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Summary

This study investigates the capacity of an open inverted filter to stabilize the interface between the base
fill and core fill in a rubble mound structure; see Figure 1. Today, a geotextile is used as a filter, meaning
difficult and expensive placement and an increased amount of plastic in the environment. No filter at
all leads to erosion of the base material, which can cause ground level settle, maintenance works and
damaged structures on top of the land reclamation. The forces on the open inverted filter arise from
porous flow and its quantification involves both parallel and perpendicular hydraulic gradients. It is of
interest at which level and under which conditions the hydraulic gradients are insufficient to cause a
significant loss of base fill through the rubble mound.

Figure 1: Example of a base fill retaining rubble mound structure including a granular filter.

The research is part of a research line. In the previous four MSc theses it was found that an open
inverted filter could be stable. The critical gradients turned out to be inversely proportional to the
Stability Ratio, where a Stability Ratio of 8 showed promising results and is therefore applied in the
current research. The coefficient of uniformity was always smaller than common for dredged sand (Cu

< 2.1), therefore a higher coefficient of uniformity is applied in this research (Cu = 2.9). Another very
important characteristic of the base material, which is the fines content, was also not researched before.
Furthermore, hydraulic gradients in a base fill-retaining rubble mound structure were estimated by an
OpenFOAM model and the measured critical perpendicular gradients clearly showed an unstable system
in the previous theses. It turned out that no parallel configuration tests were performed yet without
leakage of the physical model, so this is another topic for the current research.
A two-dimensional numerical model of the physical model showed a four times higher perpendicular
gradient during the combined flow configuration than measured, and these results had therefore been
adjusted. This numerical model had not been verified yet by measurements, hence a grid of pressure
sensors over the length of the filter is applied in the current research. Initial sand saturation of the
filter layer, as well as more angular base material, were found to lower the critical gradients. Further-
more, a positive relationship between surcharge and the critical perpendicular gradient had already been
observed. However, the quantified relationship was also based on lower limits of the critical perpendic-
ular gradients and no relationship between surcharge and critical parallel gradient had been found yet.
Hence, more surcharge tests are performed, for all flow configurations, within the current research.
The research question of the current study is: How do the fines content and coefficient of uniformity of
the base material, and effective stress, influence the applicability of an inverted geometrically open granular
filter at the interface of a land reclamation and a rubble mound structure in terms of both parallel and
perpendicular hydraulic gradients?
A full-scale physical model, with a 760 mm long open inverted filter, is employed to determine the
critical hydraulic gradients required to initiate erosion. The model consists of three compartments, with
the central compartment containing the open inverted filter, as illustrated in Figure 2 for the base case
situation of combined flow. The two side compartments are filled with water, and one of them features a
plunger mechanism to induce flow. When the top of compartment B is sealed watertight, the parallel flow
direction is maximized and the perpendicular flow direction is minimized, while closing compartment C
from compartment B creates a perpendicular flow configuration.
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A one-dimensional and two-dimensional numerical model are developed to gain insights into the flows
within the physical model. In the physical model, pressure sensors and water level gauges are used to
determine the hydraulic gradients. A pressure sensor grid gives insight into the development of hydraulic
gradients within the base filter system. The middle pressure sensors in the base material and the two
rightmost pressure sensors in the filter material match best with the hydraulic gradients based on the
water level gauges and numerical models. Therefore, these pressure sensors are the normative pressure
sensors for, respectively, the perpendicular and parallel hydraulic gradients.

Figure 2: Setup of the physical model in the base case situation of the combined flow configuration.

The critical hydraulic gradient is based on initial erosion, which is defined as: The first moment of
a noticeable difference in the time-lapse images of the central sediment trapping compartments. The
following results and conclusions can be made based on the current research:

• The critical hydraulic gradient did not necessarily imply erosion at every higher gradient. This
indicates that the base-filter interface can reform to a more stable configuration that can with-
stand higher gradients. Therefore, designing only for the single largest hydraulic gradient is not
imperative.

• It is of interest which hydraulic gradient (parallel or perpendicular) is leading during combined
flow in the physical model, due to the different erosion mechanisms. Therefore, the critical hy-
draulic gradients of the different flow configurations are compared. Parallel gradients up to 0.07
are measured and the parallel flow direction showed to be critical for combined flow for the con-
ditioned tested in this research. A relation between the critical perpendicular gradients during
combined flow showed to be less clear for the conditioned tested in this research.

• The fines content is one of the most important characteristics of dredged sand. To investigate the
impact of fines on the stability of the filter, 5% and 10% fines have been added to the base material.
The critical parallel hydraulic gradient increases for a higher fines content, which can be explained
by the lower hydraulic conductivity. A lower flow velocity occurs for the same hydraulic gradient in
this case. This reduces the drag force on the sand particles and exceeds the threshold shear stress
for sediments. The critical perpendicular gradient is increased as well, also due to the difference
in hydraulic conductivity and not by an increase in strength of the base material to resist external
eroding forces.

• The coefficient of uniformity (Cu) is usually greater than 2.0 for land reclamation projects. There-
fore, a sand combination with Cu=2.9 was created for the current research, compared to more
narrow graded sand (Cu around 1.6) from previous research. The critical parallel hydraulic gradi-
ents are comparable, while the perpendicular hydraulic gradients are slightly lower. The greater
variation in grain sizes could disturb the formation of arches, and the smaller sand fractions could
be less stable and easier migrated.
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• The larger the layer of base material above the granular filter in a rubble mound structure, the
larger the effective stresses at the base-filter interface. Superimposed loads of 100 and 200 kPa
have been applied to model this surcharge. Both the critical parallel and critical perpendicular
gradients show a positive relationship with the effective stress. An increase of 60% of the critical
perpendicular gradient is observed for a superimposed load of 100 kPa. For larger superimposed
loads, a smaller increase is expected; 80% increase in critical perpendicular gradient for 200 kPa
compared to 0 kPa. The arching mechanism is enhanced by effective stresses which is beneficial
against perpendicular and parallel loading.

• A side effect of increased effective stresses is compaction. Compaction can also lead to increased
critical hydraulic gradients.

• During this research, based on a Stability Ratio of 8.0, only incidental erosion was observed, so no
transport erosion. The maximum parallel hydraulic gradient measured is 0.07 and the maximum
perpendicular hydraulic gradient is 0.28.

• The critical hydraulic gradients compared to the results of the OpenFOAM model of a base fill-
retaining rubble mound structure showed a stable filter system based on the parallel gradients and
an unstable filter system based on the perpendicular gradients.
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1
Introduction

Half of the world’s population, 3.7 billion people, currently resides in cities. This number is expected to
double by 2050, creating challenges related to food, water, energy consumption and space. The growing
demand for space is combined with mass migration to coastal areas. This is not surprising, because the
intersection of land and water has always been an attractive place to live, work, and recreate. It offers a
wide range of opportunities for trade routes, industry, and tourism.
15 out of 23megacities worldwide are located on the coast and recent estimates suggest that inmore than
half of the world’s coastal countries, at least 80% of the national population currently lives within 100
km of the coastline (Blackburn et al., 2019). Within many of these coastal megacities there is a shortage
of land area, which explains the need for land reclamations. Ambitious examples of land reclamations
are the Palm Jumeirah in Dubai, the construction of a new container terminal in Costa Rica, and the
enlargement of islands in the Maldives, see Figure 1.1.

(a) Palm Jumeirah, Dubai (b) Container terminal, Costa Rica (c) Island enlargements, Maldives

Figure 1.1: Examples of land reclamations by Van Oord.

1.1. Problem description
The design of a land reclamation is extremely important. The structure should be strong enough to
withstand the forces exerted by waves, which can erode the base fill. The type of land reclamation on
which this research focuses is a base fill protected against the sea by a rubble mound structure; see
Figure 1.2.

Figure 1.2: Schematic overview of a rubble mound structure with in blue the open granular filter (Boersma, 2020).

The base fill consists of dredged sand, because sand is a widely available material that compacts easily.
The core of the rubble mound structure consists of quarry run, which forms an unstable interface with
the base fill due to its relative particle sizes (Polidoro et al., 2015). If the base fill erodes, the ground
level will settle, which leads to many maintenance works and damaged structures on top of the land
reclamation.

1
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That is why the interface between the rubble mound structure and base fill is usually ”lined” by a geo-
textile. The disadvantages of using geotextile are its difficult and thus expensive placement and the
increased amount of plastic in the environment. In this research, the possibilities for using a granular
open filter are further investigated. It is of interest at which level and under which conditions the wave-
induced hydraulic gradients are insufficient to cause a significant loss of the base fill through the rubble
mound structure. These outward gradients could come from the draw-down phase of wave action, tidal
driven water levels, or storm-setup drainage (Polidoro et al., 2015).
Open filters have been researched before, but mainly in a situation where a sandy bed layer is protected
with larger gravel on top. Previous research focused on steady flow or wave attack on this standard
open filter system. In the current research line, there are some significant differences to the open filter
situation compared to previous research:

• The base fill is on top of the open filter, this results in an open inverted filter.
• The open filter is placed between two large soil layers: the base fill and the rubble mound structure

core.
• The large base fill on top of the open filter induces a surcharge on the filter.
• The hydrodynamic loads change as a result of this different orientation of the open filter.
• The filter follows the inclination of the rear end of the rubble mound structure.

1.2. Research line
Multiple students have already analyzed the interface between the rubble mound core and the base
fill. This section gives a short overview of these previous MSc theses at Delft University of Technology.
This research will be continued and expanded, and the latest physical setup will be used in the current
research.
Nolthenius (2018) designed a physical model to gain insight into the behavior of sediments at the base-
filter interface of a base fill retaining rubble mound structure, both during the placement of the base fill
and during hydraulic loading. A scaled representation (λ≈15) of the breakwater of Polidoro et al. (2015)
was used. It was concluded that for a slope of approximately 35◦ between the core of the rubble mound
structure and the base fill, the initial interface is stable and the critical hydraulic gradient was 0.04. The
results suggest that the critical loading conditions at the interface are comparable to conventional filter
criteria and are higher than the measured gradients of Vanneste and Troch (2012) and Polidoro et al.
(2015). An overview of their research is given in the literature study, section 2.1. Another conclusion
from the research of Nolthenius (2018) is that during wet installation the sediments penetrate further
into the core than during dry installation. The removal of the geotextile turned out to lead to an unstable
sand-stone interface, but replacement with an open filter system could be possible.
Van de Ven (2019) used a numerical model (OpenFOAM) and a physical model to estimate the pressures
around and inside the open filter layer. On the basis of the numerical model, the largest parallel gradients
were 0.02 at the top of the filter layer and decreased to zero, while the perpendicular gradients were
0.6 at the top and decreased to 0.2-0.3. The critical gradients have been determined for the parallel and
perpendicular flow configuration, for D15F /D85B ratios of 7.5, 8.0, and 9.5. No critical gradient was
found for the ratios 16.5 and 4.0 due to limitations of the model setup.
The third research in the research line comes from Boersma (2020) who considered a geometrically
open granular filter, with the physical test setup of Van de Ven (2019). Parallel and combined loading
conditions were investigated, as well as the influence of the Stability Ratio and the characteristic grain
size of the base material. Boersma (2020) also introduced tests with initial sand saturation of the filter
layer, which resulted in a reduction of the critical gradient of at least 73%. Further research is advised,
because it could also be possible that the sand that was initially present in the filter was just washed out.
Furthermore, during this research, a new physical model was designed and constructed.
In the next research, Lengkeek (2022) has used the newly developed experimental setup of Boersma
(2020) to test the influence of a surcharge, Stability Ratios and angularity of the base material. Perpen-
dicular, parallel and combined configurations were tested; however, due to leakage of the top seal, the
critical parallel gradient could not be determined. According to the numerical model, the perpendicular
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gradient during the combined configuration was four times larger near the plunger compared to the
center of the filter, but this has not been verified yet. Other findings were a negative correlation between
the Stability Ratio and the critical gradients and an effective stress of 150 kPa doubles the critical perpen-
dicular gradient (linear rise). Special attention was given to the angularity of the material, where the
more angular material seemed to have a lower critical gradient. Points of discussion were the varying
distances between the pressure sensors, the sloshing of the water when testing at high gradients, and
problems with airtightness.

1.3. Problem analysis
Even though the research line gave interesting results, there are still many unknown aspects about the
open inverted filter. The following aspects can be investigated to reduce the knowledge gap:

• The parallel configuration has not been analyzed yet without leakage of the top seal.
• The influence of a surcharge on the critical parallel gradient is unknown.
• The distribution of the perpendicular hydraulic gradient over the width of the filter within the

physical model has not been measured.
• Measurements of critical perpendicular hydraulic gradients of the open filter are lacking when a

surcharge of more than 100 kPa is applied.
• There is limited understanding of the influence of the inclination of the open inverted filter on the

critical hydraulic gradients.
• More information on critical hydraulic gradients at Stability Ratios smaller than 10.5 is desired.
• A better understanding of the influence of the fines content or the hydraulic conductivity of the

base fill on the critical hydraulic gradients is desired.
• Wider graded sediment resembles dredged sand. The influence of a wider graded base material

has not yet been investigated.
• The influence of base fill compaction on critical hydraulic gradients when a surcharge is applied is

unknown.
• The effect of dry or wet placement of the base fill on critical hydraulic gradients has not been

directly compared.
• A better understanding of the stability after initial erosion has occurred is lacking.

1.4. Objective and research questions
This research further investigates the possibilities of applying an inverted geometrically open granular
filter in a rubble mound land reclamation. This objective must be achieved using a physical test setup
and a numerical model. To answer the research question, various subquestions are formulated. When
all the subquestions are answered, the research question can be answered.

Research question
How do the fines content and coefficient of uniformity of the base material, and effective stress, influence
the applicability of an inverted geometrically open granular filter at the interface of a land reclamation
and a rubble mound structure in terms of both parallel and perpendicular hydraulic gradients?

Sub-questions
• Is the base-filter interface still stable after the critical hydraulic gradient has been reached?
• What is the dominant direction (parallel or perpendicular) of the critical hydraulic gradients within

the combined flow configuration?
• What is the influence of the fines content in the base fill on the critical hydraulic gradients?
• What is the influence of the coefficient of uniformity of the base fill on the critical hydraulic gradi-

ents?
• What is the influence of effective stress at the base-filter interface on the critical hydraulic gradi-

ents?
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Methodology
A full-scale physical model is used to determine the critical hydraulic gradients required to initiate erosion.
The model consists of three compartments, of which the central compartment contains the open inverted
filter. When the top of compartment B is sealed watertight, the parallel flow direction is maximized and
the perpendicular flow direction is minimized, while closing compartment C from compartment B creates
a perpendicular flow configuration. When these two flow configurations are compared with a combined
flow configuration, the dominant direction of the critical hydraulic gradients can be determined for the
combined flow.
To complement the previous studies from the research line, smaller Stability Ratios than 10.5 and higher
superimposed loads than 100 kPa can be tested with a more powerful plunger-system. To make this
researchmore applicable to reality, a wider graded basematerial is tested, with fines contents comparable
to dredged sediments. Furthermore, it is interesting (and economical) to know if the base fill is still stable
after the initial critical hydraulic gradient has been reached. Pressure sensors and water level gauges
are used to determine the hydraulic gradients in the physical model. A pressure sensor grid gives insight
into the development of hydraulic gradients within the base-filter system. In addition to the physical
model, a one-dimensional and two-dimensional numerical model are developed to gain insight into the
flow dynamics within the system.

1.5. Hypotheses
• The base-filter interface is predicted to still be stable after initial erosion has occurred due to ref-

ormation of the sand arches in the filter material. Base material particles can find a new, more
favorable position when moving down the filter, and then stop moving.

• The dominant direction for the critical hydraulic gradient during the combined flow configuration
is expected to be the perpendicular hydraulic gradient. This is based on previous results in the
research line, where the critical hydraulic gradients seem to be based on the arching mechanism,
which is mainly influenced by the perpendicular hydraulic gradients. However, parallel flow con-
figuration results without leakage were not obtained.

• Higher critical hydraulic gradients are expected when fines are added, because the finer sediments
can cling together by means of cohesive bonds or due to negative pore pressures, which mitigates
erosion. Furthermore, fines can act as a protective layer that protects the larger sand grains, re-
ducing their exposure to erosive forces. A fines content lowers porosity and hydraulic conductivity
and could form an impermeable layer, which would increase perpendicular hydraulic gradients.

• Lower critical hydraulic gradients are expected for relatively wider graded sand, because it is pos-
sible that finer sand fractions are not internally stable and are lost more easily through the filter
material.

• Higher critical perpendicular hydraulic gradients are expected when the effective stress at the base-
filter interface is increased, because these effective stresses will enhance the strength of the sand
arches. The influence on the critical parallel hydraulic gradient is expected to be minimal, because
this gradient depends mainly on the shear stress.

1.6. Outline report
This report is subdivided into 8 different chapters of which this Introduction is the first. Chapter 2, Liter-
ature study on granular filters, provides background information on hydraulic loads and gradients, gran-
ular material and inverted geometrically open granular filters, which correspond to the sub-questions.
Chapter 3, Numerical model, explains the numerical model that is used to predict the flows and hydraulic
gradients in the physical model. The next chapter, Physical model, shows the methodology of the phys-
ical tests and the adjustments made to the setup compared to previous research. Chapter 5, Results:
Analysis of hydraulic gradients, shows the results obtained with the various tests that are performed with
the physical model compared to the numerical model. Chapter 6, Results: Critical hydraulic gradients,
show the determination of critical hydraulic gradients, also compared to previous research. The next
chapter Discussion, provides a discussion on this whole research based on its reliability and shows im-
provements. The last chapter, Conclusions and Recommendations, concludes this research by answering
the main question and provides recommendations for further research.



2
Literature study on granular filters

The literature study consists of theoretical background and previously performed studies regarding open
granular filters. First, the hydraulic loads that work on a base fill retaining rubble mound structure are
explained in section 2.1. In section 2.2 the hydraulic gradients are explained. The different properties
of the granular material are clarified in section 2.3. In the next sections, section 2.4 and section 2.5, the
filters and especially the inverted geometrically open granular filters are explained. Finally, a summary
of the literature study is given in section 2.6.

2.1. Hydraulic loads
A dredged land reclamation is a structure built of sand, gravel, and rock, located in openwater. Therefore,
this structure will be influenced by hydraulic loads, which can cause erosion when the forces on a grain
are off balance (Izbash approach) or when the friction force of the water flow exceeds a critical value
(Shields approach) (Schiereck & Verhagen, 2019). Hydraulic loads from wave pressures can cause this
erosion as well as from hydraulic head differences, wave- and wind-induced setup, tides, precipitation,
or wave-induced pore pressure build-up at the leeside of the rubble mound structure. This implies that
hydraulic loads depend on the wave climate at the rubble mound structure.

2.1.1. Rubble mound structure with an open rear side
For the construction of a land reclamation protected by a rubble mound structure, the relationship be-
tween the force on the rubble mound structure (Hs and Tp) and the critical gradients of the open filter
layer must be determined. Creating a numerical model is very time consuming, but the empirical model
of Vanneste and Troch (2012) could be useful. Vanneste and Troch (2012) investigated the case of a rub-
ble mound structure with an open rear side, to determine the spatial variation of pore pressure heights
within the rubble mound structure core. This evolution of the pore pressure along a horizontal section is
calculated with the gradients at each location. At the interface between the core and filter layer, refer-
ence pressures occur from the waves, which is influenced by: wave run-up and the hydraulic resistance
of the armor and filter layer. The wave run-up depends on the spatial variation of the pressure height
along the armor slope, and the hydraulic resistance causes a difference between pressure heights on the
slope. In the research of Vanneste and Troch (2012) it appears impossible to describe the variation of
reference pressures due to the influence of hydraulic resistance by means of specific material properties.
It is notable that the effect of wave height becomes most pronounced closer to the sea water level (SWL).
The pressure heights in the rubble mound structure according to Vanneste and Troch (2012) are shown
in Figure 2.1. Zone 1 identifies the region with a positive rate of gradient change, and zone 2 identifies
a negative rate of gradient change. The point where dI/dx = 0 is the inflection point identified by xi.
The slope of the rubble mound structure affects the decay of the pressure height in zone 1, therefore it
is not exponential. The hydraulic gradient in zone 1 increases with increasing wave period.

5
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Figure 2.1: Pressure heights rubble mound structure core according to Vanneste and Troch (2012).

In zone 2 the pore pressure height is in good correspondence with the exponential decay. The damping
rate of the pressure in zone 2 increases closer to sea water level (SWL), increases with increasing wave
length, and increases with increasing wave height. The effect of wave length is much more pronounced
than the wave height, and the effect of wave height is more pronounced for regular waves compared to
irregular waves. Vanneste and Troch (2012) found that the damping rate of the pressure attenuation is
dependent on the vertical position.
The case of a closed rear rubble mound structure has been investigated by Polidoro et al. (2015), as
described in subsection 2.1.2. The total pressure amplitude on the rear side for a rubble mound structure
with a closed rear side will be the sum of the incoming and reflected wave height. This is comparable to
twice the transmitted wave height through a rubble mound structure with an open rear.

Irregular gradients
There are usually wind forces at sea that create an irregular wave climate, so the gradients are also
irregular. For a Jonswap spectrum, which is representative for storm waves, the maximum wave height
is about twice the significant wave height. Significant wave height is an important measure of absolute
erosion length in a sand core rubble mound structure (Ockeloen, 2007). Research of Ockeloen (2007)
showed that irregular wave loading produced results similar to regular wave loading for the peak period.
However, this irregular wave pattern might decrease the critical gradient compared to a regular wave
pattern when the largest gradients cause the arches to break.

Long waves and currents
Longer waves could protrude further into the rubble mound structure and therefore have a greater in-
fluence on the gradients. A very long wave can be seen as a current, which can have a negative effect
on arching, see subsection 2.4.7. Even though it is highly uncertain, it could decrease stability under a
longer duration.
Oblique wave attack creates long shore currents, which have a longer infiltration length through the core
of the rubble mound structure than perpendicular and parallel currents. This means that the pressures
and so the gradients from obliquely incident waves are lower on the rear side of the rubble mound
structure. It will not have an influence on the perpendicular waves, but it will create another parallel
gradient in another direction than the experimental setup. The reflection of perpendicular waves is
maximal (Dalrymple et al., 1991).

2.1.2. Land reclamation protected by a rubble mound structure
In recent years, many sand-fill islands with a base fill retaining rubble mound structure have been con-
structed. Most of the time, a geotextile is placed to protect the main base fill from being drained through
the rubble mound structure. As has been described in the research line of section 1.2, experiments have
been conducted to determine whether this geotextile is actually required to prevent erosion. According
to Nolthenius (2018), only removing the geotextile will cause suffusion, but subsequent research showed
that an open filter system could work under certain conditions.
Polidoro et al. (2015) has researched base fill retaining rubble mound structures with an abbreviated
geotextile at the downward extent. A physical model has been used to measure the pore pressure and,
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hence, the local hydraulic gradients in the core, as can be seen in Figure 2.2. It was concluded that the
hydraulic gradient did not exceed 0.03 within the core for 98% of the peaks at the downward extend of
the geotextile. Since the perpendicular gradient is larger in the base fill, this needs to be measured as
well to design an open filter.

Figure 2.2: Cross-section setup base fill retaining rubble mound structures with an abbreviated geotextile at the downward
extent (Polidoro et al., 2015).

In the thesis of Van de Ven (2019) the highest 2% gradients in the base fill have been estimated with a
numerical model in OpenFOAM. Cyclic loading was considered and parallel and perpendicular critical
gradients were determined. This means that the hydraulic loading on the land reclamation caused by
heavy rainfall or storm surge setup is not included. Boersma (2020) executed combined tests for specific
Stability Ratios, and both results are shown in Figure 2.3.

(a) Parallel hydraulic gradient (b) Perpendicular hydraulic gradient

Figure 2.3: Parallel and perpendicular component of the critical gradient of the combined tests in blue (Boersma, 2020) with the
gradients estimated with OpenFOAM in red (Van de Ven, 2019).

2.2. Hydraulic gradients
The hydraulic loads explained in subsection 2.1.2 induce a hydraulic pressure difference (∆p) over a
certain distance (∆x), also known as a hydraulic gradient (I). The gradient can also be seen as a relation
between load and strength, where the head difference is the load, and the length can be interpreted as
the strength.

ρwgI =
∆p

∆x
I =

∆H

L
(2.1)

2.2.1. Hydraulic conductivity
The hydraulic conductivity (K (m/s)) of a soil refers to the ability of a porous material, such as sand or
gravel, to allow fluids to pass through it. Hydraulic conductivity depends on several factors, including
intrinsic permeability (k (m2)), size, shape and compaction of the grains and the nature of the fluid. A
frequently quoted relationship for hydraulic conductivity is the Kozeny-Carman formula (Carman, 1939),
see Equation 2.2. The specific surface of solids S requires permeameter tests. In Equation 2.3 a formula
with intrinsic permeability as input to hydraulic conductivity is given.
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K =
1

k0

ρwg

µ

e3

1 + e

1

Sv
2 (2.2)

K =
kγw
µ

(2.3)

Figure 2.4 shows a sketch of a constant head permeability test (TU Delft, 2020). The hydraulic conduc-
tivity can be calculated with Darcy’s law, see Equation 2.4.

Figure 2.4: Permeability test with constant head (TU Delft, 2020).

Q

A
= −K ∗ ∆H

∆z
(2.4)

2.2.2. Intrinsic permeability
The intrinsic permeability (k) depends on the geometry of the grain skeleton, such as porosity, the shape
of the particles, and the squared grain size (Verruijt, 2017). According to Chapuis and Aubertin (2003),
to precisely determine the intrinsic permeability, an improved permeability test should be used to ensure
full saturation with both vacuum and de-aired water. In addition, soil gradation should not be prone to
internal erosion.
Much research on this topic has been conducted leading to many empirical formulas for predicting in-
trinsic permeability. Dolzyk and Chmielewska (2014) used these empirical formulas to predict the coef-
ficient of permeability of non-plastic soils and compared this to laboratory tests for soils with different
porosity (n). According to Dolzyk and Chmielewska (2014) the best correlation was obtained using the
formula of Shahabi et al. (1984), see Equation 2.5. The empirical formula of Shahabi et al. (1984) is
only applicable for sands (0.15 ≤ d10 ≤ 0.59 mm ) with a coefficient of uniformity ranging from 1.2 to
8. Note that d10 is given in mm and K in cm/s.

K = 1.2C0.735
u d0.8910

e3

(1− e)2
(2.5)

Another commonly used equation for the permeability of sand has been formulated by Chapuis and
Aubertin (2003), see Equation 2.6 (Pap & Mahler, 2021). According to Schulz et al. (2019), several
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experimental studies of the impact of grain size on permeability showed that the use of d10 is a good
choice (compared to, for example, d17, d20, and d50).

k = 2.4622[d210 ·
e3

1 + e
]0.7825 (2.6)

The prediction of Slichter (1897) works well for grains with 0.01 < d10 < 5 mm and 0.23 < n < 0.5. The
formula of Slichter (1897), Equation 2.7, is in accordance with the Rock Manual (CIRIA; CUR; CETMEF,
2007), see Figure 2.5.

K =
ρg

µ
0.01n3.287d210 (2.7)

Figure 2.5: Hydraulic conductivity in relation to the nominal diameter of the soil (CIRIA; CUR; CETMEF, 2007).

Carman (1939) clearly established the validity of the equation for materials that are the size of gravel
and sand. For clays, the ratio k (1−n2)

n3 was not constant but rather a decreasing function of porosity.

2.2.3. Forchheimer
According to Gu and Wang (1990), the porous flow through the sand material is dominated by lami-
nar resistance, under coastal wave conditions. For gravel beaches and rubble-mound structures, inertial
and turbulence resistance are also important. All three resistance components are of importance in
small-scale physical model tests (Gu & Wang, 1990). The inertial resistance term is only relevant for
non-stationary flow. In that case, the coefficient b in the second term has to be corrected with a factor
that depends on the wave cycle (Van Gent, 1995). Dimensionless coefficients α and β can be experi-
mentally determined (Schiereck & Verhagen, 2019). The extended Forchheimer equation describes the
non-stationary porous flow.

I = au︸︷︷︸
laminar friction term

+

turbulence friction term︷ ︸︸ ︷
bu|u|+ c

du

dt︸︷︷︸
inertial resistance term

(2.8)

a = α
(1− n)2

n3

ν

gd2(n)50
b = β

(1− n)

n3

ν

gd(n)50
(2.9)
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Equation 2.10 shows an indicator for non-Darcy flow (Forchheimer number: F0) and the error of ignoring
the non-Darcy effect (E). Equation 2.10 shows that the non-Darcy effect increases with an increase in
filter velocity (E. Ghane, 2014). The filter velocity is u, µ is the dynamic viscosity, and ω is the constant
in the Forchheimer formula.

F0 =
ωκρgu

µ
E =

F0

1 + F0
(2.10)

2.2.4. Oscillatory flow
Van Gent (1995) performed oscillatory flow tests for relatively large Reynolds numbers and for low
Keulegan-Carpenter numbers. The Reynolds number (Re) is the ratio of inertial forces to viscous forces,
whereas the Keulegan-Carpenter number (KC) describes the relative importance of inertia and drag
forces.

Re =
u ·D
ν

KC =
ÛT

nDn50
(2.11)

The research of Van Gent (1995) showed that the term of turbulence friction is larger mainly for oscil-
latory flow conditions than for stationary flow. A lower Keulegan-Carpenter number means a higher
influence of the inertial resistance. This can be explained by the destruction of the boundary layers and
possibly small eddies when the flow direction changes.
Sand retention is affected by the hydraulic gradients that can cause themovement of finematerials and by
its geometric relationship with coarse material (Polidoro et al., 2015). Only when the hydraulic gradient
exceeds a limit, set by the geometric relationship between the fine and coarse material, suffusion occurs.
Suffusion means that, in the case of a land reclamation protected by a rubble mound structure, the
reclaimed sand is carried by water flow through the voids in the rubble core.

2.3. Granular material
The filter and base materials are made of gravel and sand, which are granular materials. A granular
material behaves neither as a viscous fluid nor like a solid (Hattamleh et al., 2010). Granular assemblages
have interesting properties, such as arching, instability, dilatancy, and thixotropy (becoming less viscous
when stress is applied). The most relevant properties for open inverted filters are discussed below.

2.3.1. Grain size distribution
The most commonly reported sediment property is its grain size distribution. There are two methods
to determine the grain size distribution. For small grain sizes such as sand (0.063-2 mm), the soil can
be sieved through sieves with different mesh sizes. The sieve curve can be plotted by weighing the soil
residue for each sieve. When the grain size is larger, such as for gravel, the sieve openings will be blocked
by using this method to determine the grain size distribution. In that case, a more precise method is
used, where the weight of all individual stones is measured from a sample of gravel. This forms a weight
distribution. Nevertheless, this weight distribution needs to be converted to a grain size distribution.
Therefore, the nominal median diameter is determined by the following formula (Schiereck & Verhagen,
2019):

dn,50 = 3

√
W50

ρs
(2.12)

The nominal median diameter (dn,50) can be related to the median diameter (d50) by a shape factor (Fs).
The shape factor is almost always between 0.7 and 0.9, and the most common value is 0.84 (Schiereck
& Verhagen, 2019).

dn,50 = Fs · d50 (2.13)
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When the grain size distribution is established, it can be determined if the particles have a narrow or
wide grading. Narrow graded means that the particle sizes are similar, to be specific: d85/d15 ≤ 1.5. A
wide grading means a larger difference between d85 and d15. The type of grading is called well-graded
when all intermediate particle sizes are represented. If intermediate particle sizes are lacking, the soil
is called gap-graded.

2.3.2. Bulk soil parameters
There are several other soil parameters, in addition to the grain size distribution, that are relevant to
designing an (inverted) geometrical open granular filter. These are explained in this subsection.

Stability Ratio
The main strength parameter against erosion is the Stability Ratio (SR). The Stability Ratio is defined
as the diameter of the sieve for which 15% of the mass of the filter material is smaller, divided by the
sieve diameter of which 85% of the mass of the base material is smaller: d15,f

d85,b
. Within a filter layer

with different sizes of grains, the space or escape route between the grains is determined by d15,f . For
an internally stable base layer, the largest grains of the base layer (d85,b) get stuck in the pores of the
geometrically closed filter layer and block the passage of other grains. A Stability Ratio of 5 or smaller is
called a geometrically closed filter. A larger Stability Ratio can still be stable, but for geometrically open
granular filters, the critical hydraulic gradient should be taken into account.

Coefficient of uniformity and of gradation
The coefficient of uniformity (Cu) and the coefficient of gradation (Cc) describe the variability of the
particle sizes of the soil within a soil mixture and classify the soil as uniformly, poorly or widely graded.
A higher variability in sizes gives a wider pore-size distribution and less total volume of the dominant
pore within the soil mixture (Rahardjo et al., 2012).

Cu =
d60
d10

Cc =
d230

d60 · d10
(2.14)

According to the Unified Soil Classification System, both the coefficient of uniformity and the coefficient
of gradation define if a soil is well-graded or poorly graded (Keaton, 2018, pp. 158–159). Wide-graded
gravel is defined as Cu > 4 and 1 ≤ Cc ≤ 3. Wide-graded sand is defined as: Cu > 6 and 1 < Cc < 3
(Jebur, 2018).

Porosity
The ratio between the volume of pores and the total volume is described by porosity. Porosity depends
on the shape of the particles, the grain size distribution, and the placement of the particles.

n =
VPores
VTotal

(2.15)

Grain crushing
Inside granular materials multiple stress chains are involved, and these local high-stress concentrations
can crush single particles under relatively low stresses. This will significantly change the mechanical
and physical properties of the granular matter and could jeopardize the stability of the structure. The
crushing resistance depends on the type of grain. For example, freshly quarried materials undergo
fragmentation under pressures of around 1 MPa, while calcareous shells begin to crush at 0.05-0.2 MPa
(Hattamleh et al., 2010). Calcareous grains are crushed more easily due to their angular shape and
weaker mineralogical constitution (Wils et al., 2015).
The grain size distribution becomes less steep under crushing, and consequently the soil becomesmore re-
sistant to crushing and less permeable. The void space between the larger particles is filled with crushed
material which reduces the hydraulic conductivity. Permeability influences both parallel and perpendic-
ular hydraulic gradients. According to Wils et al. (2015), the behavior of crushable sand (calcareous
grains) is significantly affected by water immediately after crushing is initiated. Oedometer tests have
been performed and showed that the total settlement and crushability are higher for the wet sand.
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2.3.3. Type of sand in land reclamations
The type of sand used for land reclamations depends largely on the material available at the construction
site. This can range from silty sand to almost gravel. Silica sands are widely used, whereas for Dubai’s
land reclamation projects, crushed shell calcareous sand was used. The type of sand affects ”sand aging”,
which refers to the time-dependent strength gain that can occur in recently placed base fills (Gunberg
et al., 2007). Calcareous sand is more compressible (creep) than silica and quartz sand, but this becomes
significant only at high stresses of around 800 kPa; see Figure 2.6(a). This means that grain crushing
will not occur due to the self-weight of the base fill, but only due to cone penetration tests or compaction.
The fines content of the base fill has a large impact on the permeability. Khan et al. (2019) investigated
this influence by testing different concentrations of plastic fines (PF) and non-plastic fines (NPF) in sands
collected from different localities (CS, LS, RS). This is shown in Figure 2.6(b). It is remarkable that lower
fines contents till 30% largely reduce the permeability till 0 cm/sec, after which the permeability can
no longer be reduced. Usually for land reclamations, the most important criteria for the base fill are a
certain maximum fine content (< 63micron) and a certain maximum particle size, so its grading is of
great importance.

(a) Creep and crushing for different types of sand (Van Oord, 2023) (b) Variation in permeability with different fines contents
(Khan et al., 2019).

Figure 2.6: Sand crushing and the relation between permeability and fines content.

2.4. Filters
To understand how hydraulic loads can cause erosion in the base fill retaining rubble mound structure,
the structure should be considered on a small scale. This section describes the flow through the pores of
the granular media.

2.4.1. Geotextiles
Geotextiles are foil- and cloth-like synthetic materials that are used as filters in hydraulic engineering. It
is a thin, sandtight filter that is used to separate the core of the rubble mound structure from the base
fill land reclamation, see subsection 2.1.2. For geotextiles, a retention criterion is used for the accepted
loss of material, and this criterion becomes more strict for cyclic loading (Schiereck & Verhagen, 2019,
pp. 139–144). On the other hand, there should not be pressure build-up, so the permeability of the
geotextile should be more than 10 times that of the subsoil. The geotextile can get blocked by large
particles or clogged. Clogging means trapping of fine particles in the openings of the textile and this
process can also take place in granular filters. Therefore, the relatively high permeability of the filter is
important.

2.4.2. Geometrically closed filters
In geometrically closed filters, the fill material cannot move through the grains according to the classical
filter rules. These types of filter can withstand any load because there is no critical gradient at the transi-
tion of the two layers. A geometrically closed filter should comply with three relations, see Equation 2.16,
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based, respectively, on the stability between the filter layer and the base layer, the permeability, and the
internal stability (Schiereck & Verhagen, 2019, pp. 131–132). The permeability rule is mainly important
for large perpendicular gradients.

d15,f
d85,b

< 5
d60
d10

< 10
d15,f
d15,b

> 5 (2.16)

2.4.3. Geometrically open filters
Erosion occurs when the loading forces on a grain are larger than the resisting forces. The Forchheimer
equation, see Equation 2.8, describes the relationship between the gradient and the velocity in the filter,
which is again related to the forces acting on a grain. Within an open granular filter, grains in the
base layer can move through the filter layer. This erosion only occurs when the critical filter gradient is
exceeded, before that the filter is stable (Schiereck & Verhagen, 2019, pp. 130–133).
These more permeable filters are usually more economical than geometrically closed filters, but detailed
information on the loading gradients is required. Schiereck and Verhagen (2019) advises to discern the
flow in the two main directions (perpendicular and parallel) to better understand the flow through a
granular filter; see Figure 2.7.

Figure 2.7: Parallel and perpendicular flow in a granular filter (Schiereck & Verhagen, 2019).

According to Graauw et al. (1984), the minimum layer thickness of the filter must be more than sev-
eral times the diameter of the largest grain size. In that case, the filter structure can cope with any
irregularities.

2.4.4. Parallel flow
During parallel flow, the critical gradient is defined in the filter layer and shown in Figure 2.8. Since
the permeability of the filter layer is much higher than that of the base layer, the flow velocity is also
much higher in the filter layer. This creates a velocity gradient at the interface, which induces a (shear)
stress on the upper grains in the base layer (Schiereck & Verhagen, 2019, pp. 133–135). Graauw et al.
(1984) established an empirical relation for the critical gradient under steady parallel flow, by linking
the Forchheimer equation (Equation 2.8) with the threshold of movement from Shields.

IC = [
0.06

n3
F d

4/3
15F

+
n
5/3
F d

1/3
15F

1000d
5/3
50B

]u2
∗c (2.17)

The two parts of Equation 2.17 come from, respectively, the laminar and turbulent parts of the Forch-
heimer equation (Equation 2.8). The diameter of the base material is a measure of stability, and the
diameter and porosity of the filter material are a measure of the flow through the filter. In addition to
steady parallel flow, Graauw et al. (1984) also investigated cyclic parallel flow.
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Figure 2.8: Critical parallel gradient for non-inverted geometrically open filter layers (Schiereck & Verhagen, 2019).

Cyclic parallel flow
According to the tests of Graauw et al. (1984), the critical amplitude of the hydraulic gradient initially
increases with decreasing period. Cyclic flow causes hydraulic compaction, which increases the critical
hydraulic gradient. After compaction, it appeared that the critical hydraulic gradient no longer depends
on the period. During parallel flow tests, it was found that for cycle periods of more than 2 seconds,
the critical filter velocities and gradients are the same as for stationary flow. During cyclic parallel flow,
cyclic gradients perpendicular to the interface may occur, due to amplitude differences between the
cyclic pressures in both materials, caused by permeability differences.

2.4.5. Shear stress
Parallel flow causes shear stress on the upper grains of the base material, which can cause erosion.
Erosion is the entrainment of particles in which they are sliding, lifting, or rolling. The Shields curve
relates the nondimensional shear stress on the bed to the boundary Reynolds number. The sliding of
the particles is best correlated with the Shield parameter, so this is the main erosion mechanism, while
lifting and rolling aremuchmoremechanisms of individual particles (Miedema, 2010). When continuous
movement of grains occurs at all locations, the friction force of the water flow exceeds the so-called critical
Shields parameter. Figure 2.9 shows the original Shields curve.
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Figure 2.9: Original Shields curve (Shields, 1936).

2.4.6. Perpendicular flow
The critical gradient is defined in the base layer during the perpendicular flow, which is related to a
different erosion mechanism than for the parallel flow. The filter layer has a larger permeability, which
causes a much larger gradient in the base layer, because the flow in both layers is equal (Schiereck &
Verhagen, 2019, pp. 133–135). In the case of a base fill retaining rubble mound structure, the base
layer is on top of the filter layer. For downward flow in this situation, a geometrically closed filter
is recommended because grains will easily fall through the filter layer (Schiereck & Verhagen, 2019,
pp. 133–135). Fluidization occurs when the filter grains are relatively large, which means that the base
layer is eroding, and so the base layer determines the stability. Between the closed limit and fluidization
(piping), the arching mechanism can block the filter; see Figure 2.10. Details about arching are given
in subsection 2.4.7.

Figure 2.10: Perpendicular flow through non-inverted geometrically open filters (Schiereck & Verhagen, 2019).

Cyclic perpendicular flow
Cyclic perpendicular loading tests of Graauw et al. (1984) produced considerably different results than
the stationary tests. Cyclic perpendicular gradients to the interface are caused by amplitude differences
between the cyclic pressures caused by differences in permeability. Arches are probably difficult to build
up and remain during cyclic loading. This can explain the lower critical gradient for both fine and coarse
sand in this situation. Details about arching are given in the subsection below.
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2.4.7. Arching
The scientist Robert Hooke (1635 - 1703) describes the arch as follows: ’As hangs the flexible line, so
but inverted will stand the rigid arch.’ When the slope of the arch at each point exactly matches the
combined horizontal forces (transmitted through the arch) and vertical forces (gravity and weight of the
arch) at that point, this can be considered the ideal shape of an arch (Osserman, 2010). This famous
shape can be linked to a specific distribution of grains in an open filter, known as ”arching.”
The formation of arches is the main strength mechanism for perpendicular flow in open inverted filters.
The strength of the arches depends on the Stability Ratio, the effective stress in the filter, and the an-
gularity of the base fill material. The larger the gaps of the filter compared to the size of the base fill
particles (the Stability Ratio), the larger and thus the more fragile the arches become. This decreases
the critical perpendicular hydraulic gradient.

Trapdoor systems
To study arching mechanisms, trapdoor systems are often used to investigate deformation patterns and
development processes. A trapdoor system, such as the test setup of Rui et al. (2016), consists of a sand
chamber and moving components (movable beams, heavy steel plate, lift and indicators). Fill height
(H), net spacing (s−a), pile width (a) and sand grain size (d) can be varied. Terzaghi (1943) described
the development of the arching by the following finding: the inclination of the slip surface decreases
from 90˙ to 45˙+φ/2 with increasing H

(s−a) .
The study of Terzaghi (1943) corresponds to the research of both Iglesia et al. (2013) and Chevalier
et al. (2012) who described the load transfer processes during the downward movement of the trapdoor
in three phases. Chevalier et al. (2012) describes first the maximum transfer phase, then the transition
phase with a triangular expansion zone, and then the critical phase with vertical sliding zone boundaries.
The displacement data of Iglesia et al. (2013) showed that the physical arch transformed from a curved
configuration to a triangular shape and eventually to a prismatic sliding mass with vertical sides; see
Figure 2.11.

Figure 2.11: Three soil-arching patterns for unreinforced piled embankments: (a) tower-shaped development pattern, (b)
triangular expanding pattern, (c) equal settlement (Rui et al., 2016).

Effect of flowing water
Besides waves, there is also the occurrence of currents from tides and precipitation. An inward current
might break the arches and thus decrease the critical perpendicular gradient, and vice versa. However,
when the current influences the individual grain of sand, the inward current can force the grains into
the sand layer, increasing stability (Van de Ven, 2019).
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2.5. Stability of open inverted filters
During the research line, as described in section 1.2, parallel, perpendicular, and combined flow config-
urations have been tested for open inverted filters. It is of interest how the flow is behaving during a
combined flow configuration. Other interesting aspects of open inverted filters are explained in this sec-
tion as well, like the stability after initial erosion, the influence of superimposed load and characteristics
of the base material.
According to the research from Boersma (2020), the median grain size of the base material does not sig-
nificantly influence the critical hydraulic gradient of the inverted filter. It was also found that an initially
saturated filter with sand can reduce the arching effect and induce tunneling effects. This will have a
negative impact on the critical hydraulic gradients. Lengkeek (2022) found that the more angular the
base fill, the more permeable this sediment usually is, and this decreased the critical hydraulic gradient.

2.5.1. Combined flow
It was found that the perpendicular hydraulic gradients in the combined tests were similar to the critical
hydraulic gradients in the perpendicular tests of Van de Ven (2019). It was also found that during the
combined test, the critical parallel gradient was lower compared to the parallel test. Therefore, it seems
like the perpendicular hydraulic gradient is governing over the parallel hydraulic gradient. However,
Lengkeek (2022) concluded that the top of the physical model was leaking during parallel configuration
tests. This means that the influence of only the parallel hydraulic gradient has not yet been researched.
Furthermore, Lengkeek (2022) found that the parallel hydraulic gradient appeared to have no influence
on the perpendicular hydraulic gradient. This means that the parallel and perpendicular components of
the hydraulic gradient can be analyzed separately to determine which one governs and which one can
be ignored.
Graauw et al. (1984) researched a flow oblique to the interface of a non-inverted open filter. This may
be interpreted as the combined flow. It was found that the critical hydraulic gradient parallel to the
interface hardly varies for critical perpendicular gradients less than 0.5, as can be seen in Figure 2.12.
Only when a large perpendicular gradient is applied, the critical parallel hydraulic gradient reduces to 0.
In the case of an inverted open filter, this value will be lower because the force of gravity has a negative
impact on the critical perpendicular hydraulic gradient.

Figure 2.12: Critical hydraulic gradients with steady flow angular to interface (Graauw et al., 1984).

2.5.2. Stability after initial erosion
Bratli and Risnes (1981) performed an arching experiment with a steel cylinder with a central unconsol-
idated sand within. A piston compressed the sand vertically and a fluid was forced through the sandpack
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where the flow rate was increased until some sand left the cylinder at the bottom. It turned out that the
flow rate could be further increased until another small amount of sand left the cylinder, and so on, until
the total sandpack collapsed. This depends on the strength of the sand. As long as the cohesive strength
and failure angle of the sand are large enough compared to the uniaxial tensile strength, the shell col-
lapses occur (Bratli & Risnes, 1981). This means that a base fill with a relatively high cohesive strength
and/or failure angle can have erosion from shell collapses from the arches at a certain hydraulic gradi-
ent, without reaching the ultimate critical hydraulic gradient. The research of Lengkeek (2022) found
indications of an armoring effect where broken arches were reformed to a more stable configuration.

2.5.3. Superimposed load on base-filter interface
The research of Lengkeek (2022) showed that the higher the surcharge applied to the inverted filter, the
higher the critical perpendicular hydraulic gradient. This can be explained by the increase in strength
of the arches due to superimposed load. According to Graauw et al. (1984), for the higher values of the
surcharge (σ), the critical hydraulic gradient (Icr) increases less, see Figure 2.13. When local fluidization
occurs (SR > 12.2), the effect of the superimposed load on the critical hydraulic gradient is reduced.

Figure 2.13: Effect of superimposed load with cyclic flow perpendicular to interface (Graauw et al., 1984).

The influence of a surcharge on the critical parallel hydraulic gradient has not been investigated by
Graauw et al. (1984). Because the critical parallel hydraulic gradient depends mainly on the shear
velocity of the filter layer on the base material, stronger arches will have a less positive impact. However,
compaction of the base and filter material also has a positive impact on the critical parallel hydraulic
gradient. This enhancement of the filter characteristics is a side effect of the superimposed load.

2.5.4. Fines and graded base material
A base material is internally stable if none of the fractions starts migrating due to the effect of a specific
water motion. For a more graded base material, this can be significant when the finer fraction is not
internally stable and is lost through the filter material. In the case of graded base material, a higher con-
centration of migrated material was measured, so a less functioning open filter was measured (Graauw
et al., 1984). This reduces the critical hydraulic gradients, because it can easier fluidize the base material
and reduce the threshold shear stress.
Most of the research that predicts the threshold of erosion with the Shields curve uses uniformly graded
sediment. The parallel steady-flow results of Graauw et al. (1984) show a higher critical gradient in
the case of fine base material. Sediment with a significant fine content means that more than 10% of
its mass consists of sediment that is finer than 63 µm. These sediments are called ”cohesive” sediments
when they consist of clay, because the finer sediments cling together when they are moisty by means
of cohesive bonds (Winterwerp & van Kesteren, 2004). However, they can also cling together due to
negative pore pressures, because non-clay mineral particles are non-cohesive. This is the case for most
fine-content sediments, including marine sediments. The flow is laminar within fine sediments; there-
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fore, the Reynolds number of the grain (Red50) is not expected to alter the flow regime within the soil
(Mohr et al., 2021).
Mohr et al. (2021) experimentally investigated the erosion threshold of fine-grained sediments with
ensured variations in the particle size distribution (fines content), bulk density, and hydraulic perme-
ability. All the investigated samples included silica, carbonate and marine sediments with limited clay
minerals. According to Mohr et al. (2021) only permeability appeared to independently correlate with
the observed range of threshold measurements. It has been found that the threshold shear stress for
sediments with a significant fines content exceeds the prediction of the Shield curve by up to an order of
magnitude. The fines content does not appear to independently explain the threshold shear stress across
different sediments, but rather the effects of the fines content coupled with density. The threshold shear
stress can also be altered by the shape of the particles, the plasticity index and the orientation and fabric
of the sediment particles, which could also be related to permeability (Mohr et al., 2021).
Various researchers have reported that the threshold shear stress increases steadily or abruptly with
an increase in fines content. For example Mitchener et al. (1996) found that adding sand to mud, or
vice versa, increases the resistance to erosion and reduces erosion rates when the critical shear stress
of erosion is exceeded. The highest values for the erosion shear stress of homogeneously mixed beds
occur at a maximum in the region of 30 to 50% sand by weight. The most significant effect on erosion
resistance occurs by adding small percentages of mud by weight to sand. The mode of erosion also
changes from cohesionless to cohesive behavior at low mud content added to the sand, with a transition
occurring in the region of 3% to 15% mud by weight; see Figure 2.14.

Figure 2.14: Critical shear stress for erosion against % fines for different types of cohesive material (Mitchener et al., 1996).

2.5.5. Inclined filter
According to den Bos and Verhagen (2018, p.86) a gentle, regular rubble mound structure has a slope
of around 1:1.5. The gentler the slope of the rear side of the rubble mound structure, the less damage
occurs because the impact caused by wave overtopping is distributed over a larger area. In the case of a
rubble mound structure with base fill, the slope at the rear end is somewhat more gentle, but definitely
not horizontal. On the other hand, a steeper slope at the rear end is more economical. Because the filter
is inclined and placed at the rear end of the rubble mound structure, symmetry of the flow is rarely seen
in reality. Van de Ven (2019) estimated the flow for an inclined filter with a numerical model. It turned
out that the perpendicular gradients inward of the sand layer were larger than the outward gradients.
For parallel flow, the downward gradients were larger than the upward parallel gradients.
The influence of inclination on the mechanics of the filter can be explained by two significant differences.
First of all, the primary soil pressure is not perpendicular to the base-filter interface when the filter is
inclined. This can influence the arching mechanism of the soil in the base fill. Second, the force of
gravity does not work perpendicular to the base-filter interface. Because the gravitational forces work
on an angle to the interface, the could reduce the destabilizing force and strengthen the filter.
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2.6. Summary of literature study
• The hydraulic gradient in an open rear rubble mound structure increases with increasing wave

period, wave height and/or wave length and closer to sea water level (SWL) (Vanneste & Troch,
2012). An irregular wave pattern might decrease the critical gradient compared to a regular wave
pattern. Furthermore, oblique wave attack creates long shore currents, i.e. another parallel gra-
dient in another direction. Polidoro et al. (2015) concluded that the hydraulic gradient did not
exceed 0.03 within the core at the downward extend of the geotextile, Van de Ven (2019) modeled
the perpendicular gradient in the base fill which ranged between 0.2 and 0.6.

• The coefficient of uniformity (Cu) and the coefficient of gradation (Cc) describe the variability of
soil particle sizes within a soil mixture. Grain crushing will not occur due to the self-weight of the
base fill (Hattamleh et al., 2010). The type of sand used for land reclamations is largely dependent
on the material available on the construction site and the most important criteria for the base fill
is a maximum fine content (< 63micron).

• A geotextile can get blocked by large particles or clogged. A geometrically closed filter is recom-
mended for inverted filters (Schiereck & Verhagen, 2019, pp. 133–135). According to Graauw
et al. (1984), the minimum layer thickness of an open granular filter must be more than several
times the diameter of the largest grain size to cope with irregularities. Within an open granular
filter, grains in the base layer can move through the filter layer. This erosion only occurs when
the critical filter gradient is exceeded, before that the filter is stable (Schiereck & Verhagen, 2019,
pp. 130–133), so this requires detailed information on the loading gradients.

• During parallel flow, a velocity gradient at the interface occurs, which induces a (shear) stress on
the upper grains in the base layer (Schiereck & Verhagen, 2019, pp. 133–135). The diameter of
the base material is a measure of stability and the diameter and porosity of the filter material is a
measure of the flow through the filter. During cyclic parallel flow, cyclic gradients perpendicular to
the interface may occur because of the amplitude differences between the cyclic pressures in both
materials.

• During perpendicular flow in open inverted filters, the smaller hydraulic conductivity of the sand
causes a much larger gradient in the base layer. The formation of arches is the main strength mech-
anism, which depends on the Stability Ratio, the effective stress in the filter, and the angularity of
the base fill material. It is difficult for arches to build up and remain during cyclic loading, which
explains the lower critical gradient in this situation.

• Graauw et al. (1984) found that during combined flow in a non-inverted open filter, the critical
hydraulic gradient parallel to the interface is constant for varying low critical perpendicular gra-
dients (< 0.4). This suggests that in a non-inverted open filter with combined flow, the parallel
gradient is critical instead of the perpendicular gradient.

• The research of Bratli and Risnes (1981) concluded that a base fill in a cylinder can have erosion
at the bottom from the collapse of the shells of the arches at a certain hydraulic gradient, without
reaching the ultimate critical hydraulic gradient.

• According to Graauw et al. (1984), the strength of the arches increases due to superimposed
load. However, for higher values for the surcharge, the critical hydraulic gradient increases less.
The influence of a surcharge on the critical parallel hydraulic gradient has not been investigated
by Graauw et al. (1984).

• In the case of graded base material, a higher concentration of migrated material was measured,
so a less well functioning open filter (Graauw et al., 1984).

• Finer sediments can cling together by means of cohesive bonds (Winterwerp & van Kesteren, 2004)
or due to negative pore pressures. The threshold shear stress for sediments with a significant fines
content exceeds the prediction of the Shield curve (Mohr et al., 2021). The most significant effect
on erosion resistance occurs with the addition of small percentages of mud by weight to sand, with
a transition from cohesionless to cohesive behavior occurring in the region 3% to 15% of mud by
weight (Mitchener et al., 1996).
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Numerical model

A numerical model of the expected flow in the physical model has been created and explained in sec-
tion 3.1. The one-dimensional model represents the physical model and the test programs of this research.
The objective of the numerical model is to understand the flow processes that occur within the physi-
cal testing facility. The flow within the filter system can be predicted by the two-dimensional model,
as explained in section 3.4. The one-dimensional numerical model is based on the numerical model of
Boersma (2020), and the two-dimensional model is based on the equations used by Lengkeek (2022).
The relevant modifications that are made are listed in section 3.5.

3.1. One-dimensional numerical model
The physical test setup has been schematized in Figure 3.1. The relevant parameters used in the numer-
ical model are mentioned below. According to Gu and Wang (1990), the porous flow through the base
material is dominated by the laminar resistance (−I = u

Ks
), so Darcy’s law. For rubble mound structures,

the flow type could also be turbulent or transitional. For filter material the Forchheimer formula can be
rewritten as follows:

−I =
1

Kf
u+ ωfu|u| (3.1)

In which I represents the hydraulic gradient, u represents the velocity, Kf the hydraulic conductivity
of the filter material and ωf the coefficient quadratic friction term. According to E. Ghane (2014) the
non-Darcy effect increases with increasing specific discharge (q). This means that Darcy’s law (−I = u

Kf
)

may not necessarily be assumed for the filter material in the physical test setup.
From the data from the physical model, only the hydraulic gradient and the water depths can be mea-
sured, which depend on the specific discharge. By plotting the filter velocity versus the hydraulic gradi-
ent, an estimation for the value of ωf can be made. The influence of turbulence and inertia could also
be determined by the Reynolds number and Keulegan-Carpenter number, respectively (Equation 2.11).
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Figure 3.1: Schematization test setup with parameters used in numerical model. The positive direction of the specific discharges
is illustrated as well.

Symbol Definition Unit
LA Length of compartment A mm
BA Width of compartment A(, B, and C) mm
LB Length of compartment B mm
LC Length of compartment C mm
Lp Length of plunger mm
Bp Width of plunger mm
Ap Amplitude plunger movement mm
zp,0 Initial distance between bottom plunger and setup mm
zp Distance between bottom plunger and setup mm
zA Water depth in compartment A mm
zB Water depth in compartment B mm
zC Water depth in compartment C mm
Ks Hydraulic conductivity of base material mm/s
ns Porosity of base material -
Kf Hydraulic conductivity of filter material mm/s
nf Porosity of filter material -
ωf Coefficient quadratic friction term s2/mm2

3.2. Inducing porous flow
In order to understand the flow processes, the numerical model must calculate the pressure distribution
within the filter system. The flow in the model is induced by the oscillating movement of the plunger
in compartment A. The complete plunger programs are modeled. A plunger program represents the
complete movement of the plunger to generate hydraulic gradients in the physical model in an ascending
manner. ”Reference heights” are included at the highest and lowest positions of the plunger, to create
moments (”reference times”) of hydrostatic pressure that can be used to check the ”calibration” formulas
of the pressure sensors. Furthermore, uniform accelerations and decelerations are taken into account
for a precise development of the water depth in compartment A. With these adjustments, the whole
development of changes in water depth and perpendicular and parallel hydraulic gradients during a test
are modeled. The details of the physical plunger are shown in Appendix A, and the different plunger
programs are described in Table 4.1.
The movement of the plunger in the numerical model is described as follows: Each test segment starts
at the highest position (zp,0 +Ap) followed by the lowest position (zp,0 −Ap) both for a period specified
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by ”reference time” (tr). The switching time (ts) indicates how long it takes for the plunger to switch
between the reference heights. After the reference heights, the plunger starts to oscillate within the
specified period. The plunger accelerates from zp,0 − Ap for a period of ta, then moves at a constant
velocity and then decelerates for a period of td until the bottom of the plunger is placed at zp,0 + Ap.
In this position, the plunger waits a certain time (tw). Then it moves down to zp,0 − Ap, including
acceleration, constant velocity, and deceleration, for the next waiting period, etc. Part of the plunger
movement of plunger program 1, and the complete plunger program 2 are shown in Figure 3.2. The
plunger programs are specified in Table 4.1.

Figure 3.2: Part of plunger program 1, with a period of 120 sec and a waiting time of 6 sec. Plunger program 2 with a period of
alternately 72 and 36 sec, an initial position of the plunger at 230 mm from the bottom and an amplitude of 30 till 70 mm.

Plunger programs are specified in Table 4.1.

The plunger is partly underwater, and its movement influences the change in water depth in compartment
A, which then influences the water depth in the other compartments. According to Archimedes, the
change in submerged volume of the plunger causes a change in the water depth of the area around the
plunger within compartment A. This means that the water depth in compartment A (zA) is inversely
related to the distance between the bottom of the plunger and the bottom of the model (zp). The other
parameters that are important for the volume balance are the length and width of the plunger (Lp, Bp)
and of compartment A (LA, BA). The change in water depth in compartment A, based on the movement
of the plunger and assuming that there is no flow of water to compartment B, is described in Equation 3.2.

zA(t+ 1) = zA(t)−
δ
δtzp · Lp ·Bp

LA ·BA − Lp ·Bp
(3.2)

3.3. Flow configurations in numerical model
The water depth changes in compartment A create a head difference that causes porous flow through
the grains. The hydraulic gradients for each flow configuration and the resulting specific discharge are
explained below. This determines the water depths in all three compartments.

3.3.1. Hydraulic gradients
During parallel flow, the hydraulic gradient depends on the difference in water depth between compart-
ments A and C, divided by the length of compartment B. For the perpendicular flow configuration, there
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is only a flow between compartments A and B. The difference in water depth in compartment A and the
ground water level in B over the height of the water level in the sand layer determines the hydraulic
gradient for the perpendicular flow configuration (I⊥,A). Only the height of the sand layer is taken into
account, due to the relatively low permeability, as explained in subsection 2.4.6. In case a perpendicu-
lar hydraulic gradient occurs over the filter layer as well, this material is part of the calculation as well.
This turned out to be the case for the physical model, the adjustment is described in chapter 5 by Equa-
tion 5.1. For the combined flow configuration, there is also a perpendicular hydraulic gradient between
compartments B and C (I⊥,C). The formulas for the hydraulic gradients are as follows:

i∥(t) =
zC(t)− zA(t)

LB
(3.3)

i⊥,A(t) =
zB(t)− zA(t)

zB(t)− hc − hf
i⊥,C(t) =

zB(t)− zC(t)

zB(t)− hc − hf
(3.4)

3.3.2. Specific discharge
The specific discharge from compartment A to B and C, and from compartment C to B are considered
positive; see Figure 3.1. During the parallel flow configuration, only the specific discharge through
the filter layer (hf ) and sand layer covered with geotextile (hs) is important, and thus the hydraulic
conductivity of the filter layer (Kf ) and the sand layer with geotextile (Ks). This in relation to the
hydraulic gradient at a certain moment causes a parallel specific discharge through the setup (q∥). The
parallel gradients are described with Equation 3.5 and Equation 3.6.
The perpendicular flow configuration does not use compartment C, so its specific discharge only depends
on the water levels in compartments A and B (q⊥,A). For perpendicular flow, the hydraulic gradient to
induce erosion is only significant in the sand layer, see Equation 3.7. During the combined flow config-
uration, there is a parallel and perpendicular specific discharge. This perpendicular specific discharge
(q⊥) depends both on the water depths in compartments A and C (q⊥,A and q⊥,C). The formulas for the
specific discharge according to Forchheimer are given below.

−I∥,f (t) =
1

Kf · hf
q∥(t) +

ωf

h2
f

q∥(t)|q∥(t)| (3.5)

−I∥,s(t) =
1

Ks · hs
q∥(t) (3.6)

−I⊥,A(t) =
1

Ks · LB
q⊥,A(t) (3.7)

−I⊥,C(t) =
1

Ks · LB
q⊥,C(t) (3.8)

q⊥(t) = q⊥,A(t) + q⊥,C(t) (3.9)

3.3.3. Water depths
The water depths within the different compartments depend on the movement of the plunger, see Equa-
tion 3.2, and the specific discharges. For the parallel flow configuration, the parallel specific discharge
is of importance: q∥. During the perpendicular flow configuration, only the specific perpendicular dis-
charge between compartments A and B, q⊥,A, should be taken into account. The combined flow con-
figuration takes into account both these specific discharges, as well as the specific discharge between
compartments B and C: q⊥,C . The formulas to calculate the water depths in each compartment are
given below for the combined flow configurations. Water depths during the parallel or perpendicular
flow configuration are calculated by only part of these equations.

zA(t+ 1) = zA(t)−
δ
δtzp · Lp ·Bp + (q∥ + q⊥,A) ·∆t ·BA

LA ·BA − Lp ·Bp
(3.10)



3.4. Two-dimensional flow 25

zB(t+ 1) = zB(t) +
(qA,⊥ + qC,⊥) ·∆t

LB
· 1

ns
(3.11)

zC(t+ 1) = zC(t) +
(qA,∥ − qC,⊥) ·∆t

LC
(3.12)

3.4. Two-dimensional flow
The flow through the open inverted filter can be visualized more extensively with a two-dimensional
numerical model. The pressure distribution in the base material can be described with the potential flow
equation. A one-way coupling can be made between the one-dimensional and two-dimensional numer-
ical models. The water depth outputs in the different compartments of the one-dimensional numerical
model can be used as input for the two-dimensional model. When assuming steady, incompressible, and
irrotational flow, the two-dimensional LaPlace equation can be used:

δ2ϕ

δx2
+

δ2ϕ

δy2
= 0 (3.13)

Wall effects are neglected and laminar resistance is assumed to be dominant in the base material. The
potential flow is discretized in the numerical approach with central differences:

Pnj,i =
δx2 ∗ (Pnj,i+1

+ Pnj,i−1
) + δy2 ∗ (Pnj+1,i

+ Pnj−1,i
)

2 ∗ (δx2 + δy2)
(3.14)

The hydraulic head at the current moment at x-position i (over the length) and y-position j (over
the height) is expressed as Pnj,i

. This corresponds to the length and height coordinates in the two-
dimensional Python-model. The boundary conditions are computed with virtual grid points. A grid of
30 points by 30 points was used.

3.4.1. Boundary conditions
At the left and right wall there is no flow possible, so a Neumann boundary condition can be used:

δP

δx
= 0 (3.15)

During the combined and perpendicular flow configuration, the hydraulic head at the top equals the
water level in compartment B. This is defined by a Dirichlet boundary condition:

P = zB (3.16)
For the parallel flow configuration, no flow is possible in y-direction. This is described by a Neumann
boundary condition:

δP

δy
= 0 (3.17)

At the bottom boundary of the base material for the combined en parallel flow configuration, the hy-
draulic head is assumed to be equal to the linear interpolation between the water depths of compart-
ments A and C. This Dirichlet boundary condition is as follows:

P = zA · (x− LB) + zC · x (3.18)
For the perpendicular flow configuration, the hydraulic head at the bottom of the base material is as-
sumed to be the same as the water depth in compartment A (P = zA), as such no 2D effects occur in
this configuration.

3.4.2. Hydraulic gradients
The hydraulic gradients can be calculated based on the differences in hydraulic heads:

I⊥j,i =
Pj+1,i − Pj−1,i

2 ∗ δy
I∥j,i

=
Pj,i+1 − Pj,i−1

2 ∗ δx
(3.19)
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3.5. Modifications numerical models
The one-dimensional numerical model is based on the numerical model of Boersma (2020). Whereas
the previous model only took laminar resistance into account, the current model also takes turbulence
into account, as this can be required for the filter material. Additionally, the precise dimensions of the
plunger are included in the formulas instead of only the width. Another plunger movement has been
programmed that models its precise movement including acceleration and deceleration. This avoids
instant shifts in hydraulic gradients, which would also not occur in the physical model.
Furthermore, the entire tests are programmed with all different plunger movement periods and ampli-
tudes. This shows the expected development of the hydraulic gradients during the test, instead of only
one test segment. The reference heights preceding each test segment are included as well. The two-
dimensional model is based on the equations used by Lengkeek (2022). Based on the measurements
in the physical model, adjustments to the two-dimensional model are shown in chapter 5. These ad-
justments consist of a higher hydraulic conductivity on the sides of the model, modeled by a smaller
hydraulic head difference on the sides.



4
Physical model

First the test setup is explained in section 4.1 per compartment with a more detailed description of the
measuring equipment in Appendix A. In the next section, section 4.2, the research method from test
preparation to data analysis is explained. Subsequently, the different test configurations are visually
depicted and explained in section 4.3 and section B.1. In the next section, the characteristics of the base
and filter material are explained. Furthermore, an overview of the adjustments compared to the previous
research is given in section 4.5. Finally, an overview of all the tests performed is given in section 4.6.

4.1. Test setup
This section provides an explication of the test setup, which remains consistent with the configuration
devised by Boersma (2020) and subsequently used by Lengkeek (2022), with several improvements as
explained in section 4.5. The physical model is a water resistant container comprising three compart-
ments, depicted in Figure 4.1 and designed by DEMO.

Figure 4.1: Physical model setup as designed by DEMO.

Within the illustrated setup of Figure 4.2, the water can flow through the filter in both a parallel and

27
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perpendicular manner, which would be considered as the combined flow configuration. The initial water
depth is 400 mm. The other two flow configurations are parallel and perpendicular and are explained
further in section 4.3. The scale of the materials in the tests is the same as that in reality.

Figure 4.2: Setup of physical model in the base case situation of the combined flow configuration.

4.1.1. Compartment A
Compartment A contains a plunger that executes vertical oscillations, thus exerting control over the
water depth within the setup. The plunger does not touch the bottom of the model and partially remains
submerged. Variations in the water depth within Compartment A induce a hydraulic gradient within the
filter system. The plunger is a hollow box made of wood. A linear motor is attached to the plunger to
make it move at an amplitude of 30 to 70 mm and at different velocities that correspond to periods of
120 to 12 seconds. The position of the plunger is measured by a laser, while the water depth is monitored
by water level gauges. Further details of the plunger system, laser, and water level gauge are shown in
Appendix A.

4.1.2. Compartment B
The middle compartment contains the filter material and the base material. At the bottom, there are 6
bottom cells, which are individual compartments that can be used to detect erosion. The filter material
is placed on a wire mesh, allowing it to retain the gravel, while the base material can erode towards the
bottom cells. The wire mesh on the left and right side, as illustrated in Figure 4.2, mitigates boundary
effects, and bubble wrap is placed on the front and back surfaces of compartment B. Above the 100 mm
of filter material, a base material is deposited. Water level differences lead to hydraulic gradients within
the filter and the base material. These hydraulic gradients are increased until erosion starts.
Underneath the base and filter material interface, three pressure sensors are strategically located to
measure the water pressure relative to the atmospheric pressure (the hydraulic head). The difference
in hydraulic head divided by the distance between pressure sensors indicates the parallel hydraulic gra-
dient. In the base material, three sets of dual pressure sensors are vertically mounted to measure the
perpendicular hydraulic gradients at three different locations in the base material. Pressure sensors,
which are vented gauges, require waterproofing. The higher the number of pressure sensors used, the
more the base layer and filter layer will be disturbed. Pressure measurements over the width of compart-
ment B are comparable because the physical model represents a two-dimensional open inverted filter
system. Therefore, only one set of pressure sensors will be used in the physical model, and this reasoning
has been confirmed by the measurements of Lengkeek (2022). In addition, pressure sensors are placed
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in a frame sized equivalent to the length of compartment B to ensure the same positions during each test.
A detailed description of the pressure sensors and the pressure sensor frame is shown in Appendix A.

4.1.3. Compartment C
Compartment C will be used during the combined and parallel flow configuration. Water level gauges
are placed in compartments A and C to measure water depths. The difference in water levels indicates
the maximum parallel hydraulic gradients within the filter system and can be used as a reference for
pressure sensor measurements. A detailed description of the water level gauges is given in Appendix A.

4.2. Research method
The methodology of the research is explained below. First, the methodology to perform tests with the
physical model is explained, which has been carried out in the laboratory. Second, the methodology of
the data analysis is given.

4.2.1. Methodology physical model
The procedure for performing a base case test in a parallel flow configuration is outlined below. The
methodology varies slightly when other configurations are executed. The connections between the com-
partments should be adjusted according to the flow configuration. Furthermore, fines can be added to
the base material and a surcharge can be placed atop the base material. The preparation of the test is
of great importance to prevent erosion transport at the sides of the filter and for the visibility of erosion
through the filter.

1. Dry and clean model
To initiate the preparation of the test, it is essential that the model is dry and clean. To enhance erosion
visibility, black-white checkered plastic sheets are positioned at the bottom of the sediment trapping
compartments. A wire mesh is placed on top of the sediment trapping compartments, of which the edges
at compartments A and C should be completely sealed using water resistant aluminum tape to minimize
erosion to the other compartments. Geotextile is placed between the base material and compartments
A and C over a height of 100 mm, just above the filter material. This geotextile layer facilitates the
flow of water through the sand layer. Bubble wrap is placed on the front and back of compartment B,
completely sealed with water resistant aluminum tape, to minimize erosion on the front and back sides
of the sediment trapping compartments.

2. Filter material, water depth, and pressure sensors
The subsequent stage involves positioning the 100 mm filter layer atop the wire mesh. The filter material
should have been extensively washed to remove all the sand and smaller particles. Subsequently, a 20
mm wide strip of geotextile is laid over the width of the filter material close to compartments A and C
and these edges are sealed to the wall. This measure serves to prevent erosion from compartment B to
adjacent compartments.
The water depth in the setup is increased to around 330mm. Thereafter, the pressure sensors are injected
with water and the air bubbles are expelled. Subsequently, the entire frame with pressure sensors is
placed in the setup in the wire mesh. This arrangement ensures a fixed and consistent position for each
test, as shown in Figure 4.3.
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Figure 4.3: Parallel flow configuration when the filter material and pressure sensors have been placed.

3. Base material, water depth, and lighting
Subsequently, the base material is carefully added to the filter material and pressure sensors. The thick-
ness of the base material depends on the test configuration executed. In cases involving parallel flow
configuration, the base material layer should be above the wire mesh, allowing space for a sealing plate
to be placed on top of the base layer. It is imperative that the base material is level. The next step
involves threading the cables and air tubes through the sealing plate and interlocking them with 3D
printed rubber sealing pieces. Subsequently, 63 kg of lead is placed on top of the seal to compensate for
the reduced thickness of the base material layer compared to the other configurations. The base layer
must at first reach the same level as the water level. The water level is adjusted to align with the plate
level to release trapped air.
Once this is achieved, the sides of the plate are sealed with water-resistant aluminum tape and aqua
blocker. Aqua blocker is a universal hybrid sealant. The sealing pieces surrounding the cables and tubes
are screwed onto the plate and also sealed with aqua blocker.
The water level should be carefully adjusted to a few centimeters above the sealing plate, to check
waterproofness but avoid high pressure build-up. Therefore, a constant water level can be guaranteed
in compartment B. Adequate lighting is placed at the back of compartment B to ensure clear visibility
in the sediment trapping compartments. If the water is too turbid for good visibility, it is necessary to
allow the particles to settle, which takes about a day. The frame with GoPro cameras is placed in front
of compartment B, as shown in Figure 4.5.

4. Execution of the test
Once a clear image is established through the GoPro cameras, the monitoring can begin with a timelapse
interval of 5 seconds. Recording of sensor outputs using DASYlab is started for the pressure sensors,
water level gauges, and the laser. Subsequently, the plunger system test program can be launched via
Arduino. Throughout the test, the sealing plate should be regularly checked and fixed with aqua blocker
when a small leak occurs.
The plunger test program has been varied throughout the research, depending on the flow configuration
of the test. Table 4.1 gives the characteristics of the plunger movement per segment: the amplitude,
period and velocity. This is converted to a maximum rate of change of the water depth in compartment
A. The plunger range can be varied from 60 to 140 mm, while the period can be varied from 120 to 12 s.
A waiting time of 6 s is implemented at the upper and lower positions, with exceptions for the shortest
periods (24 and 12 s), to mitigate plunger-induced vibrations that could affect the whole setup.
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Table 4.1: Test programs of the plunger described per test segment.

Plunger program (pp) Test segment: 1 2 3 4 5 6 7 8 9 10

1
Amplitude (mm) 60 60 60 60 60 60 60 60 60 60
Period (s) 120 108 96 84 72 60 48 36 24 12
Velocity (mm/s) 2.2 2.5 2.9 3.3 4.0 5.0 6.7 10.0 12.0 20.0
Maximum rate of change
water depth comp. A (mm/s) 1.5 1.6 1.9 2.2 2.6 3.3 4.4 6.5 7.9 13.1

2
Amplitude (mm) 30 30 40 40 50 50 60 60 70 70
Period (s) 72 36 72 36 72 36 72 36 72 36
Velocity (mm/s) 2.0 5.0 2.7 6.7 3.3 8.3 4.0 10.0 4.7 11.7
Maximum rate of change
water depth comp. A (mm/s) 1.3 3.3 1.7 4.4 2.2 5.5 2.6 6.5 3.1 7.6

3
Amplitude (mm) 70 70 70 70 70 70 70 70 70 70
Period (s) 120 108 96 84 72 60 48 36 24 12
Velocity (mm/s) 2.6 2.9 3.3 3.9 4.7 5.8 7.8 11.7 14.0 23.3
Maximum rate of change
water depth comp. A (mm/s) 1.7 1.9 2.2 2.5 3.1 3.8 5.1 7.6 9.2 15.3

A test is made up of 10 test segments, each of which spans approximately 45 minutes. Before each test
segment, the plunger is held at both the minimum and maximum positions of the test segment’s range
for around 10 minutes. This practice establishes hydrostatic reference heights for the pressure sensors.

5. Determination of erosion
Different levels of erosion can be indicated. The critical hydraulic gradient of an open filter within this
research line is the gradient at which initial erosion occurs. Initial erosion is defined as follows: The first
moment of a noticeable difference in the time-lapse images of the sediment trapping compartments 2,
3, 4 and 5. Another type of erosion is transport erosion: The start of continuous noticeable differences
in the time-lapse images of the sediment trapping compartments. During tests where a fines content is
added to the base material, erosion is more difficult to notice because some fines wash out and cloud the
water.

Two continuous lighting LED lamps are used to light up the setup under the same conditions during
each test. Three GoPro cameras are used to record the bottom cells. More information about GoPro
cameras and lighting is given in Appendix A.

6. Finalizing the test
When the whole test program of the plunger system is finished, DASYlab and the GoPro cameras can
stop recording. The water can be removed from the setup using a water vacuum. The sealing plate can
be carefully removed when all the aqua blocker and aluminum tape has been removed. Then the base
material can be carefully removed. Furthermore, the pressure sensor frame should be carefully removed,
rinsed off and checked for possible sand blockage (this can influence the function of the pressure sensor).
The infiltrated filter material with the base material is also removed and must be washed extensively. The
bubble wrap, wire mesh, and black-white checkered plastic sheets are then removed. Finally, the setup
should be completely cleaned and dried for the next test.

4.2.2. Data analysis
The hydraulic gradient cannot bemeasured directly but can only be determined by using pressure sensors
or water level gauges. It is essential that the sensors have sufficient accuracy and reliability to obtain
results. Details on the accuracy of the sensors used in the physical model and the calibration of the
sensors are shown in Appendix A. The reliability of the calibrations is further discussed in Appendix C.
According to technical specifications, water level gauges measure with an accuracy of 1.0 mm, the laser
with a resolution of 50 µm, and pressure sensors with 0.7 mm.

Periodic comparison pressure sensors to reference water levels
As can be concluded from the reliability of the pressure sensors, elaborated in Appendix C, it is desired
to frequently determine the scaling of the pressure sensors. By keeping the plunger in its minimum and
maximum position before each test segment, the water levels in the setup can equalize and the last 20
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to 10 seconds of each reference height can be used to calculate a linear regression for the voltage of the
pressure sensors towards meters water column; see Figure 4.4.
The volume change in compartment B equals the volume change of the plunger between the two refer-
ence heights subtracted by the water level difference in compartments A and C multiplied by their free
surface. The volume change in compartment B, divided by the surface of compartment B and the effec-
tive porosity of the base material, shows the change in meters water column that the pressure sensors
are measuring. In this way, the voltage change of the pressure sensors before each test segment can be
referred to as the hydrostatic pressure. This creates a ”calibration” formula for each pressure sensor per
test segment.

(a) Water level gauges. (b) Raw pressure sensor output.

Figure 4.4: Reference points of water level gauges and pressure sensor output (test 13).

The average slope of the ”calibration” formula is used, as further explained in Appendix D. It is also
desired to remove the offset from the pressure sensor data, as this can vary significantly according to
Appendix C. This is also explained in more detail in Appendix D.

Filtering data output
In this research, the low-pass Bessel filter, of 5th order and with a cutoff frequency of 1 Hz, is applied
to the pressure sensor data. The advantage of a Bessel filter is the nearly constant group delay, which
means that phase distortion and time delays are minimized and this preserves the shape of the signal.
This is desirable when comparing two pressure sensor signals at a certain moment. The Bessel filter is
further explained in Appendix D.

Hydraulic gradients
There are different methods to calculate the hydraulic gradients in the filter system with the sensor data
from the physical model. The methods are applied to all the test data and compared with the expected
results of the numerical model.
During parallel flow configuration tests, the difference in water level measured by the water level gauges
over the length of the filter gives a parallel gradient (I∥) with an accuracy of 0.0013. The accuracy
calculation is based on the accuracy of the water level gauges (1mm) and themeasurement distance (760
mm). By assuming a constant water level in compartment B during the perpendicular flow configuration
and calculating the difference in water depth with compartment A divided by the water level of only the
base material, gives a perpendicular gradient (I⊥) with an accuracy of 0.006.
Pressure sensors can also be used to calculate hydraulic gradients in the filter system. By reference of
the voltage to meters water column, as described in the previous subsection, the pressure difference can
be calculated. The difference in pressure expressed in meters water column over the distance between
the sensors gives the hydraulic gradient. For the perpendicular hydraulic gradient (I⊥), the vertical
distance between the pressure sensors located in the base material is used; this gives an accuracy of
the perpendicular gradient of 0.012 based on the accuracy tests of the pressure sensors in Appendix C.
The horizontal distance between pressure sensors in the filter material is used to calculate the parallel
hydraulic gradient (I∥) with an accuracy of 0.0035 based on the accuracy tests of the pressure senors in
Appendix C. Details on how the maximum hydraulic gradient per test segment is determined are given
in Appendix D.
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4.3. Test configurations
In order to answer the subquestions, multiple physical model configurations are required. The initial
stage involves conducting tests in base-case situations and variations in the fines content of the base
material. Subsequently, the application of a surcharge on the setup is researched. These different types
of test configurations are explained in the following subsections. Originally, different angles of the filter
were researched as well; however, too much leakage occurred for meaningful results. The adjustments
required for an inclined setup are shown in Appendix A.

4.3.1. Base cases
In the base situation of the setup, the container remains untilted and no surcharge is imposed on the
base layer. The fines content is 0%, accompanied by a base layer thickness of 350 mm. In particular,
the classification of the base material will be wider graded compared to previous research, with a CU

of 2.9. Three different flow configurations will be tested; parallel flow configuration (see Figure 4.5),
perpendicular flow configuration (see Figure 4.6), and combined flow configuration (see Figure 4.2).
Analyzing these base case situations makes it possible to compare the different flow configurations with
each other and discerns the impact of the varied parameters in this research.
In the parallel flow configuration, the top of compartment B is hermetically sealed. This design requires
the water to flow mostly parallel through the base filter interface; see Figure 4.5. That means that three
pressure sensors are placed below the base-filter interface to calculate the parallel hydraulic gradient
during this flow configuration. To compensate for the smaller layer of base material compared to the
combined and perpendicular flow configuration, weights are placed on top of the sealant plate. The
parallel flow configuration has a smaller layer of base material, because the sealing plate needs to be
placed below the equilibrium water level.

Figure 4.5: Setup of physical model in the parallel flow configuration.
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In the perpendicular flow configuration, compartment C is closed from compartment B, forcing the water
to flow perpendicular to the base filter interface; see Figure 4.6. Initially, the same water level is assumed
in compartment A and B. During the reference heights, the change in submerged plunger volume and
water volume in compartment A can be used to estimate the water level in compartment B (zB). Pressure
sensors are placed above each other at three different locations along the length of compartment B, to
indicate perpendicular hydraulic gradients. During the combined configuration (see Figure 4.2) parallel
and perpendicular flow conditions occur. During the combined flow configuration, the perpendicular
hydraulic gradient is expected to increase closer to compartment A. As a result, this elevation can be
quantified by the pressure sensors close to compartments A and C in the experimental setup.

Figure 4.6: Setup of physical model in the perpendicular flow configuration.

4.3.2. Fines content
The fines content (particles < 63 microns) within the base fill affects permeability and is often an im-
portant criterion in land reclamation projects, according to Van Oord (2023). Based on examples of
land reclamations from Table A.1, it is apparent that the fines content is significantly dependent on the
location. A higher fines content tends to make the detection of erosion more challenging in the current
experimental setup. Therefore, a fine content of 5% is tested and possibly 10 %, depending on the result.
This type of experiment is carried out for both the parallel and perpendicular flow configurations.
When designing an open inverted filter, the perpendicular and parallel components of the hydraulic
gradient can be analyzed separately to determine the predominant factor. The fines content is achieved
through the sieving of the loam sand. It is important that the filter material is washed extensively after
each test to ensure complete removal of fine particles.

4.3.3. Surcharge
The research also investigates the influence of a surcharge. During the tests of Lengkeek (2022), the
critical hydraulic gradient was measured for the configuration of the perpendicular flow with a surcharge
of 100 kPa. Extending this surcharge to the current setup allows an evaluation of the impact of a wider
graded base fill (Cu is 2.9 instead of 1.2 and 1.6). A more powerful plunger system, with an increased
amplitude, aims to cause erosion of the filter system at larger effective stresses in the base material.
For an extreme situation of land reclamation made of only a base fill protected by a rubble mound
structure without the use of caissons, calculations yield a situation with 12 m of saturated sand (19.7
kN/m3) and 3 m of dry sand (14.8 kN/m3). Consequently, the effective vertical stress, for a horizontal
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filter, at the bottom, would become:

σ′
v = 20 · 12–9.81 · 12 + 3 · 16 = 170kPa (4.1)

In reality the filter would be inclined, which would reduce the effective stress on the filter with around
30%, depending on the slope. On the other hand, if there is a structure placed on the land reclamation,
this further elevates the effective stress. Therefore, it is decided that a 200 kPa surcharge will be applied
to the test setup, as well as 100 kPa to determine the critical hydraulic gradients. These tests encom-
pass all flow configurations: parallel, perpendicular, and combined, as illustrated in Figure 4.7, B.1, and
B.2. The physical model has been designed to withstand additional surcharges of 200 kPa, as described
by Boersma (2020). During the combined flow configuration, the progression of the perpendicular hy-
draulic gradient along the width can be visualized by the different pressure sensors.

Figure 4.7: Setup of the physical model under a surcharge in the parallel flow configuration.

4.4. Base and filter material
The setup contains a layer of 100 mm of filter material. For the parallel flow configuration, the base
material measures a thickness of 200 mm, while the perpendicular and combined flow configurations
contain a base layer of 350 mm. The filter layer consists of gravel, while the base layer consists of sand.
The characteristics of both layers are explained below and specified in Table 4.2. SR is the Stability
Ratio between the base and filter material (d15f/d85b), which should be between 7.5 and 10 to give a
reasonable ratio for an open filter in line with the research line. The Stability Ratio is one of the indicators
for the strength of the open filter. The coefficient of uniformity (Cu) is aimed around 3.0 to be realistic
for dredged sand and the hydraulic conductivity (K) influences the hydraulic gradients.

4.4.1. Sand
In the context of this research, a realistic value of a coefficient of uniformity (Cu) for the base material
of land reclamation projects is aimed. Based on Table A.1, a coefficient of uniformity (Cu) of around 3.0
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Table 4.2: Characteristics of the base and filter material in this research.

d50 Cu Cc SR n K measured K empirical formula
Gravel 7.1 mm 1.44 1.03 - 0.39 0.2 m/s 0.056 m/s (Slichter)
Sand Combination 0.52 mm 2.9 1.5 8.0 0.32 0.6 mm/s 0.2 mm/s (Chapuis)
Sand with 5% fines 0.49 mm 8.2 0.31 0.2 mm/s
Sand with 10% fines 0.48 mm 8.5 0.31 0.1 mm/s

is desired with a coefficient of grading (Cc) between 0.75 and 3.0. This is wider graded than the base
fills in previous research where more narrow graded sand was used: Cu of 1.2-1.7 Lengkeek (2022), Cu

of 1.5-1.6 Boersma (2020) and Cu of 1.2-2.1 Van de Ven (2019). It is important that the grains exhibit
minimal salt content, as elevated salt levels can damage laboratory settings. The sands used in this
research originate from the North Sea, which represents narrow graded sand. By combining different
sizes of sand, a desired grading of base fill can be created.
The eventually used sand combination, as well as the particle size distribution of the different types of
sand where the combination is composed of, are shown in Figure 4.8. The wider graded sand distribution
is eventually created by composing 1/5 of ”M32 sand”, 1/5 of ”dyke sand”, and 3/5 of the more coarse
”Kremer sand”, as is shown with the black line. Its coefficient of uniformity (Cu) is approximately twice
as large compared to the other base fills in the research line. The characteristics of the sand combination
are shown in Table 4.2. The empirical formula of Chapuis and Aubertin (2003) can be used to estimate
the hydraulic conductivity of the sand (Schulz et al., 2019). Hydraulic conductivity can also be calculated
using Darcy’s law (Equation 2.4) with the constant head permeability test; see Figure 2.4.

Figure 4.8: Particle size distributions of sand combination used in this research.

4.4.2. Fines
Often, the base material used for land reclamation includes a fines content. Fines are added to the
base fill to investigate a possible influence on critical hydraulic gradients. Loam sand is sieved and only
particles smaller than 63 microns are added to the sand fill during the fines content tests. This means
that the remaining part of the base material remains the same. The particle size distributions of the base
fill combination, including the fines of 5% and 10%, are shown in Figure 4.9. The empirical formula of
Chapuis and Aubertin (2003) can only be used to estimate the hydraulic conductivity of sand (Schulz
et al., 2019). The permeability of the sand including fines has been estimated by the permeability test
with constant head (Figure 2.4), see Table 4.2.
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Figure 4.9: Particle size distributions of the base material including fines.

4.4.3. Gravel
The Stability Ratio between the base layer and the filter layer should be between 7.5 and 10, which is a
reasonable ratio for an open filter. This means that the diameter of the sieve for which 15% of the mass of
the filter material is smaller (d15,f ) should fall between 4.95 and 6.6 mm. The particle size distribution
of the gravel shown in Figure 4.10 has a Stability Ratio of 8.0 with the combination of sands used in the
physical model. The relevant characteristics of the gravel are listed in Table 4.2. Since natural gravel
has a d10 > 3 mm and 0.23 < n < 0.5, the empirical formula articulated by Slichter (1897) becomes
applicable to approximate its hydraulic conductivity.

Figure 4.10: Particle size distribution of the filter material used in this research.

4.5. Adjustments compared to previous research
The physical model has been adjusted, as well as the research methodology and data analysis.
The following adjustments to the physical model have been made:

• The physical model has been improved to get reliable data for the parallel flow configuration tests.
The sealing plate for the parallel flow configuration was placed below the equilibrium water level,
so air was not trapped and the waterproofness could be checked. Therefore, a constant water level
could be guaranteed in compartment B. Many 3D printed sealing pieces for cables and aquablocker
were used to improve the waterproofness of compartment B and increase the parallel flow.

• The impact of wider graded sand (Cu = 2.9) has been investigated, to make the base material
more realistic to dredged sand.

• Fines content in the base material is researched as well, which is another characteristic of dredged
material.

• Amore powerful plunger systemwas used, with a measurement range of 350% of the previous mea-
surement range. This allows for greater hydraulic gradients, which is required for critical hydraulic
gradients when a surcharge of 200 kPa is applied on the base-filter interface. The installation of
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the water level equipment and the high point of attachment of the plunger to the linear conduc-
tor caused a reduction in the plunger area with 14% for safety. Another difference from previous
research was that the linear conductor mechanism of the motor did not slip in the movement of
the plunger and the amplitude of the movement did not decrease over time, which means that the
hydraulic gradient did not decrease over time.

• The equilibrium water level in the base layer during the perpendicular and combined flow config-
uration has been decreased by 25% to increase the perpendicular hydraulic gradient.

• Pressure sensors have been replaced by temperature-compensated pressure sensors with a mea-
surement range twice as large and more reliable. For more details on pressure sensors, see Ap-
pendix A and C. In the current research, the perpendicular pressure sensors are placed not only in
the center of compartment B but also close to compartments A and C to provide information on the
course of the perpendicular hydraulic gradient. Furthermore, the location of the pressure sensor
frame is fixed within the setup. Air tubes connected to relative pressure sensors are replaced by
stiff tubes, so the tubes cannot be pressed shut.

• From test 13, the wire mesh has been reformed so that the geotextile between the filter material
and compartments A and C could be removed, to decrease the obstructing of the flow from and to
compartment B.

• Water level gauges have been used instead of lasers with water-resistant paper tomeasure the water
levels in compartments A and C. Folding of the water-resistant paper cannot occur anymore, so this
adjustment greatly increased the accuracy of the water level measurements. It made it possible to
measure not only the reference heights before the test segments but also the water levels during
the test. This added another method to calculate the hydraulic gradients.

The following adjustments during the execution of the test have been made:
• Initially (till test 10) the perpendicular and combined flow configuration tests have had a similar

plunger program compared to previous research but with a 3 times larger range. After test 10,
the plunger program has been changed to a program where the range of the plunger movement is
increased as well.

• The plunger program during the parallel flow configuration follows a similar increase in forcing
period compared to previous research, but the range is 3 to 3.5 times as large.

• The erosion detection area has been subdivided into four different areas, which could subdivide
each test into 4 separate tests.

• The hydraulic gradients in the current research are not only based on pressure sensors, but can
also be calculated with water level gauges.

4.6. Test overview
Various tests have been performed with the physical model and these test configurations are described
in Table 4.3. The base case tests for the different flow configurations have been repeated, to obtain a
more reliable base case situation. An overview of the tests is given in Table 4.3. The most important
parameters that have been researched are:

• The influence of a wider graded base material.
• Influence of the plunger movement on the perpendicular and parallel gradients in the filter system.
• The influence of a fines content on the perpendicular and parallel gradients in the filter system and

on the critical hydraulic gradients.
• The influence of a surcharge at the base filter interface on the critical hydraulic gradients.
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Table 4.3: Overview of the tests performed with the physical model.

Test Test configuration Plunger
program

Stability
Ratio

Fines
content

Surcharge
(kPa)

Base layer
(mm) Scheme

1 Perpendicular Base case (1) 1 8.0 0% 0 350 Figure 4.6
2 Combined Base case (1) 1 8.0 0% 0 350 Figure 4.2
3 Parallel Base case (1) 1 8.0 0% 0 200 Figure 4.5
4 Parallel Base case (2) 1 8.0 0% 0 200 Figure 4.5
5 Perpendicular Base case (2) 1 8.0 0% 0 700 Figure 4.6
6 Parallel Fines 5% 1 8.2 5% 0 200 Figure 4.5
7 Perpendicular Fines 5% 1 8.2 5% 0 350 Figure 4.6
8 Parallel Fines 10% 1 8.5 10% 0 200 Figure 4.5
9 Perpendicular Base case (3) 2 8.0 0% 0 350 Figure 4.6
10 Combined Base case (2) 2 8.0 0% 0 350 Figure 4.2
11 Perpendicular Surcharge 100 kPa 2 8.0 0% 100 350 Figure B.1
12 Perpendicular Surcharge 200 kPa 2 8.0 0% 200 350 Figure B.1
13 Combined Surcharge 100 kPa 2 8.0 0% 100 350 Figure B.2
14 Combined Surcharge 200 kPa 2 8.0 0% 200 350 Figure B.2
15 Parallel Surcharge 100 kPa 3 8.0 0% 100 200 Figure 4.7



5
Results: Analysis of hydraulic gradients

This chapter describes the pressures and hydraulic gradients measured in the physical model using wa-
ter level gauges and pressure sensors. First, the pressures and hydraulic gradients of the parallel flow
configuration tests are shown in section 5.1. Subsequently, these results are shown for the perpendicular
and combined flow configuration tests, in section 5.2 and section 5.3, respectively. Finally, the results
of the physical model are compared with those of the numerical model in section 5.4.

5.1. Parallel flow configuration
The parallel flow configuration is designed to maximize the parallel flow direction and minimize the
perpendicular flow direction. There is a watertight sealing plate placed on compartment B and the
initial water level is just above the plate to check watertightness. This setup is schematized in Figure 4.5.
An overview of the location of the (normative) pressure sensors and water level gauges is shown in
Figure 5.1.

Figure 5.1: Overview locations (normative) pressure sensors and water level gauges.

Figure 5.2(a) shows the pressures over the length of the base-filter interface. The water depth change
in compartment A transforms towards the water depth change in compartment C. The black dots in
Figure 5.2(a) show the actual measured peaks of the pressures. According to the water level gauges in
compartments A and C, the average velocity over the filter was 0.304 m/s. The peaks of the pressures
for this constant velocity, according to the position of the pressure sensors, are indicated by the colored
dots in Figure 5.2(a).
In Figure 5.2(a) it is observed that the black and colored dots do not overlap, so the movement of the
pressure through the filter does not follow a constant velocity. Pressure sensors 7, 8 and 9 are located
in the filter material and can be used to obtain the parallel gradient. Between these pressure sensors,
a higher hydraulic conductivity occurs than expected. That is based on the steeper slope between the
measured peaks (black dots) compared to the average slope (colored dots). This occurs relatively the
most between pressure sensors 7-8 and relatively the least between pressure sensors 8-9. Possible reasons
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for this are a less well functioning pressure sensor 7 or local disruptions of the base filter interface, caused
by e.g. the pressure sensors frame, which can cause local sand penetration in the filter and this could
change the cross sectional area for the flow, and therewith flow velocities and gradients.
The difference between the water depths in compartment A and C, divided by the length of compartment
B, determines the parallel hydraulic gradient. Anothermethod to calculate the parallel hydraulic gradient
is dividing the pressure difference (mwater column) by the horizontal distance in the filter material. This
is possible between pressure sensors 7 and 8; 7 and 9; 8 and 9. Figure 5.2(b) shows the smallest hydraulic
gradient between pressure sensors 7-8, whereas the hydraulic gradient based on pressure sensors 8-9
is maximum and most comparable to the hydraulic gradient based on the water level gauges. This is
according to the difference in hydraulic conductivity, based on Figure 5.2(a).

(a) Pressures (b) Parallel hydraulic gradients

Figure 5.2: (a) Pressures base filter interface, including measured and expected peaks based on constant velocity of 0.304 m/s.
(b) Parallel gradients within the parallel flow configuration test.

The initial build-up of the hydraulic gradients with the plunger, plunger program 1, consists of increas-
ing the velocity of the plunger movement at a constant amplitude for all test segments. It turned out
that this build-up of hydraulic gradients is suitable for parallel flow configuration tests. The plunger pro-
gram increases the change in water depth in compartment A and decreases the change in water depth in
compartment C. For example, the unfiltered parallel hydraulic gradients during a parallel flow configura-
tion test are shown in Figure 5.3. In all parallel flow configuration tests, the parallel hydraulic gradient
increases from around 0.009 to 0.050.

Figure 5.3: Unfiltered parallel hydraulic gradients during parallel flow configuration (test 4).

The parallel hydraulic gradients based on the water level gauges are in good correspondence with the
parallel hydraulic gradients between pressure sensors 8 and 9, when no geotextile is placed in front
of the filter material (test 15). Otherwise, the parallel hydraulic gradients measured with the pressure
sensors are lower. Therefore, the parallel hydraulic gradients are based on the pressure sensors. Pressure
sensors 8 and 9 are preferred, because there is no pressure sensor located in between, the distance is
relatively large, which increases the accuracy, and these sensors correspond best with the water level
gauges.
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There are still perpendicular hydraulic gradients present in the parallel flow configuration, due to am-
plitude differences between the cyclic pressures (Graauw et al., 1984), which is most obvious for the
base material with a fines content; see Figure 5.4. The results of the three sets of perpendicular pressure
sensors are comparable and the water level gauges overestimate the perpendicular gradient. Pressure
sensors 3 and 4 give slightly higher gradients and are centrally located, so used as the normative per-
pendicular hydraulic gradient. If there is a geotextile in between the filter material and compartments
A and C, the perpendicular gradients can be 2 times as large as the parallel gradient. This is further
explained below.
The relevant results of all parallel flow configuration tests are shown in Figure 5.4. The averages of the
minimum and maximum hydraulic gradients are used, and ”pp” refers to plunger program.

Figure 5.4: Relevant results maximum hydraulic gradients of parallel flow configuration tests. ”pp” means plunger program,
specified in Table 4.1.

Geotextile
For practical reasons a geotextile was placed between the filter material and compartments A and C,
till test 11. The geotextile avoided erosion towards these compartments, fortunately as this was very
time-consuming to remove. After test 10 the wire mesh has been changed, so the geotextile was only
located between the sand and compartments A and C, and in such a way that erosion remained limited,
see Figure 4.5. Due to this conversion, the hydraulic conductivity changed from 0.02 to 0.2 m/s on
the sides of the filter material, according to the hydraulic conductivity test of Figure 2.4. This change
has significant influence on the parallel hydraulic gradients determined by the pressure sensors, which
are overestimated by the water level gauges in case a geotextile was placed on the sides of the filter
material and underestimated in case there was no geotextile. This also becomes clear from the results
in Figure 5.4.
The following summary can be made based on the results of the pressures and hydraulic gradients of the
parallel flow configuration:

• No constant velocity of the pressures is observed over the length of the filter, Figure 5.2. This cor-
responds to different magnitudes of parallel hydraulic gradients over the length. Possible reasons
for this are a less well functioning pressure sensor 7 or local disruptions of the base filter interface,
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caused by e.g. the pressure sensors frame, which can cause local sand penetration in the filter and
this could change the cross sectional area for the flow, and therewith flow velocities and gradients.

• Pressure sensors 8 and 9 are used to calculate the parallel hydraulic gradients, because there is no
pressure sensor located in between, the distance is relatively big which increases the accuracy, and
these sensors correspond best with the water level gauges.

• The perpendicular hydraulic gradients are based on pressure sensors 3 and 4, and its magnitude
is at maximum 2 times the parallel hydraulic gradient.

5.2. Perpendicular flow configuration
The perpendicular flow configuration setup is designed to maximize the flow perpendicular to the filter
layer. This setup is schematized in Figure 4.6. Figure 5.5(a) shows similar pressures over the length
of the filter, so for pressure sensors 7, 8 and 9, and therefore the parallel hydraulic gradients are not
taken into account. From the pressure sensors in the base material, so pressure sensors 1-2, 3-4 and 5-6,
only pressure sensor 3 measures a smaller pressure range. This smaller pressure range would also be
expected for pressure sensors 1 and 5, which are located at the same height as pressure sensor 3, but
closer to the side-walls. Possible explanations for the difference could be: inaccuracies of the pressure
sensors 1 and 5, or higher hydraulic conductivity close to the walls.

(a) Pressures (b) Perpendicular hydraulic gradients

Figure 5.5: Measured pressures and hydraulic gradients within perpendicular flow configuration tests.

Perpendicular hydraulic gradients can be calculated with the water level gauge in compartment A, as
well as with the pressure sensors in the base material. Higher perpendicular hydraulic gradients are
measured in the middle of the filter than close to the sides; see Figure 5.5(b).
In Figure 5.6(a) the hydraulic head and hydraulic gradient distribution are shown for a perpendicular
flow configuration with a homogeneous pressure distribution over the length of the filter. In this case,
the perpendicular hydraulic gradient is homogeneous in the base material, so no two-dimensional effects
occur. This did not appear from the measurements. The possible higher hydraulic conductivity close to
the walls has been adjusted in the two-dimensional numerical model and the effects are visualized in
Figure 5.6(b). These effects are included by decreasing the pressure difference between compartments A
and B over the height of the base material on the sides of the model. These effects could indeed decrease
the perpendicular gradient at the sides.
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(a) Without decreased pressure difference over height close to the walls. (b) With decreased pressure difference over height close to the walls.

Figure 5.6: Distribution of perpendicular hydraulic gradients during perpendicular flow configuration based on two-dimensional
numerical model, with and without decreased pressure difference over the height on the sides. The locations of the pressure

sensors are indicated by the green dots.

A gradual build-up of the perpendicular hydraulic gradients, consists of increasing the velocity of the
plunger movement as well as the amplitude. This plunger program (plunger program 2, see Table 4.1)
increases the change in water depth in compartment A during the test. The water depth in the base
material (zB) is based on the water levels at the reference heights before each test segment. The increase
in the perpendicular gradient during the perpendicular flow configuration is illustrated in Figure 5.7(a).
Perpendicular hydraulic gradients from the water level gauge are based on the assumption that these
gradients only take place over the height of the water level in the base material, so Equation 3.4. In this
situation, the perpendicular hydraulic gradient increases from 0.10 to 0.25 based on pressure sensors,
and from 0.15 to 0.37 based on the water level gauge, which is a big difference. This big difference
is the case for all perpendicular tests, so with and without a geotextile between the filter material and
compartment A.

Figure 5.7: Perpendicular hydraulic gradients during perpendicular flow configuration (test 9) without and with the height of
the filter material (hf ) taken into account for the water level gauge, corresponding to Equation 3.4 and Equation 5.1 respectively.

As the basematerial infiltrates and decreases the permeability of the filtermaterial, a possible explanation
of the different gradients in Figure 5.7 could be a perpendicular hydraulic gradient over the height of the
filter material (hf ) as well. When the height of the filter material is also taken into account as if the filter
layer would be base material for 70% of the height, the pressure progression of test 9 is according to
Figure 5.7(b) and Equation 5.1. Based on this research, this factor gives the optimal correspondence for
the perpendicular tests between the hydraulic gradients of the water level gauges and pressure sensors
3 and 4.

i⊥(t) =
zB(t)− z(t)

zB(t)− hc − 0.3hf
(5.1)
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The relevant results of the perpendicular flow configuration tests are shown in Figure 5.8. The perpen-
dicular hydraulic gradients based on the water level gauge in compartment A are only influenced by the
amplitude of the water level change in compartment A, and not on the velocity. However, pressure sen-
sors 3 and 4 also shows the influence of the velocity of the water level change in compartment A, which
is relevant as well. Furthermore, when fines are added to the base material, the perpendicular gradients
based on the pressure sensors are elevated, due to the lower hydraulic conductivity of the fines. This was
also observed at the parallel flow configuration, see Figure 5.4. When fines are added to the base (and
filter) material, Equation 5.1 gives a too rough estimation of the perpendicular gradients. Therefore,
pressure sensors 3 and 4 are used to determine the critical hydraulic gradients.

Figure 5.8: Relevant results maximum hydraulic gradients of perpendicular flow configuration tests. ”pp” means plunger
program, specified in Table 4.1.

The following summary can be made based on the results of the pressures and hydraulic gradients of the
perpendicular flow configuration:

• Low perpendicular hydraulic gradients are measured close to the sides. Possible explanations
could be: inaccuracies of the pressure sensors 1 and 5, and higher hydraulic conductivity close to
the walls. The second possible mechanism is added to the two-dimensional numerical model in
Figure 5.6.

• The height of the water level in the base material and 70% of the filter material gives a more similar
approximation of the perpendicular hydraulic gradients based on the water level gauge, in relation
to pressure sensors 3-4.

• The results of test 5 are based on pressure sensors 1-2 instead of pressure sensors 3-4, because
pressure sensor 3 broke down during the test.

• Increased perpendicular hydraulic gradients are measured with the pressure sensors when fines
are added to the base material.

• The increase in gradients when fines are added to the base material is not observed with the water
level gauges. Therefore, the gradients measured with pressure sensors 3-4 are used to determine
critical hydraulic gradients.

5.3. Combined flow configuration
In the combined flow configuration setup, there are no flow restrictions in the vertical and horizontal
directions. This setup is schematized in Figure 4.2. This type of flow configuration is most comparable
to a rubble mound structure with a base fill reclamation. Its division between parallel and perpendicular
hydraulic gradients is of interest, which also depends on the type of filter and the base material. In
this regard, it is recommended to use the hydraulic gradients based on the pressure sensors to avoid
inaccurate assumptions.
The plunger was designed to always be partly submerged with sufficient margin during all tests, however,
the original built plunger deviated from the design. The original built plunger has had some influence
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on the development of the water depths and the hydraulic gradients and this caused the odd behavior
of the lower pressures in Figure 5.9(b).
The parallel hydraulic gradient is largely influenced by a geotextile in front of the filter material, and the
highest parallel gradients are measured between pressure sensors 8 and 9. This is similar to the parallel
flow configuration tests. Therefore, it is decided that the normative parallel hydraulic gradient for the
combined flow configuration tests is based on pressure sensors 8 and 9 (I89). The parallel gradient
largely increases when the period of water level change in compartment A decreases, as shown in the
results in Figure 5.10.

(a) Pressures, incl. waiting time plunger movement (b) Pressures, excl. waiting time plunger movement

Figure 5.9: Measured pressures combined flow configuration. Change shape of pressures in base material towards sinusoidal.

The perpendicular hydraulic gradient has a positive correlation with the rate of change of the water
level in compartment A as well, but only for perpendicular gradients larger than 0.06. More details on
this behavior are given in subsection 5.4.1 in combination with the two-dimensional numerical model.
This is in correspondence with the change in pressure shape in the base material towards sinusoidal; see
Figure 5.9. For the combined flow configuration tests, the perpendicular gradients measured with the
pressure sensors are slightly higher in the middle (I34), just as during the parallel and perpendicular
flow configuration tests. Since this gradient is also located above the sediment trapping compartments
that are used to detect erosion, the normative perpendicular gradient is based on pressure sensors 3 and
4 (I34).
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Figure 5.10: Relevant results maximum hydraulic gradients of combined flow configuration tests. ”pp” means plunger program,
specified in Table 4.1.

The following summary can be made based on the results of the pressures and hydraulic gradients of the
combined flow configuration:

• A geotextile in front of the filter material causes an overestimation of the parallel hydraulic gradi-
ents based on the water level gauges and vice versa. Therefore, the normative parallel hydraulic
gradient is again based on pressure sensors 8 and 9.

• The perpendicular gradients measured with the pressure sensors are slightly higher in the centre
of the filter (I34). The perpendicular hydraulic gradient based on pressure sensors 3 and 4 is the
normative hydraulic gradient, just as during the parallel and perpendicular flow configuration tests.

• Based on Figure 5.10, during the combined flow configuration the perpendicular hydraulic gradi-
ents do not increase when the rate of change of the water level in compartment A is increased.
During all perpendicular flow configuration tests, the perpendicular hydraulic gradients increase
during these circumstances. The perpendicular hydraulic gradients starts increasing for perpen-
dicular gradients above 0.06 and this is specified in subsection 5.4.1 with the two-dimensional
numerical model.

• All parallel hydraulic gradients during the combined flow configuration do highly increase when
the rate of change of the water level in compartment A increases. Therefore, the development
of the hydraulic gradient during the combined flow configuration tests is similar to the parallel
configuration tests during this research.

5.4. Comparison to numerical models
A comparison between the numerical model and the measured data is given in this section. First, details
on the parallel flow configuration are given. Second, an example of the perpendicular flow configuration
is shown for the one-dimensional model. Finally, the combined flow configuration in relation to the two-
dimensional model is given. The measured and modeled water depth is illustrated in Figure 5.11.
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Figure 5.11: Part of measured and modeled water depths.

The increase in parallel gradient during the parallel flow configuration test is shown in Figure 5.12. The
instant movement in between the reference heights causes the peaks in hydraulic gradient.

Figure 5.12: Measured and modeled parallel gradients during the parallel flow configuration (test 15).

In Figure 5.13 a close-up of the measured hydraulic gradients according to the water level gauges and
pressure sensors is shown, as well as the gradients according to the one-dimensional numerical model.
A representative fit occurs with a hydraulic conductivity of the base material (Ks) of 0.583 mm/s and
a porosity (ns) of 0.31. These values correspond very well with the measured characteristics of the
base material, (Ks=0.6 mm/s, ns=0.32) see Table 4.2. Sand behaves according to Darcy’s law, so the
hydraulic conductivity test of Figure 2.4 can give a good indication.
The hydraulic conductivity (Kf ) of the filter material is 155 to 300 mm/s in the numerical model, to give
the right fits between the modeled and measured gradients. According to the hydraulic conductivity test
of Figure 2.4 a Kf of 0.2 m/s was expected, which was an uncertain estimation because there can be
turbulence effects in the filter material, whereas Darcy’s law was assumed. The values for Kf deviate a
bit, because the base material infiltrates in the filter material during the test which lowers the hydraulic
conductivity. A coefficient of quadratic friction (ωf ) of 0.00002 s2/mm2 gives the right fit between
the modeled an measured hydraulic gradients of Figure 5.13. According to the physical model results,
the non-Darcy effect only occurs at the largest parallel gradients, which is above 0.05, so at large filter
velocities. This is comparable to the numerical model results where ωf usually equals 0 s2/mm2, unless
high parallel gradients occur.
The signal from the water level gauges is very smooth and shows the exact movement as the numeri-
cal model. However, both gradients are dependent on the same assumption, so this similarity is not
complete evidence of the actual gradients. Pressure sensors can be used more directly to determine the
hydraulic gradients. Unfortunately, these signals show many irregularities, as elaborated in Appendix C
and Appendix D.
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Figure 5.13: Measured and modeled hydraulic gradients from the parallel flow configuration. Ks = 0.58 mm/s, Kf = 0.16
m/s, ns = 0.321.

Figure 5.14 is an example of a comparison between the one-dimensional numerical model and the mea-
sured gradients for the perpendicular flow configuration. The perpendicular hydraulic gradients based
on the water level gauge are again more similar to the numerical model, but are both based on the
assumption that the water level in the base material is fixed. The difference in calculation of this as-
sumption between Equation 3.4 and Equation 5.1 is also illustrated in Figure 5.14. The perpendicular
hydraulic gradients based on pressure sensors 3-4 are most similar to the gradients based on the water
level gauge and the numerical model.

Figure 5.14: Measured and modeled hydraulic gradients from the perpendicular flow configuration. Ks = 0.58 mm/s, ns =
0.321. The difference between Equation 3.4 and Equation 5.1 is illustrated as well.

5.4.1. Perpendicular gradients in the combined flow configuration
Figure 5.15 shows the perpendicular gradients during the combined flow configuration, according to the
pressure sensors and the water level gauges. Remarkable is the change in relative magnitudes of the
perpendicular gradients based on the pressure sensors.
At lower test segments, so at perpendicular gradients up to 0.06, pressure sensors 3-4 measure greater
gradients than pressure sensors 1-2 and 5-6. At the higher test segments, so at perpendicular gradients
larger than 0.06, the perpendicular gradients are greatest close to compartment A (pressure sensors
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1-2) and decrease toward compartment C (pressure sensors 5-6). This corresponds to the perpendicu-
lar gradients measured with the water level gauges, which are also greater in compartment A than in
compartment C. This behavior indicates a change in flow: the flow is mainly parallel for perpendicular
gradients until 0.06 and becomes more perpendicular for perpendicular gradients greater than 0.06.
A comparison can be made with a transformation from a situation where the water level in compartment
C completely adjusts to the water level change in compartment A towards a situation where the water
level changes too fast in compartment A for compartment C to adjust and so the water level in compart-
ment C does not change at all. In this last case, the perpendicular hydraulic gradient based on the water
level gauge in compartment A would be maximal, and in compartment C would be zero.

Figure 5.15: Perpendicular hydraulic gradients test 2 (plunger program 1, see Table 4.1).

Figure 5.16 shows the results of the two-dimensional numerical model based on the maximum water
depth difference of the oscillation, for both the start and end of the test. The maximum perpendicular
hydraulic gradient in the base material cannot be measured, because the pressure sensors measure the
average perpendicular gradient over 8 cm. The locations of the pressure sensors are indicated with the
green dots in Figure 5.16.
From the two-dimensional numerical model, it becomes clear that the maximum occurring perpendicular
gradient is higher than the perpendicular gradient measured with the pressure sensors and that this
increase is not constant throughout the test. The maximum perpendicular gradient increases from 1.3
times the perpendicular gradient based on pressure sensors 3-4 (for the start of the test), until 2.2 times
the perpendicular gradient based on pressure sensors 3-4 (for the end of the test). This is extremely
relevant for the critical perpendicular hydraulic gradient of the combined flow configuration in chapter 6.

(a) Test segment 1 of test 2. (b) Test segment 10 of test 2.

Figure 5.16: Maximum perpendicular hydraulic gradients within the base material according to the two-dimensional numerical
model results for the combined flow configuration. Green dots at location pressure sensors.

The following conclusions can be made based on the numerical model compared to the measured results:
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• There seems to only by a non-Darcy effect visible in the filter material at the largest parallel gradi-
ents, so above 0.05, based on the physical model. This is in accordance with the numerical model,
where the coefficient of quadratic friction usually equals 0 s2/mm2, and a maximum of 0.00002
s2/mm2 is estimated.

• There is great correspondence between the hydraulic gradients from the one-dimensional numer-
ical model and those based on the water level gauges, because the water level gauges give very
accurate measurement data. They are both based on the same assumption that the water level in
the base material is fixed.

• The maximum perpendicular gradient during the combined flow configuration increases from 1.3
times the perpendicular gradient based on pressure sensors 3-4 (for the first test segment) to 2.2
times the perpendicular gradient based on pressure sensors 3-4 (for the last test segment).

• It is decided to persist using pressure sensors for the determination of hydraulic gradients, as for
these hydraulic gradients the influence of a fines content and possible geotextile are not ignored.
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Results: Critical hydraulic gradients

The final results, which are the critical hydraulic gradients, are discussed in this chapter. First, the
definition of the critical hydraulic gradient within this research is explained in section 6.1. Then an
overview of the critical hydraulic gradients is shown in section 6.2. In section 6.3, the results of this
research are shown in relation to future stability. Thereafter, the influence of the fines content is discussed
in section 6.4. The results are then compared with the previous results from the research line, based on
the Stability Ratio (subsection 6.5.1) and on surcharge (section 6.6). The last section puts the critical
hydraulic gradients in perspective.

6.1. Definition critical hydraulic gradient
The critical hydraulic gradient of an open filter is the gradient at which erosion begins to occur. During
each test, the gradients increase over 10 test segments. The erosion is determined at the bottom of the
physical model, underneath the filter layer. There are six sediment trapping compartments at the bottom.
To exclude the influence of wall effects, only the middle four sediment trapping compartments are used
for the determination of erosion.
The first start of erosion in the physical model is called the initial erosion. Initial erosion is defined
as: The first moment of a noticeable difference in the time-lapse images of the central sediment trapping
compartments. This is the type of erosion that determines the upper limit of the critical hydraulic
gradient. The lower gradient endured before the upper limit defines the lower limit of the critical
hydraulic gradient. This is the same definition of critical hydraulic gradient as for the other researches
in the research line. After the initial erosion in a certain sediment trapping compartment, more erosion
can occur at higher gradients or no more erosion. If no more erosion occurs afterward, the filter layer
has come to a new, more stable situation because it can withstand higher gradients. Erosion that occurs
in an instant and then stops, is defined as incidental erosion. An example of incidental erosion is shown
in Figure 6.1. Incidental erosion is the only type of erosion that occurred in this research and the limit
state of the critical gradient. No ultimate failure of the filter system occurred during the research.
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(a) Before incidental erosion. (b) After incidental erosion.

Figure 6.1: Example of incidental erosion in sediment trapping compartment 3 during test 4.

Continuously occurring erosion is defined as transport erosion, and can be seen as ultimate failure of
the filter. During land reclamation projects, transport erosion is also of interest, as at this moment, sand
is continuously eroding through the rubble mound structure. Transport erosion within this research is
defined as: The start of continuous noticeable differences in the time-lapse images of the sediment trapping
compartments. Transport erosion did not occur in this research, so (much) higher hydraulic gradients
than the maximum measured hydraulic gradients are required for transport erosion.

6.2. Overview critical hydraulic gradients
Table 6.1 gives an overview of the lower and upper limits of the critical hydraulic gradient. Additionally,
the maximum measured hydraulic gradient for each test is given. Relevant notes, such as the placement
of a geotextile in between the filter material and compartments A and C, are also indicated.
According to the two-dimensional numerical model, the perpendicular hydraulic gradient is not homoge-
neous over the base material during the combined flow configuration; see Figure 5.16. These maximum
perpendicular gradients increase from 1.3 times the perpendicular gradient based on pressure sensors
3-4, till 2.2 times the perpendicular gradient based on pressure sensors 3-4. Therefore, the measured
critical perpendicular gradients of the combined flow configuration are adjusted to the maximum per-
pendicular gradient, according to the two-dimensional numerical model output.
The uncertainty of the perpendicular hydraulic gradient is 0.012 (I34) and that of the parallel hydraulic
gradient (I89) is 0.0035. These uncertainties are based on the intrinsic uncertainty of the pressure sen-
sors. The intrinsic uncertainty of the pressure sensors is determined by the maximum fluctuations in
pressure output (m w.c.) when no fluctuations are expected, so when measuring atmospheric pressure
relative to atmospheric pressure. This fluctuation compared to the distance between the pressure sen-
sors determines the uncertainty of the parallel and perpendicular hydraulic gradient. Details on the
calculation of the uncertainty are given in subsection C.2.1. The uncertainty is visualized with error
bars around the critical hydraulic gradients.
An overview of all the lower and upper limits of the critical hydraulic gradients is visualized in Figure 6.2.
The combined configuration tests show critical parallel gradients most similar to the parallel flow config-
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Table 6.1: Results critical and maximum hydraulic gradients per test. Including notes, e.g. if geotextile is placed in between
filter material and compartments A and C.

Test Notes Geotextile Critical hydraulic gradient Maximum gradient
at filter Lower Upper limit measured

1 Yes I⊥(−) 0.060 0.064 0.165

2 Yes I⊥(−) 0.051 0.052 0.279
I∥(−) 0.012 0.023 0.045

3 Yes I∥(−) 0.014 0.020 0.049

4 Yes I∥(−) 0.018 0.019 0.051

5 Pressure sensor 3 Yes I⊥(−) 0.061 0.074 0.160
broke down

6 Yes I∥(−) 0.028 0.029 0.048

7 Yes I⊥(−) 0.125 0.128 0.214

8 Turbidity fines Yes I∥(−) 0.027 0.049 0.050

9 White turbidity Yes I⊥(−) 0.075 0.199
sediment trapping compartments 1, 3

10 Yes I⊥(−) 0.046 0.057 0.244
I∥(−) 0.012 0.024 0.054

11 Sediment trapping compartment 2 No I⊥(−) 0.107 0.118 0.200
”tunnel” erosion

12 No I⊥(−) 0.114 0.126 0.184

13 Pressure sensor 2 No I⊥(−) 0.023 0.030 0.218
broke down I∥(−) 0.027 0.035 0.050

14 No I⊥(−) 0.061 0.074 0.155
I∥(−) 0.039 0.044 0.044

15 No I∥(−) 0.053 0.063 0.066
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uration tests. Another remarkable part of Figure 6.2 is the increase in critical hydraulic gradients when
fines are added or when a surcharge is applied; this is further elaborated in section 6.4 and section 6.6.

Figure 6.2: Lower and upper limit of the critical hydraulic gradients, including error bars.

6.3. Initial erosion and future stability of the filter
During each physical model test, the hydraulic gradient increases over time through 10 segments. How-
ever, when the critical hydraulic gradient in the open inverted filter was reached, this did not necessarily
mean that more erosion occurred at higher gradients. Therefore, the filter is able to stabilize itself after
initial erosion, which is an interesting characteristic for land reclamations. Figure 6.3 shows the upper
and lower limits of the critical hydraulic gradient, as well as the incidental moments of erosion during
each base case test. Figure 6.3 indicates that:

• The critical hydraulic gradients are comparable between the base cases per flow configuration.
• When the critical hydraulic gradient has been reached, this does not necessarily imply erosion at

higher gradients, and thus the filter can restabilize itself.
• Critical hydraulic gradients during combined flow configuration tests occur when the parallel hy-

draulic gradient is increased. In addition, incidental erosion occurs during the combined flow
configuration as the parallel hydraulic gradient increases.

• Hydraulic gradients that cause transport erosion are not reached.
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Figure 6.3: Incidental moments of erosion during each base case test.

6.4. Fines content
During this research it is investigated if fines influence the critical hydraulic gradients. Therefore, a fines
content of 5% and of 10% were added to the base material during the parallel flow configuration test
and a fines content of 5% was applied to the perpendicular flow configuration. The critical hydraulic
gradients per fines content for the parallel flow configuration are shown in Figure 6.4. The following
influence of fines in the base material on the critical parallel gradients can be observed on the basis of
this research:

• A higher fines content gives higher critical parallel hydraulic gradients for the parallel flow config-
uration.

• A slightly higher increase in the critical parallel hydraulic gradient is observed for a fines content
between 5 and 10%, compared to 0 to 5%.

• An increasingly increased critical parallel hydraulic gradient is expected for only low-fines contents.
This prediction is based on research by Mitchener et al. (1996), who concluded that the most
significant effect on erosion resistance occurs with the addition of small percentages of mud to the
sand, within the region of 3% to 15% mud by weight.

• The exact correlation and the influence of a fines content greater than 10% can be determined
with further research.
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Figure 6.4: Critical parallel hydraulic gradients when fines are added to the base material, including the predicted regression fit.

The effect of fines added to the base material on the critical perpendicular hydraulic gradients is also
investigated. Figure 6.5(a) shows these gradients in relation to the fines content for the perpendicular
flow configuration. Figure 6.5(b) shows the perpendicular hydraulic gradients during tests 1 and 7,
based on the pressure sensors, as well as on the water level gauge. The following results are found:

• A higher fines content gives higher critical perpendicular hydraulic gradients.
• The fines content significantly alters the hydraulic perpendicular gradients in the base material.

This becomes clear from Figure 6.5(b), where all perpendicular hydraulic gradients based on pres-
sure sensors are higher when 5% fines are added (purple line). The gradients based on the water
level gauge are the same between the two tests (green and red lines), indicating equal changes in
water level in compartment A. This result was already expected from the measured difference in
hydraulic conductivity.

• The positive influence of a fines content on the critical perpendicular hydraulic gradient is expected
to equalize for higher fines contents, because the hydraulic conductivity reduces less for higher
fines contents. The permeability becomes extremely low for fines contents greater than 30%, see
Figure 2.6(b).

• It is very important to realize that the increase in critical perpendicular hydraulic gradient is only
caused by the difference in hydraulic conductivity and not by an increase in strength of the base
material to resist external eroding forces. This should be taken into account when the design of
a base fill retaining rubble mound structure is only based on the wave climate, instead of on the
hydraulic resistance of the soil as well.

• The exact correlation and the influence of fines contents higher than 5%, can be determined with
further research.
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(a) Critical perpendicular hydraulic gradients. (b) Perpendicular hydraulic gradients during tests.

Figure 6.5: Critical perpendicular hydraulic gradients with fines added to the base material.

6.5. Coefficient of uniformity
During the research line, the influence of the Stability Ratio (SR= d15f

d85b
) has been investigated by physical

modeling. This section compares the results of this research with the previous results in the research
line. Dredged sand for land reclamation projects usually has a coefficient of uniformity greater than 2.0,
according to Table A.1. In this research, wider graded sand (Cu = 2.9) was used as the base material
compared to previous research in which narrower graded sand was used (Cu of 1.2-2.1).

6.5.1. Stability Ratio
The primary strength of the filter is the Stability Ratio. A Stability Ratio greater than 5 is considered an
open filter (Schiereck & Verhagen, 2019, pp. 131–132). The Stability Ratio in this research is 8.0 and
the lower and upper limits of initial erosion have been added to the other critical hydraulic gradients of
the research line, see Figure 6.6. The definition of critical hydraulic gradient is the same for the entire
research line.
The following observations and explanations can be made about Figure 6.6:

• The critical hydraulic gradients measured in this research, are similar to those in the research line.
• The critical parallel and perpendicular hydraulic gradients are most comparable to those measured

by Van de Ven (2019). Van de Ven (2019) used sand with a coefficient of uniformity (Cu) of 2.1
at a Stability Ratio of 8.0, which is most comparable to the uniformity of the sand combination of
this research with a Cu of 2.9.

• The critical parallel hydraulic gradients are high compared to the results of Lengkeek (2022), how-
ever, in those tests, leakage occurred.

• The critical perpendicular hydraulic gradients are low compared to the results of Lengkeek (2022),
which could be explained by the difference in the coefficient of uniformity. The greater variation in
grain sizes could disturb the formation of arches, which would lower the critical perpendicular gra-
dient. Another explanation is that the more graded base material can have finer sand fractions that
are not internally stable and are easier to fluidize, and thus easily lost through the filter material.
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Figure 6.6: Upper and lower limits of the critical parallel and perpendicular hydraulic gradients compared to the Stability Ratio.

6.6. Surcharge
Friction between particles increases when effective stress is applied. Therefore, the influence of a sur-
charge on the critical hydraulic gradient has been researched for the parallel, perpendicular, and com-
bined flow configuration. The results are combined with the results of Lengkeek (2022).
The surcharge applied to the granular filter in a rubble mound structure increases when a larger layer
of sand is retained. The rubble mound structure from Figure 6.7 is used as an example to calculate the
surcharge on the granular filter. When the soil exerts the minimum horizontal stress, the soil is in active
condition according to (Rajapakse, 2016). Soil particles have room to move in a base fill retaining rubble
mound structure. The coefficient depends on the effective friction angle of the soil (ϕ of 36◦ is assumed).
Based on Equation 6.1, the coefficient of active lateral earth pressure (Ka) is 72%, which can be seen as
the part of the vertical effective stress working on the granular filter.

Ka = (1− tan(45− ϕ/2)2) σh = Ka · σ′ (6.1)
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Figure 6.7: Sketch of an example of a base fill retaining rubble mound structure including a granular filter.

The dry sand combination has a density of 1578 kg/m3 and the saturated sand combination is around
1979 kg/m3. The effective stress for different heights of the sand fill is shown in Figure 6.8.

Figure 6.8: Soil stresses over the depth of the sand fill, including the effective stress.

The relative critical perpendicular hydraulic gradients are visualized in Figure 6.9. It is important that
the relative increase in critical gradients is calculated per Stability Ratio, to give a fair comparison. Fur-
thermore, only the upper limits of the critical gradients are taken into account, since the relative results
to a lower limit value can be highly uncertain. Therefore, the results of this research are shown with
SR=8.0, as well as the results of Lengkeek (2022) for SR=12.2. The graph indicates that:

• A surcharge increases the critical perpendicular hydraulic gradient. This can be explained by the
increase in strength of the arches as a result of the higher effective stress. The base-filter interface
is stabilized by arching at the base-filter material.

• The results are similar between this research and the research of Lengkeek (2022).
• A much larger increase is observed between 0 and 100 kPa, compared to 100 to 200 kPa. This

corresponds to the research on open filters from Graauw et al. (1984), who concluded that for
larger superimposed loads, the critical perpendicular gradient increases less; see Figure 2.13.

• The exact correlation can be determined with further research.
Figure 6.10 shows the critical hydraulic gradients for the parallel flow configuration and for the combined
flow configuration, for different superimposed loads. The following observations are made on this graph:

• Figure 6.10(a): When a surcharge is applied to the parallel flow configuration test, the filter can
withstand higher hydraulic gradients.

• Because the critical parallel hydraulic gradient depends mainly on the shear velocity of the fil-
ter layer on the base material, stronger arches will have a less positive impact. However, the
compaction of the base and filter material is a side effect of the superimposed load. Compaction
improves filter characteristics and has a positive impact on the critical parallel hydraulic gradient.
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• Figure 6.10(b): The combined flow configuration tests show an increase in critical parallel gradi-
ents when a surcharge is applied, but not for the critical perpendicular gradients. It seems like
the combined flow configuration depends mainly on the critical parallel hydraulic gradient in this
research.

• Based on the tests performed, the parallel configuration tests show a greater positive relationship
with surcharge than the combined configuration tests. During the physical model tests, where the
top of compartment B was completely sealed, the compaction was larger compared to the combined
flow configuration test. This may possibly explain the difference in the critical parallel gradient.

• Further research could quantify the impact of a surcharge on the parallel and combined flow con-
figuration.

Figure 6.9: Relative critical perpendicular hydraulic gradients compared to the surcharge applied on the base filter interface.

(a) Parallel flow configuration. (b) Combined flow configuration.

Figure 6.10: Critical hydraulic gradients compared to the surcharge applied on the base filter interface.
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6.7. Critical hydraulic gradients into perspective
To put the obtained critical hydraulic gradients into perspective, the results are compared to the esti-
mated hydraulic gradients occurring in a rubble mound structure. Van de Ven (2019) used the Open-
FOAM numerical model, to estimate the pressures that occur at the interface of a land reclamation and
a rubble mound structure. It should be noted that this model has not been scientifically verified.
Figure 6.11 shows the parallel hydraulic gradients in the left graphs, and the perpendicular hydraulic
gradients in the right graphs. The results of the parallel and perpendicular flow configurations are shown
in the upper graphs, while the results of the combined flow configuration are shown in the lower graphs.
The y-axis shows the height with respect to the mean water level, and the x-axis shows the hydraulic
gradient. The 2% highest parallel gradients based on the OpenFOAM model are marked with dots, and
the 2% highest perpendicular gradients with squares.
According to the OpenFOAM model, all parallel and combined flow configuration tests form a stable
system based on the parallel gradients. For the entire filter, the parallel hydraulic gradients in the case
study are lower than the measured critical parallel gradients, indicating a hydraulically closed filter.
The perpendicular gradients obtained from the case study are higher than the critical perpendicular
gradients along the entire filter layer. This means that the sand combination and Stability Ratio of the
physical model would never give a stable situation in the case study.
Based on the OpenFOAM model, the perpendicular gradients are governing for the erosion for the com-
bined flow configuration. However, it is only governing for this particular case, because the ratio between
the gradients is influenced by the geometry of the rubble mound structure cross sections.

Figure 6.11: The critical parallel and perpendicular hydraulic gradients of all flow configurations determined with the physical
model. Values compared to the gradient occurring in a rubble mound structure estimated in OpenFOAM by Van de Ven (2019).
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Discussion

Within this chapter, the uncertainties of the physical and numerical models are discussed, respectively, in
section 7.1 and section 7.2. These models are a simplified representation of reality. A discussion is given
on the interpretation of the results in section 7.3. Comparisons are made between the current research
and previous research.

7.1. Physical model
Even though the physical model is enlarged in size compared to previous research by Boersma (2020),
boundary effects still influence the test results. The same setup has been used as in the previous research
from Lengkeek (2022), with various adjustments as described in section 4.5. Nevertheless, uncertainties
are still present, and these uncertainties are discussed in this section.

7.1.1. Pressure sensors
The reliability of the calibration of the pressure sensors (”26PCAFA6D”, see Appendix A) is discussed in
Appendix C. During a period of 3.5 weeks, the measuring range (α-factor in the calibration formula) of
most pressure sensors varied on the order of a few percent, as detailed in Table C.2. In addition, voltage
changes of up to 6.3% are also present from the pressure sensors, ascertained by the ”air-to-air” test, as
specified in Table C.1. The uncertainty of the pressure sensors based on the ”air-to-air” test are taken
into consideration for the uncertainty of the critical hydraulic gradients.
The discussion points concerning the pressure sensors are the potential impact of sand grains on the
sensor’s membrane. Sand clogging occurred (at least) twice during the research; however, glass sand
grains are not visible. Despite this, no complete functionality impairment was observed due to sand
clogging. Protective soil membranes in front of the sensor membrane, that allow water permeation only,
could exclude this risk.
Additionally, the stiff air tubes connected to the relative pressure sensors are not transparent, preventing
visual identification ofmoist or grains within the tubes. An air bubble in front of themeasuringmembrane
could influence the detection of vibrating pressures. This risk can be avoided by introducing silicon oil
in front of the membrane. Note that this risk is irrelevant for long measurement periods. Furthermore,
fluctuations in sensor and amplifier temperature affect the sensor outputs. However, a precautionary
measure to ensure that the sensors and amplifiers are powered for at least an hour before starting the
tests, coupled with temperature-compensated pressure sensors, mitigates this influence. The discussion
points on the pressure sensors mentioned in this subsection can be helpful for further research where
pressure sensors are used within the soil.

7.1.2. Plunger mechanism
The velocity range of the plunger motion is restricted to 5 to 35 mm/s, while the maximum acceleration
is set at 100 mm/s2. It is important to note that when the plunger’s movement approaches the limits
of the velocity and acceleration, considerable vibrations occur. These vibrations disrupt the functioning
of the filter system. Consequently, the waiting intervals in the plunger program for the two shortest
loading periods (24 and 12 seconds) are reduced to 2 seconds and no waiting time, respectively. During
this research no transport erosion occurred, so if more extreme types of erosion than incidental erosion
are of interest, greater parallel gradients than 0.066 and perpendicular gradients than 0.22 are advised.
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7.1.3. Surcharge tests
Test 9 till 15 were conducted in the Construction Laboratory of Delft University of Technology, in contrast
to other tests that took place in the Hydraulic Engineering Laboratory. The surcharge used in certain tests
is calibrated regularly by laboratory technicians. Although the climate variance between the locations
will be minimal, two different locations potentially contribute to the reliability of the tests.
The process of elevating the test configuration by 80 cm with a pallet truck, to put it underneath the
surcharge, induces vibrations within the filter system. Regrettably, this action increased the initial erosion
of the sand through the filter medium and decreased the functioning of the filter. This occurred during
test 11 above sediment trapping compartment 2, so this sediment trapping compartment was not taken
into account.

7.1.4. Leakage
Leakage of the setup primary emanated from the bottom. This issue was particularly pronounced during
the attempts to investigate an inclined filter, leading to the failure of the test. Without the use of sealant,
complete isolation of compartment C during perpendicular flow configuration tests was challenging, but
the amount of flow was insignificant. When sealant could be used, there was no flow at all to and from
compartment C.
Furthermore, a 200 kPa parallel flow configuration test failed due to the impact of the surcharge, which
caused the rigid sealant in the sediment trapping compartments and the bottom of the setup to break.
Although the leakage in the sediment trapping compartments was repaired with Permacol 3000 glue,
unfortunately the bottom of the setup could not be remedied similarly. In parallel flow configuration
tests, considerable effort was invested to prevent air pockets under the sealant plate and ensure the
watertightness of compartment B throughout the test. However, a complete guarantee of this aspect,
especially in the parallel flow configuration test in combination with a surcharge (tests 15), remained
elusive, particularly due to the challenges with the top plate. Aqua blocker is recommended for making
the sealant plate watertight, as it dries in a couple of hours, can be applied on a wet surface and can be
easily removed for further tests.

7.1.5. Turbidity
The evaluation of erosion within the sediment trapping compartments encountered disruptions during
some of the tests, attributable to factors such as dust that originated from the base material, washed
out silt, or the flocculation of white corrosion from the setup. Postponing the test for one day allowed
the turbidity to settle. However, a perpendicular flow configuration test with 10% fines failed because
the turbidity persisted despite the delay. The white flocculate of the white corrosion looked similar
to that of sand grains, introducing further ambiguity. Employing company water, instead of tap water
which contains more oxygen, and treating metal surfaces with ammonia did not solve the problem. In
an attempt to accelerate the settling process, 100 ml of flocculant was dissolved in the water of the
sediment trapping compartments during test 15. However, this strategy did not have an influence.

7.1.6. Permeability and porosity
The determination of the permeability of the base and filter material presents a challenge. Permeability
has been assessed with a constant head permeability test; see Figure 2.4. The subsequent calculation
is according to Darcy’s law; see Equation 2.4, so laminar flow is assumed which is not valid for gravel
(Remax=30). An alternative approach involves the utilization of empirical formulas, of which a multi-
tude have evolved over time. These results are shown in Table 4.2. A third method to determine the
permeability of the soil is by fitting the numerical model, capable of accounting for non-Darcy effect.
In addition to the challenge of accurately determining the permeability of the base and filter material,
there are limitations within the physical model that influence the porosity and permeability and conse-
quently the hydraulic gradient. First, the particle size distributions of soils are based on several samples,
and achieving a homogeneous mixture of the combination of sand (and silt) is challenging. Second, the
walls of compartment B can increase the porosity. Remediation efforts involve using wire mesh, bubble
wrap and excluding the outer sediment trapping compartments. Approximately 15 mm of the front and
back sides of the other sediment trapping compartments are not taken into account for erosion detection
either.
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Until test 10, a geotextile was placed between the filter material and compartments A and C. This pre-
vented erosion of the sand in these compartments, which took a long time to remove. However, the
permeability assessments according to Figure 2.4 indicate that the intrinsic permeability of the filter ma-
terial is 0.2 m/s, while the intrinsic permeability of the filter material after the test has been performed
that includes two layers of geotextile can reduce till 0.02 m/s.
The filter system comprises nine pressure sensors, each having dimensions of 10x11x40 mm, each con-
nected to a cable and an air tube and all attached to the frame shown in Figure A.8. Although the
dimensions of the pressure sensor resins are as small as possible, this sensor-equipped frame certainly
influences the porosity and, thereby, the internal flow dynamics of the filter system. If pressure sensors
are not required to have a general shape in terms of reuse, customized resins that mimic the base or
filter material are preferred. This adaption is likely to result in a more impeded flow around the pres-
sure sensors, leading to larger pressure differences between the perpendicular pressure sensors and thus
increasing the hydraulic gradient.
Another consideration is that the interface between the filter and the base material is not very evident
during testing. This implies that the pressure sensors for the parallel hydraulic gradient become partly
surrounded by base material during the test. On the contrary, the lower pressure sensors in the base
material to determine the perpendicular hydraulic gradient might be positioned too close to the filter
material.

7.2. Numerical model
The numerical model can be used to calculate the flow between compartments. By specifying the charac-
teristics of the base and filter material, the hydraulic gradients can be estimated. Relevant implications
are discussed below.

7.2.1. Non-linear effects
Where as the flow through the base material follows Darcy’s law, this is not necessarily the case for
gravel. Based on the physical model, there seems to only by a non-Darcy effect visible at the largest
parallel gradients, so above 0.05. This is in accordance with the numerical model, where the coefficient
of quadratic friction usually equals 0 s2/mm2, and a maximum of 0.00002 s2/mm2 is estimated. This
indicates that within the filter material, some turbulent effects can occur. The Reynolds number of the
base material is around 0.16, and for the filter material 30 at maximum, whereas laminar flow has a
Reynolds number below 10.

7.2.2. Potential flow approach
The two-dimensional numerical model uses the potential-flow approach with the LaPlace equation. This
assumption is valid for laminar resistance and therefore for the base material, but not entirely for the
filter material. According to the physical model measurements, non-linear effects can occur at the highest
parallel gradients.

Effects close to the walls
According to the measurements of the physical model, the pressure difference between the pressure
sensors in the base material close to the wire mesh at the walls of compartments A and C (pressure
sensors 1-2, and 5-6) is less than in the middle (pressure sensors 3-4). These effects closer to the wall are
taken into account in the two-dimensional numerical model by decreasing the total pressure difference
between compartment B and compartment A (and C) over the height of the base material, close to the
sides of the base material. An estimation of these wall effects is shown in Figure 5.6. However, when
more measurement data would be available in this region, these effects could be added more precisely.

7.3. Interpretation of the results
Analyzing the results from the research, arose discussion points, of which the three most important ones
are discussed below.
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7.3.1. Failure of the base filter interface
In the research line, the failure of the base filter interface is based on initial erosion, so this type of erosion
defines the critical gradients, as further explained in section 6.1. This results in a situation where inci-
dental erosion defines failure of the filter, and not transport erosion. This is debatable, because moments
of small erosion losses would be acceptable in practice. The purpose of the land reclamation, its lifespan
and the length of the open inverted filter will determine this. Furthermore, the higher gradients required
for transport erosion, could cause more dependence on perpendicular gradients during combined flow
instead of parallel gradients. However, no transport erosion was observed during the research.
Based on erosion during the tests, visualized for the base cases in Figure 6.3, the critical hydraulic gradi-
ent does not necessarily imply erosion at every higher gradient. This indicates that the base-filter inter-
face can reform to a more stable configuration that can withstand higher gradients. This corresponds to
the hypothesis and literature study that, based on the strength of the base fill such as the failure angle
and negative pore pressures, collapses from the arches can occur without the ultimate critical hydraulic
gradient being reached (Bratli & Risnes, 1981). When part of the base material particles have found a
new, more favorable position, the movement can stop. This implies that the geometrically open granular
filter could withstand higher critical hydraulic gradients than it seems from the initial erosion.

7.3.2. Influence of hydraulic conductivity on critical gradients
The investigation of the influence of fines on the critical gradients revealed the great influence of the
hydraulic conductivity on the perpendicular gradients, as can be seen in Figure 6.5. This influences the
interpretation of the critical hydraulic gradient, and therefore the same comparison is made between the
results of the Stability Ratio. The hydraulic conductivity (K) of the sand in this research is 0.6 mm/s
according to the permeability test described by Equation 2.4. The sand used by Lengkeek (2022) for
SR=10.5 could be traced, and a hydraulic conductivity of 0.4 mm/s has been measured for this sand.
A lower hydraulic conductivity increases the perpendicular hydraulic gradients under the same forcing
conditions from the plunger. In the case that finer sand is used to obtain higher Stability Ratios, this
means that the difference in the strength of the base material could be larger between the different
Stability Ratios than expected from the critical perpendicular hydraulic gradients.

7.3.3. Erosion through filter layer
Another point of discussion is the erosion development through the filter material, which cannot be
analyzed within the physical model. Before erosion is detected in the sediment trapping compartments,
multiple movements of the base particles or broken arches could have already taken place. Therefore
the placement method of the base material and the thickness of the filter layer can largely influence the
moment of initial erosion, and thus the critical gradients.
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Conclusions and Recommendations

This chapter concludes the research by answering the subquestions and the research question in sec-
tion 8.1. Recommendations for further research are given in section 8.2.

8.1. Conclusions
The objective of this research is to further investigate the possibilities of applying an inverted geometri-
cally open granular filter at the interface of a land reclamation and a rubble mound structure. Part of the
subquestions contain new studied subjects within the research line and part of the subquestions extend
already studied subjects. The subquestions are answered in the following subsections, after which the
research question can be answered.

8.1.1. Relation between critical gradients and future stability of the filter
Stabilization of the open inverted filter after the critical hydraulic gradient, which is based on initial
erosion, has been reached, is an interesting characteristic for land reclamation. Sand particles can erode
due to shear forces and arch-breaking within the base material, when critical hydraulic gradients are
reached. It is interesting to investigate a possible rearmouring effect of the base filter system after initial
erosion for economic reasons. Based on the tests in this research, the critical hydraulic gradient does
not necessarily imply erosion at every higher gradient, so the geometrically open granular filter could
withstand higher critical hydraulic gradients than it seems from the initial erosion.

8.1.2. Dominant direction of critical gradients in combined flow
Both parallel and perpendicular hydraulic gradients can cause erosion of the basematerial at the interface
of a land reclamation and a rubble mound structure due to a different erosion mechanism. It is of
interest which hydraulic gradient during the combined flow configuration is leading and thus critical.
Within this research, separate parallel and perpendicular flow configurations, as well as combined flow
configurations, have been tested.
During this research, the critical hydraulic gradients during the combined flow configuration tests occur
when the parallel hydraulic gradient increases and while the perpendicular gradient remains the same.
Based on this research, it is therefore concluded that during the combined flow configuration, the criti-
cal hydraulic gradient depends on the parallel hydraulic gradient. The smaller the period of the water
level change in compartment A, the more prominent the perpendicular gradient becomes. This is visual-
ized with a two-dimensional numerical model in Figure 5.16. This behavior indicates a change in flow:
based on this research, the flow is mainly parallel for maximum perpendicular gradients below 0.08
and becomes more perpendicular for perpendicular gradients greater than 0.08. The critical hydraulic
gradients in this research line are based on initial erosion, which occurred in the stage where the flow is
mainly parallel and the maximum perpendicular gradient is smaller than 0.08. For transport erosion, it
is possible that the critical hydraulic gradients become more dependent on the perpendicular gradient.

8.1.3. Influence of fines content in base material on critical gradients
In this research a lower hydraulic conductivity and higher perpendicular hydraulic gradients were mea-
sured when fines are added to the base material. The critical perpendicular hydraulic gradients are
increased for a higher fines content. However, it is very important to realize that the increase in critical
perpendicular hydraulic gradient is caused by the difference in hydraulic conductivity and not by an
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increase in strength of the base material to resist external eroding forces. This should be taken into ac-
count when the design of a base fill retaining rubble mound structure is only based on the wave climate,
instead of on the hydraulic resistance of the soil as well. Therefore, the influence of a fines content on
the critical perpendicular hydraulic gradient is expected to equalize for higher fines contents, when the
hydraulic conductivity approaches zero.
A higher critical parallel gradient has been measured when fines are added to the base material. Due to
the lower flow velocity from the lower hydraulic conductivity, the fines can act as a protective layer that
protects larger sand grains, reducing their exposure to erosive forces. A slightly higher increase in the
critical parallel hydraulic gradient is observed for a fines content between 5 and 10%, compared to 0 to
5%. An increasingly increased critical parallel hydraulic gradient is predicted for only low-fines contents.
This prediction is based on research by Mitchener et al. (1996) who concluded that the most significant
effect on erosion resistance occurs with the addition of small percentages of mud to the sand, within the
region of 3% to 15% mud by weight.

8.1.4. Influence of coefficient of uniformity of base material on critical gradients
In this research, a wider graded sand (Cu=2.9) has been used as a base material compared to previous
research inwhichmore narrow graded sandwas used (Cu of 1.2-2.1). The hypothesis was that the critical
hydraulic gradients are lower because of unstable, finer sand fractions. To determine the influence of
wider graded sand, compared tomore narrow graded sand, critical hydraulic gradients from this research
have been added to the results on the Stability Ratio of the research line. The Stability Ratio (SR = d15f

d85b
)

in the current research is 8.0. A higher Stability Ratio means a lower critical hydraulic gradient.
The critical hydraulic gradients measured in this research, are most comparable to those measured by Van
de Ven (2019). Van de Ven (2019) used sand with a coefficient of uniformity (Cu) of 2.1 at a Stability
Ratio of 8.0, which is most comparable to the uniformity of the sand combination of this research with
a Cu of 2.9. The critical parallel hydraulic gradients are relatively high, because no leakage occurred
during the parallel flow configuration tests. On the other hand, the critical perpendicular hydraulic
gradients are low compared to the results of Lengkeek (2022). This could be explained by the difference
in the coefficient of uniformity. The greater variation in grain sizes could disturb the formation of arches,
which would lower the critical perpendicular gradient. The results of Graauw et al. (1984) showed that
in the case of graded base material, a higher concentration of migrated material was measured, so a less
well functioning open filter.

8.1.5. Influence of effective stress at the base-filter interface on critical gradients
The larger the layer of base material above the granular filter in a rubble mound structure, the larger
the effective stresses at the base-filter interface. Higher critical perpendicular gradients are expected for
higher effective stresses at the base-filter interface. This hypothesis is based on the expected increase
in the strength of the sand arches, as the friction between the sand particles depends on the normal
force. The results of the relative critical perpendicular hydraulic gradients are combined with the results
of Lengkeek (2022) and show, indeed, a positive relationship. An increase of 60% of the critical per-
pendicular gradient is observed for a superimposed load of 100 kPa. For larger superimposed loads, a
smaller increase is expected; 80% increase in critical perpendicular gradient for 200 kPa compared to 0
kPa. Non-load zones do not change significantly with increased superimposed load, so local fluidization
can still occur.
The results of the parallel critical hydraulic gradients relative to effective stress, for both the parallel and
combined flow configuration, show a positive correlation as well. The arching mechanism is enhanced
and a side effect arises from increased effective stresses, which is compaction within the base material
as the top layer was moved several millimeters down. This can lead to an increased critical parallel
hydraulic gradient.
The critical perpendicular gradient of combined flow does not show a clear positive relation. However,
based on this research, the parallel flow is assumed to be the main loading mechanism for maximum
perpendicular gradients below 0.08, which is the case for the critical gradients during the surcharge
tests.
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8.1.6. Research question
The main question of the research is:
How do the fines content and coefficient of uniformity of the base material, and effective stress, influence the
applicability of an inverted geometrically open granular filter at the interface of a land reclamation and a
rubble mound structure in terms of both parallel and perpendicular hydraulic gradients?
According to this research line, an open inverted filter at the interface of a land reclamation and a rubble
mound structure can be used as a valid alternative of a geotextile, which can have a positive effect
on execution methods and costs. The research line also showed different factors that can influence
the applicability based on critical hydraulic gradients, of which Stability Ratio (negative correlation)
and effective stress (positive correlation with critical perpendicular gradient) were already researched.
Within the current research, the following factors are investigated: future stability after initial erosion,
dominant direction of critical gradient in combined flow, fines content in and coefficient of uniformity
of the base material, and the effective stress on the base-filter interface. Within this research line, the
critical hydraulic gradient is determined by the initial moment of erosion.
The tests performed in this research are based on a Stability Ratio of 8.0. A fines content in the base
material and a superimposed load on the base-filter interface show the most significant influence on the
critical gradients. Based on this research, it can be concluded that a higher fines content increases the
critical perpendicular and parallel hydraulic gradients, while a higher coefficient of uniformity (i.e. less
uniform) slightly decreases the critical hydraulic gradients. The open inverted filter could withstand
higher gradients than the critical hydraulic gradients based on initial erosion, which means the filter can
restabilize itself. Furthermore, parallel gradients up to 0.07 are measured and the parallel flow direction
showed to be critical for combined flow for the conditioned tested in this research. This was the case for
the critical gradients within this research, however these values are dependent on the research situation.
Both for the critical parallel and perpendicular gradients, a positive relationship with the effective stress
at the base-filter interface was found.

8.2. Recommendations
This research provided more insight into the functioning of the open inverted filter, which also raises
new questions. Recommendations for further research are provided in this section.

Transport erosion
To investigate a higher level of erosion, for example, transport erosion, a setup that can induce larger
hydraulic gradients is recommended. This requires perpendicular hydraulic gradients of at least 0.30
and parallel hydraulic gradients of at least 0.08 for Stability Ratios close to a closed filter. Investigating
the limit for a more extreme type of failure, in case incidental erosion is allowed, can create a more
economic design. It also allows for further investigation of the rearmouring effect of broken arches.

Inclined filter
One of the objectives of this research was to investigate the influence of inclination of the filter. Unfor-
tunately, due to major leakage at the bottom of the setup, this was not possible. An adjusted design for
the physical model to perform these tests is shown in Appendix A section B.2. The interface between
a land reclamation and a rubble mound structure is inclined instead of horizontal. Higher critical hy-
draulic gradients are predicted for an inclined open filter system, because the direction of gravity is not
perpendicular to the bed, so this is an interesting topic to research. Furthermore, the behaviour of the
flow direction at an inclined filter is interesting for the critical hydraulic gradients.

Fines content
This research investigated whether a fines content has an influence on critical hydraulic gradients. Fines
content is one of the most important characteristics of dredged sand for land reclamation, which can
amount to tens of percent of the base material according to the overview in Table A.1. Furthermore,
geotextile can get clogged with fines. The tests performed showed a positive relationship between the
fines content and the critical hydraulic gradient. To determine a quantified relation, more tests are
required.
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To investigate higher fines contents, it is advised to increase visibility within the sediment trapping com-
partments to determine erosion, because of turbidity. For example, longer settling time and underwater
lighting.

Gradient measurement locations within filter
The distribution of the parallel and perpendicular hydraulic gradients within the physical model is impor-
tant to determine the maximum gradients. This research showed multiple perpendicular and parallel
gradients along the length of the filter, giving insight into where the highest hydraulic gradients are
located. By measuring other locations, e.g. perpendicular gradients at 1/4th and 3/4th of the length of
the filter, one can gain more insight about the exact development of the gradients. This can be used to
improve the verification of the two-dimensional numerical model.

Two-dimensional numerical model
Within this investigation, influences of the filter material are added to the two-dimensional numerical
model of the base material. Within the base material, the laminar resistance is valid, but this is not
always the case for the filter material. It is recommended to actually model the two-dimensional effects
of the filter material separately: the inertial and turbulent resistance.

8.2.1. Field experiments
The current physical model is a full-scale horizontal section of an open inverted granular filter at the
interface of a land reclamation and a rubble mound structure. This means that the results should also
be interpreted in that way. Important conditions specific for this research are: two-dimensional model,
fines content up to 10%, coefficient of uniformity of 2.9, Stability Ratio of 8.0, surcharge up to 200 kPa,
parallel gradients up to 0.066 and perpendicular gradients up to 0.22. Further research can reduce the
amount of open filter layers needed by making the relationships found less conservative. Furthermore,
field experiments can increase the knowledge about the factors described below.

Irregular wave climate
During the physical model tests, the gradient is gradually increased to determine the critical hydraulic
gradients. In the field, there will be an irregular wave climate. For example, the influence of a significant
wave height on the critical hydraulic gradients can be investigated.

Dredged placement of base material
Themethod of placement of the basematerial can largely determine its characteristics, and thus influence
the critical hydraulic gradients. In this research, there was wet placement of the base material on the
filter layer and the sand combination cannot be completely homogeneously distributed. In the field,
the base material is dredged, which causes variability in sediment sorting. The effects of dredged base
material can be investigated.

Quarry run
Within the physical model, the shape of the induced pressures is directly transforming over the length of
the filter layer during the combined flow configuration. In the field, the shape of the induced pressures
is likely to already transform in the quarry run towards a sinusoidal shape. During wave transmission,
the shape of the wave front is typically altered. The wave front may deform and the wave energy may be
dissipated. This would create a pressure development over the granular filter, where only the ”amplitude”
of the sinusoidal shape is changing.
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A
Details physical model

This appendix gives a detailed description of all the measurement equipment used in the physical model;
see section A.1. Furthermore, examples of the characteristics of dredged material used in land reclama-
tion projects are given in section A.2.

A.1. Measuring equipment
In this section, a detailed description of the measuring equipment used in the test setup is given. Fig-
ure A.1 shows two pictures of the test setup.

Figure A.1: Empty test setup and the base case test setup during the perpendicular flow configuration.

A.1.1. Plunger system
The plunger moves up and down in a range of 60 to 140 mm and has a cross-sectional area of 6.1 dm2

and a height of 425 mm. The total area of compartment A is 14.7 dm2. Over the width, there is just
sufficient space available to place the water level gauge and to possibly fill and empty the compartment
for the perpendicular flow configuration tests. There is some space left over the length in case a ”play”
occurs in the movement of the plunger. Compartment A is shielded for safety. A ”DCNC-NEMA34-8.0Nm
(IP54)” stepper motor (Damen CNC, 2023) drives the plunger system in combination with a ”EM882S”
digital microstep drive (Leadshine Technology Co., 2017). Pictures of the plunger system are shown in
Figure A.2.
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Figure A.2: Pictures of the plunger system.

A.1.2. Laser
The ”optoNCDT 1300-200” laser (0904209) is used to measure the movement of the plunger, see Fig-
ure A.3. The optoNCDT 1300-200 laser has a measurement range of 60 to 260mm with a resolution of
50 µm (Micro-Epsilon, 2000). The laser has safety class 2, which means that no safety precautions are
required.

Figure A.3: Laser optoNCDT 1300-200 (Micro-Epsilon, 2000).

The laser is connected to DASYLab and a measuring frequency of 10 Hz is applied. The laser was cali-
brated by testing the range of the laser, which is from 1.91 to 10 V, at multiple distances. The correlation
is linear, as can be seen in Figure A.4, which also shows the calibration formula.

Figure A.4: Calibration laser optoNCDT 1300-200.
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A.1.3. Pressure sensors
The setup contains 9 miniature pressure sensors from the 26PC series (26PCAFA6D), see Figure A.5.
Sensors provide gauge pressure detection performance and inherently stable mV outputs for 1 psi (Far-
nell, 2023). That is why the amperage is kept constant, which makes the resistance bridge of these
pressure sensors more in balance (compared to constant voltage). Pressure sensors should always be
submerged during tests for best performance, and the maximum water level that the sensors endure
during experiments is 63 cm.

Figure A.5: 26PC series Pressure sensor (26PCAFA6D), (Farnell, 2023).

To calibrate the pressure sensors, the voltage is measured at certain water depths. Themeasuring range is
from -10 to 10 V. With an amplification of 400 times, this results in the calibration formulas of Figure A.6.
The reliability of pressure sensors has been investigated in Appendix C.

Figure A.6: Calibration pressure sensors.

Design resin pressure sensors
An air tube is connected to the sensor to measure the water pressure relative to the atmospheric pressure.
A stiff air tube is used to avoid airtight squeeze during testing. Furthermore, pressure sensors must be
waterproof, so a plastic resin is made. The size of the resin must be as small as possible to minimize the
disturbance of the filter and the base material. However, a general shape has been created, so they can
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still be applied in other research. In addition, a small mounting plate is part of the plastic resin to easily
connect the pressure sensors to the frame.

Figure A.7: Resin pressure sensor.

Frame pressure sensors
A pressure sensor frame has been designed to measure the perpendicular gradient at three different
locations in the base material and the parallel gradient over the filter-base interface. The larger the
distance between the corresponding pressure sensors, the more accurately the gradient can be measured.
Sensors are placed in such a way that the pressure sensors are always submerged during testing and that
the maximum pressure is below 1 psi (most critical pressure in case of the inclined setup in section B.2).
The frame is made of stainless steel. The frame size is as small as possible to minimize disturbance to
the filter and base material. When the frame has the same length as the compartment of the base and
filter material, the frame can be connected to both sides to guarantee the same position for each test.
The frame is shown in Figure A.8.

Figure A.8: Stainless steel frame design for the pressure sensors.

A.1.4. Water level gauges
Two water level gauges (”WLG23” and ”WLG25”) are used to measure the water levels in compartments
A and C. The maximum range of water levels in compartment A caused by the movement of the plunger
is around 6.5 cm. The water level gauges, shown in Figure A.9, have a sufficient length (0.5 m). It
consists of two rods that act as the electrodes of an electric conduction meter and a box with electronics
(may not get wet) (Deltares, 2023). The gauges are connected to a control unit to adjust the gain and
zero shift of the output signal and to provide the probe with power; see Figure A.9.
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Figure A.9: Water level gauge and control unit (Deltares, 2023).

Both control units are connected to DASYLab. Water level gauges measure at a frequency of 10 Hz. The
sensor output ranges from -10 to 10 V, which corresponds to a range of 20 cm (”WLG23”) and 50 cm
(”WLG25”), depending on the position within the setup. The calibration points are shown in Figure A.10.
The reliability of the water level gauges has been researched in the Appendix C. It shows that the analog
output signal is linearly proportional to the change in water level between the sensor rods.

Figure A.10: Calibration water level gauges (”G23” and ”G25”).

A.1.5. GoPro cameras
Three ”GoPro HERO 10” cameras were used to record a time lapse of the bottom cells. The time-lapse
recorded one frame per 5 seconds. The position of the cameras was fixed for all tests. For lighting of the
sediment trapping compartments, a ”Yongnuo LED Video Light”, with a light output of 10800 lm and a
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color temperature of 5500K has been used.

A.2. Dredged sand
The particle distribution of the base fill largely depends on the dredged sand that is available at the
location of the project. To gain some insight into realistic sand compositions, various particle size distri-
butions of land reclamation projects are summarized in Table A.1.

Table A.1: Examples particle distributions of land reclamation projects (Van Oord, 2023).

Location land reclamation Fines content [%] d50 [mm] d85 [mm] Max. particle size [mm] Cu Cc

North Sea coast (North), The Netherlands (top layer) 0.68 0.431 0.71 11.7 2.231 0.932
North Sea coast (North), The Netherlands (lower layer) 0.58 0.351 0.99 12.3 2.323 0.906
North Sea coast (South), The Netherlands (avg.) 1.4 0.286 0.45 2.0 2.009 1.030
Gulf of Finland, Russia (averaged) 0.0 0.524 3.80 10 3.948 0.726
River Thames, England (near port, averaged) 13.4 3.310 6.82 15.6 21.041 3.283
River Thames, England (sea reached, averaged) 7.7 0.262 1.00 10.6 2.404 1.110
Mediterranean coast, Spain (averaged) 15.0 0.343 0.73 4.75 12.926 5.518
Black Sea coast, Romania (averaged) 0.5 0.358 2.50 8.0 3.027 0.770
Java, Indonesia (averaged) 28.0 0.193 0.80 18.0 16.914 1.059



B
Design setups

This appendix illustrates the different setups of the physical model. Chapter 4 shows illustrations of
the base cases and the parallel flow configuration when a superimposed load is applied on the filter
system. The other setups, which are given in this appendix, are the combined and perpendicular flow
configuration when a superimposed load is applied and an example of an inclined physical model is given
in section B.2.

B.1. Inclined setup
Illustrations of the physical model when a superimposed load is applied for the combined and perpen-
dicular flow configurations.

Figure B.1: Setup of the physical model under a surcharge in the perpendicular flow configuration.
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Figure B.2: Setup of the physical model under a surcharge in the combined flow configuration.

B.2. Inclined setup
The influence of an inclined base filter system could also be investigated. In this regard, the whole
experimental setup is inclined to 30°, which means adjustments to the setup are necessary, see Figure B.3.
The thickness of the base layer increases from 350 mm to 700 mm. Initially, a test at 0° and 30° can be
carried out with this setup, to determine whether an inclination influences the critical hydraulic gradients.
If this is the case, an experiment can also be carried out at 10° and 20°. Due to practical constraints, it
is advised that the testing will focus solely on the perpendicular flow configuration.
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Figure B.3: Setup of the physical model under an inclination in the perpendicular flow configuration.



C
Accuracy measuring equipment

Within this appendix, the accuracy of the pressure sensors is further analyzed. In section C.1 the accuracy
of the pressure sensors is explained on the basis of technical specifications. In the next section, section C.2,
the pressure sensors have been tested when measuring atmospheric pressure relative to atmospheric
pressure. Based on this test, the accuracy of the hydraulic gradients has been determined for chapter 6.
In section C.3 the results of multiple calibration tests are shown over a time span of 3.5 weeks. Finally,
an example of raw pressure sensor data is shown in section C.4.

C.1. Technical specifications
The precision of pressure sensors is of importance in ensuring the reliability of the experimental results.
In this research, the utilization of Honeywell’s 26PCAFA6D pressure sensors, which feature temperature
compensation, has been adequate. These sensors have been designed to measure a maximum relative
pressure of 1 psi. Analysis of their performance characteristics reveals a maximum span variation of ±2
mV to 16.7 mV (±12%) (Honeywell, 2015b, Table 3).
For the determination of linearity, assessed using the Best Fit Straight Line methodology (using the
”least squares” approach), the maximal deviation from a linear trend is 0.5% of the span. Similarly,
the 24PCEFA6D pressure sensor, engineered for a range of 0-0.5 psi and not temperature compensated,
exhibits a maximum span fluctuation of ±10 mV to 35 mV (±29%), along with a maximum linearity
deviation of ±1.0% of the span (Honeywell, 2015a, Table 3).
In the course of each test segment, carried out at intervals of 50 minutes and repeated ten times per
test, the voltage range is calibrated against alterations in water levels, as gauged by water level sensors.
In this manner, the short interval between calibrations diminishes the interval within which a potential
span shift might occur. Consequently, this approach can increase precision.
The null offset of the 26PCAFA6D pressure sensors is found to have a possible deviation of 0 ±1.5 mV. It
should be noted that changes in offset during testing and during the reference heights introduce inaccu-
racies. Despite the temperature compensation inherent to pressure sensors, an alteration of temperature
by 25 °C can cause a span shift of ±1.0% and a null shift of ±0.5 mV. However, it is important to note
that variations in laboratory temperature are expected to be modest, around 4 °C. Pressure oscillations
during testing can cause a hysteresis of ±0.5 mV. Amplifiers with a gain of 400x were used consistently
during the physical model tests.
To verify the precision of the 26PCAFA6D pressure sensors, rigorous tests were conducted in the labora-
tory setting. An extended ”air-to-air” test spanning 4.5 days was performed and three calibration tests
were carried out that involved the relative pressure between air and water. The results of these tests are
shown in the following sections.

C.2. ”Air-to-air” test
The 26PCAFA6D pressure sensors are inherently referenced to atmospheric pressure through a small
connecting tube in one of the two ports. In the context of the ”air-to-air” test, where both ports were
exposed to the same atmospheric pressure, any alterations in measured pressure were anticipated to be
attributable to potential noise and variations in temperature stemming from the presence of the connect-
ing tube. This is because no relative pressure deviations are expected under such conditions. The test
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Table C.1: Output fluctuations from the ”air-to-air” test.

Pressure sensor 1 3 4 5 6 7 8 9
∆V /hr 0.007 0.0089 0.0312 0.0094 0.0855 0.0076 0.0080 0.0168
% (0.5 V range) 1.4 1.78 6.24 1.88 17.1 1.52 1.60 3.36
∆m w.c. /hr 0.00057 0.00073 0.00256 0.00077 0.00701 0.00062 0.00066 0.00138

itself spanned a duration of 113 hours, employing a measurement frequency of 0.1 Hz. Unfortunately,
Pressure Sensor 2 was non-functional during this test.
Fluctuations were observed to persisted within a range of approximately 0.03 V to 0.07 V (equivalent
to 0.08 mV to 0.18 mV prior to amplification); see Figure C.1. Each test segment of the overall test
was initiated with two reference heights, a practice aimed at establishing the voltage-to-meters water
column ratio for that specific moment.

Figure C.1: Output pressure sensors during ”air-to-air” test.

Given that each test segment encompassed a duration of roughly 1 hour, the results of the ”air-to-air”
test were parsed into 1-hour intervals. Within these intervals, the difference between the maximum and
minimum voltages has been quantified, see Table C.1. Throughout the testing procedure, the operating
range of the pressure sensors was within approximately 0.5 V. This value was used to calculate the
percentage of atmospheric noise encountered during the test.
Pressure sensors 1, 5, and 7 exhibit linearly changing offsets of relative pressure measurements as time
progresses. This trend suggests a continuous shift, rather than being attributed to temperature-induced
uncertainties or inherent noise. Pressure sensor 6 demonstrates distinct instances of abrupt voltage shifts
during the ”air-to-air” test. Both phenomena underscore the potential for inherent deviations in pressure
sensors themselves and should be taken into account in the overall evaluation of the research outcomes.
During the research, multiple pressure sensors have been replaced.

C.2.1. Influence on hydraulic gradients
Based on the ”air-to-air” test and calibration tests, it is useful to remove the offset from the pressure
sensor data, as shown in Appendix D. This largely removes the uncertainty of ”beta” in the calibration
formula. According to the calibration tests, the slope of the calibration formula (”alpha”), is minimal
over time and is unlikely going to influence the results per test segment. Therefore, the ”alpha” value
is determined per test per pressure sensor based on the reference heights and averaged per test, this is
elaborated in Appendix D.
The ”air-to-air” test reveals certain outliers that can occur. An extreme outlier occurs at pressure sensor
6 which corresponds to around 7.0 mm, see Figure C.1. The uncertainty of pressure sensors can be
quantified. A histogram of the maximum deviation per hour is shown in Figure C.2 and resembles a
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lognormal distribution as it is inherently skewed and not normal. As the deviations are not conform
to standard parametric assumptions, bootstrapping has been applied to estimate the uncertainty of the
data. The 90% confidence interval of the mean ranges from 0.000454 till 0.000504 m w.c., as can be
seen in Figure C.2. The accuracy according to the specifications is 0.7 mm (Honeywell, 2015b). The
highest deviation in the 90% confidence interval of the mean during a test segment (0.50 mm) is taken
into account for both pressure sensors per set, to determine the uncertainty of the hydraulic gradients.
The uncertainty of the perpendicular hydraulic gradient is 0.012 (I34) and that of the parallel hydraulic
gradient (I89) is 0.0035.

Figure C.2: Maximum deviations in 1-hour intervals during ”air-to-air” test (lognormal distributions) and the corresponding
90% confidence interval.

C.3. Calibration tests
The pressure sensors employed in the research were utilized to measure differential water pressures
relative to the prevailing atmospheric pressure during the course of the test. These sensors underwent
a meticulous calibration, conducted using water level gauges integrated within the physical model with-
out any base or filter material. The calibration process has been repeated after 1 and after 2.5 weeks.
Throughout these calibrations, the water level within the experimental setup was systematically varied
within the range of 35 to 45 cm with at least 7 calibration data points.
The calibration equation is according to the format [m w.c.] = α·[V]+β. The derived alpha and beta
coefficients, acquired from the different calibration tests, are shown in Table C.2. This table also features
absolute variations in alpha and beta concerning the initial calibration test, along with the relative change
in alpha. These results were calculated via the application of the Best Fit Straight Line methodology,
facilitated through the ”least squares” approach as realized by the ”scipy.optimize.curve-fit” function.
The accuracy of the fitting process is quantified through the corresponding ”R-squared” value. The
calibration formula of pressure sensor 8 deviates, because its output dropped by 3 mV/min during the
first calibration.
In agreement with the calibration of the pressure sensors, the water level gauges themselves underwent
a similar calibration procedure. However, no significant variations in the calibration formula occurred
for the water level gauges.

C.4. Examples raw data
This section presents an illustrative case involving an unexpected occurrence of pressure sensor output
shifts during the 200 kPa surcharge test within the combined flow configuration (test 14). It became
apparent during the evaluation of pressure sensors 1 and 2, which are positioned within the base mate-
rial, 8 centimeters above each other. Unprocessed output readings from pressure sensors are shown in
Figure C.3.
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Table C.2: Calibration tests pressure sensors. The parameter outcomes and the uncertainties.

Week Alpha Difference % Beta Difference R-squared

Pressure sensor 1
Week 0 0.081 -0.0197 0.9999
Week 1 0.083 0.002 2.29 -0.0194 0.0003 1.0000
Week 3.5 0.082 0.001 1.78 -0.0063 0.0134 0.9999

Pressure sensor 2
Week 0 0.078 -0.0107 0.9999
Week 1 0.081 2.83 -0.0156 -0.0049 1.0000
Week 3.5 - - - - - -

Pressure sensor 3
Week 0 0.079 -0.0172 0.9998
Week 1 0.078 -0.001 -1.26 -0.0175 -0.0003 0.9998
Week 3.5 0.081 0.002 3.1 -0.0177 -0.0005 1.0000

Pressure sensor 4
Week 0 0.088 -0.0314 1.0000
Week 1 0.084 -0.004 -4.41 -0.0122 0.0192 0.9999
Week 3.5 0.086 -0.002 -1.92 -0.0490 -0.0176 1.0000

Pressure sensor 5
Week 0 0.080 -0.0069 0.9999
Week 1 0.082 0.002 1.69 -0.0074 -0.0005 1.0000
Week 3.5 0.082 0.002 1.83 -0.0083 -0.0014 1.0000

Pressure sensor 6
Week 0 0.079 -0.0065 0.9999
Week 1 0.080 0.001 1.91 -0.0078 -0.0013 0.9999
Week 3.5 0.081 0.002 2.88 -0.0615 -0.0550 1.0000

Pressure sensor 7
Week 0 0.080 -0.0094 0.9999
Week 1 0.082 0.002 1.61 -0.0084 0.001 1.0000
Week 3.5 0.081 0.001 0.39 -0.0030 0.0064 1.0000

Pressure sensor 8
Week 0 0.102 0.078 -0.063 0.9987
Week 1 0.082 -0.02 -19.59 0.0003 0.0633 1.0000
Week 3.5 0.081 -0.021 -20.28 0.0071 0.0701 1.0000

Pressure sensor 9
Week 0 0.082 -0.0045 0.9990
Week 1 - - - - - -
Week 3.5 0.081 -0.001 -1.46 0.0052 0.0097 1.0000

Figure C.3: Raw output pressure sensors 1 and 2 during the 200 kPa surcharge test within the configuration of combined flow.

Pressure sensor 2 displays a gradual reduction in its null offset in the initial phase of the test. The
reference water heights are expected to correspond to a hydrostatic head, subsequently reflecting a
constant voltage from the pressure sensors. Also, at timestamp 02:50:00, a distinct and abrupt voltage
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shift becomes apparent, introducing a deviation from the anticipated behavior. This abrupt voltage shift
and gradual reduction in null offset are not visible in the output of Pressure sensor 1. These deviations
were also observed during the ”air-to-air” test. Appendix D shows how to analyze these data.



D
Data analysis pressure sensors

This appendix gives more details on the analysis of the data retrieved from the physical model, it is an
extension on the data analysis described in subsection 4.2.2. First, the removal of the offset is explained
and the determination of the slope of the calibration of the pressure sensors in section D.1. Then details
on the filtering of pressure sensor data are given in section D.2. Finally, in section D.3, the maximum
hydraulic gradient per test segment is explained.

D.1. Determination of calibration slope and removing off-set
Figure D.1 shows the raw pressure sensor output of two pressure sensors from test 10. The grey dots
show the last 20 and 10 seconds of the reference heights, and the average between these dots is used
to determine the difference in Voltage between the reference heights. This difference is related to a
difference in water level as determined by the water level gauges.

Figure D.1: Raw pressure data from sensors 3 and 4 from test 10.

The ratio between the difference in Voltage between the reference heights and the difference in water
level measured by the water level gauges is calculated and shown in Figure D.2. The averages of the
ratios based on the reference heights, illustrated by the continuous lines, are used as the ”alpha” value in
the calibration formula ([m w.c.] = α·[V]+β). Based on the calibration tests of Appendix C, the ”alpha”
value can vary between pressure sensors and over time. These variations were not extreme, and the
limits of these variations are also shown in Figure D.2 by the black dotted lines.
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Figure D.2: Ratios pressure in meters water column to raw sensor output in Voltage for test 10.

According to Table C.2 the offset can vary greatly. Therefore, it is decided to remove the total off-set
from the pressure sensor data, to improve the calculation of the hydraulic gradients. The mean pressure
per oscillation is calculated, as illustrated in Figure D.3.

Figure D.3: Average pressure per oscillation test 10.

Average pressures as shown in Figure D.3 are multiplied by the corresponding duration of the oscillation
and subtracted from the pressure sensor data. This result for pressure sensors 3 and 4 from test 10 is
illustrated in Figure D.4 without reference heights. This difference in meters water column over the
vertical distance in the base material indicates the perpendicular hydraulic gradient.
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Figure D.4: Filtered and calibrated pressure sensors 3 and 4 from test 10.

D.2. Filtering of the data
There are different methods to filter out short-scale oscillations and vibrations from the measurement
output. The shortest forcing period of the plunger was 12 seconds (0.08 Hz) and themeasuring frequency
was 10 Hz (Nyquist frequency is 5 Hz). According to a fast Fourier transform, the frequently occurring
frequencies are below 1 Hz. Both the ”Exponential Moving Average” filter (α=0.1) and the Bessel filter
(5th order, cutoff frequency of 1.0 Hz) filter out the small frequencies without creating a phase delay.
These filters give a similar result and are plotted over raw pressure sensor data as a reference.
The higher the level of filtering, the longer the delay when using amoving average. Hence in this research,
a 5th order low-pass Bessel filter is applied to the pressure sensor data. The advantage of a Bessel filter
is the nearly constant group delay, which means that phase distortion and time delays are minimized
and this preserves the shape of the signal. This is desirable when comparing two pressure sensor signals
at a certain moment. The filter has a gentle roll-off, so the transition band (the frequencies between the
pass band and stopband) is relatively wide compared to other low-pass filters. A 5th-order filtering gives
a pretty smooth outcome of the pressure sensor data, which is an advantage for the determination of the
average maximum hydraulic gradients per test segment. It removes outliers and gives a more constant
result per test segment; see Figure D.5.

Figure D.5: Filtered pressure sensor data. Low-pass Bessel filter: cutoff frequency 1 Hz, 5th order.

D.3. Maximum hydraulic gradients
Figure D.6 shows the perpendicular hydraulic gradients between pressure sensors 3 and 4 of test 9. The
minimum and maximum hydraulic gradients per test segment are indicated by the red dots, while the
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black dots show the average. The more the black and red dots differ, the less symmetric the hydraulic
gradients are around zero. In that case or when there are deviations within a test segment, a specific anal-
ysis of the hydraulic gradients is required. Figure D.6 shows a gradual increase in maximum gradients
over time.

Figure D.6: The maximum and minimum and the average maximum hydraulic gradients.
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