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Summary

Due to accelerating climate change, which entails more extreme storm conditions and
exponential sea level rise, the protective function of our dikes and levees is under growing
pressure. The presence of so-called forelands (e.g., beach, mudflat, and tidal marsh) are
promising Nature-based Solutions to reduce the probability of dike failure and to mitigate the
consequences after a dike breach. However, the positive effects of forelands depend, for
instance, on sediment composition, geometry, and the presence of vegetation. These effects
have not been studied in detail and have not been incorporated into reliable physical and

validated mathematical models yet.

This report describes an experimental study on the stability of different foreland types.
Particularly, the following aspects were considered: investigating whether surface and headcut
erosion are indeed the dominant foreland erosion mechanisms, plus providing experimental

data for validation purposes for models such as the extended BRES model.

Twelve experiments were performed in the sediment flume facility of the Hydraulic Laboratory
of the faculty of Civil Engineering and Geosciences at the Delft University of Technology. A
foreland during breaching conditions (i.e. high flow velocities) was simulated by an
experimental setup, a so-called broad-crested weir. This weir was developed, constructed, and
built within the facility to simulate and study erosion processes of two foreland sediment types,
sand and clay. Geotechnical properties were obtained by performing sediment analyses in the
Geoscience and Engineering Laboratory. In order to try to exclude the influence of cracks, a
special adjustment of the facility was made by covering the sediment package with plywood
panels; these experiments are referred to as “Tompouce’. For collecting data, the facility was
fully instrumented with hydraulic sensors (discharge, flow velocities, and water levels) and
synchronized cameras. The erosion process was analyzed and quantified from the visual data.

The experiments enabled us to answer the main research question, “Which erosion mechanisms
are important to consider for forelands under dike breach conditions?”. For non-cohesive
sediments, surface erosion should be considered the dominant erosion mechanism. In the case
of cohesive sediments, however, headcut block erosion should be considered the dominant
erosion mechanism. Here, when cracks are present, the erosion rate increases considerably.
Especially the latter effect is a new finding; this mechanism should be included in foreland-
dike breach development modeling. More research is needed into the quantitative effect of

cracks on the stability of a vegetated foreland when it is subject to (sudden) high-water events.
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Nomenclature

Dimensionless symbols
Symbol Description

C. Coefficient of curvature
Cyq Discharge coefficient
Cy Uniformity coefficient
IC Consistency index

IL Liquidity index

IP Plasticity index
n Porosity
Greek symbols
Symbol Description
p Water density
Psd Dry density
Dsw In-situ density
T¢ Critical shear stress
¢ Internal friction angle

Roman symbols
Symbol Description

c Cohesion
Cu Undrained shear strength
Dy Maximum size of the smallest 90% of the sample
De¢o Maximum size of the smallest 60% of the sample
Dsy Maximum size of the smallest 50% of the sample, median of the PSD curve
D3 Maximum size of the smallest 30% of the sample
Dy Maximum size of the smallest 10% of the sample

F; & F,  Additional horizontal forces

g Gravitational acceleration
ho Overflow head upstream of the weir
hi_s Water level relative to the flume bottom measured by the five sensors
H Flume fill water level relative to the flume bottom
K Coefficient of permeability

LL Liquid limit
p Weir height

PL Plastic limit
Q Pump discharge
Q. Estimated theoretical flow discharge

Qemax ~ Maximum estimated flow discharge during an experiment

Qm Measured flow discharge by the PPF sensor

Unit

Unit
kg/m3
Mg/m3
Mg/m3

kPa

degrees

Unit
kPa
kPa

cm
cm

mm/s
%

0.55m

%

l/s
l/s

l/s



Maximum measured flow discharge during an experiment
Time

Free flow velocity

Crest flow velocity measured on top of the broad-crested weir
Maximum measured crest flow velocity during an experiment
Moisture content

Sediment flume facility width

l/s

S or min.

0.77m



Introduction

1 Introduction

1.1 Research Context

This chapter presents a literature review of the relevant background information for this study.
Based on the review, a problem statement and research questions are formulated. Next, the
methodology to answer the research question is given. Lastly, a thesis chapter outline is

provided.

1.1.1 Increased Risk of Flooding

Climate change is a continuous process that used to be on timescales of the order of 1,000 to
10,000 years. But since the industrialization of the last century, the increase in greenhouse gas
emissions has given a perceptible acceleration to climate change. This now leads to climate
change on a much shorter time scale and makes it a lot more difficult for nature and people to
adapt properly. The sea level rises exponentially and extreme weather conditions, such as
storms, draughts, and excessive rainfall events become stronger and more frequent (Kim &
Suh, 2018; Temmerman, et al., 2013). These and other effects of climate change are noticeable
on both a continental and regional scale. Many large cities with great economic values are
located in deltas, making these areas vulnerable to the increasing risk of flooding (Vrijling,
Schweckendiek, & Kanning, 2011). In 2021, the Intergovernmental Panel on Climate
Change (IPCC) released a report

(Masson-Delmotte, Zhai, & WG, ) Globsl mesn seavel change eltiveto 1500

2

2021) containing, amongst others, an

. . 15 T .
updated graphical representation of the v s/t ol

. . . 1 processes, under SSP5-8.5 .
historical and the predicted global e L

0.5

SSP5-8.5
SSP3-7.0

SSP1-2.6

mean sea level rise with respect to

0

1900 over the coming decades, see o o0 e o 200

Figure 1.1. From this figure, the scale

of the problem we are facing is Figure 1.1: Global mean sea level change relative to 1900 for 5
IPCC scenarios. Reprinted from (Masson-Delmotte, Zhai, &

obvious: a sea level rise of at least 50 WGl 2021),

cm at the end of this century can be
expected.

In addition, if the hydraulic conditions are unfavorable in a particularly vulnerable delta, the
possible occurrence of sediment scarcity results in a disruption of the sediment source/sink

balance and can lead to a major additional problem. The problems demand major efforts in the
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The stability of foreland types under dike breach conditions — an experimental study

field of flood risk management and dike strengthening, to ensure safe living and working in

our low-lying polders for present and future generations.

1.1.2 Dike Failure

Conventional flood defenses, such as dikes, have protected deltas against flooding for
centuries. However, due to accelerating climate change, the probability of a dike failure and
thereby the risk of flooding is a major concern. A dike may fail by various mechanisms (TAW,
1998). The cause is usually related to hydraulic and/or geotechnical failure. Four main failure
mechanisms can be distinguished: overtopping, macro-stability, waterside erosion, and piping.

Figure 1.2 shows illustrations of these and other known failure mechanisms.

Levee crest

gaeant

1b. Overtopping/Jetting

2.Internal Erosion/Piping . 3. Surface Erosion
4.Sliding

6. Structural Impacts 3 b A

5.Wave Impacts

7.Liquefaction

s e
8.Piping of substratum 9.Tree damage

Slope failure

Figure 1.2: Dike failure mechanisms (Source: Zina Deretsky, the national science foundation).

When one or more of these failure mechanisms have caused such damage that the water-
retaining function of the dike is lost, a breach starts to develop and inundation of the low-lying
hinterland follows (Van Gerven, 2004; Visser P., 1998). Historically, floods resulted in major
losses of life and economical damage. In the Netherlands, two well-known floods are the Sint-
Elisabeth flood of 1421, which flooded about 28 villages with dozens of drowning victims
(Schiereck & Visser, 2021), and the Big Flood disaster of 1953, causing 1836 deaths and a total
damage cost of 5.4 billion euro (Gerritsen, 2005).

The common method to strengthen dikes in the past is to heighten and/or widen them. So far,
this method was structurally and economically feasible. Recently this method has become a
more costly and space-consuming engineering strategy, as both the extreme hydraulic loads, as
well as potential consequences are increasing. Moreover, the concept of sustainability was not

taken as seriously as it is now. New methods to ensure adequate flood safety is required.
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1.1.3 Forelands as Nature-based Solutions

Due to climate change and the impending infeasibility of continuous dike reinforcement,
engineers have started to implement important properties such as sustainability and adaptability
in the design and development strategy of flood defense systems. Nature-based solutions are a
powerful tool that embraces this engineering strategy. These solutions use natural systems to
provide a wide range of benefits, including cleaner air and water, improved soil health, and
increased biodiversity. They can also help to reduce greenhouse gas emissions and protect
against extreme weather (Laboyrie, et al., 2018). While developing a natural flood protection
system, important factors are that nature can take its course as much as possible and ecosystems
should be protected sufficiently for a considerable time to be able to fully develop. (De Vries,
Van Koningsveld, Aarninkhof, & De Vriend, 2021).

A recently rediscovered example of such a

Dike reinforcement

Nature-based Solution is creating a so-called

foreland. A foreland is an elevated area (e.g.,
beach, mudflat, and tidal marsh) on the
seaward or river side of a dike/levee.

Sea-level rise  Natural marsh
T adaptation

Forelands have a self-sustaining property.

Self-sustaining in the sense that sedimentation , —
Figure 1.4: The sensitivity of a dike-marsh (foreland)

of the foreland follows the rising sea level, see system to sea-level rise. Reprinted from (Marijnissen,
. .o Kok, Kroeze, & Van Loon-Steensma, 2020).

Figure 1.4 (Marijnissen, Kok, Kroeze, & Van
Loon-Steensma, 2020). When the

morphological conditions are favorable, a

foreland may grow through different phases
with respect to soil type: starting from a sandy

ecosystem (nourishment), via silt, towards a

mudflat. Eventually, seeds might germinate

and a fully grown salt marsh can be its final, o -
. Figure 1.3: Dike with vegetated foreshore in the
robust stage. Figure 1.3 shows an example of | nesreriands (Photo: Joop van Houdt / Rijkswaterstaat).

a vegetated foreland in the Netherlands

applied in innovative dike reinforcements to increase flood safety.
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From previous research, three promising results on the relative benefits of creating forelands

as a Nature-based Solution have already been found.

Firstly, waves energy dissipates the m— wind wave overtopping
water level, waves

shallow water overlying the foreland

before they reach the dike, see Figure vegetation
seaside

landside

1.5. As aresult, the wave loads on dikes foreshore

is dampened and therefore the
. . . . Figure 1.5: Model framework with a dike and vegetated
probability of dike failure is reduced | foreshore. Reprinted from (Vuik & Jonkman, 2018).

(Vuik, Jonkman, Borsje, & Suzuki,

2016).

Secondly, the volume of water flowing through a breach decreases when a foreland is present,
see Figure 1.6. This reduces the erosion rate of a dike and reduces the inundation rate of the
hinterland (Zhu, et al., 2020). Consequently, flood risk is reduced since more time is available

for intervening in the breach and for evacuation.

Lastly, the flow through the breach and inundation of the hinterland stops when a storm
subsides and the water level falls below the foreland surface level. Of course, in a severe case,
where the foreland is eroded completely during a storm, this advantage does not exist any

longer.

To estimate the reliability of these predicted advantages of forelands, it is necessary to

investigate the stability of forelands, i.e., to what extent they resist erosion.

B Tidal marsh &==2 Dike breach
Before breaching

) jury
wv wv
= a1 = 41
E E
% Hinterland % Hinterland
s O s O
: :

-2.0 -20

During breaching

,_,3, Extreme flow + smaller volumes A Extreme flow + large volumes
= 41 = 41
E E
g E
= 0 = 0
E; :

-20 -2.0

Figure 1.6: Hypothetical explanation of the protective function of forelands in front of a dike breach. Reprinted from
(Zhu, et al., 2020).
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1.1.4 Foreland Sediment Erosion Mechanisms

The stability of a foreland can be translated into the presence and influence of erosion
mechanisms. Until now, two main types of foreland erosion mechanisms are known to be
relevant and have been included in mathematical-numerical modelling: surface erosion and
headcut erosion. For foreland surface erosion, a distinction is made between non-cohesive

(sand) and cohesive (clay) sediment.

Surface Erosion; non-cohesive material

When water flows over a foreland sediment bed which contains coarse material (non-cohesive),
the water gradually penetrates the bed. If the bed shear stress becomes larger than its critical
value, the sediment bed erodes layer by layer. This process results in degradation of the bed to
a critical angle. The eroded sediment is washed away as suspended load through the breach

and deposits in the hinterland where the flow decelerates.

In literature, many sediment transport formulas can be found as an application to sand-dike
breach erosion to calculate the sediment transport capacity. Each formula has been developed
and calibrated for specific data sets/regimes, see (Visser, 1995). The formulas have in common
that they all work with a certain grain diameter and use the well-known formulations of Shields
(Shields, 1936) and Isbash (Isbash, 1932) as underlying basis. Within this study, four sediment
transport formulations are relevant: the formulas of (Engelund & Hansen, 1967), (Van Rijn,
1984), Bagnold-Visser (Visser, 1988), which uses the energetic approach, and (Wilson &

Nnandi, 1992). For more detailed information see the original publications referred to.

During a dike breach, the foreland surface is exposed to extreme hydraulic conditions in which
flow velocities of for instance 7 m/s can be reached for a 10 m high dike. This super-critical
flow regime influences the behavior of the surface erosion mechanism and makes accurate
prediction of sediment fluxes difficult. For non-cohesive material, the phenomenon of dilatancy
could play a role in retarding the surface erosion rate. Dilatancy refers to an increase in pore
volume during shear deformation. A negative pore pressure develops which stabilizes the soil,
see also (Alhaddad, 2021: Bisschop, Miedema, Visser, Keetels, & Van Rhee, 2016).

Surface Erosion; cohesive material

When a foreland consists of cohesive (muddy) sediment, water cannot penetrate the sediment
bed and a different surface erosion process takes place. Chunks of sediment are eroded due to
irregularities and instabilities in the sediment bed, which is called mass (bulk) erosion. We
define mass erosion as an undrained erosion process, thus at large Péclet numbers. The Péclet
number is a dimensionless number and is defined as the ratio of the advective transport rate by

15
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the diffusive transport rate. The advective transport rate dominates in these high flow velocity
regimes.

To determine the mass erosion rate, the expression of Partheniades is used as the basic
formulation, see also (Partheniades, 1962). To quantify a possible presence of mass erosion,
(Winterwerp, Van Kessel, Van Maren, & Van Prooijen, 2021) formulated a mass-erosion

criterion with respect to the hydraulic conditions and bed soil property.

1
EpU2>5Cu (1.1)

With free flow velocity, U (m/s), water density, p (kg/m?), and undrained shear strength, c,
(kPa), a geotechnical property of the soil.

Biology (worms, clams, etc.) existing on forelands can play a role in making the bed more
inhomogeneous and increase the sediment permeability by making burrows in the system
(Volkenborn, Polerecky, Hedtkamp, Van Beusekom, & De Beer, 2007). The disadvantageous
consequence of this is that penetration of the fast-flowing water into the foreland surface takes
place more easily during a breach. This increases the mass erosion rate and destabilizes the

foreland.

Headcut Erosion

The slope of a foreland consisting of cohesive
material does not erode to a critical angle but
forms a sudden considerable bed level change, the

headcut. When the fast-flowing water reaches the

headcut brink it separates from the bed. The water
flow forms an overflow jet (free fall), a so-called
nappe, which impinges the tailwater downstream

of the headcut. A nappe is the phenomenon of an

aerated or non-aerated overflow jet. Based on the

cavity condition under the nappe, (Abdalla & 3- Clinging Nappe "4 Drowned Nappe

. Figure 1.7: Illustration of the four nappe types.
Shamaa’ 2016) ClaSSIfy four types of nappe, see Reprinted from (Abdalla & Shamaa, 2016).

Figure 1.7.
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The nappe jet is diverted when it impinges on the
tailwater downstream of the headcut. Eddies
occur in the tailwater column under the nappe.
Due to these vortices the headcut tailwater section
erodes, see Figure 1.8. The headcut erosion
mechanism depends on the erodibility of the
headcut foundation; in this study a non-erodible
foundation is considered. For the erodible
foundation case, see the analysis of jet scour by
(Stein, Julien, & Alonso, 1993).

When the undermining has migrated to a certain
distance, a block with a certain width becomes
unstable and fails because the acting forces
(weight and hydraulic forces) become larger than
the resistive forces (soil interaction forces) (Zhu,
Visser, & Vrijling, 2006; Robinson & Hansen,
1994), see Figure 1.9. When the block is
completely torn off it falls into the tailwater
section and is washed away. This periodic event is
being amplified in the presence of cracks in the
top layer. Cracks and their formation turned out to
be essential for this study.

Approaching flow

Impinging jet
Headcut

s Tail water
~[32)

Figure 1.8: Schematic representation of heatcut

undermining process, caused by tailwater vortices.

Modified and reprinted from (Zhu Y. , Visser,
Vrijling, & Wang, 2011).

<>
Undermining caused by
erosion in the lowest
layer of the foreland

Figure 1.9: Schematic representation of headcut
block erosion. Reprinted from (Smid, 2021).

A remaining question is whether surface erosion and headcut erosion are the dominant

mechanisms influencing foreland stability.

17
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1.1.5 Mathematical Numerical Model Approach

BRES model

Many mathematical and/or numerical models

have been developed to predict breach
growth. A well-known, often applied model,
is the BRES model (BReach Erosion
in Sand-dikes model), developed by (Visser,
1998). In this 1-D mathematical model the
breach growth process of a sand dike is
described in 5 separate phases, see Figure
1.10. In terms of sediment transport formulas,
the model uses Bagnold-Visser (Visser, 1988)

. Figure 1.10: Discretized of the five failure stages during
for the first three phases (supercritical flow), | « breaching event in the BRES model. Reprinted from
and Van Rijn (Van Rijn, 1984) for the (Visser, Breach growth in sand-dikes, 1998).

subsequent phases. The sediment transport is only computed for non-cohesive material. The

model distinguishes three types of breaches, which describe a different situation: (A) with the
presence of a toe construction in front of the dike, a choice can be made between an erodible
or non-erodible foundation, (B) with a relatively high foreland or (C) without any added

construction.

BRES-2021 module

Recently, the influence of a foreland was added as a separate module in the BRES model by
(Smid, 2021). The module is activated from the moment onwards where foreland erosion
occurs, which is from phase three in the original BRES model type B. With a mathematical

script of the headcut erosion mechanism as

Erodible

described above, the amount of headcut . ; ‘
’ oundation

erosion for different scenarios is calculated.

o ~.|Non-erodible

Simultaneously, the shape of the foreland / \Slding foundation
spillway is predicted. Four scenarios can be present |\ o Erodible
. ‘ 7 | foundation
created by the user by selecting between
either a sliding or rotating block failure Rotational ~[Non-erodible
. . . Foreland - )
mechanism during the headcut erosion functionality Failure type Foundation type
toggle

process. A foundation that is or is not

erodible is optional when ChOOSil’lg a block | Figure 1.11: Selectable scenarios in the extended BRES
model. Reprinted from (Smid, 2021).

failure type, see Figure 1.11.
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The BRES-2021 module takes a simplified approach by means of a uniform soil layer, a single
particle size, with no other elements (stones, roots and/or micro-organisms). This does not
reflect reality: different sediment types and inhomogeneities will make a difference in foreland

stability.

To study the effect of inhomogeneities of the sediment on foreland stability and to validate the
BRES-2021 module, data from physical experiments are needed.

1.2 Problem Statement

As we have seen, forelands are promising Nature-based Solutions to reduce the probability of
dike failure and to mitigate the consequences after a dike breach. This role largely relies on the
stability of the foreland before and during breaching conditions. The latter effect, however, has
not been incorporated into reliable physical and numerical models yet and further research in
the future will fill this missing knowledge. Moreover, the positive effects of forelands depend

on the sediment composition, geometry, and the presence of vegetation, amongst others.

Consequently, our problem statement is twofold:
(1) Verification is needed whether surface erosion and headcut erosion are indeed the two
dominant mechanisms for foreland stability.
(2) As to modelling, data from physical experiments is needed to study the effect of

inhomogeneous sediment and to validate the extended BRES-model.

1.3 Research Questions

To address these problems, the following main research question is formulated:

Which erosion mechanisms are important to consider for forelands under dike breach

conditions?

To answer this question, the following sub-questions are formulated:
1. Which erosion mechanisms can be observed under dike breach conditions?
2. Which of these mechanisms is most dominant for sand and which one for clay during
breach conditions?
3. Which foreland sediment type: sandy, muddy or vegetated is most suitable to reduce
flood risk?
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1.4 General approach of the study

The answers to these questions were obtained by developing and instrumenting an
experimental setup and by conducting experiments on two sediment types, reflecting two
typical stages in the development of a foreland. The resulting experimental data serve three
purposes:

e answering the research questions;

e generating insight for building physical models;

e providing data for validating the extended BRES model.

Experiments were performed in the sediment flume facility of the Hydraulic Laboratory of the
faculty of Civil Engineering and Geosciences at Delft University of Technology. A foreland
during breaching conditions (i.e. high flow velocities) is simulated by an experimental setup, a
so-called broad-crested weir. This weir is developed, constructed, and built within the facility
to simulate and study erosion processes of two foreland types, sand and clay.

For collecting data, the facility is fully instrumented with hydraulic sensors (discharge, flow
velocities and water levels) and synchronized cameras. The erosion process is analyzed and

quantified from the visual data.

1.5 Thesis Outline

This thesis is structured as follows:

A description of the experimental setup is given in Chapter 2. The experimental conditions for
the twelve experiments performed can be found in Chapter 3. Chapter 4 presents the
experimental results obtained; relevant observations and a proposal for an improvement of the
extended BRES-model are mentioned as well. The overall findings and limitations when
performing foreland stability experiments in the sediment flume facility are discussed in
Chapter 5. Conclusions are drawn and summarized in Chapter 6; also, the research questions

are answered in this chapter. Finally, suggestions for further research are given in Chapter 7.
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Experimental Setup

2 Experimental Setup

This chapter gives an extensive description of the experimental setup. Firstly, the sediment
flume facility and the developed elements are described and explained. An extensive overview
sketch is also shown for clarification. The additional adjustments made for the Tompouce
experiments are mentioned separately. Secondly, the measuring techniques used and
instruments along with their characteristics, are explained. Finally, a flow chart is provided
containing the necessary consecutive steps for a successful experiment and for collecting
usable data.

2.1 Overall Description

For this study, the sediment flume facility was used to perform experiments. The facility
encompassed enough work space and ease of use to properly perform the experiments and
carefully prepare the sediment package. The facility itself has dimensions of 0.77 m % 0.84 m
x 40 m (width x height x length) and consists of a concrete floor bottom and two sidewalls
made of plexiglass panels. These panels are glued together and held by metal frames. Seen
from the outside, these metal frames form windows of 143.5 cm x 76.5 cm (width x height).
Through these windows, sediment erosion processes can be properly observed from a 2-D
perspective by means of cameras. Five windows were used for visual observations with GoPro
cameras. With GoPro 1 (GP1) positioned in front of window 1, GoPro 2 (GP2) in front of
window 2, and so on.

Figure 2.1 shows a schematization of the full sediment flume facility length of the experimental
setup used in this study. The schematic clearly shows the overall experimental setup, measuring
instruments, GoPros and the flume system which regulates the hydraulic conditions. Horizontal
distances are in centimeter scale and have been added to the schematization. The vertical scale
is distorted. A line is drawn to indicate cross-section A-A’ at the GoPro 2 position, which will
be discussed in Section 2.2.4. Additional images of the experimental setup can be found in
Appendix A: Additional Images.
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Figure 2.1: Side view schematic of the experimental setup (cm scale, vertical scale distorted). Line A-A’ indicates the
location of the cross section shown in Figure 2.11. GP1-5; GoPro Hero 10 camera’s; MPS: Magnetostrictive Position
sensor, EMS: Electromagnetic flow sensor; MIC+35; ultrasonic echo-sensor (type MIC+35).

For the experimental setup, specific elements were applied, developed and built within and

around the sediment flume facility. The elements were developed to establish foreland-dike

breach conditions (high flow velocities) and to observe the sediment stability from a 2D
perspective. Concrete plywood panels were used to manufacture all experimental elements.

Concrete plywood is a sheet material that consists of several layers of veneer. The sheet

material is provided with an epoxy layer. This hard layer forms a waterproof finish which

makes it extremely suitable for constructions in humid environments. It is also very easy to
treat. Below a short description is provided of the specific elements:

e A broad-crested weir (BCW) with specific characteristics (sketched in brown in Figure 2.1)
was developed, constructed, and built within the sediment flume facility to imitate a
foreland and the associated hydraulic conditions. Weirs have been extensively used in
experimental facilities to study flow conditions in open channels (Badr & Mowla, 2014)
(Osman Akan & Iyer, 2021). The essence of a broad-crested weir is that the streamlines on
the crest become horizontal and parallel due to the conservation of energy (Chanson &
Eraso, 2004). This flow condition also prevails on a foreland during a dike breach. Figure
2.2 shows the typical flow/energy profile over a broad-crested weir. As can be seen, the
water level upstream of the weir is raised, which gives an increase in the potential energy.
As a result, the discharge on the crest of the weir is maximized. If the crest is long enough
(Lp in Figure 2.2), eventually a critical flow will develop on top of the weir. At the
downstream end of the weir the water flow detaches from the headcut brink, resulting in an
overflow jet. Sufficient space is required upstream and downstream of the weir to allow
flow conditions to be set and to minimize the impact of disturbances.
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Figure 2.2: Flow pattern above a broad-crested weir. Reprinted from (Chanson & Eraso, 2004).

A weir is classified as broad-crested if the crest length is 3 times larger than the critical
crest flow depth. To comply with this for the experiments, the developed weir had to have
a total length of 1373 cm. To minimize energy loss, the construction had a slope upstream
ensuring a gradual bed level change. The slope continued horizontally up to a height of 55
cm, with a total length of 523.5 cm. A false bottom with a height of 15 cm and a total length
of 3650 cm was connected to this first part. On this false bottom, the falling gate
construction was mounted, and the sediment package could be prepared. This sediment
package, together with the upstream slope, gave the necessary extension of the crest to
realize the mentioned critical flow condition. The entire BCW construction was hollow.
All the concrete plywood panels were glued to each other and to the plexiglass flume side
walls. Spaces were retained to allow air to escape during the sediment flume water filling
procedure, preventing damage from possible overpressure.

The sediment package (sketched in beige in Figure 2.1), had a total height of 40 cm, a
length of 700 cm, and covered the full sediment flume width. The package was positioned
on top of the BCW false bottom, between the ramp and the falling gate, which provides an
extension of the BCW crest. At 700 cm, the package covered just over five windows of the
sediment flume facility. Care was taken as much as possible to level the surface of the
sediment package with the height of the BCW ramp upstream (40 cm), resulting in a
horizontal slope up to the headcut. An accelerating crest flow velocity was thereby
prevented. The transition of material types between the ramp and sediment surface caused
a difference in shear stress in the flow direction, which had consequences during
experiments.

A rotating falling gate structure (sketched in brown in Figure 2.1) was developed and
constructed to the right of the sediment package. The falling gate was mounted via a hinge

to the false bottom and is held up by a vertically moving lock. This combined construction
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created a water level difference. A square passage was made in the lock to let the water
flow through. Fine meshes were attached to the side edges to prevent the escape of
sediment. A lead block was attached to the downstream side of the falling gate for extra
downward fall force during an experiment. The falling gate ensured that the sediment
headcut had an initial vertical slope. An experiment starts by lifting the lock.

Concrete plywood panels were glued on top of the sediment flume sidewalls from the
upstream inlet to the end of the BCW false bottom (not shown in the figure). These panels
ensured that the water level upstream could be raised even more, which gave extra potential
energy, without flooding the facility. The hydraulic measuring instruments and the GoPro
setup construction were mounted on top of the panels.

The sediment was trapped at the far downstream end position of the sediment flume. The
water was circulated by a frequency controlled, hydraulic pump (right in Figure 2.1). A
piping system fed the water back to the inlet, thereby creating a closed circulating system.
A disadvantage of such a closed system is that fine material is circulated, making the water
more and more turbid during consecutive experiments.

Drifting block elements were installed at the most upstream and downstream position of
the sediment flume (not shown in the figure). These blocks dampen the waves formed by
the waterflow inlet and BCW.
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2.1.1 Tompouce Experimental Setup

After three river clay experiments, an adjustment of the facility has been made. The adjustment
ensured, among other things, that mass surface erosion was excluded, which had a major impact
on the headcut erosion process. And it allowed an aerated nappe to develop properly. As a
result, headcut erosion, caused by undermining alone and as calculated in the BRES-2021
module, could be carefully analyzed.

A single layer of concrete plywood panels was constructed on top of the clay package (see
Figure 2.3). The panels served as an extension of the BCW concrete plywood ramp surface
height all the way until the clay package headcut (see Figure 2.4). To prevent the panels from
floating during experiments, they were attached to the sediment flume side walls by means of
small flow-conducting panels (see Figure 2.4 and Figure 2.5). The false bottom, yellow plus-
grid and two measurement devices can also be observed in the images. The name “Tompouce”
is chosen because the layered structure resembles a typical Dutch pastry named Tompouce (or
Tompoes), consisting of puff pastry on top of cream. Below three images are shown to give an
impression of the Tompouce experimental setup.

:

B

| / g . ] « ;
Figure 2.3: Image of Figure 2.4: Side view image of the Tompouce experimental Figure 2.5: Top view

placing the concrete setup taken at the headcut location. The false bottom and image of the Tompouce
plywood panels on top of  yellow plus-grid can be observed as well. experimental setup taken
the river clay package. within the sediment flume

facility. A water level
sensor (MIC+35) and
flow velocity sensor
(EMS) can be observed
as well.

25



The stability of foreland types under dike breach conditions — an experimental study

2.2 Measurement Techniques and Sensors

A range of measuring devices was used during the experiments, including a discharge sensor,
a flow velocity sensor, water level sensors and GoPros for visual inspection. All measuring
devices are owned by the Hydraulic Laboratory. First, the installation and specifications of
each hydraulic measuring sensor is described separately. Images of the installation and position
of the sensors in the sediment flume facility can be found in Appendix A: Additional Images.

Thereafter, the GoPro setup is described, and its installed settings are mentioned.

By measuring the water level at specific locations, upstream, downstream and at the top of the
BCW, the water surface profile/progression of the energy head (Figure 2.2) and gradient are
known along the entire sediment flume length. Together with the measured flow rate and the
flume width, the local flow conditions can be determined. The local flow conditions in the
context of the headcut, together with the theory, provide input for the extended BRES-model.
The data of the hydraulic measuring sensors are recorded and stored using the program
DASY]lab on a computer in the Hydraulic Laboratory for further analyses. In this program, the
measuring frequency was set to 10 Hz for all instruments. The signals of the hydraulic
measuring devices are voltage outputs. These outputs were converted into the correct unit
through calibrations. The obtained calibration factors were implemented in DASYlab.
Specifications and graphs made for the calibration per instrument type are shown in Appendix

B: Instruments.

2.2.1 Discharge Sensor

The discharge was set by adjusting
the frequency of the hydraulic pump.
The actual discharge was measured
by a Proline Prosonic Flow 91W / -
ultrasonic flowmeter (abbreviated as
PPF). The sensor is situated in the

return flow pipe under the sediment

flume facility. It measures the flow

VCIO C ity using the princip le 0 f trans it Principle of the transit time difference measurement method

Q=v-A

time difference. The measured flow | @ oo

Sensor

oo

Volume flow

Flow velocity (v~ At)

Transit time difference (At = t, — ty)
Pipe cross-sectional area

dlscharge value (See Flgure 2-6)' Figure 2.6. Illlustration of the discharge sensor measurement method
using the principle of the transit time difference. Note: reprinted
from: (Endress+Hauser, 2011).

velocity was converted to a

<
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For more technical information see the Endress+Hauser documentation (Endress+Hauser,

2011).

2.2.2 Electromagnetic Flow Sensor (EMS)

To measure the crest flow velocity (Uc), an
Electromagnetic flow sensor (abbreviated as EMS) was
used. Figure 2.7 provides a sketch of the principle of an
EMS (Uijjttewaal, 2022). The water flows through a
magnetic field (B) which is induced by an electrical
current in a small coil inside the body of the probe of the
instrument. Due to the charge carried by the water flow
a potential difference (AVy) is created which is
proportional to the flow velocity. To prevent disruption
of the water flow as much as possible, the narrower E30
probe type is used. This probe type is connected to a
control unit with a measuring range of 0 — 2.5 m/s. The
calibration certificate of the specific EMS model
provided by Deltares (see Appendix B: Instruments) was
used to convert the analogue output signal (volts) to a

velocity, U (m/s) in the program DASYlab.

The EMS was installed at the upstream location of the
broad crested weir. It was attached to an adjustable
mount to have control over its vertical position. This is
necessary because the E30 probe has a minimum
immersed depth of 5 cm. Figure 2.8 shows an image of
the installation of an EMS. For the position and
installation in the sediment flume facility see Appendix
A: Additional Images. For more technical information
see the Deltares documentation (Deltares, 2022).

« 4cm
electrode

>

T

Figure 2.7: Illustration of the principle of
an ElectroMagnetic flow Sensor (EMS).
Reprinted from: (Uijttewaal, 2022).

Figure 2.8: Image of an EMS installation.
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2.2.3 Water Level Sensors

Five position sensors were used to measure the water level relative to the sediment flume
bottom (/41-hs). Three ultrasonic echo-sensors (type MIC+35, abbreviated as MIC) and two
Magnetostrictive Position Sensors (abbreviated as MPS) are installed in the sediment flume
facility. The positioning of the sensors is chosen such that the water level profile over the full

sediment flume length is known.

Ultrasonic echo-sensor

The three ultrasonic echo-sensors were evenly (a)
installed over the BCW sediment package. The m
second and third echo-sensors were attached to o

adjustable mounts, to have control over their vertical

\

position (see Appendix A: Additional Images). The -

Water Flow
sensors were fixed to the concrete plywood by

means of their screw thread. A sensor determined

Sediment

ety

the distance to the water surface via echo

propagation time measurements. Because the height

of the sensors and sediment package is known, the -
water level relative to the sediment flume bottom (b)

can be obtained (h; - hy). Sensor type MIC+35 was o
used, which has a detection zone of 65 to 600 mm.
The cylindrical sensor has a touch control with a
LED display which shows the direct measured value
output in mm/cm or %. Via two keys the pre-settings
can be changed (see also Figure 2.9 (a, b and c)).
Calibrations of the three sensors were performed to
convert the analogue output signal (volts) to
distances (cm) (see Appendix B: Instruments). For
more technical information, see the document of the
manufacturer Microsonic (Microsonic GmbH,
2022).

Figure 2.9: Images of the ultrasonic echo
sensor, type MIC+35. (a) Sketch of the sensor
position and operation in the sediment flume
facility. (b) Illustration of the MIC+35 detection
zone. (c) Image of the multi-functional display.
Images (b) and (c) are reprinted from
(Microsonic GmbH, 2022).
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Magnetostrictive position sensor

The two magnetostrictive position sensors
were installed at the far upstream and
downstream end in the sediment flume
facility. These sensors were clamped below
their electronics housing as tight as possible to
prevent shifting (see Appendix A: Additional
Images). The Model GH rod-style sensor was
used. They consist of two elements: (1) A
waveguide sensor (stroke), which induces a
magnetic field. (2) A magnet float (ball,
diameter is 53 mm), which passes along the
outside of the sensor. The position of this
magnet float was determined. Because the
height of the sensor and the stroke length is
known, the water level relative to the sediment
flume bottom can be obtained (h; and hsg). A
Styrofoam block was attached around the
middle of the magnet floating ball for
stabilization, which kept the water level
measurement results as constant as possible
during high flow velocities and in case small
waves were generated downstream (see
Figure 2.10 (a, b, and c).

For more technical information see the
document of the manufacturer Temposonics

(Temposonics GmbH & Co. KG, 2015).

X Wate{Flow &

U=y

Figure 2.10: Images of the magnetostrictive position
sensor, model type GH rod-style. (a) Image of the two
used MPS'’s. The electronics housing, stroke and magnet
floating ball surrounded by Styrofoam are shown. (b)
Close-up image of the stabilization application on the
floating ball. (c) Sketch of the sensor position and
operation in the sediment flume facility.

29



The stability of foreland types under dike breach conditions — an experimental study

2.2.4 GoPro Setup and Settings

The erosion process was recorded from the side of the sediment flume facility by five GoPros,

Hero 10 (see Figure 2.11). They could be started simultaneously with the help of a remote

control. Each GoPro was optimal positioned in front and in the middle of a plexiglass window

along the sediment test layer. In this way, the five GoPros collectively observed the entire

sediment packet. A frame of wooden beams and concrete plywood panels was designed and

constructed to hold the five GoPros in position.

MIC+35 LED Strip Black Cloth Charging Station

o
i’.h —t
T T Gopro 2 (HERO 10) T
3 _ §
X WaterFlow X 9
T -3
= Sediment T
o
T ~
> =

' 77 ' s 552

Figure 2.11: Schematic of cross-section A-A’ at GoPro 2 position (indicated in Figure 2.1). The sediment flume facility
and the GoPro setup are shown (distances are in cm, not on scale).

TO

Several measures were taken to ensure an optimal visibility for further analysis, see also Figure
2.11:

To prevent reflection in the plexiglass windows, a large tent of a black cloth was
constructed around the five GoPro installations.

The wooden beams of this tent were painted black.

For each GoPro, a piece of black cloth was mounted against each outside plexiglass window
of the left sediment flume wall.

Two LED strips were installed, one in the sediment flume top corner, and one on the floor
in front of the GoPros.

To prevent a GoPro from running out of power during a test, black charging cables and
power blocks were installed.

30



Experimental Setup

e Before the start of each test, the headlamps of the Hydraulic Laboratory were switched off.
e To have control over the dimensions and positions when analyzing the recordings, three
measures were taken: (1) A grid was drawn on each window over the full sediment package
length. This grid consisted of yellow plus markers, each 20 cm apart. Stabilized laser beams
were used for constructing this grid. (2) Horizontal and vertical tape measure was taped at
the window edges. (3) Chessboards were taped in the corner of a single window, one with

21 mm x 21 mm and one with 7.5 mm x7.5 mm fields.

By downloading the phone application from GoPro, each GoPro camera could be optimally
positioned separately by means of a Bluetooth connection and the clear image on the phone.
The desired settings of each camera could also be set separately via this application. These

settings are shown below in Table 2.1:

Table 2.1: Chosen settings of all five GoPros.

GoPro Video Settings | Video or Video Time-lapse

Depending on experiment duration and available storage data

Resolution 2704 x 1520 pixels (2.7 K)

Frame Rate 60 fps (frames per second)

Field of View L+, this setting gives no distorted straight lines
Stabilizer Horizontal stabilizer

Remark: because of the maximum file size of 4 Gb (32 bit), the GoPro divides long duration
recordings into segments of about 11 minutes, leading to separate data files for experiments

lasting longer than this period.
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2.3 Experimental Procedure

To perform an experiment, several actions should be taken to ensure the desired initial
conditions of the setup and to guarantee proper data acquisition and storage. Figure 2.12
summarizes the 11 necessary steps. Some steps can be taken in parallel.

North Sea sand experiment River clay / Tompouce

Lock the falling gate

Prepare the sediment
test layer

a Charge GoPros,

synchronize them and
clear storage space

v

Set the orientation and
settings of the GoPros

-

Turn on the main e 1th fachl
Hydraulic Lab pumps et

River clay/Tompouce

Actions in DASYlab
programme

Start a separate flume
fill DASYlab file

nlll the sediment flume

facility and check water
level inside BCW.
If necessary, decrease
filling rate

Cool and
vent the

Set the hydraulic pump!
pump to its desired
frequency and thereby
the discharge in the
sediment flume

Qii Ask for

permission!
Switch off hall
headlamps

Stop flume fill l
DASYlab file. Start a Start the recording of
new DASYIab file for ¥ the five GoPros using
the recorded data of the remote control
the actual experiment

Initiate experiment

River clay/Tompouce:
Switch on the two LED
strips

1A
North Sea sand:
Pull up the lock

Figure 2.12: Flow chart of the necessary steps to perform an experiment.
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Additional explanations for all separate steps are provided below:

1.

10.

1.

Locking the falling gate for the North Sea sand experiments has three purposes: firstly, it
creates a suitable space in the BCW for preparing the full North Sea sand package.
Secondly, it prevents erosion of the sediment when the hydraulic conditions are set.
Nevertheless, proper closure of the side edges of the falling gate should be checked. Lastly,
it initiates a water level difference before the start of an experiment. The rectangular hole
in the lock of the falling gate construction provides an overflow jet.

See for a detailed description of the North Sea sand, river clay and Tompouce soil
preparations Sections 3.3.1, 3.3.2 and 3.3.3.

Precautions must be taken to ensure that all five GoPros start recording at the same time
and that a single GoPro recording is not suddenly stopped during an experiment. Charging
the GoPros during a long experiment can cause the GoPros to fail due to overheating.

The GoPros should be aimed perpendicular to the plexiglass window to minimize distortion
of the image. The setting of each GoPro differs per position and per experiment. The GoPro
phone application is an excellent tool to do both specifically. When everything is ready,
close the entire GoPro tent with the black cloth.

The main reservoir is filled by switching on the main Hydraulic Lab pumps. It should be
checked in advance whether there is enough water in the underground bunker.

A separate DASYIab file should be made and started to control the flume fill water level
and set the desired flow discharge.

Filling the sediment flume facility to its desired water level should be done in a well-
controlled manner via the upstream and downstream water inlets. These inlets can be
controlled simultaneously. The cavities of the entire BCW must be filled at the same rate
as outside. If this is not done carefully, air escapes with reasonable force and penetrates
through the soil package. This can therefore disturb the homogeneity of the sediment test

layer.

. In order not to damage the hydraulic pump, it is necessary to aerate the pump first and then

open the cooling hose.

Permission for switching off the headlamps must be requested from all those present in the
Hydraulic Lab. This prevents a possible disruption of an ongoing experiment elsewhere in
the lab.

For further analysis, a new DASYlab file should be named, checked and started (10 A).
The GoPro phone application shows the time when a recording is started (10 B), this gives
a clear time indication during an experiment.

When pulling up the lock, note that the resistance has increased enormously due to the
water column that flows through the lock (11 A). Blinking with the LED strips is a handy

(additional) method to give a time indication for further analysis (11 B).
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3 Experimental Conditions

This chapter presents the experimental conditions of all experiments performed: sediment type,
soil preparation methods, initial water level, setting of the pump speed and the resulting
hydraulic conditions as a function of time (water levels and flow velocities). Moreover, results

of extensive sediment analyses are included.

3.1 Sediment Analysis

The specifications of the two sediment types used in this study, namely North Sea sand and
river clay, have been determined by sediment analysis tests. These tests were performed in the
Geoscience and Engineering Laboratory of the Department of Applied Geosciences, Faculty
of Civil Engineering and Geosciences at Delft University of Technology. The test procedures
were based on the British Standards and the ASTM standards, which are methods of test for
soils for civil engineering purposes. They contain classification tests and methods to determine

the geotechnical properties. Per sediment type, the results are shown in different sections.

3.1.1 North Sea sand

Four identical dry sieving tests were performed in accordance with BS 1377:1975, Test 7(B).
(Verwaal & Mulder, 2017). During the dry sieving tests, it was found that the North Sea sand
samples contained seashells (see Figure 3.1). Their maximum size was 4 cm and the volume
percentage was around 7%. The seashells have not been removed during the sediment package
preparation before each experiment and may influenced the erosion process. (Cheng, et al.,
2021).

Figure 3.1: Image of the remaining seashells during a dry sieving test with North
Sea sand.
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From the results of the dry sieving test, a particle size distribution (PSD) curve was generated
(see Figure 3.2). It illustrates the amount of material that passes through each chosen sieve and
the average, smallest and largest particle size (Bensoula, Missoum, & Bendani, 2014).
The remaining 7% seashells have been included during the generation of the PSD curve. At the
top of the curve, this is reflected in the extended horizontal plateau. The results of the North
Sea sand analysis, containing the grading characteristics and coefficient values, are

summarized in Table 3.1.

Particle Size Distribution Curve, North Sea sand

r 100
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0.10 1.00 10.00

% Passing

Particle Diameter (mm)

Figure 3.2: North Sea sand Particle Size Distribution Curve (including seashells). For grain size parameters Doo, Deo,
Dso, D30 and Do, see Table 3.1.

Five grading characteristics are indicated in Table 3.1: Geotechnical properties of the North Sea sand.
the table: Doy, the maximum size of the
Parameter Symbol Value
smallest 90% of the sample. Dgy, the
. . Sea shells percentage % 7
maximum size of the smallest 60% of the
. Gravel percentage % 3.1
sample. D5y, the median of the PSD curve.
. . Sand percentage % 96.9
D3, the maximum size of the smallest 30% P s ’
. . Fines percentage % 0.0
of the sample and D, , the maximum size of :
) 90 % passing Dy (mm) 0.537
the smallest 10% of the sample (effective ,
) ) ] o 60 % passing Dg (mm) 0.366
size). With the grading characteristics, a :
. . . 50 % passing D5 (mm) 0.341
uniformity coefficient, C, = Dgo/D1gy, of
. 30 % passing D3, (mm) 0.289
1.63 and a coefficient of curvature, C, =
o2 10 % passing Dy (mm) 0.225
30 :
DD’ of 1.014 were found. With C,, smaller Uniformity coefficient c, 163
than 4 and C, between 1 and 3, the North Sea | Coefficient of C 101
. curvature ¢ )
sand can be classified as a poorly graded | Coefficient of
. K (mm/s) 0.32
uniform soil. permeability
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The coefficient of permeability, K, was obtained by ir. Mario van den Berg who performed
constant head tests according to the ASTM-method D2434.

3.1.2 River clay

The river clay was supplied by Boskalis and was categorized as Erosion Class 3. For an
extensive categorization a sediment analysis was performed during this study. Samples were
taken during the river clay package preparation, before the Tompouce experiments. Three air-
tight buckets with river clay samples were filled, see Appendix A: Additional Images for
pictures. For comparison, tests were performed repeatedly with the samples taken from two
buckets. During the analysis period, these buckets were stored in a climate-controlled room in

the Geoscience Laboratory.

A Particle Size Distribution Curve was generated by merging the results from dry sieving tests
and hydrometer tests. The hydrometer tests were performed according to the BS 1377: PART
2:1990 procedure. The graphical result is illustrated below, see Figure 3.3. From this
illustration, it can be noticed that the median grain size, D5, of the river clay sample has a
value of 0.034 mm, and therefore the soil is specified as Medium Silt (MSi).

Particle Size Distribution Curve, river clay

100
- 90
- 80
- 70
- 60
- 50
- 40
- 30
- 20
- 10
T T T T T 0
0.0001 0.001 0.01 0.1 1 10 100
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Figure 3.3: River clay Particle Size Distribution Curve, generated from dry sieving and hydrometer test.

Table 3.2 gives an overview of all tested river clay classification parameters. The tests that
were performed for each parameter are mentioned, together with the followed test method code.
The determined parameter value presents the calculated average of repeatedly performed tests.
For each parameter, their accompanying symbol and unit are provided as well.

37



The stability of foreland types under dike breach conditions — an experimental study

Table 3.2: Geotechnical properties of the river clay samples. Values are averages of repeated tests.
Parameter Symbol Value Unit Test Performed Method Code
. Natural Moisture | BS 1377:PART
0,
Moisture content w 30.86 % Content 2.1990
Porosit n 0.45 i Natural Moisture | BS 1377:PART
y ) content 2,1990
In-situ density Psw 1.01 Mg/m?3 Density B_S 1377 Part
2:1990
. . BS 1377: Part
3
Dry density Dsd 0.77 Mg/m Density 2:1990
Liquid limit LL 36.6 % Fall Cone test 12%(3‘/‘“ 17892-12:
Plastic limit PL 27 % Rolling Method 12%(3‘/‘“ 17892-12:
C 13.9 ISO/TS 17892-12:
Plasticity index 1P (Low) - - 2004
P ISO/TS 17892-12:
Liquidity index IL 0.59 - - 2004
Consistency ic 0.41 i ) ISO/TS 17892-12:
index (Soft) 2004
Internal friction o . BS 1377: part 7
angle o) 5.8 Direct Shear Test 1990
Cohesion c 28.24 kPa (kN/m?) | Direct Shear Test ]13989(1)377: part 7
Undrained shear 2 . BS 1377: part 7
strength Cy 36.0 kPa (kN/m#) | Direct Shear Test 1990
Critical shear 2 . BS 1377: part 7
stress T, 17.9 kPa (kN/m*) | Direct Shear Test 1990

3.2 Experimental Campaign

In total, twelve experiments were performed within this study. North Sea sand was tested in
the first three experiments. After the third run, it became clear that the results obtained were
sufficient for further analysis. After these North Sea sand experiments, nine experiments were
performed with river clay, until this sediment package was eroded away almost completely.
Six experiments in normal conditions and three with the Tompouce setup. Table 3.3 provides

an overview of the essential information of every experiment.

The first column in Table 3.3 lists the serial ID number per experimental type: NSS1-3, RC1-
6 and TP1-3 presenting the North Sea sand, river clay and Tompouce experiments respectively.
These codes will from now on be used for experiment designation in this report.

The second column shows the duration of each experiment in hours:minutes:seconds. The
duration was determined by the time between when the desired flow discharge of the hydraulic
pump was set, and when the pump was switched off. The pump was switched off for three
reasons, resulting in differences in duration between experimental type and between single

experiments. Firstly, when the sediment package was completely eroded away. This only
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happened during the North Sea sand experiments. Secondly, when no discernible erosion
mechanism was observed, not even after changing the hydraulic condition (occurred during
river clay and Tompouce experiments). Lastly, when a defect occured with one of the GoPros.
The third column presents the averaged measured water level, H, in cm relative to the sediment
flume facility bottom after the flume was completely filled to the desired level. For all North
Sea sand experiments, H was kept constant. After river clay experiment RC2, H was reduced.
This was done to try and get an aerated overflow jet during the experiment. Per Tompouce
experiment, H was increased to achieve a more intense overflow jet, resulting in more intense
headcut erosion due to undermining during the experiment.

The fourth column gives the maximum crest flow velocity, U, 4y, measured by the EMS in
m/s during an experiment.

The fifth column gives the maximum flow discharge, Q,;, mqx, as measured by the PPF sensor
in I/s. For comparison, the theoretical maximum flow discharge, Q¢ mqyx, In /s has been
estimated using Equation 3.1 (see also (Badr & Mowla, 2014), (Chanson & Eraso, 2004) and
(Osman Akan & lyer, 2021)):

3
2\2 3
Qemax = Ca (g) \/EWhOZ (3.1)

With acceleration of gravity, g (m/s), sediment flume facility width, W (0.77 m), the overflow
head upstream of the weir, hy (m) — see also Figure 2.2 — and dimensionless discharge
coefficient, C;. Due to the smooth transition of the slope upstream of the weir, C; could be set
to 1.

The last column provides some additional notes.

All data of all experiments are available for further analysis and can be found in the
4TU.ResearchData Repository. For details of the filenames see Appendix C: Available Data.
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Table 3.3: Overview of the twelve experiments performed. Division is made per experimental type: North Sea sand (3

experiments), river clay (6 experiments) and Tompouce (3 experiments). The test duration (hh:mm:ss), flume fill water level

H (cm). the maximum crest flow velocity Uc max (m/s), the measured maximum flow discharge Qm max (I/s) and estimated

maximum flow discharge Qemax (I/s) are shown. Some additional notes are also provided. ") unreliable measured value.

Test
Duration
(hh:mm:ss)

Flume Fill
Water
Level,
H (cm)

Maximum
Crest Flow
Velocity,

Uc,max

(m/s)

Measured
Maximum
Flow
Discharge,
Qmmax (S)

Estimated
Maximum
Flow
Discharge,
Qemax (U5)

Notes

North Sea sand
NSS1

00:04:35

62

1.3

148

154

Falling gate used. Interference
hydraulic jump

NSS2

00:03:21

63

1.5

201

217

Falling gate used. Interference
hydraulic jump

NSS3

00:03:37

62

1.7

2990

262

Falling gate used. Lots of
sediment in system, Q,,

unreliable

river clay
RC1

00:09:21

65

1.4

256

252

Start river clay experiments.
Falling gate used

RC2

00:14:54

65

1.5

249

249

Preparation new initial
headcut. Continued from RCI1
headcut final position (at flume
window 2).

RC3

00:26:00

50

1.2

127

129

Continued from RC2 headcut
final position (at flume window

2).

RC4

00:42:00

48

1.1

96.3

101

Continued from TP3 headcut
final position (between flume
window 3 and 4).

RC5

01:55:00

48

1.4

180

190

Preparation new initial
headcut. Continued from RC4
headcut final position (at flume

window 4).

RC6

00:48:00

49

1.5

190

194

Final river clay experiment.
Preparation new initial
headcut. Continued from RCS5
headcut final position (at flume

window 4).

Tompouce
TP1

00:44:00

44

1.0

125

134

Preparation Tompouce setup
and new initial headcut.
Continued from RC3 headcut
final position ( at flume window

3).

TP2

00:55:00

51

0.9

78.1

83

Preparation new Tompouce
setup and initial headcut.
Continued from TP1 headcut
final position (at flume window

3).

TP3

40

01:34:00

65

1.4

248

256

Final Tompouce experiment.
Continued from TP2 headcut
final position (at flume window

3.
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The headcut during the river clay experiments had no sharp edge. This made it difficult to
realize an aerated nappe, which was later fixed by the Tompouce setup. For each new river clay
experiment, a desired flow discharge must be set repeatedly. During the river clay and
Tompouce experiments, the flow discharge was adjusted in combination with the initial flume

fill water level per experiment in order to obtain the desired hydraulic conditions.

The erosion process during the first two North Sea sand experiments, NSS1 and NSS2, was
disturbed by interference of the hydraulic jump. After the start of the experiment a hydraulic
jump occurred downstream, moving rapidly towards the already lowered falling gate. After
reaching the falling gate construction this resulted in irregular uplifting of the gate. This
undesired effect was prevented by increasing the flow discharge and did not occur in
experiment NSS3. Nevertheless, the data obtained during NSS1 and NSS2 might be useful for
further studies.

After the North Sea sand experiments, the river clay package was installed. Three experiments
were performed successively: RC1-3.

At RCl1, the clay package extended until the falling gate construction (7 m). However, lowering
the gate to initiate the experiment resulted in tearing apart of the headcut. This created a
cascading headcut. After 9 minutes, the headcut was smoothed by mass surface erosion and no
more erosion was observed, so the experiment was stopped.

At RC2 the headcut was newly prepared approximately one meter upstream the falling gate.
During this experiment, an attempt was made to maintain the same hydraulic conditions that
prevailed in experiment RCI1. Unfortunately, the hydraulic conditions were unfavorable for
aerated nappe formation. That is why at RC3 the hydraulic conditions were adjusted until an

aerated nappe occurred.

Thereafter, three Tompouce experiments were performed: TP1-3. Before experiments TP1 and
TP2, the concrete plywood top panel was cut at the position of the newly prepared headcut. No
adjustments were made before experiment TP3, because this experiment was performed right
after experiment TP2. The maximum flow discharge and flume fill water level was changed to

influence the nappe formation and downstream water level during an experiment.

Finally, the measurement campaign was concluded by three additional clay experiments: RC4-
6, until most of the sediment package was washed away. Unfortunately, during these
experiments there was a lot of trouble with clay pieces sticking to the sediment flume glass
wall near the headcut, which greatly hindered the observations. In addition, the observations
during experiment RC4 were made more difficult because the headcut was located between

two observation windows.
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Experiments NSS3, RC3 and TP2 were performed successfully and will be analyzed and
discussed further in the following sections. Section 3.3 provides the experimental conditions

of these three experiments in more detail. The results will be shown in the next chapter.

3.3 Soil and Hydraulic Conditions for Experiments NSS3, RC3
and TP2

In this section, the experimental conditions of the experiments NSS3, RC3 and TP2 are
described to support the further analysis in this report. For each experiment, the preparation of
the sediment package will be explained, after which the hydraulic conditions will be illustrated
using graphs. The hydraulic conditions were measured by the discharge sensor, the flow
velocity sensor (EMS) and the water level sensors (MIC and MPS), as described in Section 2.2.

The graphs of the water levels are ordered in streamwise direction (h;_s).

3.3.1 Experiment NSS3

Soil Preparation
The North Sea sand required no preparation outside the sediment flume and could therefore be
poured directly when the falling gate was closed. The following essential preparations were
made:
¢ (Glass and non-sedimentary material were removed by hand, to avoid their influence on
the erosion process.
e Several times the sand package was walked over to allow consolidation to take place
with the aid of human weight.
e To prevent irregularities in the top layer, which will grow during the test, it was
smoothed as accurately as possible.
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Hydraulic Conditions

Figure 3.4 shows a graphical representation of the hydraulic conditions during test NSS3,
measured by the 7 measuring instruments. Three peculiarities can be observed: Firstly, a
sudden jump at 36 seconds in the first graph, presenting the pump discharge measurement. The
jump is probably a measurement error, most likely caused by turbidity, which prevents the
signal from the PPF sensor to properly penetrate the flow volume. This turbidity arose because
sediment from previous experiments (NSS1 and NSS2) had settled in the return flow pipe.
Fortunately, this undesired effect did not appear at the measurements with clay.

Secondly, the intensive turbulent behavior of the water level measured by the MPS 2, which is
located downstream. This is due to high flow velocities during the test.

Lastly, the graphs of water level sensors MIC 3 and MIC 2 continue horizontally from 35
seconds and 110 seconds respectively. After these specific moments, the water level was
outside the 65 cm detection zone of the sensors. This has been observed by GoPro's recordings
and verified.

To obtain an estimate of the flow discharge, Q., Equation (3.1) was applied. The upstream
energy head, h,, was obtained by subtracting the weir height, p in Figure 2.2, from h,, as
measured by MPS 1. The result is given in the second graph of Figure 3.4. Of course, Equation
(3.1) is not valid at the start of the measurement, when the flow accelerates and must develop

to a quasi-steady state.
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Measured Flow Discharge, Q,, (I/s) by PPF Sensor,
Experiment NSS3 (unreliable measurement)
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Figure 3.4: Measured flow discharge, On (I/s), flow discharge, Q. (I/s) estimated using Equation (3.1), crest flow
velocity, Uc (m/s), and water levels, h1 — hs (cm), during experiment NSS3. The sudden jump in the measured flow
discharge at 36 seconds is due to a measurement error (turbid flow volume in the return flow pipe caused interference
for PPF sensor signal penetration).
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3.3.2 Experiment RC3

Soil Preparations

Much attention was paid, and many attributes were used to prepare the 2.5 m? soil of the
sediment test layer in the right condition. Heavy gear, such as shovels, rakes, hammers and
axes were used to pulverize and transfer the sediment from the large transport bags into the
sediment flume facility. A vibrating needle, water nozzles, air blowers, elements for
consolidation were applied to get the soil test layer in the desired condition. The river clay was

delivered by Boskalis in Big Bags of 1.5 m>. These bags contained very dense dry clay chunks

with a diameter of around 50 cm. Outside the
sediment flume, these chunks were manually
reduced to a diameter of 10 cm with the
attributes mentioned above. During this
process, the boulders found were removed by

hand as much as possible. Figure 3.5 shows a

photo to give an impression of the size of the
Figure 3.5: Image of boulders found and removed

boulders found and removed. e : ) e
during River clay preparation process, scale in cm.

The river clay package was built up in 4 layers of 10 cm on top of the false bottom. Each layer
was made homogeneous by a combination of intensive mixing, evenly moistening with water
and the use of a vibrating needle. The entire sediment package was consolidated for a few days
by repeatedly spreading human weight over the top layer. After a drying period of two weeks,
some cracks appeared in the sediment top layer. These cracks turned out to be crucial in the
erosion process later in this study. Before the experiments were performed, the location and
width of the 10 main cracks were identified using codes (S1-S10). On the outside of each GoPro
observation window, each code was pasted at the respective crack location for further analysis.
To give a clear impression, some pictures of the drying period, the crack formation and codes

are shown below in Figure 3.6 and Figure 3.7.

»-..Am;s«w-.’:;,‘. Was. o

Figure 3.6: Images of the preparation of the river clay package drying period. Cracks formed at the surface
and were identified.
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(c)

Figure 3.7: Images to show the identification method of observed surface cracks S2 and S3.

Hydraulic Conditions

Figure 3.8 shows a graphical representation of the hydraulic conditions during test RC3,
measured by the 7 measuring instruments. As can be seen, the pump discharge, Q, was
increased step by step during this experiment. This was done to create an aerated nappe and to
amplify certain erosional mechanisms.

Please note the excellent agreement between the measured flow discharge and the estimated

flow discharge (Q,, and Q,, respectively).

Due to the previous trials RC1 and RC2, the headcut had already migrated past the location of
MIC 3. As a result, the water level to be measured (h,) for test RC3 fell outside the range of
sensor MIC 3 and is therefore omitted.

Note that during the first 5 minutes of the test, with a low flow discharge value, the EMS probe
was outside the water column and gave therefore erroneous results.

Unfortunately, this could not be guaranteed during certain experiments due to low water levels

and therefore, occasionally, some errors occurred in the measurements.
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Measured Flow Discharge, Q,, (I/s) by PPF Sensor,

Experiment RC3
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Figure 3.8: Measured flow discharge, Om (I/s), flow discharge, Qe (I/s) estimated using Equation (3.1), crest flow
velocity, Uc (m/s), and water levels, h1 — hs and hs (cm), during river clay experiment RC3.
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3.3.3 Experiment TP2

Soil Preparations

See Section 2.1.1 for the overall description of the Tompouce experimental setup. Before the
concrete plywood top edge was constructed, the headcut was carefully cut at the desired
distance. Careful, in the sense that the headcut face was influenced as little as possible by
pressing, kneading, and molding.

The concrete plywood top layer was attached with connections along the plexiglass. These

connections were smoothed to minimize disturbance of the flow as much as possible.

Hydraulic Conditions

Figure 3.9 shows a graphical representation of the hydraulic conditions during test TP2,
measured by the 7 measuring instruments. As can be seen, the pump discharge was kept
constant at 78 1/s.

Again, the measured flow discharge and the estimated flow discharge (Q,, and Q,,
respectively) agree very well. This gives confidence in the estimated flow discharge for

experiment NSS3, where the measured value was unreliable.

Due to the previous river clay experiments, the headcut had already migrated past the location
of MIC 3. As aresult, the water level to be measured for test RC3 fell outside the range of MIC
3 and is therefore omitted.

Note that during the first 4 minutes of the test, with a low discharge value, the EMS probe was
outside the water column and gave therefore erroneous results.

A hydraulic jump occurred in between MIC 1 and MIC 2; therefore, the turbulence at the
position of MIC 2 was strongly intensified.
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Measured Pump Discharge, Q,, (I/s) by PPF Sensor,
Experiment TP2
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Figure 3.9: Measured flow discharge, On (I/s), flow discharge, Q. (I/s) estimated using Equation (3.1), crest flow
velocity, Uc (m/s), and water levels, h1 — h3 and hs (cm), during Tompouce experiment TP2.
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4 Experimental Results and

Observations

This chapter presents the results of the experiments NSS3 (North Sea sand), RC3 (river clay)

and TP2 (Tompouce). Specific observations are included per experiment.

4.1 Results of Experiment NSS3

By combining the five GoPro recordings of experiment NSS3, the erosion process was captured
as four snapshot series (see Figure 4.1). The time (# until #3), and applicable flow velocity are
indicated for each snapshot series. The timestep between each series is chosen as 60 seconds.
It appeared to be difficult to track the headcut foot automatically with numerical methods, such
as Canny Edge Detection (Lohithaswa, 2015). This is due to the turbulent water conditions, the
water column becoming more and more turbid and the soil adhering to the plexiglass windows.
Therefore, the change of the x-position of the headcut foot is chosen as measure for the
migration rate, since this position can be easily determined manually from the GoPro recording.
A red marker is sketched in each snapshot series to indicate the location of the headcut foot.
The yellow vertical line indicates the location of the falling gate and serves as a zero-reference
point during the red marker tracking procedure. A black arrow indicates the distance between
this reference point and the red marker. Notice that at time to, the red marker is 40 cm to the
right (downstream) of the yellow vertical line. At the start of the experiment, the 40 cm high
headcut became unstable when it became detached from the falling gate and fell forward,
downstream. This extra distance is included in the determination of the red marker distance

and the migration rate.

Two graphs are provided which show the red marker x-position and migration rate as a function
of time (see Figure 4.2 and Figure 4.3). In order to make these graphs, the red marker was
tracked every 30 seconds. The secondary y-axis presents the measured EMS crest flow

velocity, U,, during experiment NSS3.

For the description of the soil preparation and hydraulic conditions of experiment NSS3, see
Section 3.3.1.
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(+) 40 cm

aman . e

t,=60s, U=143m/s |

Figure 4.1: Snapshot series of the erosion process during experiment NSS3 (North Sea sand), captured using the five GoPros. The time and the applicable flow velocity are indicated for
each snapshot series (upper left). The timestep between each series is chosen as 60 seconds. Maximum estimated flow discharge, Qemax, was 262 l/s. For each series, the location of the
falling gate is indicated as a yellow vertical line (vight). This location is designated as the zero-reference point during the red marker tracking procedure. A black arrow indicates the
distance between this reference point and the red marker.
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Headcut foot Distance (cm) and Crest Flow Velocity, U, (m/s),
Experiment NSS3
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Figure 4.2: Tracked x-position of the headcut foot (the red marker in Figure 4.1) as a function of time during experiment
NSS3 (North Sea sand) (black). The second y-axis presents the measured crest flow velocity, U. (blue).

Headcut foot Migration Rate (cm/s) and Crest Flow Velocity,
U, (m/s), Experiment NSS3
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Figure 4.3: Headcut foot migration rate during experiment NSS3 (North-Sea sand) (black). The second y-axis presents
the measured crest flow velocity, U (blue).

4.2 Observations of Experiment NSS3

During experiment NSS3, some interesting phenomena were observed and can also be seen in
the snapshot series in Figure 4.1. After the falling gate was released, the headcut front quickly
eroded to its angle of internal friction and surface erosion takes place over the full sediment
package. The flow was accelerated over the slope and local erosion increased as a result. This
led to the slope migrating further upstream under its critical angle. From the start of the
experiment, a scour hole formed immediately after the concrete plywood section of the BCW
ramp. The cause of this scour hole formation is due to the surface roughness transition from
the (smooth) concrete plywood to the sediment package, which causes a change in the bed
shear stress. Due to this scour formation (erosion) and the erosion of the headcut front during
the experiment, the circulated water flow became accumulated with suspended sediment and

became more turbid (see also the third and fourth snapshot series). This decreased the transport
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capacity of the water column. If this scour formation could be prevented, the top layer would
continue to erode to the concrete plywood edge of the broad-crested weir under the

aforementioned angle of internal friction.

From the graphs in Figure 4.2 and Figure 4.3 the following can be noticed:
e Inthe first 80 seconds, the migration rate increased up to a rate of approximately 3 cm/s,
due to the increasing flow discharge.
e After 80 seconds, the migration rate decreased. This is due to the above-mentioned
decrease of the water column transport capacity.
e At 160 seconds, the erosion processes of the scour hole and headcut front met, which

amplified the erosion rate. This can be seen by an increase in migration rate.

4.3 Results of Experiment RC3

This section shows the results of test RC3, which had a duration of 26 minutes (see Table 3.3).
At the start of this experiment, the river clay headcut had migrated past halfway window 2, in
front of GoPro 2 (see Figure 2.1). This was due to erosion during the previous experiments
(RC1 and RC2). Remarkably, the river clay erosion was caused by a completely different
mechanisms than was the case with the sand erosion, which was discussed in the previous
section. Here, crack formation, mass and headcut erosion are observed. In order to visualize
these important mechanisms, several snapshots of video file GP_2 RClay 3.2 (see also
Appendix C: Available Data C: Available Data), are made, included and discussed further on.
Nine snapshots are produced to provide a clear impression. The brightness and color contrast
are edited to improve the visibility. The pump discharge was kept constant between the first
and last snapshot ().

The first snapshot (Figure 4.4) was taken at t = 450 seconds. The yellow plusses are 20 cm
apart (both horizontally and vertically). S2 and S3 indicate the actual positions of the second
and third observed surface cracks from the headcut (See Section 3.3.2). At this moment, the
headcut has already eroded beyond crack S2, and crack S3 starts to grow. A red circle marks
the location of crack S3 and is the focus point for further analyses.

The eight follow-up snapshots (until t = 780 s) (Figure 4.5 till Figure 4.13) show 5 foreland
erosion phenomena: (1) the growth of crack S3, (2) the erosion at the base of the headcut due
to undermining, (3) the block sliding- and rotational failure mechanism, (4) the formation of a
non-aerated nappe after the block residue is washed away and (5) the formation of a new crack
in the top layer (repeating the headcut block erosion process). Note the differences in time steps

between each phenomenon.
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36 cm

62 cm v U:=094 m/s

T

Figure 4.4: Modified GoPro snapshot during experiment RC3 at time to = 450 seconds. Hydraulic conditions: measured
flow discharge, Om = 76 l/s and crest flow velocity, U. = 0.94 m/s. Dimensions of the river clay section are 62 cm
horizontal and 36 cm vertical. S2 and S3 indicate location of the identified surface cracks formed during soil
preparation phase. The red circle indicates observed initial crack formation.

Figure 4.5: RC3 GoPro 2 snapshot at t\ = to + 120 seconds (2 minutes). Crack S3 formation grows due to increasing
shear stress.
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Figure 4.6: RC3 GoPro 2 snapshot at t2 = to + 240 seconds (4 minutes). Figure 4.7: RC3 GoPro 2 snapshot at t3 = to + 250 seconds (t2 + 1 second).
Further growth of crack S3 formation due to increasing shear stress. Start of sliding block failure mechanism.
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FTgure 4.8: RC3 GoPro 2 snapshot at t4 = to + 251 seconds (t3 + 1 second). Figure 4.9: RC3 GoPro 2 snapshot at ts = to + 252 seconds (t4 + 1 second).
Further advancement of sliding and rotational block failure mechanism. Last moment before the eroded block is pushed away.
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Figure 4.10: RC3 GoPro 2 snapshot at tc = to + 253 seconds (ts + 1 second)
The block has become completely detached and is pushed further downstream
by impulses of water flow.

| R R t,=t +254s
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figure 4.11: RC3 GoPro 2 snapshot at t1 = to + 254 seconds (tc + 1 second).
The eroded block has been pushed one meter downstream. The downstream water
level increases and an aerated nappe arises at the newly formed headcut.

Figure 4.12: RC3 GoPro 2 snapshot at ts = to + 290 seconds (t1 + 36 seconds).

During this time headcut erosion occurred. The eroded block is washed away
and therefore the downstream water level decreases. A new crack formation is
indicated with the red circle. The block erosion process repeats.

@ure 4.13: RC3 GoPro 2 snapshot at ty = to + 330 seconds (ts + 40 seconds).
Further growth of the new crack formation.
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To give a further impression of the dimensions of the headcut block erosion phenomenon,
Figure 4.14 shows a snapshot sequence of the Olympus front view camera recordings during

experiment RC3.

Figure 4.14: Snaphot sequence of the Olympus front view camera recordings during experiment RC3 to provide an
impression of the dimensions of the headcut block erosion phenomenon. The snapshot sequence happens in a single
second.

4.4 Observations of Experiment RC3

Some very interesting phenomena were observed during experiment RC3. In terms of mass
migration rate, massive headcut block erosion is the dominant erosion mechanism and not the
continuously headcut undermining erosion process. Headcut undermining takes place on a
larger time scale than the headcut block erosion phenomenon.

By freezing the GoPro recording and measuring the yellow-plus grid, it was possible to get a
first rough estimation of the headcut migration rate. The horizontal distance was measured at
half the headcut height (20 cm) and between the moment of when the crack starts to grow and
the moment when the failure block completely detaches from the headcut. Using this method,
the headcut migration rate can be as high as 8 em/s during the massive block erosion event.
While outside these events the migration rate continues continuously with only a few

millimeters per second.

Surprisingly, the headcut block erosion mechanism was initiated by a crack near the headcut
which was already present. The GoPro snapshots show that the crack widens and penetrates
deeper in the clay layer. This may be the result of the positive feedback of three simultaneously
acting phenomena which will be discussed further in Chapter 5.

The widening and penetration of the crack takes a few minutes during experiment RC3 due to
the resistance (cohesive strength) of the clay package. This resistance may increase if
vegetation is present. After the crack reaches the bottom, it can be seen that the eroded block
moves horizontally downstream. This process takes a few seconds. After the eroded block has
moved a certain distance, it becomes dry because the overflow jet falls in the widening space
between the newly formed headcut and the shifted eroded block Then the block falls forward
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downstream due to its own weight and the force of the flowing water, which pushes behind the
eroded block.

The tailwater level at the headcut rises until enough hydrostatic pressure has built up to wash
away the block residue. Subsequently, the tailwater level drops and the formation of a non-
aerated nappe ensures that the continuous headcut undermining process is resumed. If a surface
crack is present near the headcut, the block erosion process repeats itself, starting from the next

crack. In addition, headcut undermining occurs continuously.

Similar observations were obtained from RC4-6. In these experiments the influence of cracks
was significant on both the mass surface erosion and headcut block erosion process.
This confirms and underlines the first order assumption that if cracks are present in the surface
layer, block erosion is not induced by headcut undermining at the bottom, but starts from mass
surface erosion and crack development in the top layer. Unfortunately, large pieces of adhering
clay obstructed visibility and water flow during the experiments, limiting successful

observational analysis.
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4.5 Results of Experiment TP2

This section shows the results of experiment TP2, with concrete plywood panels covering the
top of the clay package until the headcut. At the start of this experiment, the river clay headcut
had migrated past halfway window 3, in front of GoPro 3 (see Figure 2.1). This is due to erosion
during the previous experiments.

After the desired hydraulic conditions were reached, these were kept constant afterwards.
Figure 4.15 - Figure 4.19 show snapshots of recordings taken by GoPro 3. The first two
snapshots provide a visual indication of setting the desired hydraulic conditions, see also the
first 250 seconds of Figure 3.9.

—

Rt

Figure 4.16: Snapshot of GoPro 3 recordings during experiment TP2 at (t1 = to + 3.5 minutes).
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Figure 4.17: Snapshot of GoPro 3 recordings during experiment TP2 at (t2 = to + 43 minutes).

Figure 4.19: Snapshot of GoPro 3 recordings during experiment TP2 at (ts = to + 55 minutes).
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4.6 Observations of Experiment TP2

A crack had already been identified before the start of the experiment and is clearly visible in
the first GoPro snapshot, see Figure 4.15. The headcut undermining process could be clearly
observed from the start of the experiment. We see that the submerged part of the headcut is
continuously eroded grain by grain, making it a slow process. The identified crack starts to
grow and consequently headcut block erosion is initiated. This may be due to the undermining
process or due to the additional forces arising from the aerated nappe dynamics, which will be
discussed further in Chapter 5. The distance from the crack until the headcut was approximately
10 cm. The failure block did not contain the full sediment flume width as water was observed
in the crack. After 43 minutes, the failure block begins to slide and rotate while the crack has
only penetrated half of the clay package. Unfortunately, we see that because the clay failure
block sticks to the glass wall, the headcut block erosion process is slowed down. When the
failure block has been washed away, the headcut had migrated too far from the edge of the top
cover panel for eddies to have a significant erosion effect (Patil, Mudiyanselage, Bricker,
Ujjttewaal, & Keetels, 2018). Only one headcut block erosion event was observed during
experiment TP2.

Also for this experiment, a rough estimate of the headcut migration rate can be obtained from
the snapshots, using the same method as for experiment RC3. In this case, during the headcut
block erosion event, a migration rate as low as 0.2 em/s was found. In addition, headcut
undermining occurred continuously which resulted in a migration rate of a few millimeters per

second.

Even though a measure was taken to prevent headcut block erosion, this was nevertheless
observed during experiment TP2. This time, however, caused by a different mechanism than
was the case without the top-layer cover (experiment RC3).

No headcut block erosion was observed during experiment TP1. Only headcut erosion due to
a continuously undermining of the submerged part of the headcut caused a regression of only

a few centimeters in 44 minutes.

Crack growth was also observed during experiment TP3, but only after an aerated nappe was
created several times manually using a tube. The crack grew very slowly as the failure block
was obstructed by the top panel at the headcut. Block erosion was initiated by manually pulling
up the panel. The headcut had then migrated too far below the panel, so that the vortices could

no longer reach the headcut and erosion was no longer observed.
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4.7 Improving the Extended BRES Model

As shown in the previous sections, the headcut block erosion mechanism was initiated by a
crack near the headcut which was already present. During the erosion process the observed
crack widens and penetrates deeper in the clay layer. This may be the result of the positive

feedback of three simultaneously acting phenomena:

1. The presence of mass erosion widens the crack. When substituting the conditions of
experiment RC3: with the measured crest flow velocity, U, = 0.94 m/s, mass density p
= 1000 kg/m> and undrained shear strength, c,, = 36.0 kPa (see Table 3.2), into the mass
erosion criterion of (Winterwerp, Van Kessel, Van Maren, & Van Prooijen, 2021),
equation (1.1), we see that the criterion is fulfilled. The criterion shows that the kinetic
energy induced by the hydraulic conditions dominates the undrained shear strength, a

geotechnical property of the soil.

2. As the crack widens and penetrates deeper into the soil layer, the hydrostatic pressure
in the crack water column behind the failure block increases. The additional increasing

resultant hydrostatic force pushes against the failure block.

3. The stability of the failure block is

influenced by the hydrodynamics N‘
— >

of the nappe dynamics. Figure

420 shows the horizontal

pressure gradient and resultant w—- ¢
hydrostatic horizontal forces, F;

and F,, acting on the headcut front F ‘-l Pressure
during the observed non-aerated < =

Figure 4.20: Sketch to illustrate the additional resultant
hydrostatic forces F1 and F> (green) acting on a headcut front

atmospheric pressure under the when a non-aerated nappe is present. Reprinted from
(Mudiyanselage, 2017).

(depressed) nappe. The sub-

non-aerated nappe results in a 15-

30% additional horizontal force (F;) pulling on the failure block (Patil, Mudiyanselage,
Bricker, Uijttewaal, & Keetels, 2018). Additionally, the presence of air bubbles in the
water column near the headcut, coming from the diverted impinging overflow jet,
decreases the local density in the water column. This phenomenon decreases the

resultant hydrostatic force (F,) which pushes against failure block.

These three phenomena should be included in the extended BRES model.
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Figure 4.21 illustrates the five breach phases, as they are simulated in the BRES model. The
left column indicates the situation without a foreland. The middle column includes a non-
cohesive foreland, for instance consisting of sand; the right column presents the
implementation of a cohesive foreland (such as clay) in the BRES model. The mass erosion
criterion and the three additional forces should be implemented in the extended BRES model

in phases 3-6, in the situation where the foreland type consists of cohesive material.

Phasel
Phase 2
Phase3
with foreland
Phase3
Phase4
Surface erosion Headcut erosion
Phase5 /—\ /—\
B m
Phase6 /\ /\
N, L
Figure 4.21: Schematization of breach phases in the extended BRES model; no foreland (left column), non-cohesive
(sandy) foreland (middle column) and cohesive (muddy) foreland (right column).
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5 Discussion

This chapter includes the discussion of the overall findings and limitations when performing

foreland stability experiments in the sediment flume facility.

5.1 Foreland Stability in Reality

Although this study concludes that cracks can have a severe effect on the stability of forelands
consisting of river clay, we stay within the constraints of sediment availability and the sediment
flume facility. The question remains to what extent our results can be extrapolated to reality:
an actual foreland-dike breach. In real life, the stability of forelands depends on aspects such

as the sediment composition, geometry, hydraulic conditions, and the presence of vegetation.

Sediment

The river clay tested in this study had specific characteristics. Other types of clay, with different
properties, or a specific sand-silt-clay mixture will give different results. Not all clays are
equally susceptible to crack formation when the foreland is exposed to a dry period. Clays
without cracks, or less cracks, will probably lead to a lower erosion rate. Moreover, clays with
a higher cohesivity than the clay used in this study will be more resistant against block erosion.
Therefore, it is important to note that the results from the North Sea sand and river clay erosion

experiments performed during this study should not be blindly extrapolated to other sediment

types.

During the preparation of the sediment package, there were no benthic communities observed.
In reality, benthic organisms might strongly influence the soil stability. On the one hand, they
will increase the permeability of the soil by making burrows, which makes a foreland
vulnerable during high flow velocities (Volkenborn, Polerecky, Hedtkamp, Van Beusekom, &
De Beer, 2007). On the other hand, microorganisms will produce and introduce bio-enzymes

in the soil. These enzymes are stabilizing the soil by means of chemical reactions.

Geometry and Hydraulic Conditions

The experiments were performed in a setup with dimensions as close to reality as possible.
However, dimensions and conditions that occur in an actual breach could not be realized. In
the sediment channel a foreland was simulated by means of a sediment package with suitable
dimensions. In reality, more extreme hydraulic conditions will prevail, consequently, erosion

effects will be more severe.

65



The stability of foreland types under dike breach conditions — an experimental study

Headcut erosion will also take place in 3D, this third dimension is likely to ensure that the
foreland is actually stronger due to the creation of back pressure.

In reality, the headcut height will be much larger (several meters). Also, the foundation
composition — wooden panels in the experiments — will be different. These will affect local
flow conditions and thereby erosion mechanisms.

During the river clay experiments it was observed that mass surface erosion flattens the vertical
headcut. In reality, the headcut will probably maintain its vertical position because the

undermining process is amplified and will therefore have more impact on the headcut foot.

The influence of vegetation

A salt marsh influences the stability of the foreland by defending it against the extreme
hydrodynamic forces that occur during a breach (Brooks, et al., 2020; Nardin, Edmonds, &
Fagherazzi, 2016; Schoutens, et al., 2022). Considering stratigraphy, salt marshes can be seen
as two layers: the surface and the root system (aboveground and belowground biomass).

Surface: the aboveground biomass (stems) | zf Fully submerged VeV‘gaet(teraEieovZI
influences the high flow velocity profile (Klok, 3 > — )
1996). The bed shear stress and surface erosion are gl Shear L) 5
reduced. Nevertheless, scour can occur due to ] n nn )
turbulence and vegetation scarcity (see Figure 5.1). .| - Settling ~
*Sediment |

o) [ [14] R

Root system: fibrous materials provide tensile X

) . Figure 5.1: Schematization of the aboveground
strength. If the belowground biomass increases, the | biomass influence on the velocity profile.

. . Reprinted from (Nardin, Edmonds, &
tensile strength increases and therefore the headcut FaZherazéi, 2016).

erosion is restricted.
It is still unclear what the quantitative effect of cracks is on the stability of a vegetated foreland

when it is subject to (sudden) high-water events. Roots of vegetation can act as a kind of

reinforced concrete, thereby reducing the weakening by cracks.
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5.2 The Use of a Broad-Crested Weir as Experimental Setup

A broad-crested weir, installed in a sediment flume facility, provides an opportunity to conduct
foreland erosion experiments. However, during each North-Sea sand experiment, a scour hole
developed upstream: the sudden change of bottom friction due to a change in material type
over the broad crested weir had influenced the experiments. Another construction is needed to
prevent this artefact. The falling gate construction is a useful adjustment for setting the desired

initial water level difference between the upstream and downstream section of the flume.

With respect to the sensors, embedding the magnet of a magnetostrictive position sensor in
Styrofoam allows for stable measurements even during chaotic flow conditions. Care should
be taken that the EMS-probe is fully immersed in the water column. Gopros tend to become
warm after some 30 minutes, cooling should be provided for longer measurements. During the
clay experiments, the clay sticks to the plexiglass walls, which made some erosion phenomena

difficult to observe.

Proper attention is required to prepare the soil package in the right condition: stones need to be
removed; moistening followed by drying is needed to make it homogeneous. The circulating
water became more and more turbid due to the eroded sediment. For optimal experiments,
where constant erosion conditions are important, the water should be filtered, and the flume

should be cleaned after each test.

An unwanted peak occurred in the shear strength curve during the shear box tests performed
with the river clay samples. The peak was caused by very small rocks in the sample that resisted

shearing.

Covering the sediment with plywood panels - referred to as the Tompouce setup —
is a promising and enriching innovation of the facility, which enables studying clay erosion
with a focus on headcut undermining instead of headcut block erosion. A limitation of this
setup, however, is that after a block erosion event, occurring under the installed panels, the

headcut front is too far for the eddies to have a significant erosion effect.

Since the surface of the sediment test layer was not in all cases completely horizontal —
especially with the Tompouce experiments — a critical flow could not be maintained over the
full crest length. A hydraulic jump occurred in these situations, which influenced the nappe

formation and thereby the erosion process.
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6 Conclusions

As an objective for this study, the following main research question has been formulated:

“Which erosion mechanisms are important to consider for forelands under dike breach

conditions?”
The answer will be provided based on three sub-questions.

e Sub-question 1: Which erosion mechanisms can be observed under dike breach

conditions?”’

Dike breach conditions were approximated successfully in the experimental setup. The broad-
crested weir construction provided high critical flow over the surface of the sediment package,
mimicking a foreland. Three erosion mechanism were observed: surface erosion, headcut
erosion due to undermining and headcut block erosion, due to the formation of cracks in the
surface layer. The latter process turned out the be a new mechanism, which was not foreseen

and became an important outcome of this work.

e Sub-question 2: Which of these mechanisms are most dominant for sand and which one

for clay during breach conditions?”’

Surface erosion dominates the erosion of sandy forelands, with a fast erosion process as a

result. A headcut does not develop.

For forelands consisting of clay, headcut erosion due to undermining is a continuous process
by eddies due to overflow jet impingement. However, for the river clay analyzed in this study,
where cracks were abundantly present, massive block erosion is the dominant erosion process,

dominant in terms of mass and migration rate.

The headcut block erosion mechanism occurs intermittently. Here, vulnerable cracks, already
present near the headcut, grow due to high flow velocities and additional horizontal forces.
These cracks widen and penetrate deeper in the soil layer; the block shifts downstream.
Thereafter, the block rotates and falls forward. A non-aerated nappe occurs after the block
residue 1s washed away and the downstream water level has decreased. The block erosion
process repeats itself, starting from the next crack.

Interestingly enough, block erosion is not primarily induced by headcut erosion at the bottom,
but starts from mass-erosion and crack development in the top layer.
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e Sub-question 3: Which foreland sediment type: sandy, muddy or vegetated is most

suitable to reduce flood risk?

As expected, a sandy foreland without vegetation was easily eroded by surface erosion during
the experiments. The mean migration rate, the retreat of the headcut front, measured was
approximately 3 cm/s. In our case, maximum flow velocities of 2 m/s were obtained. During a
real breach situation, however, flow velocities as high as 10 m/s can be reached. Due to the
phenomenon of dilatancy, the pick-up flux can be lower at these high velocities (Alhaddad,
2021) (Bisschop, Miedema, Visser, Keetels, & Van Rhee, 2016). This phenomenon will
probably increase the stability of the foreland. Still, the overall effectiveness of a sandy

foreland to mitigate breach development is considered to be very minimal to negligible.

A foreland consisting of river clay is far more stable. The erosion process proceeds in a much
slower timespan under dike breach conditions. Without cracks, the migration rate can be as low
as a few centimeters per hour. However, if cracks are present in the clay layer, stability is

worsened considerably, leading to intermittent migration rates as high as 8 cm/s.

As discussed in Section 5.1, vegetation (salt marsh) growth on a foreland is expected to provide
an extra positive dimension to its stability, hence reducing flood risk even more. The temperate
flow velocity profile near the bed, caused by the stems, is favorable for reducing surface
erosion. The increase of the tensile strength of the soil due to the belowground biomass will

resist headcut erosion. But also here, cracks will have a negative effect on stability.

Finally, this enables us to answer the main research question, “Which erosion mechanisms are
important to consider for forelands under dike breach conditions?”. For non-cohesive
sediments, surface erosion should be considered as the dominant erosion mechanism. In case
of cohesive sediments, however, headcut block erosion should be considered as the dominant
erosion mechanism. Here, when cracks are present, the erosion rate increases considerably.
Especially the latter effect is a new finding; this mechanism should be included in foreland-

dike breach development modelling.

The data obtained in this experimental study can serve well for validation purposes of both

physical and numerical models.
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7 Recommendations

After having found the dominant foreland erosion mechanisms, some suggestions for future

studies on the intriguing topic of foreland stability under dike breach conditions can be

formulated.

Advanced methods of fully automatic tracking of the headcut outline using numerical
methods from camera images (i.e., Canny Edge Detection) should be explored, even in
turbid water conditions (see Chapter 4.1). As a result, more accurate predictions can be

made of the headcut migration rate and thus the behavior and stability of the foreland.

The experiments with the maintained conditions in the sediment flume facility should
be continued with more developed foreland sediment packages, such as fully grown salt
marshes. A comparison with this study can be made by focusing on how the vegetation
influences the stability of a foreland with surface cracks during dike breach conditions.
The vegetation will probably reinforce the soil layer and thereby influence the headcut
block erosion process. A next step could be to study different types of vegetation with
different characteristics (strength of the stem, leaf area, root density etc.), which will

most likely offer different outcomes.

This study was limited to a 2D-perspective. In reality, 3D-effects will be present. These
effects should be studied in large scale setups or physical models. This requires a much
wider setup. Consequently, outdoor measurements could be of interest here. In order to
record the effects in the 3rd dimension in the desired detail in these types of conditions,

suitable measurement techniques must be considered.

The broad-crested weir had a solid, non-erodible false bottom. It is interesting to
investigate foreland erosion in a setup that mimics reality better, i.e. with an erodible
bottom (Stein, Julien, & Alonso, 1993). This can be done by filling the cavity of the
false bottom — below the sediment — with the desired sediment mixture. Alternatively,
outdoor measurements in the field where an erodible soil is already present may be a
possibility.
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The effects of climate change, such as sea-level rise and long periods of drought, may
increase or decrease the formation of cracks in, for instance, salt marshes. Since cracks
appear to have a dominant effect on the erosion rate, it is interesting to study the process
of crack formation, crack detection and methods for preventing crack formation in the
foreland sediment. For dikes, this is already an ongoing study. An example of a
promising detection technique was recently done by (De Roos, 2022). Here cracks are
detected by means of a fiber optic cable, using distributed temperature sensing. Because
forelands are quite dynamic areas where sometimes severe hydraulic conditions prevail,
damage to the cables can occur what makes this technique not reliable yet. A suggestion
could be to mount optical remote-sensing on drones for visual inspection.
This technique is already being used for the inspection and monitoring of civil

structures, see for example the publication of (Li & Liu, 2018).

The influence of surface cracks on headcut block erosion should be incorporated in
foreland erosion physical and mathematical numerical models. Such as, for example,
the BRES-2021 module. As a first-order approximation, the presence or absence of
surface cracks, along with the concentration, can be a parameter. This parameter
might influence the soil interaction forces by reducing the soil shear and tensile
strength. In addition, the calculation of the width of the failure block for cohesive
sediments via the moment balance, and thereby the headcut erosion rate, could
perhaps be expanded with the three phenomena as described in section 4.7. Three
additional horizontal forces occur because of crack penetration and the hydraulic
conditions at the headcut. To add these forces in the momentum balance, the pore
pressure at the surface crack location, the density of the tailwater and the pressure in
the nappe cavity, among others, must be measured accurately. As has been done, for
example, by (Mudiyanselage, 2017) and (Alhaddad, 2021).

Since Nature-based Solutions generally require less maintenance and can often help to
reduce long-term costs, would it be interesting to study the cost-effectiveness of a
foreland in comparison with a more traditional alternative in more detail. A possible
method could be via a Cost-Benefit Analysis, see also (De Vries, Van Koningsveld,
Aarninkhof, & De Vriend, 2021).
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Appendix A: Additional Images

Additional images are provided in support of this thesis.

]
&

Depressed (non-aerated) nappe during experimental setup
test run.

Aerating of the depressed nappe cavity through the
aeration tube during the experimental setup test run.

&,

Development of the GoPro s

etup.

P :
When drawing the yellow plus-grid, a stabilized laser Installation and mounting of the ultrasonic echo sensor
device was used. (tvpe MIC+335).
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£ . b 9, ¢ 2% M & st )
Installation of the MIC 1 and EMS on top of the broad-

Installation of the MPS 1 upslreahi of the broad-crested

weir. crested weir.

River clay sample containers for the sediment analysis. Falling gate and vertical lock construction.
The containers were stored in a cooled climate room.

Close-up of the scour hole development at the broad-
Scour hole development at the broad-crested weir crested weir material transition during a North Sea sand
material transition during a North Sea sand experiment. experiment.
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Position and installation of the EMS,  Large plastic bags were placed over
MIC 1-3, and preparation of the the river clay pack while the pack
river clay package. dried.

Final condition of the river clay River clay headcut after removing of
package before the start of the the Tompouce setup. The surface
experiments. cracks are clearly visible.

81



The stability of foreland types under dike breach conditions — an experimental study

82



Appendix B: Instruments

Appendix B: Instruments

This appendix presents the specification tables and generated calibration graphs of the

hydraulic measurement instruments used during this study.

Discharge Sensor (PPF)

Table B.1 Specifications of the discharge sensor.

Measuring method

Transit time difference

Manufacturer Endress+Hauser
Model type Proline Prosonic Flow 91W
Output Analogue 0- 10V

0-15m/s

Measurement error 2%

Flow velocity detection range

Flow Discharge (I/s) as a function of hydraulic pump

frequency (Hz)
300
250 y=9.05x-0.75
-~ R?=0.9999
@ 200
=5
o 150
£
£ 100
2
2 50

250 0 5 10 15 20 25 30 35
Pump frequency (Hz)

Figure B.1: Generated trendline to convert set pump frequency (Hz) to discharge.

PPF sensor Calibration

300
= 250

y =37.306x - 74.233

200 2

150

100

50

Discharge (L/s

Logger (V)

Figure B.2: Calibration of the Proline Prosonic Flow 91W ultrasonic flowmeter.
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Electromagnetic Flow Sensor (EMS)

Table B.2 Specifications of the electromagnetic flowmeter.

Measuring method Conductive liquid moving through a magnetic field
Manufacturer Deltares National Instruments

Model, ID Standard, E662

Probe type E30

Output Analogue 0 - 10 V

Detection range 0 - 2.5 m/s, bi-axial, 4-quadrant

Accuracy 1% of measured value

. . . p. Enabling Cefta Li
EMS calibration certificate
Type: E30
Model: Standard
Identification: E662
S/N: E662
Date: 20 April 2021
Water Temp.: 155°C
Engineer: C. van Nieuwenhuizen
Reviewer: W.Taal
Generic formula's: |V] =-0.000188 U* +0.1023 |U| +0.002 m/s Range: 1.0m/s
|V| =-0.001175 U +0.2558 |U| +0.002 m/s Range: 2.5m/s
Accuracy: 1% of reading +/- 001m/s
Calibration result: passed
X-direction ___(PEMS output0) Y-direction ___(PEMS output-1]
Vref — Ux Vx ErrorX. Viref Uy Vy ErrorY
—" 5] _—n el HarEl lat53] e udi] a -
~2.501 ~10.280 ~2.507 ~0.007 ~2.500 ~10.293 ~2511 20.011
1500 5.044 1505 ~0.005 ~1.50¢ 5,048 ~1508 20.005
~1.00¢ -10.012 ~1.007 ~0.00¢ ~1.00¢ 5,958 ~1.00¢ ~0.00¢
0,200 3,53 0.3¢ 0% 0.20C 5823 0.35¢ .02
010K 0.577 0.0¢ 0% ~0.10¢ 055 0,05 013
. 00C . 00C ~0.002 ~0.002 00C 00X 002 02
100 = 90 0.0 10¢ 587 )093 ~0.00¢
200 83t T 0,00 200 556 )35 ~0.00¢
L.00C 10.015 1 008 X 00 998 1005 0%
1503 53 1,507 07 503 042 1505 0
> 501 10.300 512 11 501 10208 512 11
Vref = velocity carriage Calibration Flume Vixy = calculated velocities EMS
Uxy = measured output signals PEMS  (voltage'mode) error-XY = Vxy - Vref
— Emoex — — —EmMorY  wevese UpperUimt  vewses Lower Limit Error (m/s)
.e — 004
Svey, ,.....‘."".." o ”‘.‘",nn e ayree gg
MR T T R S OiDl
T /"'='—H~—__ == o
=F== e ol S ol 001
cave g
- PUPTCTL L il Bt 2.7 PO _— 002
2 0 ."..‘.‘q‘..-' ‘.‘0...‘.... - -u'os
preee s Vref |(mis) Fovasy oot
25 20 -5 10 s 0.0 05 10 15 20 25
Remarks:
Used Equipment:
output-0 and output-1 PEMS 100198 02.00.368 Deltares
vref Ux Uy NI9205 (Aninp.Module) - - National Instruments
Complete Case DAQ, cDAQ-9191 - - National Instruments
Note:

The PEMS can operate in ‘voltage'mode or in “velocity'mode. In “velodity'mode the Pems soft applies the i
formulae 3 given above, the results are expressed in m/s.  In “voltage’mode the signals are presented 3s measured and
expressed in voits, the appropriate conversion formula is to be applied then to obtain values in m/=.

The PEMS was used in "voltage’mode during clibration.

Figure B.3: Calibration certificate of the used electromagnetic flowmeter (type E30, E662) provided by Deltares.
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Ultrasonic echo-sensors (MIC)

Table B.3 Specifications of the ultrasonic echo-sensor.

Measuring method | Echo propagation time measurement
Manufacturer Microsonic
Model type MIC+35
Output Analogue 0-10 V
Detection range 65-600 mm
Accuracy + 1% of measured value
MIC+35 Calibration
45
40
33 OMIC 1
g\ 30
< 25 eMIC2
£
2 s MIC 3
10
5
0
0 2 4 6 8 10

Voltage (V)

MIC 1 MIC 2 MIC 3
y=4.6957x-2.7976 y =3.7569x + 6.1987 y =3.7397x + 6.5425
R*=1 R2=10.9997 R*=1

Figure B.4: Calibration of the three MIC+35 ultrasonic echo-sensors.
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Magnetostrictive position sensor (MPS)

Table B.4 Specifications of the magnetostrictive position sensor.

Measuring method Time-based magnetostrictive position sensing
Manufacturer Temposonic

Model type GH rod-style sensor - Magnet float

Output Analogue -10to +10 V

Stroke length 1035 mm

Dead zone 63.5 mm

Accuracy +0.02 % of measured value

MPS 1 Calibration
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Figure B.5: Calibration of the magnetostrictive position sensor 1, positioned upstream of the broad-crested weir.
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MPS 2 Calibration
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R2=1

0 2 4 6 8 10

Figure B.6: Calibration of the magnetostrictive position sensor 2, positioned downstream of the broad-crested weir.
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Appendix C: Available Data

Table C.1 provides the GoPro recording and hydraulic data filenames for each experiment.
Because of the maximum file size of 4 Gb (32 bit), a GoPro divides long duration recordings
into segments of about 11 minutes, leading to separate data files.

The GoPro recording filename includes the GoPro number (1-5), experimental type,
experiment run and GoPro recording part. The hydraulic data filename (DASYlab logs)
includes the experimental type and experimental run. 4/l data of al/l experiments are available
for further analysis on the 4TU.ResearchData Repository.

Table C.1: overview of the available GoPro video recordings and hydraulic data per experiment. The GoPro recording
filename includes the GoPro number (1-5), experimental type, experiment run and GoPro recording part. The hydraulic
data filename (DASYlab logs) includes the experimental type and experimental run. All data of all experiments are available
for further analysis at the 4TU.ResearchData Repository.

Filename GoPro Video Filename Hydraulic Data
North Sea sand
NSS1 GP 1-5 NSSand 01 NSSand 01
NSS2 GP 1-5 NSSand 02 NSSand 02
NSS3 GP _1-5 NSSand 03 NSSand 03
river clay
RC1 GP _1-5 RClay 01.1-2 RiverClay 01
RC2 GP _1-5 RClay 02.1-3 RiverClay 02
RC3 GP _1-5 RClay 03.1-3 RiverClay 03
RC4 GP 1-5 RClay 04.1-4 RiverClay 04
RC5 GP _1-5 RClay 05.1-6 RiverClay 05
RC6 GP_1-5 RClay 06.1-5 RiverClay 06
Tompouce
TP1 | GP_1-5 Tompouce 01.1-6 Tompouce 01
TP2 | GP_I1-5 Tompouce 02.1-6 Tompouce 02
TP3 | GP_1-5 Tompouce 03.1-9 Tompouce 03

87



