mud
strength as Fluid mud 3.

5.1 Quantification of thixotropy effect of fluid mud

5.1.1 Hysteresis loop method

This method is applied to the rheology tests of fluid mud samples collected during the flume experiments.
The comparison of the thixotropic effect is made by measuring the area under the flow curve. Table 5.1
represents the values of the area under the flow curve of the fluid mud. The area under the flow curve of
un-remolded fluid mud collected during the dredging at Calandkanaal is 3595Pa/s.

Table 5.1: Hysteresis loop or area under the flow curve of the fluid mud used in flume experiments. The values in red colour were omitted in the average
calculations.

Sample No 1 2 3 4 5 6 Average Test No

Fluid mud 1 85.51 78.05 89.52 109.8 87.57 129.6 85.16
139;140;141;
142;143;144

Fluid mud 2 58.69 40.58 52.27 52.23 52.55 45.79 53.94
145;146;147;
148;149;150

Fluid mud 3 33.05 44.95 28.57 47.09 35.69 52.02 44.28
151;152;153;
154;155;156

Figure 5.1 suggests that the thixotropy is significantly influenced by remolding in the flume experiments.
This also suggests that in-situ mud exhibits higher thixotropy than the fluid mud used in the flume experi-
ments. Thus, the rheological modeling must account for the thixotropy effect for thick or high viscous fluid
mud.
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Figure 5.1: Flow curves with hysteresis area of the fluid mud samples of different strengths collected during flume experiments.

In conclusion, this method was highly uncertain because the area depends on the flow curve’s shear stress
and shear rate. Any uncertainty in the flow curve drastically changes the value of hysteresis area, see red
labeled values in Table 5.1.

5.1.2 Sensitivity method

Another approach to quantify the thixotropy effect is the method of sensitivity. The sensitivity is defined as
the ratio of true static yield stress and Bingham yield stress. As discussed in the section 4.3.3, the true
static yield stress can be approximated from the bob-cup CSR tests.

Table 5.2 represents the sensitivity of the fluid mud used in the flume experiments. It seems that un-
remolded fluid mud has high thixotropy with a sensitivity of 40%, which means that 40% structure strength
can regrow from destructed structure strength.

The sensitivity of remolded and diluted fluid mud showed negligible thixotropy. Table 5.2 also suggests
that sensitivity decreases with the dilution of fluid mud.

In conclusion, the sensitivity method suggests that thixotropy is significant in in-situ fluid mud and should
be considered in the rheological modeling of thick/ high viscous fluid mud.

Table 5.2: Sensitivity of the fluid mud used in the flume experiments

Fluid mud
True static
yield stress
[Pa]

Bingham
yield stress
[Pa]

Sensitivity Reference

Un-remoulded fluid mud 129.7 90 1.4 -
Fluid mud 1 24.3 21.2 1.1 Table 6.2
Fluid mud 2 16.3 16.5 1.0 Table 6.4
Fluid mud 3 9.3 9.3 1.0 Table 6.6
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5.2 Houska rheological model

The rheological flow curves of the fluid mud collected during the flume experiments, see Figures 5.3,5.4
and 5.5. The main aim of the modeling is to integrate the time dependency into the flow curve using the
Houska equation, see Eq. 2.10. The parameter used in the Houska equation is represented in the Table
5.3. The challenging part in the Houska modeling is to find structure growth and decay parameters.

Figure 5.2 represents the Houska curve fitting to the flow curve of unremolded fluid mud, which suggests
that the significant thixotropy effect of the fluid mud can be well curve fitted with the Houska equation
except at low shear rates.

Table 5.3: Houska equation variables value

Fluid
mud

At λ = 0 dτ
difference of
SYS and DYS

dK
a

[1/s]
b

Curve fitting
to the flow curve
test number

τy
[Pa]

K
[Pa.sn]

n

Unremolded fluid mud 79 1.5 0.655 35 0.9 0.001 0.0002 -
FM1 17 0.4 0.645 4 0.3 0.02 0.0005 143
FM2 12 0.28 0.65 3 0.1 0.045 0.0005 160
FM3 5.5 0.45 0.505 1.5 0.05 0.0095 0.001 187

Figure 5.2: Houska flow curve modelling to the flow curve of unremolded fluid mud
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Figure 5.3: Houska flow curve modelling to the flow curve of fluid mud-1 sample collected during the flume experiments, see test number 143

Figure 5.4: Houska flow curve modelling to the flow curve of fluid mud-2 sample collected during the flume experiments, see test number 160
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Figure 5.5: Houska flow curve modelling to the flow curve of fluid mud-3 sample collected during the flume experiments, see test number 187
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Chapter 6

Flume experiments of a plate dragged
in fluid mud

6.1 Experimental procedure and results

Over time, the density measurement of the fluid mud kept changing. Initially, the densitometer (DMA 35)
was used to measure the density of fluid mud. But deviations were found comparing these measurements
to pycnometer and oven test methods. After that, the oven test method was adapted to find the density
of the fluid mud (see Appendix A.8). In the oven test method, the density of fluid mud was calculated
using the dry weight of solids, water content, seawater density, and solid’s density. However, we found a
significant deviation when these densities (for seawater and freshwater samples) plotted against the yield
stress of the fluid mud samples. Because of this reason, it was decided to use seawater to dilute the
fluid mud in the flume. However, over time the importance of density of solids studied and corrected the
formulas in the oven test calculations (see Appendix A.8.3).

Initially, the research committee chose the Cux sampler for the flume experiments to measure the resis-
tance on thin plates when dragged in fluid mud. But, the calibration tests of the Cux sampler showed
unreliable force measurements. Thus, a new plate assembled with load-cell was designed and built at
Deltares used in the flume experiments. The design details of these plates are discussed in 3.2.

After the calibration of the load cell, the flat wooden plate was hanged to the frame of towing carriage,
see Figure 3.17. The original mud of fluidic yield strength 130Pa and Bingham yield stress 85Pa was
diluted to 25Pa Bingham yield stress (approximately). The flat plate was immersed at 0.95m, and trial
tests were performed at 0.5m/s. The force measured during the test went from 70N to 50N. Rheological
tests confirmed that the fluid mud in the flume is non-homogeneous. In the tests, the Bingham yield stress
was about 27Pa in the region of 70N and 18Pa in the region of 50N.

Various attempts were made to homogenize the fluid mud, like using the concrete block. The concrete
block hanged to a crane and then moved fluid mud from one side of the flume to the other side. However,
only some improvements were made, but the force measured was still unsteady and unacceptable. The
propeller (blade-rotor set-up) effectively homogenized the fluid mud locally but not the whole tank.

After waiting the whole night, the fluid mud showed the same behavior both rheologically, and the force
measured the previous day. In order to homogenize the fluid mud over the whole tank, a truck with a pump
was called. Fluid mud was pumped to this truck, mixed well, and then pumped back to the tank. In this
process, the fluid mud was pumped from one side of the tank to the other side.

In the flume experiments, the flat plate was dragged in the fluid mud at four different speeds. Three
different fluid mud strengths were proposed for the flume experiments, and each test run was repeated
eight times. Thus, high strength fluid mud in the test matrix is named Fluid mud 1, medium-strength fluid
mud as Fluid mud 2, and weak fluid mud strength as Fluid mud 3.

6.1.1 Experiments of flat plate moved in fluid mud-1

In the flume experiment, the fluid mud in the flume was mixed using a propeller set-up. The propeller set-
up was hanged to the carriage and run over the flume back and forth three times. After the mixing process,
the fluid mud samples (FM1S1, FM1S2, and FM1S3) were collected after 15 minutes (approximately) of
rest for rheology tests. The location of fluid mud samples taken in the flume is shown in Figure 3.18.
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The plate moved in mud at different velocities and they are 0.25m/s, 0.5m/s, 0.75m/s, and 1.0m/s. For
each velocity configuration, eight repetitions of tests were performed, see table 6.1. During the tests with
a velocity above 1m/s, the detected force was unacceptably unsteady. Thus, the maximum speed in the
test matrix was set to 1m/s.

Table 6.1: Measurement of total resistance of plate moved in fluid mud-1. The total resistance signal for each velocity configuration is shown in
Appendix B.1.

Test
Repetitions

Towing
Velocities

[m/s] 0.25 0.5 0.75 1.0

1 -39.28 -47.43 -48.74 -56.19
2 -38.95 -45.77 -48.84 -55.46
3 -38.57 -45.31 -50.03 -54.32
4 -38.41 -43.58 -51.51 -55.4
5 -38.64 -44.25 -49.37 -53.89
6 -39.18 -42.95 -49.10 -53.17
7 -41.23 -42.83 -48.98 -55.17
8 -39.45 -42.84 -48.91 -53.75

Average in [N] -39.21 -44.37 -49.44 -54.67

At the end of the flume experiments, the fluid mud samples FM1S4, FM1S5, and FM1S6 were collected
for rheology tests. Table 6.2 represents the details of fluid mud-1 rheology. The measurement of Bingham
yield stress by the Bingham curve fitting method is shown in Appendix B.2

Table 6.2: Details of fluid mud-1 rheology. The tests details are described in the Appendix B.2. Here BYS is the Bingham yield stress, SYS is static
yield stress, DYS is the dynmaic yield stress, FYS is the fluidic yield stress

Samples
Density
[g/cc]

BYS
[Pa]

true SYS
[Pa]

DYS
[Pa]

SYS
[Pa]

FYS
[Pa]

Bingham
viscosity

[Pas]

Test
No

FM1S1 1.200 20.7 22.1 13.6 5.5 23.21 0.05141 139,142,145
FM1S2 1.203 22.0 24.1 14.5 5.9 25.11 0.05529 140,143,146
FM1S3 1.203 22.0 26.4 13.9 6.1 25.11 0.05529 141,144,147
FM1S4 1.201 20.8 23.5 13.2 5.6 23.32 0.04954 148,151,154
FM1S5 1.200 19.8 23.6 14.0 5.6 22.56 0.04777 149,152,155
FM1S6 1.203 21.9 26.0 13.9 5.9 23.79 0.05288 150,153,156

Average 1.202 21.2 24.3 13.8 5.8 23.85 0.05203

6.1.2 Experiments of flat plate moved in fluid mud-2

In order to reduce the strength of the fluid mud and meet the test matrix requirements (see section 3.3.3),
the fluid mud was mixed with seawater. The seawater was brought from Port of Rotterdam in a truck. The
amount of water required to mix in the fluid mud was estimated using the density of the existing fluid mud,
the density of the seawater, and tank volume.

Without removing the existing fluid mud in the flume, approximately 4m3 of water was added and mixed
with the propeller. The average Bingham yield strength of the fluid mud over the tank found was nearly
17Pa. In the towing tank, the level of the fluid mud was increased by 5cm, and so for the flat plate (the flat
plate now immersed by 1m).

The flume experiments were performed the next day of the fluid mud-2 arrangement in the flume. Before
commencing the flume experiments, the fluid mud was mixed with a propeller (a similar procedure used in
fluid mud-1 experiments). After 15 minutes (approximately) of rest, the fluid mud samples FM2S1, FM2S2,
and FM2S3 were collected for rheology tests.

Few trial runs were performed at towing velocity of 0.5m/s. We observed a reduction of measured force
compared to the previous day’s average force. The rheology of fluid mud also shows a reduction of
Bingham yield stress. Therefore, this suggests that the degradation of fluid mud influences the total
resistance in mud.

57



The flume experiments were performed by moving the plate in mud with velocities 0.25m/s, 0.5m/s,
0.75m/s, and 1.0m/s. Similarly, like the tests for fluid mus-1, eight repetitions of tests were performed
for each velocity, see table 6.3.

Table 6.3: Measurement of total resistance of plate moved in fluid mud-2. The total resistance signal for each velocity configuration is shown in
Appendix B.1.

Test
Repetitions

Towing
Velocities

[m/s] 0.25 0.5 0.75 1.0

1 -28.66 -33.28 -37.90 -43.98
2 -30.82 -33.67 -39.22 -45.48
3 -30.77 -34.63 -39.10 -45.85
4 -30.88 -33.57 -37.18 -45.80
5 -29.31 -34.72 -39.32 -45.58
6 -30.54 -34.93 -39.08 -45.64
7 -31.21 -35.00 -38.67 -44.72
8 -30.15 -34.35 -38.76 -43.51

Average in [N] -30.29 -34.27 -38.65 -45.07

After completion of flume experiments, fluid mud samples FM2S4, FM2S5, and FM2S6 were collected for
rheology tests. Table 6.4 represents the rheology details of fluid mud-2. The Bingham yield stress was
measured by fitting the Bingham model to the flow curve (see Appendix B.2.2).

Table 6.4: Details of fluid mud-2 rheology. The tests details are described in the Appendix B.2.2. Here BYS is the Bingham yield stress, SYS is static
yield stress, DYS is the dynmaic yield stress, FYS is the fluidic yield stress

Samples
Density
[g/cc]

BYS
[Pa]

true SYS
[Pa]

DYS
[Pa]

SYS
[Pa]

FYS
[Pa]

Bingham
viscosity

[Pas]

Test
No

FM2S1 1.192 16.7 16.5 9.7 4.2 16.9 0.02860 157,160,163
FM2S2 1.192 16.4 16.6 9.6 4.3 16.5 0.02812 158,161,164
FM2S3 1.191 16.0 16.9 9.5 3.9 16.3 0.02771 159,162,165
FM2S4 1.192 17.0 16.1 9.5 4.3 16.6 0.02627 166,169,172
FM2S5 1.192 16.7 16.1 9.3 4.1 16.9 0.02863 167,170,173
FM2S6 1.190 16.0 15.7 9.2 4.2 16.5 0.02762 168,171,174
Average 1.191 16.5 16.3 9.5 4.2 16.6 0.02782

6.1.3 Experiments of flat plate moving in fluid mud-3

A similar approach used in reducing the strength of the fluid mud-2 was used here. The plate immersed in
fluid mud-3 was 1m in depth. The fluid mud mixture was mixed well with the propeller, and trial runs were
performed to check homogeneity.

On the day of flume experiments in fluid mud-3, the flat plate was moved at velocities 0.25m/s, 0.5m/s,
0.75m/s, and 1.0m/s. For each velocity, eight repetitions of tests were conducted (see table 6.5). Prior to
the tests, the fluid mud was mixed with the propeller, and fluid mud samples FM3S1, FM3S2, and FM3S3
were collected for rheology tests.

The tests at 1.0m/s seemed unsteady throughout the experiments. So, after completing tests with veloci-
ties below 1.0m/s, slight design modifications to the plate were done. A steel wire was introduced from one
side of the plate to counter the lift created by the fluid mud flow. In order to confirm that the addition of the
steel wire does not affect the test results, some tests at low velocities were done to check the repeatability
with the new design. The steel wire setup seems to make the tests steady at 1.0m/s.
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Table 6.5: Measurement of total resistance of plate moved in fluid mud-3. The total resistance signal for each velocity configuration is shown in
Appendix B.1.

Test
Repetitions

Towing
Velocities

[m/s] 0.25 0.5 0.75 1.0

1 -17.37 -19.9 -23.65 -25.99
2 -17.51 -20.16 -23.63 -28.35
3 17.83 -20.96 -34.14 -27.23
4 -18.50 -20.75 -24.05 -26.75
5 -17.40 -20.27 -23.44 -29.54
6 -17.73 -20.53 -23.65 -28.27
7 -18.29 -20.64 -23.81 -28.20
8 -17.73 -20.52 -23.66 -27.68

Average -13.34 -20.47 -25.01 -27.75

After completing tests in the flume, the fluid mud samples FM3S4, FM3S5, and FM3S6 were collected for
rheology tests. Table 6.6 represents the rheology tests details of fluid mud-3. The Bingham yield stress
was measured by fitting the Bingham model to the flow curve (see Appendix B.2.3)

Table 6.6: Details of fluid mud-3 rheology. The tests details are described in the Appendix B.2.3. Here BYS is the Bingham yield stress, SYS is static
yield stress, DYS is the dynmaic yield stress, FYS is the fluidic yield stress

Samples
Density
[g/cc]

BYS
[Pa]

true SYS
[Pa]

DYS
[Pa]

SYS
[Pa]

FYS
[Pa]

Bingham
viscosity

[Pas]

Test
No

FM3S1 1.174 9.5 9.4 5.4 2.8 9.7 0.01925 175,178,181
FM3S2 1.174 9.5 9.5 5.4 2.9 9.9 0.01878 176,179,182
FM3S3 1.173 9.5 9.7 5.3 2.9 9.4 0.01878 177,180,183
FM3S4 1.168 8.3 8.4 4.7 2.7 8.6 0.01760 184,187,190
FM3S5 1.169 9.3 9.1 5.1 2.7 9.0 0.01839 185,188,191
FM3S6 1.187 9.5 9.9 5.5 2.9 9.6 0.01925 186,189,192

Average 1.174 9.3 9.3 5.2 2.8 9.4 0.01868

6.2 Discussion

6.2.1 Comparison of plate’s resistance in mud to the plate’s frictional force dragged
in Bingham and Power-law fluids calculated analytically

The analytical formulas for finding the frictional forces on a plate when dragged in Bingham fluids and
power-law fluids are given in Eq. 2.16 and Eq. 2.19 respectively, and the calculations are mentioned in
the Appendix B.3.

Table 6.7 represents the details of the total resistance of plate measured in flume experiments and the
calculated frictional force using analytical formulas.
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Table 6.7: Details of plate’s resistance in mud measured in flume experiments and plate’s frictional force calculated analytically.

Tests in
Velocity

[m/s]

Area
of

plate
[m2]

Total drag
force obtained

from the
towing

experiments
[N]

Frictional
force

calculated
using

Bingham
model

[N]

Frictional
force

calculated
using

Power law
model

[N]

Fluid
mud 1

0.25 1.52 39.0 35.3 21.0
0.5 1.52 44.3 37.3 27.2
0.75 1.52 49.1 39.9 31.7

1 1.52 54.5 43.0 35.3

Fluid
mud 2

0.25 1.6 30.3 27.7 15.4
0.5 1.6 34.3 29.2 20.8
0.75 1.6 38.7 31.2 24.8

1 1.6 45.1 33.6 28.1

Fluid
mud 3

0.25 1.6 17.8 15.9 9.0
0.5 1.6 20.5 17.1 12.6
0.75 1.6 23.8 18.7 15.3

1 1.6 27.8 20.6 17.6

Figures 6.1, 6.2 and 6.3 illustrates the resistance of a plate moved in fluid mud at different velocities. It
seems that at low velocities, the total resistance of a plate is closer to the frictional force of a plate in
Bingham fluids. As the velocity increased, the total resistance of a plate increased significantly.

The reason for a significant increase in the total resistance might be because of stagnation pressure. The
stagnation pressure in the flow of Newtonian fluids is 1/2ρ V 2 where ρ is the density of the fluid, and V is
the velocity of flow. When the velocity increases in a flow, the stagnation pressure increases by an order
2. Thus, the stagnation pressure seems to increase significantly with speed.

The frictional force of a plate moved in power-law fluids is far compared to the total resistance at low
velocities. However, as the velocity increases, the frictional force estimations in power-law fluids and
Bingham fluids gets closer.

In Figure 6.4 and 6.5, the shear rate of the Power-law fluids and Bingham fluids are calculated using the
Eq. 2.25 and Eq. 2.18. These figures also suggests that the range of applied shear stress in the rheometry
CSR tests was suitable for this application.
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Figure 6.1: Comparison of total resistance of plate moved in fluid mud-1 to the frictional resistance calculated using the analytical formulas.

Figure 6.2: Comparison of total resistance of plate moved in fluid mud-2 to the frictional resistance calculated using the analytical formulas.
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Figure 6.3: Comparison of total resistance of plate moved in fluid mud-3 to the frictional resistance calculated using the analytical formulas.

Figure 6.4: Comparison of shear rate of Bingham fluid and power-law fluids flowing over the plate at 0.25m/s
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Figure 6.5: Comparison of shear rate of Bingham fluid and power-law fluids flowing over the plate at 1.0m/s

Figure 6.6 represents the relation between the total resistance of a plate moving in fluid mud and velocity.
Extrapolating the curves linearly onto the force axis at velocity 0m/s seems to be related to the fluid mud’s
yield stress.

Figure 6.6: Total resistance of a plate moved in fluid mud measured in the flume experiments.
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When the extrapolated force is divided by the wetted surface area of the plate, the value obtained seems
close to the Bingham yield stress of the fluid mud, see Table 6.8. Thus, it suggests that when the plate
comes to rest, the stress caused by the fluid mud is approximately the yield stress.

Table 6.8: Stress values obtained from the extrapolated force and wetted surface area seems closer to the the Bingham yield stress.

Towing in
fluid mud

Extrapolated force(EF)
at velocity=0

[N]

Wetted surface
area(WSA)

[m^2]

Stress =
EF/WSA

[Pa]

Bingham yield
stress of the

fluid mud
[Pa]

FM-1 33.87 1.52 22.28 21.2
FM-2 24.89 1.6 15.56 16.5
FM-3 14.15 1.6 8.84 9.3
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Chapter 7

Conclusions and recommendations

7.1 Conclusions

The main conclusions of this thesis assignment are grouped according to research questions:

1. What is the link between the presence of clay and rheological properties of mud? And how it can
link to the density and the yield stress of mud?

• The relationship between the volumetric concentration, geotechnical water content with the
yield stresses of fluid mud was found.

• Choosing the right elements and protocols to measure the yield stresses of fluid mud were
investigated and the wall slip problem in the rheometry was bypassed.

• Power law relations were found for the relation with volumetric concentration, for yield stress in
agreement with fractal dimension theory.

• It was confirmed that the yield stress increases with the density of the fluid mud grow expo-
nentially (Power-law) and the relation between the yield stress and density of thick mud found
sensitive.

• The influence of seawater dilution or freshwater dilution is negligible on the Bingham yield
stress of fluid mud.

2. How thixotropy of fluid mud can be quantified and taken into account in the non-Newtonian rheolog-
ical modeling?

• The time-dependency effect (thixotropy) was found in the flow curves of fluid mud from different
locations of Port of Rotterdam.

• In this study, the thixotropy effect of the fluid mud was quantified in two methods: Hysteresis
loop method and sensitivity method.

(a) It was found that the Hysteresis loop method is very sensitive and inaccurate because it
depends on the protocol’s shear stress and shear rate limits. However, it was found that
an increase in water content in the fluid mud decreases the hysteresis area.

(b) In the sensitivity method, it was found that the un-remolded mud has a sensitivity of 40%,
which indicates that the remolded mud can build up 40% strength. Thus, the thixotropy
effect is significant in thick unremolded mud.

• Rheological flow curve of mud are modelled using the Houska equation given in the Eq 2.10
which integrates the time-dependency effect. It was found that at high shear rates Houska
thixotropy model fits good to the flow curve of fluid mud and poor curve fit at low shear rates.

3. What existing analytical formulas for non-Newtonian fluids can be used for estimating the plate re-
sistance measured in the flume experiments?

• In this work, the analytical formulas for the frictional forces acting on a flat plate in either power-
law or Bingham fluids are considered. Overall, the formulas for Bingham fluids give a better
estimation. However, the average error for three fluid muds at low speed is 11% whereas at
high speed is 32%. The reason for the larger error at higher speed is most likely because of
the neglected pressure contribution, which increases with the velocity square (V 2).
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• Despite the remolding of the mixture in the flume, thixotropy was measured by rheometer.
Extrapolating the total resistance of a plate found the stress acting on a plate is very near to
Bingham yield stress suggesting the thixotropy was sheared away in the towing of the plate.

7.2 Recommendations

Based on the findings of this research, the following recommendations are made:

1. The un-remolded mud and remolded mud have significant differences in rheological behaviour sug-
gesting the influence of thixotropy is worth investigating in the future. In addition, integrating the
thixotropy effect in fractal theory can be considered worth exploring.

2. With the fractal dimension, one may embark on a combination of in-situ density measurements
and in-situ rheology (to verify the relation density-rheology regularly). This also helps investigate
the rheological behavior difference between the laboratory prepared fluid mud samples and in-situ
natural fluid mud samples of the same density values.

3. In the rheometry practices, the bob-cup geometry seems to prone wall-slip. Investigating the reason
of wall-slip is worth to cross check the possibility of wall-slip on a plate moved in mud.

4. In the flume experiments, the fluid mud was remolded many times by the mixing process. Therefore,
it is important to investigate the fluid mud time dependency property and perform the tests when
the mud rebuilds its structure. This could help integrate the thixotropy effect in measuring the total
resistance of plate dragged in fluid mud.
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Appendix A

Rheology and density measurements
of three canals fluid mud

A.1 Beerkanaal fluid mud samples diluted with seawater

Beerkanaal fluid mud samples diluted with seawater of density 1025kg/m3 were made in the laboratory.
The fluid mud samples of different dilutions were made in the morning and stored in cups with a closed
lid. Before using the fluid mud from the cup, it was hand-stirred for a homogenized mixture. The density of
the fluid mud is measured using the oven test method. The details of rheometry, density, and properties
of fluid mud are represented in Table A.1

Some fluid mud samples with no dilution were kept for consolidation on December 21, 2020. The first
consolidated sample (Test no 23) 10 days tested on January 5, 2021, the second consolidated sample
(Test no 24) 13 days tested on January 8, 2021, and the third consolidated sample (Test no 25) 18 days
tested on January 13, 2021.
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Table A.1: Details of rheometry and oven test results for Beerkanaal fluid mud samples diluted with seawater. All the tests were performed on December
21, 2020. (excluding the test no 23 to 25.

Test
no

From oven test method Rheometry

Time
Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

1 14:24 1.270 0.15 162 65 35 Bob
CSR 0-100 180s up -
60s constant - 180s down

2 13:12 1.270 0.15 162 65 35 Vane
CSR 0-100 240s up -
90s constant - 240s down

3 13:37 1.270 0.15 162 65 35 Groove bob
CSR 0-100 240s up -
60s constant - 240s down

4 14:42 1.270 0.15 162 65 35 Bob
CSR 0-100 50s up -
50s constant - 50s down

5 14:49 1.270 0.15 162 65 35 Bob CSS 0-150 150s up

6 15:00 1.234 0.13 184 69 31 Bob
CSR 0-100 180s up -
60s constant - 180s down

7 15:09 1.234 0.13 184 69 31 Bob
CSR 0-100 50s up -
50s constant - 50s down

8 15:15 1.234 0.13 184 69 31 Bob CSS 0-150 150s up

9 15:28 1.214 0.12 202 71 29 Bob
CSR 0-100 180s up -
60s constant - 180s down

10 15:40 1.214 0.12 202 71 29 Bob
CSR 0-100 50s up -
50s constant - 50s down

11 15:24 1.214 0.12 202 71 29 Bob CSS 0-20 100s up

12 15:52 1.210 0.11 208 71 29 Bob
CSR 0-100 180s up -
60s constant - 180s down

13 16:32 1.210 0.11 208 71 29 Vane
CSR 0-100 180s up -
60s constant - 180s down

14 15:46 1.210 0.11 208 71 29 Bob
CSR 0-100 50s up -
50s constant - 50s down

15 16:05 1.210 0.11 208 71 29 Bob CSS 0-20 100s up

16 16:09 1.158 0.08 282 77 23 Bob
CSR 0-100 180s up -
60s constant - 180s down

17 16:18 1.158 0.08 282 77 23 Bob
CSR 0-100 50s up -
50s constant - 50s down

18 16:24 1.158 0.08 282 77 23 Bob CSS 0-20 100s up

19 16:33 1.134 0.07 317 80 20 Bob
CSR 0-100 180s up -
60s constant - 180s down

20 16:20 1.134 0.07 317 80 20 Vane
CSR 0-100 180s up -
60s constant - 180s down

21 16:48 1.134 0.07 317 80 20 Bob
CSR 0-100 50s up -
50s constant - 50s down

22 16:57 1.134 0.07 317 80 20 Bob CSS 0-20 100s up

23 14:18 1.270 0.15 84 65 35 Bob
CSR 0-100 180s up -
60s constant - 180s down

24 15:27 1.264 0.15 105 66 34 Bob
CSR 0-100 180s up -
60s constant - 180s down

25 13:22 1.267 0.15 96 65 35 Bob
CSR 0-100 180s up -
60s constant - 180s down
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The flow curves obtained in CSR tests with bob-cup geometry are represented in the Figure A.1 and A.2.
The CSR tests with vane(FL22)-cup geometry are represented in Figure A.3. The CSR test with groove
bob is represented in Figure A.4. Some of the undiluted fluid mud samples were kept for consolidation (21,
24, and 29 days) in the rheometry cup. On the day of rheology tests, the water layer in the rheometry cup
with consolidated mud was removed carefully. The flow curves of the consolidated mud are represented
in Figure A.5. The Bingham yield stress of these flow curves are represented in Table 4.2.

Figure A.1: Beerkanaal fluid mud samples diluted with seawater tested in CSR mode with bob-cup geometry to obtain flow curves.
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Figure A.2: Beerkanaal fluid mud samples diluted with seawater tested in CSR mode (0-50(1/s) ramp up and down) with bob-cup geometry to obtain
flow curves.

Figure A.3: Beerkanaal fluid mud samples diluted with seawater tested in CSR mode with vane(FL22)-cup geometry. The dashed-line curve is without
correction factor and solid line is with correction factor.
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Figure A.4: Beerkanaal fluid mud sample without dilution tested in CSR mode with groove bob-cup geometry to obtain flow curve of undiluted fluid
mud.

Figure A.5: Beerkanaal consolidated fluid mud sample tested in CSR mode with bob-cup geometry to obtain flow curve.

The Beerkanaal fluid mud samples with seawater dilution were tested in CSS mode with bob-cup geometry
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to obtain the viscous curves, see Figure A.6.

Figure A.6: Viscous curves of Beerkanaal fluid mud with sea water dilutions plotted on logarithmic scale
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A.2 Calandkanaal fluid mud samples diluted with seawater

Calandkanaal fluid mud samples diluted with seawater of density 1025kg/m3 were made in the laboratory.
The fluid mud samples of different dilutions were made in the morning and stored in cups with a closed
lid. Before using the fluid mud from the cup, it was hand-stirred for a homogenized mixture. The density of
the fluid mud is measured using the oven test method. The details of rheometry, density, and properties
of fluid mud are represented in Table A.2.

Some fluid mud samples with no dilution were kept for consolidation on December 21, 2020. The first
consolidated sample (Test no 41) 10 days tested on January 5, 2021, the second consolidated sample
(Test no 42) 13 days tested on January 8, 2021, and the third consolidated sample (Test no 43) 18 days
tested on January 13, 2021.

Table A.2: Details of rheometry and oven test results for Calandkanaal fluid mud samples diluted with seawater. All the tests were performed on
December 23, 2020. (excluding the test no 41 to 43.

Test
no

From oven test method Rheometry

Time
Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

26 14:29 1.197 0.11 213 73 27 Bob
CSR 0-100 180s up -
60s constant - 180s down

27 16:08 1.197 0.11 213 73 27 Vane
CSR 0-100 180s up -
60s constant - 180s down

28 14:53 1.197 0.11 213 73 27 Bob CSS 0-150 150s up

29 15:16 1.176 0.09 242 75 25 Bob
CSR 0-100 180s up -
60s constant - 180s down

30 15:27 1.176 0.09 242 75 25 Bob CSS 0-150 150s up

31 15:44 1.164 0.09 253 77 23 Bob
CSR 0-100 180s up -
60s constant - 180s down

32 16:09 1.164 0.09 253 77 23 Bob CSS 0-150 150s up

33 16:19 1.155 0.08 274 78 22 Bob
CSR 0-100 180s up -
60s constant - 180s down

34 15:55 1.155 0.08 274 78 22 Vane
CSR 0-100 180s up -
60s constant - 180s down

35 16:45 1.155 0.08 274 78 22 Bob CSS 0-20 100s up

36 17:05 1.138 0.07 315 80 20 Bob
CSR 0-100 180s up -
60s constant - 180s down

37 17:23 1.138 0.07 315 80 20 Bob CSS 0-20 100s up

38 17:31 1.119 0.06 342 82 18 Bob
CSR 0-100 180s up -
60s constant - 180s down

39 15:44 1.119 0.06 342 82 18 Vane
CSR 0-100 180s up -
60s constant - 180s down

40 17:40 1.119 0.06 342 82 18 Bob CSS 0-20 100s up

41 14:47 1.209 0.11 136 72 28 Bob
CSR 0-100 180s up -
60s constant - 180s down

42 15:45 1.210 0.11 130 72 28 Bob
CSR 0-100 180s up -
60s constant - 180s down

43 16:46 1.208 0.11 134 72 28 Bob
CSR 0-100 180s up -
60s constant - 180s down
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The flow curves obtained in CSR tests with bob-cup geometry are represented in Figure A.7 and viscous
curves from CSS tests are shown in Figure A.8. The tests in vane(FL22)-cup geometry are represented
in Figure A.9. Some of the undiluted fluid mud samples were kept for consolidation (21, 24, and 29 days)
in the rheometry cup. On the day of rheology tests, the water layer in the rheometry cup with consolidated
mud was removed carefully. The flow curves of the consolidated mud are represented in Figure A.10. The
yield stresses from these flow curves are represented in Table 4.2.

Figure A.7: Calandkanaal fluid mud samples diluted with seawater tested in CSR mode with bob-cup geometry to obtain flow curves.
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Figure A.8: Calandkanaal fluid mud samples diluted with seawater tested in CSS mode with bob-cup geometry to obtain viscous curves.

Figure A.9: Calandkanaal fluid mud samples diluted with seawater tested in CSR mode with vane(FL22)-cup geometry to obtain flow curves. The
dashed-line curve is without correction factor and solid line is with correction factor.
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Figure A.10: Calandkanaal consolidated fluid mud samples tested in CSR mode with bob-cup geometry to obtain flow curve.
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A.3 8e Petroleumhaven fluid mud samples diluted with seawater

8e Petroleumhaven fluid mud samples diluted with seawater of density 1025kg/m3 were made in the
laboratory. The fluid mud samples of different dilutions were made in the morning and stored in cups with
a closed lid. Before using the fluid mud from the cup, it was hand-stirred for a homogenized mixture. The
density of the fluid mud is measured using the oven test method. The details of rheometry, density, and
properties of fluid mud are represented in Table A.3

Some fluid mud samples with no dilution were kept for consolidation on December 21, 2020. The first
consolidated sample (Test no 59) 10 days tested on January 5, 2021, the second consolidated sample
(Test no 60) 13 days tested on January 8, 2021, and the third consolidated sample (Test no 61) 18 days
tested on January 13, 2021

Table A.3: Details of rheometry and oven test results for 8e Petroleumhaven fluid mud samples diluted with seawater. All the tests were performed on
December 24, 2020 (excluding the test no 59 to 61.

Test
no

From oven test method Rheometry

Time
Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

44 13:14 1.0.05 0.10 231 74 26 Bob
CSR 0-100 180s up -
60s constant - 180s down

45 15:32 1.0.05 0.10 231 74 26 Vane
CSR 0-100 180s up -
60s constant - 180s down

46 13:23 1.0.05 0.10 231 74 26 Bob CSS 0-20 100s up

47 13:32 1.171 0.09 232 76 24 Bob
CSR 0-100 180s up -
60s constant - 180s down

48 13:44 1.171 0.09 232 76 24 Bob CSS 0-20 100s up

49 13:51 1.149 0.08 0.09 79 21 Bob
CSR 0-100 180s up -
60s constant - 180s down

50 14:02 1.149 0.08 0.09 79 21 Bob CSS 0-20 100s up

51 14:11 1.131 0.07 314 81 19 Bob
CSR 0-100 180s up -
60s constant - 180s down

52 15:20 1.131 0.07 314 81 19 Vane
CSR 0-100 180s up -
60s constant - 180s down

53 14:21 1.131 0.07 314 81 19 Bob CSS 0-20 100s up

54 14:28 1.128 0.06 334 81 19 Bob
CSR 0-100 180s up -
60s constant - 180s down

55 14:38 1.128 0.06 334 81 19 Bob CSS 0-20 100s up

56 14:46 1.112 0.05 388 83 17 Bob
CSR 0-100 180s up -
60s constant - 180s down

57 15:08 1.112 0.05 388 83 17 Vane
CSR 0-100 180s up -
60s constant - 180s down

58 14:56 1.112 0.05 388 83 17 Bob CSS 0-20 100s up

59 15:05 1.204 0.11 136 72 28 Bob
CSR 0-100 180s up -
60s constant - 180s down

60 16:02 1.207 0.11 152 72 28 Bob
CSR 0-100 180s up -
60s constant - 180s down

61 14:05 1.204 0.11 137 72 28 Bob
CSR 0-100 180s up -
60s constant - 180s down
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The flow curves obtained in CSR tests with bob-cup geometry are represented in Figure A.11, and viscous
curves from CSS tests are shown in Figure A.12. The tests in vane(FL22)-cup geometry are represented
in Figure A.25. Some of the undiluted fluid mud samples were kept for consolidation (21, 24, and 29 days)
in the rheometry cup. On the day of rheology tests, the water layer in the rheometry cup with consolidated
mud was removed carefully. The flow curves of the consolidated mud are represented in Figure A.14. The
yield stresses from these flow curves are represented in Table 4.2.

Figure A.11: 8e Petroleumhaven fluid mud samples diluted with seawater tested in CSR mode with bob-cup geometry to obtain flow curves.
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Figure A.12: 8e Petroleumhaven fluid mud samples diluted with seawater tested in CSS mode with bob-cup geometry to obtain viscous curves.

Figure A.13: 8e Petroleumhaven fluid mud samples diluted with seawater tested in CSR mode with vane(FL22)-cup geometry to obtain flow curves.
The dashed-line curve is without correction factor and solid line is with correction factor.
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Figure A.14: 8e Petroleumhaven consolidated fluid mud samples tested in CSR mode with bob-cup geometry to obtain flow curve.
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A.4 Beerkanaal fluid mud samples diluted with freshwater

Beerkanaal fluid mud samples diluted with freshwater of density 1000kg/m3 were made in the laboratory.
The fluid mud samples of different dilutions were made in the morning and stored in cups with a closed
lid. Before using the fluid mud from the cup, it was hand-stirred for a homogenized mixture. The density of
the fluid mud is measured using the oven test method. The details of rheometry, density, and properties
of fluid mud are represented in Table A.4. In this table, the test numbers from 62 to 65 are the fluid mud
samples without dilution, and in density calculations, the density of pore water used is 1025kg/m3.

Table A.4: Details of rheometry and oven test results for Beerkanaal fluid mud samples diluted with freshwater. All the tests were performed on January
20, 2021.

Test
no

From oven test method Rheometry

Time
Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

62 13:28 1.286 0.16 155 64 36 Bob CSS 0-150 Pa 150s up

63 13:37 1.286 0.16 155 64 36 Bob
CSR 0-100 180s up -
60s constant - 180s down

64 14:05 1.286 0.16 155 64 36 vane
CSR 0-20 180s up -
60s constant - 180s down

65 14:19 1.286 0.16 155 64 36 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

66 14:55 1.225 0.14 201 70 30 Bob CSS 0-20 Pa 100s up

67 15:00 1.225 0.14 201 70 30 Bob
CSR 0-100 180s up -
60s constant - 180s down

68 15:17 1.225 0.14 201 70 30 vane
CSR 0-20 180s up -
60s constant - 180s down

69 15:29 1.225 0.14 201 70 30 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

70 15:52 1.218 0.13 211 71 29 Bob CSS 0-20 Pa 100s up

71 15:59 1.218 0.13 211 71 29 Bob
CSR 0-100 180s up -
60s constant - 180s down

72 16:13 1.218 0.13 211 71 29 vane
CSR 0-20 180s up -
60s constant - 180s down

73 16:27 1.218 0.13 211 71 29 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

74 16:47 1.183 0.11 251 75 25 Bob CSS 0-20 Pa 100s up

75 16:54 1.183 0.11 251 75 25 Bob
CSR 0-100 180s up -
60s constant - 180s down

76 17:07 1.183 0.11 251 75 25 vane
CSR 0-20 180s up -
60s constant - 180s down

77 17:18 1.183 0.11 251 75 25 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

78 17:29 1.155 0.09 307 78 22 Bob CSS 0-20 Pa 100s up

79 17:32 1.155 0.09 307 78 22 Bob
CSR 0-100 180s up -
60s constant - 180s down

80 17:43 1.155 0.09 307 78 22 vane
CSR 0-20 180s up -
60s constant - 180s down

81 17:53 1.155 0.09 307 78 22 Groove bob
CSR 0-100 180s up -
60s constant - 180s down
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In order to compare the freshwater and seawater dilutions of fluid mud rheology, Beerkanaal fluid mud
samples with freshwater dilutions were made. The fluid mud samples were then tested in CSR mode with
bob-cup, vane-cup, groove bob-cup geometry, and CSS mode with bob-cup. The tests in CSR mode with
bob-cup geometry are represented in the Figure A.15, with vane-cup geometry see Figure A.16, and with
groove bob-cup geometry see Figure A.17. The yield stresses obtained from these tests were represented
in Table 4.1.

Figure A.15: Beerkanaal fluid mud diluted with freshwater tested in CSR mode with bob-cup geometry to obtain flow curve.
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Figure A.16: Beerkanaal fluid mud diluted with freshwater tested in CSR mode with vane(FL22)-cup geometry to obtain flow curve. The dashed-line
curve is without correction factor and solid line is with correction factor.

Figure A.17: Beerkanaal fluid mud samples diluted with freshwater tested in CSR mode with groove bob-cup geometry.

The CSS tests on Beerkanaal fluid mud samples with freshwater dilution with bob-cup geometry are shown
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in Figure A.18.

Figure A.18: Beerkanaal fluid mud diluted with freshwater tested in CSS mode with bob-cup geometry to obtain viscous curves in logarithmic scale.
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A.5 Calandkanaal fluid mud samples diluted with freshwater

Calandkanaal fluid mud samples diluted with freshwater of density 1000kg/m3 were made in the laboratory.
The fluid mud samples of different dilutions were made in the morning and stored in cups with a closed
lid. Before using the fluid mud from the cup, it was hand-stirred for a homogenized mixture. The density of
the fluid mud is measured using the oven test method. The details of rheometry, density, and properties
of fluid mud are represented in Table A.5. In this table, the test numbers from 82 to 85 are the fluid mud
samples without dilution, and in density calculations, the density of pore water used is 1025kg/m3.

Table A.5: Details of rheometry and oven test results for Calandkanaal fluid mud samples diluted with freshwater. All the tests were performed on
January 21, 2021.

Test
no

From oven test method Rheometry

Time
Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

82 12:53 1.213 0.12 213 71 29 Bob CSS 0-150 Pa 150s up

83 12:59 1.213 0.12 213 71 29 Bob
CSR 0-100 180s up -
60s constant - 180s down

84 13:14 1.213 0.12 213 71 29 vane
CSR 0-20 180s up -
60s constant - 180s down

85 13:25 1.213 0.12 213 71 29 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

86 13:41 1.194 0.12 238 73 27 Bob CSS 0-20 Pa 100s up

87 13:43 1.194 0.12 238 73 27 Bob
CSR 0-100 180s up -
60s constant - 180s down

88 14:03 1.194 0.12 238 73 27 vane
CSR 0-20 180s up -
60s constant - 180s down

89 14:13 1.194 0.12 238 73 27 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

90 14:28 1.167 0.10 267 77 23 Bob CSS 0-20 Pa 100s up

91 14:37 1.167 0.10 267 77 23 Bob
CSR 0-100 180s up -
60s constant - 180s down

92 14:53 1.167 0.10 267 77 23 vane
CSR 0-20 180s up -
60s constant - 180s down

93 15:22 1.167 0.10 267 77 23 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

94 15:36 1.155 0.09 256 78 22 Bob CSS 0-20 Pa 100s up

95 15:42 1.155 0.09 256 78 22 Bob
CSR 0-100 180s up -
60s constant - 180s down

96 16:00 1.155 0.09 256 78 22 vane
CSR 0-20 180s up -
60s constant - 180s down

97 16:11 1.155 0.09 256 78 22 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

98 16:22 1.129 0.08 357 81 19 Bob CSS 0-20 Pa 100s up

99 16:27 1.129 0.08 357 81 19 Bob
CSR 0-100 180s up -
60s constant - 180s down

100 16:41 1.129 0.08 357 81 19 vane
CSR 0-20 180s up -
60s constant - 180s down

101 16:51 1.129 0.08 357 81 19 Groove bob
CSR 0-100 180s up -
60s constant - 180s down
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In order to compare the freshwater and seawater dilutions of fluid mud rheology, Calandkanaal fluid mud
samples with freshwater dilutions were made. The fluid mud samples were then tested in CSR mode with
bob-cup, vane-cup, groove bob-cup geometry, and CSS mode with bob-cup. The tests in CSR mode with
bob-cup geometry are represented in the Figure A.19, with vane-cup geometry see Figure A.20, and with
groove bob-cup geometry see Figure A.21. The yield stresses obtained from these tests were represented
in Table 4.1.

Figure A.19: Calandkanaal fluid mud diluted with freshwater tested in CSR mode with bob-cup geometry to obtain flow curves.
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Figure A.20: Calandkanaal fluid mud diluted with freshwater tested in CSR mode with vane(FL22)-cup geometry to obtain flow curves. The dashed-line
curve is without correction factor and solid line is with correction factor.

Figure A.21: Calandkanaal fluid mud diluted with freshwater tested in CSR mode with groove bob-cup geometry to obtain flow curves.

The CSS tests on Calandkanaal fluid mud samples with freshwater dilution with bob-cup geometry are
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shown in Figure A.22.

Figure A.22: Calandkanaal fluid mud diluted with freshwater tested in CSS mode with bob-cup geometry to obtain viscous curves.
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A.6 8e Petroleumhaven fluid mud samples diluted with freshwater

8e Petroleumhaven fluid mud samples diluted with freshwater of density 1000kg/m3 were made in the
laboratory. The fluid mud samples of different dilutions were made in the morning and stored in cups
with a closed lid. Before using the fluid mud from the cup, it was hand-stirred for a homogenized mixture.
The density of the fluid mud is measured using the oven test method. The details of rheometry, density,
and properties of fluid mud are represented in Table A.6. In this table, the test numbers from 102 to 105
are the fluid mud samples without dilution, and in density calculations, the density of pore water used is
1025kg/m3.

Table A.6: Details of rheometry and oven test results for 8e Petroleumhaven fluid mud samples diluted with freshwater. All the tests were performed on
January 22, 2021.

Test
no

From oven test method Rheometry

Time
Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

102 10:57 1.0.08 0.12 187 71 29 Bob CSS 0-150 Pa 150s up

103 11:02 1.0.08 0.12 187 71 29 Bob
CSR 0-100 180s up -
60s constant - 180s down

104 13:06 1.0.08 0.12 187 71 29 vane
CSR 0-20 180s up -
60s constant - 180s down

105 13:57 1.0.08 0.12 187 71 29 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

106 11:15 1.186 0.11 218 74 26 Bob CSS 0-20 Pa 100s up

107 11:21 1.186 0.11 218 74 26 Bob
CSR 0-100 180s up -
60s constant - 180s down

108 13:16 1.186 0.11 218 74 26 vane
CSR 0-20 180s up -
60s constant - 180s down

109 14:06 1.186 0.11 218 74 26 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

110 11:33 1.176 0.11 247 76 24 Bob CSS 0-20 Pa 100s up

111 11:38 1.176 0.11 247 76 24 Bob
CSR 0-100 180s up -
60s constant - 180s down

112 13:26 1.176 0.11 247 76 24 vane
CSR 0-20 180s up -
60s constant - 180s down

113 14:16 1.176 0.11 247 76 24 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

114 11:49 1.147 0.09 296 79 21 Bob CSS 0-20 Pa 100s up

115 11:54 1.147 0.09 296 79 21 Bob
CSR 0-100 180s up -
60s constant - 180s down

116 13:36 1.147 0.09 296 79 21 vane
CSR 0-20 180s up -
60s constant - 180s down

117 14:26 1.147 0.09 296 79 21 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

118 12:07 1.129 0.08 356 81 19 Bob CSS 0-20 Pa 100s up

119 12:11 1.129 0.08 356 81 19 Bob
CSR 0-100 180s up -
60s constant - 180s down

120 13:47 1.129 0.08 356 81 19 vane
CSR 0-20 180s up -
60s constant - 180s down

121 14:36 1.129 0.08 356 81 19 Groove bob
CSR 0-100 180s up -
60s constant - 180s down
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In order to compare the freshwater and seawater dilutions of fluid mud rheology, 8e Petroleumhaven fluid
mud samples with freshwater dilutions were made. The fluid mud samples were then tested in CSR mode
with bob-cup, vane-cup, groove bob-cup geometry, and CSS mode with bob-cup. The tests in CSR mode
with bob-cup geometry are represented in the Figure A.23, with vane-cup geometry see Figure A.24,
and with groove bob-cup geometry see Figure A.25. The yield stresses obtained from these tests were
represented in Table 4.1.

Figure A.23: 8e Petroleumhaven fluid mud diluted with freshwater tested in CSR mode with bob-cup geometry to obtain flow curves.
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Figure A.24: 8e Petroleumhaven fluid mud diluted with freshwater tested in CSR mode with vane(FL22)-cup geometry to obtain flow curves. The
dashed-line curve is without correction factor and solid line is with correction factor.

Figure A.25: 8e Petroleumhaven fluid mud diluted with freshwater tested in CSR mode with groove bob-cup geometry to obtain flow curves.

The CSS tests on 8e Petroleumhaven fluid mud samples with freshwater dilution with bob-cup geometry
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are shown in the Figure A.26.

Figure A.26: 8e Petroleumhaven fluid mud diluted with freshwater tested in CSS mode with bob-cup geometry to obtain viscous curves.
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A.7 Rheometry study using Beerkanaal fluid mud

Rheometry practices were studied using the undiluted Beerkanaal fluid mud and tested in CSS and CSR
mode with bob-cup, vane-cup, and groove bob cup geometry. Table A.7 represents the details of rheometry
and oven test results of fluid mud samples used in the experiments.

Table A.7: Details of rheometry and oven test results of undiluted Beerkanaal fluid mud samples used in the rheometry practice experiments.

Test
no

From oven test method Rheometry

Time
Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

122 11:16 1.294 0.17 154 63 37 Bob
CSR 0-100 180s up -
60s constant - 180s down

123 11:30 1.294 0.17 154 63 37 Bob
CSS 0-240Pa 180s up -
60s constant - 180s down

124 11:59 1.294 0.17 154 63 37 vane
CSR 0-20 180s up -
60s constant - 180s down

125 11:53 1.294 0.17 154 63 37 vane
CSS 0-240Pa 180s up -
60s constant - 180s down

126 12:10 1.294 0.17 154 63 37 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

127 12:22 1.294 0.17 154 63 37 Groove bob
CSS 0-240Pa 180s up -
60s constant - 180s down

128 10:26 1.271 0.15 171 65 35 vane FL22
CSR 0-20 180s up -
60s constant - 180s down

129 10:37 1.271 0.15 171 65 35 vane FL22
CSS 0-240Pa 180s up -
60s constant - 180s down

130 11:06 1.271 0.15 171 65 35 vane FL16
CSR 0-100 180s up -
60s constant - 180s down

131 11:16 1.271 0.15 171 65 35 vane FL16
CSS 0-120Pa 180s up -
60s constant - 180s down

132 11:27 1.271 0.15 171 65 35 vane FL22
CSR 0-20 180s up -
60s constant - 180s down

133 11:37 1.271 0.15 171 65 35 vane FL22
CSS 0-120Pa 180s up -
60s constant - 180s down

134 12:22 1.271 0.15 171 65 35 Bob
CSR 0-100 180s up -
60s constant - 180s down

135 12:34 1.271 0.15 171 65 35 Bob
CSS 0-120Pa 180s up -
60s constant - 180s down

136 13:05 1.271 0.15 171 65 35 Bob
CSS 0-85Pa 180s up -
60s constant - 180s down

137 12:42 1.271 0.15 171 65 35 Groove bob
CSR 0-100 180s up -
60s constant - 180s down

138 12:52 1.271 0.15 171 65 35 Groove bob
CSS 0-90Pa 180s up -
60s constant - 180s down
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Figure A.27 and A.28 shows the tests in CSR and CSS mode with bob-cup geometry respectively. Figure
A.29 and A.30 shows the tests in CSR and CSS mode with vane(FL22)-cup geometry respectively. A.31
and A.32 shows the tests in CSR and CSS mode with vane-cup geometry respectively. Figure A.33 shows
the tests in CSS and CSR with vane(FL16)-cup geometry.

Figure A.27: Beerkanaal fluid mud tested in CSR mode with bob-cup geometry.
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Figure A.28: Beerkanaal fluid mud tested in CSS mode with bob-cup geometry.

Figure A.29: Beerkanaal fluid mud tested in CSR mode with vane(FL22)-cup geometry.
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Figure A.30: Beerkanaal fluid mud tested in CSS mode with vane(FL22)-cup geometry.

Figure A.31: Beerkanaal fluid mud tested in CSR mode with groove bob-cup geometry.
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Figure A.32: Beerkanaal fluid mud tested in CSS mode with groove bob-cup geometry.

Figure A.33: Beerkanaal fluid mud tested in CSR and CSS mode with small vane(FL16)-cup geometry.
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A.8 Oven test density measurements and corrections

A.8.1 Procedure

The oven test method for measuring the density of the fluid mud is described below:

1. Weigh the empty cup (Wcup) in which the fluid mud sample will be kept.

2. Put the fluid mud in the cup and weigh it again (Wcup+wetmud).

3. Keep the sample in the Oven which is maintained at a temperature of 105◦C for 24 hours.

4. After 24 hours, weigh the cup with dry fluid mud (Wcup+drymud).

A.8.2 Calculations

Let the density of water in the fluid mud represented as ρwater, density of solids in the fluid mud repre-
sented as ρsolids.

The density of fluid mud (ρfm) sample is given by

ρfm = 1000 ∗
1 +

Ww

Ws

ρwater

ρsolids
+
Ww

Ws

(A.1)

where Ww is the weight of water (see Eq.A.2), Ws is the weight of dry solids (see Eq.A.3) in the fluid mud.

Ww =Wcup+wetmud −Wcup+drymud (A.2)

Ws =Wcup+drymud −Wcup (A.3)

The ratio of the Weight of water (Ww) to the weight of solids (Ws) is also known as Geo-technical water
content. In the oven test of seawater dilution samples, the salt deposits in the fluid mud.

Geo-technical water content =
Ww

Ws
(A.4)

The ratio of the weight of water (Ww) to the weight of fluid mud before drying (Wt) is known as Hydro
water content.

Hydro water content =
Ww

Wt
(A.5)

The ratio of the dry weight of fluid mud (Ws) to the weight of the fluid mud before drying (Wt) is known
solids content in fluid mud. In the oven tests for seawater dilution fluid mud samples, the dry weight of the
fluid mud contains the salt residuals.

Solid content =
Ww

Wt
(A.6)

The volumetric concentration of solids (V.Conc.solids in the fluid mud is given by

V.Conc.solids =
1

Ww

Ws
+
ρwater

ρsolids

(A.7)

A.8.3 Corrections in density of solids for sea water dilution tests

The density of solids measured using Helium Pycnometer for the undiluted Beerkanaal fluid mud (fluid
mud of Test numbers 62-65) is 2568.3kg/m3 . This test was done by the lab technician at Deltares and
the report given by them is shown in FigureA.34.
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Figure A.34: Report of density of solids for Beerkanaal fluid mud

In the Helium Pycnometer test, the salt is not evaporated in oven drying and the value of the density of
solids contains salt. Thus density of solids must be corrected in the fluid mud density calculations for the
seawater dilution tests because the seawater which was added contains salt.

The density of seawater is 1025kg/m3 and at a salt density is 2160kg/m3, the volumetric concentration
of salt (Csalt in such seawater is 0.0216[-]. This corresponds to 0.0475g salt per gram of water.

Csalt =
ρwater − 1000

ρsalt − 1000
(A.8)

salt[g]

waterfresh[g]
=

Csalt

1− Csalt

ρsalt
1000

= 0.047 (A.9)

In the oven test, only water evaporates and the salt deposits in the solid mass. In addition, we measure
how much water evaporates (Ww). If we know the density of pore water of the fluid mud, we can calculate
the amount of salt deposited in the oven test.

With the Helium pycnometer we know the mass of dry solids and also we know the ratio of salt to solids.
We deduct the mass of salt (s) from the total mass (M), and using the density of salt, we deduct the volume
taken by the salt from the volume of the mud (V ). Thus, the solids density is the ratio of corrected mass
and corrected volume.

ρsolids =
M − s

V − s

ρsalt

(A.10)

The solid density with salt is given by the Helium gas Pycnometer test (Eberli et al., 1997)

ρsolids+salt =
M

V
(A.11)

Thus, we can calculate the actual solids density from

ρsolids
ρsolids+salt

=
1− s

M

1− s

M

M

V ρsalt

(A.12)

In the salt dilution tests, we are adding salt to the system. From the oven test, we know the mass of water
(and hence the dry mass of salt, if salt content in water is known) and we know the total dry mass. Thus,
the ratio s/M is known per sample.

s

M
=

(1− x)ρsalt
(1− x)ρsalt + xρsolids

(A.13)
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where x is the volumetric concentration of solids in the dry material

Rearranging the Eq.A.13, we get

x

1− x
=

ρsalt
ρsolids

(
M

s
− 1

)
(A.14)

ρsolids+salt = (1− x)ρsalt + xρsolids (A.15)

The salt is dissolved in the rheological conditions, in the bed and in any flow. Thus, the volumetric concen-
tration of solids has to be calculated from solids density and seawater density (V/V).

V ol.Conc.solids =
ρfluidmud − ρseawater

ρsolids − ρseawater
(A.16)

A.8.4 Difference between seawater dilution samples and freshwater dilution sam-
ples

In the freshwater dilution fluid mud samples, the salt is tied to the solids, so the mixture density can be
calculated on basis of freshwater density and with uncorrected density from pycnometer.

With the salt water dilution fluid mud samples, the density of solids and salt needs to be calculated for
each sample, on the basis of individual sample salt/mass total ratio.
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Appendix B

Flume experiments of a plate dragged
in fluid mud

B.1 Load-cell signal of the plate dragged in the fluid mud

In the flume experiments, the flat plate was dragged in the fluid mud at four different speeds. Three
different fluid mud strengths were proposed for the flume experiments, and each test run was repeated
eight times. Thus, high strength fluid mud in the test matrix is named Fluid mud 1, medium-strength fluid
mud as Fluid mud 2, and weak fluid mud strength as Fluid mud 3.

B.1.1 Wooden plate dragged in the fluid mud 1

Figure B.1,B.2,B.3, and B.4 represents the load-cell signal of total resistance of plate when moved in the
Fluid mud 1 at speeds 0.25m/s,0.5m/s,0.75m/s, and 1.0m/s respectively.

Figure B.1: Total resistance of the plate moved at speed 0.25m/s in fluid mud 1
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Figure B.2: Total resistance of the plate moved at speed 0.5m/s in fluid mud 1

Figure B.3: Total resistance of the plate moved at speed 0.75m/s in fluid mud 1
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Figure B.4: Total resistance of the plate moved at speed 1.0m/s in fluid mud 1

104



B.1.2 Wooden plate dragged in the Fluid mud 2

Figure B.5,B.6,B.7, and B.8 represents the load-cell signal of total resistance of plate when moved in the
Fluid mud 2 at speeds 0.25m/s,0.5m/s,0.75m/s, and 1.0m/s respectively.

Figure B.5: Total resistance of the plate moved at speed 0.25m/s in fluid mud 2
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Figure B.6: Total resistance of the plate moved at speed 0.5m/s in fluid mud 2

Figure B.7: Total resistance of the plate moved at speed 0.75m/s in fluid mud 2
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Figure B.8: Total resistance of the plate moved at speed 1.0m/s in fluid mud 2
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B.1.3 Wooden plate dragged in the Fluid mud 3

Figure B.9,B.10,B.11, and B.12 represents the load-cell signal of total resistance of plate when moved in
the Fluid mud 3 at speeds 0.25m/s,0.5m/s,0.75m/s, and 1.0m/s respectively.

Figure B.9: Total resistance of the plate moved at speed 0.25m/s in fluid mud 3
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Figure B.10: Total resistance of the plate moved at speed 0.5m/s in fluid mud 3

Figure B.11: Total resistance of the plate moved at speed 0.75m/s in fluid mud 3
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Figure B.12: Total resistance of the plate moved at speed 1.0m/s in fluid mud 3
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B.1.4 Cux sampler plates dragged in the Fluid mud 3

Two thin plates of dimensions 0.5m X 0.33m and 0.5m X 0.5m. were assembled to the Cux sampler and
flume experiments were carried out by dragging it at speeds 0.25m/s,0.5m/s,0.75m/s,1.0m/s,1.25m/s, and
1.5m/s.

Load-cell signal of total resistance of thin plate of dimensions 0.5m X 0.33m dragged in the Fluid
mud 3

Figure B.13,B.14,B.15,B.16,B.17, and B.18 represents the load-cell signal of total resistance of plate when
moved in the Fluid mud 3 at speeds 0.25m/s,0.5m/s,0.75m/s,1.0m/s,1.25m/s, and 1.5m/s respectively.

Figure B.13: Total resistance of 0.5m X 0.33m size plate moved at speed 0.25m/s in fluid mud 3
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Figure B.14: Total resistance of 0.5m X 0.33m size plate moved at speed 0.5m/s in fluid mud 3

Figure B.15: Total resistance of 0.5m X 0.33m size plate moved at speed 0.75m/s in fluid mud 3
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Figure B.16: Total resistance of 0.5m X 0.33m size plate moved at speed 1.0m/s in fluid mud 3

Figure B.17: Total resistance of 0.5m X 0.33m size plate moved at speed 1.25m/s in fluid mud 3
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Figure B.18: Total resistance of 0.5m X 0.33m size plate moved at speed 1.5m/s in fluid mud 3

Load-cell signal of total resistance of thin plate of dimensions 0.5m X 0.5m dragged in the Fluid
mud 3

Figure B.19,B.20,B.21,B.22,B.23, and B.24 represents the load-cell signal of total resistance of plate when
moved in the Fluid mud 3 at speeds 0.25m/s,0.5m/s,0.75m/s,1.0m/s,1.25m/s, and 1.5m/s respectively.
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Figure B.19: Total resistance of 0.5m X 0.5m size plate moved at speed 0.25m/s and in fluid mud 3

Figure B.20: Total resistance of 0.5m X 0.5m size plate moved at speed 0.5m/s in fluid mud 3
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Figure B.21: Total resistance of 0.5m X 0.5m size plate moved at speed 0.75m/s in fluid mud 3

Figure B.22: Total resistance of 0.5m X 0.5m size plate moved at speed 1.0m/s in fluid mud 3

116



Figure B.23: Total resistance of 0.5m X 0.5m size plate moved at speed 1.25m/s in fluid mud 3

Figure B.24: Total resistance of 0.5m X 0.5m size plate moved at speed 1.5m/s in fluid mud 3
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B.2 Rheology and oven test results of fluid mud

In the flume experiments, the fluid mud dredged at Calandkanaal was diluted to meet the test matrix
requirements. In the test matrix, three different strengths of the fluid mud were proposed, and thus for
simple identification of fluid mud condition used in the test matrix, numbers were given to the fluid mud. In
brief, Fluid mud 1 means the fluid mud used in the first flume experiments, Fluid mud 2 means the fluid
mud used in the second flume experiments, and Fluid mud 3 means the fluid mud used in the third flume
experiments.

B.2.1 Fluid mud 1: Fluid mud used in first set of flume experiments

The fluid mud was homogenized with rotor and blade set up in the first flume experiments. After the mixing
process and the rest of approximately fifteen minutes, three fluid mud samples were collected (10:40 AM),
and after the completion of flume experiments, three fluid mud samples were collected (03:50 PM). The
collected fluid mud samples were labeled with acronyms. For instance, the label FM1S1 means Fluid mud
1 and sample number 1. The sample numbers are fixed to the location points, which are discussed in
Chapter 3. Table B.1 represents the details of rheometry and oven test results of the fluid mud samples.

Table B.1: Details of rheometry and oven test results for Calandkanaal fluid mud samples collected during the first flume experiments. All the tests
were performed on May 19, 2021.

Test
no

From oven test method Rheometry

Sample
Id

Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

139 FM1S1 1.200 0.11 201 73 27 Vane
CSR 0-20 180s up -
60s constant - 180s down

140 FM1S2 1.203 0.11 195 72 28 Vane
CSR 0-20 180s up -
60s constant - 180s down

141 FM1S3 1.203 0.11 205 72 28 Vane
CSR 0-20 180s up -
60s constant - 180s down

142 FM1S1 1.200 0.11 201 73 27 Bob
CSR 0-100 180s up -
60s constant - 180s down

143 FM1S2 1.203 0.11 195 72 28 Bob
CSR 0-100 180s up -
60s constant - 180s down

144 FM1S3 1.203 0.11 205 72 28 Bob
CSR 0-100 180s up -
60s constant - 180s down

145 FM1S1 1.200 0.11 201 73 27 Bob CSS 0-100 150s up
146 FM1S2 1.203 0.11 195 72 28 Bob CSS 0-100 150s up
147 FM1S3 1.203 0.11 205 72 28 Bob CSS 0-100 150s up

148 FM1S4 1.201 0.11 201 73 27 Vane
CSR 0-20 180s up -
60s constant - 180s down

149 FM1S5 1.200 0.11 206 73 27 Vane
CSR 0-20 180s up -
60s constant - 180s down

150 FM1S6 1.203 0.11 195 72 28 Vane
CSR 0-20 180s up -
60s constant - 180s down

151 FM1S4 1.201 0.11 201 73 27 Bob
CSR 0-100 180s up -
60s constant - 180s down

152 FM1S5 1.200 0.11 206 73 27 Bob
CSR 0-100 180s up -
60s constant - 180s down

153 FM1S6 1.203 0.11 195 72 28 Bob
CSR 0-100 180s up -
60s constant - 180s down

154 FM1S4 1.201 0.11 201 73 27 Bob CSS 0-100 150s up
155 FM1S5 1.200 0.11 206 73 27 Bob CSS 0-100 150s up
156 FM1S6 1.203 0.11 195 72 28 Bob CSS 0-100 150s up

The flow curves obtained in CSR tests with bob-cup geometry are represented in the Figure B.25 and
B.26. The CSR tests with vane(FL22)-cup geometry are represented in Figure B.29 and B.30. The fluid
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mud samples were also tested in CSS mode with bob-cup geometry to obtain the viscous curves, see
Figure B.27 and B.28.

Figure B.25: Fluid mud-1 samples were collected before the flume tests were tested in CSR mode using bob-cup geometry to obtain flow curves.

Figure B.26: Fluid mud-1 samples were collected after the flume tests were tested in CSR mode using bob-cup geometry to obtain flow curves.
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Figure B.27: Fluid mud-1 samples were collected before the flume tests were tested in CSS mode using bob-cup geometry to obtain viscous curves.

Figure B.28: Fluid mud-1 samples were collected after the flume tests were tested in CSS mode using bob-cup geometry to obtain viscous curves.
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Figure B.29: Fluid mud-1 samples were collected before the flume tests were tested in CSR mode using vane(FL22)-cup geometry to obtain flow
curves.

Figure B.30: Fluid mud-1 samples were collected after the flume tests were tested in CSR mode using vane(FL22)-cup geometry to obtain flow curves.
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B.2.2 Fluid mud 2: Fluid mud used in second set of flume experiments

The fluid mud was homogenized with rotor and blade set up in the second flume experiments. After the
mixing process and the rest of approximately fifteen minutes, three fluid mud samples were collected
(09:45 AM), and after the completion of flume experiments, three fluid mud samples were collected (01:00
PM). The collected fluid mud samples were labeled with acronyms. For instance, the label FM1S1 means
Fluid mud 2 and sample number 1. The sample numbers are fixed to the location points, which are
discussed in Chapter 3. Table B.2 represents the details of rheometry and oven test results of the fluid
mud samples.

Table B.2: Details of rheometry and oven test results for Calandkanaal fluid mud samples collected during the second flume experiments. All the tests
were performed on May 25, 2021.

Test
no

From oven test method Rheometry

Sample
Id

Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

157 FM2S1 1.192 0.10 213 74 26 Vane
CSR 0-20 180s up -
60s constant - 180s down

158 FM2S2 1.192 0.10 217 74 26 Vane
CSR 0-20 180s up -
60s constant - 180s down

159 FM2S3 1.191 0.10 229 74 26 Vane
CSR 0-20 180s up -
60s constant - 180s down

160 FM2S1 1.192 0.10 213 74 26 Bob
CSR 0-300 180s up -
60s constant - 180s down

161 FM2S2 1.192 0.10 217 74 26 Bob
CSR 0-300 180s up -
60s constant - 180s down

162 FM2S3 1.191 0.10 229 74 26 Bob
CSR 0-300 180s up -
60s constant - 180s down

163 FM2S1 1.192 0.10 213 74 26 Bob CSS 0-100 150s up
164 FM2S2 1.192 0.10 217 74 26 Bob CSS 0-100 150s up
165 FM2S3 1.191 0.10 229 74 26 Bob CSS 0-100 150s up

166 FM2S4 1.192 0.10 199 74 26 Vane
CSR 0-20 180s up -
60s constant - 180s down

167 FM2S5 1.192 0.10 213 74 26 Vane
CSR 0-20 180s up -
60s constant - 180s down

168 FM2S6 1.191 0.10 214 74 26 Vane
CSR 0-20 180s up -
60s constant - 180s down

169 FM2S4 1.192 0.10 199 74 26 Bob
CSR 0-100 180s up -
60s constant - 180s down

170 FM2S5 1.192 0.10 213 74 26 Bob
CSR 0-100 180s up -
60s constant - 180s down

171 FM2S6 1.191 0.10 214 74 26 Bob
CSR 0-100 180s up -
60s constant - 180s down

172 FM2S4 1.192 0.10 199 74 26 Bob CSS 0-100 150s up
173 FM2S5 1.192 0.10 213 74 26 Bob CSS 0-100 150s up
174 FM2S6 1.191 0.10 214 74 26 Bob CSS 0-100 150s up

The flow curves obtained in CSR tests with bob-cup geometry are represented in the Figure B.31 and
B.32. The CSR tests with vane(FL22)-cup geometry are represented in Figure B.35 and B.36. The fluid
mud samples were also tested in CSS mode with bob-cup geometry to obtain the viscous curves, see
Figure B.33 and B.34.
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Figure B.31: Fluid mud-2 samples were collected before the flume tests were tested in CSR mode using bob-cup geometry to obtain flow curves.

Figure B.32: Fluid mud-2 samples were collected after the flume tests were tested in CSR mode using bob-cup geometry to obtain flow curves.
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Figure B.33: Fluid mud-2 samples were collected before the flume tests were tested in CSS mode using bob-cup geometry to obtain viscous curves.

Figure B.34: Fluid mud-2 samples were collected after the flume tests were tested in CSS mode using bob-cup geometry to obtain viscous curves.
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Figure B.35: Fluid mud-2 samples were collected before the flume tests were tested in CSR mode using vane(FL22)-cup geometry to obtain flow
curves.

Figure B.36: Fluid mud-2 samples were collected after the flume tests were tested in CSR mode using vane(FL22)-cup geometry to obtain flow curves.
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B.2.3 Fluid mud 3: Fluid mud used in third set of flume experiments

The fluid mud was homogenized with rotor and blade set up in the third flume experiments. After the mixing
process and the rest of approximately fifteen minutes, three fluid mud samples were collected (09:45 AM),
and after the completion of flume experiments, three fluid mud samples were collected (04:00 PM). The
collected fluid mud samples were labeled with acronyms. For instance, the label FM1S1 means Fluid mud
3 and sample number 1. The sample numbers are fixed to the location points, which are discussed in
Chapter 3. Table B.3 represents the details of rheometry and oven test results of the fluid mud samples.

Table B.3: Details of rheometry and oven test results for Calandkanaal fluid mud samples collected during the third flume experiments. All the tests
were performed on May 27, 2021.

Test
no

From oven test method Rheometry

Sample
Id

Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

175 FM3S1 1.174 0.09 253 76 24 Vane
CSR 0-20 180s up -
60s constant - 180s down

176 FM3S2 1.174 0.09 173 76 24 Vane
CSR 0-20 180s up -
60s constant - 180s down

177 FM3S3 1.173 0.09 239 76 24 Vane
CSR 0-20 180s up -
60s constant - 180s down

178 FM3S1 1.174 0.09 253 76 24 Bob
CSR 0-300 180s up -
60s constant - 180s down

179 FM3S2 1.174 0.09 173 76 24 Bob
CSR 0-300 180s up -
60s constant - 180s down

180 FM3S3 1.173 0.09 239 76 24 Bob
CSR 0-300 180s up -
60s constant - 180s down

181 FM3S1 1.174 0.09 253 76 24 Bob CSS 0-100 150s up
182 FM3S2 1.174 0.09 173 76 24 Bob CSS 0-100 150s up
183 FM3S3 1.173 0.09 239 76 24 Bob CSS 0-100 150s up

184 FM3S4 1.168 0.09 245 76 24 Vane
CSR 0-20 180s up -
60s constant - 180s down

185 FM3S5 1.169 0.09 251 76 24 Vane
CSR 0-20 180s up -
60s constant - 180s down

186 FM3S6 1.187 0.10 241 76 24 Vane
CSR 0-20 180s up -
60s constant - 180s down

187 FM3S4 1.168 0.09 245 76 24 Bob
CSR 0-100 180s up -
60s constant - 180s down

188 FM3S5 1.169 0.09 251 76 24 Bob
CSR 0-100 180s up -
60s constant - 180s down

189 FM3S6 1.187 0.10 241 76 24 Bob
CSR 0-100 180s up -
60s constant - 180s down

190 FM3S4 1.168 0.09 245 76 24 Bob CSS 0-100 150s up
191 FM3S5 1.169 0.09 251 76 24 Bob CSS 0-100 150s up
192 FM3S6 1.187 0.10 241 76 24 Bob CSS 0-100 150s up

The flow curves obtained in CSR tests with bob-cup geometry are represented in the Figure B.37 and
B.38. The CSR tests with vane(FL22)-cup geometry are represented in Figure B.41 and B.42. The fluid
mud samples were also tested in CSS mode with bob-cup geometry to obtain the viscous curves, see
Figure B.39 and B.40.
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Figure B.37: Fluid mud-3 samples were collected before the flume tests were tested in CSR mode using bob-cup geometry to obtain flow curves.

Figure B.38: Fluid mud-3 samples were collected after the flume tests were tested in CSR mode using bob-cup geometry to obtain flow curves.
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Figure B.39: Fluid mud-3 samples were collected before the flume tests were tested in CSS mode using bob-cup geometry to obtain viscous curves.

Figure B.40: Fluid mud-3 samples were collected after the flume tests were tested in CSS mode using bob-cup geometry to obtain viscous curves.
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Figure B.41: Fluid mud-3 samples were collected before the flume tests were tested in CSR mode using vane(FL22)-cup geometry to obtain flow
curves.

Figure B.42: Fluid mud-3 samples were collected after the flume tests were tested in CSR mode using vane(FL22)-cup geometry to obtain flow curves.
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B.2.4 Fluid mud 3: Fluid mud used in the flume experiments with CUX sampler

The fluid mud was homogenized with rotor and blade set up in the flume experiments with CUX sampler.
During the flume experiments, three fluid mud samples were collected (01:30 PM). The collected fluid mud
samples were labeled with acronyms. For instance, the label CUXFM3S1 means Fluid mud 3 in the flume
experiments with CUX sampler and sample number 1. Table B.4 represents the details of rheometry and
oven test results of the fluid mud samples.

Table B.4: Details of rheometry and oven test results for Calandkanaal fluid mud samples collected during the third flume experiments. All the tests
were performed on May 27, 2021.

Test
no

From oven test method Rheometry

Sample
Id

Density
[g/cc]

Vol.
Concen-
tration

Geo
water

content
[%]

Hydro
water

content
[%]

Solid
content

[%]
Geometry Protocols

193 CUXFM3S1 1.172 0.09 231 76 24 Bob
CSR 0-100 180s up -
60s constant - 180s down

194 CUXFM3S2 1.170 0.09 233 76 24 Bob
CSR 0-100 180s up -
60s constant - 180s down

195 CUXFM3S1 1.172 0.09 231 76 24 Bob CSS 0-100 150s up
196 CUXFM3S2 1.170 0.09 233 76 24 Bob CSS 0-100 150s up

197 CUXFM3S1 1.172 0.09 231 76 24 Vane
CSR 0-20 180s up -
60s constant - 180s down

198 CUXFM3S2 1.170 0.09 233 76 24 Vane
CSR 0-20 180s up -
60s constant - 180s down

The flow curves obtained in CSR tests with bob-cup geometry are represented in the Figure B.43. The
CSR tests with vane(FL22)-cup geometry are represented in Figure B.45. The fluid mud samples were
also tested in CSS mode with bob-cup geometry to obtain the viscous curves, see Figure B.44.

Figure B.43: Fluid mud-3 samples were collected during the flume tests with the Cux sampler were tested in CSR mode using bob-cup geometry to
obtain flow curves.
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Figure B.44: Fluid mud-3 samples were collected during the flume tests with the Cux sampler were tested in CSS mode using bob-cup geometry to
obtain viscous curves.

Figure B.45: Fluid mud-3 samples were collected during the flume tests with the Cux sampler were tested in CSR mode using vane(FL22)-cup
geometry to obtain flow curves.
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B.3 Analytical calculations of frictional force on a plate dragged in
Power law fluids and Bingham fluids

The flow curves of the fluid mud samples collected during the flume experiments were fitted with Ostwald-
de Waele (Power-law) model using the Thermo scientific HAAKE rheometer job manager software, see
Figure B.46, B.47, B.48,B.49,B.50, and B.51. From these curve fittings, the values of fluid consistency (m)
and flow index (n) were found, see Table B.5. The calculations of frictional force on a plate when dragged
in power-law fluids are represented in Table B.6.

Table B.5: Details of power law curve fitting parameters and calculation of frictional force on a plate

m and n

constant values

Sample
number

Fluid mud 1 Fluid mud 2 Fluid mud 3
m n m n m n

1 13.52 0.1456 9.443 0.1684 4.811 0.1987
2 14.66 0.1412 9.114 0.1721 5.107 0.1869
3 14 0.1528 8.888 0.172 5.008 0.1895
4 14.04 0.1367 9.165 0.172 4.277 0.1993
5 12.87 0.1459 9.548 0.1665 4.849 0.1922
6 14.81 0.136 8.968 0.1702 5.152 0.1865
Average 13.98 0.14 9.19 0.17 4.87 0.19

F(n) (Eq. 2.23) 6.6343 6.5392 6.4642
Cn (Eq. 2.22) 1.848 1.822 1.801

Table B.6: Calculations of frictional force on a plate dragged in power-law fluids.

Fluid mud
Velocity

[m/s]

Reynolds
number

(Eq. 2.21)

Drag
coefficient
(Eq. 2.20)

Frictional force
[N]

(Eq. 2.19)

Fluid mud-1

0.25 6 0.36 21.0
0.5 23 0.12 27.2

0.75 49 0.06 31.7
1.0 84 0.04 35.3

Fluid mud-2

0.25 10 0.25 15.4
0.5 36 0.09 20.8

0.75 75 0.05 24.8
1.0 126 0.03 28.1

Fluid mud-3

0.25 19 0.15 9.0
0.5 67 0.05 12.6

0.75 139 0.03 15.3
1.0 234 0.02 17.6
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(a) Power law curve fitting to the ramp-down flow curve of Fluid mud-1 and sample
no 1 (Test no 142)

(b) Power law curve fitting to the ramp-down flow curve of Fluid mud-1 and sample
no 2 (Test number 143)

(c) Power law curve fitting to the ramp-down flow curve of Fluid mud-1 and sample
no 3 (Test number 144)

Figure B.46: Ostwald-de Waele (Power-law) model curve fitting to the ramp-down flow curves of the fluid mud collected before the first set of flume
experiments.
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(a) Power law curve fitting to the ramp-down flow curve of Fluid mud-1 and sample
no 4 (Test number 151)

(b) Power law curve fitting to the ramp-down flow curve of Fluid mud-1 and sample
no 5 (Test number 152)

(c) Power law curve fitting to the ramp-down flow curve of Fluid mud-1 and sample
no 6 (Test number 153)

Figure B.47: Ostwald-de Waele (Power-law) model curve fitting to the ramp-down flow curves of the fluid mud collected after the first set of flume
experiments.
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(a) Power law curve fitting to the ramp-down flow curve of Fluid mud-2 and sample
no 1 (Test no 160)

(b) Power law curve fitting to the ramp-down flow curve of Fluid mud-2 and sample
no 2 (Test number 161)

(c) Power law curve fitting to the ramp-down flow curve of Fluid mud-2 and sample
no 3 (Test number 162)

Figure B.48: Ostwald-de Waele (Power-law) model curve fitting to the ramp-down flow curves of the fluid mud collected before the second set of flume
experiments.
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(a) Power law curve fitting to the ramp-down flow curve of Fluid mud-2 and sample
no 4 (Test number 169)

(b) Power law curve fitting to the ramp-down flow curve of Fluid mud-2 and sample
no 5 (Test number 170)

(c) Power law curve fitting to the ramp-down flow curve of Fluid mud-2 and sample
no 6 (Test number 171)

Figure B.49: Ostwald-de Waele (Power-law) model curve fitting to the ramp-down flow curves of the fluid mud collected after the second set of flume
experiments.
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(a) Power law curve fitting to the ramp-down flow curve of Fluid mud-3 and sample
no 1 (Test no 178)

(b) Power law curve fitting to the ramp-down flow curve of Fluid mud-3 and sample
no 2 (Test number 179)

(c) Power law curve fitting to the ramp-down flow curve of Fluid mud-3 and sample
no 3 (Test number 180)

Figure B.50: Ostwald-de Waele (Power-law) model curve fitting to the ramp-down flow curves of the fluid mud collected before the third set of flume
experiments.
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(a) Power law curve fitting to the ramp-down flow curve of Fluid mud-3 and sample
no 4 (Test number 187)

(b) Power law curve fitting to the ramp-down flow curve of Fluid mud-3 and sample
no 5 (Test number 188)

(c) Power law curve fitting to the ramp-down flow curve of Fluid mud-3 and sample
no 6 (Test number 189)

Figure B.51: Ostwald-de Waele (Power-law) model curve fitting to the ramp-down flow curves of the fluid mud collected after the third set of flume
experiments.

The frictional force exerted on a plate when dragged in Bingham fluids is calculated using the analytical
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formulas, see Table B.7.

Table B.7: Calculations of frictional forces exerted on a plate dragged in Bingham fluids

Fluid mud
Velocity

[m/s]

Reynolds
number

(Eq. 2.12)

Bingham
number

(Eq. 2.15)

Drag
coefficient
(Eq. 2.14)

Frictional force
[N]

(Eq. 2.16)

Fluid mud-1

0.25 4674 0.558 0.577 33.3
0.5 9348 0.139 0.153 35.3
0.75 14023 0.062 0.073 37.9
1.0 18697 0.035 0.044 41.0

Fluid mud-2

0.25 8670 0.438 0.452 27.2
0.5 17340 0.109 0.119 28.8
0.75 26010 0.049 0.057 30.7
1.0 34680 0.027 0.034 33.1

Fluid mud-3

0.25 12709 0.251 0.262 15.6
0.5 25418 0.063 0.071 16.8
0.75 38126 0.028 0.034 18.4
1.0 50835 0.016 0.021 20.3
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