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Abstract

Siltation of fine (cohesive) sediment in navigation channels and harbour basins may cause
serious problems for the shipping industry. Intensive maintenance dredging is required
to ensure safe shipping traffic. Conventional dredging methods are highly expensive, and
therefore port authorities seek for more efficient solutions to reduce costs. One of these
solutions is water injection dredging (WID), which in general, proves to be cheaper than
hopper dredging by leaving the sediment in place, thus, eliminating substantial costs for
relocation of the dredged sediment.

WID is generally applied on soils, which show high concentrations of fines in their
particle-size distribution. These kinds of soils, known as fluid mud, exhibit non-Newtonian
behaviour. An extensive rheological analysis of fluid mud from the Caland Canal
(Port of Rotterdam, The Netherlands), confirmed that fluid mud does indeed show
non-Newtonian behaviour. Flow curves obtained by a rotational rheometer provided
evidence that fluid mud can be classified as a visco-plastic fluid and furthermore ex-
hibits thixotropical behaviour. The focus of this study is on gaining more insight into
the influence of this non-Newtonian behaviour on fluid mud density currents created by
WID using detailed numerical simulations.

The numerical simulations were carried out by a variable density 3D computational
fluid dynamics (CFD) model. Visco-plastic behaviour was added through the Bingham-
Papanastasiou model, in addition, two rheological models, relating the Bingham model
parameters to the volumetric concentration of solids were used to capture the rheology
of fluid mud. Numerical results were validated by new experimental measurements
performed in the water-soil flume at Deltares. Comparison was made between a regular
simulation, without rheology, and the two rheological models for different magnitudes
of viscosity regularisation. The main difference between the two is the formation of a
new bed layer due to the influence of yield stress. This is caused by the relatively high
(apparent) viscosity, which is approximately two orders of magnitude larger, decelerating
the density current. Apart from this, a sharper density gradient and a lower density
current are developed as a consequence of the non-Newtonian rheology.
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fluid mud layer
[m]

Zc Cavity depth [m]

Greek symbols
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α1 Coefficient for particle Reynolds number [-]
αs Empirical fitting coefficient for the solids effect [-]
β1 Coefficient for particle Reynolds number [-]
βs Empirical fitting coefficient for the solids effect [-]
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γ̇ Shear rate [1/s]
γ̇c Critical shear rate at which no aggregates can exist [1/s]
Γ Diffusion coefficient [m2/s]
δ Strain [-]
δr Radius ratio [-]
∆Hd Intrusion depth [m]
∆ρf Differential density of flocs [kg/m3]
∆µ Surplus viscosity in completely build-up state [kg/s/m]
∆τ Yield stress differential [kg/s2/m]
ϵ Exponential stress growth parameter [-]
ε Dissipation of turbulent kinetic energy [m2/s2]
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ξcl Clay fraction [%]
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ρf Mud floc density [kg/m3]
ρl Density of fraction l [m2/s]
ρm Mixture density [kg/m3]
ρp Particle density [kg/m3]
ρsolids Solids density [kg/m3]
ρw Water density [kg/m3]
µ Dynamic viscosity [kg/s/m]
[µ] Intrinsic viscosity [-]
µ0 Bingham plastic viscosity in completely build-up state [kg/s2/m]
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µf Dynamic viscosity of carrier fluid [kg/s/m]
µm Dynamic viscosity of fluid mud [kg/s/m]
µw Dynamic viscosity of water [kg/s/m]
µB Bingham plastic viscosity [kg/s/m]
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τH Herschel-Bulkley yield stress [kg/s2/m]
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ϕmax Relative volumetric concentration at maximum packing density [-]
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Abbreviations
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TSHD Trailing suction hopper dredger
WID Water injection dredger
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1 | Introduction

1.1 Background

Global sea ports, like the Port of Rotterdam, are a sheltered environment in which sus-
pended soil particles tend to settle, this may lead to heavy siltation of fine (cohesive)
sediments. Siltation of navigation channels and harbour basins may cause serious prob-
lems for the shipping industry. In order to ensure safe shipping traffic this sediment will
have to be removed up to the required depth by intensive maintenance dredging.

The yearly dredged sediment volumes in the Port of Rotterdam have increased up
to 11 million m3 over the past few years. In comparison to 2011 the dredged volumes
are almost doubled (Kirichek et al., 2018). Historically the sediment depositions are re-
moved by Trailing Suction Hopper Dredgers (TSHD) and are transported to dedicated
relocation areas outside the port. This conventional way of maintenance dredging can
be very costly and therefore PRISMA research programme was set up. PRISMA, an
acronym for PRogramma Innovatie Sediment MAnagement, explores new innovation op-
portunities within its dredging programme and aims to increase insight into sediment’s
specific characteristics.

One of these studies includes a pilot on Water Injection Dredging (WID) and fluid
mud trapping which seems to be promising (Kirichek & Rutgers, 2019). WID is a
relatively new hydrodynamic dredging technique originating from the Dutch company
”Koninklijke Volker Stevin”. The christening of worlds first ever WID-pontoon, ”Jetsed”,
took place on 29 September 1987 in Deest, the Netherlands. At this time Koninklijke
Volker Stevin together with engineer R.N. van Weezenbeek had been busy developing
this technique for almost five years. Over the past couple of years this dredging tech-
nique has gained popularity especially in maintenance dredging.

Where conventional dredging methods rely on the mechanical transportation of sed-
iment, WID takes advantage of natural processes and forces to remobilise the sediment.
The bed is fluidised by injection of large volumes of low-pressurized water into the seabed.
A mixture of sediment and water is formed with a density slightly larger than the sur-
rounding water, stratifying the fluid. Due to the pressure difference, resulting from this
stratification, a gravity-driven density current is generated. The density current remains
close to the bed and may propagate horizontally or down a slope to deeper waters. The
travel distance is mainly determined by the initial thickness of the generated current,
in conjunction with its flow velocity and the sediment settling velocity. Course-grained
sediments (sands) will settle much faster than fine-grained sediments (silt and clays), re-
sulting in very short transport distances. This concludes that WID is most effective for
the removal of fine-grained sediments, conform the soils in maintenance dredging. Soil
conditions of this kind have been confirmed by soil samples taken from the Caland-Beer
Canal (Port of Rotterdam, the Netherlands), which show high concentrations of fines in
the particle-size distribution (van Kessel, 1997; Merckelbach, 1998). These kinds of soils,
known as fluid muds, exhibit non-Newtonian behaviour for which the viscosity depends
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on the shear rate. Non-Newtonian behaviour is described by rheology, which relates
stresses to strain rates by constitutive equations.

Figure 1.1: A water injection dredger. (Bray et al., 1996)

The absence of mechanical transportation in WID, make it quite cumbersome to
give a proper estimation of production rates. Production rates may be predicted us-
ing computation fluid dynamics (CFD) models, these models are able to simulate the
approximate behaviour of a gravity-driven density current. Including rheology into ex-
isting CFD-models may improve the results for high concentration fluid mud density
currents. This may contribute to a better understanding of the sediment transportation
process induced by WID, and determination of their production rates. In addition, the
opportunity arises for a better environmental impact assessment of the deployment of
water injection dredger in ports and waterways.

1.2 Problem definition

The necessity of regular maintenance dredging in the Port of Rotterdam is a major
expense. Being able to predict and understand the complex flow behaviour of the non-
Newtonian flows that arise during WID can contribute to more efficient employability
of these dredgers. Current models successfully capture sediment settling, turbulent
mixing and influences of density difference on the flow. But the influence of rheology, in
particular the time-dependent behaviour, is not yet included in the models. It is expected
that including rheology can improve the model predictions for high concentration fluid
mud WID density currents.

2 1.2. Problem definition
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1.3 Objectives and Research Questions

The objective of this master thesis is to improve the results of existing CFD-models for
high concentration fluid mud WID density currents by implementing non-Newtonian be-
haviour and studying the influence of non-Newtonian flow characteristics of these type of
flows. To achieve this objective the following research question will be answered during
the study:

”How does the addition of non-Newtonian behaviour in a CFD-model influence a
high concentration fluid mud density current”

During the thesis special attention will be given towards some critical areas such as:
- The co-existence of a non-Newtonian laminar fluid mud flow near the bed and a

turbulent flow higher in the water column.
- The transition from non-Newtonian laminar fluid mud flow towards a diluted tur-

bulent fluid mud flow.
- The simulation of the turbulent behaviour using Large-eddy simulation (LES).
- The modelling of the interface between the stationary and moving layer of fluid

mud.
This thesis is complementing another ongoing research within the PRISMA research

programme, consisting of a series of WID experiments performed in the water and soil
flume at Deltares.

1.4 Research methodology

The thesis can be separated into two distinct parts which are both assessed separately.
Starting with a literature study to gain a general understanding of the existing research
and debates on the topic. In addition, possible gaps in knowledge and unresolved prob-
lems, in which this research may contribute are identified. After the preliminary work
was finished, the research question is answered by the implementation and validation of
the suitable models into CFD-code TUDflow3d.

1.4.1 Part I - Literature study

A literature study is performed towards the implementation of non-Newtonian behaviour
of fluid muds into a numerical CFD-model. The literature study includes, but is not
limited to:

1. A general explanation on the water injection dredging technique.
2. A description of fluid mud and its physical properties/processes.
3. An evaluation of existing rheological models, categorized in:

(a) Models of time-independent non-Newtonian behaviour, which are:
i. the Herschel-Bulkley model by Winterwerp and Kranenburg;
ii. the Bingham model by Jacobs and van Kesteren;
iii. the Bingham model by Thomas.

(b) Models of time-dependent non-Newtonian behaviour, which are:
i. the Herschel-Bulkley model including thixotropy by Houska;
ii. the Worrall-Tuliani model including thixotropy by Toorman.

4. Viscosity regularisation methods.
5. The numerical model description.
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1.4.2 Part II - Extension of CFD model and validation

The second part of the thesis is centered around the extention of the CFD model. A
lot of supplementary work was done in order to be able to answer the research question,
this consists of at least the following:

1. Participation in the water-soil flume experiments;
2. Assessment of the current state of CFD-model TUDflow3d;
3. Implementation of non-Newtonian behaviour into TUDflow3d, including:

(a) the incorporation of the models described in the literature study into the
existing CFD-code;

(b) verification of the work against analytical solutions and numerical data;
4. Rotational rheometer measurements of fluid mud;
5. Parameter study;
6. Validation of the results with the water-soil flume experiments;
7. Conclusions and recommendations.

4 1.4. Research methodology
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2.1 Water injection dredging

This chapter gives a brief explanation on the concept of water injection dredging, and
provides more insight in the relevant physical processes involved in this dredging tech-
nique.

2.1.1 Principal process of water injection dredging

The general concept of WID is based on the principle of sediment remobilisation by
taking advantage of natural processes and forces. In the literature, Kortmann (1994)
and Veen (1999), among others, generally subdivided the process of WID into three
sub-processes:

1. Injection or jetting
2. Transition zone (generation of a density current)
3. Transport of sediment

Figure 2.1: The sub-processes of water injection dredging. (Winterwerp et al., 2002)

2.1.1.a Jetting

A water injection dredger injects large volumes of low-pressurized water (1-2 bar) into the
seabed through a series of nozzles distributed along a horizontal beam. These water jets
penetrate the soil, overcoming the cohesion in fine-grained (cohesive) soils or the internal
friction in coarse-grained (granular) soils, fluidising the bed (Nobel, 2013). The depth of
penetration is thus strongly dependent on the characteristic properties of the particular
soil being penetrated. In non-cohesive sediment these characteristic properties are the
permeability and grain size, where for cohesive sediment (clay and silt) the determining
factors are permeability, viscosity and in-situ density, which is generally a measure for
cohesion.
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In addition to the soil properties, the amount of penetration is also governed by the
characteristics of the jet itself. These are the exit velocity of the water from the jet,
the distance between the jet and the seabed, known as the stand-off distance (SOD)
and the jet’s diameter. But the trailing velocity of the dredger is important as well,
which is similar to a TSHD, and usually between 1.0-2.0 m/s. Among others, Schulting
(1998) and Schuurman (1997) have proposed empirical models for the estimation of the
penetration depths in fluid mud by WID.

Figure 2.2: Sketch of a moving jet penetrating cohesive soil. (Nobel & Talmon, 2011)

The penetration depth multiplied by the in-situ mixture density and the trailing
velocity of the vessel is a measure of the amount of loosened soil as a function of time,
which is proportional to the production rate of a water injection dredger. As the jet
is reaching its maximal penetration depth it starts to deflect backwards in horizontal
direction, dispersing the water-sediment mixture, see Figure 2.2.

The process of soil failure by a moving vertical jet is rather complex and has been
extensively investigated by Nobel (2013). The moving jet generates an undrained re-
sponse in cohesive soil, due to a high loading rate of the jet in combination with the low
water permeability and relatively high skeleton compressibility of the soil. Nobel (2013)
defined four different kind of failure modes characterised by cavity depth normalized
with the nozzle diameter (Zc/Dn). The failure mode is determined by the transverse
velocity of the jet vt and the relative jet pressure pj/cu, where pj is the dynamic pressure
of the jet, and cu the undrained shear strength. However he performed experimental
research on cohesive soils with jet pressure pj = 0.41 − 15.6 MN/m2, where in WID
the jet pressure is only about 0.1− 0.2 MN/m2. In the literature there is currently not
much on the subject of low pressure jetting in cohesive soils or the jetting process of
WID in particular. Schuurman (1997) suggests that the soil is removed by the process
of mass erosion. Mass erosion occurs when the induced stresses in the bed exceed the
local undrained shear strength, and lumps of material are torn out from the bed (Win-
terwerp et al., 2012). In fluid mud this type of undrained failure can occur, but this
is accompanied by a mixing process induced by the large quantities of water which are
injected.
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2.1.1.b Generation of a density current

The high velocity water-sediment mixture, created by the jets, will disperse in a direc-
tion perpendicular to the horizontal flow direction. This is due to the presence of eddies,
which entrain ambient water. As a result the jet stream will grow wider and higher,
reducing the sediment concentration and the average velocity of the mixture in the di-
rection of the flow. In addition, it will increase the discharge of the jet stream. At a
certain distance from the jet the average velocity has dropped enough that ambient wa-
ter is no longer entrained by the turbulent eddies, and further dispersal of sediment has
become negligible. The flow becomes stable and the transportation of sediment starts,
indicated in Figure 2.1 by sub-process 3, the velocity at which the flow becomes stable
is referred to as the critical velocity.

The water-sediment mixture in the stable flow has a density which is slightly larger
than the surrounding water, stratifying the fluid. Due to the pressure difference result-
ing from the stratification a gravity-driven density current is generated that may flow
horizontally or down a slope to deeper waters. The density current is governed by an
equilibrium between the driving forces due to gravity and hydrostatic pressure differ-
ence, and the resisting forces due to bed friction and internal friction. But also natural
processes like river currents, tidal forces or waves can contribute to the propagation of
the density current.

Figure 2.3: Schematic of the structure of the head of a density current. (Middleton, 1993)

2.1.1.c Transport of sediment

The generated density current, transporting the sediment, remains relatively close to the
seabed while propagating. The thickness of the natural fluid mud layer may vary between
one and three metres, depending on the soil properties (Estourgie, 1988). The travel
distance of the sediment is mainly determined by the initial thickness of the generated
current, in conjunction with its flow velocity and the sediment settling velocity. Course-
grained sediments (sands) will settle faster than fine-grained sediments (silt and clays),
resulting in very short transport distances. Thus WID becomes more effective as the
particle size decreases, however cohesion and consolidation effects do increase as well.
At some point the undrained shear strength of the soil layer at the bed may be so high,
that jetting is no longer disintegrating the soil into individual particles. The bed will
not fluidize and flow, but will form lumps of clay which settle quickly.

Chapter 2. Literature 7
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Table 2.1 gives an illustration of a range of production rates that have been achieved
by different water injection dredgers in WID projects from all around the world. Some
of the highest production rates have been reported in projects conducted in fine-grained
soils.

Project Name Soil
Description

Volume
(m3)

Duration
(hours)

Production
Rate (m3/hr)

Epon Harbour, Delfzijl,
The Netherlands

Silt & sand
D50 0.3mm

160,000 200 800

Haringvliet Harbour,
The Netherlands

Silt/clay 121,000 252 480

Crouch River, United
Kingdom

Clayey silt 6,200 12 540

Upper Mississippi
River 1992

Sand
0.3− 0.4 mm

6,154 44 140

Calumet 1994 Silt 0.004−
0.05 mm

12,034 24 502

East and West
Calumet floodgates

Silt 0.004−
0.05 mm

17,900 17 1,080

Michoud 2002 Silt 178,642 96 1,861
Mississippi River Gulf
Outlet (MRGO) 2003

Silt 269,230 96 2,800

Weser Estuary,
Germany, 2009

Sand 0.6 mm 650,000
(per year)

1,200 550

Elbe Estuary, Germany,
2009

Sand and Silt
0.05− 0.6 mm

1,500,000
(per year)

2,000 750

Table 2.1: Typical production rates in WID projects, adapted from PIANC, 2013.

The Dutch governmental agency, ”Rijkswaterstaat”, together with HAM-van Oord
Werkendam (HAM-VOM) performed some full-scale WID experiment with the Jetsed
in the Haringvliet, which is one of the closed branches of the Rhine-Meuse delta in the
Netherlands. During the experiment the average thickness of the generated density cur-
rent was in between 0.4-1.0 m with a density of 1.02-1.10 kg/l, and a flow velocity of
about 0.3-0.5 m/s (Rijkswaterstaat & HAM-VOW, 1994). Based on these measurements
they estimated that this density current could travel around 10 km from an initial height
of 1 m. Another observation was that there was virtually no sediment present in the
water column above the fluid mud layer.

8 2.1. Water injection dredging
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2.2 Fluid mud

Various definitions of fluid mud as a medium have been used in the literature, where
Winterwerp (1999) referred to fluid mud as ”a suspension of cohesive sediment at a
concentration beyond the gelling point, i.e. of the order of several 10-100 g/L, This sus-
pension exhibits profound non-Newtonian behaviour, and is either stationary or moving.”
McAnally et al. (1988) defined fluid mud as: ”a high concentration aqueous suspension
of fine-grained sediment in which settling is substantially hindered by the proximity of
sediment grains and flocs, but which has not formed an interconnected matrix of bonds
strong enough to eliminate the potential for mobility.” According to the definitions fluid
mud is basically the transitory state of suspension between the cohesive bed layer and
low concentration mobile suspension layer, see Figure 2.5. Fluid mud relies on external
energy sources, like waves or pressure gradients, to remain in a fluidic state.

Fluid mud is a mixture which typically consists of clay particles (≤ 2 µm), silt (≤
63 µm), fine sand, organic material and water. The cohesive behaviour of fluid mud is
determined by the presence of clay particles, organic material and water. In general,
smaller particles are more cohesive, with cohesion becoming progressively more impor-
tant as the particle size decreases below 40 µm (Mehta & McAnally, 2002). The degree
of cohesion depends on the specific surface area, defined as the ratio of particle surface
area to particle weight. Unlike sand and silt, which are mostly spherically shaped, clay
particles exhibit a more plate-like shape. Therefore clay particles have a relatively higher
specific surface area and are cohesive.

2.2.1 Flocculation process

A separate sub-fraction may be distinguished within the clay fraction, the colloidal
fraction, that does not settle in water due to Brownian motion. The diameter of colloidal
particles range in between 1 and 1000 nm. Colloids are carrying an electrical charge,
known as the Zeta-potential, which is jointly responsible for aggregation in fluid mud.
The Zeta-potential is a measure for the electrostatic repulsion forces between colloidal
particles, i.e. low Zeta-potential reflects low repulsive forces (Hunter, 1981). When,
during a particle collision, these repulsive forces are overcome by the attractive Van
der Waals forces, they may form large clusters or flocs. This is due to the presence of
positively charged ions in the carrier fluid (water) which form a sort of cloud around the
negatively charged colloids (van Rijn, 1993). An important factor in this process is the
salinity of the water. Freshwater suspensions only contain few positively charged ions,
therefore the repulsive forces between the negatively charged colloids are dominating and
the colloids will repel each other. Whereas in saline water the positively charged ions are
in abundance and the attractive forces will dominate enhancing the formation of flocs.
The reversible processes of aggregation and break-down of flocs is often referred to as
flocculation, and is one of the most important phenomena in cohesive sediment dynamics.
The frequency of inter-particle collisions in the flocculation process is governed by the
following three mechanisms:

1. Brownian motions of particles
2. Differential settling of suspended particles
3. Laminar and Turbulent velocity gradients
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Based on studies by van Leussen (1994) and Stolzenbach and Elimelech (1993), Win-
terwerp (1999) concluded that the effects of Brownian motion and differential settling
are very small in estuarine and coastal environments and are therefore negligible. Hence
flocculation in estuaries can be totally attributed to the effects of turbulence. The maxi-
mum size a floc can attain is influenced by turbulence in two opposing ways. On the one
hand an increase in turbulence does result in a higher number of particle collisions per
unit time and thus larger flocs. Although on the other hand an increase of turbulence
comes with a larger turbulent shear stress. When the shear stress exceeds the strength
of the flocs, they will start to break-down, putting a constraint on the maximum floc
size (van Leussen, 1988).

The physical properties of flocs are very different from that of the particles from
which they are formed. This is due to the very open structure characterizing the flocs,
which allows for very large water contents (up to 80 - 98%). The size and settling
velocity of flocs are much greater than those of individual particles, but the overall
floc density is less (only slightly larger than that of water). Krone (1963, 1986) was
one of the first researchers to establish a relation between the physical properties of
mud flocs and their structure. He introduced the concept of orders of aggregation, and
showed experimentally that aggregate density, yield strength and viscosity depend on
the order of aggregation. According to this concept the aggregate structure is more or
less independent of the scale considered.

Figure 2.4: Concept of orders of aggregation. (Winterwerp & van Kesteren, 2004)

2.2.2 Particle settling

Gravitational forces induce a downward movement on the mud flocs, which in the litera-
ture is often referred to as settling. The settling velocity ws,r of an individual floc in still
water depends on the floc diameter Df , viscosity of carrier fluid µ and differential density
∆ρf . Differential density of flocs is defined as ∆ρf = ρf − ρw, i.e. the excess density
relative to water. In dredging typical values for ∆ρf are in the order of 50-350 kg/m3

(Teeter, 1992). The terminal settling velocity of mud flocs can be obtained from a force
balance between gravitational and the opposing drag and buoyancy forces. Winterwerp
(1999) introduced an implicit formula to determine the terminal settling velocity of an
individual mud floc in still water:

ws,r =
α1

18β1

∆ρfgz
µ

D
3−nf

f

D
nf−1

f

1 + 0.15Re0.687f

, (2.1)
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with coefficients α1 and β1 depending on the shape of the particles (α1 = β1 = 1 for
spherical particles), nf is the fractal dimension of a floc, gz the gravitational acceleration
and Ref = ws,rDf/ν is the particle Reynolds number of a floc.

In flowing water, turbulent motions result in mixing processes, opposing settling. As
a result the vertical concentration profile with associated velocities develops as shown
in Figure 2.5.

Figure 2.5: Typical instantaneous concentration and velocity profiles in high concentration
estuarine environment Ross and Mehta (1989).

The figure above facilitates a qualitative description of the different sediment trans-
port processes in the water column. Within the vertical structure of this concentration
profile, three characteristic regions can be defined; an upper mobile suspension layer, a
fluid mud layer and a cohesive sediment bed.

Directly below the water surface the suspension is well-mixed and the concentration
of mud flocs is so low that fluid is practically Newtonian. Within the water column,
this mobile suspension layer, is typically the largest layer extending down to a certain
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depth za. The mixing processes are sustained by a pressure gradient driven turbulent flow
resulting from water surface slopes emerging from tides and freshwater discharge. As the
concentration increases with depth, and thus the frequency of inter-particle collisions, the
rheological properties start to become more and more non-Newtonian. At a certain depth
za the mobile suspension layer transitions into the fluid mud layer. This transition is
characterized by a very sharp, almost vertical, concentration gradient called the lutocline.
The volumetric concentration of flocs in this layer have become so high that they start
to hinder each other in the settling, decreasing the settling velocity of individual flocs.
This effect is called hindered settling, the processes responsible for hindered settling are
well summarized by Winterwerp and van Kesteren (2004).

2.2.3 Gelling and consolidation

The process of hindered settling leads to a further increase of floc concentrations near
the bed. When the concentration of flocs increases up to a certain gelling point cgel, the
flocs become space-filling and start to form a network structure, called a gel. At this
point the relative volumetric concentration of flocs, ϕf = c

cgel
, is equal to one. As the

concentration goes beyond the gelling point, c ≥ cgel, hindered settling takes no longer
place, and further compaction of fluid mud under the excess weight of flocs leads to
a process known as self-weight consolidation. Pore water is forced out of the flocs and
between the voids giving rise to a build up of pore water pressure. Following the principle
of effective stress, proposed by Terzaghi (1943), pore water pressure will introduce an
effective stress in the fluid mud. The difference between total stress σ and pore water
pressure pp is defined as the effective stress σ

′ :

σ
′
= σ − pp. (2.2)

Dissipation of pore water pressure over time increases the effective stress and gives
yield strength to the fluid mud. Note that as fluid mud is consolidating the relative
volumetric concentration ϕf may become larger than one. Within the upper layer of
fluid mud the effective stress/yield stress is still small w.r.t. the driving forces, so this
layer is flowing in horizontal direction and can be classified as mobile fluid mud. The
overall strength of this layer is reduced by the break-up of flocs due to shearing. In
addition to that, shear will also break open pores, so that pore water may be expelled
more easily(Wolanski et al., 1992).

As the self-weight consolidation process continues and the effective stress together
with the yield strength will increase, the influence of the driving forces will become
negligible. When the yield stress exceed the shear stress, the fluid mud is no longer
mobile and is classified as stationary fluid mud.
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2.3 Rheology

Rheology is the study of deformation and flow of matter which describes the interrelation
between force, deformation and time. The flow behaviour within the water column
can be described by constitutive equations, which relates stresses to strain rates. The
resistance of fluids against shear is described by the viscosity, this physical property of
fluids gives the ratio of shear stress to shear rate. Fluids are generally categorised as
either Newtonian or non-Newtonian depending on their flow behaviour.

2.3.1 Newtonian fluids

Fluids which are classified as Newtonian obey the so-called Newton’s law of viscosity.
This is one of the simplest constitutive relations, which specifies a linear proportionality
between stress and strain:

τ = µγ̇, (2.3)

where τ is the shear stress, µ the dynamic viscosity and γ̇ the shear rate. The viscosity of
Newtonian fluids does not depend on the shear rate, and it depends only on temperature
and pressure. Thus the flow behaviour of a Newtonian fluid is completely characterised
by the viscosity for a given temperature and pressure.

2.3.2 Non-Newtonian fluids

Fluid muds, which are non-Newtonian, do not follow Newton’s law. Their viscosity is not
constant and depends on the shear rate or deformation history. Unlike Newtonian flu-
ids, non-Newtonian fluids demonstrate either a non-linear relation between shear stress
and shear rate, have a yield strength, or their viscosity depends on time or deforma-
tion history (or even combinations of all the above). Non-Newtonian fluid behaviour is
commonly classified into three categories:

2.3.2.a Time-independent behaviour

These fluids are also known as generalized Newtonian fluids (GNF) (Chhabra, 2007)
whose flow properties are independent of the duration of shear. They are purely viscous
and their shear stress is solely determined by the shear rate at that particular instant,
or vice versa. Therefore they may be described in simple shear by a rheological equation
of the form:

τ = η(γ̇)γ̇, (2.4)

where η(γ̇) is the viscosity function.

Fluids within this category can be further subdivided into three different types:

1. Shear-thinning or pseudoplastic fluids
This is the most common type of non-Newtonian behaviour, in which the apparent
viscosity decreases with increasing shear rate.

2. Shear-thickening or dilatant fluids
Opposite to shear-thinning behaviour, is the shear-thickening behaviour in which
the apparent viscosity increases with increasing shear rate.
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3. Visco-plastic fluids
These fluids are characterized by the existence of a yield stress τy that must be
exceeded before it will deform or flow. Once the yield stress is exceeded by the
applied stress, the flow curve may be either linear or non-linear. In case the curve
is linear, the fluids are known as Bingham plastic fluids, and may be described by
the Bingham model:

τ = τB + µBγ̇ ⇐⇒ τ > τB,

γ̇ = 0 ⇐⇒ τ ≤ τB, (2.5)

where τB is the Bingham yield stress and µB is the Bingham plastic viscosity.

Another model which is able to describe all three different types of behaviour is
the Herschel-Bulkley model. This is basically the Bingham model in a generalised
form. The linear shear rate dependence as in the Bingham model has been replaced
by a power-law behaviour resulting in:

τ = τH +Kγ̇ni ⇐⇒ τ > τH ,

γ̇ = 0 ⇐⇒ τ ≤ τH , (2.6)

where τH is the Herschel-Bulkley yield stress, K is the consistency index and ni

the flow index. The value of the flow index determines the behaviour:

- Shear-thinning behavior for ni < 1

- Visco-plastic behaviour for ni = 1

- Shear-thickening behaviour for ni > 1

(a) Time-independent behaviour (b) Time-dependent behaviour

Figure 2.6: Qualitative flow curves for different types of non-Newtonian fluids. (Chhabra,
2007)
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2.3.2.b Time-dependent behaviour

The shear flow properties may depend on both the shear rate as well as on the time of
shearing.

1. Thixotropy
When undisturbed soils are being manipulated they attain a so called remoulded
state. During remoulding the internal soil microstructure is being distorted and
water molecules in the adsorbed layer are being disturbed. Cohesive soils lose a
portion of its shear strength upon remoulding. When left undisturbed and without
further change in water content, the disturbed water molecules start to reorientate
and the strength loss may be partly regained over time. The strength loss due
to distortion/destruction of internal soil microstructure can’t be regained. This
time-dependent reversible shear-thinning behaviour of soils is called ”thixotropy”
(Murthy, 2002).
A material exhibits thixotropy, if its apparent viscosity (or shear stress) decreases
with time when sheared at a constant rate of shear. When the shear is measured
under consecutively increasing and decreasing shear rates, the up- and down curves
do not coincide. In fact the shear stress on the up curve is higher than the corre-
sponding shear on the down curve, indicative of the gradual breaking down of the
thixotropic structure on the up curve and a gradual re-building of it on the down
curve. This phenomena is represented by a hysteresis loop in the flow curve, where
the surface area of this loop can be used as a measure for the degree of thixotropy.
Thixotropic behaviour gives a hysteresis loop in clockwise direction as shown by
the flow curves in Figure 2.6b. The height, shape, and surface area of the loop
are depending on kinematic parameters such as shear history and both the rate of
change and maximum value of the shear rate.

2. Rheopexy (or negative thixotropy)
The opposite behaviour of thixotropy is rheopexy, these materials exhibit an in-
crease in apparent viscosity with the during of shearing. Again hysteresis effects
are observed in cycles of increasing and decreasing shear rates, but looping turn
in anticlockwise direction.

2.3.2.c Visco-elastic behaviour

Visco-elastic fluids posses the elasticity of solids and the viscosity of liquids simulta-
neously. In classical linear elasticity theory of solids, the stress σ in a sheared body is
directly proportional to the strain δ. For tension, Hooke’s law applies, and the coefficient
of proportionality E is called the Young’s modulus:

σ = Eδ. (2.7)

When solids are deformed within the elastic limit, below the yield point, it returns to its
original shape upon removal of the stress. However, the material will plastically deform
if the applied stress exceeds the yield stress of the material. Visco-elastic fluids show
to some extend similar behaviour, they have the ability to store energy and thus show
partially recovery upon the removal of stress.
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2.3.3 Laminar to turbulent flow transition

The mobile fluid mud, is moving horizontally due to forcing by the turbulent flow in
the mobile suspension layer above. Turbulent velocity fluctuations are heavily damped
within this layer causing a transition to a laminar flow. The transition from laminar
to turbulent flow conditions for non-Newtonian Bingham plastics is often expressed in
terms of an effective Reynolds number (Liu & Mei, 1989):

1

Ree
=

1

Reµ
+

1

Reτ
, (2.8)

where the effective Reynolds number Ree accounts for both the fluid mud viscosity and
yield stress. The viscous part is represented by Reµ and the contribution of yield stress
by Reτ :

Reµ =
4ρmUmh

µm

and Reτ =
8ρmU

2
m

τy
, (2.9)

where Um is the depth-averaged mud velocity in the fluid mud layer with thickness h,
ρm and µm are the density and viscosity of the fluid mud, and τy is the yield stress.

According to Liu and Mei (1989) the critical effective Reynolds number for laminar-
turbulent transition is approximately: Ree > 2000− 3000. This transition criterion was
validated by laboratory experiments on mud flows over a sloping bed in the laminar and
turbulent flow regimes (van Kessel, 1997).

However more recent work by Haldenwang and Slatter (2006) and Slatter (2013)
show that the onset of transition from laminar to turbulent flow may be noticed already
for Re < 2000. They performed similar experiments as by van Kessel (1997), where
flume tests were conducted in a wide rectangular flume, which was hydraulically tilted
up to angles of 5◦. The data was analyzed using a Moody diagram, where the friction
factor is plotted against the Reynolds number (Chow, 1959). For Newtonian fluids the
relationship between the Fanning friction factor ff and Reynolds number in laminar
pipe flow is:

ff =
16

Re
, (2.10)

and for turbulent pipe flow of Newtonian fluids several empirical relationships are avail-
able. A well known expression for smooth pipes was developed by Blasius in 1913, and
is defined as follows:

ff =
0.079

Re0.25
. (2.11)

Established theory on pipe flow analysis can be used the study open channel flows, by
adopting the equivalent diameter De into the models. In addition to that, does the
Fanning friction factor hold for both the pipe and open channel flow if the applied
Reynolds number is defined by:

Re =
8ρU2

τw
, (2.12)
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where τw is the wall shear stress, which is a function of the bulk shear rate as defined
by Slatter et al. (2010):

τw = f
(
8U
D

)
for pipe flows.

τw = f
(

3U
Rh

)
for open channel flows.

and the Fanning friction factor, which represents a non-dimensional shear stress, is
defined as:

ff =
2τw
ρU2

, (2.13)

Following pipe flow analysis, a Reynolds number for open channel flows can be derived
from the Re2(Y PP ) Reynolds number for pipe flows proposed by Slatter (1995). After
substitution of the pipe diameter D by the equivalent diameter De = 4Rh, the Reynolds
number for non-Newtonian open channel flows becomes (Haldenwang, 2003):

Re2(Y PP ) =
8ρU2

τy +K
(

2U
Rh

)ni
. (2.14)

This Reynolds number is basically the same as effective Reynolds number given by Liu
and Mei (1989), it is based on the assumption that the rheological behaviour can be
described by the Herschel-Bulkley model defined by Equation 2.6. The onset for the
laminar-turbulent transition is determined at the point where the experimental data
starts to deviate from the laminar 16/Re line.

Figure 2.7: Moody diagram of a 6% bentonite suspension flowing in a 300 mm flume. (Halden-
wang & Slatter, 2006)

Figure 2.7, and other the experimental data from Haldenwang and Slatter (2006),
indicate that for a non-Newtonian open channel flow the onset of laminar-turbulent
transition may already start at Reynolds numbers as low as Re2(Y PP ) = 700. The
more viscous the fluid became, the smoother the transition region was and the lower
the Reynolds number was where the deviation from the 16/Re line occurred. Another
observation was that the transition covers a much wider range of Reynolds numbers.
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Another dimensionless parameter which is widely used to describe and analyse open
channel flow behaviour is the Froude number defined as:

Fr =
U√
gH

. (2.15)

Depending on the value of the Froude number, the flow can be classified as either sub-
critical (Fr < 1) or super-critical (Fr > 1). Sub-critical flow is dominated by gravity,
while the inertial forces are dominating in super-critical flow. The flow is said to be
critical at Fr = 1. Haldenwang et al. (2010) plotted the Reynolds number against
the Froude number, that revealed a characteristic shape, which distinctly indicated a
change in gradient effect corresponding to the end of the laminar flow regime, as shown
in Figure 2.8.

Figure 2.8: Onset of transition locus for 4.6% bentonite in a 150mm flume. (Haldenwang
et al., 2010)

The transition locus in Figure 2.8 is a linear relationship for a particular fluid, es-
tablished by connecting the inflection points. The onset of transition can be related
to a critical Reynolds number Recr. Haldenwang et al. (2010) derived an empirical
relationship for Recr:

Recr = 853.1

(
µw

η(γ̇=100s−1)

)0.21

Fr + 12630

(
µw

η(γ̇=100s−1)

)0.75

, (2.16)

where µw is the dynamic viscosity of water, and η(γ̇=100s−1) is the apparent viscosity at
a shear rate γ̇ = 100 s−1. According to Haldenwang et al. (2010) this shear rate gives
the best results in approximating the onset for transition. This empirical relationship
was validated in the range of 1.1 < Fr < 5 and 600 < Recr < 2400.
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2.4 Modelling of fluid mud rheology

The understanding and modelling of high concentrated WID density current requires
the knowledge of the rheological properties of the fluid mud layer. Fluid mud is a
non-Newtonian fluid which exhibit a combination of the behaviours described in subsec-
tion 2.3.2. Its viscosity and yield strength are functions of both its shear rate and shear
rate history, making the rheology of fluid mud rather complex.

Measurements on different artificial fluid muds,(P. J. de Wit, 1992) and natural
fluid muds (van Kessel, 1997; Shakeel et al., 2019; Wurpts & Torn, 2005) from the
ports of Rotterdam, Emden and Hamburg, show a shear-thinning visco-plastic behaviour
under simple shear flow. The yield stress is induced by the gelling process when the
concentration of flocs exceeds the gelling point cgel. A typical flow curve for the non-
Newtonian behaviour of a fluid mud is shown in Figure 2.9 down below:

Figure 2.9: Schematized flow and viscosity curve of a cohesive sediment suspension. (Toor-
man, 1994)

The curve is non-linear at low deformation rates, where the shear stress is increasing
rapidly with shear rate, followed by Bingham plastic-like (linear) behaviour at higher
shear rates. Also time-dependent behaviour of fluid mud is frequently reported in the
literature. For example van Kessel and Blom (1998) reported thixotropic behaviour in
fluid muds acquired from Caland Canal (Port or Rotterdam - The Netherlands).

The literature consists of many different models which may successfully model the
rheology of fluid mud. Previous work by two former master students of the TU Delft, van
Es (2017) and Hanssen (2016), have successfully been able to model the non-Newtonian
behaviour of oil sand tailings. Three different models (Talmon et al., 2016), from vari-
ous fields of expertise, were implemented in open source modeling suite Delft3D-slurry.
These models give relations between soil properties like water content and volumetric
concentration of solids to viscosity and yield stress. With a proper parameter study
for the empirical parameters of the models, they should be suitable for the purpose of
modelling a high concentrated WID density current as well. The models do not include
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the time-dependent behaviour of fluid mud in their current form. However once these
models are working correctly, a structural term accounting for thixotropy can be added
in relatively simple way.

2.4.1 Time-independent rheological models

This section will describe the models used in van Es (2017), Hanssen (2016), and Talmon
et al. (2016), namely:

1. Thomas
This rheological model was originally developed for sand-slime mixtures in mining
operations.

2. Jacobs and van Kesteren
This model has been used for the characterization of non-segregating and thickened
tailings (in mining and oil sands).

3. Winterwerp and Kranenburg
The rheological model is mostly used in siltation and fluid mud studies.

The first two models utilize the Bingham plastic model, Equation 2.5, and give a relation
for the determination of the Bingham yield stress τB and Bingham viscosity µB. The last
model is able to account for the shear thinning behaviour of fluid mud and is basically
a Hershel-Bulkley model.

2.4.1.a Thomas

Allan D. Thomas studied the influence of coarse particles on the rheology of fine particle
slurries based on well known expressions for the effect of rigid particles on the viscosity
of Newtonian fluids. In case of Newtonian fluids it is well known that the viscosity
increases as coarse granular material are suspended in it, this effect may be expressed
by (Krieger & Dougherty, 1959):

µ

µf

=

[
1− ϕ

ϕmax

][µ]ϕmax

, (2.17)

where µf is the dynamic viscosity of the suspending liquid (usually water), [µ] is the
”intrinsic viscosity” is a measure for particle shape (2.5 for spheres), ϕ the volumetric
concentration of the particular solids and ϕmax is the volume concentration at maxi-
mum packing density. Thomas (1999) performed two series of experiments involving
the addition of coarse particles to mine tailings of both 10 and 45 micron. He performed
rotoviscometer tests at shear rates ranging from 41.8 s−1 to 661 s−1. The experimental
results closely followed the Bingham model (Equation 2.5) at shear rates above 100 s−1.
This data was used to modify Equation 2.17 in a form where coarse granular particles are
added to a non-Newtonian Bingham plastic. This results in the following relationships
for yield stress and viscosity:

τB = Cy

(
ϕfines

ϕwater + ϕfines

)p [
1− ϕsand

kyieldϕsand,max

]−2.5

, (2.18)

µB = µf exp
(
Cµ

ϕfines

ϕwater

)[
1− ϕsand

kviscϕsand,max

]−2.5

, (2.19)
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where Cy, Cµ, p, kyield and kvisc are empirical correlation parameters. The non-Newtonian
behaviour, caused by the fines, is incorporated in the first part of the relationships, and
the second part contributes to the influence of coarse granular particles (sand). Thomas
(1999) regarded all particles smaller than 45 micron as fines.

2.4.1.b Jacobs and van Kesteren

The Atterberg limits are commonly used in soil mechanics to relate mechanical properties
of fine-grained sediment mixtures to their water content. Water content W of a mixture
is defined as the ratio of the mass of water to the mass of solids, usually expressed as a
percentage. The Atterberg limits refer to the four different levels of consistency a soil
can go through; i.e. solid, semi-solid, plastic and liquid. The Atterberg limits are:

1. Shrinkage Limit (SL or WSL): This is the water content corresponding to the
transition from semi-solid to solid state.

2. Plastic Limit (PL or WPL): This is the water content corresponding to the tran-
sition from plastic to semi-solid state.

3. Liquid Limit (LL or WLL): This is the water content corresponding to the transi-
tion from liquid to plastic state.

From these limits the plasticity index can be derived, which is a measure for the degree
of cohesiveness of the soil and equals the difference between the liquid limit and the
plastic limit:

PI = LL− PL. (2.20)
The higher the plasticity index the more pronounced are the colloidal properties (like
cohesion) of the clay particles. Colloidal properties, discussed in subsection 2.2.1, are
contributed largely by the finest particles and then particularly by the clay fraction. The
colloidal activity A of a suspension can be described by a linear relationship between
the plasticity index and clay fraction (Skempton, 1953):

Aclay =
PI

ξcl − ξcl,0
, (2.21)

where ξcl is the clay fraction, defined as a percentage of the total dry weight. Clay
fraction ξcl,0 represents the lower bound for cohesive behaviour and, depending on the
type of clay, is approximately equal to 7%.

The fundamental idea of the model by Jacobs and van Kesteren is that the relative
water content Wrel can be used as the governing parameter for the baseline rheological
behaviour. This parameter has proven to be very useful to compare sediment behaviour
of soil samples with different compositions, degree of cohesiveness and/or structures
(Jacobs et al., 2011; Jacobs et al., 2008). The relative water content is defined as the
water content normalized by the plasticity index:

Wrel =
W

PI
≈ W

Aclayξcl
=

ρw
ρsolids

ϕwater

ϕsolids

ϕsolids

Aclayϕclay

=
ρw

Aclayρsolids

ϕwater

ϕclay

=
Wclay

Aclay

. (2.22)

Chapter 2. Literature 21



Modelling of high concentration fluid mud water injection dredging density currents

Implementation of the Wrel into a rheological model leads to the following relations
for yield stress and viscosity:

τB = Ky

(
W

PI

)By

exp (αsκ), (2.23)

µB =

[
µw +Kµ

(
W

PI

)Bµ
]

exp (αsκ), (2.24)

where Ky, Kµ, By and Bµ are empirical parameters depending on the clay type. The
shear-thinning behaviour of fluid mud is not incorporated into this model, the viscosity
is independent of the shear rate. The exponential term accounts for the internal friction
induced by granular materials, also known as the solids effect.

Solids effect

The presence of coarse granular particles, i.e. sand and possibly silt, may affect the
physical parameters of the fluid mud. These particles are non-cohesive and introduce
an internal friction force. The addition of coarse particles, increases the total volume
concentration of solids which results in an increase of density, and generally viscosity
and yield stress. However if the total volumetric solids concentration is kept identical,
i.e. clay is replaced by coarse particles, the density remains the same and the viscosity
and yield stress will decrease as the concentration of coarse particles increases. This is
often referred to as the solids effect. The influence of silt particles is questionable, as
they may be captured by clay particles during the flocculation process (Tran & Strom,
2017).

Bagnold (1954) was one of the first researcher to perform experiments on this effect
in Newtonian fluids. A new parameter was introduced, the linear grain concentration κ,
which can be used to relate the introduction of granular particles to the shear resistance
of the fluid. The linear grain concentration is defined as the ratio of grain diameter to
the mean free dispersion distance, which is related to the volumetric concentration of
grains ϕ by (Bagnold, 1956):

κ =
1

(ϕmax/ϕ)
1
3 − 1

, (2.25)

where ϕmax is the maximum possible volumetric concentration when all grains are in
static contact. This parameter was used by Jacobs et al. (2011) to derive a relation for
non-Newtonian fluids. The influence of sand and silt on the undrained shear strength
cu of the fluid can be reflected by an exponential relation in the following form:

cu
cu,clw

= exp(αsκ), (2.26)

where cu,clw is the undrained shear strength of the fluid without coarse granular particles,
and αs an empirical fitting coefficient.
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2.4.1.c Winterwerp and Kranenburg

The foundation of the last model is based on the concept of self-similar fractal geometry
(Mandelbrot, 1982). This concept implies that the geometrical properties of complex
structures, like flocs or aggregates in fluid mud, are scale invariant. However for fluid
mud, where the properties like mineral composition, particle size distribution and or-
ganic matter content are largely variable it’s very unlikely that the formed aggregates
are exactly scale invariant. Although in a great deal of literature it has been shown
that aggregates in colloidal suspensions tend to be self-similar(e.g. (Jullien, 1987) and
(Family & Landau, 1984)) .

A remarkable property of self-similar fractal objects is that they obey a characteristic
power-law relationship at all scales. The total number of particles N within a fractal
aggregate of size Ra scales with:

N ∼
[
Ra

Rp

]nf

, (2.27)

where Rp is the size of the primary particles, and nf is the fractal dimension. The fractal
dimension nf is a measure for the growth-rate of an fractal aggregate (Meakin, 1988). If
an aggregate fractal is formed by N number of mud particles and is isotropically dilated
by a factor l, the fractal dimension is given by:

nf =
lnN

ln l
, (2.28)

where the fractal dimension nf of fluid mud flocs may vary between one and three.
In the lower range of fractal dimensions, where nf is close to 1, the aggregates tend to
be stringy and very fragile. Flocs break-up due to turbulent shear, so the higher values
are associated with low mean velocities and high particle concentrations. Generally,
the fractal dimension tends to increase at high volume fractions of primary particles.
Winterwerp (1998) developed a very simple relation between the settling velocity of
flocs Ws and floc diameter Df :

Ws ∼ D
nf−1

f . (2.29)
This relation was used in some laboratory experiments on floc size and settling distribu-
tions by Dyer and Manning (1999). They calculated fractal dimensions values ranging
between 2.16 and 2.5, with and average of 2.28. For high concentration fluid mud sus-
pensions near the bed, where ϕf approaches unity, on a macro-scale the overall fractal
dimensions attains a value somewhere in between 2.6-2.8 (Winterwerp & van Kesteren,
2004).
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Figure 2.10: Example of self-similar fractal aggregation. (Meakin, 1988)

Figure 2.10 illustrates the construction of a simple self-similar fractal structure fol-
lowing a precise and deterministic prescription. This deterministic prescription, however,
does not apply to fluid mud structures found in nature. These structures are build-up in
a more random (stochastic) way and therefore successive enlargements are not exactly
identical. However these enlarged parts are statistically equivalent to the original aggre-
gate, in the sense that they could have been the original aggregate with equal probability
in a different instance. So self-similarity for fluid muds is only true on average.

Application of this self-similar fractal model to the variable structure of mud flocs
and mud beds by (Kranenburg, 1994) has lead to a the following two proportionality
relationships for yield stress and apparent viscosity, for yield stress:

τy ∼ ϕ

2

(3−nf)
p . (2.30)

Under steady conditions the visco-plastic behaviour may be characterized by an
apparent viscosity, η, which is defined by the ratio between shear stress to shear rate:

η ∼ µwϕ
2(1+af )

3
p

[
γ̇c
γ̇

] (1+af )(3−nf )

3

, (2.31)

where ϕp is the volume fraction of mud particles, µw the dynamic viscosity of water,
γ̇ is the shear rate and γ̇c the critical shear rate beyond which no aggregates can ex-
ist. Coefficient af is accounting for the anisometry of the aggregate geometry. These
relationships are based on the assumption that the consolidating mud layer is perma-
nently at dynamic equilibrium, this implies to thixotropic behaviour that is not included.

24 2.4. Modelling of fluid mud rheology



Modelling of high concentration fluid mud water injection dredging density currents

The rheological model of Winterwerp and Kranenburg adopted these proportionality
relationships and added a term to account for the presence of non-cohesive particles
leading to:

τy = Ay

(
ϕclay

ϕwater + ϕclay

) 2

(3−nf) exp (βsκ), (2.32)

η =

µw + Aµ

(
ϕclay

ϕwater + ϕclay

) 2(af+1)

3
[
1

γ̇

] (af+1)(3−nf)
3

 exp (βsκ), (2.33)

where ϕclay and ϕwater are the volume fractions of respectively clay and water. Ay and Aµ

are empirical parameters depending on the clay type. To account for the solids effect the
exponential term derived by Jacobs et al. (2011) is included as well, however empirical
parameter βs may differ from αs.

Except for high shear rates, this is effectively a Herschel-Bulkley model because the
viscosity is depending on the shear rate. The shear thinning behaviour of fluid mud can
be modelled by putting a constraint on the exponent for the shear rate. The exponent
should be less than one, i.e. the following condition applies to af :

af <
nf

3− nf

. (2.34)

In case there are no sediment particles in the water column at all, Equation 2.33
simply reduces to the dynamic viscosity of water µw.

2.4.2 Time-dependent rheological models

Various models, describing thixotropic behaviour, have been proposed by the literature.
The vast majority of these models can be classified into three categories (Mewis, 1979),
namely:

- Continuum mechanics approach
- Direct microstructural approach
- Indirect microstructural approach (Structural kinetics models)

Following the continuum mechanics approach, existing constitutive equations (such as
the Bingham and Herschel-Bulkley models described in subsubsection 2.3.2.a) are being
modified by making the model parameters, like yield stress, viscosity, etc to be time
dependent. Models using the continuum mechanics approach can be useful, but are
not directly connected to the basic processes responsible for structural changes. This
connection, which is present in the other two categories, can provide additional insight
and a better understanding in modeling thixotropical behaviour.

The second category of models start from the microstructure to calculate the rheo-
logical behaviour. This requires detailed knowledge of inter-particle bonds and/or forces,
which are rarely available in systems encountered in engineering applications. The direct
microstructural approach is mainly used for simple structures. The final category, the
indirect microstructural approach, is the most suitable framework to develop a generic
model of thixotropy in CFD. Therefore an extensive elaboration on these models will
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be done in the remainder of this chapter. A very comprehensive list of available models
encapsulating all model categories has been compiled by Mujumbar et al., 2002.

The indirect microstructural approach is based on the structural kinetics theory of
Moore, 1959. In this theory the ”thixotropic structure” is regarded as being composed
of a large number of separate ”links”. The number of links present at a given instant
of time determines the rheological behaviour. A new non-dimensional quantity, struc-
tural parameter λ, was introduced to indicate the state of build-up. It is defined as the
number of links which are actual formed divided by the total number of links in the
completely build-up state. The structural parameter varies from zero (corresponding
to a completely broken-down structure) to unity (indicating a completely build-up of
structure).

In the structural kinetics model the nonlinear, time-dependent behaviour is described
by a set of two equations. It consists of a rheological constitutive equation and a kinetic
equation. The first one relates the shear stress to shear rate for a given value of λ, the
second one expresses the rate of change of this structural parameter as a function of the
flow conditions.

2.4.2.a Kinetic equation

The first-order kinetic structure equation (Worrall & Tuliani, 1964) denotes a dynamic
equilibrium between the rates of build-up and of break-down of structure. The rate of
build-up is assumed to be proportional to the number of links remaining to be formed,
i.e. to (λ0-λ). Where λ0, the maximum value of the structural parameter, is commonly
assumed to be equal to one. Similarly, it is assumed that the rate of break-down is
proportional to the rate of shear and to the number of links present at a give instance
and therefore written as −bγ̇λ. For λ0 = 1 the following equation reduces to the original
kinetic structure equation proposed by Moore, 1959:

dλ

dt
= a(λ0 − λ)− bγ̇λ, (2.35)

where a is the aggregation or recovery rate parameter and b the break-down parameter
are empirical parameters.

After some time the structural state reaches equilibrium, at which the rate of break-
down equals the rate of build-up. The locus of points in the τ − γ̇ plane, satisfying
the dynamic equilibrium condition, form the equilibrium flow curve (EFC). Since at
equilibrium dλ/dt = 0 the equilibrium value of the structural parameter λe can be
obtained from Equation 2.35, i.e.:

λe =
aλ0

a+ bγ̇
=

λ0

1 + βtγ̇
, (2.36)

where βt = b/a. Equation 2.36 proves that λe is a function of the shear rate, therefore
the first-order kinetic structure equation can be rewritten in the following form:

dλ

dt
= −(a+ bγ̇)(λ− λe). (2.37)
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2.4.2.b Rheological constitutive equation

The constitutive equations which are considered in this paragraph offer simple modifica-
tion to the well known non-Newtonian rheological models, the Bingham and Herschel-
Bulkley model, just by adding structural parameter λ to them. The model proposed
by Moore (1959) added the structural term to the Bingham plastic model, whereafter
a term accounting for the yield stress was added by Worrall and Tuliani (1964) leading
to:

τ = τy + (µ∞ +∆µλ)γ̇, (2.38)

where τy is the yield stress, µ∞ the Bingham plastic viscosity at completely broken down
structure, i.e. λ = 0 (the asymptotic value of µ as γ̇ → ∞), and ∆µ = µ0 − µ∞ is the
surplus viscosity in the fully build-up structure (i.e λ = 1), which is basically an indica-
tion for the amount of build-up possible. µ0 is the viscosity in completely build-up state
(the asymptotic value of µ as γ̇ → 0).

For a particular fluid mud, for each value of structural parameter λ, there will be an
unique relationship between the shear stress and shear rate. Each unique relation may
be represented by a constant structure curve (CSC) in the τ − γ̇ plane.

Figure 2.11: Constant structure curves. (Cheng, 1987)

Figure 2.11 is a representation of hypothetical constant structure curves for an ar-
bitrary material going through various stages of thixotropic build-up. Note that each
CSC shows a different value for the yield stress at the intersection with the shear stress
axis. The yield stress in thixotropic fluids is a function of structure and hence of time
(Cheng, 1986). The yield stress can related to the structural parameter λ by the following
relationship (Billington, 1960):

λ =
τy
τ0
; (2.39)
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where τ0 is the dynamic yield stress, which is the yield stress corresponding to the EFC,
and is that for the completely build-up structure (λ = 1). All conditions, in the τ − γ̇
plane, above the EFC relate to structural breakdown and a decreasing shear stress if
the shear rate is held constant. Below the EFC, the structure is building back up and
the shear stress would increase. Therefore the yield stress increases with time as the
structure recovers.

Toorman

The fact that yield stress should be a function of the structural parameter was pick-
up by Toorman (1997) and processed it into the constitutive equation of Worrall and
Tuliani (1964). He introduced a new rheological constitutive equation for a thixotropic
yield stress fluid expressed in terms of parameters of the EFC:

τ = λτ0 + (µ∞ +∆µλ+ βtτ0λe)γ̇ ⇐⇒ τ > λτ0,

γ̇ = 0 ⇐⇒ τ ≤ λτ0. (2.40)

A schematic representation of the model parameters is displayed in Figure 2.9. The ratio
of recovery to break-down parameters (a and b), βt, may be determined by (Toorman,
1994):

βt =
b

a
=

∆µ

∆τ
=

µ0 − µ∞

τB − τy
. (2.41)

Toorman (1997) also proposed another model where he introduced a secondary struc-
tural parameter τS into the constitutive equation. This parameter accounts for a so-
called ”static yield stress” τS, corresponding to a secondary structure that can only exist
at rest or at extremely low shear rates. It breaks down rapidly and recovers very slowly
or only under specific ambient conditions. The static yield stress is usually considerably
larger than the dynamic yield stress τ0. Including τS Equation 2.40 becomes:

τ = λS(τS − τ0) + λτ0 + (µ∞ + c1λ+ βτ0λe)γ̇ ⇐⇒ τ > λS(τS − τ0) + λτ0,

γ̇ = 0 ⇐⇒ τ ≤ λS(τS − τ0) + λτ0, (2.42)

where c1 is an empirical parameter found through least squares fitting of the EFC.

(a) (b)

Figure 2.12: Static and dynamic yield stress for equilibrium flow curve, adapted from Cheng
(1986).
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Houška

The model by Houška in Šesták et al. (1983), is a generalization of the Herschel-Bulkley
and is defined as:

τ = τB + λ(τ0 − τB) + (η∞ + λ∆µ)γ̇ni ⇐⇒ τ > τB + λ(τ0 − τB),

γ̇ = 0 ⇐⇒ τ ≤ τB + λ(τ0 − τB), (2.43)

where τ0, ∆µ are respectively the yield stress and surplus viscosity index in completely
build-up state (i.e. λ = 1), ni is the flow index, τB, η∞ are respectively the Bingham
yield stress and the viscosity index of a completely broken-down structure (i.e. λ = 0).
At high shear rates, when the fluid is almost entirely broken down (λ = 0)), the flow
curve corresponding to a Bingham model is retrieved for n = 1, and η∞ = µ∞,i.e. the
Bingham plastic viscosity.

This model reduces to Worrall and Tuliani (1964) for τB = 0 and ni = 1, and for
τB = τ0 = 0 and ni = 1 the model by Moore (1959) is obtained.

2.4.3 Viscosity regularisation

A problem arises during computing of visco-plastic fluid flows at vanishingly low shear
rates. It is at these shear rates that the rheology of visco-plastic fluids is characterized by
the presence of a distinct finite stress level, the yield stress, that governs the transition
from solid-like to liquid-like behaviour. The drawback of the three models which have
been described earlier is that the stress becomes discontinuous at as the shear rate
approaches zero. This discontinuity becomes more obvious if the constitutive equation
of the general Bingham model (Equation 2.5) is rewritten in a form:

τ = η(γ̇)γ̇, η(γ̇) = µB +
τB
γ̇
, (2.44)

where the function η(γ̇) is often referred to as the effective or apparent viscosity. While
τ > τB this function is well defined, however as τ → τB, η(γ̇) → ∞, and the model
becomes singular. The constitutive relationships have to be modified in order to ensure
a finite viscosity at low shear rates. This can be achieved by so-called viscosity reg-
ularisation methods which smoothes the stress discontinuity. Viscosity regularisation
methods replace the constitutive relations with an approximation of form (Frigaard &
Nouar, 2005):

τ = ηϵ(γ̇)γ̇, ϵ ≪ 1, (2.45)
where ηϵ(γ̇) → η(γ̇) as the exponential stress growth parameter ϵ → 0, but where ηϵ(γ̇)
is well defined as γ̇ → 0 for any fixed ϵ > 0. Many methods have been introduced for
the regularisation of viscosity where probably the simplest algebraically is the following
(Allouche et al., 2000):

ηϵ = ηS,ϵ(γ̇) = µ+ τy

(
1

ϵ+ γ̇

)
. (2.46)
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More popular methods however are introduced by respectively Bercovier and Engel-
man (1980) and Papanastasiou (1987):

ηϵ = ηBE,ϵ(γ̇) = µ+ τy

(
1

[ϵ2 + γ̇2]1/2

)
, (2.47)

ηϵ = ηP,ϵ(γ̇) = µ+ τy

(
1− e−γ̇/ϵ

γ̇

)
. (2.48)

These models are all well defined for large ϵ, but to approximate the exact Bingham
model, Equation 2.5, in computations ϵ ≪ 1.

Figure 2.13: Comparison between viscosity regularisation methods at µ = 1, ϵ = 0.01 and
τy = 1. (Frigaard & Nouar, 2005)

Figure 2.13 compares the three viscosity regularisation methods against the exact
Bingham model. Both the stress and effective viscosity are plotted against the strain
rate in both the yield and unyielded regions. Note that all three regularisation methods
attain the same effective viscosity in the low shear limit as γ̇ → 0, i.e. ηϵ → µ+ τy/ϵ. So
the exponential stress growth parameter ϵ is inversely proportional to the highest shear
viscosity.
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3 | Numerical model description

This chapter gives a brief introduction into the equations solved in CFD models, like
TUDflow3d, to simulate a high concentration WID density current. These equations
are solved on a staggered mesh with a parallel finite volume method using a pressure-
correction algorithm. The foundation of CFD code descends from the dissertation of
Pourquié, 1994, after which L. de Wit, 2015 further developed the code to allow for
accurate near field simulations of TSHD overflow plumes on real scale. This has led
to the open source 3D multiphase, variable density CFD model, as TUDflow3d is now
(https://github.com/openearth/tudflow3d).

3.1 Governing Equations

In fluid mechanics the fundamental governing principles are the conservation laws for
mass, momentum and energy. The equations describing these conservation laws can
represented in both integral and differential form, where the differential form of the
conservation of mass and momentum is given by (Kundu et al., 2015):

Conservation of mass
Dρ

Dt
+∇ · (ρu) = 0, (3.1)

where t represents time, Dρ
Dt

is the material derivative of the density ρ, and (∇·u) is the
divergence of the velocity field. The differential form of conservation of mass is often
referred to as the continuity equation. The relation for the conservation of momentum
is derived from Newton’s second law of motion, in differential form it is given by:

Conservation of momentum

ρ
Du

Dt
= ∇ · σ + ρf , (3.2)

where f represents the bodyforces, and σ is the Cauchy stress tensor. This relation is
sometimes called Cauchy’s equation of motion. The total stress given by Cauchy stress
tensor can be decomposed into a fluid-static component (p) and a fluid-dynamic (τ )
component:

σ = −pI + τ , (3.3)

where p is the isotropic pressure, I the unit tensor, and τ is the deviatoric stress tensor.
The deviatoric stress is related to strain rate by a constitutive equation.

Combined the equations for the conservation of mass and momentum of a fluid form
the Navier-Stokes equations, which describes the motion of a viscous fluid. Fluid flows
consisting of water-sediment mixtures, as in the density currents induced by WID, are
described by the non-hydrostatic, variable density Navier-Stokes equations:

∂ρ

∂t
+∇ · (ρu) = 0,
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∂ρu

∂t
+∇ · (ρuu) = −∇p+∇ · τ + ρf , (3.4)

where t represents time, ρ is the mixture density, u is the velocity vector of the mixture,
p is the pressure, τ is a shear stress tensor and vector f contains the body forces caused
by gravitation. So f = (ρ−ρc)gz, with ρc the density of the carrier fluid and g the grav-
itational acceleration vector. By correcting the pressure p for the hydrostatic pressure
balance ∂P

∂z
= ρcgz in the vertical direction, p becomes basically the excess pressure over

the hydrostatic pressure.

The model solves one set of momentum equations for the mixture, while the concen-
trations of individual sediment fractions are solved separately by a transport equation.
To determine the density of the mixture, a mixture model (L. de Wit, 2015) which allows
multiple sediment fractions is used:

ρ = ρc +

nfrac∑
l=1

Cl (ρl − ρc) , (3.5)

where Cl and ρl are the volume concentration and density of each individual fraction.
The volumetric sediment concentration satisfies the following transport equation:

∂Cl

∂t
+∇ · (ulCl) = ∇ · (Γ∇Cl) , (3.6)

where ul is the velocity of the sediment fraction, and Γ is the (mass) diffusion coefficient
defined as:

Γ =
νe
Sc

, (3.7)

in which Sc is the turbulent Schmidt number, which is the ratio of momentum diffusivity
to masss diffusivity in turbulent flow. It will be taken as a constant, where Sc = 0.7 has
been successfully adopted in many CFD models, for example by van Rhee (2002) and L.
de Wit (2015). The value of 0.7 for the turbulence Schmidt number originates from an
extensive series of measurement on stably salt-stratified shear flows (Rohr et al., 1988).
The sediment fractions are transported by the mixture, so in the horizontal directions
ul = umix and vl = vmix and in the vertical direction the velocity is defined as:

wl = wmix + wdrift,l, (3.8)
where a new velocity wdrift,l is introduced, composed by the mixture velocity wmix as
calculated by the CFD model according Equation 3.4 and the drift velocity introduced
by (Manninen et al., 1996) . The drift velocity incorporates the effect of hindered set-
tling (Richardson & Zaki, 1954) and the effect of the return-flow created by all settling
fractions (van Rhee, 2002).

CFD simulations by TUDflow3d are carried out on a cylindrical coordinate system
r, ϕ, z with pie-shaped grids, however results are represented on a Cartesian x, y, z co-
ordinate system. The model utilizes a staggered configuration of the variables, with
pressure, density and volumetric concentrations defined at the cell centres and each ve-
locity component defined at the edges of a grid cell, for stability reasons. Simulations
may be performed on Cartesian grids as well, this can be achieved by choosing r to be
large and ∆ϕ to be small, leading to a constant ∆y = r∆ϕ.
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3.2 Rheology modelling

The rheology of a fluid is incorporated into the diffusive terms of the Navier-Stokes
equations by the mean of a constitutive equation, relating stresses to strain rates. The
constitutive equations in section 2.3 are all presented in their one-dimensional form,
but can be expanded into three dimensions as follows. Firstly, the strain rate tensor is
introduced, using the Einstein notation, the tensor reads:

S = Sij =
1

2

(
∂ui

∂xj

+
∂uj

∂xi

)
, (3.9)

where Sij is the strain rate tensor. By multiplying the strain rate tensor by the viscosity,
the stress tensor, Tij, is obtained and can be written as:

τ = Tij = 2µSij. (3.10)

This denotes the three-dimensional constitutive equation for a Newtonian fluid.

3.2.1 Modelling of time-independent rheology

For the modelling of non-Newtonian fluids, like fluid mud, different constitutive equa-
tions have been proposed in subsection 2.3.2, among which the Bingham model is most
popular. This is due to its simplicity and will therefore serve as fundamental basis for
the rheology of fluid muds. Using the second invariant of the strain rate and stress tensor
this constitutive equation equation can be extended into three dimensions (Beverly &
Tanner, 1989). The second invariant, Πγ̇, of the strain rate tensor is given by:

Πγ̇ =
3∑

i,j=1

SijSij, (3.11)

where the second invariant, Πτ , of the stress tensor is defined in similar fashion.
In terms of generalised shear, the Bingham model in full tensorial form reads:

Tij = 2

(
µB +

τy
|γ̇|

)
Sij ⇐⇒ |τ | > τB,

Sij = 0 ⇐⇒ |τ | ≤ τB, (3.12)

where |τ | and |γ̇| are the generalised shear stress and shear rate respectively and given
by (Derksen & Prashant, 2009):

|γ̇| =
√

2Πγ̇ =

[
2

3∑
i,j=1

SijSij

]1/2
, (3.13)

|τ | =
√

1

2
Πτ =

[
1

2

3∑
i,j=1

τijτij

]1/2
. (3.14)

To account for the discontinuity at the low shear rates the Papanastasiou viscosity
regularisation method, Equation 2.48, is applied to the Bingham model. In tensorial
form this equation becomes equal to: (Papanastasiou & Boudouvis, 1997)

Tij = 2

(
µB +

τy
|γ̇|
[
1− e−m|γ̇|])Sij ⇐⇒ |τ | > τB,

Sij = 0 ⇐⇒ |τ | ≤ τB, (3.15)
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The non-Newtonian behaviour of the fluid mud is incorporated into the diffusive terms of
the Navier-Stokes equations by the means of an apparent viscosity η, which replaces the
molecular viscosity in the shear stress tensor (Equation 3.10). The apparent viscosity is
given by:

η = µB +
τy
|γ̇|
[
1− e−m|γ̇|] , (3.16)

where m is just the inverse of the stress growth parameter ϵ. The Bingham parameters
τB and µB, for the yield stress and viscosity respectively, can be either computed by the
three models introduces in subsection 2.4.1 or chosen to be a constant value.

3.2.2 Modelling of time-dependent rheology

As described in subsection 2.4.2 thixotropy will be modelled using the indirect microstruc-
tural approach, which is based on the theory of ”thixotropic structure”. The state of the
thixotropic structure within the CFD-model is tracked by a so called transport equation:

∂λ

∂t
+ ui

∂λ

∂xi

= a(λ0 − λ)− b|γ̇|λ, (3.17)

with λ the structural parameter, ui the ith component of the fluid velocity vector (sum-
mation over repeated indices), and |γ̇| the generalized shear rate. Discretising this
equation gives (Derksen & Prashant, 2009):

λ(n+1) − λ(n)

∆t
+

(
ui

∂λ

∂xi

)(n)

= a
(
λ0 − λ(n+1)

)
− b|γ̇|(n)λ(n+1), (3.18)

with the upper index indicating the (discrete) time level. This equation can be rewritten
to obtain an explicit expression in λ(n+1):

λ(n+1) =

λ(n) +∆t

[
aλ0 −

(
ui

∂λ
∂xi

)(n)]
1 + ∆t

[
a+ b|γ̇|(n)

] . (3.19)

The Houška model described by Equation 2.43 is the constitutive equation of choice
for the time-depent behaviour. This constitutive equation has been used to model
thixotropy before (Negrão et al., 2011; Wachs et al., 2009), and will also be imple-
mented into Delft3D-slurry. Apart from that, an analytical solution of the Houška
model is available for a fully developed pipe flow (Ahmadpour & Sadeghy, 2013). Just
like the Bingham model, the Houska model will also be extended by Papanastasiou
viscosity regularisation method:

τ = {τB + λ(τ0 − τB)}
[
1− e−mγ̇

]
+ (η∞ + λ∆µ)γ̇ni . (3.20)

Since the Houška model, is actually a generalization of the Herschel-Bulkley model it
can be extended into three dimensions in a similar fashion as the Herschel-Bulkley model
done in Mitsoulis et al., 1993. The Houška model in tensorial form becomes:

Tij = 2

(
τB + λ(τ0 − τB)

|γ̇|
[
1− e−m|γ̇|]+ (η∞ + λ∆µ)|γ̇|ni−1

)
Sij. (3.21)

For the time-dependent rheology the apparent viscosity then becomes equal to:

η =
τB + λ(τ0 − τB)

|γ̇|
[
1− e−m|γ̇|]+ (η∞ + λ∆µ)|γ̇|ni−1. (3.22)
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3.3 Turbulence modelling

The influence of turbulence is incorporated into the Navier-Stokes equations by defining
the shear stress tensor as:

τ = ρνe
(
∇u+∇(u)T − 2/3∇ · u

)
, (3.23)

where the eddy viscosity νe = νmol + νt, with νmol is the molecular viscosity and νt the
turbulent viscosity. When non-Newtonian fluids are considered νmol is replaced by the
apparent viscosity η to include the rheology. For CFD simulations, Equation 3.4 and
Equation 3.6 are discretized in space and time. Depending on the grid size, the finite res-
olution of the computed flow field can only partly include the relevant turbulence length
scales. Turbulence can be captured by the following three commonly used turbulent
closure models (Nieuwstadt et al., 2016):

- Direct numerical simulation (DNS)
- Large-eddy simulation (LES)
- Reynolds-averaged Navier-Stokes (RANS)

Where DNS is the most powerful numerical technique that resolves all scales of motion
in a turbulent flow, and it doesn’t require a separate turbulence model, so νt = 0. How-
ever this method requires a lot of computing power, and is therefore still limited to low
Reynolds number flows. To reduce computational costs, other turbulent closure mod-
els, like LES and RANS are more suitable. In a LES only the larger turbulent scales,
containing the majority of the turbulent kinetic energy, are resolved on the grid, which
reduces the computational costs considerably. A spacial filter is applied to the flow field
to eliminate the smaller scales (smaller than the grid size). The contribution from these
smaller scales is determined by a subgrid-scale model, where νt = νsgs.

An even faster computational method is RANS, in which a relation can be found be-
tween the flow field and the eddy viscosity. The eddy viscosity is said to be proportional
to the product of a velocity and length scale which characterise the turbulent motion:

νe ∼ Uℓ, (3.24)

where the k-ε is used to compute the eddy viscosity by modelling the turbulent kinetic
energy k, and the the dissipation of turbulent kinetic energy ε. An advantage of LES
over RANS is that damping of turbulent kinetic energy, at sharp density gradients, due
to stratification is automatically incorporated if the resolution is high enough. Where
on the other hand RANS requires an extra turbulence damping or destruction term that
is a function of the density or concentration gradient.
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4 | Parameter study

The rheological models in subsection 2.4.1 consist of quite some empirical parameters.
These model parameters have been determined in previous studies for the application
in oil sand tailings, but are still unknown for fluid mud. In this chapter the rheology of
fluid mud from the Caland Canal (Port of Rotterdam, the Netherlands), taken near the
ore transhipment berth specifically, is studied. This mud has also been used for WID
experiments in the water-soil flume performed at Deltares in Delft, the Netherlands.

An initial sample taken straight from the Canal is diluted by both fresh- and seawater
creating eight subsamples. The dilution ratios of the subsamples range from 1.00:0.00,
no additional water added, to 1.00:2.00, which entails one unit mass of mud and 2 units
mass of water to give a total three units of mixture. The salinity of the ambient water
affects the physical properties of soil, and the behaviour of fluid mud. Several tests
were performed on these samples to extract all the necessary soil parameters and data
in order to perform a reliable parameter study for the models. The effect of salinity
is essential in this study because the numerical data will be validated with the WID
experiments. In these experiments, for practical reasons, freshwater was used in the
flume as ambient water. By testing a sample set of both fresh- and seawater dilution the
exact influence of the salinity can be identified and creates two sets of model parameters.
The model parameters obtained from the freshwater samples are used for the validation
of the model, whereas the seawater parameters can be used for modelling of dredging
applications in the Port of Rotterdam.

4.1 Soil properties

4.1.1 Rotational rheometry

A rotational rheometer is an instrument used to measure rheological properties of liquids,
suspensions, slurries and other fluids that flow. A sample is sheared between the mea-
suring geometry and a cup by rotation of the measuring geometry. Fundamentally, a
rotational rheometer controls or measures torque, angular velocity, and angular displace-
ment, which are converted to stress, strain, strain rate, modulus, and viscosity (Wang
et al., 2019). Two main operational modes of the rheometer are:

- controlled shear rate (CSR) mode in which the rotational speed of the measuring
geometry is pre-set and the torque required for the rotation is measured. The
torque measurements are then translated into a shear stress;

- controlled shear stress (CSS) mode in which the torque on the measuring geometry
is pre-set and the resulting rotational speed of the geometry is measured. The
measured rotational speeds with their corresponding torques are then converted
into shear rates and shear stresses, respectively.

A so called ”rheological protocol” can be developed using combinations of these opera-
tional modes.
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The rheological measurements in this study were performed with the Thermo Sci-
entific HAAKE MARS I Rheometer. Two different measuring geometry configurations
were used to perform different rheological tests on fluid mud. This includes a bob-cup
configuration consisting of rotor CC25 DIN Ti in combination with cup CCB25 DIN,
and a vane-cup configuration consisting of rotor FL22 with the same cup. The bob-cup
geometry was used to determine the Bingham yield stress and the Bingham plastic vis-
cosity. Extrapolation of the data from the linear region of behaviour at higher shear
rates to the shear rate axis gives the Bingham yield stress. This can be achieved by
curve fitting a first order polynomial over the ramp down curve of the data, where the
slope of the fit is associated with the Bingham plastic viscosity and the constant with
the Bingham yield stress.

The Bingham yield stress is a model fitting parameter and does not relate to the
point of true yielding of the material. Defining this ”true yield point” in non-Newtonian
fluids and how to determine it is a topic of discussion in the literature. The yield point
is defined as the lowest shear stress value above which a material will act like a fluid,
and below which the material will behave like a very soft solid matter. However the
boundary of transition from fluid-like to a more solid-like state of material is not dis-
crete but continuous (Meshkati et al., 2021). Various yield points may be found for
different rheological protocols, especially for materials with thixotropical behaviour dif-
ferent yield points exists. The yield point, in principle, should be determined at very,
very low shear rates. However at very low shear rates a problem occurs when using
a concentric cylinder measuring geometry, like the bob-cup configuration. Wall slip
may occur affecting the results of the measurements. Boger, 2009 showed that using a
vane-cup configuration as measuring geometry eliminates the problems associated with
wall-slip. Hence this geometry is used to determine the static and dynamic yield stress
required for the time-dependent rheological models described in subsection 2.4.2.

Three rheological protocols were developed to determine the appropriate yield stresses
and viscosity’s. These protocols consist of three elements, namely, ramp-up, constant
sweep and the ramp-down phase. The used protocols are:

1. Bob-cup CSR ramp-up - CSR constant - CSR ramp-down: shear rate ascents
continually from 0-300 1/s over a period of 300 seconds, then is held constant at
the maximum shear rate for 60 seconds, whereafter it descents continually back to
standstill over a period of 300 seconds. Flow curves retrieved from this protocol
are used to determine the Bingham parameters.

2. Vane-cup - CSS ramp-up - CSR constant - CSR ramp-down: shear stress (torque)
is increased continually from a value close to zero to a predefined maximum shear
stress within 300 seconds or if the cut-off criteria for the shear rate is exceeded,
then the shear rate is held constant at the shear rate of the cut-off criteria for 60
seconds, whereafter the shear rate is continually decreased to zero over a period of
300 seconds. The maximum shear stress was estimated based on the results of the
bob-cup tests and the maximum shear rate for the cut-off criteria was set on 51.72
1/s. During ramp up the static yield stress of the material can be determined and
during ramp down the dynamic yield stress.
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3. Vane-cup - CSR ramp-up - CSR constant - CSR ramp-down: shear rate ascents
continually from 0-51.72 1/s over a period of 300 seconds, then is held constant
at the maximum shear rate for 60 seconds, whereafter it descents continually back
to standstill over a period of 300 seconds. This protocol was used to determine
the viscosity regularisation parameter m and as reference for cross-checking the
results from the other two protocols.

The vane-cup protocols utilize a different setpoint for the maximum shear rate with
respect to the bob-cup protocols. This arises from the rheometer and how the shear rate
is determined. The shear rate depends on the measuring geometry and is related to the
angular velocity in the form:

γ̇ = M · Ω, (4.1)
where Ω is the angular velocity measured by the rheometer, and M is a geometry factor
depending on the type and dimensions of the measuring geometry. The default geometry
factor for the used bob-cup geometry is set to 12.35, where for the vane-bob geometry,
because of an undefined flow field, it is set to 1.0 (Thermo Scientific, 2014). However a
geometry factor could be estimated if the vane is regarded as coaxial cylinder geometry.
The geometry factor for a coaxial cylinder is calculated using:

M =
2 · δ2r
δ2r − 1

, (4.2)

where δr is the radius ratio defined as: δr = Ra

Ri
, with Ra the outer radius of the rotor

and Ri the inner radius of the cup. With the outer radius of the vane geometry being
11.0 mm and the inner radius of the cup 13.6 mm, the geometry factor is estimated to be
5.8 rad/s. So applying this correction to the measurements with the vane-cup protocols
the maximum shear rate is equal to 300 1/s as well. Note that the geometry factors are
based on Newtonian fluids.

The purpose of these rheometer measurements was to obtain a relationship between
the rheological properties and soil properties like water content or volumetric concentra-
tion of solids. For this purpose a wide range of data is required, that is to say enough
measurements should be taken between both the high-end and low-end of volumetric
solids concentration anticipated in the WID process. Therefore eight subsamples have
been tested by three different rheological protocols, resulting in a total of twenty-four
rheometry tests for freshwater as well as for seawater dilutions.
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Figure 4.1: Flow curves of various freshwater dilutions measured by the HAAKE MARS I
rheometer with bob-cup measuring geometry and CSR rheological protocol.

Figure 4.2: Flow curves of various seawater dilutions measured by the HAAKE MARS I
rheometer with bob-cup measuring geometry and CSR rheological protocol.
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Figure 4.3: Flow curves of various freshwater dilutions measured by the HAAKE MARS I
rheometer with vane-cup measuring geometry and CSS rheological protocol.

Figure 4.4: Flow curves of various seawater dilutions measured by the HAAKE MARS I
rheometer with vane-cup measuring geometry and CSS rheological protocol.
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The dashed lines in Figures 4.1 and 4.2 are retrieved from fitting the Bingham model
to the down-ramp measurements. These curves are used to determine the Bingham
model parameters in Tables 4.1 and 4.2. Both the static and dynamic yield stress follow
from the intersection points with the shear stress axis in Figures 4.3 and 4.4.

Freshwater
Dilution Static Dynamic Bingham Bingham

ratio yield stress yield stress yield stress plastic viscosity
SYS [Pa] DYS [Pa] τB [Pa] µB [Pa·s]

1.00:0.00 281.87 169.40 223.37 0.2931
1.00:0.10 127.99 80.08 118.48 0.1483
1.00:0.15 90.27 56.46 85.26 0.1048
1.00:0.20 64.36 42.10 63.58 0.0775
1.00:0.33 32.28 19.02 30.81 0.0378
1.00:0.50 16.63 9.92 15.89 0.0219
1.00:1.00 4.79 2.60 4.09 0.0084
1.00:2.00 0.59 0.41 0.35 0.0039

Table 4.1: Rheological properties of fluid mud diluted with freshwater.

Seawater
Dilution Static Dynamic Bingham Bingham

ratio yield stress yield stress yield stress plastic viscosity
SYS [Pa] DYS [Pa] τB [Pa] µB [Pa·s]

1.00:0.00 281.87 169.40 223.37 0.2931
1.00:0.10 133.09 78.14 123.29 0.1536
1.00:0.15 95.04 58.82 89.18 0.1077
1.00:0.20 70.09 44.39 67.04 0.0815
1.00:0.33 32.94 21.07 32.76 0.0398
1.00:0.50 16.43 10.26 17.06 0.0228
1.00:1.00 4.67 2.58 4.37 0.0084
1.00:2.00 0.94 0.53 0.74 0.0044

Table 4.2: Rheological properties of fluid mud diluted with seawater.

Figures 4.1 and 4.2 show that at the lower shear rates, the flow curves do not cor-
respond well to the Bingham model. A better representation can be acquired by im-
plementing the viscosity regularisation method by Papanastasiou, 1987. To avoid wall
slip effects at the lower shear rates, the vane-cup geometry is best used for this purpose.
However another effect which has to be accounted for in yield stress fluids, is that the
vane is immersed in an ”infinite sea” of fluid at very low shear rates. A sample volume
is referred to as infinite, if the stress induced on the sample by the rotating vane will
decay either to that below the yield stress, or effectively to zero before reaching the cup
walls (Sofra et al., 2007). That is to say that there is no defined geometry surrounding
the rotating vane and therefore no defined shear rate. Krieger and Maron, 1954 derived
a relationship between angular velocity and shear rate in the infinite sea:

γ̇ =
2Ω

n
, (4.3)
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where n is the local gradient in a log-log plot of torque versus angular velocity. This
relationship can be regarded as a geometry factor M defined in Equation 4.1, although
it’s not equal to the geometry factor of a coaxial cylinder geometry like in Equation 4.2.
Therefore a correction has been applied to the viscosity regularisation parameter m,
which is determined by a curve fit in to the region of low shear rates in the CSR vane-
cup down ramp flow curve. The correction factor Mc is determined from the ratio
between Equation 4.2 and Equation 4.3 given by:

Mc =
2

nM
, (4.4)

Figure 4.5: Flow curves of various freshwater dilutions measured by the HAAKE MARS I
rheometer with vane-cup measuring geometry and CSR rheological protocol.

Freshwater
Dilution Viscosity Local Correction Corrected value

ratio regularisation m gradient n factor Mc of m
1.00:0.00 1.056 0.108 3.205 0.330
1.00:0.10 1.048 0.106 3.261 0.322
1.00:0.15 1.115 0.102 3.367 0.331
1.00:0.20 1.033 0.108 3.204 0.322
1.00:0.33 1.392 0.088 3.901 0.357
1.00:0.50 1.504 0.096 3.594 0.418
1.00:1.00 1.446 0.100 3.435 0.421
1.00:2.00 1.079 0.198 1.738 0.621

Table 4.3: Viscosity regularisation parameter m derived from the vane-cup CSR flow curves
for various fresh water dilutions.
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4.1.2 Pycnometer

To determine the density of the mud samples a pycnometer is used. A pycnometer, in
this case, is a metal container with a close-fitting lid. The lid consists of a very tiny hole,
which makes it possible to take samples of a certain volume with a very high accuracy
when the lid is closed. Since the volume is known the density can be determined simply
by measuring the mass before and after the sample is taken with a precision scale. The
the mixture density may be used to determine the volumetric and mass concentration of
solids (Winterwerp & van Kesteren, 2004), where the volumetric concentration of solids
is defined as:

ϕs =
Vs

Vt

=
ρm − ρw
ρs − ρw

, (4.5)

with Vs the volume of solids, and Vt total wet volume. The mass concentration of solids,
sometimes referred as suspended sediment concentration (SSC) or dry density ρdry, is
given by:

cs =
Ms

Vt

= ϕs · ρs, (4.6)

where Ms is the mass of solids.

4.1.3 Oven test

The remainder of the soil properties have been determined by an oven test. During an
oven test a sample of fluid mud is placed into an oven at 105 ◦C for at least 24 hours.
From an oven dried sample various quantities like water content and solids content can
be identified. Water content is defined as the ratio of mass of water Mw and mass of
solids Ms (van Rijn, 1993):

wc =
Mw

Ms

· 100%, (4.7)

where solids content is the ratio of dry solids Ms and the total mass Mt equal to:

sc =
Ms

Mt

. (4.8)

The conductivity of water was measure to apply a correction for the salt content in
the subsamples. Electrical conductivity C can be related to salinity S by the Practical
Salinity Scale 1978 (PSS-78) adopted in Unesco, 1981.

General properties of the subsamples
Parameter Symbol [units] Freshwater Seawater
Density of water ρw [kg/m3] 993.50 1021.00
Density of solids ρs [kg/m3] 2583.00 2583.00
Conductivity C [mS/cm] 0.42 52.20
Salinity S [g/l] 0.18 34.46

Table 4.4: Density of solids and general properties of the water by which the subsamples have
been diluted.

All the soil properties deducted from the pycnometer and oven tests are summarized
in Table 4.5 and Table 4.6 on the next page.
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Soil properties of freshwater diluted subsamples
Dilution Dissolved Empty Cup + Cup + Dried Solids Water Mixture Volumetric Mass

ratio salt cup wet mud dried mud solids content content density concentration concentration
Mds [mg] Mcup [g] Mcwm [g] Mcdm [g] Ms [g] sc [%] wc [%] ρm [kg/m3] ϕs [-] cs [kg/m3]

1.00:0.00 0.000 1.039 23.015 9.470 8.432 38 % 161 % 1300.563 0.193 498.990
1.00:0.10 0.299 1.043 17.856 6.935 5.892 35 % 185 % 1266.654 0.172 443.886
1.00:0.15 0.387 1.052 16.105 6.095 5.042 33 % 199 % 1251.442 0.162 419.166
1.00:0.20 0.457 1.032 14.881 5.484 4.452 32 % 211 % 1238.475 0.154 398.095
1.00:0.33 0.681 1.037 14.800 5.032 3.994 29 % 245 % 1209.489 0.136 350.991
1.00:0.50 0.869 1.056 14.152 4.422 3.366 26 % 289 % 1180.140 0.117 303.297
1.00:1.00 1.087 1.030 11.807 3.105 2.073 19 % 420 % 1126.928 0.084 216.827
1.00:2.00 1.373 1.027 11.185 2.280 1.252 12 % 711 % 1075.053 0.051 132.527

Table 4.5: Oven test of freshwater diluted subsamples.

Soil properties of seawater diluted subsamples
Dilution Dissolved Empty Cup + Cup + Dried Solids Water Mixture Volumetric Mass

ratio salt cup wet mud dried mud solids content content density concentration concentration
Mds [mg] Mcup [g] Mcwm [g] Mcdm [g] Ms [g] sc [%] wc [%] ρm [kg/m3] ϕs [-] cs [kg/m3]

1.00:0.00 0.000 1.039 23.015 9.470 8.432 38 % 161 % 1329.454 0.197 510.074
1.00:0.10 0.046 1.047 15.131 6.022 4.929 35 % 186 % 1295.064 0.175 453.206
1.00:0.15 0.064 1.046 14.601 5.636 4.526 33 % 199 % 1279.321 0.165 427.172
1.00:0.20 0.091 1.039 16.177 5.977 4.848 32 % 212 % 1266.185 0.157 405.451
1.00:0.33 0.151 1.048 17.954 6.054 4.855 29 % 248 % 1235.589 0.137 354.855
1.00:0.50 0.182 1.043 16.207 5.069 3.844 25 % 294 % 1205.869 0.118 305.708
1.00:1.00 0.315 1.044 18.666 4.775 3.416 19 % 416 % 1156.581 0.087 224.204
1.00:2.00 0.304 1.044 13.515 2.942 1.594 13 % 682 % 1106.533 0.055 141.441

Table 4.6: Oven test of seawater diluted subsamples.
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4.2 Model parameters

4.2.1 Rheological models

The collected data including the geotechnical and rheological properties of fluid mud
is used to determine the empirical parameters of the three models described in subsec-
tion 2.4.1. All models account in some way for the solids effect due to the presence
of coarse granular particles like sand. However it is assumed that fluid mud layers in
Port of Rotterdam contain little to no sand particles, this is supported by particle size
distributions measured with a static light scattering technique:
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Figure 4.6: Particle size distribution created with the Malvern Mastersizer 2000MU of a mud
sample from Caland Canal.

Figure 4.6 shows the PSD generated by the Malvern after 0.50, 3, 30 and 60 minutes
after which a sample was diluted by either fresh or seawater, depicted by blue and green
lines respectively. One may notice from this figure that larger (coarser) particles start
to develop after 30 minutes, this is due to process of flocculation. Additionally, four
fluid mud monitoring campaigns were conducted in the Port of Rotterdam in 2019/2020.
These campaigns took part within the framework of PRISMA I research programme
(Kirichek et al., 2021). The particle size analysis of these samples showed large resem-
blance with the PSD of Caland Canal mud Figure 4.6. Most particles fall within the silt
size class (between 2 and 63 µm) and typically no primary particles, but particle aggre-
gates or flocs are distinguished. Following the particle size analysis it is safe to assume
the presence of sand is negligible, and therefore the solids effect may be disregarded in
the parameter study for fluid mud.

The rheological models by Jacobs and van Kesteren and Thomas both describe a
relationship between the volumetric concentration of solids with respect to the Bingham
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yield stress or Bingham plastic viscosity. These relationships, depending on only two
variables, are fairly easy to determine by making use of curve fitting tools. Yet the pa-
rameters of the model by Winterwerp and van Kranenburg, especially for the apparent
viscosity, are very cumbersome to determine. The apparent viscosity depends on the
shear rate and does not relate to the Bingham plastic viscosity. Finding a relationship
between the apparent viscosity with respect to shear rate as well as volumetric concen-
tration of solids is not so straight forward and requires more complicated curve fitting
techniques. For this reason the model by Winterwerp and van Kesteren is dropped for
the remainder of the thesis.

The fitting relationships for the model by Jacobs and van Kesteren are given by:

- y = a ·
(

ρw
ρs

· 1−x
x

)b
for the Bingham yield stress;

· with a = Ky,
· and b = By.

- y = a ·
(

ρw
ρs

· 1−x
x

)b
+ c for the Bingham plastic viscosity;

· with a = Kµ,
· b = Bµ,
· and c = µw.

where x is the volumetric concentration of solids ϕs. The fitting relastionships for the
model by Jacobs and van Kesteren are given by:

- y = a · x b for the Bingham yield stress;
· with a = Cy,
· and b = p.

- y = a · exp
(
b · x

1−x

)
for the Bingham plastic viscosity;

· with a = Cµ,
· and b = µw.

Some model parameters are fixed and do not depend on the rheological measurements
by the rotational rheometer, these are summed up in Table 4.7. For convenience, the
clay activity is set equal to one, and the conventional density of solids and water is used.
The parameters of the model by Thomas are furthermore based on literature by van Es,
2017; Hanssen, 2016.

Jacobs and van Kesteren Thomas
Parameter Freshwater Seawater Parameter Freshwater Seawater
Aclay 1.0 1.0 kyield 1.5 1.5
ρsolids 2650 2650 kvisc 1.25 1.25
ρw 1000 1025 ϕsand,max 0.6 0.6

Table 4.7: Independent model parameters.

Figures 4.7, 4.8, 4.9 and 4.10 depict the results of the curve fits to the data using the
fitting relationships described above.
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Figure 4.7: Curve fit of the Bingham yield stress to volumetric concentration of solids for
freshwater diluted subsamples.

Figure 4.8: Curve fit of the Bingham plastic viscosity to volumetric concentration of solids
for freshwater diluted subsamples.
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Figure 4.9: Curve fit of the Bingham yield stress to volumetric concentration of solids for
seawater diluted subsamples.

Figure 4.10: Curve fit of the Bingham plastic viscosity to volumetric concentration of solids
for seawater diluted subsamples.
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Both models fit well to the data, however Jacobs and van Kesteren is slightly more
accurate for the yield stress at the lower end of the volumetric concentration of solids.
The coefficients of the fitting relationships are directly converted into the emperical
model parameters resulting in parameters denoted in Table 4.8:

Jacobs and van Kesteren Thomas
Parameter Freshwater Seawater Parameter Freshwater Seawater
Ky 1.7868e+3 1.3919e+3 Cy 1.9390e+6 9.8974e+5
By -4.5655 -4.2698 p 5.5154 5.1748
Kµ 2.8018 2.1599 Cµ 23.1036 21.4058
Bµ -4.9944 -4.7014 µw 0.0012 0.0015

Table 4.8: Model parameters deducted from curve fitting with rheological data of fluid mud.
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5 | Verification of the rheological CFD model

The rheological models for time-independent non-Newtonian behaviour have been added
as extra subroutines into the CFD-code of TUDflow3d. The numerical implementation
of each of these models needs to be verified separately. This is done by using bench-
marks from known literature. The benchmarks consist of both analytical solutions and
numerical data.

5.1 Lid-driven cavity

A classical benchmark for the verification of viscous incompressible fluid flows is the
lid-driven cavity. This 2D problem simulates the behaviour of a fluid in a square cavity
of unit length with three rigid walls and a moving lid that drives the fluid. A Dirichlet
boundary condition (no slip) is applied to the walls, this implies that the velocity of
the fluid at the walls is equal to that of the wall. Furthermore the Neumann boundary
condition for the pressure is imposed at the walls, the pressure gradient normal to the
wall is set to zero. The flow field of a Bingham flow may be characterised by two
dimensionless numbers: the Reynolds number, here defined in terms of Bingham plastic
viscosity:

Re =
ρUL

µB

, (5.1)

and the Bingham number Bn, defined as:

Bn =
τyL

µBU
. (5.2)

Unlike Newtonian lid-driven cavity problems, which are studied in great detail in liter-
ature, only limited results for non-Newtonian fluids are available. Syrakos et al., 2014,
however, provide a wide range of results for Bingham and Reynolds numbers up to
100 and 5000 respectively. Their results where obtained by the Bingham-Papanastasiou
model as well, and therefore serve as an ideal reference for the verification of the com-
putational results.

In this case the lid-driven cavity problem has been solved for Reynolds numbers
ranging from 10-1000 and for Bingham numbers up to 10. Apparent viscosities become
significant at the lower end of Reynolds numbers and the higher end of Bingham num-
bers, putting a large burden on the computational time. The grid resolution had to
be decreased from 512x512 cells to 64x64 cells to allow computations within within 24
hours. Unless otherwise stated, the results presented were obtained on a uniform grid
of 64x64 cells, and a viscosity regularisation parameter equal to m = 400. For Reynolds
numbers other than 1000, a lower value of m = 200 was used to further shorten the
computational time.
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(a) Re = 10 (b) Re = 100

(c) Re = 500 (d) Re = 1000

Figure 5.1: Streamlines of a Bingham flow for Bn = 1, plotted at intervals of 0.004 starting
at zero.

Regions shaded by purple indicate the unyielded areas, where the shear stress does
not exceed the yield stress. The stresses are low far from the moving lid, hence the un-
yielded zones are formed at the bottom of the cavity. As the Bingham number increases
these zones expand upwards, leaving less space for the flow to take place.
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(a) Re = 10 (b) Re = 100

(c) Re = 500 (d) Re = 1000

Figure 5.2: Streamlines of a Bingham flow for Bn = 10, plotted at intervals of 0.004 starting
at zero.

The numerical results correspond well with those presented in Syrakos et al., 2014,
although the smaller resolution is noticeable in the unyielded zones. Their general shape
and size are alike, but the resolution caused the shape to be more angular.
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5.2 Plane Poiseuille flow

Another well known test case for verification is the analytical steady-state solution of
the plane Poiseuille or Channel flow. The Poiseuille flow is a pressure-induced flow in
between two fixed plates at a mutual distance H. It is famous for its parabolic velocity
profile for Newtonian fluids given by (White, 2016):

u(y) = −dp

dx

h2

2µ

(
1− y2

h2

)
, (5.3)

where the plates are a distance 2h = H apart, with the centerline defined at y = 0
in this solution. The non-Newtonian solution of the Poiseuille flow is characterised by
a so called ”plug region”, where the material acts as a solid. The shear stress in this
region does not exceed the yield stress resulting in a flat velocity profile. The analytical
solution of the pressure driven Poiseuille flow for a Bingham fluid is defined as (Goeree,
2018):

u(y) =
1

2µ

∂p

∂x

(
y(H − y)− 2τy

(
∂p

∂x

)−1

y

)
. (5.4)

This equation is only valid in the domain 0 ≤ y ≤ y1, which encloses the yielded zone
of the flow, i.e. where the shear stress is greater than the yield stress. The velocity at
the walls, y = 0 and y = H, is again bounded by the Dirichlet boundary condition. y1
basically indicates the start of the plug region and is defined by:

y1 =
H

2
− τy

(
∂p

∂x

)−1

, (5.5)

the plug, or solid region, extends up to y = H − y1 at which the shear stress overcomes
the yield stress and the material starts to flow again. The velocity of the plug may be
obtained by substitution of y = y1 in Equation 5.4 giving:

U = u (y1) =
1

2µ

∂p

∂x
y21. (5.6)

The numerical simulations of the problem where performed on a uniform grid of 64 x 2
cells. To make sure a fully developed flow is acquired a periodic boundary condition is
applied at the in and outlet of the flow. This allows for a drastically reduced grid size,
decreasing computational time, but still obtaining a steady-state solution. The input
parameters are chosen identical to those in the dissertation by Goeree, 2018, namely:

Input Poiseuille benchmark
Parameter Symbol [units] Value
Bingham viscosity µB [Pa·s] 0.1
Yield stress τy [Pa] 0.2
Pressure gradient ∂p/∂x [Pa/m] -1.0
Height of domain H [m] 1.0

Table 5.1: Parameters for the numerical and analytical analysis of the Poiseuille flow bench-
mark.
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These parameters are chosen in a way that both a yielded and an unyielded region
can be distinguished well. Various results have been computed by the numerical model
for different values of the viscosity regularisation parameter m, these results are depicted
in Figure 5.3.

Figure 5.3: Velocity profiles for different values of viscosity regularisation parameter m.

As the viscosity regularisation parameter is increased the solution slowly converges
towards the analytical solution as is depicted in Figure 5.4. For a value of m = 0, the
solution perfectly matches the Newtonian velocity profile for a fluid with viscosity equal
to the Bingham viscosity.

Figure 5.4: Convergence of numerical solution towards the analytical solution.
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6 | Validation with water-soil flume experiment

Part of the PRISMA II research program is a series of WID experiments performed in
the water and soil flume at Deltares. The water-soil flume comprises a large concrete
research-flume and a motorised carriage, travelling on top of the flume, consisting of a
multipurpose dredging installation complete with data-acquisition and data-processing
systems. The water-soil flume is one of the largest of its kind with dimensions:

- Length: variable up to 50.0 metres.
- Width: 9.0 metres. (5.5 m research-flume and 3.5 m settling basin.)
- Width of flume with glass wall installed: 0.5, 1.0 or 2.5 m.
- Depth: 2.5 metres.

These experiments where performed with the objective to gain insights into the behaviour
of density currents created by WID under influence of different operational parameter
settings of the dredger. During these experiments multiple physical properties of the
fluid mud density current were measured. Among these properties are: velocities, solids
concentrations and rheological properties of the mud. These form an ideal dataset, which
may serve for the validation of rheological models in the CFD-code. For a more detailed
description on the experiments and the results a reference is made to the master thesis
of Ma, 2021.

6.1 Experimental set-up

For the WID experiments the flume was subdivided into two parts, one for the actual
dredging and the other to supply the water for injection in the bed. The dimensions of
the experimental side were adjusted to be 31.0 x 2.4 x 2.5 metres (L x W x H). At the
bottom of the flume a mud layer of half a metre is placed over a length of 27.0 metres
enclosed by a wall consisting of removable beams. The height of the wall matches that of
the fluid mud layer, so after each WID run, beams will have to be removed to match the
height of the fluid mud layer accordingly. The mud used in the experiments was taken
from the Caland Canal (Port of Rotterdam, the Netherlands), dredged by a grab dredger

Figure 6.1: Schematization of experimental set-up. (Ma, 2021)

near the ore tranship-
ment berth specifically.
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Figure 6.2: Schematic of measuring frame.
(Ma, 2021)

The motorised carriage is equipped
with a jet bar made of 20 cm � PVC
pipes covering the full width of the flume.
The jet bar consist of 24 nozzles supplied
from the secondary basin by two pumps,
of which the flow rate can be controlled by
frequency converters. A hinged measure-
ment frame, equipped with five electro-
magnetic velocity meters (EMV) for the
velocity and twenty conductivity sensors
to measure concentrations (indirectly) was
attached to the wall. At the start of the
experiment it is hinged down to make sure
the jet bar can safely pass without hit-
ting the measuring frame. Whereafter it
is raised as soon as the jetbar is clear of
the measuring frame. The area free of mud

at the far right of the flume is used for the start-up of the pumps. This allows for a
careful set-up of the flow rate and jet bar pressure without unnecessary disturbance of
the mud layer before the actual start of the run. In the same area the experimental
flume is interconnected to the secondary basin of the supply water. These communicat-
ing vessels ensure that the flume does not overflow while the large quantities of water
are injected into the bed. Additionally water may be pumped to the cellar by a pump
installed in the corner. The full experimental layout is depicted in Figure 6.1.

The production was determined after each individual experiment by measuring the
bathymetry of the bed. A single-beam echo sounder (SBES) was moving along the
motorised carriage, capable of taking point measurements at a certain interval which
creates a 2D profile along the depth. The echo sounder used in the experiment was
dual frequency, transmitting a low frequency pulse of 38 kHz simultaneously with a
high frequency pulse at kHz. The bathymetry measurements were spot checked by the
conventional disk and tapeline method. This method consist of a disk connected to a
tapeline which is lowered into the flume. The disk penetrates the water column until
its weight is supported by the consolidated mud layer, the value reading at the water
interface serves as a measure for the bathymetry. By taking the difference before and
after the run the total volume of removed soil Vd can be determined, this multiplied
by the mass concentration of solids cs gives the total production of an individual WID
run. Whereupon the rate of production is defined by the total production divided by
the travel time of the motorised carriage:

Pd =
(LdWd∆Hd) cs

tc
, (6.1)

with Ld and Wd are respectively, the length and width over which WID was performed.
∆Hd is the difference in bed height before and after the run, and tc is the travel time of
the motorised carriage.
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6.2 Simulation set-up

First of all a numerical grid, or mesh, was defined to embody the geometry of the flume.
Slight adjustments have been made to the geometry of the flume to allow for a simple
rectangular grid. The L-shaped section, interconnecting the experimental flume to the
secondary basin, was cut off and attached at the end of the flume. The total volume of
the flume therefore remained the same, however the length of the flume was extended
up to 33.0 metres.

Figure 6.3: Rectangular computational domain used for simulation of the WID experiment
in the water-soil flume.

6.2.1 Boundary conditions

6.2.1.a Free surface and lateral boundaries

The free surface and lateral boundaries of the flume are imposed by a free-slip boundary
condition, sometimes referred to as the no penetration boundary condition. This condi-
tion states that the velocity normal to the surface is equal to zero and a zero gradient
condition is applied on the remaining variables like concentration and velocity. ∂Cl

∂n
= 0.

6.2.1.b Solid walls

A partial slip boundary condition is imposed at the bed and bottom of the computational
domain. These boundaries are impenetrable and a wall function is used to apply the
shear stress τn = ρu∗u∗, with friction velocity u∗ belonging to the wall parallel velocity
Un =

√
u2 + v2 in the first grid cell at zn = ∆z/2 from the wall (L. de Wit, 2015). The

walls are defined to be hydraulically rough, and the following standard law of the wall
is used:

U+
n =

1

κ
ln zn

z0
, (6.2)

with z0 = 0.11v/u∗ + ks/30 and Nikuradse roughness height ks=1.e-6.
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6.2.1.c Inflow and outflow

Outflow of sediment is enabled at x = -6 m, by imposing a Neumann boundary condition
on all variables, and setting the pressure equal to zero. The wall on the other side of
the flume, at x = 27 m, is imposed by the Dirichlet boundary condition.

6.2.2 Defining the bed

For the purpose of the CFD model, the bed of mud is divided into two. A lower bed
layer untouched by WID, and an upper bed layer fluidized by the WID process and
contributing towards the density current. The body of mud, not influenced by WID, is
included into the computational domain as a solid object by a direct forcing immersed
boundary method (IBM). This method, introduced by Peskin, 1972, adds an extra body
force accounting for the influence of the immersed solid. This makes sure that the
velocity is zero in all grid cells inside the body of mud. A more elaborate description on
IBM may be found in, among others, Fadlun et al., 2010.

Upper "virtual" bed layer

Lower "untouched" bed layer

  Three Sources

Jetbar

0.
40

 m
2.

20
 m

0.8
4 m

27.0 m
33.0 m

Figure 6.4: Schematic representation of the simulation set-up of the WID experiment in the
water-soil flume.

The upper bed layer, contributing towards the density current, is removed from
the model and replaced by a virtual bed. Meaning that the sediment is not physically
present, but that the stationary bed is resembled by a zero velocity condition imposed
on the same volume. During simulation the removed sediment is injected back into the
flume by a moving source term. The source term, moving at a velocity equal to that of
the motorised carriage, injects a mixture of dry sediment and water over the width of the
flume. This resembles a soil response similar to the fluidization of the upper bed layer
by the jetbar happening in reality. The water-sediment mixture injected by the source
term will start to disperse after injection, forming a density current under influence of
the density differences. Because the WID production is known from the experimental
data, a proper sediment and water flux for the source term can be estimated. While the
source term is moving along the flume, the zero velocity condition is simultaneously re-
moved from the cells passed by the source term. So the virtual bed is basically replaced
by the injected suspension. While flume is filled up with freshwater, contain the pores
of the fluid mud seawater. During WID this saline pore water is released into the flume,
influencing the overall density. For this reason a salt fraction is added to the source
terms to account for excess density due to this effect.
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The injected water-sediment mixture is actually not equally distributed over the
width of the flume, but the source is subdivided into multiple smaller sources. Each
individual source is alternated by a void space creating a sort of subgrid of sources over
the width of the flume. The subgrid consists of nine sources in total, with a dimension
of 12x12x10 cm and are all separated by an equal void space. This approach gives a
more realistic soil response comparable to that of water injection by individual jets, and
it enhances the turbulent behaviour in the density current.

Another zero velocity condition is imposed in the domain to mimic the presence of
the jetbar. A rectangular box of 20 x 20 cm over the full width of the flume is moving at
equal velocity just ahead of the source term. A negative source term represents the pump
to the cellar, where a negative water flux removes water from the computational domain.

6.2.3 Experimental reference data

A proper estimation of the fluxes for the source terms was done using the data acquired
in the PRISMA II WID experiments. Within these experiments a total of six series of
tests were performed, each comprising of two up to four individual WID runs. Each
subsequent run removed approximately between 5 - 15 centimeters of mud, depending
on the WID set-up and rheological properties of the mud. The rheological properties,
like yield stress and viscosity, are determined before each series of tests by a rotational
rheometer. However after the first run, the bed is diluted and the top layer does no
longer correspond with the measured properties. It is for this reason that the first run
is most suitable for the validation of the model. All results presented in this chapter are
based on the data of the first run of the first series of tests. Table 6.1 gives an overview
of the results deducted from this experimental run.

Test 1 run 1 overview
Parameter Symbol [units] Experimental data
Carriage velocity vc [m/s] 0.40
Stand off distance SOD [m] 0.01
Jet pressure pj [MPa] 0.05
Trailing length Ld [m] 23.10
Trailing width Wd [m] 2.40
Intrusion depth ∆Hd [m] 0.10
Volume dredged Vd [m3] 5.54
Yield stress of bed τy [Pa] 117
Bingham viscosity of bed µB [Pa·s] 0.14
Mass concentration of bed cs [kg/m3] 438
WID production rate Pd [kg/s] 42.07
Jet pump flow rate Qp [ltr/s] 135
Discharge pump flow rate Qdp [ltr/s] 60

Table 6.1: Various parameters related to the first run of the first series of experimental tests.

The fluid mud in the CFD model is composed out of three sediment fractions. The
physical properties of the individual fractions are based on a floc morphology analy-
sis performed in the PRISMA I research programme (Kirichek et al., 2021). The floc
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population was divided into macroflocs (Dp > 160 µm) and microflocs (Dp < 160 µm)
based on floc diameter. Macro flocs have a larger settling velocity and contain relatively
more mass and volume than micro flocs, and are therefore the dominant fraction for
sedimentation. Though the largest amount of flocs in the water column are the micro
flocs, which contribute mostly to turbidity in the water.

Figure 6.5: Floc morphology analysis of a 1 g/l water sample collected 1 m above a fluid mud
layer at the Caland Canal on 27-06-2019. (Kirichek et al., 2021)

The lines for the different effective densities in Figure 6.5 were calculated based on
the Stokes settling formula, with effective density defined as: ρf −ρw. For the behaviour
of a fluid mud density current the model utilizes two sediment fractions representing
micro flocs, and an additional fraction representing the macro flocs. Corresponding
physical properties of these three fractions are stated in Table 6.2, where the gelling
concentration was determined by a series of settling column tests.

Particle fractions
Parameter Symbol [units] Fraction 1 Fraction 2 Fraction 3
Mass percentage [%] 23 % 23 % 54 %
Settling velocity ws [mm/s] 0.2 2.2 7.8
Particle density ρp [kg/m3] 2650 2650 2650
Gelling concentration cgel [kg/m3] 170 170 170

Table 6.2: Physical properties of the fluid mud particle fractions.
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6.3 Sensitivity analysis

For the optimisation of the model a sensitivity analysis was performed. The goal of
this analysis was reduce computational times where possible, and gaining insight in
the influence of model parameters on the computations. Most time may be saved by
reduction of the grid resolution, this was therefore the first thing to be investigated. In
addition, there was looked into the influence of the different sediment fractions on the
rheology, and whether the same behaviour could be achieved using only one sediment
fraction, further reducing the computational time. Another parameter which is analysed
and largely contributing towards long computational times is the viscosity regularisation
parameter m. This parameter amplifies the apparent viscosity in the lower regions of
shear rate, putting a constraint on the maximal time step. At last the effect of the
sediment flux magnitude is determined.

6.3.1 Grid refinement

The computational domain is discretized in space by the numerical grid at which the
governing equations are solved. Grid resolutions may influence the results of the simu-
lations, and must therefore be chosen carefully. Ideally the grid is defined fine enough
that it captures all the dynamics of the WID density current. However, the finer the
grid the longer the computational time, therefore in reality it’s always a compromise
between resolution and computational time.

Initially the grid was defined by square uniform cells with sides of 2 cm, resulting in
a grid of 1650 x 112 x 112 cells, which is approximately equal to 20.7 million cells. An
80 second simulation of a flume experiment, only capturing Newtonian fluid behaviour,
was barely possible within 24 hours on this grid. Baring in mind that the addition
of non-Newtonian behaviour into the model will increase the simulation time by at
least a tenfold, other grid resolutions had to be considered. For the analysis of a fluid
mud density current the vertical resolution is most important, and was therefore not
changed. Instead different horizontal dimensions of the grid cells were examined in this
grid refinement study. Additionally large savings in computational time could be made
by reducing the width of the computational domain. Important for validation is to
properly capture the behaviour of the density current at the position of the measuring
frame. If reducing the width would not change the results at this position, then this
could possibly be the ultimate solution for bearable simulation times.

Numerical grids
Simulation Flume width Cell size Grid size Number

identification [∆x∆y∆z] [LxWxH] of cells
Fw - grid x1 Full width (2.40 m) 2x2x2 cm 1650x112x112 20.70 Mln.
Sd - grid x1 Scaled down (0.84 m) 2x2x2 cm 1650x42x112 7.76 Mln.
Sd - grid x2 Scaled down (0.84 m) 4x4x2 cm 825x21x112 1.94 Mln.
Sd - grid x3 Scaled down (0.84 m) 6x6x2 cm 550x14x112 0.86 Mln.

Table 6.3: Grid properties of the grids used in the grid sensitivity analysis.

A grid sensitivity analysis was applied to four different grids defined in Table 6.3.
For this analysis an experimental WID run, over a time of 80 seconds, was simulated
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without the addition of non-Newtonian rheology. The width was roughly scaled by a
factor 1/3, from 2.40 m to 0.84 m wide. All other relevant model parameters, like water
and sediment fluxes, were scaled down as well to match the new downsized width of the
flume. The fluxes however, are now divided over three source terms instead of nine, and
are denoted in Table 6.4. These source terms were moving horizontally for 58 seconds
at a trailing velocity of 0.40 m/s, and after this time no more sediment was added into
the model. Compared to full width simulations, lateral boundaries are no longer defined
by impenetrable solid boundaries. Instead, for the scaled down simulations, a periodic
boundary condition is applied which basically creates a infinitely wide flume.

Source terms
Parameter Symbol Full width Scaled width

[units] 9 sources 3 sources
Carriage velocity vc [m/s] 0.40 0.40
Total sed input Stot [kg/s] 42.069 14.724
Fraction 1 S1 [kg/s] 1.028 1.080
Fraction 1 S2 [kg/s] 1.028 1.080
Fraction 1 S3 [kg/s] 2.618 2.749
Salt fraction Ssalt [kg/s] 0.330 0.346
Jet pump flow rate Qp [ltr/s] 135 47
Water flux (per source) Qps [ltr/s] 0.015 0.016

Table 6.4: General simulation parameters of the model, deducted from the experimental data.

The results of the simulations are analysed by comparing velocity and density profiles
of the different grids, in combination with velocity and density time series at a certain
height above the bed. These together give a good representation of the density current
and are displayed in Figure 6.6 and Figure 6.7. The profiles are taken at time instances
10, 30 and 50 seconds and the time series are corresponding with the height of three
different conductivity and EMV sensors.

The figures show clearly that reducing the width of flume does not influence the out-
come of the numerical model. Additionally it could also be concluded that the results
at the centre of the flume are not affected by the boundary conditions at the solid wall.
Potential reflections caused by the walls of the flume do not seem to be observed by
the sensors of the measuring frame. Therefore reducing the width of the computational
domain does not affect the results, and can be safely applied to reduce the number of
cells in the domain.

Furthermore, despite losing some horizontal resolution, the results for the different
grids are approximately the same over time as well as in space. Looking at the compu-
tational time of the simulations then a decrease from 22 hours and 30 minutes to only 1
hour and 13 minutes was observed. This means that by the reducing the grid from 20.7
million cells to only 0.86 million the model became more than 18 times faster. This is
required to be able to run the simulations with rheology within a reasonable time frame.
The grid of choice for the remainder of simulations is therefore ”Sd - grid x3” with cells
of 6x6x2 cm (LxWxH).
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(a) Density profile at t = 10 s (b) Velocity profile at t = 10 s

(c) Density profile at t = 30 s (d) Velocity profile at t = 30 s

(e) Density profile at t = 50 s (f) Velocity profile at t = 50 s

Figure 6.6: Density and velocity profiles for different grid sizes at three instances in time.
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(a) Density at h = 0.08 m (b) Velocity at h = 0.05 m

(c) Density at h = 0.16 m (d) Velocity at h = 0.25 m

(e) Density at h = 0.24 m (f) Velocity at h = 0.45 m

Figure 6.7: Calculated velocity and density time series for different grid sizes at the heights
of three different conductivity and EMV sensors.
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6.3.2 Viscosity regularisation sensitivity

This subsection is dedicated towards the optimization of the viscosity regularisation
parameter m. The ideal value for m is large enough to properly capture the Bingham
curve in the low shear rates, and as low as possible, not constraining the maximal time
step too much. Multiple simulations for different values of the viscosity regularisation
parameter m were done, using the rheological model by Thomas. An overview of these
runs is given in Table 6.5.

Simulation runs viscosity regularisation sensitivity
Simulation Rheological Viscosity

identification model regularisation m
Th m=0.35 Thomas 0.35
Th m=1 Thomas 1
Th m=2 Thomas 2
Th m=5 Thomas 5
Th m=10 Thomas 10
Th m=20 Thomas 20
Th m=40 Thomas 40

Table 6.5: Simulation runs for the viscosity regularisation sensitivity analysis.

Where the value of m=0.35 is corresponding to the average of the corrected m from
Table 4.3. This value was acquired from curve fitting the Bingham-Papanastasiou model
to the vane-cup CSR flow curve measured by a rotational rheometer. Figure 6.8 shows
the Bingham-Papanastasiou curves for all values of m with respect to the rheometer
data for a 1:00-0:50 freshwater dilution and the regular Bingham curve without viscosity
regularisation.

Figure 6.8: Bingham-Papanastasiou curves for various values of viscosity regularisation
parameter m vs the flow curve of a 1:00-0.50 freshwater diluted sample measured by a vane-cup
CSR rheological protocol.
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(a) Density profile at t = 10 s (b) Velocity profile at t = 10 s

(c) Density profile at t = 30 s (d) Velocity profile at t = 30 s

(e) Density profile at t = 50 s (f) Velocity profile at t = 50 s

Figure 6.9: Density and velocity profiles drawn at the location of the measurement frame for
various viscosity regularisation parameters calculated at three instances in time.
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(a) Density at h = 0.08 m (b) Velocity at h = 0.05 m

(c) Density at h = 0.16 m (d) Velocity at h = 0.25 m

(e) Density at h = 0.24 m (f) Velocity at h = 0.45 m

Figure 6.10: Velocity and density time series for various viscosity regularisation parameters
calculated at three locations of EMV and conductivity sensors located at the measurement frame.
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It is important to note that all presented measurements and simulated results in
this chapter are instantaneous. That is to say that when a slice would have been taken
an instant later or earlier already a different density current pattern would have been
found. Therefore it will be impossible to simulate the exact shape and location of a
density current plume. In fact, reproducing the exact shape and location of the plume
in another simulation is even impossible. Consequently, detailed comparison between
the measurements and the simulations will be done on more general characteristics of
the density current. For example plume height, velocity profiles and density profiles.

The velocities computed for different values of m are very close to each other, and
do not seem to depend on the magnitude of m. A larger difference however, can be
observed in the densities computed by the model. Increasing m results in a sharper
decline of the density over time, as is shown in Figure 6.10. This effect is largest close to
the bed, and also results in a density currents which is lower in height (see Figure 6.9).
An important conclusion which may be drawn from the density times series is that the
results slowly converge to one another as m is increased. Further increasing m would
only enhance the results by a very small margin at the cost of very long computation
times. For example, a simulation with m = 40 takes about twice as long as a simulation
with m = 20, nevertheless the results barely deviate from each other. This, together
with that the Bingham-Papanastasiou curve for m = 20 very well approximates the pure
Bingham curve (see Figure 6.8), are enough reasons to choose m = 20 for the rest of the
simulations in this thesis.

6.3.3 Floc size sensitiviy

The terminal settling velocities of the individual fractions denoted in Table 6.2 differ
quite a lot from each other, almost by a factor 40. To what extent these different
fractions influence the rheology is tested in this subsection. Due to the high volumetric
concentrations of solids in the density current, it is expected that the settling process is
mainly governed by hindered settling. To check this hypothesis, a simulation with only
the smallest sediment fraction was compared with the conventional simulation run with
all three fractions. Important to note, is that all input parameter were held the same,
and that total sediment flux was equal in either run.

Simulation runs floc size sensitivity
Simulation Rheological Number of Viscosity

identification model fractions regularisation m
Jacobs m=0.35 micro Jacobs & van Kesteren one 0.35
Jacobs m=0.35 macro Jacobs & van Kesteren three 0.35
Thomas m=0.35 micro Thomas one 0.35
Thomas m=0.35 macro Thomas three 0.35
Jacobs m=20 micro Jacobs & van Kesteren one 20
Jacobs m=20 macro Jacobs & van Kesteren three 20
Thomas m=20 micro Thomas one 20
Thomas m=20 macro Thomas three 20

Table 6.6: Simulation runs for the floc sensitivy analysis.
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A total of eight simulation runs were performed, half of which the rheological model
by Jacobs and van Kesteren was applied, and the other half using the model by Thomas.
The viscosity regularisation parameter m was also varied in these runs to explore if this
would possibly influence settling of individual particles. An overview of all simulation
runs is given in Table 6.6. Figure 6.11 and Figure 6.12 show instantenous volumetric
concentration of solids levels at cross section y = 0, which is corresponding with the
centre plane of the flume. The volumetric concentration in these figures comprise the
total concentration of all solids, meaning that all sediment fractions are included.

Figure 6.11: Instantaneous slices of total volumetric concentration of solids ϕs for either one
or three sediment fractions, taken at the flume centre plane (at t = 32s).

Whether one solid fraction is used or three, the general characteristics of the instan-
taneous total volumetric concentration of solids in the figures are identical. Very small
differences may be observed on detail level, but these are explained by the instantaneous
character of the simulated results. The fact that the total concentration of solids is basi-
cally the same confirms that the volumetric concentration, in these simulations specific,
is so high that the terminal settling velocity of individual particles is not of any influence.
Instead, hindered settling is dominant giving the same results regardless of the terminal
settling velocity.
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Figure 6.12: Instantaneous slice of total volumetric concentration of solids ϕs for either micro
+ macro flocs, or only micro flocs at t = 56s, at the flume centre plane.

Complementary to the conclusion drawn before is that the choice of m does not have
any influence on the settling behaviour whether only one or three sediments fractions
are included in the model. Figure 6.11 and Figure 6.12 show signs that computations
done by both the rheological models give the same outcome. This observation is further
analysed in section 6.4.
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6.3.4 Sediment flux sensitivity

The amount of sediment which is injected into the flume by the model largely contributes
to the eventual results. The sediment fluxes are based on bathymetry measurements per-
formed in the WID experiments, from which the WID production was determined. There
was some uncertainty with regards to the accuracy of these measurements and the sedi-
ment flux term in the model may therefore be an over- or underestimation of reality. To
what extent this influences the results is analysed in this subsection.

An additional four simulations were performed and compared to the reference run,
which is based on the experimental data denoted in Table 6.1. The sediment flux, with
respect to the reference run, was either increased or decreased by 5 or 10%. The salt
fraction, accounting for the saline pore water, was also scaled up or down with the
sediment flux. These simulation runs essentially correspond to respectively, 90, 95, 100,
105 or 110% of the total dredged volume determined in the experiment. Table 6.7 gives
an overview of all of the simulation runs in this subsection.

Simulation runs floc size sensitivity
Simulation Rheological Sediment Volumetric Viscosity

identification model flux concentration regularisation
Stot [kg/s] ϕs [-] m

Th prod=0.90 Thomas 13.25 0.106 20
Th prod=0.95 Thomas 13.99 0.112 20
Th prod=1.00 Thomas 14.72 0.118 20
Th prod=1.05 Thomas 15.46 0.123 20
Th prod=1.10 Thomas 16.20 0.129 20

Table 6.7: Simulation runs for the Sediment flux sensitivity analysis.

The simulation results for different magnitudes of the sediment flux are in some way
comparable to the results in the viscosity regularisation analysis. Increasing the volu-
metric concentration of solids in the density current enhances the Bingham behaviour
in a similar way as enlargement of m does. The apparent viscosity of the fluid is raised
under the effect of a higher concentration or larger viscosity regularisation parameter.
This results in a sharper decline in density over time, as is observed in Figure 6.14. The
initial peak of density is higher, but the effect of the higher yield stress starts to become
noticeable as time passes by. A much larger gradient in density was found at a higher
sediment flux, and as a result the height of the density current was lower as well. This
is clearly reflected by the density profiles in Figure 6.13.

The fact that the height of the density current is larger for lower concentrations is
also displayed in the vertical profiles and time series of the horizontal velocity u. At
first, the velocities do not differ much, but after approximately 30 seconds the velocity
starts to decrease for the higher sediment fluxes. As the source term moves away from
the measuring frame its direct impact on the velocity at this point becomes less and
less. It is at this point, at around 30 seconds, that the larger yield stresses of the higher
concentration density currents starts to make a difference.
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(a) Density profile at t = 10 s (b) Velocity profile at t = 10 s

(c) Density profile at t = 30 s (d) Velocity profile at t = 30 s

(e) Density profile at t = 50 s (f) Velocity profile at t = 50 s

Figure 6.13: Density and velocity profiles drawn at the location of the measurement frame
for different sediment fluxes calculated at three instances in time.
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(a) Density at h = 0.08 m (b) Velocity at h = 0.05 m

(c) Density at h = 0.16 m (d) Velocity at h = 0.25 m

(e) Density at h = 0.24 m (f) Velocity at h = 0.45 m

Figure 6.14: Velocity and density time series for different sediment fluxes calculated at three
locations of EMV and conductivity sensors located at the measurement frame.
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Figure 6.15: Instantaneous slice of total volumetric concentration of solids ϕs for increasing
fluxes of sediment at t = 56s, at the flume centre plane.

This influence of a higher yield stress is also noticeable in the instantaneous slices
of volumetric concentration of solids at the centre plane of the flume, see Figure 6.15.
The sediment concentration on top of the lower untouched bed layer seems to scale with
magnitude of the sediment flux. Multiplying the concentration of each cell with the
density of solids and the cell volume gives the amount of sediment in kilograms per grid
cell. Summation over all cells within the range -27 ≤ x ≤ 0 meter obtains the total
amount of sediment above the untouched bed layer. Substracting this from the total
amount of sediment which has been injected into the flume is considered as the total
production of the WID, and is depicted in Figure 6.16.
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Figure 6.16: Total computed WID production for increasing sediment fluxes.

It is evident from Figure 6.16 that the total production is scaling with the total
input of sediment. However it does not scale by the same percentage as the sediment
flux. Instead, the total production after 80 seconds is respectively, 93.9, 97.1, 100.0,
103.0 and 106,4% of the WID production computed in the reference run.

6.4 Results

A total of five numerical simulations of the experimental run described in subsection 6.2.3
are compared in this section. One simulation without the application of non-Newtonian
behaviour, and the remaining simulations with non-Newtonian behaviour. For these
runs both the rheological model by Thomas as well as the model by Jacobs and van
Kesteren was applied for two values of the viscosity regularisation parameter m. A
value of m=0.35, obtained from the rheometer data, and a value of m=20 reflecting the
ideal Bingham curve. Table 4.8 gives a summary of the model parameters for each of
these rheological models based off the parameter study on fluid mud from the Caland
Canal. Table 6.8 gives an overview of the different simulations which are compared to
each other.

Simulation runs for model validation
Simulation Rheological Viscosity

identification model regularisation m
Newtonian Newtonian -
Ja m=0.35 Jacobs & v. Kesteren 0.35
Th m=0.35 Thomas 0.35
Ja m=20 Jacobs & v. Kesteren 20
Th m=20 Thomas 20

Table 6.8: Simulation runs for the validation of the rheological models.
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(a) Density profile at t = 10 s (b) Velocity profile at t = 10 s

(c) Density profile at t = 30 s (d) Velocity profile at t = 30 s

(e) Density profile at t = 50 s (f) Velocity profile at t = 50 s

Figure 6.17: Measured density and velocity profiles vs. computational results of different
numerical simulations at three instances in time.
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(a) Density at h = 0.08 m (b) Velocity at h = 0.05 m

(c) Density at h = 0.16 m (d) Velocity at h = 0.25 m

(e) Density at h = 0.24 m (f) Velocity at h = 0.45 m

Figure 6.18: Measured velocity and density time series vs. computational results of different
numerical simulations at three EMV and conductivity sensors.
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Figure 6.18 provides the time series for the density and velocity, respectively. Com-
paring the numerical model with the experimental data, one notices a different behaviour
in the first 5 to 10 seconds of the simulations. Where in the models a density current is
created straight after the jetbar passes the measuring frame, in reality it takes a moment
as is seen in the experimental data. This difference may be accounted to the start-up
behaviour of a density current, where the flow regime is supercritical at the start, and
transitions to a subcritical regime through a submerged hydraulic jump (Middleton,
1993). The actual transport of sediment happens after the hydraulic jump, where the
flow regime is subcritical (see Figure 2.1 and Figure 2.3). The supercritical flow regime
is not captured by the numerical model, where mixture of water and sediment is sub-
critical straight after it is injected by the source term.

After the density current has been developed, the measured velocities in the exper-
iments correspond quite well with the numerical data up to a certain height above the
bed. Above this height the horizontal velocity falls off much faster in the models than
in the experiment. This might indicate that the height of the density current is in re-
ality higher than what the models compute. The height of the density current can be
determined from density profiles (see Figure 6.17) and density time series. Whereas,
the influence of non-Newtonian behaviour is only minor on the velocities, it becomes
omnipresent in the density characteristics. Initially the models compute densities in the
same order of magnitude, but as time goes by, the density starts to decrease faster for the
Bingham models. Because of this, the height of the density current extends further up
for Newtonian behaviour. In comparison with the experimental data, the height of the
density current is best reflected by the Newtonian results, which are roughly identical.
The Bingham models seems to underestimate the height of the density current. Inter-
estingly, however, is the behaviour in the lower regions of the current (see Figure 6.18a),
where the density obeys the Bingham models for m=0.35 for approximately the first 55
seconds of simulation. In the higher regions, on the other hand, the densities tend more
towards Newtonian behaviour.

(a) Sediment source flux vs. WID production rate (b) Total injected sediment vs total production.

Figure 6.19: Comparison between the sediment flux of the source terms vs. the production
rates of the different simulations.
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Actually, neither of the models properly represent the density found in the experi-
ments. An explanation for the deviation in density might descend from the definition
of the numerical source terms. The amount of sediment injected by the source terms is
obtained from the net total WID production observed in the experiments. Subsequently
an equal amount of sediment is injected into the computational domain over the course
of 58 seconds. This implies that if the production in the numerical model should be
identical to the experiment, all the sediment would have to pass the measuring frame at
some point in time. However, Figure 6.19 shows that, especially for Bingham models,
the net production is much lower.

Figure 6.20: Instantaneous velocity u at t = 8s, at the flume centre plane.

Both rheological models basically give the same results, and for this reason further
analysis of the difference between the Newtonian and Bingham behaviour will be done
based on calculations using the model of Thomas. Figures 6.20, 6.21 and 6.22 show
slices of the instantaneous velocity at the centre plane of the flume. At an early stage of
simulation the difference between Newtonian and non-Newtonian is minimal. However
as the simulation progresses, the velocities in the Bingham models start to deviate from
the Newtonian solution. The (apparent) viscosity in the Bingham model is a few orders
of magnitude higher than in the Newtonian model, causing the density current to slow
down. At a certain moment the shear stress no longer exceeds the yield stress forcing
the fluid mud to behave as a solid. Due to this phenomena a new distinct interface
between stationary and moving fluid mud arises. The sediment captured by the new
bed may no longer contribute towards the net WID production. This is clearly reflected
in Figure 6.19b, where the total production lines start to deflect from one another once
the bed is forming. For the first 56 seconds, while the WID is active, the total production
grows linearly. Without rheology the total production continues to rise after 58 seconds,
but at a slower rate. With rheology, however, the total production seems to deflect
towards an asymptotic value of approximately 600-650 kg.
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Figure 6.21: Instantaneous velocity u at t = 32s, at the flume centre plane.

Figure 6.22: Instantaneous velocity u at t = 56s, at the flume centre plane.
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In summary, due to the formation of a new bed layer, the net total production of
sediments will be underestimated in the models including rheology. This reinforces the
hypothesis made earlier this section, which states that the source term is defined improp-
erly. Although this hypothesis is primarily true if the rheological behaviour is applied in
the numerical simulation, the production without rheology is corresponding much better.

Both Bingham models utilize the volumetric concentration of solids to compute the
Bingham yield stress and Bingham viscosity. Figure 6.23 shows an instantaneous slice
of volumetric concentrations of solids at t = 56s computed by the model of Thomas at
different values of the viscosity regularisation parameter. The concentrations in the slice
are basically the same regardless of the choice of m.

Figure 6.23: Instantaneous volumetric concentration of solids ϕs of all three sediment frac-
tions combined at t = 56s, at the flume centre plane.

Chapter 6. Validation with water-soil flume experiment 81



Modelling of high concentration fluid mud water injection dredging density currents

The rotational rheometer tests on fluid mud, performed for the parameter study (see
chapter 4), show that yield stress is the largest contributor to the shear stress, and
hence to the apparent viscosity. The apparent viscosity η is largest when the shear rate
γ̇ approaches zero. When γ̇ → 0, then η → mτy + µB (see Equation 3.16), so increasing
m by a factor two will increase the maximum value of η by approximately a factor two
as well and vice versa. Figure 6.24 shows that the viscosity in the bed layer, for m =
20, is two orders of magnitude larger than the Newtonian solution.

Figure 6.24: Apparent viscosity η for different value of viscosity regularisation parameter m
at t = 56s, at the flume centre plane.
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7 | Discussion

The objective of the thesis was defined as ”...to improve the results of existing CFD-models
for high concentration fluid mud WID density currents by implementing non-Newtonian
behaviour and studying the influence of non-Newtonian flow characteristics of the type
of flows.”
An improved results would mean in this case that the addition of rheology would re-
sult in a better approximation of the real physical processes involved in water injection
dredging. Simultaneously with this study, large scale experiment were performed in
the water-flume at Deltares to capture the most important physical processes. The
rheological models have therefore been validated against the data resulting from these
experiments. It is important to note here, that because of practical reasons, these exper-
iments were performed in freshwater instead of seawater. This means that the influence
of salinity on the flocculation behaviour is missing in the data.

Multiple simulations were conducted for the validation with the experimental data,
however none did fully correspond with the data. This is a point of attention and will
be further discussed in this chapter. The deviating results could arise from both the
perspective of the numerical model, as well as the perspective of the experiment or even
a connection between one another. It is therefore extremely important to critical asses
both of these aspects.

Normally a density current created by WID would arise from the interaction between
the bed and the jets. A very fine grid, in the order of millimetres, would be necessary
to properly capture all the relevant physical processes involved in jetting. Due to the
limited computational power it is simply not possible to apply such a fine mesh on such
a large scale experiment, jetting is therefore not incorporated into the model. Instead,
a density current is created by a source term injecting sediment and water simultane-
ously. The amount of sediment is determined by the production deducted from the
experiments. Determination of the WID production, however, was deemed to be one of
the most difficult parameters to determine. It was hard to define the bed by either the
echo sounder or the disc measurements, and the rheological properties were assumed to
be homogeneous throughout the bed. The results of the CFD model heavily rely on the
accuracy of the production, a small error in the order of 10-20% is not inconceivable,
but would give an entirely different solution.

The definition of the source term represents indirectly an upper limit for the WID
production. If and only if all the injected sediment would be transported by the density
current, then the production in the model would be equal to the experiment. But the
reality shows, when rheology is incorporated, part of the injected sediment forms a new
bed, and is lost in production.
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8 | Conclusions and Recommendations

8.1 Conclusions

In the introduction, the research question was defined as ”How does the addition of non-
Newtontian behaviour in a CFD-model influence a high concentration fluid mud density
current?”
An extensive rheological analysis of fluid mud from the Caland Canal (Port of Rotterdam,
The Netherlands), confirmed that fluid mud does indeed show non-Newtonian behaviour.
Flow curves obtained by a rotational rheometer provided evidence that fluid mud can be
classified as a visco-plastic fluid and furthermore exhibits thixotropical behaviour. The
visco-plastic behaviour is well captured by the Bingham model, which was successfully
implemented into the CFD-code and verified against several benchmark cases.

Two rheological models, relating the Bingham model parameters to the volumetric
concentration of solids, were used to study the WID density current. A good correlation
was found betweeen these relationships and the rheometer measurements. This allowed
for a proper fit to deduct the emperical model parameters. An attempt was made to
validate these models against experimental data of the water-soil experiment performed
at Deltares. Comparison was made between a regular simulation, without rheology, and
the two models for different values of the viscosity regularisation parameter m. Best ap-
proximation was acquired by choosing m=0.35, which was obtained by curve fitting of
the Bingham-Papanastasiou model to the vane-cup CSR rheometer measurements. Gen-
erally, both rheological models compute the same results, however, neither Newtonian
nor non-Newtonian simulations are currently in full compliance with the experimental
data, hypothetical reasoning on this issue is discussed in chapter 7. Despite of this,
valuable insights on the influence of non-Newtonian behaviour on density current was
gained by analysis of these simulations.

The first thing that stands out is the formation of a new bed layer due to the influ-
ence of the yield stress. The (apparent) viscosity, determined by the rheological models,
is approximately two orders of magnitude larger than the Newtonian model, causing a
deceleration of the density current. This eventually creates a new interface between a
moving and a stationary fluid mud layer. Therefore less sediment is transported result-
ing in lower WID productions by the density current. Another consequence of rheology
is seen in the density profiles over the vertical, where the density gradient is sharper and
the height of the density current is less. The influence of rheology on the velocity profile
of the moving fluid mud layer is less obvious, but the velocity is slightly attenuated as
a result.

Sensitivity analysis proved that for these high concentrations of solids hindered set-
tling is dominant and the influence of terminal settling of individual particles/flocs is
negligible. Additionally, the model sensitivity towards the magnitude of the sediment
flux source was analysed and is deemed large. It was demonstrated that for an error
of 5-10% in the experimental WID production, a density current with different physical
properties would be computed.
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8.2 Recommendations

By the implementation of rheology into the CFD model, a first step was made in the
improvement of simulations of high concentration fluid mud density currents. Difficul-
ties in the validation with the experimental data unveil many new question, which offer
possibilities for further research.

More research is required into the definition of the source terms and how they might
influence the behaviour of the density current. The non-Newtonian behaviour raises the
interface between the stationary and moving fluid mud resulting in an underestimation
of the production with respect to the experiments. Further investigation into a correc-
tion factor for this behaviour on the source terms is recommended.

Out of the scope of this study, but considered very valuable in the concept of water
injection dredging, is the mud-jet interaction. Non-Newtonian behaviour is also of major
significance in the physical processes involved in this interaction, and could be investi-
gated by this CFD model. More insights on this behaviour could provide the tools for a
more accurate determination of the source terms in density current simulations.

This study could furthermore by extended with thixotropic behaviour. Analysis on
the rheology of fluid mud definitely exposed time-dependent effects which were eventu-
ally not included in this study. All the necessary subroutines for the structural parameter
and the Houska model were added, however these have not been validated. Additionally,
a parameter study for the model by Winterwerp and Kranenbrug could be done, to also
add the shear thinning behaviour of fluid mud to the CFD code.
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