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Summary
People all around the world live and work in low-lying areas. Low-lying areas have to be protected against high
water levels in rivers and at sea by a water protection system (e.g. by dunes, dikes and barriers). Dikes are
an important component within water protection systems. Generally, dikes are described as elongated naturally
occurring or artificially constructed (earthen) structures, which prevent flooding of the hinterland. Dikes are mainly
found along seas, estuaries, rivers, canals, lakes and water courses. Many dikes contain sand cores, which are covered
by a protection layer (e.g. clay, asphalt etc.) to prevent erosion of the core. Unfortunately, there are times that
one of the many known failure mechanisms of a dike causes (local) dike failure, exposing the sand core to the water
(Rijkswaterstaat, 2006). A so-called initial breach is formed. Once the sand core is no longer fully covered by a
protection layer, the sand core start to erode and the core is prone to fast breaching (Visser, 1998).

The water flowing through the breach is eroding the sandy sediment and the breach keeps growing, which can have
significant economical consequences and can also lead to loss of human life and animal life. Several options to retard
the breaching process have been investigated by Lemmens (2014). Based on laboratory experiments, especially a
mixture of sand and bentonite (in the core of the dike) seems to significantly slow down the breaching process.
Thus far, this theory has only been tested for relatively low flow conditions in the order of 1 m/s. However, during
the breaching process high flow conditions in the order of 2-10 m/s can be reached (Visser, 1998)) and under high
flow conditions dilatant behaviour of the sediment is going to play a role (Van Rhee, 2010). As a result an inward
directed hydraulic gradient will hinder the erosion and is expected to have a significant impact on the breaching
process. The aim of this Msc Thesis project is to find an answer to the following main question:

“How does bentonite reduce the erosion velocity of sand under high flow velocity conditions?"

A literature review has resulted in an understanding that at high flow velocities (>2 m/s) the erosion velocity
depends on the properties of the soil mass and not only on the properties of a particle. Important parameters
of the soil mass are the permeability and dilatancy. From the erosion experiments it can be concluded that the
effect of dilatancy, which plays a role at higher flow velocities, indeed hinders erosion and thus reduces the erosion
velocity at higher flow velocities. This effect is caused by a volume change, as a result of shearing of the bed. The
volume change generally leads to a drop in pore pressure in the top of the sand bed. This pressure drop introduces
a hydraulic gradient and thus an inflow of water that hinders the entrainment of sediment. The permeability also
significantly influences the erosion behaviour. Falling head tests were executed to determine the effectiveness of
adding bentonite to the core of a dike. Adding a certain amount of bentonite to sand certainly yields a high decrease
in permeability. This is the result of the swelling potential of the bentonite, which is assumed to fill the empty space
between the sand particles. It appears that the most significant decrease in permeability happens with bentonite
contents up to 6% of the volume. Adding more bentonite still reduces the permeability, but the overall effect is
starting to flatten out for bentonite contents higher than 8%. Overall, the approximate decrease in permeability is
almost three orders of magnitude (from 10−4 to 10−7) with bentonite volume percentages up to 10%.

Results from the direct shear tests show no significant differences between sand mixtures and sand-bentonite mix-
tures with a bentonite content up to 10%. The apparent cohesion is not changing drastically by adding more
bentonite (< 3kPa) and the friction angle is also not significantly decreasing for higher bentonite contents. Hence,
sand-bentonite mixtures with a bentonite volume content up to 10% still show sand-like behaviour. This indirectly
indicates that the strength characteristics of a dike core will not be altered.

Erosion experiments were carried out in a tilting flume with a length of about 14 m, an effective height of 0.40 m,
a constricted width of 0.145 m and a maximum discharge of about 0.025 m3/s. Thirteen different test runs were
executed. In these tests, the volume percentage of bentonite additive, the diameter of the sand and the mean flow
velocity were varied. All erosion experiments were performed under supercritical flow conditions. As a consequence
of this flow regime, the preferred equilibrium flow velocities (1 and 2 m/s) were hard to regulate. In order to
objectively calculate the effectiveness of a bentonite additive, the erosion velocity of the bed of a sand-bentonite
mixture was compared with the erosion velocity of a sand mixture at the same mean flow velocity. This procedure
was applied to two different methods. The first one related the erosion velocities to the mean flow velocities squared
U2 and the second related the erosion velocities to the corrected bed shear stresses. Both methods show a similar
trend. Significant reductions in erosion velocity are obtained by adding bentonite to a sand mixture. A 2% sand-
bentonite mixture already reduces the original erosion velocity by about 50%, a 3% or 4% mixture by 50 to 65%
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and a 6% mixture by at least 90%. It has to be added that the reproducibility of the tests has been confirmed to
be reasonably well.

A literature study concerning the erosion behaviour of sand-bentonite mixtures, has resulted in the conclusion that
very few data are available. At higher flow velocities these are even non-existent. A comparison of the data that
is currently present clearly indicates that it is very difficult to predict and verify the absolute reduction in erosion
velocities for different bentonite mixtures. Only relative reductions in erosion velocities for different sand-bentonite
mixtures make it possible to compare data from different data sets.

The observed behaviour in the experiments enhances the development of an adapted erosion function. The erosion
function of Van Rhee (2010) - including the effect of dilatancy and the permeability - has been adapted to the
experimental data of the erosion tests to get reasonable accurate model results. This study also discusses some
possible causes of the discrepancies between the experimental data and the results predicted by the erosion function
of Van Rhee (2010). The adapted erosion function includes the effect of the bentonite content on the erosion
velocity. This effect is indirectly taken into account by adapting the permeability in the erosion function. The
adapted erosion function has been implemented in the BRES-Visser model. The BRES-Visser model - which
decomposes the breaching process in five different phases as proposed by Visser (1998) - calibrated with data from
the Zwin’94 experiment, has been used to model the performance of the bentonite additives. The data from the
Zwin’94 experiment has also been used as a reference scenario for a dike with a sand core. The effects of the retardant
sand-bentonite mixtures have been compared to this reference scenario. The comparison is based on breach width,
flow through the breach, the inundation velocity and duration of the breaching process. Significant reductions of
these parameters have been realized with increasing bentonite percentages. By reducing the inundation velocity
below a threshold value of 0.5 m/h, the mortality and the LIR (Localized Individual Risk), can theoretically be
decreased by a factor 10. A sand-bentonite mixture with a bentonite content of 6.3% would be necessary to reduce
the inundation velocity to a value below 0.5 m/h for the fictitious case of the Zwin’94 experiment. The effectiveness
of the bentonite measure has also been tested in the Borssele case study.

To conclude, sand-bentonite mixtures are able to significantly reduce the erosion velocity. The effects of dilatancy
and a decrease in permeability have a large impact on the erosion velocity. This is already noticeable at very low
percentages of added bentonite. A sand-bentonite mixture with a bentonite volume content of 6% substantially
reduces the erosion velocity (also at high flow velocities) and the mixture generally has a reasonably good homo-
geneity. With lower percentages of added bentonite the homogeneity is less reliable, which might be a considerable
practical limitation. Sand-bentonite mixtures with a bentonite content up to 6% still show sand-like behaviour,
indicating that the strength characteristics of a dike will not alter. Finally, case studies with the BRES model
indicate that an increase in safety level by a factor of 10 can be achieved using sand-bentonite mixtures in the core
of a dike and that the polder area has a big influence on the inundation velocity and the polder water levels. In
both the Van Citterspolder I and the Van Citterspolder II the safety increases with a factor 2.5 to 10 when a 2%
sand-bentonite mixture is added to the core. Higher percentages of bentonite additive increase the safety even more
and in some cases even completely stop the breach growth, because the outside water level drops faster than the
breach grows vertically. In the Zwin’94 case study a 6.3% sand-bentonite mixture increases the safety by a factor
10.
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Nomenclature

 
A A tune parameter, which is equal to 3/4 for a single particle and 

approximately 1.7 for a continuum 

[-] 

A Cross-sectional area of a soil sample [m2] 

Ac Corrected sample area [m2] 

a 

a 

Cross-section of the tube of the falling head test device  

Regression coefficient 

[m] 

[-] 

B 

B 

Width of a stretch  

Width of a breach 

[m] 

[m] 

B% Percentage of added bentonite [-] 

b 

b 

Initial breach width 

Width of the flume 

[m] 

[m] 

C Apparent cohesion [N/m2] 

Cu Dimensionless coefficient of uniformity [-] 

Cc 

c 

Dimensionless coefficient of curvature 

A fitting coefficient 

[-] 

[-] 

cb 

cbed 

Near bed concentration 

Initial bed concentration 

[-] 

[-] 

ca Sediment concentration at ’a’ meters above the bottom  [-] 

cf 

cz 

Dimensionless friction coefficient 

Sediment concentration at ’z’ meters above the bottom 

[-] 

[-] 

D Sediment particle size [m] 

D50  Median diameter of the sediment  [m] 

Di Particle size such that i% of the volume particles of the sediment 

has a diameter smaller than Di 

[m] 
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D∗  Dimensionless particle diameter [-] 

d Water depth [m] 

eb Measure for the efficiency of the bed load transport  [-] 

es

 
Measure for the efficiency of the suspended load transport  [-] 

F
 

Dimensionless form factor [-] 

FD  Drag force [N] 

Fg  Gravity force [N] 

FL 

Fr 

f, fB, fs 

Lift force 

Froude number 

Effectiveness ratio, effectiveness ratio of a sand-bentonite 
mixture and the effectiveness of a pure sand mixture

 

[N] 

[-] 

[-] 

fb 

fk, fu2, fτ 
 
 

Bed friction factor  

Effectiveness ratio based on permeability data (subscript k), 
mean flow velocity squared data (subscript u2) and the corrected 
bed shear stress data (subscript τ) 

[-] 

[-] 

f
D 

Darcy-Weisbach friction factor [-] 

fevac
 Fraction of the inhabitants that is evacuated ��� [-] 

fw
 Wall friction factor [-] 

g Gravitational acceleration [m/s2] 

Hd Height of the crest of the dike above NAP (reference level in the 
Netherlands at about mean sea level) 

[m] 

Hp Initial polder water level above NAP (reference level in the 
Netherlands at about mean sea level) 

[m] 

h Water depth [m] 

h0 

ha 

Initial water level or average water level 

First order tidal amplitude  

[m] 

[m] 
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hb Height of the bed [m] 

ht 

hw 

Water level after t seconds 

The surface water level 

[m] 

[m] 

k 

kl 

In-situ permeability 

the permeability given a loose soil packing ��� 

[m/s] 

[m/s] 

ks 

ksand, kB 

Particle roughness height  

the permeability of the originally chosen sand ��� and the 
permeability of a sand-bentonite mixture 

[m] 

[m/s] 

L Height of the soil sample [m] 

LIR 

M 

Localized Individual Risk of loss of life due to a flood event 

Mortality rate 

[-] 

[-] 

M 

ML 

Mass 

Mortality, number of casualties as a fraction of the inhabitants 
left in the zone of flooding 

[kg] 

[-] 

Mmixture 

Madditive 

Total mass of a sand-bentonite mixture 

Mass of the bentonite additive 

[kg] 

[kg] 

n  Porosity [-] 

n Manning roughness coefficient [s/m1/3] 

n
b, nw  

Bed-related Manning roughness coefficient and the wall-related 
Manning roughness coefficient 

[s/m1/3] 

n0��� Porosity prior to erosion (in-situ porosity) [-] 

nl��� 

nmixture 

Porosity in the sheared zone (loose packing) 

Porosity of a sand-bentonite mixture 

[-] 

[-] 

Pf
 Probability of inundation ��� [-] 

Q 

Qbr  

Discharge 

Water flow through a breach 

[m3/s] 

[m3/s] 

R Hydraulic radius [m] 

x



RD Relative density [-] 

Re Reynolds number [-] 

Rw Wall related hydraulic radius [m] 

S Energy slope gradient  [m/m] 

Sx, Sy 

ss 

sb 

st 

Sediment transport in a x or y direction 

Suspended load transport capacity 

Bed load transport capacity 

Total load transport capacity 

[m3/m/s] 

[m3/m/s] 

[m3/m/s] 

[m3/m/s] 

T Dimensionless transport parameter  [-] 

T 

Ta 

Ts 

Temperature 

Standard duration of the astronomical tide  

Typical storm duration  

[°C] 

[hr] 

[hr] 

t Time [s] 

U Depth-averaged or mean flow velocity [m/s] 

Ucr  Critical flow velocity [m/s] 

u∗ 

V 

Bed shear velocity  

Change of volume between time t0 and time t 

[m/s] 

Vbed Total volume of the sand bed [m3] 

ve��� 

ve,sand, ve,mixture 

Erosion velocity  

Erosion velocity of pure sand of a sand-bentonite mixture 

[m/s] 

[m/s] 

Vi Inundation velocity [m/s] 

Wd  Crest width of the dike [m] 

ws Hindered settling velocity [m/s] 
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Zbr Bottom of the breach above NAP (reference level in the 
Netherlands at about mean sea level) 

[m] 

Zp  Bottom level of the polder above NAP (reference level in the 
Netherlands at about mean sea level) 

[m] 

Zw Bottom level of the sea above NAP (reference level in the 
Netherlands at about mean sea level) 

[m] 

z 

za 

zb 

Vertical axis coordinate 

Reference level of the reference concentration  

Bed level 

[m] 

[m] 

[m] 

α Outer slope angle [deg] 

β Angle of the slope [deg] 

γ 

γ0 

Side slope angle 

Dimensionless constant 

[deg] 

[-] 

δ Dilatancy factor [-] 

δ Relative displacement between the upper and lower halves of a 
square box in the direct shear test 

[m] 

Δ 

Δ 

Relative density 

Difference operator ��� 

[-] 

[-] 

θ 

θb,i  

Shields parameter 

Shields parameter according to the Flow-depth method 
(subscript h), Hydraulic radius method (R), Vanoni & Brooks 
method (v) and Einstein method (e) 

[-] 

[-] 

θcr  Critical Shields parameter [-] 

θ1
cr  Adapted critical Shields parameter [-] 

κ Von Karman coefficient [-] 

μ Ripple factor [-] 

ν Kinematic viscosity [m2/s] 

ρ, ρw Density of water [kg/m3] 

xii



ρin situ In situ density [kg/m3] 

ρs 

ρsand 

Particle density 

Dry bulk density of sand 

[kg/m3] 

[kg/m3] 

ρmin Minimum density limit of a soil [kg/m3] 

ρmax 

ρmixture 

Maximum density limit of a soil 

Density of a sand-bentonite mixture 

[kg/m3] 

[kg/m3] 

σ 

τ
 

Normal stress 

Soil shear strength 

[N/m2] 

[N/m2] 

τb 

τb,i 

Bed shear stress 

Corrected bed shear stress according to the Flow-depth method (subscript h), 
Hydraulic radius method (R), Vanoni & Brooks method (v) and Einstein method 
(e) 

[N/m2] 

[N/m2] 

τw Wall shear stress [N/m2] 

τb,cr

 
Critical bed shear stress [N/m2] 

φ Angle of internal repose  [deg] 

Φp Dimensionless pick-up flux [-] 
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1 | Introduction

1.1 Background

People all around the world live and work in low-lying areas. Low-lying areas have to be protected against high
water levels in rivers and at sea by a water protection system (e.g. by dunes, dikes and barriers). A well-known
example of a low-lying country, which has dealt with major flooding events in the past, is the Netherlands. Two
well-known flood events in the Netherlands are the St. Elisabeth Flood of 1421 and the North Sea Flood of 1953
(in Dutch: Watersnoodramp). Afterwards a quite extensive and ingenious water protection system was developed,
known as the Delta Works.

Dikes are an important component within water protection systems. Generally, dikes are described as elongated
naturally occurring or artificially constructed (earthen) structures, which prevent flooding of the hinterland. Dikes
are mainly found along seas, estuaries, rivers, canals, lakes and water courses. Many dikes contain sand cores, which
are covered by a protection layer (e.g. clay, asphalt etc.) to prevent erosion of the core. Especially during extreme
storm events the impact on the protection layer of the dike can be enormous. Unfortunately, there are times that
one of the many known failure mechanisms of a dike causes (local) dike failure, exposing the sand core to the water
(Rijkswaterstaat, 2006). A so-called initial breach is formed. Once the sand core is no longer fully covered by a
protection layer, the sand core start to erode and the core is prone to fast breaching (Visser, 1998).

The water flowing through the breach is eroding the sandy sediment and the breach keeps growing. A clear phased
description of the breaching process is given by Visser (1998). As a result of a growing breach more and more
water will flow into the hinterland (polder). Inundation of a polder can have significant economical consequences
and can also lead to loss of human life and animal life. Loss of life happens mainly due to the relatively fast rising
water level and/or high flow velocities caused by the characteristics of the breach (see Rijkswaterstaat, 2006 and
Jonkman, 2004). In this thesis an option to retard the breaching process and thus indirectly increasing the safety
is investigated.

1.2 Relevance of the research

In Section 1.1 safety and increasing safety have been mentioned. In this study the safety level is determined by the
risk of loss of life. An indicator for the risk of a loss of life due to a flood event is the LIR (Localized individual
Risk) (see Deltares, 2011 and De Bruijn, 2009) and is defined as:

LIR = Pf · (1− fevacuation) ·ML (1)

in which:

• LIR = Localized Individual Risk of loss of life due to a flood event
• Pf = the probability of inundation
• fevacuation = the fraction of the inhabitants that is evacuated
• ML = the mortality, as in number of casualties as a fraction of the inhabitants left in the zone of flooding

(estimated to be 0.01 (Jonkman, 2007))

This definition makes it possible to define a local level of safety and includes all relevant failure mechanisms,
evacuation and mitigation effects (Lemmens, 2014).

The Delta Committee recommends an increase in safety level by a factor 10 (see Deltacommissie, 2008 and Smolders,
2010). In order to realize the factor 10 increase in safety, and thus indirectly a reduction of the LIR by a factor 10,
the following two options are possible (Deltares, 2011):

• To reduce the number of casualties of the inhabitants that stay behind

• To reduce the number of inhabitants left in the flood zone (evacuation)

Considering the first option, it might be possible to significantly decrease the total water entering the polder and
indirectly reduce the rise of the water level in the polder by retarding or even completely stop the breach growth.
This potentially leads to significantly lower mortality rates and may even lower the economical consequences. If
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the vertical growth of the breach, for example, is significantly retarded, the outside water level may already lower
below the base of the breach before the breach can grow in horizontal direction (e.g. due to the tide). In this case
the total amount of water entering the polder is minimized. The second option also gives opportunities to improve.
In order to reduce the number of inhabitants left in the flood zone, the people have to be evacuated. The more time
available for an unforeseen evacuation, the more people can theoretically be evacuated. Within the scope of this
study the safety criteria is used to asses the increase in safety level as a results of the retardation of the breaching
process.

1.3 Problem description

Several retardation options have been investigated by Lemmens (2014). In Chapter 3 these options will be briefly
discussed. Based on laboratory experiments, especially a mixture of sand and bentonite (in the core of the dike)
seems to significantly slow down the breaching process. Based on these experiments it was hypothesized that 5.4%
bentonite in the mixture should be able to increase the safety by a factor of 10 in case of the Zwin’94 experiment
(Lemmens, 2014).

Thus far, this theory has only been tested for relatively low flow conditions in the order of 1 m/s. However, during
the breaching process high flow conditions in the order of 2-10 m/s can be reached (Visser, 1998). Under high
flow velocities dilatant behaviour of the sediment is going to play a role (Van Rhee, 2010). As a result an inward
directed hydraulic gradient will hinder the erosion and is expected to have a significant impact on the breaching
process (see Robijns, 2012, Foortse, 2013, and Lemmens, 2014). In Section 2.3 a more elaborate explanation of the
dilatant behaviour is given. At this moment it is uncertain what the effect of adding a bentonite mixture to the
sand core of a dike will be under high flow velocities.

1.4 Research questions

The aim of this Msc Thesis project is to find an answer to the following main question:

“How does bentonite reduce the erosion velocity of sand under high flow velocity conditions?"

In order to find a suitable answer to this question several additional questions are defined:

• “What physical processes affect erosion at high flow velocities?”

• “What percentage of bentonite mixed with sand significantly increases the safety level? ”

• “Does the sand-bentonite mixture still show sand-like behaviour or does a certain used percentage bentonite
additive influence the soil characteristics?”

1.5 Approach

In this Msc Thesis project a five-step phased approach is pursued. The following phases can be distinguished:

Phase 1 Literature review of the relevant processes of breach growth and retardation of breach growth.
Phase 2 Arrangements for the laboratory experiments and the experimental setup.
Phase 3 Performance of the experiments.
Phase 4 Implementation of the relevant processes found in the previous phases and assessment of the modified
BRES model.
Phase 5 Application of the modified BRES model on a case study
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1.6 Structure of the thesis

First, a literature review of the most relevant concepts and principles is presented in Chapter 2. This chapter
discusses sediment transport, initiation of motion, hindered erosion, the breach growth process, the BRES model
and several erosion functions. In Chapter 3 several options to retard the breaching process are briefly described.
Chapter 4 presents the hypotheses defined in this thesis. This chapter also contains the proposed research method.
In Chapter 5 the experimental setup of three different experiments, along with the experimental run plans are
presented. These experiments made it possible to test the proposed hypotheses. In Chapter 6 the results and
Chapter 7 the discussion of the experiments will be presented. During and after the experiments a specific erosion
and soil behaviour was observed, which enhances the development of an adapted erosion function. In Chapter 8 the
development of this adapted erosion function is discussed. In Chapter 9 a case study is presented and discussed.
This main purpose of this chapter is to illustrate the effectiveness of the bentonite measure on the safety level of
this specific system. Finally, Chapter 10 gives the conclusions of this Msc Thesis. Next to that recommendations
containing directions for future research are provided.
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2 | Theoretical Background
This chapter covers the most important terminology, processes and concepts, which are dealt with during this study.
First, it is explained what sediment transport is and which different sediment transport modes are distinguished.
Next the concepts of initiation of motion and of hindered erosion are discussed. After this a phased description
of the breaching process is given. Finally, modeling of breach growth with the BRES model (Visser, 1998) is
discussed, including a brief discussion of the BRES model, the erosion functions used in the model and the Zwin’94
experiment.

2.1 Sediment transport and sediment transport modes

Sediment transport can be described as the movement of sediment particles through a well-defined plane over a
certain period of time (Bosboom and Stive, 2013). Net sediment transport takes place once the sedimentation and
entrainment rate are not equal. Entrainment is the pick-up of sediment particles, which happens once the flow
velocity is large enough to start moving the particles (see Section 2.2). Sedimentation is the settlement of the
particles on the bottom and happens when the flow velocity is not strong enough to keep the particles in the water
column. In case there is a net sediment transport there are two possible outcomes based on the sediment continuity
balance: accretion and erosion. Accretion happens when the sedimentation rate is bigger than the entrainment rate
and causes the bottom to rise. Erosion happens when the entrainment rate is higher than the sedimentation rate
and causes a bottom level fall.

As mentioned before, the sediment transport significantly depends on the flow velocity. The bed level response, in
turn, depends on a gradient in sediment transport. The relation between the sediment transport and the bed level
response is given by the sediment continuity equation, also know as the Exner equation. Gradients in transport
rate are for instance occurring when there is a strong change in flow velocity as a result of a narrowing flow profile
in a breach. This sediment continuity relation is described mathematically by:

B
∂zb
∂t

= − 1

1− n

(
∂Sx
∂x

+
∂Sy
∂y

)
(2)

where n is the porosity, B the width of the stretch, zb, the bed level and S the sediment transport in specific
direction.

In addition, generally two different modes of sediment transport are distinguished (Bagnold, 1956):

I Bed-load transport. In this mode the particles roll, shift or make slight jumps, but stay close to the bed.
Once the shear stresses acting on the bed are above a certain threshold, particles are transported in layers.
This is called sheet flow transport and is a special case of bed-load transport (Bosboom and Stive, 2013).

II Suspended load transport. In the suspended load mode the particles are lifted from the seabed and are
transported in suspension with the water. Sediment becomes suspended at flow velocities (far) above the
critical flow velocity/shear stress (see also Section 2.2).

The different transport modes are also visualized in Fig. 1.

Figure 1: The sediment transport modes, from De Vet (2014).
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2.2 Concept of initiation of motion

In order to move individual non-cohesive particles the water movement has to exert a force that is large enough to
overcome the resistance of the particle. Shields (1936) introduced the concept of initiation of motion of individual
particles. The condition of initiation of motion is defined as the moment at which the particles are just starting to
move.

By looking at the forces that act on a particle Shields (1936) assumed that the lift force FL, the drag force FD and
the gravity force Fg are playing a role. Fig. 2 presents the considered forces on a single grain. The drag- and lift
forces are trying to move the particle, whereas the gravity force tries to keep the particle on its place. The drag
force is a combination of a pressure difference caused by the flow separation at the downstream end of the particle
and a skin friction at the surface of the particle. The gravity force is directly linked to the underwater mass of the
particle. Finally, the lift force is caused by a combination of flow separation and flow contraction. These effects
combined give a lower local pressure at locations where the flow velocity is high (Bernoulli’s Law). This difference
in local vertical pressure leads to a lift force.

Figure 2: Initiation of motion as proposed by Shields, from De Vet (2014).

When these forces are in equilibrium (horizontal, vertical or rotational) the following expression can be found based
on proportionality and spherical geometry principles:

(ρ− ρs)gD3 ∝ ρU2
crD

2 ∝ τb,crD2 (3)

From the proportionality of Eq.(3) the following ratio, known as the critical Shields parameter or the critical mobility
parameter θcr, can be the deduced:

θcr =
τb,cr

(ρ− ρs)gD
(4)

in which g is the gravitational acceleration, D the sediment diameter, Ucr the critical depth-averaged velocity at
which the particles start to move, τb,cr the critical bed shear stress, ρs the sediment density and ρ represent the
density of the water. In addition it has to be remarked that the critical Shields parameter θcr has to be determined
experimentally.

The actual balance of lift-, drag- and gravity forces, which is not necessarily equal or bigger than the critical Shields
parameter, is given by the Shields parameter θ and is defined as:

θ =
τb

(ρ− ρs)gD50
=

u2∗
4gD50

(5)

where 4 represents the relative density, D50 is the median diameter of the sediment and u∗ is the shear stress
velocity, which is directly linked to the shear stress τb.

Empirical sediment transport formulae often use the Shields and critical Shields parameter in order to determine
the transport rate (see also Section 2.6).
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2.3 Concept of hindered erosion

Most sediment transport formulae are calibrated based on river conditions under relatively small flow velocities ( <
1m/s). As mentioned before, in Section 1.3, during the breaching process high flow conditions in the order of 2-10
m/s can be reached (Visser, 1998). At high velocities Van Rhee (2010) states that dilatancy effects will hinder the
erosion.

At higher flow velocities sand is picked up in layers. This is also known as sheet flow transport (see also Section
2.1). As a result the top layer of the sand bed will be sheared. This shearing leads to a volume change. Under
the assumption that the porosity is lower than the critical porosity (the critical porosity defines the porosity above
which the soil becomes loosely packed) the total volume will increase under shear (Fig. 3). This is called dilatancy.
The increased volume has to be filled with water, since the particles can be considered incompressible. An inflow
of water means that a drop in pore pressure in the top of the sand bed is needed in the control volume. This drop
in pressure introduces an inwards directed hydraulic gradient that hinders the entrainment of sediment.

Traditional pick-up functions were developed for relative low velocities and bed shear stresses; hence they over-
estimate erosion for high flow velocities. In order to solve this problem Van Rhee (2010) proposed the following
modified critical Shields parameter, which takes the hydraulic gradient into account:

θcr
1 = θcr

(
1 +

ve
kl

nl − n0
1− n0

A

4

)
(6)

in which:

• ve = the erosion velocity [m/s]
• kl = the permeability given a loose soil packing [m/s]
• n0 = the in-situ porosity [-]
• nl = the porosity in the sheared zone (loose packing) [-]
• A = a tune parameter, which is equal to 3/4 for a single particle and approximately 1.7 for a continuum [-]

The modified critical Shields parameter can be used in conventional erosion functions to deal with high velocity
regimes as long as the conventional erosion functions contain a critical Shields parameter (Van Rhee, 2010).

Figure 3: Increase of volume due to shearing from De Vet (2014); original figure from Van Rhee (2010).

2.4 The breaching process

There are several (geotechnical) failure mechanisms known, which might initiate the breaching process
(Rijkswaterstaat, 2006). A few of these failure modes are summarized in Fig. 4. After a (local) failure the
protective layer (often clay) is damaged, which means that the sand core is no longer protected and erosion is no
longer prevented.
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Figure 4: Several failure modes of dikes from Tonneijck and Weijers (2008).

The breaching process can be decomposed in five different phases according to Visser (1998). These five phases
are:

1. The steepening of the inner slope of the dike towards a critical value.

2. Retrograde erosion of the inner slope at the critical slope, decreasing the crest width of the dike in the breach
to zero, which is the end of this stage.

3. Lowering of the crest height in the breach until the level of the base of the dike is reached. At the same time
the width of the breach grows in lateral direction, because the side slopes also remain at a critical slope.

4. Both vertical and lateral directed erosion can take place. The lateral erosion is more important in this phase,
since the vertical erosion depends on the erodibility of the base of the dike.

5. The flow has become subcritical and the breach continues to grow in lateral direction at the critical side slope
angle. The growth of the breach stops once the flow velocity through the breach is too low to initiate sediment
transport. This is due to the fact that the water level difference between the polder and outside the dike is
getting too small. Once the water level gradient is zero the breaching process ends completely.

The five phases approach is shown in Fig. 5.

Figure 5: The five stage breaching process from De Vet (2014), original figure from Visser (1998).
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2.5 Modeling of the retardation of breach growth

Breach models have to fulfill two major tasks: to predict the breach characteristics and to estimate the flow through
the breach (Peeters et al., 2011). Although currently multiple breach growth models exist, the focus in this study
will be on the BRES-Visser breach growth model for sand dikes (Visser, 1998). For the simple reason that this
model is freely available for the author and since the main goal is to asses the retardation effect of bentonite under
high flow velocities. In addition, the BRES-Visser model appears to perform well for homogeneous sand dikes
according to an evaluation based on a process approach and a real test cases approach (Peeters et al., 2011).

A SWOT analyses stating the important assumptions, limitations, strengths and opportunities for the BRES model
is summarized in Fig. 6; from (Peeters et al., 2011). An important remark has to be made concerning the
applicability of the BRES model (see the threats and weaknesses in Fig. 6). Zhu (2006) developed the BRES-Zhu
model for cohesive sediment; this model increases the applicability significantly. Especially the erosion mechanisms
for cohesive sediment (e.g headcut erosion) are very different from the mechanism of non-cohesive sediment. A more
elaborate discussion can be found in the SWOT analysis by Peeters et al. (2011).

Figure 6: SWOT analysis from Peeters et al. (2011).

From sensitivity studies it can be concluded that breach parameters are highly affected by the critical angles of
the side slopes (see Robijns, 2012 and Foortse, 2013). In addition, it is recommended to be careful with selecting
erosion functions only in the range and conditions for which they are developed (Robijns, 2012).

For an elaborate explanation of the model equations and setup, reference is made to the dissertation of Visser
(1998).

2.6 Erosion functions in the BRES model

Within the BRES model several sediment transport formulae and an erosion function have been implemented (see
Visser, 1998 and Robijns, 2012). In the current model the following functions can be selected:

1. Bagnold-Visser (see Visser, 1988), abbreviated as BV

sb =
eb

(tan(φ)− tan(β)) cos(β)

cfU
3

∆g
(7)

8 of 141



ss =
es

(ws/u)(cos(β))2
cfU

3

∆g
(8)

2. Engelund and Hansen (1967), abbreviated as EH

st = 0.05cf
−1
(
4gD3

50

)0.5
θ2.5 (9)

3. Van Rijn (1984), abbreviated as VR

sb(T<3) = 0.053
(
4gD50

3
)0.5 T 2.1

D∗
0.3 (10)

sb(T>3) = 0.1
(
4gD50

3
)0.5 T 1.5

D∗
0.3 (11)

ss = FcaUd (12)

4. Wilson (1987), abbreviated as WL

sb = 12.1 ·
(
4gD3

)0.5
(µθ − 0.047)

1.5 (13)

5. Bisschop & Van Rhee (see Bisschop et al., 2010), Abbreviated as RH

ve
5 = α2D0.6

∗

(
θ − θcr
θcr

)3(
k

δ

)3

(14)

α = 0.00033

√
4gD50

1− n0
(15)

D∗ = D50

(
4g
ν2

)1/3

(16)

δ =
n1 − n0
1− n1

1

4(1− n0)
(17)

where cf represents a friction coefficient, δ is called the dilatancy factor (see Eq.(17)), ν the kinematic viscosity,
µ a ripple factor, F is a dimensionless form factor, U the depth-averaged flow velocity, d is the water depth,
T = (τb − τb,cr)/τb,cr is a dimensionless transport parameter, ca is the sediment concentration at ’a’ meters above
the bottom, ws is the settling velocity, φ is the angle of internal repose, β is the slope angle, es is a measure for
the efficiency of the suspended load transport, eb is a measure for the efficiency of the bed load transport and s
the sediment transport capacity. For an explanation on how to determine certain parameters reference is made to
the work of the authors mentioned above. The subscript b, s and t in the sediment transport equations refer to the
bed load transport mode, suspended load transport mode and total load transport respectively (see also Section
2.1).

It has to be remarked that within the BRES model the erosion functions are combined with the simplified Galapatti
(1983) mechanism to obtain sediment transport formulae. The erosion functions itself do not take into account that
at a certain point the sediment capacity can be reached. Once the sediment capacity is reached no further erosion
takes place. Hence, the erosion velocity becomes zero. In this study the underlying assumptions of the erosion
functions are not further investigated.

For every phase one of the erosion formulae can be manually selected. Robijns (2012) and Foortse (2013) conclude
that a combination of the Bisschop & Van Rhee (2010) formula in phase I, II and III and the Van Rijn (1984)
formula in phases IV and V lead to a reasonable results as compared to the Zwin’94 experimental data (see Fig.
7).
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Figure 7: Comparison BRES-model output and Zwin’94 dataset, from Foortse (2013).

Lemmens (2014) implemented several other erosion functions in the BRES-Visser model. These were: the erosion
function of Van Rhee (2010), the erosion function of Van Rijn (1984), the erosion function of Nakagawa and
Tsujimoto (1980) and the erosion function of Fernandez-Luque (1974). In addition, the adapted critical Shields
number was implemented in these erosion functions. A comparison was made with the simplified Bisschop & Van
Rhee erosion function (see Bisschop et al., 2010) and it was concluded that the Bisschop & Van Rhee (2010) formula
is still a favourable option.

2.7 The Zwin’94 experiment

In this section a brief overview of the full-scale dam breach experiment, known as the Zwin’94 experiment is
presented. For a more elaborate description reference is made to Visser et al. (1995) and Visser et al. (1996).

The Zwin’94 experiment was performed on 6 and 7 October 1994 in the Zwin Channel. This is a tidal inlet connecting
the nature reserve ”Het Zwin” with the North Sea. The main goal of the experiment was to obtain data in order
to calibrate and validate breach models. The sand-dam was built with local sand from the Zwin Channel and from
suppletion sand. In Table 1 the characteristics of both sand types are outlined. The experimental cross-section is
provided in Fig. 8 and the relevant parameters for the experiment are listed in Table 2. NAP is the reference level
in the Netherlands, at about mean sea level.

Figure 8: Cross-section Zwin dike from De Vet (2014).

Table 1: Characteristic sand diameters of the Zwin’94 experiment

Origin sand D10 in [µm] D50 in [µm] D90 in [µm]
ZWIN sand 155 185 285
Suppletion sand 215 315 600
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Table 2: Characteristic parameters of the Zwin’94 experiment

Parameter Value
Seaside bottom level Zw in [m] NAP + 0.7
Polder bottom level Zp in [m] NAP + 0.7
Initial polder water level Hp in [m] NAP + 1.3
Crest height Hd in [m] NAP + 3.3
Bottom of the breach Zbr in [m] NAP + 2.5
Initial breach width at the bottom b in [m] 1.0
Crest width Wd in [m] 8.0
Outer slope α in [-] 1:1.6
Inner slope β in [-] 1:3
Side slope angle γ in [deg] 60
Angle of repose φ in [deg] 32
Water temperature T in [◦C] 17
Initial porosity n0 in [-] 0.40
Sheared porosity ni in [-] 0.48
Density of the water ρw in [kg/m3] 1025
Density of the sand ρs in [kg/m3] 2650

The increase in breach width was both videorecorded and photographed from a measuring vessel. In Fig. 9 the
development of the width of the breach in time and the end of each phase are shown. It was observed that the
breach width had grown to 41 meters within one hour! The flow velocity in the breach was also measured by using
floats.

Figure 9: Observed breach with in time and the end on each subsequent phase from Visser (1998).

In this study the obtained data from the Zwin’94 experiment will be used as a reference scenario for a dike with a
sand core. The effects of the retardant bentonite additive as obtained during the experiments will be compared to
this reference scenario. The comparison takes place based on breach width, flow through the breach and duration
of the breaching process.
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3 | Retardation of the breaching process
Although the aim of this study is to investigate the possibility to retard the breaching process by adding bentonite to
the sand core of a dike, many other possibilities to retard the breaching process have been proposed in the literature.
In this chapter a summary of these options is given in order to give a complete overview of the research performed
on this topic. The options are categorized in the following four categories: alteration of the shape of the dike,
changing the characteristics of the soil, addition of erosion resistant components and alternative approaches.

3.1 Alteration of the shape of the dike

For the alteration of the dike shape two options have been proposed and analyzed in the literature (Smolders, 2010).
These two options are:

1. To reduce the angle of the inner slope

After an initial breach is formed the water will start to flow over the inner slope. By reducing the inclination
angle of the inner slope the flow velocity on the slope will be decreased. As a consequence also the erosion
rate is decreased. In this way the duration of the first stage of the breaching process, as discussed in Section
2.4, is increased and the overall breaching process is retarded. Fig. 10 shows the results of a changed inner
slope on the duration of stage I. A change in inner slope from 1:3 to 1:50 increases the duration with a factor
of about 15 (Smolders, 2010). Unfortunately, a decrease in inner slope automatically enlarges the dike profile.

Figure 10: Retardation of the breaching process by decreasing the inner slope angle from Smolders (2010).

2. To increase the crest width
By increasing the width of the crest the retrograde erosion in phase II will be slowed down. An almost perfect
linear relation between the increase in crest width and the duration of stage II is observed (Smolders, 2010).
This is also shown in Fig. 11. Unfortunately, again the dike profile is enlarged by applying this option, which
might not be applicable everywhere.
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Figure 11: Retardation of the breaching process by increasing the crest width from Smolders (2010).

3.2 Changing the characteristics of the soil

In order to change the characteristics of the soil a distinction is made between changing the cohesion and permeability
of the soil and increasing the strength of the sand by reinforcement. Both options are briefly discussed.

1. Increase the cohesion and decrease the permeability of the dike
The duration of the breaching process is positively influenced when the cohesion of the dike is increased (Zhu,
2006). Experiments with a sand dike and a clay dike under similar hydraulic conditions and dimensions clearly
show a significant increase in the duration of the breaching process. Fig. 12 and Fig. 13 show that it takes 3
minutes to breach the sand dike and about 3 hours to breach the clay dike. It is important though, to keep
the total strength of a dike at a sufficient level. The strength of a dike highly depends on the sand properties.

Figure 12: Development of the breaching process in a sand dike experiment from Zhu (2006).
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Figure 13: Development of the breaching process in a clay dike experiment from Zhu (2006).

One method is to use bentonite as an additive to retard the breaching process (Gailani, 2001). Bentonite is
well-known for its absorbent properties. The volume of bentonite increases when it gets in contact with water
and by doing this the permeability of the sand decreases. The lower the permeability, the higher the extra
downward forcing due to the extra hydraulic gradient and thus the longer the erosion process takes. This has
been discussed in Section 2.3. Even adding a small percentage of bentonite is able to significantly lower the
erosion rate, inundation velocity and corresponding breaching process duration (Lemmens, 2014). This is also
visualized in Fig. 14. However, the strength properties of the sand should be maintained while decreasing
the permeability. The sand particles are not allowed to loose direct contact with neighbouring particles and
consequently lose its strength characteristics.

Figure 14: Retardation of the breaching process with bentonite under low flow velocities from Lemmens (2014).

2. Increase the strength of the sand
In the literature four different techniques have been found. These are: reinforcement by grout injection,
biological reinforcement of the sand, reinforcement by fibers and reinforcement by vegetation. Each of these
options is briefly discussed.

(a) Reinforcement by grout injection
Grouting is a technique to improve the soil characteristics (e.g. cohesion and strength) by injecting a
cement mixture or chemical mixture. In order to be effective a certain minimum permeability has to
be present. The reduction of the permeability reduces the erodibility, but also limits the penetration
distance within the soil (Anagnostopoulos, 2005). An important remark is that the a dike is often prone to
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settlement of the underlying soil. The grouted dike body is not likely to be able to follow this settlement
and crack formation can occur, which limits the applicability to retard the breaching process (Lemmens,
2014).

(b) Biological reinforcement of the sand
With this option the characteristics of sand to cementate under specific biological conditions is used.
This natural phenomena can be enhanced by using a specific enzyme (De Jong et al., 2006). During
and after the cementation the soil properties will change. The strength increases and the permeability
decreases. Initial studies indicate that especially the reduction of the permeability reduces the erodibility
of the soil (Ferris et al., 1997).

(c) Reinforcement by fibers
Two important parameters influence the peak shear strength of the sand reinforced with fibers. These
are the ratio between the area of the fibers AR and the area of the sample A, and the length of the
fibers (Gray and Ohashi, 1983). Although a slight increase in friction angle of the mixture is observed,
no significant reduction of the erosion velocity is taking place (Lemmens, 2014). The effectiveness in
reducing the erosion velocity of the fibers in comparison with the bentonite mixture is shown in Fig. 15.

Figure 15: Retardation with bentonite and fibers under low flow conditions, from Lemmens (2014).

(d) Reinforcement by vegetation
The idea of reinforcing the sand by vegetation is quite similar to the reinforcement by fibers. Instead
of fibers, the roots of the vegetation are used as natural reinforcement. Erosion of non-cohesive sand-
like soil is drastically reduced by the presence of certain types of vegetation (Verhagen et al., 2008).
Unfortunately, the reduction of erosion is becoming less and less effective the greater the penetration
depth becomes (De Baets and Poesen, 2010).

3.3 Addition of erosion resistant components to the dike

Another approach is to add erosion resistant components in the dike body. The aim of these components is to
prevent the growth of a breach after it reaches those components. Two possibilities are briefly discussed.

1. Compartmentation
A possibility to limit/pre-determine the lateral growth of the breach is to create compartments in the cross
section of the dike (Visser, 1998). The compartments can be created using the following materials (see also
Lemmens, 2014): sheet piling, vertical clay layers or cores and a geo-textile.

2. Erosion resistant core
An erosion resistant core is preventing erosion in vertical direction. In certain dikes and dams these erosion
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resistant cores are already present, however, the effects of breaching in those structures is not well-known.
Three types of materials are proposed by Lemmens (2014): sheet piling, concrete and clay (Zhu, 2006).

3.4 Alternative approaches

Two alternative approaches are also discussed in the literature (see Lemmens, 2014). These are:

1. Increase erosion resistance by applying a pressure difference
By applying a pressure difference it is theoretically possible to create an inward directed hydraulic gradient
(see also Section 2.3). If this is applied well, the entrainment of sediment is hindered.

2. Reduction of the flow through the breach
Instead of altering the soil properties it is also possible to reduce the flow through the breach. The flow
reduction can be realized by decreasing the area of inflow. An erosion resistant sill/toe-structure reduces the
depth over which the water flows and thus reduces the area of inflow (see Visser, 1998). In this way the breach
width, the water entering the hinterland and thus inundation velocity can be reduced (see also Van Gerven,
2004). This is shown in Fig. 16 and Fig. 17. Unfortunately, the dike body behind the sill can still be eroded
away.

Figure 16: Reduction in lateral breach width for different sill heights from Van Gerven (2004).

Figure 17: Rise in water level of the polder for different sill heights from Van Gerven (2004).
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4 | Hypotheses
In order to focus the research in the direction of answering the research questions several hypotheses are formulated.
These hypotheses will especially be useful in setting up the laboratory experiments. The main research questions
was:

“How does bentonite reduce the erosion velocity of sand under high flow velocity conditions?"

and the additional questions were:

• “What physical processes affect erosion at high flow velocities?”

• “What percentage of bentonite mixed with sand significantly increases the safety level? ”

• “Does the sand-bentonite mixture still show sand-like behaviour or does a certain used percentage bentonite
additive influence the soil characteristics?”

From the literature review it can be concluded that hindered erosion might be an important process affecting the
erodibility of the dike material under high flow velocities. In addition, the permeability will decrease significantly if
bentonite is added. Several presumptions from the literature review are translated into hypotheses. The hypotheses
proposed in Section 4.1 and Section 4.2 will be tested in the further part of this thesis. In Section 4.3 the research
method is outlined.

4.1 Hypotheses regarding the physical behaviour of erosion

The following hypotheses are proposed regarding the physical behaviour:

1. The effect of dilatancy significantly reduces the erosion velocity at high flow velocities (>2 m/s) as compared
to low flow velocities (<1 m/s).

2. A bentonite-sand mixture still shows sand-like behaviour when the bentonite content is up to 10% of the total
mixture content.

3. The turbulence affects the erosion velocity at high flow velocities.

4. Reducing the permeability by adding bentonite is responsible for the decrease in erosion velocity.

4.2 Hypotheses regarding the modeling of breach growth

The following hypotheses are proposed regarding the modeling of the observed behaviour:

5. The adapted erosion function implemented in the BRES model is able to predict the breach growth process
for the ZWIN’94 experiment relatively accurately.

6. Adding bentonite to the sand core of a dike is a highly effective measure to retard the breaching process.

7. The implementation of bentonite in the mixture is practically feasible for new dikes.

4.3 Research method

In order to check these hypotheses and to answer the research questions several experiments were executed. These
experiments are similar to the bentonite-sand mixture experiments executed by Lemmens (2014) under relatively
low flow velocity conditions. These experiments are:

1. Erosion tests;

2. Permeability tests;
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3. Direct shear tests;

Erosion tests: The erosion tests were executed in a flume of the Laboratory for Fluid Mechanics at the Delft
University of Technology. The aim of the erosion tests is to determine the erosion velocity of the bentonite-sand
mixture for several added bentonite percentages (see the run plan in Table 3). First, the bed had to be prepared.
After compaction and saturation of the bed, erosion test were executed at two different flow velocities. These were
1 and 2 m/s, respectively. The water levels and bed levels were recorded in time with a video camera. From this
record the exact flow and erosion velocity have been determined. In addition, two different types of sand were
tested, i.e. one with a D50 of 0.256 mm and the other with a D50 of 0.150 mm. A more elaborate discussion of the
setup follows in Chapter 5. The plan for the different erosion runs is summarized in Table 3.

Permeability tests: With the permeability tests the effect of the added bentonite percentages on the mixtures’
permeability was assessed. In this study the falling head test has been used to determine the permeability of the
mixtures. With the falling head test the subsidence rate of the water on top of the sample is a measure for the
permeability. With the results of these experiments it is possible to investigate whether the change in permeability
due to addition of bentonite is indeed decreasing the erosion velocities significantly, as stated in the literature
(Van Rhee, 2010). The falling head tests were executed in the Laboratory of Geoscience and Engineering at the
Delft University of Technology.

Direct shear tests: The direct shear tests were executed to determine the friction angle and (apparent) cohesion
of the material. Experiments were carried out for different percentages of bentonite, since it has been expected
that addition of bentonite will change the soil behaviour at a certain percentage. Hence, these experiments will
investigate if the mixture will behave sand-like or clay-like. The direct shear tests were executed in the Laboratory
of Geoscience and Engineering at the Delft University of Technology.

During and after the experiments a specific erosion behaviour and soil behaviour have been observed, enhancing the
development of an adapted erosion function. However, first the observed erosion behaviour is compared with the
existing erosion function of Van Rhee (2010). Next, the adapted erosion function is implemented in the BRES model.
Afterwards the model will be calibrated with the dataset of the Zwin’94 experiment. Finally, the effectiveness of
the bentonite measure is tested in a case study.

Table 3: Run plan for the erosion test

Run # Percentage bentonite [%] D50 in [mm] Flow velocity in [m/s]
1 0 0.256 1
2 2 0.256 1
3 4 0.256 1
4 6 0.256 1
5 0 0.256 2
6 2 0.256 2
7 4 0.256 2
8 6 0.256 2
9 0 0.150 1
10 6 0.150 1
11 0 0.150 2
12 3 0.150 2
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5 | The experimental setup
The experimental tests were executed in the Laboratory for Fluid Mechanics and the Laboratory of Geoscience and
Engineering at the Delft University of Technology, as mentioned in Section 4.3. This chapter explains the setup of
the erosion tests, the direct shear tests and the permeability tests in more detail. In addition, an elaboration of the
used measurement equipment, the used sediment and the preparation of the sand bed and samples is given.

5.1 Experimental setup of the erosion tests

The erosion experiments were carried out in a tilting flume with a length of about 14 m, an effective height of 0.40
m, a width of 0.40 m and a maximum discharge of about 0.025 m3/s. The maximum inclination of the flume is
1%. For all the experiments one wall was of transparent glass and the other wall consisted of smooth plywood. The
flow in the flume was generated with a pump. Water was pumped from a tank beneath the flume into the flume,
was flowing through the flume and exited the flume into the lower tank again. The eroded sand-bentonite mixture
had to be captured in the lower tank to comply with environmental regulations. The flow was regulated with the
pump, since the experiments were performed under supercritical conditions. A tailgate was used to completely fill
the flume before the start of a test in order to let the sand bed get saturated. An overview of the flume is given in
Fig. 18.

Figure 18: Side and top view of the flume.

The flume was divided into four segments: a wide inflow section (with a length of about 1.5 m) including a
honeycomb structure to reduce the turbulence and straighten the flow, a narrow inflow section partly with a fixed
concrete bottom (about 5 m long), a test section with a sand bed (about 6 m long) and a narrow outflow section
(about 1.5 m long). The width of the flume was artificially reduced to 0.145 m with a constriction over almost
the entire length of the flume. As a result the flow velocities increased significantly in the constricted section. To
minimize the generation of a scour hole at the upstream end of the bed, a fixed concrete bottom with a height of
0.10 m was implemented. All erosion experiments were performed under supercritical conditions. As a consequence
of this flow regime, the preferred equilibrium flow velocities (1 and 2 m/s) were hard to regulate. The equilibrium
velocity only depended on the roughness of the bed and the slope of the bed. The only parameter that could be
optimized was the slope of the bed. This resulted in two different setups. One with a slope of 1% and one with an
intended equilibrium slope of 3%. The experimental setups are shown in Fig. 19 and in Fig. 20. The first setup,
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with a slope of 1%, had a bed with a height of 0.15 m over the total length of the bed, since the flume was tilted
to its maximum inclination of 1%. The second setup, with a slope of 3%, had the same 1% inclination from the
flume as the previous setup. However, the bed level had to gradually decrease (2 cm/m) in downstream direction
to guarantee a total inclination of 3%.

The height of the bed was chosen to be 0.15 m. Estimations with the Bisschop & Van Rhee model indicated that
the erosion velocity ve at a depth-averaged flow velocity U of 2 m/s could be in the order of cm/s (Bisschop et al.,
2010). With a height of the bed of 0.15 m an experimental run without bentonite additive was thus estimated to
take about 20 seconds.

The fixed concrete bottom was mainly applied to minimize the effects of turbulence in the measurement area, caused
by the sudden transition in bed level between the flume bottom and the height of the sand bed of 0.15 m. Although
there would still be a transition in bed roughness from the fixed concrete bottom to the sand bed, the turbulence
effects were expected to be less significant than in case of a sudden transition in height. The length of the bed was
chosen to be about 6 m to give the flow enough length to reach equilibrium conditions so that the slope of the water
level would be equal to the slope of the bottom. General empirical formulations state that the flow needs a length
of about 20 times the water depth to reach equilibrium conditions.

Finally, it has to be mentioned that each test consisted of an adjustment period, during which the equilibrium flow
conditions were established, and a measuring period. The measuring period was kept as short as possible to prevent
turbulence effects, as a result of possible bed form formations. These turbulence effects would influence the results
too much. After the tests were stopped, the bed was photographed and samples of the bed were taken (see also
Section 5.4.4).

5.1.1 Preparation of the erosion test

In order to execute the experiments, the first step was to mix the bentonite and sand mixtures as dry soils using a
concrete mixer (see also Section 5.4.3). Afterwards the desired mixture was transported towards the flume, where
the bed was built. Next, the sand bed was compacted by means of vibration with a strip of wood and a rubber
hammer, which leaves some ingenuity for improvement. After compaction the sand bed would ideally have a dry
bulk density of 1588 kg/m3. and a porosity of 0.40. The final step of the preparation phase was to allow the bed to
become saturated with water for a period of about 24 hours. This was specifically needed to activate the bentonite
and to let it reach its full swelling capacity.
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Figure 19: Experimental setup 1 of the erosion test: top view (above) and side view (bottom) with measures in meters.
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Figure 20: Experimental setup 2 of the erosion test: top view (above) and side view (bottom) with measures in meters.
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5.1.2 Measuring equipment

Important variables in a typical sediment experiment are the water discharge, the width of the flume, the average
water depth, the mean flow velocity (averaged over the depth, the width and in time), the energy gradient, bed
roughness and the sediment characteristics. In these laboratory experiments with a movable sand bed the only
known variables were the sediment characteristics, the width of the flume and the energy gradient (in case of rea-
sonable uniform conditions). The other variables were unknown and had to be measured during the experiments.
During the erosion tests the flow rate was measured and video recordings were made. In addition, during some
experiments, flow velocity profile measurements were performed with a flow velocity meter and water-surface level
measurements with an adjustable staff gauge. This section elaborates on the instrumentation used in the erosion
experiments.

A flow rate meter (EMS)
The flow rate as discharged by the pump was continuously measured with a so-called Electromagnetic Flow Meter
(EMS) and continuously stored in a computer. The proper installation of the flow velocity sensors on the inflow
pipe is shown in Fig. 21. Together with a known pipe diameter the device automatically gave its output as a flow
rate.

Figure 21: (a) Flowmeter display and (b) Acoustic flow meter attached to the inflow pipe.

A flow velocity meter (EMS)
The flow velocity measurements were also performed with an Electromagnetic Flow Meter (EMS) and only in the
area of interest. This device, however, measured the fluid velocity in x- and y-direction at a specific position in the
water column. The EMS had to be positioned under water in still water for a few hours prior to the measurements
in order to reduce the reading inaccuracy as much as possible. After this time a small but fairly constant offset of
± 0.01 m/s was noted. The flow velocity measurements were mainly performed to determine the velocity profile
in the flume and to verify the position of the mean velocity in the water column. The mean flow velocity equals
the discharge divided by the product of the mean depth times the constricted width of the flume and could be
determined with the discharge meter and the video recordings.

A staff gauge
The adjustable staff gauge was used to determine the water surface level and the bed level surface in the area of
interest during some experiments. The inaccuracy of the staff gauge was in the order of 1 to 2 mm. The vertical
positioning of the instrument relative to the bottom was manually controlled.
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The camera setup
During the tests video recordings were made. The video camera was positioned in such a way that the water levels
and bed levels in the area of interest could later be extracted (see also Fig. 22). To simplify the data analysis a
grid was drawn on the glass side window of the flume (see Fig. 22). In vertical direction a total height of 0.40 m
was divided in parts of 0.01 m and in horizontal direction an area of 0.90 m was divided into parts of 0.10 m. A
second camera was positioned on the next window (more upstream) and functioned as a back-up recording.

Figure 22: (a) Setup of the camera and (b) Grid on the glass wall in the area of interest.
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5.2 The permeability tests

In this section the permeability test is explained in more detail. A falling head test is used for measuring the
permeability of soils of intermediate and low permeability (Mulder and Verwaal, 2006). In this study falling head
tests were executed, because the permeability of the sand was expected to decrease significantly due to the addition
of bentonite.

5.2.1 Experimental setup of the permeability tests

The tests were performed with the device as provided in Fig. 23. Fig. 24 gives a conceptual sketch of the test. The
device consists out of a sample area, a vertical water column (also called a standpipe) with a standard diameter
(see also Table 4) and a connection between the sample area and the water column. This connection can be closed
with a valve. The concept is simple: the drop in water level in the standpipe, in time, ( h0 − ht see Fig. 24)
is a measure for the permeability of the sample. The vertical water column provides both a means of measuring
the water quantity and the water head to drive the flow. It has to be mentioned that the test procedure follows
generally accepted practice, but is not covered by (British) Standards (see also Mulder and Verwaal, 2006).

Figure 23: (a) Device falling head test and (b) Sample positioning.

Once the water column is completely filled and the sample area starts to overflow (which is a constant reference
level due to the overflow) a flow will be driven in the direction of the sample. The flow is driven by the difference
in water level between the water column and the reference level. The water has to flow through the sample over a
distance of L (see Fig. 24), which takes time. In the water column the water level is changing in time and since the
diameter of the water column is known, also the change in water volume is known. The change in water volume
in time is also known as the water flow Q, which can be directly implemented in Darcy’s law. Darcy’s law also
contains the permeability k. Hence the falling head test can be used to determine the permeability k and, after
some mathematical manipulation, is calculated with Eq.(18) (see also Fig. 24):

k = −La
At

ln

[
ht
h0

]
(18)

For a complete derivation reference is made to Barends and Uffink (2011).
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Figure 24: Conceptual sketch of the falling head test, from Barends and Uffink (2011).

Table 4: Characteristics permeability tests

Parameter and dimension Value
Cross-sectional area of the samples A in [cm2] 50
Height of the samples L in [cm] 5.0
Volume of the samples in [ml] 250
Weight of the samples in [g] 400 - 420
Porosity in [-] 0.40 - 0.41
Dry bulk density in [kg/m3] 1446 - 1481
Height of the column in [cm] 20
Cross-sectional area of the water column a in [cm2] 4.536
Initial head difference/water level h0 in [cm] 6 - 9

5.2.2 Preparation of the permeability test samples

First, a sample is prepared with a desired density and with pre-defined dimensions (see Table 4). Afterwards the
sample needs time to get saturated. This takes about a day. Once the sample is saturated the actual test can be
executed. During the entire procedure (the preparation and execution phase) the temperature of the area has to be
monitored to incorporate the effect of the temperature on the results at a later time. The permeability coefficients
are later normalized to represent the permeability at a temperature of 25 ◦C . For a full description of the procedures
reference is made to Mulder and Verwaal (2006).

5.2.3 Run plan permeability tests

The permeability tests were executed according the run plan as given in Table 5.
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Table 5: Run plan permeability test

Run # Percentage bentonite [%] D50 in [mm]
1 0 0.256
2 2 0.256
3 4 0.256
4 6 0.256
5 8 0.256
6 10 0.256
7 0 0.150
8 2 0.150
9 4 0.150
10 6 0.150
11 8 0.150
12 10 0.150
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5.3 The direct shear tests

In this section the direct shear test is explained in more detail. The test is executed in order to determine the shear
strength, the friction angle and the (apparent) cohesion. The tests can be executed under drained, undrained and
consolidated-undrained conditions.

5.3.1 Experimental setup of the direct shear tests

The tests were performed with the setup as provided in Fig. 25 and Fig. 26. The soil samples are confined inside
an upper- and a lower rigid ring (see Fig. 27). In this case the top and bottom of the sample are provided with
drainage plates. These allow the sample to become saturated and to drain the water during the test to prevent
water pressures. The confined sample is submerged underwater and is subjected to a normal load during the test.
The normal loads are pre-defined by the user. Each mixture is subjected to three different pre-defined normal
stresses during the shearing process (see also Table 6). The normal forces are often converted into normal stresses.
This is simply the normal load divided by the surface at which the force works (Surface CD in Fig. 27).

Figure 25: Device direct shear test, from Lemmens (2014).

Figure 26: Setup direct shear test, from Mulder and Verwaal (2006).

The shear force is applied by a motorized drive, which adds a horizontal displacement at a pre-defined speed. Only
the bottom ring is displaced by the motorized drive, while the top ring is kept at its place. The horizontal and
vertical displacements, together with the horizontal shear force are measured and registered.

The soil shear strength is defined by the Mohr-Coulomb theory as:

τ = C + σ tan(φ) (19)
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where τ is the shear stress (the shear force/area of surface CD in Fig. 27), σ the normal stress (normal load/area
of surface CD) and C the (apparent) cohesion.

Figure 27: Upper and lower rigid ring containing the sample, from Mulder and Verwaal (2006).

Preparation of the direct shear test samples
The samples are prepared according the CEN ISO/TS 17892-10:2004 Standard (CEN, 2004). In addition, the
guidelines of Mulder and Verwaal (2006) are extensively used. First the sample is prepared with the desired density
(compacted by vibration) and dimensions as stated in Table 6. Afterwards the sample needs time to get saturated.
The sand mixture will be saturated very quickly, but the sand-bentonite mixtures will need about a day to become
saturated. Next, the samples need time to consolidate under the pre-defined normal stress. Once the primary
consolidation is complete, the minimum time to failure and the rate of shear displacement can be determined. The
rate of shear is determined according to the CEN ISO/TS 17892-10:2004 Standard (CEN, 2004). The rate of shear
for a cohesive soil has to be very slow in order to allow the excess pore pressure to dissipate. In this way it is
guaranteed that the effective stress is equal to the total stress.

For a full description of the procedures reference is made to Mulder and Verwaal (2006).

Table 6: Characteristics direct shear tests

Parameter and dimension Value
Width of the samples in [mm] 100
Height of the samples in [mm] 31
Area of the samples in [mm2] 10000
Weight of the samples in [kg] 0.49 - 0.54
Shear rate in [mm/min] 0.035 - 0.1
Porosity in [-] 0.40 -0.42
Dry bulk density in [kg/m3] 1536 - 1582
Normal weight 1 in [kg] 5.9813
Normal weight 2 in [kg] 15.9813
Normal weight 3 in [kg] 25.9813

5.3.2 Run plan direct shear tests

The direct shear tests were executed according the run plan as given in Table 6.
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Table 7: Run plan direct shear test

Run # Percentage bentonite [%] D50 in [mm]
1 0 0.256
2 2 0.256
3 4 0.256
4 6 0.256
5 8 0.256
6 10 0.256
7 0 0.150
8 2 0.150
9 4 0.150
10 6 0.150
11 8 0.150
12 10 0.150
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5.4 Sediment properties

Two different types of sand were used in the tests. In addition, each test was performed with a different amount
of bentonite additive. In this section the characteristics of the sand, the bentonite and the applied mixture ratios
of the sand-bentonite mixtures are presented. In addition the most important characteristics of the bentonite are
briefly discussed and are further summarized in appendix B.

5.4.1 The sand

Two different types of pure quartz sand were used in the tests (see the run plan in Table 3). An overview of the
fraction sizes of both sand is given in Table 8 and the gradation curves are given in Fig. 28 and Fig. 29.

Figure 28: Gradation curve sand with a D50 of 0.256 mm
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Figure 29: Gradation curve sand with a D50 of 0.150 mm

Table 8: Properties of the sand used in the tests

Sandtype D10 [mm] D15 [mm] D30 [mm] D50 [mm] D60 [mm] D85 [mm] D90 [mm]
Courser M32 0.176 0.192 0.226 0.256 0.272 0.340 0.370
Finer S50 0.103 0.111 0.127 0.149 0.166 0.208 0.236

With the data from Table 8 the coefficient of uniformity Cu and the coefficient of curvature Cc are calculated.
These coefficients are crude shape parameters and are used to characterize the sand. The coefficients are defined
as:

Cu =
D60

D10
(20)

Cc =
D30

2

D10D60
(21)

The coefficient of uniformity Cu and the coefficient of curvature Cc for the M32 sand-type are 1.55 and 1.07,
respectively. For the S90 sand-type the values are 1.61 and 0.94, respectively. Sand is classified as well graded if
the following criteria is met: Cu ≥ 6 & 1 < Cc < 3 (Holtz and Kovacs, 1981). Since both criteria are not met, both
sands are classified as poorly graded.

Determination of the relative density
Most granular soils have a widely varying density state in which the soil may occur in situ. In Fig. 30 the soil is
modelled as perfectly spherical grains with an equal diameter. The soil state with the largest possible spaces in
between the particles is defined as the minimum bulk density ρmin. The opposite of the minimum bulk density is the
maximum bulk density ρmax. In this state the particles will be as close together as possible without pulverizing the
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soil material or fracturing the particles in smaller pieces. This state is reached by compacting the soil by vibration
and/or weight of material above.

Figure 30: In situ density related to the minimum and maximum densities, from Price (2009).

Generally, the in situ density ρinsitu is somewhere in between those minimum and maximum limits (see Fig. 30).
The relative position of the in situ density in between those limits is defined as the relative density. The relative
density (abbreviated as RD) thus characterizes the state of compaction which the soil has reached and is defined
as:

RD =
ρmax
ρinsitu

[
ρinsitu − ρmin
ρmax − ρmin

]
100% (22)

The minimum and maximum limits of both the S90 (D50=0.150 mm) and M32 (D50=0.256 mm) sand-types
were determined according Japanese standards of the Japanese Geotechnical Society (JGS, 1996). The Japanese
Geotechnical Society-method or JGS-method determines the limit densities by using a mold with an inner diameter
of 6 cm and a height of 4 cm. This results in a volume of 113.1 cm3. A detailed English procedure of the Japanese
procedure is given by Anakari (2008). In short the procedure to determine the minimum density is to gently pour
sand in the mold (without color) through a funnel. Once the mold is full and the top is smoothed off straight, the
mold with sand is weighed. The maximum density procedure is slightly more complicated. The mold is filled to
1/5th of the height using a funnel. Next, the soil is compacted by tapping the mold 100 times. This procedure is
repeated for each layer (1/5th of the total height of the mold) until the mold is completely filled. After the mold
is completely filled, the color is removed and the top is smoothed off. The mold with sand is again weighed. Since
the weight, the volume of the mold and the mass of the soil in the mold are now known, the density of the soil in
both states can be calculated.

The following values of the minimum and maximum limits were determined: a ρmin of 1471 kg/m3 and a ρmax of
1694 kg/m3 for the M32 sand-type. Together with a ρmin of 1328 kg/m3 and a ρmax of 1608 kg/m3 for the S90
sand type.

5.4.2 The bentonite

The Sealfix Benonite has a green-greyish color (see Fig. 31), it mainly consists of montmorillonite and it is known
for its high plastic behaviour. In addition, bentonite is famous for its high swell capacity. The swelling leads to an
increase in bentonite volume and, when mixed with sand, fills the pores between the sand grains. In order to obtain
the maximum swelling potential, the bentonite needs at least 24 hours to saturate and has a dry bulk density of
about 900 kg/m3.
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Figure 31: The green-greyish fine bentonite particles.

5.4.3 Preparation of the mixtures

To get a fairly homogenous sand-bentonite mixture a mixer and a concrete mixer were used to dryly mix the sand
and bentonite. The Cebogel Sealfix Bentonite (see Appendix B) was added, given a pre-determined mixture ratio,
to 50 kg of sand. Since each erosion test run roughly needed 200 kg, several batches had to prepared for each run.
Mixtures were prepared with a volume bentonite content of 0, 2, 4, 6, 8 and 10%. For the permeability tests and
direct shear tests the same procedure was applied. The only difference is the amount of materials used. Table 9 and
Table 10 summarize the volume percentage, dry weight percentage and mixture ratio of the different runs. These
tables are based on a dry bulk density of about 900 kg/m3 for bentonite and dry bulk densities of 1400 kg/m3

and 1500 kg/m3 for the M32 (D50=0.256 mm) and S90 (D50=0.150 mm) sand types respectively. The difference
in mixture ratio is caused by the slight difference in dry bulk densities of the sands.

Table 9: Mixture perparation of the M32 sand

Dry volume percentage bentonite % Dry weight percentage bentonite % Mixture ratio [g/kg]
2 1.2 12
4 2.4 24
6 3.6 36
8 4.8 48
10 6.0 60

Table 10: Mixture perparation of the S90 sand

Dry volume percentage bentonite % Dry weight percentage bentonite % Mixture ratio [g/kg]
2 1.286 12.86
4 2.571 25.71
6 3.857 38.57
8 5.143 51.43
10 6.429 64.29

5.4.4 Classification of the mixtures

Classification of fine grained soils is often based on its consistency limits (often called Atterberg limits).The consis-
tency of a soil is its physical state at a given moisture content. Four different consistency states can be distinguished:
solid, plastic, semi-plastic solid and liquid (Mulder and Verwaal, 2006). The most important are the liquid and the
plastic limits. They represent the upper and lower bounds of the plastic state. The PI-index summarizes the range
of the plastic state by subtracting the plastic limit from the liquid limit and is often a very important parameter
used to classify fine grained soils.
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Four samples were taken of the bed in the erosion tests. One sample contained the M32 sandtype with 4% bentonite
additive, the second the S90 sandtype with a 4% bentonite additive. The third and fourth samples contained M32
sand with 6% additive and S90 with a 6% additive respectively. The plastic limit experiments were performed
according the British Standards (BS 1377: Part 2 1990). A description of the experimental procedures is given by
Mulder and Verwaal (2006). However, the plastic limit could not be determined for any of the samples. Rolling
of the soil was hardly possible and crumbling occurred before the necessary 3 mm soil thread was reached. The
best attempt is shown in Fig. 32. Since the plastic limit could not be determined, the samples are reported as non
plastic.

Figure 32: Best attempt to determine the plastic limit of a 6% mixure.
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6 | The experimental results
In this chapter the results of the physical model tests are presented. First, an overview of the erosion test results
is given. This includes the effectiveness of the sand-bentonite mixtures in reducing the erosion velocity. The
effectiveness is determined with two different methods. Next, the results of the permeability and direct shear
tests are briefly presented. Generally it is described how the results were obtained and what the results represent.
Appendices A, C and D are referenced regularly.

6.1 Results erosion test

In this section the results of the erosion tests are discussed. Thirteen different tests runs were executed. During
these tests, the volume percentage of bentonite additive, the diameter of the sand and the mean flow velocity were
varied (see also Table 3). First, the visual observations from the video recordings are presented and explained. The
effectiveness of the sand-bentonite mixtures in reducing the erosion velocity is also presented. Next, the corrected
bed shear stresses are calculated with several methods and one method is chosen as the most representative method.
The effectiveness of the sand-bentonite mixtures in reducing the erosion velocity is also tested for this method. The
data set is also compared with data sets from Gailani (2001) and Lemmens (2014). This chapter concludes with a
comparison of the effectiveness of bentonite mixtures on the permeability and the erosion velocity.

Visual results from the video recordings
During the test runs the discharge was constantly measured and the bed levels and water levels in the area of interest
were videotaped. From the recorded videos the water levels and bed levels were extracted with a Matlab script.
The Matlab script was using the Videoreader function to extract frames from the videos at a preset interval. The
time between each of the consecutive frames was between 10 and 60 s. For each frame the Matlab script required
the user to input coordinates for the water levels and bed levels in order to give a time series of the water level
and bed level as output. Next, the script automatically converted the amount of pixels to a height using a pixel :
distance ratio by specifying a known distance. The results of these surface water level and bed level positions in
time are given in Appendix D. In the final step the mean flow velocity U and erosion velocity ve between each of
the consecutive frames in time were calculated with Eq.(23) and Eq.(24).

U =
Q · 10−3

b · (h− hb)
(23)

ve =
hb(n) − hb(n+1)

tn+1 − tn
=

∆hb
∆t

(24)

in which b the constricted width of the flume, hw the water surface level, hb(n) the bed level at a specific time,
tn the specific time of the measurement, ∆hb the difference in bed level and ∆t the time interval between two
measurements.

For each test run data from 5 measurement locations were analyzed. The measurement locations were all in the area
of interest and evenly spaced at a 10 cm interval from each other. The most upstream measurement location was
at the 0 line of the grid (see Fig. 22). The results of all the test runs are graphically presented in Fig. 33 and more
details are given in Table 11. Fig. 33 relates the erosion velocity ve to the mean flow velocity squared U2 and displays
the results for different mixture ratios and sand-types. Linear regression lines through the measurements have also
been included. It is important to note that the regression lines go through the origin, which is a simplification. In
reality the erosion velocity ve is zero if the critical velocity that initiates motion of the sand particles Ucr is not
yet exceeded. However, since the critical velocity that initiates motion is very low (about 0.10 m/s) and erosion
behaviour at flow velocities > 1 m/s is of main concern in this study, this critical velocity is simplified to be zero.
This simplification leads to generic quadratic equations for the erosion velocity in the form of ve = aU2 and are not
verified at flow velocities below 1 m/s.

The main objective of the experiments was to determine the erosion behaviour of sand or sand-bentonite mixtures
given a mean flow velocity of 1 and 2 m/s. With the bed level inclination of 1% and 3% these conditions were
reasonably established. However, slight differences in mean flow velocity occurred. Mainly as a result of a small
varying discharge delivered by the pump, which was very difficult to control better. At first notice, the only peculiar
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results are those of a 6% mixture at a intended mean flow velocity of about 2 m/s. For some unexplainable reason
the mean flow velocity was only about 1.7 m/s (U2 ≈ 3.0 m/s). Nevertheless, the results for the 6% mixtures are
very interesting. It appears that the erosion velocity at a mean flow velocity of about 1.7 m/s is of the same order
as, or even lower than, the erosion velocity at a mean flow velocity of about 1 m/s. Although, this is most likely
the result of a more homogeneous mixture, it was still unexpected (see also Chapter 7). It is definitely worthwhile
pursuing further research with 6% mixtures at 2 m/s or higher in order to verify if the erosion velocity is indeed no
longer increasing with an increase in mean flow velocity.

The reproducibility of the tests is confirmed to be reasonably well. Test runs 7 and 13 both contained sand with a
D50 of 0.256 mm and were executed at a mean flow velocity U of about 2 m/s. The erosion velocity, obtained from
the video recordings, was almost identical. The reproducibility will be discussed in more detail below.
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Figure 33: Erosion velocity versus mean flow velocity squared for (a) sand with a D50 of 0.256 mm and (b) sand with a
D50 of 0.150 mm.

In order to objectively calculate the effectiveness of a bentonite additive, the erosion velocity of the bed of a mixture
is compared with the erosion velocity of the sand mixture at the same mean flow velocity. The effectiveness of the
different bentonite mixtures is given by the ratio of the mixture’s erosion velocity and the erosion velocity of the
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sand (see Eq.(25)) and is based on the average erosion velocity for each test:

f =
ve,mixture
ve,sand

(25)

The averages of the results presented in Fig. 33 are given in Fig. F3 in Appendix F. The ratio f for each mixture is
calculated from the coefficients of the linear regression lines in relation to the coefficient of the linear regression line
of sand. Or in mathematical terms ve = faU2, with a the coefficient of the sand regression line. The effectiveness
of the different bentonite contents are given in Table 12. In this table mixtures with the same D50 are clustered
together and compared, and the clusters are separated with a horizontal line between the results. The effectiveness
of the different bentonite contents are also graphically displayed in Fig. 34. An exponential relationship between
the reduction f and the amount of bentonite additive B% is also presented in Fig. 34. Significant reductions in
erosion velocity are obtained by adding bentonite to a sand mixture. A 2% mixture already reduces the erosion
velocity by about 50%, a 3% or 4% mixture by 50 to 65 % and a 6% mixture by at least 90%. Furthermore, it
appears that the effectiveness of adding bentonite to the finer and courser sand, both with a porosity of about 0.40
- 0.41, is about the same.
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Figure 34: Reduction coefficient f as function of the bentonite content from mean flow velocities squared.

Table 11: Measured erosion velocities for several mixtures, mean flow velocities and sand-types.

Run # Bentonite [%] D50 [mm] U [m/s] ve [m/s] n0 [-] ρdry,mixture [kg/m3]
1 0 0.256 1.12 4.21E-04 0.40 1581
2 2 0.256 1.06 2.79E-04 0.41 1575
3 4 0.256 1.19 5.15E-05 0.41 1575
4 6 0.256 1.22 1.99E-05 0.41 1564
7 0 0.256 2.17 7.82E-04 0.40 1582
9 2 0.256 2.00 4.48E-04 0.41 1572
10 4 0.256 2.15 3.25E-04 0.41 1568
11 6 0.256 1.72 8.50E-06 0.41 1575
6 0 0.150 1.46 4.20E-04 0.41 1570
5 6 0.150 1.10 2.76E-05 0.41 1560
8 0 0.150 2.01 1.06E-03 0.40 1579
12 3 0.150 1.98 4.32E-04 0.41 1572
13 0 0.256 1.95 7.16E-04 0.41 1571
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Table 12: Reduction coefficient f for several mixtures and sand types based on linear regression.

Bentonite [%] D50 [mm] coefficient a [-] f [-]
0 0.256 2.00E-04 1.00
2 0.256 1.00E-04 0.50
4 0.256 7.00E-05 0.35
6 0.256 5.00E-06 0.03
0 0.150 2.00E-04 1.00
3 0.150 1.00E-04 0.50
6 0.150 2.00E-05 0.10

Determination of the bed shear stress
Sediment transport directly depends on the bed shear stress (see also Section 2.1 and Section 2.2). In this study
the bed shear stresses are used to compare the erosion theories with the test results, registered by the video camera.
In order to predict the transport rate in laboratory open-channel flows with good precision, it is often necessary to
remove side-wall and non-uniformity effects for computing effective bed shear stresses (see Cheng and Chua, 2005
and Guo, 2014). This is needed, because the evaluation of the bed shear stress often uses bulk flow parameters,
such as: flow depth, depth-averaged flow velocity and energy slope (Cheng and Chua, 2005). Hence, correcting
shear stresses for these sidewall effects is considered an essential procedure. In this study four methods are used
for this purpose: the Flow-depth method, the Hydraulic radius method, the Vanoni & Brooks method (Vanoni and
Brooks, 1957) and the Einstein method (Einstein, 1941). The non-uniformity correction was neglected for these
tests, since reasonable uniform conditions had developed in the area of interest (see also Appendix E).

1. The flow-depth method
The flow-depth method states that the bed shear stress τb causes the following energy loss in the water column
per unit area above the bed (see also Guo, 2014):

τb = ρghS (26)

in which h is the measured water depth with the bottom of the flume as reference level and S the energy slope
gradient. For narrow flumes with a water depth h and the width of the flume b, the total energy loss above
the bed affected by the bottom and side walls becomes:

bτb + 2hτw = ρgbhS (27)

in which τw is the wall shear stress. This results in the following upper bound expression for the corrected
bottom shear stress:

τb = ρghS − 2h

b
τw ≤ ρghS (28)

In this study τw was estimated using the following expresion:

τw = cfρU
2 (29)

The cf value was estimated at roughly 0.0024 (depending on the hydraulic radius R of the test run), which
corresponds with a wall-related Manning roughness coefficient nw of 0.009 for glass walls (Daugherty et al.,
1989).

2. The hydraulic radius method
The hydraulic radius method states that the bed shear stress τb causes the following energy loss in the water
column per unit area above the bed (see also Guo, 2014):

τb = ρgRS (30)
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in which the hydraulic radius R is calculated according to:

R =
hb

2h+ b
(31)

For narrow flumes with a water depth h and the width of the flume b, the total energy loss above the bed as
a result of the bottom and side walls becomes:

bτb + 2hτw = (b+ 2h)τ0 (32)

If a rough bed and relatively smooth sidewalls are assumed a lower bound of τb is found by replacing τw by
τb in Eq.(32):

τb > ρgRS (33)

3. The Vanoni and Brooks approach
The approach as described by Vanoni and Brooks (1957) is typically used in research, even though the bed
shear stress is generally overestimated by this approach (Cheng and Chua, 2005). This approach uses the
Darcy-Weisbach friction factor fD, which has a sound theoretical basis. With this friction factor the bed shear
stress can be expressed as:

τb =
b

b+ 2h

fb
fD

ρghS (34)

where the friction factors are defined as:

fD =
8gRS

U2
(35)

fb = fD +
2h(fD − fw)

b
(36)

fw =

[
20

(
4UR

fDν

)0.1

− 39

]−1

(37)

in which fb the bed friction factor and fw the wall friction factor. The wall friction factor relation, given
by Eq.(37), is obtained by curve fitting and depends on ratio Re/fD the Reynolds number over the Darcy
Weisbach friction factor (see also Cheng and Chua, 2005).

4. The Einstein approach
The approach as described by Einstein (1941) is also often used. This approach generally underestimates the
bed shear stress (Cheng and Chua, 2005). In this method, Einstein originally accounts for the wall resistance
component by correcting the Manning roughness coefficient. Einstein defined the average bed shear stress as:

τb = ρgRS
(nb
n

)1.5
(38)

where nb and n are the bed-related and total Manning roughness coefficients, respectively.

An alternative form is using the Darcy-Weisbach friction factor to account for the effects of the wall friction.
It is assumed that the wall-related friction can be estimated using the following Blasius experession (see Cheng
and Chua, 2005):

fw =
0.316(

4URw
ν

)0.25 (39)

40 of 141



in which Rw is the wall-related hydraulic radius. After an extensive substitution and manipulation procedure
as explained by Cheng and Chua (2005) this finally yields the following corrected bed shear stress:

τb = ρghS

(
1− 0.114

b

(
U7ν

S4g4

)0.2
)

(40)

With this method, the sidewall correction of the bed shear stress is determined by measuring the water depth,
energy slope and the depth-averaged flow velocity.

The corrected bed shear stresses τb are given in Table 13. The four methods (Flow-depth, Hydraulic radius, Vanoni
& Brooks and Einstein) are abbreviated as τbR, τbh, τbv and τbe, respectively. The corresponding Shields parameters
are also calculated with Eq.(41).

θ =
τb

ρg∆D50
(41)

From Table 13 it can be concluded that the values of the corrected bed shear stresses τb obtained with four different
methods show close resemblance. This is also graphically represented in Fig. 35. Especially the bed shear stresses
at mean flow velocities close to 1 m/s for the courser sand are clustered. For mean flow velocities of about 2 m/s and
the courser sand this resemblance is less strong. For the finer sand, this is exactly the opposite. Linear regression
lines are determined as a sample estimate of the true, unknown relationships for each method. The regression
lines through the data points of Vanoni & Brooks and of the hydraulic radius method best explain the variance in
data and are thus preferred. In this case the Vanoni & Brooks is chosen, because the Vanoni & Brooks method is
the most widely used method according to literature (Cheng and Chua, 2005). Therefore, the corrected bed shear
stresses using the Vanoni & Brooks method will be used in the forthcoming chapters.

The values of the corrected bed shear stress are of the same order of magnitude as in the experiments executed by
Auel et al. (2014) and analysed by Guo (2014). The experimental setup used by Auel et al. (2014) is reasonably
comparable with the setup used in this study and gives some extra confidence to these values.

Table 13: Predictions of corrected bed shear stresses and Shields parameters using various methods.

Test τbR [Pa] τbh [Pa] τbv [Pa] τbe [Pa] θbR [-] θbh [-] θbv [-] θbe [-]
1 3.37 3.63 3.96 4.01 0.81 0.88 0.96 0.97
2 3.50 4.27 4.48 4.52 0.85 1.03 1.08 1.09
3 3.50 3.56 4.00 4.08 0.84 0.86 0.97 0.99
4 3.54 3.52 4.01 4.10 0.85 0.85 0.97 0.99
5 3.77 4.79 5.04 5.09 1.55 1.97 2.07 2.10
6 3.42 1.76 2.83 3.02 1.41 0.73 1.17 1.24
7 9.31 7.38 9.72 10.08 2.25 1.78 2.35 2.43
8 10.43 11.06 12.92 13.25 4.30 4.56 5.32 5.46
9 10.21 10.70 12.49 12.80 2.46 2.58 3.01 3.09
10 9.44 7.79 10.07 10.42 2.28 1.88 2.43 2.52
11 10.05 12.56 13.08 13.65 2.42 3.03 3.16 3.29
12 9.79 9.88 11.60 11.88 4.03 4.07 4.78 4.89
13 10.41 11.60 13.23 13.51 2.51 2.80 3.19 3.26
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Figure 35: Prediction of bed shear stresses using different theories versus velocity squared for (a) sand with a D50 of 0.256
mm and (b) sand with a D50 of 0.150 mm.

Results calculated from the corrected bed shear stresses
In order to objectively calculate the effectiveness of a bentonite additive from the corrected bed shear stresses, the
erosion velocity of the bed of a mixture is again compared with the erosion velocity of the sand mixture at the same
flow velocity. The effectiveness of the different bentonite mixtures is given by the ratio of the mixture’s erosion
velocity and the erosion velocity of the sand (see Eq.(25)) and is based on the average erosion velocity for each test.
The average erosion velocities versus corrected bed shear stresses are presented in Fig. 36. Linear regression lines
through the measurements are also included. It is important to note that the regression lines go through the origin
as explained before in Section 6.1. This simplification leads to generic quadratic equations for the erosion velocity
in the form of ve = aU2 and are not verified at mean flow velocities below 1 m/s.

The ratio f for each mixture is calculated from the coefficients of the linear regression lines in relation to the
coefficient of the linear regression line of sand. Or in mathematical terms ve = faU2, with a the coefficient of the
sand regression line. The effectiveness of the different bentonite contents are given in Table 14. The effectiveness
of the different bentonite contents are also graphically displayed in Fig. 37. An exponential relationship between
the reduction f and the amount of bentonite additive B% is also presented in Fig. 37 and differs slightly from the
exponential relations displayed in Fig. 34. Significant reductions in erosion velocity are again obtained by adding
bentonite to a sand mixture. A 2% mixture already reduces the erosion velocity by about 50%, a 3% or 4% mixture
by 56 to 62 % and a 6% mixture by at least 94%. Furthermore, it appears that the effectiveness of adding bentonite
to the finer and courser sand, both with a porosity of about 0.40 - 0.41, is about the same.
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Figure 36: Erosion velocity versus bed shear stress for (a) sand with a D50 of 0.256 mm and (b) sand with a D50 of 0.150
mm.

Table 14: Reduction coefficient f for several mixtures and sand types based on linear regression of corrected bed shear
stress data.

Bentonite [%] D50 [mm] coefficient a [-] f [-]
0 0.256 8.00E-05 1.00
2 0.256 4.00E-05 0.50
4 0.256 3.00E-05 0.38
6 0.256 1.00E-06 0.01
0 0.150 9.00E-05 1.00
3 0.150 4.00E-05 0.44
6 0.150 5.00E-06 0.06
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Figure 37: Reduction coefficient f as function of the bentonite content from corrected bed shear stresses.

Comparison of data from different erosion experiments with sand-bentonite mixtures
A literature study concerning the erosion behaviour of sand-bentonite mixtures, has resulted in the conclusion that
very few data are available. At higher flow velocities these are even non-existent. For this reason it has been decided
to collect all the data currently present. Data for the sand tests, without any bentonite, is visualized in Fig. 38
and shows the dependance of the erosion velocity on the (predicted) bed shear stresses. Note that the vertical axis
is on logarithmic scale. The data set consist of data from Gailani (2001) with a D50 of 0.214 mm, Lemmens (2014)
with a D50 of 0.208 mm and data collected in this study (called Foortse) with a D50 of 0.256 mm and 0.150 mm. It
also has to be noted that average erosion velocities and depth-averaged flow velocities are used. Furthermore, the
Vanoni & Brooks method is used to predict the bed shear stresses in the Foortse and Lemmens data sets.
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Figure 38: Erosion velocity versus bed shear stress for sands with a different D50.

From Fig. 38 it can be concluded that the measurements executed by Gailani generally gave higher erosion velocities
at the same bed shear stresses as both data from Lemmens and Foortse. This might be the result of the method used
to calculate the bed shear stress τb. In Gailani’s case the bed shear stress might be determined with a theoretical
roughness prediction based on ks, where the roughness of the particles protruding the water flow are governing.
However, in sheet flow conditions, particles are partly in suspension and move as a sheet. Large shear stresses cause
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entrainment of large amounts of sediment resulting in high sediment concentrations, especially near the bed. These
high sediment concentrations, in turn, cause an increase of the viscosity of the flowing sand-water mixture. This
results in higher values for the roughness height ks and thus higher values of the friction coefficient cf . This means
that the particle protrusion is no longer governing and that the roughness is increasing significantly. If this would
be the case, the data of Gailani would have to be corrected. At the same erosion velocities, the measurement will
have a higher bed shear stress and thus, as a result, the regression line will shift to the right.

The measurements from Lemmens show exactly the opposite trend. The erosion velocity, given a bed shear stress,
is generally lower than those of Gailani and Foortse. Since both Foortse and Lemmens used the Vanoni & Brooks
method to calculate the bed shear stresses, a comparison of shear stresses versus depth-averaged flow velocities
squared was performed. This comparison is shown in Fig. 39. Fig. 39 also shows theoretical bed shear stresses
calculated with Eq.(42), Eq.(43) and Eq.(44).

τb = ρcfU
2 (42)

cf =
κ2[

ln(
12R

ks
)

]2 (43)

ks =


3D90

2D50

3θD90

(44)

in which κ is the Von Karman coefficient (=0.40). These theoretical bed shear stresses are not corrected for any
side-wall effects. The comparison clearly shows that the corrected bed shear stresses calculated by Lemmens are
much higher than those calculated by Foortse or the theoretical bed shear stresses. And since the theoretical bed
shear stresses are not corrected for any side wall effect, this suggests that the measurements performed by Lemmens
might overestimate the real bed shear stresses. In this case the regression line from Lemmens would shift to the
left. Furthermore, the relatively low values for shear stresses from Foortse might be explained by the fact that the
theoretical predictions are not corrected for side-wall effects.

Finally, it appears that the measurements from Foortse for sand with a D50 of 0.256 mm and a D50 of 0.150 mm
show only slight differences. It was expected that the courser sand would be eroded earlier than the finer sand.
However, these data suggest it does not matter. The only explanation is that some inaccuracy is present in the
data. It is expected that this inaccuracy is mainly caused in the preparation phase of the bed. Especially the
compaction of the bed to the desired density and porosity was difficult to control. In addition, there might also be
differences in all the data sets, because all the measurement setups were different.
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Figure 39: Bed shear stress versus velocity squared with data from Lemmens (2014), Foortse and theoretical predictions.
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From Fig. 39 it can be concluded that a comparison based on absolute values of τb is not reliable enough. Significant
variance between the different datasets is present. However, it might be instructive to compare the relative effec-
tiveness of the bentonite-mixtures. The relative effectiveness f for each mixture is calculated from the coefficients
of the linear regression lines in relation to the coefficient of the linear regression line of sand. Or in mathematical
terms ve = faU2, with a the coefficient of the sand regression line. It is important to note that the regression
lines go through the origin as explained before in Section 6.1. The linear regression lines for the data of Lemmens
and Gailani are presented in Fig. F4 attached in Appendix F. From Table 15 it can be concluded that the relative
reduction of adding bentonite for data of Lemmens and Foortse show close resemblance. On the contrary, the
relative reduction based on data from Gailani differs much from the data of Foortse and Lemmens. However, it has
to be remarked that the regression lines through the data of Gailani are of poor quality.

Table 15: Reduction coefficient f for several mixtures and data sets based on linear regression of corrected bed shear stress
data.

Bentonite [%] fFoortse0.256 [-] fLemmens [-] fGailani [-]
0 1.00 1.00 1.00
2 0.50 0.50 0.15
4 0.38 0.30 0.02

When the same comparison is made with data from Lemmens (2014) and Foortse based on the erosion velocity
versus the mean flow velocity squared, the result is slightly different (see Table 16). The reduction effect of a 4%
mixture is stronger according to the measurements executed by Lemmens than measured by Foortse. The relative
effectiveness f is again determined with the coefficients of the regression lines. The regression lines go through the
origin as explained before in Section 6.1. This simplification leads to generic quadratic equations for the erosion
velocity in the form of ve = faU2 and are not verified at mean flow velocities below 1 m/s. Fig. F5 attached in
Appendix F presents the regression lines through the data of Lemmens. Finally, it has to be remarked that data
from Gailani (2001) is excluded, because the exact flow velocities during these tests were not available.

Table 16: Reduction coefficient f for several mixtures and data sets based on linear regression of mean flow velocity data.

Bentonite [%] fFoortse0.256 [-] fLemmens [-]
0 1.00 1.00
2 0.50 0.50
4 0.38 0.15

Characterization of the flow conditions during the erosion tests
The Shields parameters (Table 13) are roughly in the range of 1 to 5, depending on the mean flow velocity. Based
on these values of the Shields parameter and video recordings it can be concluded that the dominant erosion process
was sheet flow erosion (see Section 2.1). In Tables D2 to D14 in Appendix F the values of ve/k (erosion velocity
over the in-situ permeability) and the Froude number Fr for each test are given. The Froude numbers are all above
1, indicating that all tests were executed under supercritical conditions. The ve/k values for the tests were generally
above 3 for the mixtures, indicating that a high erosion regime was often present. However, very large differences,
from 1.5 up to about 30 were calculated. It also seems that a higher bentonite content leads to a steeper positive
relationship between the bentonite content and ve/k (see also Fig. F1 and Fig. F2 in Appendix F. This basically
means that the high erosion regime is generally reached faster with sand-bentonite mixtures than with pure sand
only.

The bottom line
The data analysis of the erosion tests in Section 6.1 clearly indicates that it is very difficult to predict and verify
the absolute reduction in erosion velocity for different bentonite mixtures. Large variances in bed shear stresses
and corresponding erosion velocities exist in the existing data sets and a comparison based on absolute values of
(corrected) shear stresses is deemed not to be reliable enough. The significant differences in bed shear stresses
are most likely caused by the difficulty in accurately measuring the energy loss of the system. Many methods are
available to determine the friction coefficient, which accounts for this energy loss. Some even account for the extra
viscosity of the flowing sand-water mixture, because of the high sediment concentrations near the bed. These high
sediment concentrations near the bed (and thus higher viscosity) lead to higher energy loss, which is accounted for
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in the friction coefficient. The side-wall correction also influences the corrected bed shear stresses. This correction
is related to the depth-averaged flow velocity and has a high impact on the bed shear stress at high velocities. It is
hypothesized that the used side-wall correction methods might be over-correcting the bed shear stresses at higher
flow velocities and might not be perfectly valid at flow velocities of about 2 m/s and higher. Relative reductions in
erosion velocities for different bentonite mixtures proved to be more fruitful and even made it possible to compare
data from different data sets.

This chapter concludes with a comparison of the effectiveness of bentonite mixtures on the permeability and the
erosion velocity. For this comparison the exponential trend lines of Fig. 34, Fig. 37 and Fig. 42 are used. The
comparison is visualized in Fig. 40. The effectiveness in reducing the permeability with sand-bentonite mixtures -
derived in Section 6.2 - is denoted as fk1 for the courser sand with a D50 of 0.256 mm and fk2 for the finer sand with
a D50 of 0.150 mm (see Eq.(45) and Eq.(46)). The subscript B indicates the permeability of the sand-bentonite
mixture and the subscript sand the permeability of the sand mixture.

fk1 = kB/ksand = e−0.691∗B% (45)

fk2 = kB/ksand = e−0.674∗B% (46)
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fU2 = fB/fs = e−0.432∗B% (47)

fτ = fB/fs = e−0.370∗B% (48)

The effectiveness in reducing the erosion velocity with sand-bentonite mixtures is denoted as fU2 (Eq.(47) for the
exponential relationship based on the mean flow velocity squared and fτ (Eq.(48) for the exponential relationship
based on the bed shear stresses. The ratio fB/fs gives the reduction in erosion velocity of the mixture as compared
to the erosion velocity of the sand.

Finally, an empirical relationship between the reduction of the erosion velocity and the reduction of the permeability
is derived (see Eq.(49) and Eq.(50)). There is some difference between the method based on the mean flow velocity
squared and the one based on the bed shear stresses. However, both relationships indicate that there is a relatively
strong dependence of the erosion velocity on the permeability. The reduction of the erosion velocity seems also
to be related to the reduction in permeability (fk0.54−0.63), which approaches the relationship between the erosion
velocity and the permeability (k0.6) as obtained by the model of Bisschop et al. (2010).

fU2 ∝ fk0.63 (49)

fτ ∝ fk0.54 (50)
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6.2 Results permeability tests

In this section the results of the permeability tests are presented. The objective of the falling head test was to
determine the in-situ permeability of sand and sand-bentonite mixtures (see also Table 5). With the setup and
input conditions as explained in Section 5.2.1 the permeability was calculated with Eq.(18). Additional information
can be found in Appendix C. The average permeability for each mixture, the reduction of the mixture permeability
relative to the permeability of the sand and soil conditions are summarized in Table 17. The relative densities
were determined with the minimum and maximum density as discussed in Section 5.4.1. The absolute values of
the in-situ permeability of each mixture, including the data from Lemmens (2014), are also graphically presented
in Fig. 41.

1.00E%07'

1.00E%06'

1.00E%05'

1.00E%04'

1.00E%03'

0' 2' 4' 6' 8' 10'

Pe
rm

ea
bi
lit
y'
'[m

/s
]'

Bentonite'volume'content'[%]'

Summary'permeability'results'

D50=256'µm'

D50=150'µm'

D50=208'µm'(Lemmens)'

S90'sand'type'1.00E%04'

1.00E%03'

Pe
rm

ea
bi
lit
y'
[m

/s
]'

FuncHe'met'D'

Figure 41: Results of the permeability coefficients for different sand diameters.

Adding bentonite clearly reduces the permeability significantly. A 2% volume bentonite content already reduces
the original permeability to 20% or below for both sand types. A 4% volume bentonite content even reduces the
original permeability to 7%. Increasing the bentonite content to 6% or higher this is 1%. Empirical functions have
been derived based on this data set. The reduction ratio k/ksand is a function of the volume percentage of added
bentonite. This is graphically displayed in Fig. 42. It appears that the relationship is almost identical for the sand
types with a D50 of 0.256 mm and a D50 of 150 mm and suggest that the reduction ratio is almost irrespective
of the sand diameter. These equations have been used in this study to model the erosion behaviour of the dike
core.

The permeabilities of the sand with the largest particles (D50 of 0.256 mm) are higher than the smaller particles
sizes. The same is valid for the sand with a D50 of 0.208 mm as compared to sand with a D50 of 0.150 mm. The
permeability measurements executed by Lemmens (2014), with a D50 of 0.208 mm, were obtained with porosities
in the order of 0.43 - 0.44. These higher porosities might explain the relatively high permeabilities measured for
the 2% and 4% mixtures. These permeabilities are almost identical to the results of the courses sand diameter (a
D50 of 0.256 mm) executed at porosities in the order of 0.40 - 0.41. Unfortunately, no information regarding the
relative density of the measurements executed by Lemmens (2014) was available.
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Figure 42: Reduction of the permeability coefficients as functions of the volume percentage of bentonite.

Table 17: Summarized results of the permeability tests

Bentonite [%] D50 [mm] k [m/s] k/ksand [-] n0 [%] ρdry,mixture [kg/m3] RD [%]
0 0.256 4.83E-4 1.000 40.3 1582 53.3
2 0.256 7.29E-5 0.151 40.3 1581 52.9
4 0.256 3.23E-5 0.067 40.9 1567 46.5
6 0.256 4.65E-6 0.010 40.3 1581 52.9
8 0.256 2.29E-6 0.005 40.6 1575 50.2
10 0.256 6.11E-7 0.001 40.8 1570 47.9
0 0.150 9.88E-5 1.000 41.4 1552 82.9
2 0.150 2.06E-5 0.208 40.8 1568 87.9
4 0.150 6.31E-6 0.064 40.4 1580 91.6
6 0.150 8.09E-7 0.008 41.3 1556 84.1
8 0.150 3.46E-7 0.004 40.8 1568 87.9
10 0.150 2.45E-7 0.002 41.7 1546 81.0

50 of 141



6.3 Results direct shear tests

In this section the results of the direct shear tests are presented. Additional information is provided in Appendix
A. The tests were executed with the continuing loading method. The continuing loading method can be explained
as follows. A test starts with shearing the sample with the lowest normal load until the peak shear is reached.
After this peak is reached, extra normal load is added and the shearing is continued. This procedure is repeated
until three different peak shear stresses, given their normal load pair, are obtained. In Appendix A the shear stress
versus displacement graphs of all the individual tests are given. In these graphs three obvious peak shear stresses
can be detected. The benefit of this method is that the same sample can be used continuously. This method was
the only viable option given the time span, since every sample had to be saturated for at least 24 hours before the
test could commence.

Sample area correction
The shear and normal stresses are calculated from the lateral force, the normal forces and the horizontal contact
area. During the tests the contact area between the two specimen halves is reducing in time (see Fig. 43). This
reduction varies with relative displacement δ between the upper and lower halves and in case of a square box (with
length a) the corrected sample area is defined as:

Ac = a(a− δ) (51)

Figure 43: Visualization of the sample area correction, adapted from Bardet (1997).

The corrected normal and shear stress pairs are plotted for the M32 and S90 sand type in Fig. 44 and Fig. 45. Linear
regression lines have been plotted through the data points and represent the Mohr-Coulomb failure enveloppes as
discussed in Section 5.3.1. With Eq.(19) the apparent cohesion and friction angle are determined. These results,
including soil characteristics, are summarized in Table 18. Graphs of each individual test can be found in Appendix
A.

The results in Fig. 44 and Fig. 45 show insignificant differences. The apparent cohesion is not changing drastically
by adding more bentonite (< 3 kPa). The friction angle is also not significantly decreasing as a result of adding
bentonite. It remains in the range of 34 to 43 degrees. The internal friction angles of the S90 sand type are higher
than those of the M32 sand type. This is a result of a higher degree of compaction (expressed by the higher relative
density). Based on these results it can be concluded that sand-bentonite mixtures with volume percentage bentonite
up to 10 do not show any sign of cohesion-like behaviour and are thus still behaving as a non-cohesive sand.
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Figure 44: Results direct shear tests of sand with a D50 of 0.256 mm.
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Table 18: Specifics and results of the direct shear test

Bentonite [%] D50 [mm] C [kPa] φ [◦] ρdry,mixture [kg/m3] n0 [%] RD [%]
0 0.256 1.07 37.1 1581 40.3 52.9
2 0.256 0.88 35.6 1581 40.3 52.9
4 0.256 1.35 36.5 1569 40.8 47.4
6 0.256 1.81 35.3 1581 40.3 52.9
8 0.256 2.27 33.8 1575 40.6 50.2
10 0.256 2.07 37.2 1575 40.6 50.2
0 0.150 3.06 42.9 1554 41.4 83.5
2 0.150 2.88 40.0 1568 40.8 87.9
4 0.150 2.63 39.3 1580 40.4 91.6
6 0.150 3.01 38.4 1554 41.4 83.5
8 0.150 2.09 39.4 1565 40.9 87.0
10 0.150 2.14 40.2 1536 42.0 77.8
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7 | Discussion of the experimental tests
This chapter briefly focusses on the unexpected experimental results of the direct shear tests. In addition, the
(un)expected occurrences and important observations during the erosion tests are discussed extensively. The per-
meability results are also briefly discussed. The chapter concludes with a few general remarks about the assumptions
used and choices made in the experimental phase of this study.

7.1 The directs shear tests

As expected low cohesion values (< 3kPa) and friction angles in the order of 33 - 43 degrees were observed for the
mixtures with a bentonite volume content lower than 6%. In contrast, a sharp increase in cohesion and significant
drops in friction angles were expected for higher bentonite volume percentages (>6 %). Fully saturated specimens
swell and loosen the packing of the sand particles. At a certain point the sand particles were expected to loose
direct contact with neighbouring particles and consequently lose its strength characteristics. Although it is noted in
literature (see Chalermyanont and Arrykul, 2005) that fully saturated and inundated mixtures lost their cohesion
as a direct result of the swelling bentonite, this still does not explain the high friction angles. The only possible
explanation is that the sand grains still have direct contact with neighbouring particles and thus show typical
sand-like behaviour at these mixture ratios.

As expected, smaller horizontal strain (displacement) was also observed for stiffer material (as in mixtures with a
low bentonite content) than for softer material (mixtures with higher bentonite contents) (see appendix A).

7.2 The erosion tests

During the experiments many expected and unexpected occurrences were observed. These findings may add incre-
mental value to the dataset of Chapter 6. These findings may be used as guidelines in similar future experiments,
and may prove useful in designing other erosion experiments as well. The following occurrences will be discussed:
scour holes, bed forms, inhomogeneity of the bed, softening of the clay, mass erosion and erosion with even steeper
bottom slopes.

Scour holes, bedforms and inhomogeneity of the bed
As indicated in Section 5.1, a fixed concrete bottom was applied in part of the flume. The fixed concrete bottom
was mainly applied to minimize the effects of turbulence in the measurement area, caused by the sudden transition
in bed level between the flume bottom and the height of the sand bed of 0.15 m. Although there would still be a
transition in bed roughness from the fixed concrete bottom to the sand bed, the turbulence effects were expected to
be less significant than in case of a sudden transition in height. During the erosion experiments the designs given
in Fig 19 and Fig. 20 proved to be almost flawless. This was unexpected, but most certainly beneficial. Although
some erosion took place at the transition from the fixed concrete plate to the bed and after some time even bedforms
appeared (see Fig. 46) no indication of a starting scour hole was present in any of the thirteen test runs.

Figure 46: No formation of a scour hole and appearance of bedforms.
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Local weak spots appeared during the erosion experiments as a result of a not perfectly homogeneous mixture.
Preparation of the sand or sand-bentonite mixtures was extremely time-consuming and laborious. First, the sand
and bentonite were mixed using a concrete mixture (see also Section 5.1.1). Next the mixture was transported
towards the flume using a wheelbarrow. Finally, the flume was filled using a bucket. In addition, the bed had to
be compacted towards its ideal density of about 1580 kg/m3 and porosity of about 0.40. The compaction method
was vibration by means of a wooden strip of wood and a hammer. The quality control was based on the bed
height and the total volume needed for the bed. All these steps combined could easily influence the homogeneity
of the bed and certainly leaves some ingenuity for improvement. If during the tests a local weak spot became
apparent, this soon became an undulation. The undulation, in turn, disturbed the flow, causing local acceleration
and deceleration of the flow. These accelerations and decelerations disturbed the flow pattern even more, resulting
in rapid erosion (see Fig. 47). In contract, also some local stronger parts in the bed were visible. At locations
where the bentonite content was higher than average, soil lumps were formed. Fig. 48 shows an example of a soil
lump that was completely eroded away and is a clear example of more cohesive erosion behaviour than non-cohesive
behaviour.

Figure 47: (a) Local weak spot in a 1 m/s test (b) Local weak sport in a 1 m/s test, 10 seconds later.
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Figure 48: Local inhomogeneous erosion of a soil lump.

It was only a matter of time before a hydraulic jump appeared as a result of bedform formations or after a local
inhomogeneous weak spot started to erode. In a hydraulic jump the flow regime is in transition from supercritical
flow to subcritical flow. Since the flow has to dissipate much of its energy a very turbulent flow is formed (Fig.
49). Erosion caused by this turbulence disturbed further measurements, but may certainly happen in case of a real
breach.

Figure 49: Formation of a hydraulic jump.

Due to the local weak spots and the formation of bedforms the duration of the tests was usually short in order
to prevent the influence of these instabilities on the test results. Another observation was that certain parts of
the bed were still not saturated after 24 to 48 hours. This is also supporting the earlier observation that it is
almost impossible to get an ideal homogeneous bed (or core in a dike), which might be a limitation for the practical
implementation.
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Figure 50: Part of the bed has still not been in contact with water after 24 hours.

Cohesive behaviour of the bed
During and after the erosion tests with a sand-bentonite mixture two additional phenomena were observed. These
were: mass erosion and softening of the soil bed after the tests. Although direct shear tests and the attempt to find
a plasticity limit clearly indicate that the mixtures still behave as a sand, visual observations and camera recordings
indicated a mass erosion of the bed (Fig. 52 and Fig. 51). Mass erosion is generally characterized as cohesive
behaviour. The geotechnical results and visual observations clearly contradict each other.

Figure 51: Topview of the bed after an erosion test.
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Figure 52: Inhomogeneous mass erosion of a 6% mixture.

The softening of the soil layer was also very peculiar. During the tests (especially the 6% mixture runs) there was
hardly any erosion visible. However, the bed started to soften after the tests were stopped and hardly any water
was flowing over the bed. This is clearly depicted in Fig. 53. It appears that a bed, containing bentonite, prevents
erosion only temporarily during extreme shear stresses. After the extreme endeavor, it looked as if the bentonite
was exhausted and simply let itself erode without significant resistance. This might suggest that a dike core will be
protected during extreme water conditions and will soften, as butter getting heated, afterwards.

Figure 53: (a) Softening of the soil bed with a 6% mixture (b) Softening of the soil bed with a 6% mixture, 10 seconds
later.

Influence of the bed slope on the erosion velocity
The tests executed with setup 1 (Fig. 19) had a bed height of 15 cm. However, about 1 m after the area of
interest, the bed had to go down towards the bottom level of the flume again. The transition was quite sudden
and corresponded with a steep slope of 1:3. The steep slope resulted in an acceleration of the flow in downstream
direction. Acceleration of the flow, means higher flow velocity, and thus higher erosion velocities. This is clearly
visualized in Fig. 54. In a time frame of a few seconds the bed was eroded 20 cm in horizontal direction at a flow
velocity of about 1 m/s. This observation is a clear demonstration of inner slope erosion in a real breach scenario
and clearly shows how fast a dike with a sand core might get eroded away.
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Figure 54: (a) Horizontal erosion as a result of downstream effects. (b) Horizontal erosion as a result of downstream effects,
a few seconds later.

7.3 The permeability tests

In general, sand is a quite permeable natural material. Adding a certain amount of bentonite to sand certainly
yields a high decrease in permeability. This is the result of the swelling potential of the bentonite. It appears that
the most significant decrease in permeability happens with bentonite contents up to 6% volume percentage. Adding
more bentonite still reduces the permeability, but the overall effect is starting to flatten out for bentonite contents
higher than 8%. Overall, the approximate decrease in permeability is almost three orders of magnitude (from 10−4

to 10−7) with bentonite volume percentages up to 10%.

Furthermore, it was observed that the swelling of the samples kept increasing and that the specimen expanded with
bentonite contents higher that 8%. This increase of swell even lead to the appearance of cracks in the specimen
(Fig. 55). This crack formation is expected to be responsible for the decrease in effectiveness of a bentonite mixture
with bentonite contents > 8%.
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Figure 55: The appearance of cracks for a mixture with 8% bentonite.

7.4 General remarks

During this study many assumptions and choices were directly or indirectly made. In this section these assumptions
and choices are explicitly stated and discussed.

• The continuous loading method for the direct shear tests was chosen simply in view of time. Although the
normal and shear stress couples give a reasonable good estimate of the peak shear stress under a specific
normal load, the samples were not sheared until failure. Although these shear stresses might be higher in
reality than indicated in the results of this study, a fairly good indication is obtained with the continuous
loading method.

• During the preparation and design phase it was assumed that the bed would be perfectly homogenous.
However, the preparation of the bed and the preparation of the sample specimen is not a perfectly robust
method and is prone to imperfections. This might be a serious limitation for the practical implementation
and future research into mixing techniques and compaction methods for this application is recommended.

• Although the video recordings are perfectly accurate, data analysis always introduces inaccuracies. By pro-
gramming an algorithm to extract data series for the bed levels and water levels the inaccuracies were mini-
mized as much as possible. The algorithm automatically converted pixels to lengths using a preset pixel/length
ratio. However, the exact location of the bed level and water level still had to be indicated in the videos and
still were a source of subjectivity and inaccuracy.

• The porosity nmixture and dry bulk density ρmixture are calculated for just the sand with Eq.(52) and Eq.(53).
This means that it is indirectly assumed that all the bentonite particales will position itself between the
sand grains in the voids. This is a reasonable assumption for lower bentonite volume percentages, but the
assumption is probably violated at higher percentages (see also Fig. 55).

ρmixture =
Mmixture −Madditive

Vbed
(52)

nmixture = 1− ρmixture
ρs

(53)

in which Mmixture is the total mass of the mixture (sand + bentonite), Madditive the mass of the bentonite
additive only, Vbed the total volume of the bed or sample and ρs the density of the sand grains (generally
accepted as 2650 kg/m3).

• A final remark is made about the flume setup. During the tests it appeared that quite some height in the flume
is needed in order to reach the required high flow velocities. Steep bed slopes are needed in order to reach
high equilibrium flow velocities (when supercritical flow conditions prevail). Flow velocities > 2 m/s will be
extremely difficult to reach in the current setup and it is strongly recommended to look for open channel flumes
with a height clearly exceeding 40 cm or to design experiments with a conduit flow setup. Furthermore, it is
recommended not to forget to check the environmental regulations of the laboratory and not to underestimate
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the troubles related to discharging the bentonite out of the experimental system. Bentonite is characterized
by its very small particle size and cannot easily be filtered out of the water.
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8 | Modelling the performance of the bentonite
additive

This chapter focusses on modelling of the bentonite additive behaviour. The BRES-Visser model (see Sections 2.4
and 2.5), along with the Zwin’94 data (see Section 2.7), is used to model the performance of the bentonite additives.
The data from the Zwin’94 experiment will be used as a reference scenario for a dike with a sand core. The effects
of the retardant bentonite additive will be compared to this reference scenario. The comparison takes place based
on breach width, flow through the breach and duration of the breaching process.

8.1 The critical Shields parameter

The concept of initiation of motion, as discussed in Section 2.2, indicates the initiation of the sediment transport
and is an important parameter in modelling the erosion behaviour. The initiation of motion is often defined with
de critical Shields parameter θcr and can be determined using the Shields curve. The Shields curve gives the critical
Shields parameter θcr for specific conditions and is based on experimental results. Van Rijn (1993) determined that
the Shields curve can also be represented with:

θcr = 0.24D∗
−1 for 1 <D∗ ≤ 4 (54)

θcr = 0.14D∗
−0.64 for 4 <D∗ ≤ 10 (55)

θcr = 0.04D∗
−0.1 for 10 <D∗ ≤ 20 (56)

θcr = 0.013D∗
0.29 for 20 <D∗ ≤ 150 (57)

θcr = 0.055 for D∗ > 150 (58)

where D∗ can be calculated with Eq. (16).

8.2 The erosion function

The next step in modelling the performance of the bentonite additive is to derive an erosion function. In this study
the Van Rhee erosion function (Van Rhee, 2010) is adapted to the experimental data of the erosion tests (see Section
6.1). This erosion function is chosen, because this function includes the hindered erosion process, as discussed in
Section 2.3. The inclusion of the hindered erosion concept is very important at high flow velocities. The erosion
function of Van Rhee (2010) is defined as:

ve =
1

1− n0 − cb

(
Φp
√
g∆D50 − cbws

)
(59)

where cb is the near bed concentration. The dilatancy factor δp is calculated with Eq.(17) and the dimensionless
pick-up flux Φp is defined as:

Φp = 0.00033D∗
0.3

[
θ − θc1

θ1c

]1.5
(60)

where θ1c is defined as:

θc
1 = θc

[
sin(φ− β)

sin(φ)
+ δp

ve
kl

]
(61)

From Fig. 56 and Fig. 57 it can be concluded that the erosion function of Van Rhee (2010) does not perfectly agree
with the experimental data. Generally, the erosion rates are overestimated. Especially, the erosion rate of the 6%
mixture with aD50 of 0.256 mm is not corresponding with the erosion function of Van Rhee. However, the credibility
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of one of the measurements of the 6% mixture with a D50 of 0.256 mm has already been questioned in Chapter 6.1.
In case of a sand mixture, a 2% mixture and a 4% mixture with a D50 of 0.256 mm and all mixtures with a D50 of
0.150 mm, the overestimation is less than a factor 10. The agreement between the erosion function and all mixtures
with a D50 of 0.150 mm is reasonably well. These results include the effect of the permeability of sand-bentonite
mixtures on the erosion velocity (see also Section 6.2). However, in the calculations the in-situ porosity k0 is used
instead of the loose state permeability kl, since the permeability at the loose state and corresponding value of the
loose state porosity nl are not easy to determine.
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Figure 56: Comparison between the results of the erosion tests and the unadapted erosion function of Van Rhee for (a)
sand only (b) a 2% mixture (c) a 4% mixture and (d) a 6% mixture sand with a D50 of 0.256 mm.

In order to get a more meaningful estimate Van Rhee (2015), recently, proposed that the in-situ permeability k0
and the loose state permeability kl are related as follows:

(1− n0)
kl

∆n
= Fk0 (62)

where F is assumed to be constant and generally reads:

F =
(1− n0)

∆n

kl
k0

=
nl

3

n03
(1− n0)

3

(nl − n0)(1− nl)
(63)

and the relative porosity change ∆n is defined as:

∆n =
nl − n0
1− nl

(64)

The porosity at the loose state nl is often assumed to be the maximum porosity (=0.48). Typical values for the
in-situ porosity n0 are between 0.40 and 0.42 (see also Chapter 6). In this case the value of F thus varies between
9 and 9.4. When the relation between the in-situ porosity k0 and the loose state porosity kl (Eq. (62)) is used, the
value of kl appears to be 1.87 to 2.3 times bigger than the value of k0. This results in even higher erosion rates (1.5
times higher for the courser sand and 2.0 times higher for the finer sand) and a poorer fit with the experimental
data.
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Figure 57: Comparison between the results of the erosion tests and the unadapted erosion function of Van Rhee for (a)
sand only (b) a 3% mixture (c) a 6% mixture sand with a D50 of 0.150 mm.

Part of the inaccuracy can also be attributed to the estimated near-bed concentration (see Appendix H). Unfor-
tunately, the near-bed concentrations could not be measured during the experiments. For this reason a near bed
concentration of 0.03 has been used in the calculations of Fig. 56 and Fig. 57. However, a sensitivity analysis
shows that when a near bed concentration of 0.10 or 0.20 is used, erosion rates are lower (see also Appendix H). For
higher flow velocities (θ>2) the difference in erosion velocity has a maximum of a factor 2 (see also Fig. H2). For
low flow velocities the difference becomes more significant. The effect of a higher near-bed concentration, which is
likely at higher flow velocities, results in a better fit with the experimental data.

It is not uncommon to find discrepancies between experimental data and results predicted by erosion functions.
This may be due to the introduction of inaccuracies in the experimental setup and procedures as mentioned before.
However, it may also be that the erosion function of Van Rhee (2010) does not fully capture all the physical processes.
Three possible causes for the overestimation of the erosion function of Van Rhee (2010) are proposed:

1. As a consequence of the experimental setup the depth-averaged flow velocity is used in the
erosion function.
The erosion function of Van Rhee (2010) indirectly uses the depth-averaged flow velocity to determine the
erosion rate. However, the near-bed flow velocity is the governing parameter in sediment transport. It is
often assumed that the near-bed flow velocity and depth-averaged flow velocity are related by a log-law
flow velocity profile. However, it is expected that the velocity profile is significantly influenced by sediment
transport, especially, sediment transport (sheet flow transport) under high flow velocities. The validity of
using the depth-averaged flow velocity as an input parameter for the erosion rate can be tested by measuring
the entire velocity profile during erosion tests. The velocity profile can, for instance, be continuously measured
with an ADV (Acoustic Doppler Velocity) meter. Unfortunately, this was not a viable option in this study.

2. The sediment transport capacity of the flow is reached, which limits the erosion function.
The erosion rate is also, theoretically at least, allowed to continue indefinitely with increasing flow velocities
(and thus Shields parameters). However, the sediment capacity of the flow is limited. It is impossible to
pick-up more sediment than the water flow can carry and transport away. For this reason, it might be useful
to couple the erosion function of Van Rhee (2010) to a sediment transport equation, which incorporates the
carrying capacity of the flow and thus limits the erosion rate.

3. There is a difference in erosion behaviour between conduit flow and open channel flow setup
caused by an unknown physical process.
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The final aspect, that might explain the discrepancies between the experimental data and the results predicted
by the erosion function, is that some physical process is not accounted for. In particular, there might be an
unknown difference between the physical processes of conduit flow and open channel flow. The erosion function
of Van Rhee (2010) is, most of the time, applied in conduit flow environments and the erosion experiments of
this study were a clear example of an open-channel flow environment.

8.3 The adapted erosion function

The original erosion function of Van Rhee (2010) does not perfectly agree with the experimental data. Especially
the mixtures with a D50 of 0.256 mm. In Section 8.2 it has been concluded that the erosion rates are generally
overestimated. A sensitivity analysis is executed, where the Van Rhee function (Van Rhee, 2010) is fitted to the
experimental data. An additional coefficient c is added in front of the permeability to fit the erosion function to the
experimental data. It appears that the best fits are possible with a value of c ranging from 1/3 to 1. The coefficient
of 1 indicates that there is no adaptation of the function needed (resulting in Fig. 56 and Fig. 57).

The input conditions as used in the erosion function of Van Rhee (2010) are given in Table 19. In addition, it has
to be noted that it is assumed that the critical Shields parameter θcr for a sand-bentonite mixture is equal to the
critical Shields parameter of sand with an equal diameter. Furthermore, the near bed concentration cb is chosen
to be 0.03 to account for a near bed concentration present in the erosion tests. This near bed concentration was
clearly visible during erosion tests. Finally, Table 19 shows some slight differences in input parameters between the
different sand types.

Table 19: Input parameters erosion function for the course and fine sand.

Parameter and dimension Value course sand Value fine sand
D10 in [mm] 0.176 0.103
D50 in [mm] 0.256 0.150
D90 in [mm] 0.370 0.235
g in [m/s2] 9.81 9.81
ρ in [kg/m3] 1000 1000
ρs in [kg/m3] 2650 2650
∆ in [-] 1.65 1.65
n0 in [-] 0.40 0.40
n1 in [-] 0.48 0.48
Flume width b in [m] 0.145 0.145
cb in [-] 0.03 0.03
φ in [◦] 36 40
β in [◦] 0 0
ν in [m2/s] 1.0E-6 1.0E-6
Permeability k in [m/s] 4.83E-4 9.88E-5
θcr in [-] 0.042 0.063

The effect of the coefficient c of 1/3 on the erosion function is visualized in Fig. 58 and Fig. 59. It seems that
the agreement between the erosion function and all mixtures with a D50 of 0.150 mm is negatively affected by the
coefficient c. Although the agreement of a sand mixture is better, the erosion velocities of the bentonite mixtures
are now underestimated by the erosion function. The agreement of a sand mixture, a 2% mixture and a 4% mixture,
with a D50 of 0.256 mm, is reasonably good. The difference between the measurements and the erosion function has
a maximum of a factor 3. Although the agreement of a 6% mixture, with a D50 of 0.256 mm is by far not perfect,
the difference between the measurements and the erosion function is minimized. However, since the credibility of
one of the measurements of the 6% mixture with a D50 of 0.256 mm has already been questioned in Chapter 6.1,
the agreement of the erosion function with the other measurements is deemed more important.
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Figure 58: Comparison between the results of the erosion tests and the adapted erosion function of Van Rhee for (a) sand
only (b) a 2% mixture (c) a 4% mixture and (d) a 6% mixture of sand with a D50 of 0.256 mm.
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Figure 59: Comparison between the results of the erosion tests and the adapted erosion function of Van Rhee for (a) sand
only (b) a 3% mixture (c) a 6% mixture of sand with a D50 of 0.150 mm.

8.4 Inclusion of the effect of the bentonite content on the erosion velocity

The final step in the derivation of the adapted erosion function, is to include the effect of the bentonite content
on the erosion velocity (as a continuous function). This effect is indirectly taken into account by adapting the
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permeability in the original erosion function. The relationship between the bentonite content of the mixture and
the permeability of the mixture with respect to the permeability of unaltered sand has been derived in Section 6.2.
The empirical relations for the courser sand (k0.256mm) and the finer sand (k0.150mm) are given by:

k0.256mm = ksand ∗ e−0.691∗B% (65)

k0.150mm = ksand ∗ e−0.674∗B% (66)

in which B% is the volume percentage of added bentonite and ksand is the permeability of the original sand without
bentonite.

Since the empirical relationships of Eq.(65) and Eq.(66) are almost identical it is concluded that the permeability
of the mixture is (most likely) independent of the particle size. For this reason the relationship between the
bentonite content of the mixture and the permeability of the mixture will be modelled with the following empirical
equation:

k = ksand ∗ e−0.68∗B% (67)

where the exponent is chosen to be the rounded off average of 0.691 and 0.674, which is 0.68.

By implementing the adapted erosion function in the BRES model, the model can simulate the breaching process
for different volume percentages of added bentonite. This is the topic of Section 8.5.

8.5 Calibration of the erosion function and the performance of the bentonite additive
in the core of a dike

The adapted erosion function with a coefficient c of 1, including the relationship between the bentonite content and
the permeability of the mixture, Eq.(67), has been implemented in the BRES model. Next, the BRES model has
been calibrated using data from the Zwin’94 experiment (see also Table 2).

The performance of different volume percentages of added bentonite on the breaching process has also been modelled
with the BRES model. A comparison of the effectiveness of different bentonite mixtures in reducing the breach
width B, flow through the breach Q, the inundation velocity Vi and duration t of the breaching process is visualized
in Fig. 60 and the maximum values are given in Table 20. From Fig. 60 and Table 20 it can be concluded that
adding bentonite to a sand core of a dike has a phenomenal effect on the breaching process. By adding 6% of
bentonite to the total volume to the sand core, the duration of the process is increased by roughly four times and
the inundation rate is almost 0.5 m/h. An inundation velocity Vi below 0.5 m/h is preferred, since at an inundation
of 0.5 m/h or higher (fast rising water) the mortality will start to increase (Jonkman, 2004).

Table 20: Duration of the breaching process, the breach width, the flow through the breach and the rise rate for several
retardation mixtures.

Bentonite [%] Duration [s] Bmax [m] Qmax [m3/s] Vi,max [m/h]
0 2527 38.7 194 2.70
2 3868 24.5 103 1.59
4 5293 15.1 60 0.95
6 9747 9.7 28 0.53
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Figure 60: Comparison of the effectiveness of different bentonite mixtures in reducing the breach width, flow through the
breach, the inundation velocity and duration of the breaching process.

In order to decrease the inundation rate slightly more, below a value of 0.5 m/h, the bentonite content should be
above 6%. An exponential relationship between the reduction of the inundation velocity and the volume bentonite
percentage is derived with data from Table 20. With this relationship, the needed volume bentonite percentage is
guesstimated by means of extrapolation.
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Figure 61: Exponential relationship between the reduction in inundation velocity and the volume bentonite percentage.
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From this extrapolation, it seems that in order to achieve an inundation velocity equal to the threshold value, a
reduction of the original inundation velocity of more than 80% is necessary. This gives a reduction ratio Vi/Vi,sand
of 0.185, which corresponds with a bentonite percentage of 6.3%. Thus, a sand-bentonite mixture with a bentonite
volume percentage of 6.3% theoretically reduces the inundation velocity Vi below the threshold value of 0.5 m/h
(see also Fig. 62). It should be noted that this result is true for the dike, polder and conditions of the Zwin’94
experiment. However, the general conclusion that bentonite mixtures significantly reduce the erosion of a breach is
still valid.
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Figure 62: Breach width, flow through the breach, the inundation velocity and duration of the breaching process for a 6.3%
mixture.

8.6 Effect of bentonite mixtures on the mortality

This section further clarifies the effectiveness of the bentonite mixtures. This time the effectiveness of the mixtures
is measured by the reduction in mortality (with a sand core as reference), where the mortality is defined as the
number of casualties divided by the number of people present in a flooding polder (Jonkman, 2004). A quick method
for the estimation of loss of life caused by the flooding of low-lying areas protected by flood defences is used in this
study. This method is proposed by Jonkman (2004) and uses mortality functions to relate the mortality amongst
the exposed populations to the characteristics of the flood. The characteristics of the flood are water depth h,
the depth-averaged flow velocity U and rise rate (or inundation velocity) Vi. The characteristics of the flood can
be obtained from flood simulations. In this case the BRES model is used. In addition, the method also takes
the possibilities for warning, evacuation and shelter, and the loss of shelter due to the collapse of buildings, into
account. The output of the mortality functions was compared with historical flood events and it was shown that
the functions give an accurate approximation of the number of observed fatalities during these events. For a more
elaborate description and the assumptions reference is made to Jonkman (2004).

The mortality functions, based on empirical historical data, are defined as follows:
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Given Vi ≥ 0.5 m/h & h < 1.5 m or Vi < 0.5 m/h & h > 0 m, the mortality is calculated with:

M = 1.34 · 10−3 ∗ e0.59h (68)

If Vi ≥ 0.5 m/h & 1.5 ≤ h ≤ 4.7 m, the mortality is calculated with:

M = 1.45 · 10−3 ∗ e1.39h (69)

And if Vi ≥ 0.5 m/h & h > 4.7 m, the mortality is:

M = 1 (70)

From Eq.(68), Eq.(69) and Eq.(70) it can be concluded that the mortality rates are the highest in areas with a
large water depth and a high rise rate (also called the inundation velocity). The combination of fast rising water
and high water depths is disastrous. When the rising rate exceeds the threshold of 0.5 m/h it is called fast rising
water and the number of fatalities will steadily increase. It is also important to note that people in the vicinity
of the breach, where very high flow velocities are reached, often all become fatalities. This effect, however, is not
taken into account in this study.

The effectiveness of the bentonite mixtures in reducing the mortality is demonstrated in a fictitious case for the
Zwin’94 polder. Fictitious in the sense that the Zwin polder is (part of) an estuary and thus uninhabited. The
results of the absolute mortality and the reduction in mortality as compared to the scenario with a pure sand core,
are given in Table 21. From these results some conclusions can be drawn. A theoretical 6.3% bentonite mixture
or higher will reduce the inundation velocity to values lower than 0.5 m/h (see also Fig. 62). For this reason
Eq.(68) is used and a relatively low mortality is obtained (see also Table 21. In all other cases (with mixtures ≤ 6%
bentonite) the inundation velocity exceeds the threshold value. If the threshold of 0.5 m/h is exceeded Eq.(69) is
used. This results in a significantly increase in mortality (see Table 21). By reducing the inundation velocity below
the threshold value the maximum mortality is almost reduced by a factor 10. Indirectly this also means that the
LIR (Localized individual risk) is reduced by a factor 10.

Table 21: Comparison of the mortality rate for several retardation mixtures.

Bentonite [%] hmax [m] Mortality rate [-]
0 2.4724 0.041
2 2.3725 0.039
4 2.2056 0.031
6 2.1072 0.027
6.3 2.1065 0.0046
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9 | Case study Borssele
In this section a case study of a hypothetical breach in the sea dike near Borssele is presented. Borssele is located
in the south of the Netherlands in the province of Zeeland (see also Fig. 63). In 2013, Horvat & Partners, studied
the threats of an extreme high water event for EPZ, client and proprietor of the nuclear power plant in Borssele.
The power plant is located along the Westerschelde and is protected by a sea dike. The Department of Hydraulic
Engineering of Delft University of Technology contributed breach growth calculations of the larger Van Citterspolder
I and the smaller Van Citterspolder II (see Fig. 63) to this study. In this chapter data from the breach growth
study of Visser and Robijns (2013) is used as input in the BRES model. The BRES model uses a five-phased
description of the breach growth process as proposed by Visser (1998) (see also Section. 2.4). Simulations with
different core compositions (sand or sand-bentonite mixtures) of the sea dike and several initial breach heights are
made and discussed. The main purpose of this study is to get more insight in the breach growth processes and the
retardation of breach growth with sand-bentonite mixtures

Van Citterspolder I

Van Citterspolder II

Figure 63: The Van Citterspolder I and II are located in the province of Zeeland in the Netherlands, partly adapted from
Rijkswaterstaat (2014) .

9.1 Assumptions

In order to start the simulations and to study the breaching process in the sea dike of Borssele as a function of time,
all the input parameters required by the BRES model had to be implemented. Some of these input parameters
required assumptions. These assumptions are briefly discussed below. These assumptions concern the polder area,
the initial breach, the secondary water protection system, the foreland of the dikes, the geometries of the dikes and
the sediment characteristics of the dikes.

• Polder area
The polder areas have been estimated from topographical maps and charts. The area of the larger Van
Citterspolder I is about 9.8 · 106 m2 and is positioned at a height of roughly NAP +1.0 m (NAP is the
reference level in the Netherlands, at about mean sea level). The smaller Van Citterspolder II has a varying
topography. The maximum area at a height of NAP +4.0 m is 670.000 m2, reducing to 603.000 m2 at a height
of NAP +3.0 m and 425.000 m2 at a height of NAP +1.6 m.

• Initial breach
It is assumed that an initial breach in the crest of the dike is formed at the maximum water level of NAP +
7.0 m (with a maximum tidal and storm surge amplitude). The sand core of the dike is thus already exposed
from the start of the simulations. The dimensions of the initial breach are: an initial breach width of 1.0 m
at the bottom of the breach, the initial bottom of the breach is 0.5 m below the maximum water level (this
level is varied in this study) and the side slope angles are 60◦. In addition, it is assumed that the cover layers
are not retarding the breaching process.
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• Secondary water protection system
In this study it is assumed that no secondary water protection system is present.

• Foreland of the dikes
Based on the local geometry of the foreland of the Van Citterspolder II, it is assumed that the foreland is
easily erodible by the flow caused by the breach. It is assumed that upstream of the breach a circular spillway
is formed, which controls the breach inflow. In this case the spillway has a discharge coefficient of π/2. In
addition, it is assumed that the foreland is located at NAP + 3.0 m. The Van Citterspolder I has no foreland.
It is, however, conservatively assumed that there is a foreland present at NAP + 0.8 m. In this particular
case, it is assumed that upstream of the breach a spillway is formed with a discharge coefficient of 1.

• Geometries of the dikes
The BRES model uses a simplified trapezoidal dike geometry. For this reason the geometries of the dike
segments are schematized. The width of the crest, the height of the crest, the horizontal and vertical positions
of the toe and heel of the dikes are assumed to be equal over the total length of the dike segments. In addition,
the angles of the inner slopes and outer slopes are determined by connecting the the location of the inner
crest with the heel of the dike and the crest with the toe of the dike.

• Sediment characteristics of the dike
Some soil samples were taken in the dike segment of the Van Citterspolder II. These soil samples indicated
that fine sediment with a particles size between 0.150 mm and 0.210 mm are present in this dike segment.
However, the client preferred conservative estimations. For this reason, courser sand diameters were chosen,
because courser sediment diameters lead to more erosion and larger breach widths. In this particular case,
the sediment diameters of the sand as found in the Zwin’94 experiment were used (as suggested by Visser and
Robijns (2013)).

9.2 Model setup

In this section the settings of the model are discussed. An overview of the imposed boundary conditions is given
in Fig. 64. The boundary condition is composed of a tidal effect and surge effect. The combined effect represents
a rare 1/10.000 storm event. The total variation in water level in time ht is given by Eq.(71).

ht = h0 + ha · cos(
2 ∗ π ∗ t
Ta

) + hs · cos2(
π ∗ t
Ts

) (71)

in which h0 denotes the average water level, ha the first order tidal amplitude, Ta the standard duration of the
astronomical tide, hs the maximum surge height, Ts the typical storm duration and t the time. The values of these
parameters are given in Table 22. In this case the maximum water level equals 7 m (h0 + ha + hs). In addition, it
is assumed that an initial breach is formed at the maximum water level. After 17.5 hours the surge effect is reduced
to zero again and the water level signal returns to its astronomical character (see Fig. 64).

Table 22: Water level and sediment characteristics for the Borssele case study.

Parameter Value
Average waterlevel h0 in [m] NAP - 0.08
Amplitude of the semi-diurnal tide ha in [m] 1.93
Storm surge amplitude hs in [m] 5.15
Duration of the surge conditions Ts in [hr] 35
D10 in [mm] 0.155
D50 in [mm] 0.185
D90 in [mm] 0.285
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Figure 64: The water level signal (right) is composed of a tidal effect (middle) and a surge effect (left).

Regarding the geometry of the dikes of both polders, data from Visser and Robijns (2013) are used. These are given
in Table 23 and Table 24. The definitions - as used in Table 23 and Table 24 - are proposed by Visser (1998) and
are visualized in Fig. 65. Finally, the sediment diameters are given in Table 22.

Figure 65: Schematization of the system including a cross-section of the dike as proposed by Visser (1998).
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Dike segment Van Citterspolder I

Table 23: Characteristic parameters of the Borssele case study for the Citterspolder I.

Parameter Value
Seaside bottom level Zw in [m] NAP + 0.8
Polder bottom level Zp in [m] NAP + 1.0
Initial polder water level Hp in [m] NAP + 1.0
Crest height Hd in [m] NAP + 11.4
Bottom of the breach Zbr in [m] NAP + 6.5
Initial breach width at the bottom b in [m] 1.0
Crest width Wd in [m] 5.0
Outer slope α in [◦] 12.53
Inner slope β in [◦] 19.65
Side slope angle γ in [deg] 60
Angle of repose φ in [deg] 32
Water temperature T in [◦C] 17
Initial porosity n0 in [-] 0.40
Sheared porosity ni in [-] 0.48
Density of the water ρw in [kg/m3] 1025
Density of the sand ρs in [kg/m3] 2650

Dike segment Van Citterspolder II

Table 24: Characteristic parameters of the Borssele case study for the Citterspolder II.

Parameter Value
Seaside bottom level Zw in [m] NAP + 3.0
Polder bottom level Zp in [m] NAP + 3.3
Initial polder water level Hp in [m] NAP + 1.6
Crest height Hd in [m] NAP + 10.6
Bottom of the breach Zbr in [m] NAP + 6.5
Initial breach width at the bottom b in [m] 1.0
Crest width Wd in [m] 3.8
Outer slope α in [◦] 9.95
Inner slope β in [◦] 20.32
Side slope angle γ in [deg] 60
Angle of repose φ in [deg] 32
Water temperature T in [◦C] 17
Initial porosity n0 in [-] 0.40
Sheared porosity ni in [-] 0.48
Density of the water ρw in [kg/m3] 1025
Density of the sand ρs in [kg/m3] 2650
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9.3 Run plan

This section contains the run plan for the simulations of the Borssele case study. In these simulations the core
composition (sand or sand-bentonite mixtures) of the sea dike and the initial breach height are varied. The maximum
water level and storm duration are kept constant. The run plan is divided in two scenarios: Scenario A for the dike
segment of the Van Citterspolder I and Scenario B for the dike segment of the Van Citterspolder II (see also Table
25 and Table 26). The initial breach bottom level Zbr,0 is calculated by subtracting the initial breach height from
the maximum high water level.

Scenario A - Van Citterspolder I

Table 25: Run plan for Scenario A.

Run Bent. [%] Initial breach height [m] Initial breach bottom level Zbr,0 above NAP [m]
A-1 0 0.5 6.5
A-2 2 0.5 6.5
A-3 4 0.5 6.5
A-4 6 0.5 6.5
A-5 0 1.0 6.0
A-6 2 1.0 6.0
A-7 4 1.0 6.0
A-8 6 1.0 6.0
A-9 0 2.0 5.0
A-10 2 2.0 5.0
A-11 4 2.0 5.0
A-12 6 2.0 5.0

Scenario B - Van Citterspolder II

Table 26: Run plan for Scenario B.

Run Bent. [%] Initial breach height [m] Initial breach bottom level Zbr,0 above NAP [m]
B-1 0 0.5 6.5
B-2 2 0.5 6.5
B-3 4 0.5 6.5
B-4 6 0.5 6.5
B-5 0 1.0 6.0
B-6 2 1.0 6.0
B-7 4 1.0 6.0
B-8 6 1.0 6.0
B-9 0 2.0 5.0
B-10 2 2.0 5.0
B-11 4 2.0 5.0
B-12 6 2.0 5.0
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9.4 Results

In this section the results of the different simulations are presented. Table 27 and 28 contain values for the maximum
breach width Bmax, the maximum water level in de polder Hp, the maximum inundation velocity Vi and mortality
for each scenario. Appendix G provides detailed information - for the simulations with an initial breach height of
2.0 m - of the outside water level in time, the water level in the polder in time, the height of the breach in time,
the discharge in time and the width of the breach in time.

Table 27: Duration of the breaching process, the breach width, the flow through the breach and the rise rate for several
retardation mixtures in the Van Citterspolder I.

Run Bent. [%] Bmax [m] Vi,max [m/h] Hp,max [m] ∗ Mortality [-]
A-1 0 179.3 0.67 1.97 0.022
A-2 2 50.6 0.20 1.02 0.002
A-3 4 - ∗∗ - - 0.000
A-4 6 - - - 0.000
A-5 0 187.1 0.74 2.17 0.030
A-6 2 69.0 0.27 2.33 0.005
A-7 4 73.2 0.06 0.40 0.002
A-8 6 - - - 0.000
A-9 0 156.8 0.77 2.26 0.034
A-10 2 76.9 0.31 1.42 0.005
A-11 4 86.4 0.10 0.57 0.002
A-12 6 28.3 0.02 0.12 0.001

∗ The polder water level is corrected by subtracting the the initial polder water level, since the bottom polder level
is already located at NAP +1.0 m.
∗∗ When no value is present in the column, this simply means that the outside water level is already lower than
the bottom of the breach Zbr in phase 3. The breach is no longer growing vertically and no water is entering the
polder.

Table 28: Duration of the breaching process, the breach width, the flow through the breach and the rise rate for several
retardation mixtures in the Van Citterspolder I.

Run Bent. [%] Bmax [m] Vi,max [m/h] Hp,max [m] ∗ Mortality [-]
B-1 0 69.0 4.88 4.63 0.904
B-2 2 75.9 2.49 3.36 0.155
B-3 4 -∗∗ - - 0.000
B-4 6 - - - 0.000
B-5 0 114 5.29 4.76 1.000
B-6 2 40.7 2.78 3.71 0.252
B-7 4 58.8 0.77 1.43 0.003
B-8 6 - - - 0.000
B-9 0 70.8 5.30 4.82 1.000
B-10 2 70.9 3.05 4.05 0.404
B-11 4 20.3 1.34 2.40 0.041
B-12 6 - - - 0.000

∗ The polder water level is corrected by subtracting the initial polder water level, since the bottom polder level is
already located at NAP +1.6 m.
∗∗When no value is present in the column, this simply means that the outside water level is already lower than the
bottom of the breach Zbr in phase 3. The breach is no longer growing vertically and no water is entering the polder.
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From Table 27 and 28 it can be concluded that the inundation velocity Vi, the water level in the polder Hp and
the mortality are positively influenced by the bentonite additive in the core of the dike. In both polders the safety
increases with a factor 2.5 to 10 when a 2% sand-bentonite mixture is added to the core. Higher percentages
of bentonite in the core of the dike increase the safety even more and in some cases even completely stop the
breach growth (this also depends on the initial breach bottom level). The main difference between the larger
Van Citterspolder I and the smaller Van Citterspolder II is that the smaller polder fills much faster and reaches
significantly higher water levels in the polder.

Fig. 66 and Fig. 67 show the development of the breach and the development of the breach bottom in time.
Although the final breach width is not always reduced with increasing percentages of bentonite additive in the core,
the growth of the breach in time is slower with increasing bentonite percentages. This automatically implies that
less water is flowing into the polder over time, which affects the inundation velocity Vi. The less water is flowing
into the polder, the longer it takes to fill the polder. In the end this might also lead to a lower polder water level.
This conclusion is also supported by the development of the breach bottom in time. Sand-bentonite mixtures with
increasing percentages significantly increase the duration of the first three phases (from minutes to few hours). In
Fig. 66 and Fig. 67 the end of phase 3 can be observed when the vertical erosion of the bottom of the breach stops
and thus becomes a flat line.
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Figure 66: (a) The development of the breach width in time and (b) the development of the breach bottom in time for
several sand-bentonite mixtures in the Van Citterspolder I.
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Figure 67: (a) The development of the breach width in time and (b) the development of the breach bottom in time for
several sand-bentonite mixtures in the Van Citterspolder II.

Two important remarks about this case study are that the results - especially the development of the breach width
in time - are very sensitive to the side slope angle of the breach and that a secondary water protection system
in the Van Citterspolder I is present in reality. This means that the polderlevel in the Van Citterspolder I will
not easily reach water levels above NAP +4.0 m, because the water will overflow the secondary dike into the Van
Citterspolder II.

To conclude, the polder area has a big influence on the inundation velocity and the polder water levels. A small
polder fills much faster and reaches significantly higher polder levels. In both the Van Citterspolder I and the Van
Citterspolder II the safety increases with a factor 2.5 to 10 when a 2% sand-bentonite mixture is added to the core.
Higher percentages of bentonite additive increase the safety even more and in some cases even completely stop the
breach growth.
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10 | Conclusions & Recommendations

10.1 Conclusions

The objective of this research has been to determine if and how bentonite would be able to reduce the erosion velocity
of sand under high flow velocity conditions. In this chapter, the conclusions are presented in which reference is
made to the hypotheses of Chapter 4.

At high flow velocities (>2 m/s) the erosion velocity depends on the properties of the soil mass, not only on the
properties of a particle. Important parameters of the soil mass are the permeability and dilatancy. From the erosion
experiments it can be concluded that the effect of dilatancy, which plays a role at higher flow velocities, indeed
hinders erosion and thus reduces the erosion velocity at higher flow velocities (supporting hypothesis 1). This is
caused by volume change, as a result of shearing of the bed. The volume change generally leads to a drop in pore
pressure in the top of the sand bed. This pressure drop introduces a hydraulic gradient and thus an inflow of water
that hinders the entrainment of sediment.

The permeability also significantly influences the erosion behaviour. Falling head tests were executed to determine
the effectiveness of adding bentonite to a dike with a sand core. Adding a certain amount of bentonite to sand
certainly yields a high decrease in permeability (supporting hypothesis 4). This is the result of the swelling potential
of the bentonite, which is assumed to fill the empty space between the sand particles. It appears that the most
significant decrease in permeability happens with bentonite contents up to 6% volume percentage (see also Fig. 42).
Adding more bentonite still reduces the permeability, but the overall effect is starting to flatten out for bentonite
contents higher than 8%. Overall, the approximate decrease in permeability is almost three orders of magnitude
(from 10−4 to 10−7) with bentonite volume percentages up to 10%

Direct shear tests were executed to determine the friction angle and (apparent) cohesion of the sand and several
sand-bentonite mixtures. The bentonite percentages varied from 0 to 10%. As expected low cohesion values (< 3
kPa) and friction angles in the order of 33 - 43 degrees were observed for mixtures with a bentonite volume content
lower than 6%. In contrast, a sharp increase in cohesion and significant drops in friction angles were expected for
higher bentonite volume percentages (>6%). At a certain point the sand particles were expected to loose direct
contact with neighbouring particles and consequently lose its strength characteristics. However, this appeared not
to be the case (see also Fig. 44 and Fig. 45). The only possible explanation is that the sand grains still had direct
contact with neighbouring particles. Hence, sand-bentonite mixtures with a bentonite volume content up to 10%
still show sand-like behaviour (hypothesis 2). This indirectly indicates that the strength characteristics of a dike
core will not be altered.

Thirteen different erosion tests runs were executed. During these tests, the volume percentage of bentonite additive,
the diameter of the sand (D50 of 0.256 mm and a D50 of 0.150 mm) and the intended flow velocity (1 and 2 m/s,
respectively) were varied. In order to objectively calculate the effectiveness of a bentonite additive, the erosion
velocity of the bed of a sand-bentonite mixture was compared with the erosion velocity of a sand mixture at the
same mean flow velocity. This procedure was applied to two different methods. The first one related the erosion
velocities to the mean flow velocities squared U2 and the second related the erosion velocities to the corrected bed
shear stresses. Both methods show a similar trend. Significant reductions in erosion velocity are obtained by adding
bentonite to a sand mixture (see Fig. 34 and Fig. 37). A 2% sand-bentonite mixture already reduces the original
erosion velocity by about 50%, a 3% or 4% mixture by 50 to 65 % and a 6% mixture at least by 90%. Finally, it has
to be added that the reproducibility of the tests has been confirmed to be reasonably well (supporting hypothesis
4 and hypothesis 6).

An additional remark is that it seems that, in general, a higher bentonite content leads to a steeper positive relation-
ship between the bentonite content and ve/k (see Fig. F1 and Fig. F2). This basically means that the high erosion
regime is generally reached faster with sand-bentonite mixtures than with pure sand only. Finally, an empirical
relationship between the reduction of the erosion velocity and the reduction of the permeability was derived. This
relation indicates a relatively strong dependence of the erosion velocity on the permeability (k0.54−0.63) depending
on the method used for determination of the reduction in erosion velocity (supporting hypothesis 4).

A literature study concerning the erosion behaviour of sand-bentonite mixtures, has resulted in the conclusion that
very few data are available. At higher flow velocities these are even non-existent. For this reason it has been decided
to collect all the data currently present. An analysis of the data collection clearly indicates that it is very difficult
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to predict and verify the absolute reduction in erosion velocities for different bentonite mixtures. Large variances
in bed shear stresses and corresponding erosion velocities exist in the data sets and a comparison based on absolute
values of (corrected) shear stresses is deemed not to be reliable enough. The significant differences in bed shear
stresses are most likely caused by the difficulty in accurately measuring the energy loss of the system.

The Van Rhee erosion function (see Van Rhee, 2010) has been adapted to the experimental data of the erosion tests.
This erosion function is chosen, because this function includes the hindered erosion process. Both the dilatancy
and permeability effects are included. A sensitivity analysis has been executed and indicated that an additional
coefficient c in front of the permeability could be used to fit the data. It appears that the best fits are generally
possible with a value of c ranging from 1/3 to 1 (see Fig. 57 and Fig. 58). The adapted erosion function also includes
an empirically derived (continuous) relation between the permeability of the mixture and the volume percentage
of added bentonite. This study also discusses some possible causes of the discrepancies between the experimental
data and the results predicted by the erosion function of Van Rhee (2010).

The BRES-Visser model, calibrated with data from the Zwin’94 experiment has been used to model the performance
of the bentonite additives. The adapted erosion function (with a coefficient c of 1), including the relationship between
the bentonite content and the permeability of the mixture, has been implemented in the BRES model. The BRES
model, using the adapted erosion function, is able to accurately predict the breaching process of the Zwin’94
experiment (hypothesis 5). The data from the Zwin’94 experiment has also been used as a reference scenario for a
dike with a sand core. The effects of the retardant sand-bentonite mixtures have been compared to this reference
scenario. The comparison is based on breach width, flow through the breach, the inundation velocity and duration of
the breaching process. Significant reductions of these parameters are realized with increasing bentonite percentages
(see Fig. 60). By reducing the inundation velocity below a threshold value of 0.5 m/h, the mortality and the
LIR (Localized Individual Risk), can theoretically be decreased by a factor 10 (hypothesis 6). A sand-bentonite
mixture with a bentonite content of 6.3% would be necessary to reduce the inundation velocity to a value below 0.5
m/h for the fictitious case of the Zwin’94 experiment. It should be noted that this result is true for the Zwin’94
experiment. However, the general conclusion that bentonite mixtures significantly reduces the erosion of a breach
is still valid.

During the experiments many expected and unexpected occurrences were observed. These findings may add incre-
mental value to the dataset and could be used as guidelines in designing other erosion experiments. The following
occurrences, seen during and after the erosion experiments, have been discussed in this study: scour holes, bed
forms, inhomogeneity of the bed, softening of the clay, mass erosion and erosion with even steeper bottom slopes.
The most important conclusion being that it is very hard to get a perfectly homogeneous sand-bentonite mixture
with sand-bentonite mixtures below 6% of added bentonite (hypothesis 7). Inhomogeneity in the bed in turn leads
to local weak spots and turbulent flows. The turbulent flows disturbed further measurements due to significant and
severe erosion, but may certainly happen in case of a real breach (hypothesis 3). In addition, visual observations
and camera recordings indicated a mass erosion of the bed. Mass erosion is generally characterized as cohesive
behaviour. The geotechnical results and visual observations clearly contradict each other (contradicting hypothesis
2).

To conclude, sand bentonite mixtures are able to significantly reduce the erosion velocity. The effects of dilatancy
and a decrease in permeability have a large impact on the erosion velocity. This is already noticeable at very low
percentages of added bentonite. A sand-bentonite mixture with a bentonite volume content of 6% substantially
reduces the erosion velocity (also at high flow velocities) and the mixture generally has a reasonably good homo-
geneity. With lower percentages of added bentonite the homogeneity is less reliable, which might be a considerable
practical limitation. Sand-bentonite mixtures with a bentonite content up to 6% also still show sand-like behaviour,
indicating that the strength characteristics of a dike will not alter. Finally, case studies with the BRES model
indicate that an increase in safety level by a factor of 10 can be achieved using sand-bentonite mixtures in the core
of a dike and that the polder area has a big influence on the inundation velocity and the polder water levels. In
both the Van Citterspolder I and the Van Citterspolder II the safety increases with a factor 2.5 to 10 when a 2%
sand-bentonite mixture is added to the core. Higher percentages of bentonite additive increase the safety even more
and in some cases even completely stop the breach growth, because the outside water level drops faster than the
breach grows vertically. In the Zwin’94 case study a 6.3% sand-bentonite mixture increases the safety by a factor
10.
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10.2 Recommendations

During and after different experiments with sand-bentonite mixtures, understanding has been obtained which can
be useful for future research. These recommendations are written with the objective to contribute to future research
and especially the applicability of sand-bentonite mixtures in sand dikes to retard the breaching process.

Verification of the soil characteristics of higher percentage sand-bentonite mixtures with triaxial tests

The continuous loading method for the direct shear tests was simply chosen in view of time. Although the normal
and shear stress couples give a reasonable good estimate of the peak shear stress under a specific normal load, the
samples were not sheared until failure. An increase in cohesion and significant drops in friction angles were expected
for higher bentonite volume percentages (>6 %), because at a certain point the sand particles were expected to
loose direct contact with neighbouring particles and consequently lose its strength characteristics. Furthermore,
visual observations and camera recordings of the erosion tests indicated mass erosion of the bed at mixtures with
higher bentonite contents. Mass erosion is generally characterized as cohesive behaviour. The geotechnical results
and visual observations clearly contradict each other. For these reasons it is advised to execute some triaxial tests
for sand-bentonite mixtures with bentonite volume contents of 6% and higher.

Estimation of the economical consequences and reduction of consequences by using sand-bentonite
mixtures in the core of a dike

Although this study gives a clear indication of the effectiveness of bentonite in retarding the breach growth and
corresponding mortality, the economical consequences have not been taken into account. However, it is expected
that the economical consequences will only be reduced in case the water level in the inundated polder stays really
low or the polder is never inundated. Theoretically this is possible by reducing the breaching process in such a way
that the outside water level already returns to its normal level before the dike is severely breached. By retarding
the breaching process, it is also possible to repair the dike segment or start up mitigation procedures in time. This
most certainly has a positive effect on the economical consequences.

Investigate if the erosion function of Van Rhee (2010) generally overestimates the erosion velocity
and might possibly not fully capture all the physical processes

Discrepancies were found between the experimental data and the results predicted by the erosion function of
Van Rhee (2010). This may be due to the introduction of inaccuracies in the experimental setup and procedures.
However, it may also be that the erosion function of Van Rhee (2010) does not fully capture all the physical pro-
cesses. Three possible causes for the overestimation of the erosion function of Van Rhee (2010) have been proposed
in this study. 1) As a consequence of the experimental setup the depth-averaged flow velocity is used in the erosion
function of Van Rhee (2010). However, the near-bed flow velocity is the governing parameter in sediment transport.
It is often assumed that the near-bed flow velocity and depth-averaged flow velocity are related by a log-law flow
velocity profile. However, it is expected that the velocity profile is significantly influenced by sediment transport,
especially, sediment transport (sheet flow transport) under high flow velocities. The validity of using the depth-
average velocity as an input parameter for the erosion rate can be tested by measuring the entire velocity profile
during erosion tests. The velocity profile can, for instance, be continuously measured with an ADV (Acoustic
Doppler Velocity) meter. Unfortunately, this was not a viable option in this study. 2) The sediment transport
capacity of the flow is reached, which limits the erosion function. For this reason, it might be useful to couple the
erosion function of Van Rhee (2010) to a sediment transport equation, which incorporates the carrying capacity of
the flow and thus limits the erosion rate. 3) There is a difference in erosion behaviour between conduit flow and
open channel flow setup caused by a unknown physical process.
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Finding an approach to accurately measure the friction coefficient (energy loss) in order to determine
the bed shear stress

The data analysis of the erosion tests have clearly indicated that it is very difficult to predict and verify the absolute
reduction in erosion velocity for different bentonite mixtures. Large variances in bed shear stresses and correspond-
ing erosion velocities exist in the existing data sets and a comparison based on absolute values of (corrected) shear
stresses is deemed not to be reliable enough. The significant differences in bed shear stresses are most likely caused
by the difficulty in predicting the friction coefficient. The friction coefficient is often linked to a bed roughness and
is an important unknown during the experiments. However, the friction coefficient has to be linked to the energy
loss in the system and not only the bed roughness. Although many methods are available to determine the friction
coefficient, many are simply based on the bed roughness and thus not account for all physical processes. High
sediment concentrations near the bed (and thus a higher viscosity) lead to higher energy losses, which have to be
accounted for in the friction coefficient as well. In order to get more reliable values for the bed shear stresses, the
energy loss of the system has to be measured more accurately.

Execute flume experiments to verify the applicability of side-wall correction methods in supercritical
flow conditions

The side-wall correction significantly influences the corrected bed shear stresses. Since the corrected bed shear
stresses (derived from the erosion experiments) are relatively low in comparison with theoretical bed shear predic-
tions, it is hypothesized that the used side-wall correction methods might be over-correcting the bed shear stresses
at higher flow velocities and might not be perfectly valid at flow velocities of about 2 m/s and higher. Hence,
flume experiments are recommended to further investigate the extend of the side-wall correction in supercritical
flow conditions.

Execute flume experiments to accurately calculate the wall friction factor of the flume

In this study, bed shear stresses have been corrected for side-wall effects using general empirical wall friction coeffi-
cients (for a glass wall and a plywood wall) or general empirical formulations. It might be more accurate to measure
the wall friction factor for each specific experimental setup.

Finding an approach to create a homogeneous and compacted sand-bentonite mixture to increase
the practical feasibility

During the preparation and design phase it was assumed that the bed would be perfectly homogenous. However,
the preparation of the bed and sample specimens was not a perfectly robust method and was prone to imperfections
(especially for sand-bentonite mixtures with a bentonite content < 6%). As a result of an inhomogeneous bed,
local weak spots became apparent and rapid mass erosion would soon follow. In contradiction, also some local
stronger parts in the bed were visible. This might be a serious limitation for the practical implementation and
future research into mixing and compaction methods for this application (on large scale) is recommended.

Verification of the breaching process on a prototype dike segment with a sand-bentonite core

Up to this moment, the breaching process is predicted with the BRES model combined with the erosion behaviour
obtained during the erosion tests. Although this seems a perfectly logical procedure, breaching tests should be exe-
cuted as a verification step. These breaching tests might also increase the predictability of the (absolute) reduction
in erosion rate of the sand-bentonite core. So far, it has also been assumed that the sand-bentonite mixtures were
fully saturated. The reality, however, might be different. Most of the time the dike segment is only party saturated
and the bentonite will not be activated above the phreatic line. In this case the retardation of the breach growth
will be less.
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Future erosion experiments at high flow velocities (>2 m/s)

A final remark has to be made about the flume setup. During the tests it appeared that quite some height was
needed in the flume in order to reach the required high flow velocities. To reach high equilibrium flow velocities steep
bed slopes are needed (in case of supercritical flow). In order to reach flow velocities > 2 m/s it it is strongly advised
to look for open channel flumes with a height clearly exceeding 40 cm or design experiments with a conduit flow
setup. Although it is easier to reach high flow velocities in a conduit setup, it will be hard to prepare a reasonably
homogeneous sand-bentonite bed and thus practically infeasible. Furthermore, it is recommended to check the envi-
ronmental regulations of the laboratory and take the discharging of the bentonite out of the experimental system in
consideration. Bentonite is characterized by its very small particle size and cannot be easily filtered out of the water.
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A | Data Direct Shear Tests
This appendix contains the individual results of the direct shear tests. For each test two graphs are provided. The
first one contains a graph of the shear stress versus the normal stress and the second one the shear stress versus the
horizontal displacement.

Test 1: Sand M32
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Figure A1: Results direct shear test of sand with a D50 of 0.256 mm.

Figure A2: Shear stress versus horizontal displacement of sand with a D50 of 0.256 mm.
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Test 2: Mixture 2% bentonite M32
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Figure A3: Results direct shear test of a 2% mixture with a D50 of 0.256 mm.

Figure A4: Shear stress versus horizontal displacement of a 2% mixture with a D50 of 0.256 mm.
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Test 3: Mixture 4% bentonite M32
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Figure A5: Results direct shear test of a 4% mixture with a D50 of 0.256 mm.

Figure A6: Shear stress versus horizontal displacement of a 4% mixture with a D50 of 0.256 mm.
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Test 4: Mixture 6% bentonite M32
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Figure A7: Results direct shear test of a 6% mixture with a D50 of 0.256 mm.

Figure A8: Shear stress versus horizontal displacement of a 6% mixture with a D50 of 0.256 mm.
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Test 5: Mixture 8% bentonite M32
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Figure A9: Results direct shear test of a 8% mixture with a D50 of 0.256 mm.

Figure A10: Shear stress versus horizontal displacement of a 8% mixture with a D50 of 0.256 mm.
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Test 6: Mixture 10% bentonite M32

 

τ!=!0,7603σ!+!2,0701!

0!

5!

10!

15!

20!

25!

0! 5! 10! 15! 20! 25! 30!

Sh
ea
r!s
tr
es
s!,
#τ#
[k
Pa

!]!
!!

Normal!stress!,!σ#[kPa]!
!

M32!10%!bentonite!

Figure A11: Results direct shear test of a 10% mixture with a D50 of 0.256 mm.

Figure A12: Shear stress versus horizontal displacement of a 8% mixture with a D50 of 0.256 mm.
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Test 7: Sand S90
Failure plane
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Figure A13: Results direct shear test of sand with a D50 of 0.150 mm.

Figure A14: Shear stress versus horizontal displacement of sand with a D50 of 0.150 mm.
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Test 8: Mixture 2% bentonite S90
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Page 1

τ!=!0,8392σ#+!2,8764!

0!

5!

10!

15!

20!

25!

30!

0! 5! 10! 15! 20! 25! 30!

Sh
ea
r!s
tr
es
s!,
!τ#
[k
Pa

!]!
!!

Normal!stress!,!σ#[kPa]!
!

S90!2%!bentonite!

Figure A15: Results direct shear test of a 2% mixture with a D50 of 0.150 mm.

Figure A16: Shear stress versus horizontal displacement of a 2% mixture with a D50 of 0.150 mm.
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Test 9: Mixture 4% bentonite S90
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Figure A17: Results direct shear test of a 4% mixture with a D50 of 0.150 mm.

Figure A18: Shear stress versus horizontal displacement of a 4% mixture with a D50 of 0.150 mm.
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Test 10: Mixture 6% bentonite S90
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Page 1

τ!="0,7919σ""+"3,0117"

0"

5"

10"

15"

20"

25"

30"

0" 5" 10" 15" 20" 25" 30"

Sh
ea
r"s
tr
es
s",
"τ"
[k
Pa

"]"
""

Normal"stress","σ"[kPa]"
"

S90"6%"bentonite"

Figure A19: Results direct shear test of a 6% mixture with a D50 of 0.150 mm.

Figure A20: Shear stress versus horizontal displacement of a 6% mixture with a D50 of 0.150 mm.
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Test 11: Mixture 8% bentonite S90
Failure plane
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Figure A21: Results direct shear test of a 8% mixture with a D50 of 0.150 mm.

Figure A22: Shear stress versus horizontal displacement of a 8% mixture with a D50 of 0.150 mm.
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Test 12: Mixture 10% bentonite S90
Failure plane
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Figure A23: Results direct shear test of a 10% mixture with a D50 of 0.150 mm.

Figure A24: Shear stress versus horizontal displacement of a 10% mixture with a D50 of 0.150 mm.
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B | Specifics of the Cebogel Sealfix bentonite (Dutch)
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C | Results Permeability Tests
This appendix contains more elaborate information of the permeability tests. Fig. C1 and Fig. C2 contain the
individual emperical functions for the reduction factor k/ksand, which is a function of the volume percentage of
added bentonite for the M32 sand type. The second graph has a logarithmic vertical axis. Fig. C3 and Fig. C4
contain the same individual emperical functions for the S90 sand type.

Figure C1: Reduction of permeability coefficient as function of the added bentonite volume percentage for the M32 sand
type.

Figure C2: Reduction of permeability coefficient as function of the added bentonite volume percentage for the M32 sand
type (vertical log scale).
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Figure C3: Reduction of permeability coefficient as function of the added bentonite volume percentage for the S90 sand
type.

Figure C4: Reduction of permeability coefficient as function of the added bentonite volume percentage for the S90 sand
type(vertical log scale).
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D | Results Erosion Tests
Test overview
In the test overview the actual test plan as executed is presented (see Table D1). In this overview all the parameters
of importance are given. These are: the volume percentage of bentonite additive, the diameter of the sand and
the intended mean flow velocity during the tests. During the test runs the discharge was constantly measured
and the bed levels and water levels in the area of interest were recorded on video. For each test run data from
5 measurement locations were analyzed. The measurement locations were all in the area of interest and evenly
spaced at a 10 cm interval from each other (called Point 0, 10, 20, 30 and 40 in Table D2 to Table D14). The
most upstream measurement location was at the 0 line of the grid (see Fig. 22). From these recordings the water
levels and bed levels were extracted with a Matlab script. The Matlab script was using the Videoreader function to
extract frames from the videos at a preset interval. The time between each of the consecutive frames was between
10 and 60 s (this is also mentioned above Fig. D1 to Fig. D13). For each frame the Matlab script required the
user to input coordinates for the water levels and bed levels in order to give a time series of the water level and bed
level as output. Next, the script automatically converted the amount of pixels to a height using a pixel : distance
ratio which was calculated by specifying a known distance. The results of these surface water level and bed level
positions in time are given in Fig. D1 to Fig. D13. In the final step the mean flow velocity U and erosion velocity
ve between each of the consecutive frames in time were calculated with Eq.(23) and Eq.(24). The test conditions
and results are given in Table D2 to Table D14. In Table D2 to Table D14 k is the in-situ permeability as measured
in the falling head tests.

Table D1: Actual run plan for the erosion test

Run # Percentage bentonite [%] D50 in [mm] Flow velocity in [m/s]
1 0 0.256 1
2 2 0.256 1
3 4 0.256 1
4 6 0.256 1
5 6 0.150 1
6 0 0.150 1
7 0 0.256 2
8 0 0.150 2
9 2 0.256 2
10 4 0.256 2
11 6 0.256 2
12 3 0.150 2
13 0 0.256 2

105 of 141



Test 1

Figure D1: Water level (upper line) and bed level (lower line) measurements with an average discharge of 10.35 l/s.

Table D2: Test conditions and results of Run 1.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.065 1.095 3.69E-04 0.034 1.4 4.83E-04 0.76 21
10 0.1 0.066 1.113 4.62E-04 0.035 1.4 4.83E-04 0.96 21
20 0.2 0.064 1.124 3.91E-04 0.034 1.4 4.83E-04 0.81 21
30 0.3 0.066 1.134 5.30E-04 0.035 1.4 4.83E-04 1.10 21
40 0.4 0.065 1.154 3.55E-04 0.034 1.4 4.83E-04 0.73 21
Average - 0.065 1.124 4.21E-04 0.034 1.4 4.83E-04 0.87 21
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Test 2

Figure D2: Water level (upper line) and bed level (lower line) measurements with an average discharge of 10.67 l/s.

Table D3: Test conditions and results of Run 2.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.070 1.080 2.33E-04 0.036 1.3 7.29E-05 3.19 21
10 0.1 0.072 1.024 2.85E-04 0.036 1.2 7.29E-05 3.90 21
20 0.2 0.075 0.984 3.10E-04 0.037 1.1 7.29E-05 4.25 21
30 0.3 0.072 1.028 2.59E-04 0.036 1.2 7.29E-05 3.55 21
40 0.4 0.063 1.196 3.10E-04 0.034 1.5 7.29E-05 4.25 21
Average - 0.070 1.063 2.79E-04 0.036 1.3 7.29E-05 3.83 21
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Test 3

Figure D3: Water level (upper line) and bed level (lower line) measurements with an average discharge of 12.13 l/s.

Table D4: Test conditions and results of Run 3.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.073 1.153 6.13E-05 0.036 1.4 3.23E-05 1.90 21
10 0.1 0.069 1.210 3.68E-05 0.035 1.5 3.23E-05 1.14 21
20 0.2 0.072 1.168 3.68E-05 0.036 1.4 3.23E-05 1.14 21
30 0.3 0.070 1.195 8.58E-05 0.036 1.4 3.23E-05 2.66 21
40 0.4 0.067 1.244 3.68E-05 0.035 1.5 3.23E-05 1.14 21
Average - 0.070 1.194 5.15E-05 0.036 1.4 3.23E-05 1.59 21
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Test 4

Figure D4: Water level (upper line) and bed level (lower line) measurements with an average discharge of 12.50 l/s.

Table D5: Test conditions and results of Run 4.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.071 1.224 1.28E-05 0.036 1.5 4.65E-06 2.74 21
10 0.1 0.075 1.170 2.28E-05 0.037 1.4 4.65E-06 4.90 21
20 0.2 0.078 1.115 1.27E-05 0.038 1.3 4.65E-06 2.74 21
30 0.3 0.073 1.202 2.86E-05 0.036 1.4 4.65E-06 6.16 21
40 0.4 0.064 1.386 2.28E-05 0.034 1.8 4.65E-06 4.90 21
Average - 0.072 1.219 1.99E-05 0.036 1.5 4.65E-06 4.29 21
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Test 5

Figure D5: Water level (upper line) and bed level (lower line) measurements with an average discharge of 13.00 l/s.

Table D6: Test conditions and results of Run 5.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.078 1.157 2.18E-05 0.0375 1.3 8.09E-07 26.97 21
10 0.1 0.081 1.107 2.18E-05 0.0383 1.2 8.09E-07 26.97 21
20 0.2 0.083 1.087 2.55E-05 0.0386 1.2 8.09E-07 31.46 21
30 0.3 0.084 1.070 2.55E-05 0.0389 1.2 8.09E-07 31.46 21
40 0.4 0.083 1.088 4.36E-05 0.0387 1.2 8.09E-07 53.94 21
Average - 0.082 1.102 2.76E-05 0.0384 1.2 8.09E-07 34.16 21
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Test 6

Figure D6: Water level (upper line) and bed level (lower line) measurements with an average discharge of 13.88 l/s.

Table D7: Test conditions and results of Run 6.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.069 1.415 2.68E-04 0.0354 1.7 9.88E-05 2.71 21
10 0.1 0.068 1.446 3.13E-04 0.0351 1.8 9.88E-05 3.16 21
20 0.2 0.067 1.454 3.57E-04 0.0349 1.8 9.88E-05 3.61 21
30 0.3 0.067 1.493 4.46E-04 0.0347 1.8 9.88E-05 4.52 21
40 0.4 0.064 1.506 7.14E-04 0.0341 1.9 9.88E-05 7.23 21
Average - 0.067 1.463 4.20E-04 0.0348 1.8 9.88E-05 4.25 21
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Test 7

Figure D7: Water level (upper line) and bed level (lower line) measurements with an average discharge of 17.4 l/s.

Table D8: Test conditions and results of Run 7.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.056 2.166 7.64E-04 0.0317 2.9 4.83E-04 1.58 21
10 0.1 0.056 2.148 7.18E-04 0.0317 2.9 4.83E-04 1.49 21
20 0.2 0.057 2.146 8.10E-04 0.0318 2.9 4.83E-04 1.68 21
30 0.3 0.056 2.183 8.10E-04 0.0315 3.0 4.83E-04 1.68 21
40 0.4 0.055 2.190 8.10E-04 0.0314 3.0 4.83E-04 1.68 21
Average - 0.056 2.166 7.82E-04 0.0316 2.9 4.83E-04 1.62 21
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Test 8

Figure D8: Water level (upper line) and bed level (lower line) measurements with an average discharge of 18.00 l/s.

Table D9: Test conditions and results of Run 8.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.068 1.915 1.00E-03 0.0351 2.3 9.88E-05 10.12 21
10 0.1 0.070 1.974 1.00E-03 0.0355 2.4 9.88E-05 10.12 21
20 0.2 0.070 2.028 1.10E-03 0.0356 2.5 9.88E-05 11.13 21
30 0.3 0.070 2.090 1.10E-03 0.0356 2.5 9.88E-05 11.13 21
40 0.4 0.070 2.044 1.10E-03 0.0355 2.5 9.88E-05 11.13 21
Average - 0.069 2.010 1.06E-03 0.0355 2.4 9.88E-05 10.73 21

113 of 141



Test 9

Figure D9: Water level (upper line) and bed level (lower line) measurements with an average discharge of 19.16 l/s.

Table D10: Test conditions and results of Run 9.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.065 2.053 4.54E-04 0.0342 2.6 7.29E-05 6.23 21
10 0.1 0.066 2.010 4.99E-04 0.0347 2.5 7.29E-05 6.84 21
20 0.2 0.069 1.987 5.10E-04 0.0353 2.4 7.29E-05 7.00 21
30 0.3 0.066 1.982 4.33E-04 0.0344 2.5 7.29E-05 5.94 21
40 0.4 0.067 1.929 3.44E-04 0.0348 2.4 7.29E-05 4.71 21
Average - 0.067 1.992 4.48E-04 0.0347 2.5 7.29E-05 6.14 21
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Test 10

Figure D10: Water level (upper line) and bed level (lower line) measurements with an average discharge of 17.76 l/s.

Table D11: Test conditions and results of Run 10.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.059 2.113 4.06E-04 0.0325 2.8 3.23E-05 12.56 21
10 0.1 0.057 2.146 2.70E-04 0.0320 2.9 3.23E-05 8.36 21
20 0.2 0.057 2.174 4.06E-04 0.0319 2.9 3.23E-05 12.56 21
30 0.3 0.057 2.166 2.71E-04 0.0319 2.9 3.23E-05 8.37 21
40 0.4 0.058 2.132 2.71E-04 0.0321 2.8 3.23E-05 8.37 21
Average - 0.058 2.146 3.25E-04 0.0321 2.9 3.23E-05 10.05 21
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Test 11

Figure D11: Water level (upper line) and bed level (lower line) measurements with an average discharge of 15.93 l/s.

Table D12: Test conditions and results of Run 11.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.067 1.654 9.10E-06 0.0348 2.0 4.65E-06 1.96 21
10 0.1 0.065 1.696 9.10E-06 0.0343 2.1 4.65E-06 1.96 21
20 0.2 0.063 1.769 1.21E-05 0.0336 2.3 4.65E-06 2.61 21
30 0.3 0.063 1.766 6.07E-06 0.0337 2.2 4.65E-06 1.31 21
40 0.4 0.065 1.706 6.07E-06 0.0343 2.1 4.65E-06 1.31 21
Average - 0.065 1.718 8.50E-06 0.0341 2.2 4.65E-06 1.83 21
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Test 12

Figure D12: Water level (upper line) and bed level (lower line) measurements with an average discharge of 17.46 l/s.

Table D13: Test conditions and results of Run 12.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.062 1.945 4.40E-04 0.0335 2.5 - - 21
10 0.1 0.061 1.987 5.60E-04 0.0332 2.6 - - 21
20 0.2 0.062 1.968 4.40E-04 0.0334 2.5 - - 21
30 0.3 0.061 2.002 4.00E-04 0.0331 2.6 - - 21
40 0.4 0.061 2.001 3.20E-04 0.0331 2.6 - - 21
Average - 0.061 1.980 4.32E-04 0.0333 2.6 - - 21
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Test 13

Figure D13: Water level (upper line) and bed level (lower line) measurements with an average discharge of 19.47 l/s.

Table D14: Test conditions and results of Run 13.

Point x x [m] h [m] U [m/s] ve [m/s] R [m] Fr [-] k [m/s] ve/k [-] T [◦C]
0 0 0.070 1.916 6.93E-04 0.0357 2.3 4.83E-04 1.43 21
10 0.1 0.070 1.927 6.64E-04 0.0355 2.3 4.83E-04 1.37 21
20 0.2 0.069 1.946 7.22E-04 0.0354 2.4 4.83E-04 1.49 21
30 0.3 0.069 1.958 7.51E-04 0.0353 2.4 4.83E-04 1.55 21
40 0.4 0.068 1.983 7.51E-04 0.0350 2.4 4.83E-04 1.55 21
Average - 0.069 1.946 7.16E-04 0.0354 2.4 4.83E-04 1.48 21
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E | Clear water tests
This section elaborates on the clear water tests performed in the tilting flume in the Laboratory for Fluid Mechanics
of the Delft University of Technology. The main goal of these tests was to get more insight into the flow velocity
field within the flume. A secondary reason was the verification of reasonable uniform conditions in the area of
interest. Two different test conditions were investigated. The first condition was with a smooth glass bottom (Fig.
E1a). In the second condition 3 m of the bottom of the flume was covered with aluminium plates. The top of these
aluminium plates were covered with sand with a D50 of 2 mm (Fig. E1b). The sand layer was glued to the plates
in order to simulate a rough bottom.

Figure E1: (a) Smooth glass bottom of the flume (b) Simulation of a rough bottom.

The water level measurements
The water level measurements were performed with an adjustable staff gauge as discussed in Section 5.1.2. Both
the bottom level and the water surface level were measured. The water depth was calculated by subtracting the
value of the bed level from the water surface level. Although the staff gauge could measure both levels with an
accuracy of 1 mm, the slight water level fluctuation added another 2 mm of inaccuracy. The results of the smooth
and rough bottom measurements are presented in Fig. E2 and Fig. E3.

In longitudinal direction, at three (rough bottom) or five (smooth bottom) locations, measurements were taken.
The reference point (0 on the x-axis in Fig. E2 and Fig. E3) was positioned at the 50 cm line in the area of interest
(see Fig. 22). Locations on the negative side of the x-axis are located upstream of the reference location and
locations on the positive side of the x-axis more downstream. At each longitudinal postion, three measurements
were taken in cross direction. Profile 1 represents the measurements closest to the glass wall (2,5 cm from the glass
wall), profile 2 the measurements in the middle of the flume and profile 3 the measurements closest to the plywood
wall (again 2,5 cm from the plywood wall).

Although the water level is slightly higher in the rough bottom case (with the same pump discharge) as opposed
to the smooth bottom case, there is hardly any water level surface gradient present in both cases. The differences
in cross direction are also negligible. Therefore, it is fair to assume that uniform conditions in the area of interest
were indeed present.
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Figure E2: Water level measurements with a smooth bottom.

Figure E3: Water level measurements with a rough bottom.

The velocity field measurements
For the flow velocity measurements a electromagnetic flow velocity meter, as discussed in Section 5.1.2, was used.
In total 50 measurements were recorded, 25 for the smooth bottom scenario and 25 for the rough bottom scenario.
Only at one location in longitudinal direction measurements were recorded, namely at the 50 cm line in the area of
interest (see Fig. 22). Every 2.5 cm in a total of five locations in cross direction measurements were taken. Profile
1 represents the measurements closest to the glass wall (2,5 cm from the glass wall), profile 2 the measurements
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5.0 cm from the glass wall, profile 3 the measurements in the middle of the flume, profile 4 the measurements 5.0
cm from the plywood wall and profile 5 the measurements 2,5 cm from the plywood wall. In addition, 5 (smooth
bottom) and 6 (rough bottom) measurements were taken in vertical direction. These measurements were taken at
a height of 2, 6, 16, 26, 36 and (41) mm above the bed. The most upper measurement was taken as heigh up in
the water column as possible, without being inaccurate. This was roughly 5 mm above the previous measurement
point. The results of the smooth and rough bottom measurements are presented in Fig. E4 and Fig. E5.

Figure E4: Velocity measurements with a smooth bottom.

Figure E5: Velocity measurements with a rough bottom.
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The measured flow velocity values in Fig. E4 and Fig. E5 show decreasing flow velocity values near the water
surface, which were caused by both the presence of the measurement instrument and due to the boundary effects of
the air layer above. The (logarithmic) shape of the vertical velocity profiles in both cases is fairly identical, with one
exception. In the rough bottom case, the increased bottom friction is clearly visible (the profile is more stretched in
horizontal direction). The most important observation however, is that there is a clear influence of the wall on the
velocity profile. Based on these observations, the effect of the glass wall (profile 1 and 2) is almost not apparent,
but the effect of the plywood wall (especially profile 5) is clearly affecting the velocity profile. This effect certainly
has to be taken into account.
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F | Data analyses
This section contains graphs of the results obtained in the tilting flume in the Laboratory for Fluid Mechanics of
the Delft University of Technology. In addition, graphs of the data analysis of these results are presented. These
graphs support the analysis of Section.6.1.

ve/k versus bed shear stress for different sand types.
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Figure F1: ve/k versus bed shear stress for (a) sand mixtures with a D50 of 0.256 mm and (b) sand mixtures with a D50

of 0.150 mm.
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D50 of 0.150 mm.
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Averaged results of the erosion tests.
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Figure F3: Averaged erosion velocity versus depth-average flow velocity squared for (a) sand with a D50 of 0.256 mm and
(b) sand with a D50 of 0.150 mm.
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Erosion velocity versus bed shear stresses.
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Figure F4: Erosion velocity versus bed shear stress versus velocity for (a) sand with a D50 of 0.214 mm from Lemmens
Lemmens (2014) and (b) sand with a D50 of 0.208 mm from Gailani Gailani (2001).
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Erosion velocity versus depth-averaged flow velocities squared with data from Lemmens
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Figure F5: Reduction of the erosion velocity as function of the bentonite content from depth-averaged flow velocities
squared, from Lemmens.
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G | Additional data case study Borssele
This section contains graphs of the results for the runs of Scenario A and Scenario B with the largest initial breach
height of 2 m. The water levels, in the graphs, are expressed as levels above NAP. NAP is the reference level in the
Netherlands at about mean sea level.
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Figure G1: (Water) Levels of Scenario A-9.
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Figure G2: Discharge of Scenario A-9.
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Figure G3: Development of the breach with in Scenario A-9.
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Figure G4: (Water) Levels of Scenario A-10.
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Figure G5: Discharge of Scenario A-10.
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Figure G6: Development of the breach width in Scenario A-10.
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Figure G7: (Water) Levels of Scenario A-11.
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Figure G8: Discharge of Scenario A-11.
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Figure G9: Development of the breach with in Scenario A-11.
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Figure G10: (Water) Levels of Scenario A-12.
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Figure G11: Discharge of Scenario A-12.
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Figure G12: Development of the breach width in Scenario A-12.
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Scenario B
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Figure G13: (Water) Levels of Scenario B-9.
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Figure G14: Discharge of Scenario B-9.
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Figure G15: Development of the breach with in Scenario B-9.
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Figure G16: (Water) Levels of Scenario B-10.
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Figure G17: Discharge of Scenario B-10.
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Figure G18: Development of the breach width in Scenario B-10.
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Figure G19: (Water) Levels of Scenario B-11.
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Figure G20: Discharge of Scenario B-11.
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Figure G21: Development of the breach with in Scenario B-11.
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H | Estimation of the near bed concentration
This appendix contains an estimation of the maximum near bed concentration and the minimum near bed concentra-
tion during the erosion experiments (Section H.1). In addition several graphs of theoretical vertical concentration
profiles are provided. In Section H.2, the influence of the near bed concentration on the erosion behaviour is
investigated.

H.1 Estimation of the near bed concentration

The Rouse profile represents a time-averaged vertical concentration profile for a given water depth, sediment di-
ameter and shear stress. The concentration profile was originally derived from the diffusion equation and is given
by:

cz
ca

=

[(
h− z
z

)(
za

h− za

)] ws
κu∗ (H.1)

where cz is the concentration at height z and ca is the reference concentration at reference level za. Smith and
McLean (1977) proposed the following equations for the reference concentration ca and level of the reference con-
centration za:

ca =
cbedγ0T

1 + γ0T
(H.2)

za =
26.3 · (τb − τb,cr)

(ρs − ρw)g
+
D50

12
(H.3)

in which γ0 is a constant (0.001 - 0.005), cbed is the concentration of the initial bed, T is the dimensionless transport
parameter and u∗ is the bed shear velocity. The dimensionless transport parameter and the bed shear velocity are
defined as follows:

T =
τb − τb,cr
τb,cr

(H.4)

u∗ =

√(
τb
ρw

)
(H.5)

By using the (range of) values of Table H.1, the reference concentration ca and level of the reference concentration
za can be calculated with Eq.(H.2) and Eq.(H.3), respectively. The calculated values for the reference concentration
are between 0.02 and 0.08. The values of the corresponding reference level are 4.4 mm and 21.6 mm, respectively.
With these values and the hindered settling velocities - as calculated with the BRES model and ranging from
0.01 m/s to 0.34 m/s - the corresponding vertical concentrations profiles can be calculated with Eq.(H.1). The
concentration profiles are shown in Fig. H1. The left side of Fig. H1 shows the vertical concentration profile for the
lower shear stress and the right side of Fig. H1 shows the vertical concentration profile for the higher shear stress.
By assuming that the near bed concentration is roughly located at a height of about 0.005 m to 0.01 m above the
bed it can be concluded that the value of the near bed concentration cb ranges from about 0.03 to 0.20 (see also
Fig. H1).
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Figure H1: Vertical concentration profiles (a) with a relatively low bed shear stress and (b) with a relatively high bed shear
stress.

Table H.1: Characteristic parameters of the.....

Parameter Value
Bed shear stress τb in [Pa] 2.83 - 13.23
Critical bed shear stress τb,cr in [Pa] 0.15 - 0.17
Median sediment diameter D50 in [µm] 150 - 256
Initial bed concentration cbed in [-] 0.60
An empirical constant γ0 in [deg] 0.002
Von Karman constant κ in [-] 0.40
Density of the water ρw in [kg/m3] 1025
Density of the sand ρs in [kg/m3] 2650
Water depth h in [m] 0.08

H.2 Effect of the near bed concentration of the erosion behaviour

The erosion velocity, calculated with Eq.(59), depends on the near bed concentration. Hence, the near bed concen-
tration is crucial for analyzing erosion behaviour. Both the erosion rate and the sedimentation rate (wscb) depend
on the near bed concentration (see Eq.(59)). In Section 8.2, 0.03 has been chosen as value for the near bed concen-
tration. However, estimations of the near bed concentration, indicate that the value of the near bed concentration
may be as high as 0.20 (see Section H.1). The influence of the near bed concentration on the erosion behaviour is
shown in Fig. H2. In Fig. H2 results for three different near bed concentrations are shown. These are 0.03, 0.10
and 0.20, respectively.
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Figure H2: Influence of the near bed concentration on the erosion velocity (a) for the courser sand (D50 = 0.256 mm) and
(b) for the finer sand (D50 = 0.150 mm).

From Fig. H2 it can be concluded that the erosion velocity ve is lower for higher near bed concentrations cb (for the
same Shields parameters). This effect is visible for both the course sand and the fine sand. It also appears that the
effect of the near bed concentration on the erosion velocity is less strong for higher Shields parameters (the lines are
converging at higher Shields parameters). The difference in erosion velocity, between the near bed concentration of
0.03 and 0.20, at higher flow velocities (Shields parameter > 2) is less than a factor 2. From Fig. H2 it can also be
concluded that the critical Shields parameter is slightly influenced by the near bed concentration. The higher the
near bed concentration, the harder it becomes for a particle to start moving.
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