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Abstract

Dikes are a primary defence against flooding from the rivers and sea in the Netherlands, but many no
longer meet current safety standards. To ensure the dikes keep meeting the safety standards in the
future, climate change will need to be taken into account. Increase in river discharge and upstream
water levels through rising temperatures, more frequent extreme precipitation, and increasing meltwater
run-off, are climate uncertainties that pose additional challenges for dike reinforcement projects. One
critical failure mechanism requiring attention is backward erosion piping (BEP), which has historically
been underestimated. Over the past decade research has advanced the knowledge on BEP and led to
innovative solutions to mitigate this risk, each based on different working principles and associated with
distinct performance characteristics and life cycle costs. However, it is currently unclear how the design,
performance, and cost-effectiveness of these solutions compare under climate change uncertainties.

This study evaluates the design performance and life cycle of three piping solutions, both innovative and
conventional, under climate change uncertainties. Using a numerical model in COMSOL Multiphysics,
the performance of each solution is assessed through fragility curves based on the relevant failure
criterion for each solution. Due to the different working principles, the fault trees differ between the
solutions. The failure criterion for each solution is based on the critical step they tackle in the fault
tree that leads to piping failure. Climate impact uncertainties are represented by considering different
future climate scenarios. Using Hydra-NL, water levels for different return periods and future scenarios,
including both moderate and high-emission pathways, are calculated. The resulting probabilities of the
water levels and the conditional failure probabilities from the fragility curves are used to determine and
quantify the timespan of the life cycles. The life cycles are evaluated in terms of cost and their sensitivity
to design and climate uncertainties is assessed. This assessment is done with a life cycle cost analysis
using the Equivalent Annual Cost (EAC) method.

The results show that while the sheet pile and plastic filter screen exhibit similar performance in pre-
venting hydraulic heave, their sensitivity to rising water levels differs, with the filter screen performing
slightly better under extreme conditions. The SoSEAL barrier demonstrates lower sensitivity to high
water levels but exhibits higher failure probabilities at lower water levels due to heterogeneity in the
barrier’s hydraulic conductivity and contact zone effects. It is emphasised that the plastic filter screen
and SoSEAL barrier have inherent uncertainties due to their innovative designs. Reducing these uncer-
tainties in the future can significantly increase the performance and make them competitive alternatives
to conventional solutions like the sheet pile.

The life cycle cost analysis indicates that the sheet pile is currently the most cost-effective solution
and least sensitive to the uncertainties across the different scenarios, followed by the filter screen and
SoSEAL barrier. Cost uncertainties, particularly in annual maintenance & monitoring, were found to
influence the performance more than climate uncertainties. Constant yearly costs, resulted in lower
values of equivalent annual costs for longer lifespans, while annually increasing costs produce higher
values for longer lifespans, stressing the importance of accurate cost forecasting. Furthermore, the re-
sults highlight the trade-offs between the technical and functional lifespan, suggesting that increasing
annual costs can offset the benefits of extended design life.

In the future, the uncertainties in the design-related expenses for the innovative solutions will decrease.
The amount and range of the yearly costs will then decrease with time, increasing the cost-effectiveness
of the SOSEAL barrier and plastic filter and decreasing their sensitivity to future uncertainties.

This study concludes that the performance of the different piping solutions is influenced by both design
and climate change uncertainties. Varying lifespans and annual costs significantly affect the perfor-
mance of the solutions across different scenarios and have a even greater impact than the uncertain-
ties of climate change. Life cycle cost variability underscores the need for considering economic uncer-
tainties alongside the uncertainties in technical performance into current decision-making processes.
Decreasing these uncertainties in innovative solutions could improve their performance and make them
suitable alternatives in the evaluation and comparison of different solutions.
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Introduction

1.1. Context and problem definition

Dikes are one of the main primary flood defences protecting the Netherlands from the sea and rivers.
Since the early 2000s, however, safety assessments have shown that many dikes no longer meet
the required safety standards [26]. Reinforcement projects have therefore since been implemented
to ensure protection from the water with future years to come. However, numerous dikes still require
necessary reinforcements. To ensure the dikes keep meeting the safety standards in the future, climate
change will need to be taken into account. The changing climate can affect the water levels in the rivers
significantly. Increase in meltwater run-off and more frequent extreme precipitation events for example
cause the river levels to rise [5]. Given the uncertainty in the rate and magnitude of these changes,
several climate scenarios have been defined, each with its own probability. With this increase in future
water levels and uncertainties, the need for reinforcements becomes even more urgent.

One key failure mechanism dikes and their reinforcements need to tackle is backward erosion piping
(BEP). Piping has been underestimated in the past as a failure mechanism and reinforcements are
needed to meet the safety standards [9]. Over the past decade research has advanced the knowledge
on BEP and led to innovative solutions that differ from each other and from traditional solutions like sheet
piles. These different piping measures vary in their working principles, effectiveness and life cycle costs.
Such life cycle costs are further affected by economic and political developments. The performance
and cost-effectiveness of these (innovative) piping solutions can be significantly influenced by future
climate and economic developments, both of which are subjected to uncertainties.

Currently, itis unclear how the piping solutions with different working principles compare in terms of their
design performance and associated life cycle cost under these climate change uncertainties. Current
design choices often do not take these differences and uncertainties quantitatively into account.

This thesis, therefore, aims to evaluate different piping solutions and their life cycle under climate
change uncertainties. In this evaluation the uncertainties in the performance of the piping solutions
and their life cycle costs are assessed across different future scenarios.
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1.2. Research scope

To achieve the aim of this thesis, the different piping solutions are evaluated along a river dike. Using
a numerical model, fragility curves for the piping solutions are created. With these fragility curves, the
failure probabilities are investigated over time, taking climate change into account. With these failure
probabilities, different life cycles are determined. By performing a life cycle cost analysis over these
life cycles, their performance and sensitivity to the different uncertainties is determined and compared.

This thesis focuses on dikes along the upper river region of the Netherlands, where high water levels
can persist for extended periods of time. For this reason, the governing hydraulic loads are treated
as stationary [48]. A case study approach is used to obtain concrete results under representative
conditions, focusing on the Grebbedijk along the upper river Nederrijn. Several sections of this dike
are known to be prone to piping, making it a relevant subject for analysis.

This study evaluates three different piping solutions, covering both traditional and innovative designs.
Each solution is based on a different working principle to reflect the broad range of current measures.
The exact type of solutions and the justification for their selection are detailed later in the thesis, see
section 1.4. Their performance is investigated under different climate uncertainties and scenarios. The
climate scenarios are defined by the latest IPCC and KNMI reports, as well as by the GRADE research
in which the KNMI looked at the implications of climate projections on river discharges.

The numerical modelling is performed using COMSOL Multiphysics, to evaluate the technical perfor-
mance of the piping solutions. The constructed models represent each solution under the case study
conditions and uncertainties. In addition, the life cycle cost assessment, incorporates economic devel-
opments such as discount rates and market price volatility.

The scope of this thesis is limited to the hydraulic and geotechnical performance of the selected piping
measures, alongside their life cycle evaluation. Additional social and/or ecological considerations are
beyond the scope of this study.

1.3. Research questions
The main research question, following the aim of this thesis, is stated:

How does the design and life cycle of different piping solutions compare under climate change uncer-
tainties?

This main research question is addressed through the following sub-questions:

1. What are the effects and uncertainties of climate change on the different piping solutions, and
how are these currently considered in the design guidelines?

2. How can the different solutions be modelled to investigate their performance under climate change
uncertainties, using COMSOL?

3. What are the effects of the different designs and climate change uncertainties on the failure prob-
abilities due to piping for each solution, according to the COMSOL model?

4. How does the sensitivity of the different solutions to the design and climate change uncertainties
compare, based on a life cycle cost analysis?

1.4. Thesis outline

In Chapter 2 the theoretical background on backward erosion piping, piping solutions measures, and the
role of climate uncertainties on BEP are discussed. Chapter 3 introduces the Grebbedijk improvement
project as the case study. Chapter 4 discusses the three different piping solutions that are selected for
this study. Chapter 5 describes the COMSOL modelling approach and failure criteria of the selected
piping solutions. Chapter 6 presents the simulation results, including the fragility curves and failure
probabilities, leading to different life cycles. Chapter 7 evaluates the solutions through a life cycle cost
analysis. Finally, Chapter 8 provides the conclusions and recommendations.



Theoretical background

In this chapter, knowledge and background on the backward erosion piping failure mechanism, the dif-
ferent solutions for backward erosion piping, and climate change aspects relevant to backward erosion
piping are provided.

2.1. Backward erosion piping failure mechanism within a dike

The failure mechanism of backward erosion piping within a dike is a mechanism of internal erosion.
After a certain hydraulic head is reached, upward pressures on the downstream side lift up the top clay
layer until it bursts [36]. After which, heave failure occurs and sand particles are transported through
the top layer to the exit point. Due to seepage, grains of sand are then transported underneath the dike
to the landside of the structure. This results in the formation of hollow channels, called pipes, which are
formed directly underneath the aquitard at the top of the aquifer. The development of these pipes will
progress in a backward manner to the river (or upstream) side of the dike. Once the pipes reach this
side, they start widening until the dike becomes unstable and eventually fails, leading to a breach of
the dike [10]. Figure 2.1 shows this failure mechanism in a schematized way. The different processes
resulting in the eventual failure, as described above, can be outlined with the following stages:

—_

. Uplift failure

2. Heave failure

3. Backward erosion initiation & progression
4. Widening of the pipes

5. Failure and breach of the dike
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Figure 2.1: Schematization of the different phases of the backward erosion piping failure mechanism

In the continuation of this section the processes regarding these stages are further elaborated and
discussed.

2.1.1. Uplift failure

Uplift failure is the bursting of the top clay layer on the downstream side of the dike. The water level
difference between the river side and land side of the dike is one of the key driving forces for uplift failure
to happen. Increasing the hydraulic head over the dike structure, will increase the upward pressures
underneath the clay layer. This causes the clay layer to deform an bend upwards. Once the upward
pressure is sufficiently high, meaning the pressure is higher than the weight of the impermeable top
layer above, the layer will burst and an open exit is formed [36]. This open exit point can occur already
beforehand. The formation of a crack in the top layer, due to shrinkage of the cohesive soil or other
environmental changes, can cause an exit point to be there. More common is the occurrence of a ditch
for a water channel behind the dike, cutting away a part of the cohesive top soil. This makes the cover
layer weaker and prone to uplift failure, since there is less soil to withstand the pressure. The exit point
is then formed at the location of the channel. A schematization of these different opening exits can be
seen in Figure 2.2.
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Figure 2.2: Schematization of different opening exits [10]

After an exit is formed in one of the ways, as described and depicted above, the process of heave
failure can begin.

2.1.2. Heave failure

Once the layer has burst and an exit point has formed, the heave process initiates. The increase in
the hydraulic gradient causes the skeleton of the sand particles at the downstream side near the exit to
fluidize. When the vertical outflow gradient at the exit point exceeds the critical gradient, sand particles
are transported upwards. The flow velocities overcome the weight of the falling sand particles in the
vertical part of the exit and the sand is ejected through the outlet in a ring around it. This ring of sand
around the exit is called a 'sand boil’ (see Figure 2.3). After the heave mechanism and with a gradient
equal to or exceeding the critical gradient, the pipe formation can be initiated and keep on progressing.

Figure 2.3: A sand boil around the exit on the land side of a dike [6]

2.1.3. Backward erosion initiation & progression

Once heave failure has happened and the sand particles keep fluidizing, the initiation of the backward
erosion pipes can begin. An additional key aspect for the initiation of the forming of the pipe, is the
presence of a so called 'roof’. This roof is the impermeable cohesive layer above the aquifer layer.
Due to this roof, a concentration of flow lines will occur near the downstream outlet. This is essential to
generate higher flow velocities to transport the sand particles and thus making it possible for the pipe
to initiate and grow [10]. Furthermore, the impermeable roof prevents the pipe from collapsing during
the backward erosion process.
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It is important to note that the pressures can be high enough to cause the fluidization of the skeleton,
but not high enough to actually transport the sand outside to the outlet. The pipe formation then comes
to a stop and an equilibrium phase is reached. The critical head that is needed for the pipe to start
progressing is then not realized. This can be due to a drop in the water pressure, caused by the sand
in the vertical section of the soil at the exit. It can also be that the development of the pipe away from the
exit causes the local gradient to decrease, due a restriction of inflow in the pipe from the surrounding
sand [10].

After the hydraulic head is increased again and the critical head is reached, the pipe development will
start again and the formation of the pipe keeps progressing.

Once the critical head is reached and exceeded, the pipe will continue to progress. The pipe will then
progress in a backward way from the downstream (or land side) part of the dike to the upstream (or
river side) of the dike. When the formation of the pipe has developed to around half of the total seep-
age length, the pipe will keep on progressing and the equilibrium phase cannot be reached any more.
During the backward erosion progression, two categories of erosion can be identified. There is the
primary erosion and secondary erosion, see Figure 2.4. The primary erosion takes place at the tip of
the pipe. As long as the head achieves the critical head, the sand particles at the tip fluidize. They are
then able to be transported to the downstream side through the pipe by the water flow. The secondary
erosion has to do with the widening and deepening of the pipe. With increasing inflow of water from
the surrounding sand into the pipe, the flow velocities inside the pipe start to increase as well. When
this flow reaches a certain critical value, sand particles from the bottom and walls of the pipe will be
transported downstream [10].

Primary (tip) erosion

Figure 2.4: Primary and secondary erosion inside the pipe [44]

After reaching the upstream side of the dike, the process of further widening of the pipe will start and
progress from the upstream side to the downstream side.

2.1.4. Widening of the pipes

Once the pipe has fully developed from the downstream to the upstream side, there is no tip in the pipe,
meaning that there is no sand (only along the bed and walls) to give resistance to the flow of water in the
pipe. The flow of water therefore increases at the upstream entry point. This results in surges of water
into the pipe, transporting relatively more sand particles downstream. With this process, the pipe starts
to widen from the upstream to the downstream side of the dike [10]. Once the pipe has completely
widened to the land side of the dike, the flow of water and transportation of sand will increase even
further. This leads to a further increase in erosion inside the pipe.

2.1.5. Failure and breach of the dike

The increase in erosion in the pipe, due to the widening process, does not only affect the sand layer.
Due to the extensive increase in flow, also the clay layer above the pipe starts to erode. This will
eventually lead to the loss of integrity of the dike. The dike will then fail, because of instability [10].
The last part of the backward erosion process, where the clay starts to erode as well, can lead to
failure of the dike in a matter of minutes. However, it is also possible for the dike to settle during this
process, closing of the pipe. The pipe needs to develop and progress again from the downstream to the
upstream side of the dike, to regain a full connection [10]. This way, the flow and erosion can increase
again to cause instability of the dike, leading to failure.

The full process of the BEP failure mechanism for a dike has now been realized and the dike has been
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breached.

In this study, not all processes are considered and modelled. The main focus lies on the backward
progression of the pipe.

2.2. Solutions for backward erosion piping

There are different solutions that can be implemented against backward erosion piping. These solutions
tackle one or more aspects that are needed for a dike to fail by the piping mechanism. In this section the
different working principles of the solutions are discussed. Additionally, the different piping solutions
that are currently being used, designed and/or researched are described. Lastly, a comprehensive
overview of the different solutions, categorized by the working principles, is represented.

2.2.1. Working principles

Solutions against piping can tackle one or sometimes more aspects that play a part in backward erosion,
preventing a dike of failure. Based on how these piping solutions intervene the process of BEP, they
can be categorized in different techniques. Each technique has their own working principles.

In this subsection the different techniques and their working principles will be discussed.

Heave screens

Vertically closed screens, which are inserted in the sand layer that is prone to piping, are called heave
screens. They tackle piping by forcing the water flow to change its direction at the location of the
screen, see Figure 2.5. The water will have to go underneath or around the screen, which increases
the resistance for the pipe to progress. There is now an increase in hydraulic head and upward pres-
sure needed behind the screen, to cause the fluidization of the sand particles. Only when the sand at
the downstream side is fluidized over the full length of the heave screen, can the pipe progress again [3].

Upstream
water level

=
Prevention ™
= Pipe

of heave
Sand layer
—_— » /
N —_—

Figure 2.5: A schematization of a heave screen and its working principle

The heave screen does not stop the initial processes of the backward erosion, but tackles the pro-
gression of the pipe at the location of the screen. The working principle of the heave screen is to add
resistance to the hydraulic heave mechanism on the downstream side of the screen.

Drainage techniques

Drainage techniques can tackle different parts of backward erosion piping. The techniques can be
implemented to reduce the risk of bursting of the top layer, heave failure or progression of the pipe.
The drainage techniques reduce these risks by extracting water from the aquifer, decreasing the hy-
draulic head, see Figure 2.6. Decreasing the head underneath the impermeable clay layer, reduces
the potential of this top layer to burst. Heave failure can be prevented by draining, to keep the hydraulic
gradient below the critical heave gradient. Lastly, by decreasing the head to below the critical head,
the progression of pipe formation is stopped [42].
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Figure 2.6: A schematization of a drainage system and its working principle

Extracting water from the sand layer to reduce the hydraulic head is the working principle of drainage
techniques. However, this process can happen in two different ways. When the head inside the
drainage system is lower than the head of the surrounding sand, the water will flow into the system
naturally. This is a passive system. If a pump is needed to extract the water from the sand in the
aquifer, the drainage technique is an active system.

Filter techniques

Filter techniques prevent further growing of the erosion channel under the dike from the land side to
the river side. At the location of the piping solution, a filter is present. This prevents the sand particles
from being transported, while allowing the seepage flow to pass toward the downstream side, see
Figure 2.7. As a result, a strong seepage flow develops toward the exit point, but the supply of sand is
limited. Applying a filter technique does thus not prevent other initial processes from occurring. It does
prevent sand transport and consequently the progression of the pipe. [32].

Upstream
water level

AT
22505

o
e

L

[+4] Pipe
el
— Stops sand transport,
Sand layer allows flow
—
—_— — —_—>

Figure 2.7: A schematization of a filter technique and its working principle

Seepage length extensions

Seepage length extensions are techniques used to horizontally extend the seepage path of the pipe.
When applying an impermeable layer, the seepage length is extended by moving the entry point or
exit point further away from the dike, see Figure 2.8. The entry point is moved further away, when the
extension is implemented in the foreland and the exit point is moved further away when implemented in
the hinterland. The seepage length extension increases the resistance of piping by preventing bursting
of the layer within the critical seepage length. It is important that the applied extension is sufficiently
thick and impermeable, so it can provide enough resistance even when drying of the soil or erosion
processes occur.
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Figure 2.8: A schematization of a seepage length extension by implementing either a foreland or hinterland extension.

2.2.2. Piping solutions

In this subsection different conventional and innovative piping solutions are described. The solutions
are classified by the different techniques and working principles as detailed in subsection 2.2.1. At the
end of this subsection, a clear overview of all piping solutions is presented.

Heave screens
There are currently different types of heave screens that are conventional and already widely used and
implemented. The following heave screen solutions can be classified as conventional [3]:

 Steel sheet piles: A vertically closed heave screen made of steel. The steel sheet piles are
connected with each other through so called ’locks’. These locks make sure the connection
between the sheet piles is watertight.

» Concrete-Bentonite piles: A deep trench is excavated in the soil. Guide beams are then applied
on either side of the trench. The space between the guided beams is filled with a concrete-
bentonite mixture. This creates an impermeable pile in the sand layer. [23]

There are also innovative types of heave screens. These heave screens are relatively new and currently
in development, but sometimes also already implemented. The following heave screen solutions can
be classified as innovative [3]:

* Plastic screen: A vertically closed heave screen made of plastic. Making the sheet pile of plas-
tic reduces emissions. Furthermore, the piles weigh less and a different pile driving method is
needed, since the material is less strong.[21]

» MIP/Soilmix: Using a milling technique, the soil is mixed, on site, with an additional material. The
soil then becomes almost impermeable, forcing the water to flow around the soil mixture.[21]

» MIP/deep mixing: A grout suspension is drilled into the soil with a crane. While drilling, the grout
suspension is injection into the soil and mixed. It creates a watertight construction that can also
be used as a foundation for different structures. [29]

Drainage systems
* Vertical drain: A drain is applied from the top of the cover layer to the aquifer. This drain has
a well at the top, where water can be collected. If the water pressure in the drainage system is
lower than in the surrounding area, water will flow from the aquifer into the drainage system. This
is called a passive system. However, when the water pressure in the drain is not low enough, the
water is extracted from the aquifer through a pumping system. This is an active system. [42]

Horizontal drain: A horizontal filter tube is applied in the aquifer under the dike body (along the
length of the river). Vertical drains are placed at regular intervals, connecting the filter tube with
collection wells. The water is then extracted passively or actively with a pumping system. [42]

» Gravel box: On of the oldest drainage systems implemented for flood defences and currently
applied as a geotextile or granular filter. The gravel box is placed underneath or directly next to
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a water channel behind the dike. It is embedded in the aquifer and drains the water directly from
the aquifer to the surface water. This means that water is allowed to flow through the filter, but
sand particles are not. [42]

There are also secondary effects that need to be considered when implementing a drainage system. By
extracting water from the aquifer, the ground water level and quality can change. This could potentially
induce settlements or crop damage in the surrounding environment.

Filter techniques
* VIG (Vertically inserted geotextile): The geotextile is vertically inserted into the aquifer. The
geotextile consists of perforations that allow water to flow through. However, the perforations are
small enough to prevent sand particles from passing through. [32]

» CSB (Coarse sand barrier): The barrier consists of coarser sand with particles larger than the
surrounding sand in the aquifer. This increases the resistance to erosion in the filter. Additionally,
the coarser sand ensures a higher permeability in the filter than in the background sand. There-
fore, the flow through the filter is less strong and the sand particles from the background sand are
not able to pass through the filter. The bigger the difference in permeability, the more effective
the CSB is. [32]

Plastic Filter screen: This technique is essentially a plastic heave screen with hollow shafts.
These shafts have perforations over a limited length of the screen and they are filled with filter
sand. Water can pass through the perforations and filter sand, but the background sand is not
allowed to pass through. The size of the filter sand particles is specifically calibrated to the back-
ground sand. [32]

Seepage length extensions
» Pipingberm (hinterland): A clay cover layer is applied on the downstream side of the dike. It
extends the impermeable layer in the hinterland, moving the exit point further away from the dike.
When implementing a pipingberm, it is important to consider the stability of the dike body as well.
[34]

Clay layer (foreland): A clay cover layer is applied on the upstream side of the dike. It extends
the impermeable top layer in the foreland, moving the entry point further away from the dike. [34]

+ Bentonite mat (foreland): An impermeable mat, that is relatively thin and implemented in the
foreland. It is installed at a certain (shallow) depth below ground level. [21]

+ SOoSEAL barrier': With this innovative technique, aluminium (Al) and dissolved organic matter
(DOM) are injected into the soil at different depths [16]. These two components will interact and
bind with the soil. This creates a vertical barrier underneath the dike with a reduced hydraulic con-
ductivity. This reduced hydraulic conductivity increases the resistance for water to flow through
and makes it impossible for the background sand particles to pass through.

Seepage length extensions can sometimes be difficult or impossible to implement when the space in
the foreland or hinterland is limited.

"The SoSEAL barrier does not extend the seepage length horizontally. By reducing the hydraulic conductivity, the flow veloc-
ities are reduced, preventing the pipe from progressing [21]. When the hydraulic conductivity is significantly reduced compared
to the background sand, the SOSEAL barrier also has the potential to act as a heave screen.
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Overview of the piping solutions and their working principles

In Figure 2.9 below, a comprehensive overview of the different techniques and working principles is
given. Furthermore, the different solutions for each technique are classified as innovative or conven-
tional.

Short description of working principle

Water has to flow underneath or around the Steel sheet pile
L. — Conventional
screen, which increases Concrete/Bentonite pile
Heave the resistance for the pipe to progress. An -
. . . Plastic screen
Screens increase in hydraulic head and upward pres-
sure is needed behind the screen, to cause MIP/Soilmix — Innovative
the fluidization of the sand particles. MIP/deep mixing
\
Vertical drain
Water is passively or actively extracted from __ Innovative
Draln‘age the aquifer. This decreases the head, Horizontal drain
Techniques | reducing the change of bursting, heave and .,
PIP€ progession. Gravel box — Conventional
\
A filter prevents the sand particles VviG
from being transported, while allowing the
F|It‘er seepage flow to pass through toward the CSB L Innovative
Techniques | gownstream side. This prevents progression
e Plastic filter screen
e
— - ~
The seepage length is horizontally extended. | PiPingberm (hinterland) | conventional
Seepage This inc-reases th‘e resistance of pi‘pin‘g, by Clay layer (foreland)
length preventing bursting of the layer within the
Extensions critical seepage length. Only the SoSEAL Bentonite mat (foreland)
barrier prevents pipe progression — Innovative
SoSEAL barrier P

Figure 2.9: Overview of the different piping solutions and their working principles, categorized by technique.

2.3. Relevant effects and uncertainties of climate change on BEP

Since the 1800s, human activities have led to an increased use of fossil fuels. With the burning of
fossil fuels, greenhouse gases are emitted and radiation is trapped. This increases the temperature on
Earth and has been the start of other changing weather patterns, resulting in climate change. Climate
change has caused droughts, water scarcity, wild fires, melting ice, more severe storms, increased
rainfall, declining biodiversity, increased floods and sea level rise.[40]

This research focuses on piping solutions that are implemented along rivers. Therefore, this section
discusses the effects of climate change that are relevant considering BEP for river dikes. Since climate
change has mainly been caused by human actions, different future climate scenarios, due to different
levels of human activities, are also considered in this section. Furthermore, climate change and cli-
mate scenarios are of significant importance with respect to future endeavours. However, the future is
accompanied with more and increasing uncertainties. This section also elaborates on the uncertainties
that come with climate change.
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2.3.1. Impact of climate change on BEP

The main driving force behind BEP is the hydraulic gradient over the dike. As stated in section 2.1, an
increase in the gradient can allow for the continuation of the seepage and progression of the pipe if the
critical gradient is exceeded. Due to climatic changes, both soil and hydraulic conditions are affected
and changes in these conditions influence the hydraulic gradient [56]. In this subsection, different
impacts of climate change on BEP are discussed. Table 2.1 gives a summarized overview of the
different effects and their impacts.

As stated before, increasing temperatures are one of the main driving factors behind climate change.
Higher temperatures can have a significant impact on the amount of snow that is stored during the
winter. When less snow is stored in the mountains, there is less melting water in summer and spring.
This results in lower water levels in downstream rivers, decreasing the hydraulic gradient. Increase
in mean and intense precipitation is one of the main aspects of climate change that also influences
riverine water levels [56]. An increase in precipitation can cause higher discharges and elevated water
levels in the river, resulting in an increase in the hydraulic gradient. However, an increase in rainfall
can also cause the water levels in the channels on the downstream land side of the dike to increase
faster than the levels in the river. This would result in a decrease in the hydraulic gradient. Another
significant effect of climate change are droughts. Droughts can cause compaction of the soil, resulting
in an increase in the subsidence of the hinterland on the downstream side [30]. This increases the
hydraulic gradient over the dike.

Besides impacting BEP by influencing the hydraulic gradient, these climate changes can also influence
the soil conditions. Droughts can also cause the formation of cracks in the top layer, when the clay starts
to dry [56]. As described in subsection 2.1.1, such a crack, when fully developed through the top layer,
causes an open exit. One of the first steps in the BEP process is then initiated. Additionally, an increase
in intense precipitation can cause the soil to erode. When the top clay layer behind the dike is subdued
to soil erosion, an open outlet can occur and the process of pipe formation can start as well.

Aspect of climate change

Effect

Impact on BEP

Increase in temperature

Less snow is stored during win-
ter, resulting in less melting wa-
ter and lower river levels in
spring and summer.

Decrease in upstream water
levels, decreasing the hydraulic
gradient

Increase in precipitation

higher discharges and elevated
river levels.

Increase in upstream water lev-
els, increasing the hydraulic
gradient

Increase in precipitation

Faster rising downstream water
levels in the channels.

Increase in the downstream wa-
ter level, decreasing the hy-
draulic gradient

Drought Compaction of the soil, causing | Decrease in the downstream
subsidence of the land on the | level, increasing the hydraulic
downstream side. gradient

Drought Drying of the top clay layer, | Formation of exit point

causing cracks to form

Increase in intense precipita-
tion

Soil erosion of top clay layer on
the downstream side.

Formation of exit point

Table 2.1: The different effects of climate change and their impact on piping.

Thus, droughts and increased mean and intense precipitation influence the hydraulic gradient and
other soil conditions, impacting the processes of backward erosion. The future developments of these
changes are however dependent on the amount and type of human activities. To project the different
ways these climate changes can advance, different climate scenarios have been developed to give
more insight. In the next section, the different scenarios and climate change developments are further
discussed.
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2.3.2. Climate scenarios

Human activities have been the main drivers behind the increase in global temperatures and the result-
ing changes in the climate. Different climate scenarios are developed and each scenarios represents a
different future climate, due to human actions. In Figure 2.10, the future increase in global temperature
can be seen for the different scenarios. These scenarios are developed by the IPCC and differ from
each other in the amount of greenhouse gases that are emitted. Each scenario represents a different
socio-economic pathway. For example; SSP5-8.5 represents a path where fossil fuels remain the main
source of energy, resulting in a significant amount of emissions and thus a high increase in global tem-
perature. Similarly, SSP1-2.6 represents a path in accordance with the Paris agreement, minimizing
emissions and eventually stabilizing the change in global temperature.
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Figure 2.10: Global change in temperature for the five different SSP scenarios, relative to 1850-1900 [13].

Subsequently, each climate scenario has a different contribution to different climate change effects.
With respect to the average change in annual precipitation globally, it is expected that by SSP1-1.9
there will be an increase of 2.4% in 2081-2100 compared to 1995-2014. For SSP2-4.5 this will be an
increase of 4.6% and for SSP5-8.5 an increase of 8.3% [8]. Furthermore, the frequency and intensity
of extreme hot events, heavy precipitation events and drought events increases for increasing global
temperature.

The KNMI has partly used IPCC data and reports to address future climate change effects in the Nether-
lands. This is done for different climate scenarios as well. The KNMI differentiates three different
emission scenarios; a high (H) emission scenario, a moderate (M) emission scenario and a low (L)
emission scenario. The H scenario is according to the SSP5-8.5 pathway, the M scenario is according
to the SSP2-4.5 pathway and the L scenario is according to the SSP1-2.6 pathway [55]. Additionally,
the KNMI developed two different types of scenarios alongside the emission scenarios. This second
type is based on the uncertainty in the regional precipitation and resulted in a dry scenario and a wet
scenario. Eventually, there are six different climate scenarios developed for the Netherlands, as are
outlined in Table 2.2. In this study, the low emission scenario is not considered. This is further elabo-
rated on in section 3.3.

Dry scenario | Wet scenario
High emission scenario Hd Hn
Moderate emission scenario Md Mn
Low emission scenario Ld Ln

Table 2.2: The six different climate scenario developed by the KNMI [55].

To conclude, for each scenario, the projected climate changes are different. However, the projected
trend for most climate effects is the same for each scenario, showing an an increase. The main differ-
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ence is the magnitude of the observed change, which is often highly depended on the scenario. Still,
the different climate scenarios together with the impacts of climate change and changing weather pat-
terns, are accompanied with many uncertainties. In subsection 2.3.3 these uncertainties are further
elaborated on.

2.3.3. Uncertainties of climate change

As stated before, climate change is the resulting effect of how the climate system reacts to changes
in the amount of greenhouse gases in the atmosphere. In the extent to which the climate reacts to
these changes, lies a deep uncertainty. This deep uncertainty refers to the lack of being able to assign
probabilities to future events because the possible outcomes or the likelihood of the different scenarios
are unknown. In addition, there is still no general agreement on how to best model the climate, since
many processes are difficult to predict and model. [38]

These uncertainties become even larger when looking at a more regional scale, e.g. looking to the
Netherlands. Different processes, like precipitation, cloud coverage, radiation, evaporation, etc. in the
summer are still less certain and less understood. By doing more research and improving climate mod-
els some of these uncertainties can be minimized. However, a significant part of the climate consists
of natural variations, with sometimes big outliers as well. In addition, there are still processes that are
hard to capture and simulate with a model. Volcanic eruptions and changes in the Gulf Stream, for
example, are hard to predict and quantify. These natural variations occur on every timescale and are
sometimes difficult to distinguish from a trend. So, even though a climate model is able to capture the
processes very well, it does not necessarily mean the trend it shows is accurate [11].

Besides the scientific uncertainties in the climate system and its processes, there are thus also uncer-
tainties in the climate scenarios. As stated in subsection 2.3.2, each SSP corresponds to a different
path of human activities and the amount of emissions that come with it. The future path closest to what
will become reality is still deeply uncertain. This depends largely on political and (socio-)economic
developments. Climate policies are largely responsible for the amount of greenhouse gases that will
be emitted. Due to these future uncertainties, there are no probabilities assigned to the different SSP
and KNMI emission scenarios [11]. Additionally, each individual scenario has its own uncertainties as
well. This comes partially from the previously described uncertainties and sensitivities in the climate
processes. Even with a lower emission scenario, the most likely warming of a higher emission sce-
nario can be reached. Furthermore, certain climate feedbacks can have a significant effect on the
uncertainties of scenarios. For example; deforestation, emissions from the thawing of permafrost and
decreasing carbon storage capacities of the oceans can influence the amount of greenhouse gases in
the atmosphere. These feedbacks are currently yet to be adequately included in the SSP’s [11].

So, there are deep uncertainties in the likelihood of the different scenarios and many uncertainties within
each scenario as well. It is therefore important to incorporate these uncertainties into the decision-
making for designs with respect to future scenarios.



Grebbediyk improvement project

In this thesis the Grebbedijk improvement project is used as a case study. In this chapter, an introduc-
tion and overview of the Grebbedijk project are covered first. In the following sections characteristic
variables from the Grebbedijk and the river Nederrijn are defined. These variables will serve as input
values and boundary conditions for the numerical model, as described in chapter 5.

3.1. Introduction to the Grebbedijk

The methodology that is used in this research to evaluate the design and life cycle of different piping
solutions, can be applied in various situations and locations. However, as stated before, this research
is focused on dikes along the upper rivers of the Netherlands. This means that high water levels last
for a relatively long period of time. The water levels are therefore treated as stationary. Furthermore,
by using a case study the different piping solutions are evaluated in representative conditions and give
tangible results. The Grebbedijk improvement project is a representative case. The dike is located
along the Nederrijn, which is considered to be an upper river [60]. Additionally, multiple dike sections
are known to have a piping problem.

The Nederrijn is a regulated river during low and medium discharges, allowing the water level to be
controlled and the flow at the IJsselkop to be directed toward the IJssel, see Figure 3.1.

derrijn
>° -

\

\{ Grebbedijk

Figure 3.1: The system of the Nederrijn, including the Grebbedijk.

The Grebbedijk is 5,5 km long and lies between the city of Wageningen and the Grebbeberg, see
Figure 3.2. The dike protects the Gelderse Vallei from high water levels from the Nederrijn. As stated,
multiple sections of the dike in this project need to be reinforced with measures against piping. (Parts
of) dike sections 1D, 1E, 3A, 3B, 3C, 3D and 4B are prone to piping [58].

15
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Figure 3.2: The Grebbedijk, divided in sections. Each section needs to be reinforced for the problems as defined by the
legend. The critical dike profile assessed in this thesis is circled in red. (Adapted from [57])

For this research dike section 3B is chosen as the representative section to be evaluated, as the first
part of this section is prone to piping, see Figure 3.2. This part of the dike has a relatively smaller
foreshore and thus lies closer to the Nederrijn with respect to other dike sections. This means that
there are less uncertainties and discrepancies to take into account regarding the soil profile between
the dike and the river. This makes the soil characteristics that are taken as input for the model more
reliable.

The Grebbedijk is denoted as dike trajectory 45-1 by the Dutch government. This dike trajectory has a
relatively high safety standard that requires a failure probability of P = 1/100,000 per year [39]. When
this probability is exceeded, the government has time to reinforce the dike, before the lower threshold
is exceeded. Current guidelines, however, are based on the lower threshold. When designing a dike,
the imposed safety standard is converted to a lower threshold, which is called the maximum allowable
probability [50]. This maximum allowable probability is three times the imposed safety standard. The
probability used for the design of the dike then becomes P,,,.,, = 1/30,000 per year. This is used as
the total maximum allowable probability for the failure of the dike. When determining the maximum
allowable probability due to the piping failure mechanism, the following formulas are used [50]:

Preq,sec = % X an'm (31)

ax* L
b
* w[—]: Failure probability space for the piping failure mechanism.

N=1+ (3.2)

* N[-]: Length effect factor of the piping mechanism.

al—]: Fraction of length L that is sensitive to the failure mechanism.

* b[m]: Length of typical independent segment for the piping mechanism.
» Lim]: Length of the dike section 3B.

In Table 3.1 the factors for the length effect and the reliability budget for piping can be seen.
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Failure mechanism | Reliability budget (w) | a[-] | b[m] | L[m] | N[-]
Piping | 24 % 0.9 | 300 | 1240 | 4.72

Table 3.1: The factor IV for piping based on the length effect factors and reliability budget.[48]

This results in a maximum allowable failure probability for piping of P, sec = 1/590, 000 (or 1.695%10~°)
for dike section 3B. Also referred to as the target probability.

3.2. Grebbedijk characteristics

In this section multiple characteristics of the dike segment from section 3B are identified and described.
The identified characteristics are significant variables with respect to the backward erosion piping mech-
anism and have an influence on the progression of the pipe. The described characteristics also serve
as input variables and/or boundary conditions in the numerical model, see section 5.4.

3.2.1. Grebbedijk cross section

The cross section and soil profile of the considered dike segment are based on a CPT probe [41], see
Appendix B, a profile analysis done by RoyalHaskoningDHV (2018) and elevation data from the AHN
[2]. The critical dike profile for this segment is at dike post 25, see Figure 3.2 [51].

With respect to the piping mechanism there are several important variables that need to be identi-
fied. The geometry of the dike itself determines the seepage length, and the height of the crest has
a significant influence on the maximum allowable hydraulic head on the upstream side. In this thesis
however, only the piping failure mechanism is considered. It is therefore assumed that the crest will
most likely be heightened in the future and overtopping will not occur for the predicted water levels.
The dimensions of the soil profile below the dike also have a significant effect on the development of
the pipe. Since the pipe develops at the interface of the cover layer and the aquifer, the level at which
this boundary lies is an important characteristic. The depth of the aquifer is an important parameter
to be considered as well. In Figure 3.3 a schematised cross section of the critical dike post is presented.

H +12.52 m NAP
up v—
Upstream water level
: Exit point Hp (+7.4 m NAP)
Entry point : i
ENtry point Hinterland
kY
-+ 32.8m Lot o L=342m L 33.0m -

15.0m

Aquifer

v

Figure 3.3: Schematized cross section of the critical dike post 25.

The locations of the entry point and exit point, as presented in Figure 3.3, are acquired from the safety
analysis by Royal HaskoningDHV [51]. The foreland is relatively small at this dike post and consists of
sandy layers. The location of the entry point near the outer toe of the dike is therefore assumed to be
reasonable. The exit point is assumed to be near the inner toe of the dike.
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3.2.2. Soil characteristics

For the progression of backward erosion piping, the groundwater flow and the size of the sand particles
are important aspects. To model these aspects representatively, the 70th-percentile value of the particle
size distribution (d~o), the hydraulic conductivity (K) and/or the permeability (k) of the soil are essential
characteristics. RoyalHaskoningDHV (2018) has already performed an analysis based on particle size
distributions from multiple boreholes. After statistical processing, different useful values for d-o were
obtained. See Table 3.2.

Statistical processing dro

Mean 430  [pm]
standard deviation 136 [um]
Minimum 201 [pm]
Maximum 732 [um]
Variation coefficient 0.317  [-]
95% Low average 307  [um]
95% High average 552  [um]

Table 3.2: d70 values after statistical processing from the particle grain size distribution analysis, following a log-normal
distribution [51].

Furthermore, the hydraulic conductivity is calculated with the formula of Den Rooijen, see Equation 3.3.
This resulted in a hydraulic conductivity K of 50.9 m/day or 5.89 x 10~4m/s [51].

3
K = (oo~ 22 (), (3.3)
+ K: the 95% high average value for the hydraulic conductivity (K rrgs).
* co: packing coefficient for loose sand (1.5 * 10%m/s).
+ U: uniformity coefficient is dgo/d10. The 95% high average values for dgy and d;o are used.
* dio: 10th-percentile value of the particle size distribution.

* dgo: 60th-percentile value of the particle size distribution.

There are no additional measurement data available for the hydraulic conductivity. The statistical pro-
cessing for K is performed by assuming a variation coefficient (VC) of 0.5 [48]. The spread of the
values for K is unknown, but a log-normal distribution is assumed to determine the statistical values.
By performing the following steps, the mean and standard deviation are calculated.

* ok = /In(1+VC?) =0.4725

* UinK = lTL(KH95) — 1.645 % OInK = 3.1528
o pug = etnx 050 — 96 16[m/day] = 3.03 % 10~4[m/s]
s ok = prVelink — 1 =13.08[m/day] = 1.51 % 10~*[m//s]

Using the mean and standard deviation values after statistical processing, Table 3.3 is acquired.

Statistical processing K
Mean 3.03x10~%  [m/s]
standard deviation 151 10~% [m/s]
Variation coefficient 0.5 [-]
95% Low average 1.25 %10 [m/s]
95% High average 5.89 % 10~%  [m/s]

Table 3.3: K values after statistical processing, following a log-normal distribution.
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Subsidence is another important parameter to take into account when considering piping. Due to sub-
sidence, the hydraulic head difference over the dike can increase. However, the analysis of Royal-
HaskoningDHV and current subsidence maps of the Netherlands show that future soil settlements or
subsidence are not expected at the location of the Grebbedijk [17] [47]. In this thesis, future soil subsi-
dence is therefore not taken into consideration.

Lastly, K and dq are important input parameters for the piping solutions to be modelled. It is therefore
essential to consider the uncertainties associated with these parameters and their potential impact on
the output.

The parameter drg is derived from regional field measurements, meaning the available values form a
regional dataset compiled from soil investigations conducted over a larger area and at different points
in time [51]. As a result, local soil characteristics along the dike section may deviate from the regional
average. Although drq is applied in the model as a stochastic input parameter, its inherent uncertainty
still influences the performance of the solutions and thus the outcomes of the analysis.

For very low K values, the pressure gradient may not be able to become sufficiently high for the erosion
pipe to continue to develop [1]. Unlike dy, K has not been determined directly from field surveys or
measurements but is instead estimated using the formula of Den Rooijen. This formula takes estimated
parameters for the packing coefficient (cy) and uniformity coefficient (U). In this thesis, the hydraulic
conductivity is also applied as a single value for the aquifer and does not differ in horizontal or vertical
direction. Anisotropy is thus not considered. In addition, an assumption regarding the coefficient of
variation was made, which significantly influences the constructed distribution of K. In reality, how-
ever, K and dy, are also correlated, which influences the shape of the distribution and, consequently,
the generated samples. Different assumptions on K and its distribution can therefore lead to different
piping behaviours being captured in the modelling.

Finally, according to Aguilar-Lopez et al., the aquifer depth has no significant influence on piping be-
haviour for depths greater than approximately 8 m [1]. As the aquifer in this study exceeds that depth,
uncertainties in aquifer depth are expected to have no significant impact on the results.
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3.3. Climate projections for the Rhine river system

In this section, the current and future conditions of the Nederrijn are discussed. These conditions
depend on the developments and conditions of the Rhine. This is significantly influenced by climate
projections for the whole Rhine river system. These projections and the uncertainties that come with
them are also explained in more detail. Lastly, the current and future water levels at the critical dike
section are discussed.

The water level at the Grebbedijk is currently regulated and kept at a minimum of 6.0 m NAP for nav-
igational purposes. This regulation is done at the IJsselkop and through the weir at Driel. When the
discharge at Lobith, which lies a little south of the IJsselkop, exceeds 3600m?3 /s, the weirs are fully
opened. [62].

The maximum water level at the Grebbedijk is thus dependent on the maximum discharge at Lobith.
This maximum discharge, however, is subject to uncertainties. When peak discharges of the tributaries
of the Rhine and the Rhine itself coincide, they can cause an increase in the maximum discharge [59].
Incidents in the upper parts of the Rhine river system, however, can decrease the maximum discharge.
A dike breach along the Rhine in Germany, depending on the location, can lead to lower discharges at
Lobith. The variations of the heights of the dikes along the upper parts of the Rhine in Germany have
a significant influence on potential dike breaches and thus the maximum discharge at the Grebbedijk
[24]. Additionally, there is no clear maximum to the volume of water at Lobith during high water levels
and the time span of high water levels is not dependent on the maximum discharge. As a result, the
duration of high water levels can be underestimated when only looking at peak discharges and would
undervalue piping as a failure mechanism [59]. This supports the assumption to treat the high water
levels as stationary at the Nederrijn.

Climate scenarios also influence the discharges of the Rhine. For all the different climate scenarios,
regarding the KNMI'23 scenarios as explained in subsection 2.3.2, the average discharges in the winter
and spring season increase. However, the further these scenarios extend into the future, the greater
the associated uncertainties. All scenarios project a rise in temperature. Consequently, less snow will
accumulate in the mountains during winter, resulting in reduced meltwater during spring and summer
and, therefore, lower Rhine discharges. In contrast, the wet scenarios, both high and moderate, predict
an increase in annual average precipitation across the Rhine basin, albeit with considerable uncertainty.
Additionally, all scenarios project an increase in the annual maximum discharge. [5]

To estimate the water levels at the specific dike section, they are probabilistically modelled using the
Hydra-NL model. This model calculates the water levels for different return periods, based on the statis-
tics of previously measured water levels. With Hydra-NL the different climate scenarios and discharge
uncertainties at Lobith can be taken into account. The water levels can be calculated for the years
2050 and 2100 and a moderate or high emission scenario can be considered. However, the emission
scenarios in Hydra-NL are based on the KNMI'06 scenarios. Future water levels are therefore not
estimated using the most recent climate scenarios and a lower emission scenario was not considered
back then [55]. The estimated water levels are still considered to be sufficiently accurate for future sight
years. In this thesis, the future water levels are simulated for a moderate G scenario, corresponding
with SSP2-4.5, and a high emission W+ scenario, corresponding with SSP5-8.5. Both scenarios are
simulated with a capped discharge at Lobith of 18 000 m? /s and without a cap on the discharge. The
water levels are also extrapolated to 2150 for each climate scenario. The difference between the water
levels of 2100 and 2050, for each return period, is added to the water levels of 2100 to get the data
points for 2150. To construct the probability density functions of the water levels for the different future
sight years, the data is first fitted. A composite fit of the Weibull and Generalized pareto distribution
(GPD) is used, see Figure 3.4. The GPD fits the water levels of the higher return periods in the tail
better than a Weibull fit alone. The Weibull fit alone overshoots the water levels for the higher return
periods. In Appendix A, the calculated water levels by Hydra-NL and their composite fit for each climate
scenario is presented.
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Composite fit to water levels; moderate scenario G with capped discharge at Lobith of 18000 [m?/s]
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Figure 3.4: An example of the composite fit to the data of the moderate scenario G with a capped discharge at Lobith. The
threshold indicates the transition between the Weibull fit (left part) and GPD fit (right part). This composite fit is also applied on
the other scenarios.

In the graphs below the probability density functions of the water levels for the different scenarios and
future sight years are shown.
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Figure 3.5: Probability density functions for the different climate scenarios and future sight years, using the composite fit.



Research selection of piping solutions

4.1. Introduction to the selected piping solutions

As stated in section 1.1, research has led to innovative piping solutions that differ from conventional
solutions in their working principles and life cycle costs. It is uncertain how these innovative solutions
perform, with respect to their design and life cycle, when compared to the conventional solutions. To
make this comparison, innovative and conventional piping solutions are both researched in this thesis.
The selection of piping solutions is made from the available solutions as described in subsection 2.2.2.
With respect to the available time for this thesis, the number of selected solutions is limited to three.

A sheet pile and a pipingberm are two conventional solutions that have been widely implemented over
the years. The sheet pile, however, is applicable in a wider range of situations than the berm. The
available construction space behind a dike is often limited, due to natural areas or buildings. In these
cases, the implementation of a berm is often not desired. In case the space behind the dike is sufficient,
the required extension of the seepage length is often very large. As a result, the amount of expensive
material needed makes a piping berm already cost-ineffective. The conventional sheet pile is consid-
ered more versatile and therefore selected to be researched.

As for the innovative solutions, many different designs and techniques are possible. In this thesis the
plastic filter screen and SoSEAL barrier are selected. Both solutions show promising developments
and have different working principles. Furthermore, their design, design life and costs regarding main-
tenance and investments are different. These aspects make the solutions interesting when comparing
their performance and life cycle costs. The Prolock filter screen is a specific plastic filter screen that has
promising prospects, and RPS has experience in both development and implementation. The design
of the Prolock filter screen is therefore used as an initial design. The SoSEAL barrier is an innovative
solution that my supervisor, Anne-Catherine, has substantial experience with and knowledge about.

The following sections describe the management and design considerations from the design guidelines
for the three piping solutions in more detail.

4.2. Sheet pile

This section describes the design criteria and considerations when designing a sheet pile as a piping
solution. In addition, management actions regarding maintenance and monitoring during the life time
of the construction are discussed. For the working principles of the sheet pile, see subsection 2.2.1.

Witteveen+Bos has already performed an analysis on a specific type of sheet pile at multiple dike
sections of the Grebbedijk [63]. In this thesis the same sheet pile design is used and modelled. The
steel sheet pile is of the type AZ24-700 and has a thickness of 11.2mm.

The position of the screen is the following step in the design process of the sheet pile. There are mainly
three options; At the end of the dike near the inner toe, at the transition of the slope of the dike to the
inner berm and underneath the body of the dike [4]. Placing the sheet pile underneath the body of the
dike is often not preferred due to construction difficulties. At the end of the dike, the sheet pile can
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be vulnerable to local instabilities on the downstream side. The sheet pile is therefore placed at the
transition point of the slope. This position is also preferred from the modelling perspective, as explained
in section 5.4. This placement can additionally limit the possible failure paths and the sheet pile can
contribute to the macrostability of the dike as well.

The next design consideration is the depth of the sheet pile. According to the design guidelines, the
design process should start with a minimum sheet pile depth of 3m into the aquifer [4]. This should be
the minimal length to prevent hydraulic heave behind the screen and tackle pipe progression, without
the occurrence of underflow. After an iterative process, the designed sheet pile depth to meet the safety
standards is 3.5m, see Figure 4.1. This process is in short explained in Appendix C.

Upstream water level

Exit point
Entry point
Hinterland

Sheet pile

15.0m

Aquifer

A

Figure 4.1: A schematisation of the sheet pile design on the left. The specific dimensions of the AZ24-700 on the right [7].

In Figure 4.2, the events that result in a piping failure when a sheet pile is implemented are shown
in eight steps. The sheet pile design tackles piping by preventing the progression of the pipe at the
location of the solution. By intercepting the progression at step six (S6), dike failure due to piping is
prevented. The design is therefore tested against hydraulic heave behind the sheet pile. When the
sheet pile satisfies the criteria, the acting hydraulic gradient over the length of the sheet pile should
be lower than the critical gradient that allows for movement of particles. This is further described in
section 5.3.

51 52 53 54
Uplift of the Heave at the Pipe progression Increase in the
downstream » downstream » until the piping » upstream hydraulic
cover layer cover layer solution head
v S5 S6 57 sg
Increas:.a in thP: vertical Hy.draullc heave Pipe progresses to Dike failure due
hydraulic gradient over |—» behind the screen, | the upstream | t6 bibin
the depth of the screen causing underflow entry point pipIng

Figure 4.2: The failure steps for the sheet pile with the events that lead to failure of the dike due to piping. The sheet pile
intercepts the BEP process at step S6.

During the lifetime of the construction it is important to monitor the performance and quality of the
construction. Future dike strengthening can lead to soil deformations, which can negatively affect the
integrity and stability of the sheet pile. Monitoring soil deformations is therefore important. To assess
if the behaviour of the sheet pile is as expected, inspections should be made during high water levels.
Possibly unexpected behaviour can then be detected. When a sheet pile is not correctly designed, the
construction can be difficult and costly to repair or replace. However, a properly designed sheet pile
construction requires a relatively low amount of maintenance and/or repairs. [4]
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Although useful information regarding monitoring during the management phase of the sheet pile is
given, climate change uncertainties are rarely mentioned by the guidelines. They are not considered
in the designing process of the sheet pile.

4.3. Plastic filter screen

This section describes the design criteria and considerations when designing a plastic filter screen as
a piping solution. In addition, management actions regarding maintenance and monitoring during the
lifetime of the construction are discussed. For the working principles of the plastic filter screen, see
subsection 2.2.1.

Similarly to the sheet pile, the design process for the plastic filter screen starts with the positioning of
the screen [32]. Following the same criteria, the filter screen is placed underneath the dike at the slope
transition as well. The same positioning also makes for a better comparison with the sheet pile. As
stated before, the design of the Prolock screen is used as the initial design of the plastic filter screen.
After testing, it was observed that placing the filter part of the Prolock design over the full depth of
the screen, except the bottom 0.5m, showed the best performance. Design guidelines state a minimal
embedding depth of 1.5m into the aquifer. If the screen is embedded deeper in the soil, the filter part
increases in length and the closed part of the filter is applied deeper into the aquifer. This ensures extra
robustness in the design, as it increases resistance to hydraulic heave behind the screen [37]. After
an iterative process, the designed depth of the filter screen to meet the safety standards is 2.5m, with
a 2m filter screen at the top and a closed screen of 0.5m at the bottom. This is also briefly elaborated
on in Appendix C.
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Figure 4.3: A schematisation of the plastic filter screen design on the left. The filter part is 2m long and the closed part is 0.5m
long. The original Prolock filter screen is seen on the right [45].

For the plastic filter screen, the same failure steps as for the sheet pile, described in Figure 4.2, are
applied. An important distinction between the sheet pile and plastic filter screen, however, is that
the plastic filter screen allows water to flow through the screen. It is therefore possible that, due to
uncertainties in the filter or poor design, the pipe could progress horizontally through the filter. In this
thesis, this failure path is not checked and only underflow is considered. Pipe progression is thus
tackled by preventing hydraulic heave (S6) behind the screen. This is further discussed in section 5.3.
To ensure no sand is transported through the screen, the design of the perforated filter and filter sand is
considered with respect to the background (aquifer) sand. The filter needs to meet multiple criteria for
this assessment. The first check is the stability criterion, see Equation 4.1 [37]. With this criterion the
stability of the background sand is checked. Meeting the criterion reduces the possibility of clogging of
the filter.
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Cy = dgo/d1o < 8 4.1)

C, the uniformity coefficient, is determined by the dgo[um] and d1o[m] of the background sand. From
the analysis of Royal HaskoningDHYV, the dg, and dio are known [51]. This results in the following
uniformity coefficient: C,, = 375/161 = 2.33 < 8

So the criterion is met and the stability of the background sand is sufficient.

The design of the filter screen and filter sand is based on the following two criteria:

disp > 5diss (4.2)

C! < 3mm : Op < 1.5(C)%3dys or C!, > 3mm : Op < 13.5d%s/(CI)"7 (4.3)

With criterion 4.2, the permeability of the filter is checked [37]. This criterion ensures sufficient ground-
water flow through the filter sand. With d;5r being the d;5 of the filter sand and d55 being the d;5 of
the background sand.

To ensure the retention of the filter sand and the background sand, the width of the perforations need
to meet criterion 4.3. With C, being the linear uniformity coefficient, d; is the linearized dg; of the
background sand and Oy is the perforation width in mm. This criterion is based on medium compacted
sand, which should be assumed after installation of the filter screen. Both the width and amount of per-
forations and grading of the filter sand influence the total hydraulic conductivity of the filter screen. To
model the filter screen design an equivalent hydraulic conductivity is used, which takes both the perfo-
rations and filter sand into account. The correlation between the two and their impact on the equivalent
hydraulic conductivity is unknown and should be determined by scale tests. This is not done in this
thesis. The equivalent hydraulic conductivity is therefore based on the scale tests as described by
the design guidelines [37]. The guidelines give key values for the equivalent hydraulic conductivity
of the filter relative to the hydraulic conductivity of the background material for a perforation width of
0.5mm, see Figure 4.4. It is assumed that with a perforation width of 0.5mm and the resulting equiv-
alent hydraulic conductivity, both criteria 4.2 and 4.3 are met. Using the hydraulic conductivity of the
in-situ sand of 50.9[m/d], the resulting equivalent hydraulic conductivity of the filter screen is 38[m/d]
(4.40 x10~*[m/s]). This equivalent hydraulic conductivity is used as the design value for the filter of the
plastic filter screen.

Hydraulic conductivity Kgter,eq,m [M/d]
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Figure 4.4: The equivalent hydraulic conductivity of the filter for a perforation width of 0.5mm, with respect to the hydraulic
conductivity of the background sand [37].
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During the lifetime of the construction, the filter screen should be monitored to ensure that it functions
as expected and meets safety standards. monitoring data should be compared with control data, from
right after the installation of the filter [37]. This comparison should be used to assess whether fur-
ther inspection or even repairs are needed. Furthermore, climate change should be considered when
designing the plastic filter screen, according to the guidelines [37]. They do not expand on how to
incorporate climate change in the design process. Monitoring and visual inspections should focus on
checking if the filter is clogging up. The Prolock filter screen is designed so that the filter sand can be
easily replaced if necessary. Furthermore, the filter needs to be vertically closed with respect to sand
transport [32]. The filter sand or background sand is not allowed to be transported through the screen.
This should also be monitored and checked throughout the lifetime of the screen.

Many of the monitoring inspections and repairs are considering the uncertainties in the performance of
the solution. In the future, when the design is further developed and more certain, these inspections
and repairs may be reduced. This also reduces the costs of the solution over its lifetime.

4.4. SOSEAL barrier

The SoSEAL barrier is an innovative design and guidelines for the design, installation and monitoring
of the barrier are still in development. This section describes the current state of the art regarding the
SoSEAL barrier and its guidelines.

The SoSEAL barrier is denoted as a seepage length extension measure, but mainly increases the re-
sistance of the flow of water through and/or around the barrier. With the SoSEAL technique, aluminium
(Al) and dissolved organic matter (DOM) are injected into the soil. These two components will inter-
act and bind, creating flocs [16]. Due to the flocs, the barrier has a reduced hydraulic conductivity
compared to the aquifer. With the amount of material and method of injecting, the hydraulic conduc-
tivity reduction (HCR) can be regulated. The amount of reduction influences the working principle of
the barrier. Increasing the reduction of hydraulic conductivity with the SoSEAL barrier, increases the
dissipation of energy of the flow of water through the barrier. This decreases the energy level of the
water at the tip of the pipe, downstream of the barrier. The barrier therefore decreases the ability of the
pipe to progress and an increase in the hydraulic gradient is needed to allow for progression again. It
was found that reducing the hydraulic conductivity up to a factor of 40 increases the ability of the the
barrier to tackle pipe progression significantly [35]. Further increasing the HCR factor, does not lead
to an increase in the energy dissipation through the barrier. The hydraulic conductivity is then so low,
the barrier acts as an impermeable blockade. The flow is then forced to go around the barrier and the
barrier acts as a heave screen. The depth of the barrier also affects the progression of the pipe at the
downstream side. By increasing the depth of the barrier, the seepage length increases. With a longer
seepage length, there is an increase in energy dissipation. This increases the gradient that is needed
for the pipe to branch and develop. [35]

Current analyses and laboratory tests have shown that the SOSEAL barrier intercepts the pipe formation
once it reaches the barrier. This makes the solution vulnerable when local weak spots are present in the
barrier. Injection tests have shown that the concentration of SOSEAL, the injection speed and injected
volume significantly influence the design and performance of the barrier. The injection methods also
show uncertainties with the shape and size of the barrier. A continuous SoSEAL barrier can, with
current methods and knowledge, not be guaranteed. When the barrier is used to partially close of the
aquifer, the continuity of the barrier is however essential. It is therefore considered that a barrier that
fully closes off thin aquifers (< 10 to 15m) is currently the most robust application of SOSEAL. [33]

Additional research and tests have also shown that with the current injection techniques, problems arise
with the connection between the SOSEAL barrier and cover layer. The soil pressure directly under the
cover layer is relatively low with respect to deeper soil layers. The higher pressure, due to injecting,
can therefore cause uplift of the cover layer or leaking of the material. The SOSEAL material is then not
evenly spread along the contact area with the cover layer. This poor connection with the cover layer
significantly reduces the performance of the SOSEAL barrier.

In this thesis, the SOSEAL barrier is designed as a heterogeneous barrier that fully closes of the aquifer,
see Figure 4.5. The width of the barrier is designed at 2m, since it is estimated that within a range of
2 — 3m around the injection points the hydraulic conductivity can be significantly reduced [16]. Even
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though current injection techniques cause different shapes and sizes of the barrier. Additionally, spatial
correlation is taken into account to represent the geological spatial variability as best as possible. A
contact area directly underneath the cover layer is designed with a different hydraulic conductivity to
allow for the uncertainties regarding a poor connection with the cover layer. In subsection 5.5.3, the
modelling approach for this design is further discussed.
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Since the barrier closes the aquifer completely off, underflow is not considered a failure path. The poor
connection with the cover layer and heterogeneity of the barrier itself make pipe progression through
the barrier a critical failure path. In Figure 4.6, the events leading to failure are given for the SOSEAL

barrier.
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Figure 4.6: The failure steps for the SOSEAL barrier with the events that lead to failure of the dike due to piping. The SoOSEAL
barrier intercepts BEP at step S6.

By preventing horizontal pipe progression through the barrier, the SOSEAL barrier tackles piping. Con-
sequently, step six (56) is addressed by the barrier. The design is therefore tested by comparing
the acting horizontal gradient in the pipe with the critical gradient according to Sellmeijer. When the
SoSEAL barrier satisfies the criteria, the acting gradient should be lower than the critical gradient that
allows for the horizontal progression of sand particles. In section 5.3, the criterion and critical Sellmeijer
gradient are further discussed and explained.

As already stated, there are many uncertainties regarding the injection techniques and overall hydraulic
conductivity of the barrier. To ensure the performance of the barrier is sufficient, monitoring the SOSEAL
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barrier during its lifespan is essential. Injecting additional SOSEAL during the design life, could be nec-
essary to ensure the needed performance of the barrier. This makes the SOSEAL barrier an expandable
solution.

Since there are currently no design guidelines on the SOSEAL barrier, there are no protocols on how
to take climate change into account.

Many of the uncertainties in the construction and design of the SoSEAL barrier affect the performance
of the solution. In the future however, when the design is further developed, these uncertainties may
be reduced. This would then also reduce the need for many monitoring and repair actions. This then
subsequently lowers the costs of the solution over its lifetime.



Numerical model

This chapter discusses the construction of the models of the different piping solutions. In addition, it is
explained how the models are tested and simulated for failure due to piping. However, a methodology
overview is presented first. This methodology shows how the numerical model and its results contribute
to the evaluation of the performance of the piping solutions. The methodology also shows the next
evaluation steps, discussed in chapter 6 and chapter 7.

5.1. Methodology overview

In Figure 5.1, an overview of the method is presented in a methodology flow chart. The first part, in
blue, consists of constructing a COMSOL model of the different piping solutions and assessing them
probabilistically for different upstream water levels. A reference model is built, which is based on
the Grebbedijk characteristics from chapter 3 and represents the current situation at the Grebbedijk.
This reference model serves as a base model, in which the different piping solutions are implemented.
Preliminary models for the piping solutions were then constructed using the design guidelines and pre-
liminary design characteristics from chapter 4.

The sheet pile, plastic filter screen and SoSEAL barrier tackle pipe progression with different working
principles. The different working principles result in different events that need to occur to result in piping
failure. From these events, as explained in chapter 4, the critical step for each solution is identified.
Based on this step, the failure criterion is defined to assess the ability of the solutions to tackle piping.
In section 5.3, the different failure criteria are discussed. An iterative process is used to investigate
the influence of the soil parameters and different design characteristics on the failure criteria. After cal-
ibrating and having confidence in the behaviour of the models, the final models were constructed. For
the probabilistic assessment, the final models of the piping solutions are simulated for different water
levels and generated samples of different soil characteristics.

The second part, in orange, consists of processing the model output results. The conditional failure
probabilities from the probabilistic assessment are used to construct fragility curves for the piping solu-
tions. The fragility curves and the PDF’s of the water levels, see section 3.3, are used to calculate the
probabilities of failure to piping for each solution. These failure probabilities are used to determine the
functional lifespan of the solutions.

In the third part, shown in green, the life cycle cost analysis is performed. The calculated functional lifes-
pans serve as input for the LCC analysis. A specific life cycle method to analyse the costs is adopted.
By means of this analysis, the solutions are evaluated for various uncertainties for different scenarios.
See chapter 7 for the life cycle cost analysis.

This chapter thus discusses the construction of the models in COMSOL and their probabilistic assess-
ment, corresponding to the first (blue) part of the methodology.
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5.2. Introduction to COMSOL

To investigate the effect of the relevant uncertainties and to evaluate the performance of the different
piping solutions, a numerical model is built using COMSOL Multiphysics 6.2. With COMSOL, a 2D finite
element model (FEM) is built, using the Subsurface Flow module. With this module, the groundwater
flow through a porous medium, in this case the aquifer, can be simulated. The model represents a
system along an upper river and as such, the conditions are not time dependent. The model is therefore
solved for stationary situations, using Darcy’s law.

uz—ﬁ-pgAH (5.1)
L

* ulm/s]: flow velocity.

* k[m?]: soil permeability.

* ulkg/ms|: dynamic viscosity.
* VH[-]: hydraulic gradient.

The model consists of different domains, that represent different parts of the system. For example, the
sheet pile, aquifer and erosion pipe are modelled as different domains. Each domain has a representa-
tive hydraulic conductivity or permeability. With Equation 5.1, the flow velocity of the water through the
domains is modelled. To correctly model the turbulent flow of the water through the erosion pipe chan-
nel, Navier-Stokes should be used. However, for a coupled Navier-Stokes-Darcy problem it becomes
difficult to solve the model at the boundary conditions, especially for small values of the hydraulic con-
ductivity [25]. Since Navier-Stokes and Darcy’s law depend on each other at the boundaries, solving
the system becomes a heavy iterative computational process [1]. Therefore, the pipe is modelled with a
fictitious material that has a much higher fictitious permeability (kx) than the permeability of the aquifer.
In section 5.4 the approach of the fictitious permeability is further elaborated on. Using this approach,
Darcy’s Law can also be applied on the pipe domain, preventing the iterative process [61]. This method
has proven to give similar results to the coupled Navier-Stokes-Darcy approach [1].

5.3. Failure criteria

For the piping mechanism to cause dike failure without the presence of a piping solution, the processes,
as described in section 2.1, need to occur. When a piping solution is implemented, the processes
change. In chapter 4, these processes leading to failure are presented with the steps for each solution.
The piping solutions address a specific step, leading to specific failure criteria. This section discusses
the failure criteria that are checked with the COMSOL model for each piping solution. Whether piping
will occur depends on the ability of the piping solutions to meet the criteria.

5.3.1. Fault tree

The mechanism of preventing the progression of the pipe depends on the critical seepage path [22].
The design of the piping solution, causes the critical seepage path to be either horizontal or vertical.
The sheet pile forces the water to flow underneath the screen, creating a vertically critical seepage
path along the length of the screen. The design of the plastic filter screen allows water to flow through,
but sand particles still need to be transported underneath the screen to cause pipe progression. The
critical seepage path for the plastic filter screen is thus also vertical. Both the plastic filter screen and
sheet pile are consequently checked for hydraulic heave behind the screen (see S6 in Figure 4.2).

In the reference situation, the pipe progresses horizontally under the cover layer, as explained in sec-
tion 2.1. The horizontal seepage path is thus critical. The SoSEAL barrier is designed to vertically
close off the aquifer, preventing the water from flowing around and/or underneath it. The barrier does
have potential weak spots, but mainly a weak connection with the cover layer. The potential danger
lies in the pipe progression through the contact area of the barrier, which makes the critical seepage
path horizontal as well. The reference situation and SoSEAL barrier are consequently checked for the
horizontal gradient in the pipe.
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The resulting criteria for the piping solutions, depending on the critical seepage path, can be seen in
Figure 5.2. These criteria are further discussed in the next subsections.
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Figure 5.2: The different failure criteria based on the critical seepage path.

5.3.2. Criterion SoSEAL barrier

The implementation of the SOSEAL barrier reduces the flow of water. This lowers the acting horizontal
gradient in the erosion channel to below the critical gradient needed for the sand particles to move. The
SoSEAL barrier therefore tackles pipe progression by addressing S6 from the event tree in section 4.4.
For the SoSEAL barrier to tackle this critical step, the following criterion must be met.

dp < dp
drrEm  dTeri

(5.2)

The model computes the hydraulic gradient over the whole system using the physics of Darcy’s Law.
The computed gradient (-—22—) of the erosion channel is subsequently checked with the critical gradi-

drrEM
ent (daim ), to check whether the acting gradient is high enough to move the grain particles inside the

pipe and therefore cause pipe progression [1]. This critical gradient is based on the two-forces method
by Sellmeijer [18]. The downward force of the weight of the particle is compared to the horizontal drag
force by the flow of water through the channel. When the horizontal force is bigger than the downward
force, the particles start to move [61]. When the two forces are in equilibrium, the critical gradient can
be expressed by Equation 5.3. With n being White’s sand packing coefficient, § the bedding angle of
the sand grains for which Sellmeijer is calibrated and a the channel height of the erosion channel.

dp Ty, dron tan(f)
= *
d-rcrit 3711/ a

(5.3)

5.3.3. Criterion plastic filter screen & sheet pile

By implementing the sheet pile or plastic filter screen, pipe progression is addressed by preventing
the hydraulic heave failure directly downstream of the screen, as shown in Figure 4.2. To ascertain
whether hydraulic heave can occur, the vertical gradient directly downstream of the screen is checked
with the model. When the acting vertical gradient behind the screen (i,.4) is lower than the critical
vertical gradient (i.), see Equation 5.5, the pipe will not progress.

fang < ic (5.4)

The critical gradient (i.) has a value of 0.5, as imposed by design guidelines [22] [49].

The vertical gradient (i,.,) directly downstream of the screen is expressed as follows.

. Ay
lavg = ——

g 5 (5.5)
ASO - Sab,screen;avg - Sopipe
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With:

* Ap|m]|: The average acting hydraulic head difference downstream of the screen over the length
of the embedded depth.

+ s[m]: The embedded depth of the screen.

* ©p,sereensavg|m]: The computed average hydraulic head at the bottom of the screen on the down-
stream side.

* vpipe|m]: The imposed average hydraulic head in the erosion pipe on the downstream side of the
screen.

5.4. Reference model

As stated in section 5.1, the reference model is based on the Grebbedijk characteristics and serves
as a base model for the piping solution models. The reference model consists of two domains; the
aquifer and the erosion pipe. Before implementing the Grebbedijk characteristics in the model, the
expression for the fictitious permeability of the pipe is obtained. This expression is needed to define
the permeability of the pipe domain in the model.

The pressure gradient of the head loss in the pipe channel is given by the Darcy-Weisbach equation,
with Dy, representing the hydraulic diameter and f representing the friction factor of the flow.

ah _ fo?
dz 29Dy

(5.6)

The friction factor can be expressed by Equation 5.7, with the factor 5; depending on the shape of the
cross section of the erosion channel. The Reynolds number (Re) is expressed by Equation 5.8 and
besides the flow velocity and hydraulic diameter, also depends on the density (p) and dynamic viscosity
() of the water in the aquifer. [1]

upDy,

_ B —
f=5 (5.7) Re=—" (5.8)

In the model used in this thesis, it is assumed that resistance of the flow of water inside the pipe is
only significant in horizontal (x) direction. This is due to the high aspect ratio of the length of the pipe
versus its height. Combining 5.7 and 5.8 inside 5.6, the equation for the flow velocity inside the pipe
can be rewritten to Equation 5.9 [1]. By comparing this equation to the equation of Darcy’s Law (5.1)
and assuming laminar and incompressible flow inside the pipe, the fictitious permeability of the pipe
domain can be expressed by Equation 5.10 [61].

2D’%) (22« % (5.9) k= ——h (5.10)

uz(ﬂF %

To implement this fictitious permeability on the pipe domain, the D), and 3y need to be known. Both
depend on the shape and size of the erosion pipe. The most correct way to model the pipe would
be according to the fracture flow approach. The pipe is then modelled with a significantly larger width
relative to the height. Due to the fact that piping is a 3D phenomenon, the resulting loss of pressure
over such a wide pipe is in reality much higher than what is modelled in 2D. However, with the fictitious
permeability the pipe can be modelled with a geometry that has a height and width with an aspect ratio
close or equal to one. This way, the additional loss of pressure over the pipe can be accounted for and
allows the model to capture the piping process. The erosion channel in this model is therefore shaped
as a square cross section, with a channel height of a and shape factor 5 of 56.92. The hydraulic diam-
eter D, of the pipe is equal to a for a square cross section. [1]
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a=mng*d70 (5.11)

As can be seen from Equation 5.11, the channel height a, depends on the number of grains (ng) and
the representative grain size (d70). Since the size of the pipe is not known beforehand, ng is also taken
as a stochastic input parameter. Lastly, the length of the pipe is assumed to be from the exit point on
the downstream side, until the middle of the dike body. It is assumed that once the pipe reaches half
the length of the dike and the acting gradient is larger than the critical gradient, the pipe progression
cannot be stopped [1]. The pipe will then progress until it reaches the upstream side, resulting in the
failure of the dike. This pipe length is also assumed in the models for the piping solutions.

An overview of the input parameters, including the characteristic parameters of the Grebbedijk, can be
seen in Table 5.1. These parameters also serve as input for the models of the piping solutions. For
more elaboration on the hydraulic conductivity K and d;, grain size, see section 3.2.

Parameter Representative value | Distribution

dro [m] 3.07% 10~ log-normal
Ldike [m] 34.20 =
Lpipe [m] 17.10 -
Daquifer [m] 15.00 -
H,p, [m NAP] 1.777 -
Hyown  [m NAP] 7.40 -
AH [m] 4.37" -
0.3d [m] 0.66 -
1 [Pa s] 1.0x10°3 -
7 [] 0.25 -
0 [deg] 37 -
g [m/s?] 9.81 -

K [m/s] 5.89 % 104 log-normal
i [kN/m3] 16.19 -
Y [kN/m3] 9.81 -

ng [-] 472 uniform

Table 5.1: Characteristic input parameters from the Grebbedijk for the numerical model.

In Figure 5.3, the meshed reference model with its boundary conditions can be seen. The model is
built with a domain for the aquifer and a domain for a predefined pipe. Since the height of the pipe is
significantly smaller with respect to the dimensions of the aquifer, refined meshing is applied around
the pipe. The pressure head boundaries allow the water to flow in the porous media domains. At the
no flow boundaries, the imposed flow velocity is zero, meaning there is no inflow of water. A probe
is placed in the middle of the pipe. This probe measures the acting gradient (-—22—) and the critical

drrEM
gradient (--22—) inside the pipe.

dzcrit

"The representative value is from Royal HaskoningDHV [51]. The model uses different upstream water levels as input pa-
rameters; see section 5.6.
2To investigate the influence of the number of grains, a range of values is taken into account in the model; see section 5.6.
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Figure 5.3: The modelled reference situation and applied boundary conditions

The exit point of the pipe is, as stated previously, assumed to be directly on the downstream side of the
dike. The end of the pipe and its exit point are presented in Figure 5.4.

2 5] xlo-3
T m

1.57

17 No flow

Hdown

Kaqu ifer

67

Figure 5.4: A zoomed in image of the end of the pipe with the outlet. The fictitious permeability £* is applied to the pipe
domain and the hydraulic conductivity K 4. e applied to the aquifer domain.

5.5. Model of piping solutions

In this section the models of the different piping solutions are discussed. The reference model, Grebbe-
dijk characteristics and contents of chapter 4 serve as input for the models.

5.5.1. Sheet pile model

The steel sheet pile is an impermeable screen that forces the flow to change direction. Therefore, no
flow through the screen is allowed. To model this in a representative way, a domain is added to the
reference model with a hydraulic conductivity close to zero. This makes the domain of the sheet pile
(almost) impermeable, preventing groundwater flow through the screen.

In Figure 5.5 below the meshed FEM model for the sheet pile can be seen. The mesh is refined between
the domains, due to the difference in the dimensions of the sheet pile, the pipe and the aquifer,
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Figure 5.5: the FEM model of the sheet pile.

To check the criteria for hydraulic heave, the average vertical gradient directly behind the sheet pile is
checked. This is done by assuming a prism behind the screen over which the gradient is evaluated, see
Figure 5.6. This prism has the length of the embedded depth of the sheet pile and a width of 0.25m [4].
At the bottom of this prism, the average hydraulic head (¢ screen:avg) iS €valuated by the model. The
hydraulic head at the top of the prism (¢, ) is imposed and equal to the ground level of the hinterland
[4].

Lpipe = Hdnu-‘rr.

.\Probe [ Fb,screen;avg)

-4 T ae 48’ 50 '52 Y 56

Pipe

Prism

Sheet pile

Figure 5.6: The prism is modelled directly downstream of the sheet pile. At the bottom of the prism a probe is placed at
midpoint to get the vy screen;avg- At the top of the prism, v, is set equal to the downstream water level, which is equal to
the ground level of the hinterland

In addition to the parameters listed in Table 5.1, the input parameters shown in Table 5.2 are required
for the model of the sheet pile.

Lgheer[m] (depth) | Bgpeet[mm] (width) | Kgpeei[m/s]
3.50 | 11.20 | 1.00%10~%

Table 5.2: Additional input parameters for the domain of the sheet pile.
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5.5.2. Plastic filter screen model

The plastic filter screen consists of two parts; an impermeable part and a filter part. These two parts
are modelled as two different domains. The impermeable lower part of the design is modelled in the
same way as the domain of the sheet pile. The upper filter screen part is modelled with the equivalent
hydraulic conductivity, taking both the perforations and the filter sand into account.

In Figure 5.7 below the meshed FEM model for the filter screen can be seen. The mesh is refined
around the pipe and the plastic filter screen, especially the perforated part, to accurately capture the
groundwater flow.

l 1 1 Il L 1 1 l 1 1 Il

4m -

= Pipe (17.10m)

J w——  Plastic filter screen (2.50m) |
-25 m
T T T T I T T I T T T

0 10 20 30 40 50 60 70 80 90

Figure 5.7: the FEM model of the plastic filter screen.

To check the criteria for hydraulic heave, the average vertical gradient directly behind the plastic filter
screen is checked. This is done similarly to the sheet pile model, see Figure 5.8

Cpipe = Hdown

1
T

e
ooo0o0 o

e

DoOBNNOOBRNROOBNON

R R

T T T T T T T T T T T T T

\probe ( ﬁob,screen;aug)

T T T T T T T T

46 47 48 49 50 51 52 53
Pipe

Prism
Filter part (2.00m)

Closed part {0.50m)

Figure 5.8: The model of the plastic filter screen with the prism directly downstream of the screen, similarly to the sheet pile
model.
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The additional input parameters for the plastic filter screen are defined in Table 5.3 below. In addition
to the parameters listed in Table 5.1, these input parameters are required for the model of the plastic
filter screen.

Lfilter[m] ‘ Lclosed[m] ‘ Bscreen[mm] | Kclosed[m/s] | Kfilter[m/s]
200 | 050 | 120 | 1.00%10720 [ 4.40%10~*

Table 5.3: Additional input parameters for the domains of the plastic filter screen.

5.5.3. SoSEAL barrier model

The meshed FEM model for the SOSEAL barrier can be seen in Figure 5.9 below. The mesh is refined
around the pipe and the top of the barrier beneath the boundary. This refinement is done to capture
the flow through the contact area in more detail.

107M B

VAVAV |

-107] B

N/
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Figure 5.9: the FEM model of the SoSEAL barrier with a length of 15m. The SoSEAL barrier is highlighted in blue.

As stated in section 4.4, by increasing the HCR factor to around 40, the SoSEAL barrier’s ability to
tackle pipe progression increases significantly. However, a barrier with continuous HCR cannot be
guaranteed with current injection methods. In this thesis the SOoSEAL barrier is therefore modelled as
a heterogeneous barrier. To account for the heterogeneity, random HCR factors are sampled from a
normal distribution. The random samples are taken for a grid of 50x150 points. Since a HCR factor of
40 can be seen as the desired reduction factor, 40 is taken as the mean factor. An assumption is taken
regarding the precision of the current injecting technique and therefore the standard deviation is set to
10. To represent the geological spatial variability as best as possible, the random samples across the
grid are smoothed to introduce spatial correlation. Lastly, outliers are discarded for HCR values lower
than 15 and higher than 75. Figure 5.10 shows the modelled SoSEAL barrier with the spatially varying
HCR values. This grid of HCR factors is then applied on the hydraulic conductivity of the aquifer to
achieve the actual hydraulic conductivity field for the domain of the SoSEAL barrier, see Equation 5.12.
Since Kqquifer IS @ stochastic input parameter in this study, K fici4,s0sea is different for each simulation.

Kaquifer (512)

Kfietd,soseal = rap”—
field,soseal HCRfield
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Width of the SoSEAL barrier

Figure 5.10: The heterogeneous SoSEAL barrier with spatially varying HCR over a depth of 15m.

The contact area is modelled as a separate domain to represent the imperfect connection between the
cover layer and the top of the barrier, see Figure 5.11. To capture the potential flow of water through this
contact zone into the pipe, its hydraulic conductivity was set higher than that of the aquifer by applying
a scaling factor (f). Despite this increase, it was made sure that the resulting conductivity remains
within the typical range for a sand layer. To incorporate the uncertainty associated with the connection
between the barrier and the cover layer, random samples of this factor are drawn from a log-normal
distribution. Based on an analysis of the flow behaviour across different values, a factor of 10 was
selected as the 95th percentile of the distribution. This analysis is also briefly discussed in Appendix C.
Unlike the barrier, the contact area is not modelled as a heterogeneous zone. The domain of the area
has a single hydraulic conductivity. The value of which is determined by the scaling factor, that is drawn
from the log-normal distribution for each simulation.

Kcontact = Kaq“ifET * f (5 13)
fos =10

47 47.5 48 48.5 49 495 50 50.5 51
Pipe

== (Contact area

SoSEAL barrier

Figure 5.11: A zoomed in image of the top of the SOSEAL barrier with a contact area modelled as a separate domain

In addition to the parameters listed in Table 5.1, the input parameters shown in Table 5.4 are required
for the model of the SOSEAL barrier.
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Lbar'rier [m] | Lcontact,zone [m] ‘ Bsoseal [m] ‘ KbarTieT [m/s] | Kcontact,zone [m/s]
15.00 ‘ a ‘ 2.00 ‘ Kfield,soseal (512) ‘ KCOTLt(LCt (513)

Table 5.4: Additional input parameters for the domains of the SOSEAL barrier.

5.6. Sampling approach

As described in section 5.1, simulations are performed for the different piping models to generate out-
put, which is then used to determine conditional failure probabilities for various upstream water levels.
Several parameters are subject to uncertainty and are therefore randomly sampled according to their
respective probability distributions. The models are subsequently simulated using these uncertain in-
put parameters across different upstream water levels. This section outlines the upstream water levels
considered in the analysis and the sampling approach used for the stochastic parameters.

5.6.1. Upstream water levels

Conditional failure probabilities for different upstream water levels are required to construct fragility
curves for the piping solutions. However, running a sufficient number of simulations to obtain reliable
estimates for these probabilities across the water levels is computationally demanding. To reduce time
and computational effort, the number of simulated water levels is kept to a minimum. This is achieved
by first identifying a lower bound water level at which the dike has already demonstrated sufficient
safety. From this ’proven strength’ of the dike, a limited set of higher water levels is selected for the
simulations. The conditional failure probabilities for intermediate water levels are then determined
through interpolation, see section 6.3.

To determine the lower bound water level, historical water level data for the Grebbedijk from 1950 to
2025 was analysed [46]. The highest recorded water level during this period, which occurred in 1995,
is taken as the lower bound. At this level, 10.52m NAP, the dike has proven sufficient strength. For the
model simulations, the following additional upstream water levels relative to NAP are selected: 11.00m,
11.50m, 12.00m, 12.50m, 13.00m, 13.50m, 14, 00m. Increments of 0.5m are applied to adequately cover
the relevant range of water levels. The planned crest height of the dike after renovations is 12.70m NAP.
It is expected that in the future the dike will be further heightened to prevent overflowing. Water levels
up to 14.00m NAP are therefore considered the most relevant and critical. For water levels exceeding
this range, extrapolation is applied. This is further explained in section 6.3

5.6.2. Latin hypercube samples

In this thesis, Latin Hypercube Sampling is used to sample the uncertain input parameters. Latin Hyper-
cube Sampling (LHS) is a statistical method used to efficiently sample values from multiple uncertain
parameters while ensuring good coverage of their entire range [53]. Simple random sampling can leave
large gaps or clusters in the parameter space. LHS divides the cumulative distribution of each param-
eter into n equally probable intervals, where n is the desired sample size. From each interval, one
value is randomly selected, while applying the target distribution. These sampled values are then com-
bined so that each interval for every parameter is used exactly once, forming n unique parameter sets.
This approach reduces sampling bias and ensures that all portions of each parameter’s distribution are
represented, making LHS particularly effective for uncertainty analysis and sensitivity studies. In addi-
tion, with LHS the coverage of the entire range of the distribution of each parameter is achieved with
much fewer samples than with random sampling. This allows for less needed simulation and reduces
computational time.

LHS is performed for the following parameters:

» Grain size, drq, according to the log-normal distribution as described in section 3.2.

* Hydraulic conductivity of the aquifer, Kyquifer, according to the log-normal distribution as de-
scribed in section 3.2.

» Hydraulic conductivity of the contact area of the SoSEAL barrier, f, as described in subsec-
tion 5.5.3.

* Number of grains for the erosion channel height, ng, according to a uniform distribution.
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Findings from a study by van Esch et al. [18] have shown that the number of grains ranges from 0 to
30. A uniform distribution with bounds 0 and 30 is adopted for the parameter ng.

Adjusting the pipe height a in the model based on ng and d, would normally require re-meshing the
erosion channel domain for each simulation, which significantly increases computational time. To avoid
this, the pipe height is not modified directly in the geometry. Instead, a scaling factor is introduced in
the permeability formula of the pipe (kx), which incorporates the sampled values of ng and d7y. This
approach accounts for changes in pipe height within the model physics while eliminating the need for
re-meshing. This approach is explained in more detail in Appendix D.

Each water level is simulated with a different number of runs. At lower water levels, the probability of
piping is smaller, requiring more simulations to obtain a sufficient number of failures. The table below
summarizes the number of simulations per water level. To reduce computational time, these numbers
are kept as low as possible while maintaining reliability.

Upstream water level [m NAP] | Number of simulations

11.00 25,000
11.50 15,000
12.00 10,000
12.50 5,000
13.00 2,500
13.50 1,000
14.00 500

Table 5.5: Number of simulations for each upstream water level. Performing more simulations for lower water levels to capture
the low failure probabilities.

5.7. Modelling uncertainties

It is important to emphasize that the piping models contain several input uncertainties, which are ac-
counted for to varying degrees. These uncertainties affect the results of this study and must therefore
be considered. They arise from assumptions, design choices, and model characteristics.

As previously discussed, according to Sellmeijer’s two-forces equilibrium assumption, once a pipe has
progressed to half of the dike body, its further progression will irreversibly continue until dike failure. The
solutions are positioned at this critical location, halfway the seepage length. Subsequently, it can be
implied that failure of the solution directly results in failure of the dike. However, because the solutions
differ in their working principles, this location may be more optimal for some solutions than for others.
In this study the influence of other locations is not researched.

In addition, each solution is modelled for a single set of design dimensions. Exploring alternative depths
or geometries could provide better insight into the sensitivity of performance to design parameters. For
instance, the current depth of one solution may be relatively more effective than that of another. Further-
more, the performance of one solution may be more sensitive to changes in the depth than the other.
Besides the dimensions, there are uncertainties in the input parameters regarding the working princi-
ples of the solutions. These input uncertainties differ significantly between the plastic filter screen, the
SoSEAL barrier, and the sheet pile. The equivalent hydraulic conductivity of the filter screen is derived
from the aquifer’s K, which carries uncertainties as discussed in subsection 3.2.2. Consequently, the
screen’s performance is directly influenced by these uncertainties. For the SoSEAL barrier, assump-
tions and estimations had to be made regarding the contact area and the heterogeneous hydraulic
conductivity field, as detailed in section 4.4. These strongly affect the barrier’s working principle and
behaviour. This input is relatively conservative in this study, due to current uncertainties with the com-
position of the SOSEAL barrier and current injection techniques. The performance of the barrier could
thus be enhanced by adjusting the composition of the SOSEAL material and/or by improving injection
techniques.

Beyond design related uncertainties, the characteristics and dimensions of the COMSOL model also
contribute to uncertainty. As noted in subsection 3.2.2, aquifer depth has only a limited impact beyond
a certain threshold. In contrast, the aquifer width plays a more significant role: a wider aquifer allows
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larger groundwater volumes and flows, reducing the critical gradient in the pipe [43]. Since the aquifer
width was based on the critical dike profile from the Royal HaskoningDHV safety analysis [51], its choice
directly influences the potential for pipe progression.

The representation of the pipe itself introduces further uncertainty. In this study, the erosion channel
is modelled with a square cross-section, which produced representative results. However, as shown
by Aguilar-Lopez et al., alternative cross-sectional shapes may also be appropriate, potentially yielding
different gradients while still producing results within the expected range [1].

Finally, discretization uncertainties arise from the meshing process. Since every numerical model re-
quires a mesh, the choice of resolution and element type can influence the outcomes. In this thesis, no
dedicated mesh convergence study was performed, and therefore some variability due to discretization
cannot be excluded.



Model results

6.1. From model output to functional lifespan

After constructing the models for the piping solutions and running the simulations, the model output is
processed to determine the different functional lifespans of the solutions, see Figure 6.1. The condi-
tional failure probabilities, computed from the output of the model simulations, are used to generate
fragility curves for each piping solution. Using the fragility curves and probability density functions of
the water levels for the different climate scenarios, the failure probability due to piping is determined.
By comparing the failure probabilities with the imposed required safety standard, the lifespans of the
different piping solutions are determined for each climate scenario.

Processing model
results

Generate fragility
cruves from the
conditional failure
probabilities

Calculate the failure
probabilities using
the fragility curves

and PDF’s of the
water levels

Determine the
functional lifespans
of the piping
solutions for the
different climate

scenarios

Figure 6.1: Methodology for processing the model results to determine the functional lifespans of the piping solutions for
different scenarios.

The fragility curve (Fy(h;)) is composed of all the conditional failure probabilities, according to Equa-
tion 6.1 [28]. With Z being the limit state function for the piping solution. This limit state function is
based on the failure criteria for the solutions. When the solution does not meet the criterion, it is de-
noted as a failure. The limit state function is checked for each simulation, mounting to a certain amount
of failures for each water level.

By multiplying the fragility curve with the PDF of the water levels, a probability contribution curve (PCC)
is created [28] [52]. Integrating the PCC gives the total failure probability due to piping.

PCC(h) = fn(h) * Fy(h) (6.2) Py = / PCC(hi)dh (6.3)

In Figure 6.2, an example of the different curves is displayed to give a visual interpretation.

43
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Figure 6.2: A graphical example to illustrate the different curves clearly. Multiplying the fragility curve with the PDF gives the
PCC. Integrating the PCC gives the failure probability for piping. The shown curves are set as an example.

The failure probabilities due to piping are calculated for different future sight years; 2050, 2100, 2150.
By integrating the PCC for each sight year and interpolating log-linearly between those failure probabil-
ities, the failure probability for each future year is determined. When the failure probability crosses the
maximum allowable failure probability, the piping solution does not fulfil the safety standard any more.
The functional lifespan of the piping solution is considered until the year this exceedance takes place.

6.2. Reference model

As already discussed in section 5.4, a probe in the middle of the pipe measures the acting hydraulic
gradient and critical hydraulic gradient for each simulation. When the acting gradient is higher than the
critical gradient, the pipe can progress. This is considered as a failure of the dike due to piping. As
already investigated by Royal HaskoningDHV, the current situation does not meet the criteria for heave
and uplift of the cover layer [51]. Their analysis has also shown that the acting gradient for the critical
water level is significantly higher than the critical gradient for pipe progression. The current dike does
therefore not meet the required safety standard regarding piping.

The reference model also shows that the current situation does not meet the safety standard based on
the criteria for pipe progression. This is presented in Figure 6.3, by showing the failure probabilities
for the moderate scenario G with a capped discharge. As can be seen, do the failure probabilities of
the current situation significantly exceed the maximum allowable failure probability for the current and
future years.
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Failure probabilities of the current reference situation for future sight years
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Figure 6.3: The failure probabilities of the current reference situation for future sight years, exceeding the maximum allowable
failure probability significantly.

6.3. Model results of piping solutions

In this section the model results of the piping solutions are presented. Using the fragility curves and
PDF’s of the water levels, the failure probabilities and functional lifespans for the different climate sce-
narios are determined.

To construct the fragility curves, linear interpolation is applied between the conditional failure probabil-
ities for the simulated water levels from Table 5.5. Other interpolation methods (using log-normal and
log-linear correlations) have been tried and resulted in smoother curves. However, the fitting with those
methods caused under- or overestimations of the conditional failure probabilities for the modelled water
levels. Additionally, the shape parameters for these curves had to be estimated, adding extra uncer-
tainty. Small fitting errors for these low probabilities cause significant deviations. Linear interpolation
between the known conditional failure probabilities is therefore considered. For higher water levels
(above 14 m NAP) the curve is log-linear extrapolated with a maximum value of 1, since the probabil-
ity cannot be higher. This is however not necessary, since water levels higher than simulated do not
occur for any of the scenarios and future sight years. It is still done to give a complete impression and
visualisation of the behaviour of the solution.

6.3.1. Results of the sheet pile model

To determine the conditional failure probabilities for the designed sheet pile, the criterion for hydraulic
heave behind the screen is checked with each simulation. When the sheet pile does not meet the
criterion, it is considered a failure due to piping, since the pipe will continue to progress. After running
the simulations as described in Table 5.5, the results are used to construct the fragility curve for the
sheet pile. However, no failures were recorded for the water levels of 11.00m, 11.50m and 12.00m.
At these levels, the probability of failure is very low, and the number of simulations performed was
insufficient to capture any failures. As noted earlier, increasing the number of simulations to obtain
failures would substantially increase computational time. Therefore, the conditional failure probabilities
for these water levels are estimated. They are based on the observed behaviour of the sheet pile and
the failure probabilities at higher water levels. Additionally, the conditional failure probabilities need to
be lower than what could have been detected with the number of simulations used.

With this approach, the sheet pile shows a jump in the performance at around 12m NAP. The sheet
pile fails significantly more for increasing water levels above 12m NAP. Below 12m NAP, failures were
difficult to capture, even with very conservative values of soil parameters and the number of simulations
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used (no failure is recorded in 10,000 simulations). This shows that the hydraulic head difference,
caused by the upstream water level, has a significant influence on the hydraulic heave behind the
screen. The estimated conditional failure probabilities are therefore significantly lower for water levels
below 12m NAP. All conditional failure probabilities are presented in Table 6.1.

Upstream water level | Conditional failure probability
11.00 5.0 x 10-6*
11.50 2.0 % 107°%
12.00 6.67 x 10~°*
12.50 0.018
13.00 0.052
13.50 0.076
14.00 0.092

Table 6.1: Conditional failure probabilities for different upstream water levels. Estimated failure probabilities are denoted by *.

In Figure 6.4, the fragility curve of the sheet pile is presented. Since the failure probabilities are relatively
small, the curve is shown on a log scale to give a better visual interpretation. From this fragility curve,
the jump in performance can be seen more clearly. The fragility curve also shows the ’proven strength’
level is at 10.5m NAP, since the conditional failure probability goes to zero.

Fragility curve of the sheet pile
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Figure 6.4: The fragility curve of the sheet pile plotted on a log scale.

This fragility curve is multiplied with the PDF’s of the water levels for the different climate scenarios as
described in section 3.3. After integration of the resulting PCC'’s, the failure probabilities for piping for
each scenario and future sight year are calculated. In Figure 6.5, the year of exceeding the maximum
allowable failure probability is shown.
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Failure probabilities of the sheet pile for differenct scenarios and future sight years
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Figure 6.5: The failure probabilities and resulting lifespan for the sheet pile for each climate scenario.

Since it is uncertain which climate scenario becomes reality in the future, the lifespan for a combined
future scenario has also been calculated. For this combined future scenario, each climate scenario
has been taken into account equally (25% each). The failure probabilities and exceedance year for
this equally weighted scenario is also shown in Figure 6.5. It can be seen that the equally weighted
scenario is similar to the capped W+ scenario.

Furthermore, the uncapped scenarios give higher water levels for the higher return periods. Since
the sheet pile shows increasing conditional failure probabilities for higher water levels, the uncapped
scenarios give higher failure probabilities.

It is also observed that the difference in failure probabilities between scenarios increases over time.

In Table 6.2, an overview of the resulting exceedance years is given for each scenario. These years
indicate the end of the functional lifespan of the sheet pile for each scenario. These lifespans are used
for the LCC analysis in chapter 7.

Scenario G Scenario G Scenario W+ Scenario W+ Scenario

capped uncapped capped uncapped Equally
weighted

2251 \ 2191 \ 2133 \ 2105 \ 2130

Table 6.2: The calculated years of exceeding the maximum allowable failure probability for the sheet pile for the different
climate scenarios.

6.3.2. Results of the plastic filter screen model

As stated in subsection 5.3.3, the hydraulic heave criterion is used to assess the performance of the
plastic filter screen against the progression of the pipe. When the plastic filter screen does not meet
the criterion, it is considered a failure, as is the case with the sheet pile. After running the simulations,
the plastic filter screen showed no recorded failures for the water levels of 11.00m NAP and 11.50m
NAP, indicating the probabilities are lower than 1/25,000 and 1/15,000 respectively. Similarly to the
sheet pile, the probability of failure is very low for these water levels and the number of simulations
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was insufficient to capture any failures. A jump in the performance is also seen at 12m NAP, however
not as steep as for the sheet pile. Using expert judgement, conditional failure probabilities have been
assumed that follow the expected shape of the curve. The plastic filter screen shows a similar shape
of the curve for the higher water levels as the sheet pile. However, the plastic filter screen did fail for
12m NAP, contrary to the sheet pile. In addition, the other conditional failure probabilities are closer to
each other. The conditional failure probabilities for 11.00m NAP and 11.50m NAP are therefore slightly
higher, while keeping a similar shape in the curve. All conditional failure probabilities are presented in
Table 6.3.

Upstream water level | Conditional failure probability

11.00 6.67 x 10-6*

11.50 3.0« 107°%

12.00 2.0% 1077

12.50 0.018

13.00 0.044

13.50 0.063

14.00 0.076

Table 6.3: Conditional failure probabilities for different upstream water levels. Estimated failure probabilities are denoted by *.

In Figure 6.6, the fragility curve of the plastic filter screen is presented. Since the failure probabilities
are relatively small, the curve is shown on a log scale to give a better visual interpretation. From this
fragility curve, the jump in performance can be seen more clearly.

Fragility curve of the plastic filter screen
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Figure 6.6: The fragility curve of the plastic filter screen plotted on a log scale.

This fragility curve is multiplied with the PDF’s of the water levels for the different climate scenarios as
described in section 3.3. After integration of the resulting PCC’s, the failure probabilities for piping for
each scenario and future sight year are calculated. In Figure 6.7, the year of exceeding the maximum
allowable failure probability is shown.
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Failure probabilities of the sheet pile for differenct scenarios and future sight years
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Figure 6.7: The failure probabilities and resulting functional lifespan for the plastic filter screen for each climate scenario.

A combined future scenario, where each climate scenario is equally taken into account, is also evalu-
ated for the plastic filter screen. The failure probabilities and exceedance year for this equally weighted
scenario is also shown in Figure 6.7.

In Table 6.4, an overview of the resulting exceedance years is given for each scenario. These years
indicate the end of the functional lifespan of the plastic filter screen for each scenario. These lifespans
are used for the LCC analysis in chapter 7.

Scenario G Scenario G Scenario W+ Scenario W+ Scenario

capped uncapped capped uncapped Equally
weighted

2222 \ 2180 \ 2119 \ 2099 \ 2122

Table 6.4: The calculated years of exceeding the maximum allowable failure probability for the plastic filter screen for the
different climate scenarios.

6.3.3. Results of the SoSEAL barrier model

To calculate the conditional failure probabilities for the SOSEAL model, the criterion of Equation 5.3
is checked for each simulation. If the SoSEAL barrier does not meet the criterion, pipe progression
cannot be prevented. Not meeting the criterion is considered as a failure due to piping. However, no
failures were recorded for upstream water levels of 11.00m NAP and 11.50m NAP. This is attributed
to the limited number of simulations, which was insufficient to capture the very low failure probabilities
at these levels. To address this, the probabilities for these water levels were estimated based on the
observed behaviour of the SOSEAL barrier at higher water levels. The results for higher water levels
indicate that an increase in upstream water level has only a limited effect on the failure probability,
since the failure probabilities stay relatively low. The conditional probabilities for 11.00m NAP and
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11.50m NAP have therefore been estimated to lie relatively close to each other and to the probability
for 12.00m NAP. All conditional failure probabilities are presented in Table 6.5.

Upstream water level | Conditional failure probability
11.00 1.0 % 10—°%
11.50 6.0 % 10 5x
12.00 7.0% 1077
12.50 80101
13.00 0.0020
13.50 0.0060
14.00 0.010

Table 6.5: Conditional failure probabilities for different upstream water levels. Estimated failure probabilities are denoted by *.

In Figure 6.8, the fragility curve of the SOSEAL barrier is presented. Since the failure probabilities
are relatively small, the curve is shown on a log scale to give a better visual interpretation. From this
fragility curve, it can be seen that the failure probabilities slightly increase with increasing upstream
water levels.

Fragility curve of the SoSEAL barrier
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Figure 6.8: The fragility curve of the SoOSEAL barrier plotted on a log scale.

This fragility curve is multiplied with the PDF’s of the water levels for the different climate scenarios as
described in section 3.3. After integration of the resulting PCC'’s, the failure probabilities for piping for
each scenario and future sight year are calculated. In Figure 6.9, the year of exceeding the maximum
allowable failure probability is shown. The combined future scenario, in which each climate scenario is
taken equally into account, is presented as well.
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Failure probabilities of the SoSEAL barrier for future sight years
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Figure 6.9: The failure probabilities and resulting functional lifespan for the SOSEAL barrier for each climate scenario.

From Figure 6.9, itis observed that the SOSEAL barrier shows relatively similar behaviour for the capped
and uncapped scenarios. These scenarios are relatively similar to each other for the lower water
levels (up to approximately 12.00m). The water levels up to 12.00m NAP have a considerably higher
probability of occurring compared to water levels above 12.00m NAP. Only for the return periods of
10,000 and above, equalling low probabilities, are the water levels in the uncapped scenario significantly
higher than the capped scenario. Since the conditional failure probabilities of the SoSEAL barrier
remain relatively low even at higher water levels, the overall failure probabilities for both the capped
and uncapped scenarios show similar trends across future sight years. Additionally, Hydra-NL results
indicate slightly higher water levels for capped scenarios at lower return periods compared to uncapped
scenarios. Because these lower return periods dominate the overall water level probabilities, capped
scenarios yield marginally higher conditional failure probabilities.

In Table 6.6, an overview of the resulting exceedance years is given for each scenario. These years
indicate the end of the functional lifespan of the SOSEAL barrier for each scenario. These lifespans are
used for the LCC analysis in chapter 7.

Scenario G Scenario G Scenario W+ Scenario W+ Scenario

capped uncapped capped uncapped Equally
weighted

2146 \ 2152 \ 2080 \ 2082 \ 2097

Table 6.6: The calculated years of exceeding the maximum allowable failure probability for the SOSEAL barrier for the different
climate scenarios.
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6.3.4. Comparison of the model results

Based on the fragility curves and failure probabilities for the different scenarios, the behaviour and
performance of the different solutions are compared. In Figure 6.10, the fragility curves of the solutions
are shown together.

Fragility curves of the different solutions
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Figure 6.10: The fragility curve of each solution is plotted together to allow for a clear comparison.

The plastic filter screen and sheet pile exhibit similar behaviour in mitigating hydraulic heave behind
the screen. Both solutions show a sharp increase in the conditional failure probability at approximately
12.00 m NAP. For higher water levels, the plastic filter screen demonstrates lower conditional failure
probabilities than the sheet pile, suggesting that to a certain degree it is less sensitive to increasing
water levels. This is due to its filter structure, which allows water to pass through a significant portion
of the screen. Notably, the plastic filter screen achieves comparable conditional failure probabilities
despite being one meter shorter than the sheet pile.

In contrast, an increase in upstream water levels has only a limited effect on the conditional failure
probability of the SOSEAL barrier. However, for lower water levels (below approximately 12.00 m NAP),
its failure probabilities are estimated to be higher than those of the plastic filter screen and the sheet
pile. This is likely caused by the barrier’s heterogeneity and the relatively higher hydraulic conductivity
at the contact area. Nonetheless, by completely sealing the aquifer over its full depth, the SoSEAL
barrier exhibits greater independence from increasing water levels compared to both the plastic filter
screen and the sheet pile.

Lastly, modelling and simulating the solutions revealed that small design adjustments can greatly impact
the functional lifespan. These adjustments change the fragility curve by affecting the conditional failure
probabilities. These probabilities are very small and the overlay of the fragility curve with the PDF’s is
minimal. Even slight changes in the design can therefore significantly influence the failure probabilities
and the year when the maximum allowable failure probability is exceeded. Consequently, the functional
lifespan is highly sensitive to such design modifications. Even more so than considering a different
climate scenario.

This also shows that the uncertainties and assumptions in the input for the design, as described in
section 5.7, affect the performance of the solutions significantly, especially regarding the innovative
solutions.



Life cycle cost analysis

7.1. Introduction to the LCC analysis

To evaluate the different piping solutions for various scenarios and uncertainties, a life cycle cost (LCC)
analysis is performed. This section provides a short introduction to what is considered when evaluating
the life cycle. This evaluation is done quantitatively by assessing the life cycle in costs. The solutions
are further investigated and compared for under changing scenarios to evaluate their performance and
sensitivity under varying uncertain (future) conditions.

7.1.1. The life cycle

The life cycle of a structure extends from its implementation phase to the end of its lifetime. Since
structures differ in design, performance and lifespan, each life cycle is unique. Furthermore, throughout
the lifetime of the structure, the loading and environmental conditions can change. This influences the
structure and its performance and, consequently, the overall life cycle. When assessing a life cycle,
it is therefore important to consider these evolving conditions and the aspects of the structure they
influence.

Additionally, the structural aspects are significantly affected by the design of a structure. The design
is defined by specific needs, but also involves uncertainties. These must be taken into account and
monitored throughout the lifespan when conducting a life cycle evaluation. In addition, the loading and
environmental conditions are also subject to future uncertainties, which can influence the total lifetime
of the structure. When evaluating the life cycle, these conditions need to be monitored as well and
adequate actions need to be considered to ensure sufficient performance during the lifetime of the
structure.

In this study, the life cycle of the different piping solutions is evaluated and compared. The different
piping solutions have different designs and working principles. Additionally, different lifetimes have
been acquired from the model results for each solution. It is currently unclear how the different piping
solutions compare when considering their total life cycle. To make a comprehensive evaluation and
comparison, all these aspects must be considered and addressed. To be able to quantitatively compare
the life cycle of the solutions for different lifetimes, an LCC analysis is performed using the EAC method.
This method is explained in more detail in the following subsection.

7.1.2. The method of equivalent annual cost

As mentioned, the equivalent annual cost (EAC) analysis is used to analyse and assess the life cycle
costs of the piping solutions. The EAC represents the costs over a certain time frame (i.e., lifespan)
as a constant annual cash expense, see Equation 7.3 [52]. The future costs (C) are discounted to the
present value using a discount factor. This accounts for the devaluation of money in the future, due to
factors such as inflation. By discounting and summarizing all the costs that are made over the entire
time frame (¢*), the total present value (PV) is calculated, see Equation 7.2. This total present value
can be divided by an annuity factor, to determine the EAC of the considered solution. This annuity factor

53
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is a summation of the discount factors, that are used over the entire time frame, see Equation 7.1 [52].

-
— -t = 70
-0+ (7.1) PVioy =1 + ; T (7.2)

r

At* -

PVYtot

EAC = .

(7.3)

* PV,: The total present value (€)

» I: The investment costs (€)
These costs do not need to be discounted as they are implemented at the start of the time frame.

* t: The considered year within the lifespan (year)

* t*: The total lifespan and last considered year (year)

» (' The costs implemented each year during the lifespan (€)
* r: The discount rate (%)

* (14 r)": This is considered the discount factor

As stated before, the piping solutions differ in their design and working principles, which influences
their performance. This results in different lifespans for the different scenarios. The method of the EAC
enables a consistent and representative comparison when considering different lifespans. By deter-
mining the EAC for each solution and scenario, the different solutions can be quantitatively evaluated.
Using the EAC method, the different degrees of uncertainty in the designs and scenarios, are expressed
in costs as well. This results in a range of EAC values for a certain scenario and lifespan. By applying
the EAC analysis to various uncertainties for different future scenarios, the total EAC and changes in
its range can be assessed. In Figure 7.1, the application of the EAC method in this study is presented
graphically over time.
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Investment
costs
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Figure 7.1: The application of the EAC method in this thesis with constant yearly costs over the time frame. Different
investment and future costs results in different EAC values. This graph shows a range of EAC values that is determined for a
solution and scenario. By considering a different scenario and solution the range is different.

The different future costs, to account for different degrees of uncertainties, result in different discounted
costs and total present value for each solution. This results in a range of EAC for each scenario. These
future uncertainties are further explained in subsection 7.1.3 below.
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7.1.3. Future uncertainties

When assessing the uncertainties for various future scenarios and their corresponding lifespans, differ-
ent ranges of EAC are acquired for each scenario. By comparing the ranges and changes in the range
of the EAC, the sensitivity of the solutions to future uncertainties and different lifespans is assessed.
This allows for a quantitative evaluation of the design and performance of the solutions under various
future uncertainties. In Figure 7.2, this LCC analysis using EAC is concisely depicted.

LCC analysis

Determine the Life EAC
cycle costs and their analysis
uncertainties of the ——— &
piping solutions for

each scenario

Assessing the
sensitivity of the
piping solutions to
the uncertainties

Figure 7.2: Methodology flow chart of the LCC analysis, using the EAC method.

In this study various uncertainties in the future climate, the design and the performance are included.
By addressing five different climate scenarios, climate uncertainties are considered. As discussed in
section 6.3, from the model results, different lifespans for these climate scenarios are derived. Un-
certainties in the design and performance are accounted for with variability in the costs and different
technical lifespans. The piping solutions require an initial investment and additional costs that are made
during the considered lifespan. By also taking into account economic uncertainties, such as inflation,
for prices of materials and construction work, a range of possible costs over the lifespan can be deter-
mined. This enables a comparison, independent of differences in lifespans and timing of investments.
In section 7.2 the various uncertainties that influence the EAC are discussed further.

7.2. Input variables

In this section the different uncertainties that are used as input variables in the EAC analysis to assess
the sensitivity of the solutions are discussed. Each uncertainty addresses the design, performance
and/or lifespan of the solution. The variability in different cost expenses reflects the uncertainty in the
performance and design of the solutions. The climate scenarios have resulted in different functional
lifespans, influencing the time frame of the life cycle. By assessing the variability in the technical
lifespan, the uncertainty in the performance and future conditions is taken into account as well. With
the EAC analysis the sensitivity to these future uncertainties are assessed.

Most of the costs are based on expert judgement and discussions with my supervisor Yoeri Jongerius

7.2.1. Climate scenarios

The future climate change uncertainties are represented by the different climate scenarios. From the re-
sults of the simulated models, the functional lifespans have been determined for each climate scenario.
These lifespans are shown in the Table 7.1 for each solution.

Scenario G Scenario G Scenario W+ | Scenario W+ | Scenario
capped uncapped capped uncapped Equally
weighted
Sheet pile 226 166 108 80 105
Plastic filter | 197 155 94 74 97
screen
SoSEAL 121 127 55 57 72
barrier

Table 7.1: The functional lifespans of the different piping solutions for each climate scenario.
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7.2.2. Investment costs

The investment costs comprise of three parts; groundwork, materials and installation. The costs of
groundwork consider the preparation costs regarding the site before installation procedures can start.
The material costs are the expenses necessary to make the piping solution. The costs of installation
consist of the delivery, unloading and installing costs of the piping measure.

As stated before, economic uncertainties have been taken into account in the determination of the costs.
The volatility in the market prices of raw materials over the last 20-25 years have been considered, as
well as fluctuations in costs for construction labour in the civil engineering sector. By estimating the low,
average and high points in these prices, a range of costs can be predicted for the piping solutions.

In the determination of the investment costs for the sheet pile, the dimensions of the design and the
used AZ24-700 profile are considered. To estimate the range of possible investments costs, the index
factors for the market prices of steel and for the civil engineering sector have been analysed [19] [14]
[15]. Steel prices are highly volatile. This resulted in a significant change between the lowest and
highest steel prices. These steel prices were used to estimate the low and high costs for the materials.
The index factors for work in the civil engineering sector have been used to calculate low and high costs
for the groundwork and installation.

For the plastic filter screen, the average investment costs have been estimated. Using the index factors
for the civil engineering sector, the low and high costs for the groundwork and installation have been
determined. Based on the average material costs, it is estimated that the lowest and highest material
costs are 20% lower and 20% higher than the average costs, respectively.

This same approach is also used to estimate the range of investment costs for the SOSEAL barrier.

In Table 7.2 the range of investment costs for each solution is given.

Investment costs [€] | Sheet pile Plastic filter screen SoSEAL barrier
Low costs 1,080,896.40 1,065,329.81 1,226,702.17
871.69 [/m] 859.14 [/m] 989.28 [/m]
Average costs 1,676,851.94 1,244,005.36 1,510,396.38
1,352.30 [/m] 1,003.23 [/m] 1,218.06 [/m]
High costs 2,272,807.49 1,422,680.90 1,794,090.58
1,832.91 [/m] 1,147.32 [/m] 1,446.85 [/m)]

Table 7.2: The variability in investment costs for each solution that is used in the EAC analysis. The costs are also expressed
in costs per meter.

7.2.3. Replacement costs

At the end of the time frame of the investigated life cycle, a replacement of the solution can be consid-
ered. The costs of replacement are the expenses that are made when the piping solution has reached
the end of its technical lifespan and is replaced.

The technical lifespan of the sheet pile is estimated to be a 100 years, while for for the plastic filter
screen a lifespan between 50-100 years is estimated by different design guidelines [37] [32]. This
study considers an average technical design life of 75 years for the plastic filter screen and for the
SoSEAL barrier as well. The piping solutions also have a certain functional lifespan, that runs until
it exceeds the maximum allowable failure probability. From Table 7.1, it is evident that under certain
climate scenarios, the functional lifespan exceeds the technical design life of the solutions. When the
functional lifespan exceeds the technical lifespan, a replacement can be considered. In this analysis
a replacement of the solution is therefore also considered as a separate scenario. The replacement
costs are for all solutions estimated to be the same as the initial investment costs [27]. So, for the range
of replacement costs, see Table 7.2.

It is important to note that the replacement costs are a future investment. These costs need to be
discounted to represent them as a present value. In Equation 7.4, the used formula to account for the
replacement costs is presented.
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m

Cre lace
PVieplace = Z m (7.4)
k=1

With:
* PViepiace: Present value of the replacement costs (€)
* Creplace: Replacement costs, which are equal to the investment costs (€)
* At,.,: Replacement interval (75 or 100 years)
s m= [ﬁ;p]: Number of replacements within the time frame ¢*
* k: The considered replacement within the total amount of replacements

The present value of the replacement costs is added to the total present value (PV;,,) of the solution
for the considered scenario.

7.2.4. Restoration costs

Restoration costs are implemented for the innovative solutions. Uncertainty can be taken into account,
regarding the performance of the plastic filter screen and SoSEAL barrier over an increasing time pe-
riod. The plastic filter screen can possibly become clogged, while the injected SoOSEAL material could
dissipate or not reach the desired hydraulic conductivity reduction. It could therefore be necessary to
renew the filter sand and re-inject the SOSEAL material, to guarantee sufficient performance. The asso-
ciated costs with renewing the filter sand and re-injecting SOSEAL are considered with the restoration
costs.

The restoration costs for renewing the filter sand are based on a percentage of the original material
and installation costs. The plastic filter screen, according to the Prolock design, is constructed so that
the filter sand can easily be replaced if necessary. Additionally, sand is a relatively cheap raw material.
The costs are therefore only a small percentage, keeping the range of possible costs relatively small.
The restoration costs for re-injecting extra SOSEAL material are also based on a percentage of the
original investment costs. The costs of the material and injection of SOSEAL are a relatively large part
of the investment costs. Itis estimated that re-injecting extra SoOSEAL material would therefore account
for a significant part of these costs, resulting in a wide range of relatively high expenses. In Table 7.3
below, the restoration costs for the plastic filter screen and SoSEAL barrier are shown.

Restoration costs [€] Plastic filter screen SoSEAL barrier
Low costs 73,409.76 460,986.13
59.20 [/m] 371.76 [/m]
Average costs 95,325.89 667,907.51
76.88 [/m] 538.64 [/m]
High costs 119,930.47 912,500.16
96.72[/m] 735.89 [/m]

Table 7.3: The variability in restoration costs for each solution. The costs are also expressed in costs per meter.

the costs for the restoration operations of the plastic filter screen and the SOSEAL barrier are accounted
for every 30 years. This interval is estimated to adequately consider potential clogging of the filter
screen and degradation of the SoSEAL barrier. Incorporating these restoration costs ensures that
the solutions maintain their intended performance throughout the entire considered lifespan. In Equa-
tion 7.5, the used formula to account for the restoration costs is presented.

n

C’r'estoration
PVi.cstoration = E (1 T T)k~At (75)
k=1
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With:
* PViestoration: Present value of the restoration costs (€)
* Chrestoration: Restoration cost per interval (€)
» At: Restoration interval (30 years)
*n= [tA—*t]: Number of restoration investments in the time frame ¢*

The present value of the restoration costs is added to the total present value (PV,,;) of the solution for
the considered scenario.

7.2.5. Maintenance & monitoring costs

The maintenance & monitoring costs are applied as a yearly expense over the duration of the lifespan.
For this expense item, two separate scenarios are considered. The maintenance & monitoring costs
are used as a constant yearly input in the EAC analysis for the default scenario. For the other scenario
the maintenance & monitoring costs are applied as a yearly increasing expense. With the solutions
possibly degrading faster over time and the possibility of more extreme events occurring during the
lifespan, a yearly increase in the costs is considered as realistic input for the sensitivity assessment as
well.

The maintenance & monitoring costs of the sheet pile are estimated to be 2% of the investment costs
each year [12]. The low and high end are based on the low and high investment costs, respectively.
For the plastic filter screen, a range of 2 to 10% of the average investment costs has been applied for
the maintenance & monitoring costs. This wider range of costs is considered appropriate, to account
for the uncertainties in the innovative design of the solution. For the SoSEAL barrier, a range of 2
to 10% of the average investment costs has been applied for the maintenance & monitoring costs as
well. This results in a relatively wide range of costs. Since the SOSEAL barrier has certain significant
uncertainties in the design as well, see section 4.4. This range is considered fitting.

For the yearly increase in costs for each solution, 2% of the average yearly maintenance & monitoring
costs is estimated for each scenario. No high and low costs are estimated for the yearly increase. In
Table 7.4, the maintenance & monitoring costs for both the yearly constant and increasing scenario are
presented for each solution.

Maintenance & Sheet pile Plastic filter screen SoSEAL barrier

Monitoring (M&M)

[€ly]

Low costs 21,617.93 24,880.11 130,207.93
17.43[/m] 20.06 [/m] 24.36 [/m]

Average costs 33,537.04 62,200.27 75,519.82
27.05 [/m] 50.16 [/m] 60.90[/m]

High costs 45,456.15 124,400.54 151,039.64
36.66[/m] 100,32 [/m] 121.81 [/m]

Yearly increase in 670.74 1244.01 1510.40

M&M costs [€ly] 0.54[/m] 1.00 [/m] 1.22 [/m]

Table 7.4: The variability in the constant maintenance & monitoring costs for each solution. The yearly increase in the costs for
each solution is shown as well. The costs are also expressed in costs per meter.

Depending on whether the costs are constant or yearly increasing, they are implemented differently as
input in the EAC analysis. Equation 7.6 is used to calculate the costs when the scenario with constant
yearly maintenance & monitoring is evaluated and Equation 7.7 is used when the scenario with yearly
increasing maintenance & monitoring costs is evaluated.

C= Cconstant (76) C= Cconstant + (t - 1)cincr (77)
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With:
» (' The yearly maintenance & monitoring costs (€)
* Ceonstant: Constant amount of yearly maintenance & monitoring costs (€)
* ciner: the yearly increase in maintenance & monitoring costs (€)

7.2.6. Technical lifespan

A scenario with varying technical lifespans is also considered, to take uncertainty into the performance
of the design into account. As stated earlier, the sheet pile is assumed to have a lifespan of 100
years, while the plastic filter screen and SoSEAL barrier are estimated at 75 years. However, these
estimates are uncertain. Conditions may be harsher than anticipated or the design of solutions may
underperform. It is also possible that the solutions may last longer if their design proves to be more
resilient or conditions are more favourable. To account for this uncertainty, both lower and upper bounds
of technical lifespan are included in the analysis. Because the plastic filter screen and SoSEAL barrier
have greater design and performance uncertainties than the sheet pile, a wider range is applied to those
lifespans. Since the design guidelines suggest a range of 50—-100 years for the filter screen [31][36],
this range is used for the varying technical lifespans. This range is also adopted for the SOSEAL barrier.
For the sheet pile, a smaller uncertainty is taken into account, leading to a smaller range: 85-115 years.
In Table 7.6, an overview of the range of technical lifespans is given.

Technical lifespans Sheet pile Plastic filter screen SoSEAL barrier
High estimate 115 100 100

Average estimate 100 75 75

Low estimate 85 50 50

Table 7.5: The estimates of the different technical lifespans of the piping solutions to account for future uncertainties.

7.2.7. Discount factor

To calculate the discount factors ((1 +r)?), various discount rates are possible to be used. In this study,
the discount rate for fixed costs that are largely independent of its use and less affected by economic
growth is considered. According to Steunpunt Economische Expertise and the HWBP programme, a
rate of r = 1.6% is therefore used [20] [27]. However, the discount rate can change significantly in
the future. Approximately ten years ago the rate for fixed costs was 2.5% and the rate for considering
societal costs 5.5% [52].

The discount rate is an important parameter in the EAC analysis. It influences the present value by
regulating how much future costs are discounted. Additionally, it influences the total EAC by altering
the annuity factor for the considered lifespan. In section E.1, the effect of different discount rates on
the EAC of the solutions for the different scenarios is further elaborated and discussed.
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7.3. Results EAC analysis

In this section, the results of the EAC analysis for the different scenarios are presented. By comparing
the differences in the EAC for the different scenarios, an evaluation is performed. This evaluation
addresses the sensitivity and performance of the solutions under the given uncertainties.

7.3.1. Default scenario

The first EAC analysis covers the default scenario. The default scenario consists of a range that covers
nine combinations of low, average and high cost regarding the investment, restoration and constant
yearly maintenance & monitoring expenses. These costs are considered for the functional lifespans
(see Table 7.1) of each climate scenario.

In Figure 7.3, the full range of the EAC is shown for each solution and scenario.

The EAC Ranges per Solution and Scenario
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Figure 7.3: The EAC ranges for each solution and scenario, with constant maintenance & monitoring costs. The range
consists of the combinations of the lowest, average and highest costs options from the cost tables of each solution. The
replacement costs are not considered.

Figure 7.3 shows that for the different climate scenarios the EAC stays in a similar range. With the
G scenarios, the time frames increase compared to the W+ scenarios. With increasing time frames,
i.e. longer lifespans, the total present value increases, but the annuity factor as well. Consequently,
the resulting EAC values for different climate scenarios stay in similar ranges. However, the ranges
of the more extreme W+ scenarios, are shifted more to the right, resulting in slightly higher EAC val-
ues. Furthermore, it is clear that the ranges for the SoSEAL barrier and plastic filter screen are both
significantly larger than the ranges for the sheet pile. This shows that the sheet pile has less design
and performance uncertainties compared to the plastic filter screen and SoSEAL barrier. Additionally,
the ranges for the SOSEAL barrier are larger than those of the plastic filter screen and start at higher
EAC values. The higher starting EAC values of the SOSEAL barrier, are mainly due to the considerably
higher restoration costs, compared to those of the sheet pile and plastic filter screen. From Table 7.1, it
can be seen that these costs are implemented at least twice for the moderate and weighted scenarios,
and once for the W+ scenarios, adding considerable costs over the total lifespan.

From Figure 7.3, it is also evident that the costs for the plastic filter screen and SoSEAL barrier are
clustered into three groups, while the costs for the sheet pile are more uniformly distributed. The cluster
behaviour and significantly larger EAC ranges for the SOSEAL barrier and plastic filter screen are due
to the uncertainty in their yearly maintenance & monitoring costs. Since these costs are implemented
every year, its value influences the total range the most. The left cluster corresponds to all options with
low maintenance & monitoring costs, the middle cluster to the options with average m & m costs and
the right cluster to the options with high m & m costs. This is more clearly illustrated with Figure 7.4
below.
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The EAC Ranges per Solution and Scenario

LR S —
SoSEAL barrier | o o (-] o o o
o o o o o o
e e e o e [
o ee oree
. o e e o o 9
Filter screen 000 000
[ ] [ ]
LN N ) LX X ]
: Scenario
—— G capped
. e 1 @ - >
Sheet pile o. -] . o" o — o ° G uncapped
P o i A o ° W+ capped
[ ] L ] LN ] . N
igh W+ uncapped
= Equally weighted
T T T T T T T

T T T T T T T T T T T T T
20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220
EAC value (€ x10°)

Figure 7.4: The different EAC ranges for low and high maintenance & monitoring costs. The options with average
maintenance & monitoring costs are excluded from this figure. In both the low and high range are still the low, average and high
costs for the other expenditure items considered.

This figure shows that the yearly maintenance & monitoring costs are the key factor in determining
the EAC range for the plastic filter screen and SoSEAL barrier. Even though the lowest and highest
costs for the other expense items are still incorporated, the low and high range are significantly further
apart than for the sheet pile. Since the sheet pile has more certainty in its maintenance & monitoring
costs, the ranges are closer together. However, this also shows that there is less room for improvement.
For the plastic filter screen and SoSEAL barrier, it can be seen that if the maintenance & monitoring
costs would become more certain, the total width of the EAC range would be substantially smaller. The
innovative solutions would then become a more attractive and economically viable option to implement.
However, they could still be more expensive than the sheet pile.

7.3.2. Sensitivity to increasing maintenance & monitoring costs

As shown in subsection 7.3.1, the maintenance & monitoring costs play a crucial role in the EAC anal-
ysis. It is also a realistic scenario that the maintenance & monitoring costs increase each year over
time, as stated in subsection 7.2.5. It is therefore considered valuable to take the yearly increasing
maintenance & monitoring costs into account as a separate scenario as well.

In Figure 7.5, the EAC ranges for yearly increasing maintenance & monitoring costs with the functional
lifetime as the considered time frame, are presented. The EAC values have increased compared to
the scenario with constant maintenance & monitoring costs. This is expected because each year more
costs are added to the total present value. Since the yearly increase is significantly higher for the
SoSEAL barrier and plastic filter screen, those EAC values have increased the most. Furthermore,
all solutions show higher EAC values for the moderate scenarios compared to the W+ and equally
weighted scenarios. This shows that with increasing yearly costs, a longer lifespan results in higher
EAC values. This is interesting, since for constant yearly maintenance & monitoring costs a shorter
lifespan resulted in higher EAC values. This indicates that the increase in the present value over the
years has a relatively larger impact than the discounting and the increase in annuity factor.
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The EAC Ranges per Solution and Scenario with yearly increasing Maintenance & Monitoring costs
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Figure 7.5: The EAC ranges for the functional lifespan with yearly increasing maintenance & monitoring costs.

7.3.3. Sensitivity to different lifespans

Since many of these functional lifespans exceed the technical lifespan of the solutions, another EAC
analysis is performed with the technical lifespans as the time frame. In Table 7.6 the new time frames
are presented. When the technical lifespan is not exceeded, the functional lifespan is still considered
for that scenario.

Scenario G Scenario G Scenario W+ | Scenario W+ | Scenario
capped uncapped capped uncapped Equally
weighted
Sheet pile 100 100 100 80 100
Plastic filter | 75 75 75 74 75
screen
SoSEAL 75 75 55 57 72
barrier

Table 7.6: The total lifespans (¢*) of the different piping solutions for each climate scenario.

When comparing the lifespans to those from Table 7.1, the time frames for the moderate G scenar-
ios have become significantly smaller, while the lifespans for the W+ and equally weighted scenarios
changed relatively little.
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Constant yearly maintenance & monitoring costs

First, the EAC of the solutions for constant yearly maintenance & monitoring costs is evaluated. In
Figure 7.6 the EAC ranges when considering the technical lifespans are presented. The ranges for the
different scenarios become very similar due to the similar time frames.

The EAC Ranges per Solution and Scenario

[ 2 . . L e L L ] ' 1 ' " L 2 . e
. L e e roe ° e ' | | | o e °
SOSEAL barrier o [} o ] [} ] o o o
o ° e | e e ° ' | | ) ° ° °
L] L] . ' e e L ' ' ' ' L] - e
=
=
5 L X ] ' ' o e o ' ' [ [ oo e
© i o 0o 0 ' o0 o | ' e o0
v Filter screen - o 00 o © 00
o o o0 ' e o ! ' L N ]
1= o e @ [ 1 o e @ ' ' ' ' oo e
‘&L Scenario
= G capped
~ G uncapped
* & e . .
. L -] om @ e W+ capped
Sheet pile o ] ] ] (] W+ uncapped
: : : ) :. : : = Equally weighted
20 30 40 50 60 70 80 °0 100 110 120 130 140 150 160 170 180 190 200 210 220

EAC value (€ x10°)

Figure 7.6: The EAC ranges for the different solutions and climate scenarios, considering the lifespans form Table 7.6 and
constant yearly maintenance & monitoring cost.

The differences in EAC for the technical lifespan and functional lifespan are relatively small. To be
able to compare the differences with Figure 7.3 more clearly, the difference between the two ranges is
plotted in Figure 7.7. The total ranges are subtracted from each other for each scenario to show the
increase or decrease at both ends of the ranges. An increase in EAC on either end of the range thus
shows a shift to the right (higher EAC values), whereas a decrease in EAC on either end shows a shift
to the left of the (lower EAC values).

Difference in EAC Ranges per Scenario and Solution
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Figure 7.7: The difference in the EAC ranges over the technical lifespan compared to the functional lifespan, with constant
maintenance & monitoring costs. The visualisation shows that the EAC values have stayed the same or have increased when
considering the technical lifespan.
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When the technical lifespan is not exceeded and the functional lifespan is thus still considered, there
is no change in EAC. Figure 7.7 shows that for the technical lifespan, the EAC ranges have shifted
to higher EAC values. This increase is the most for the moderate G scenarios. This shows again
that for longer time frames and constant maintenance & monitoring costs, the annuity factor has a
greater impact than the increasing total present value. This is due to the fact that the maintenance &
monitoring costs do not increase over time, but are increasingly discounted. Since the time frames for
the G scenarios have decreased significantly more compared to the W+ scenarios, when considering
the technical lifespan, these EAC values have increased more. The differences in the EAC ranges are
in similar ranges for each solution.

To evaluate the influence of a replacement cycle an additional time frame is considered. Since the
technical lifespan for the plastic filter screen and SoSEAL barrier is estimated to be 75 years, a maxi-
mum life cycle of 150 years is considered. The replacement costs are implemented after 75 years in
2100. With a technical life span of a 100 years, the maximum considered life cycle for the sheet pile
is 200 years. Replacement costs are implemented after a 100 years in 2125. The functional lifespan
of a solution is still considered, if the 150 or 200 year time frame exceeds their respective functional
lifespan. In Figure 7.8, the differences in EAC ranges are displayed between the functional lifespan
without considering replacement and the life cycle with replacement.

Difference in EAC Ranges per Scenario and Solution
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Figure 7.8: The difference in the EAC ranges over a life cycle with a replacement is compared to the functional lifespan
(without replacement). Constant maintenance & monitoring costs are considered. The visualisation shows that the EAC values
have increased when considering a replacement cycle. Only when the time frame stayed the same for a scenario, the EAC
values did not change.

Since the replacement costs are a relatively large investment, they cause a jump in the total present
value of the solution, increasing the EAC. It can be seen that mainly for the relatively long time frames
of the moderate scenarios, the EAC values increase when considering the replacement costs of the
solution. This is to be expected, since for longer time frames a replacement needs to be implemented.
While for the more extreme climate scenarios the functional lifespan is often shorter than the technical
lifespan. For the W+ scenario with an uncapped discharge, none of the solutions perform well enough
to reach beyond their technical lifespan. A replacement is then not implemented, resulting in the same
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EAC. Although the replacement costs differ between the solutions, the increase in EAC is relatively
similar for scenarios that need a replacement.

Increasing yearly maintenance & monitoring costs

The sensitivity to different lifespans is also considered for yearly increasing maintenance & monitoring
costs. When comparing the EAC values and ranges with the technical lifespan as the time frame, a
decrease is observed, see Figure 7.9. This is expected since the time frames are shorter. Additionally,
the bigger the difference between the technical lifespan and functional lifespan, the higher the decrease
in EAC values. This shows it is important to consider the technical lifespan when comparing the solu-
tions, since it causes significant differences. Furthermore, the decrease is significantly smaller for the
sheet pile compared to the plastic filter screen and SoSEAL barrier. Besides the smaller difference in
lifespans for each scenario, this is also due to the sheet pile’s lower yearly costs. The differences in
EAC additionally show that a different lifespan has especially impact on the plastic filter screen and
SoSEAL barrier, since their yearly increase is relatively high.

Difference in EAC Ranges for yearly increasing Maintenance & Monitoring costs
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Figure 7.9: The EAC differences between considering the functional lifespan and the technical lifespan, both with yearly
increasing maintenance & monitoring costs. The shorter technical lifespan shows a decrease in EAC for most scenarios
compared the time frame of the functional lifespan.

Lastly, the scenario with varying technical lifespans is considered. In this EAC analysis the high and
low estimates for each solution, from Table 7.5 are compared. Since a different lifespan has a greater
impact on the scenario with increasing yearly costs compared to constant yearly costs, the evaluation
for different technical lifespans is done for the scenario with increasing yearly costs. In Figure 7.10 the
differences between a longer and a shorter technical lifetime are shown.
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Difference in EAC Ranges for yearly increasing Maintenance & Monitoring costs

SOSEAL barrier | Equally weighted - - -
SoSEAL barrier | W+ uncapped - 1
SOSEAL barrier | W+ capped - 1
SoSEAL barrier | G uncapped - — —
SOSEAL barrier | G capped - — —
Filter screen | Equally weighted | 1 ; ________________________________ ; ________________________
Filter screen | W+ uncapped - L] n
Filter screen | W+ capped - L -
Filter screen | G uncapped - _— -
Filter screen | G capped - _— -
Sheet pile | Equally weighted ——"_l _______________ S R R
Sheet pile | W+ uncapped -
Sheet pile | W+ cappedq 1 I
Sheet pile | G uncapped{

M Decrease in EAC
Sheet pile | G capped{ ¥ | Il Increase in EAC

T T T T T T T T
75 100 125 150 175 200 225 250 275
EAC (x10° €)

Figure 7.10: The difference in EAC ranges between different technical lifespans with yearly increasing maintenance &
monitoring costs. A comparison between a technical lifespan of 100 and 50 years is made for the plastic filter screen and
SoSEAL barrier. For the sheet pile the comparison is made between a technical lifespan of 115 and 85 years. If the technical
lifespan exceeds the functional lifespan, the functional lifespan is considered.

A shorter technical lifespan shows a decrease in the EAC of the plastic filter screen for all scenarios.
For the SoSEAL barrier, a decrease is observed with a shorter lifespan for the moderate scenarios
and equally weighted scenarios. However, for the W+ scenarios there is a small decrease on the left
and increase on the right, meaning the range is wider for a shorter lifespan. The solution becomes
thus more sensitive to the costs uncertainties. It is important to note that for the W+ scenarios of the
SoSEAL barrier the difference between the 50 year lifespan is small, because the functional lifespan for
the capped and uncapped scenario are 57 and 55, respectively. For the sheet pile, similar behaviour
is seen. For all scenarios except the W+ uncapped scenario (since the functional lifespan is only 80
years), the range becomes wider for a shorter lifespan. This is interesting since it was observed in
Figure 7.9 that a 100 year technical lifespan decreases the EAC compared to the higher functional
lifespans. This suggests that the effect of shorter lifespans leading to lower EAC values and shorter
ranges, only holds up to a certain point. By investigating more lifespans this effect could be further
analysed for all solutions.

However, as discussed, the increase and decrease in the range of EAC is different for each solution and
scenario. This shows that for the investigated designs and current costs, each solution has a different
(optimal) lifespan for which this range is minimal. More importantly, each solution is a different number
of years away from their optimal lifespan. Since one solution may thus be closer to the optimum then
the other, a direct comparison is difficult to perform.

7.4. Key findings

By assessing the uncertainty in the costs for different climate scenarios, it shows that the economic
and design uncertainties have a greater influence on the amount and range of EAC, compared to the
climate uncertainties. It was found that especially the uncertainty in the maintenance & monitoring
costs contribute the most to the range and uncertainty in the EAC of the solutions. Furthermore, with
constant yearly maintenance & monitoring costs, the EAC values are lower for shorter lifespans. With
yearly increasing maintenance & monitoring costs, the EAC values increase for shorter lifespans.

Since the range of these costs is the smallest for the sheet pile, this piping solution shows the least
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uncertainty in the EAC. Additionally, for increasing maintenance & monitoring costs the sheet pile
showed little sensitivity to changing lifespans (i.e. future uncertainties), while the plastic filter screen
and SoSEAL barrier showed a significant decrease. For constant maintenance & monitoring costs all
solutions are similarly sensitive to changing conditions.

It is also found that all solutions are less sensitive to different lifespans for the W+ scenarios. This is
because the functional lifespans are already shorter compared to the more moderate scenarios. Con-
sidering the technical lifespan, does therefore not yield a (significant) difference in the time frame.

So, according to these differences, the sheet pile is the least sensitive to uncertainties in the lifespan
under yearly increasing costs compared to the plastic filter screen and SoSEAL barrier. With increasing
time, however, the knowledge on the innovative solutions and certainty in their design will increase. The
amount and range of yearly costs of the innovative solutions will then decrease with time. This would
make the plastic filter screen and SoSEAL barrier less sensitive to the future uncertainties and could
potentially make them a competitive alternative to the sheet pile.

Another key finding from Figure 7.10 shows that there may be an optimal lifespan for the solutions when
yearly increasing costs are considered. In this thesis, however, only one design and a limited number
of lifespans for each solution is evaluated. Since the solutions differ in costs and performance, each
solution has a different optimal lifetime. Additionally, it is unclear how close the considered lifespans
are to their optimum lifetime. This makes a comparison of the changes in the values and range of the
EAC between the solutions difficult.

Lastly, in this EAC analysis, the increasing risk of dike failure over time is not taken into account. The
failure probabilities considered in this study relate exclusively to piping of a certain section of the dike
trajectory. Furthermore, failure due to piping represents only one aspect of the overall dike failure prob-
ability. Other failure mechanisms, such as macro-stability and overtopping, must also be considered
to determine the critical failure mode. Therefore, attributing the total risk of dike failure solely to the
performance of the piping solutions of this dike section would not be accurate or representative without
accounting for the other failure mechanisms.

Nevertheless, it is of interest to examine how incorporating risk affects the EAC. As risk increases over
time, this is represented by adding a non-constant, annually increasing expenditure to the analysis.
The impact of this adjustment is demonstrated in section E.2.



Conclusions & recommendations

8.1. Conclusions

This study evaluates the design and life cycle performance of different piping solutions under climate
change uncertainties. The aim was to address the knowledge gap regarding how (innovative) solutions
with distinct working principles compare in their performance under varying climate change uncertain-
ties, and how these differences affect the costs of their associated life cycle. The research was guided
by the following main question:

How does the design and life cycle of different piping solutions compare under climate change uncer-
tainties?

To answer this question, the following sub-questions are addressed in this study:

1. What are the effects and uncertainties of climate change on the different piping solutions, and
how are these currently considered in the design guidelines?

2. How can the different solutions be modelled to investigate their performance under climate change
uncertainties, using COMSOL?

3. What are the effects of the different designs and climate change uncertainties on the failure prob-
abilities due to piping for each solution, according to the COMSOL model?

4. How does the sensitivity of the different solutions to the design and climate change uncertainties
compare, based on a life cycle cost analysis?

Changes in temperature, precipitation, and drought conditions do influence the hydraulic gradient, a key
driver of backward erosion piping. An increase in precipitation and extreme discharges raise upstream
water levels and gradients, while drought related subsidence can increase the gradient as well. These
effects carry uncertainty due to the amount of human activities, which is represented by different climate
scenarios. In this thesis a moderate G and high emission W+ scenario from the KNMI [55], for a
capped and uncapped discharge have been considered. Furthermore, a combined scenario with all
four scenarios taken into account equally (25% each) is considered. The likelihood of each scenario
is uncertain as well. It is important to account for these future uncertainties in the design decisions.
Current design guidelines however, rarely consider climate change in relation to the design and lifetime
of the structure. Where mentioned, they lack explicit methods on how to incorporate the relevant
uncertainties into the design.

The different working principles of each solution determines their sensitivity and performance under
varying hydraulic gradients. These aspects were evaluated by assessing the representative failure
criteria using COMSOL models. All models were built with the fictitious permeability approach for
the erosion pipe. The failure criterion for each solution is based on the critical event in the steps
leading to piping failure. The hydraulic heave criterion is analysed for the sheet pile and plastic filter
screen, while the SOSEAL barrier was assessed using the Sellmeijer horizontal gradient criterion. The
sheet pile was modelled as an impermeable domain and the plastic filter screen using an equivalent
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hydraulic conductivity for the filter section. A heterogenous field of normally distributed HCR factors
and a weakened contact area are used to model a representative SOSEAL barrier. Climate change
effects were represented in the model by varying upstream water levels. The models were simulated
for these water levels, and the performance was quantified using conditional failure probabilities.

From the models and resulting conditional failure probabilities for piping, it is concluded from this study
that the plastic filter screen and sheet pile exhibit similar performance; besides both preventing hy-
draulic heave, they show a sharp increase in failure probability beyond 12.0 m NAP. This threshold is
specifically for the designs modelled in this thesis. From the threshold value it is concluded that from
a certain water level the sheet pile and filter screen are more prone to piping. Although, the plastic
filter screen proved slightly less sensitive to rising water levels, likely due to its permeable structure.
The SoSEAL barrier, when fully sealing the aquifer, demonstrated low sensitivity to higher water levels
compared to the other solutions. However, for relatively low water levels, its estimated failure proba-
bilities were higher, likely due to the heterogeneity of the barrier and elevated hydraulic conductivity
at the contact interface. Overall, the SOSEAL barrier showed similar trends for capped and uncapped
scenarios, as its failure probabilities remained low even for extreme events.

The results and piping failure probabilities of each solution are significantly influenced by the model
input. This input is subjected to assumptions, design choices and model characteristics. Especially the
plastic filter screen and the SOSEAL barrier have inherent uncertainties due to their innovative designs.
The performance of the barrier depends heavily on the injection technique and SoSEAL material, which
influence the contact area and the amount of reduction in hydraulic conductivity. The performance of
the plastic filter screen is dependent on the modelled equivalent hydraulic conductivity, which is sub-
jected to the uncertainties in the filter screen, filter sand and the hydraulic conductivity of the aquifer.
Improving these aspects by decreasing the uncertainties in the future or taking different estimations
could significantly increase the performance of the innovative solutions.

Using the Equivalent Annual Cost (EAC) analysis, the life cycle costs under different design and climate
uncertainties have been determined. By analysing and comparing the amount and range in costs for
different scenarios, the sensitivity of the solutions to the uncertainties is assessed.

The sheet pile demonstrated the lowest values and range in EAC, followed by the plastic filter screen
and the SoSEAL barrier. The range of EAC values, was most sensitive to the uncertainty in the mainte-
nance & monitoring costs, highlighting the importance of accurate cost estimations. While differences
between the climate scenarios are observed, climate-related uncertainties had significantly less influ-
ence on the costs than uncertainties in design-related expenses. In the future the knowledge on the
innovative solutions and certainty in their design will increase. The amount and range of the yearly
costs will then decrease with time. This would make the plastic filter screen and SoSEAL barrier less
sensitive to the future uncertainties and could potentially make them a competitive alternative to the
sheet pile.

Under constant annual maintenance & monitoring costs, longer lifespans resulted in lower EAC values
for all solutions. However, when the costs increase annually, longer lifespans produce higher EAC
values, emphasising the need to compare technical lifespans and functional lifespans in design deci-
sions. Additionally, including replacement costs resulted in similar proportional increases in EAC for
each solution.

Investigating the uncertainty in technical lifespan under yearly increasing costs, showed a shorter life
cycle does not for all climate scenarios always yield lower EAC values and a shorter range. It suggested
that for each solution, there is a different optimal lifespan for which the sensitivity is minimal. However,
the increase and/or decrease in the range of EAC for each solution is design dependent. In this thesis,
however, only one design and a limited number of lifespans for each solution is evaluated. In addition,
it is unclear how close the considered lifespans are to their optimal lifetime. A direct comparison is
therefore difficult to perform.

To conclude, the performance of the different piping solutions is influenced by both design and climate
change uncertainties. Changes in the lifespan and yearly costs significantly affect the performance of
the solutions across different scenarios, even more than the uncertainties of climate change. This study
underscores the importance of considering design uncertainties and incorporating cost variability into
current decision-making. By Reducing these current uncertainties in innovative solutions, they could
prove to be suitable alternatives when evaluating and comparing different solutions.
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8.2. Recommendations
Based on the findings of this study, several recommendations are proposed to improve the design
evaluation under climate change uncertainties.

Recommendations are made for improving the current study and for conducting future research.

* Due to time limitations, the number of simulations was limited. The conditional failure probabilities
for the relatively lower water levels could unfortunately not be captured. When enough time is
available, the models should be run for significantly more simulations to obtain more accurate
conditional failure probabilities. The needed number of simulations for accurate results should
be determined.

The current analysis focuses primarily on economic performance and sensitivity to cost and de-
sign uncertainties. While climate change is considered, the environmental impact of the solu-
tions is not. However, environmental impact is an increasingly important criterion in construction
decision-making. It is recommended to integrate environmental indicators, such as the MKI (Mi-
lieukostenindicator) factor, into life cycle assessments of piping solutions.

The present study evaluated the solutions as stand-alone measures. In practice, sequential imple-
mentation (e.g., applying a solution followed by a more robust measure in the next reinforcement
cycle) may provide cost and risk advantages. Future research should explore hybrid strategies,
where solutions are combined and the next increment is considered. In these strategies, the
innovative solutions may present themselves as a more suitable alternative.

Current design evaluations assume a constant safety standard over the life cycle. However, as
economic growth progresses, societies often demand higher safety levels in the future. Future
studies should investigate the influence of increasing safety standard over time. Adaptive design
strategies could be determined that account for the increasing safety requirements over time.

» The analysis revealed that the Equivalent Annual Cost (EAC) is strongly influenced by the chosen
lifespan of the solution, particularly when maintenance & monitoring costs increase over time. An
optimal lifespan for which the EAC values are lowest and the range in EAC the smallest could be
found. As stated, in this study only one design for each solution is investigated. It is thus unclear
how far the considered lifespan for the design is from the optimal lifespan. Future research could
therefore focus on optimizing the functional lifespan for each solution, considering both technical
and economic factors. An adaptation of the currently used EAC method can be used to identify
the lifespan that results in the lowest EAC.

» The solutions are the most sensitive to the uncertainty in maintenance & monitoring, restoration
and replacement costs. These costs had a larger impact on the solutions than climate-related
uncertainties. To increase the reliability of life cycle cost assessments, more accurate cost esti-
mates and forecasting methods can be developed. This should include collecting empirical data
on long-term maintenance requirements and failure repair costs. Establishing standardized cost
databases for innovative solutions can significantly reduce uncertainty in economic evaluations.
Reducing these uncertainties over time could also potentially lead to better performing innovative
solutions in design evaluations.
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Composite fit for Hydra-NL water
levels

The water levels, calculated by Hydra-NL, are fitted using a composite fit of the Weibull and Generalised
pareto distribution.

In Figure A.1, the composite fit for scenario G with a capped discharged is shown. The water levels
from Hydra-NL are shown in Table A.1.

Composite fit to water levels; moderate scenario G with capped discharge at Lobith of 18000 [m?/s]
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Figure A.1: The composite fit for the water levels of climate scenario G with a capped discharge at Lobith of 18,000 m3/s.
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Return periods | 2050 2100
10 10.156 | 10.372

30 10.664 | 10.804

100 11.046 | 11.158

300 11.279 | 11.383

1000 11.479 | 11.581
3000 11.630 | 11.725
10,000 11.764 | 11.876
30,000 11.854 | 11.919
100,000 11.921 | 12.063

Table A.1: The water levels in [m NAP] for a moderate emission scenario [G] with a capped discharged at Lobith of
18000 m3 /s.

In Figure A.2, the composite fit for scenario G with a uncapped discharged is shown. The water levels

from Hydra-NL are shown in Table A.2.

Composite fit to water levels; moderate scenario G with an uncapped discharge at Lobith
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Figure A.2: The composite fit for the water levels of climate scenario G with an uncapped discharge at Lobith.

Return periods | 2050 2100
10 10.156 | 10.366

30 10.665 | 10.804

100 11.044 | 11.156

300 11.278 | 11.381

1000 11.479 | 11.585

3000 11.626 | 11.727
10,000 11.767 | 11.893
30,000 11.911 | 12.066
100,000 12.097 | 12.258

Table A.2: The water levels in [m NAP] for a moderate emission scenario [G] with an uncapped discharged at Lobith.

In Figure A.3, the composite fit for scenario W+ with a capped discharged is shown. The water levels

from Hydra-NL are shown in Table A.3.
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Composite fit to water levels; high scenario W+ with capped discharge at Lobith of 18000 [m?/s]
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Figure A.3: The composite fit for the water levels of climate scenario W+ with a capped discharge at Lobith of 18,000 m?3/s.

Return periods | 2050 2100
10 10.358 | 10.695

30 10.829 | 11.121

100 11.180 | 11.390

300 11.382 | 11.586

1000 11.565 | 11.761
3000 11.699 | 11.887
10,000 11.823 | 11.968
30,000 11.917 | 12.045
100,000 12.042 | 12.165

Table A.3: The water levels in [m NAP] for a high emission scenario [W+] with a capped discharged at Lobith of 18 000 m3 /s.

In Figure A.4, the composite fit for scenario W+ with an uncapped discharged is shown. The water
levels from Hydra-NL are shown in Table A.4.
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Figure A.4: The composite fit for the water levels of climate scenario W+ with an uncapped discharge at Lobith.

10?

10*

Return periods | 2050 2100
10 10.357 | 10.697

30 10.831 | 11.120

100 11.176 | 11.391

300 11.381 | 11.591

1000 11.571 | 11.767
3000 11.707 | 11.951,
10,000 11.866 | 12.160
30,000 12.036 | 12.341
100,000 12.229 | 12.525

10°

Table A.4: The water levels in [m NAP] for a high emission scenario [W+] with an uncapped discharged at Lobith.
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Design dimensions

The final dimensions and input of the designs for each solution, are the result of an iterative process. In
this process, the behaviour of the solutions is investigated by assessing their respective failure criteria.
This is also described in the methodology flow chart, see Figure 5.1.

For water levels of different future sight years, corresponding to the target safety, multiple designs were
deterministically evaluated. In Equation C.1, the general inequality criterion for each solution is given.

S<R (C.1)

So, Equation C.1 is checked for each design with R being the critical gradient and S the acting gradient.
Both are represented as deterministic values. The resulting final designs and dimensions serve as input
for the probabilistic assessment.

C.1. Dimensions sheet pile

For the sheet pile, the width follows from the AZ24-700 profile and this is fixed for each design. To
determine the length of the sheet pile, the following failure criterion is checked, as described in subsec-
tion 5.3.3:

S < R =gy, <ic (C.2)

Different lengths of the sheet pile were tested for the water level corresponding to the safety target. For
this assessment conservative soil parameters were used. The 95% low average was used for the dr,
and the 95% high average was used for K.

It was found that an embedded depth of 3.5m is the shortest length for the sheet pile to meet the
criterion.

C.2. Dimensions plastic filter screen

For the plastic filter screen, the width was derived from the Prolock design and kept constant across
the different configurations. Before determining the final length, two alternative filter screen designs
were tested:

1. A design with a fixed closed bottom part of 0.5m and a fixed filter section of 1.0m starting 0.5m
above the base. The top and bottom sections are closed, meaning that with increasing total
length, the closed top section also increases.

2. A design with a fixed closed bottom part of 0.5m, while the remainder of the screen functions as
a filter. In this configuration, the filter length increases proportionally with the total screen length.

Both configurations were modelled for varying water levels and soil parameters to compare their be-
haviour and performance. The second design consistently outperformed the first and was therefore
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C.3. Dimensions SoSEAL barrier 81

selected for further modelling. It should be noted, however, that the larger filter section introduces ad-
ditional uncertainty, as the innovative filter part itself is still associated with performance uncertainties.

To determine the required length of the plastic filter screen, the same failure criterion applied to the
sheet pile was used. In the assessment, the conservative values of dy and K were adopted again as
well. The analysis showed that an embedded depth of 2.5, m is sufficient for the plastic filter screen to
meet the criterion without unnecessary over-dimensioning.

C.3. Dimensions SoSEAL barrier

As outlined in section 4.4, current methods and knowledge do not allow for the guarantee of a fully
continuous SoSEAL barrier. The most robust and preferred implementation is therefore a barrier that
completely seals the aquifer. Consequently, the depth of the SOSEAL barrier is not determined through
an iterative process but is instead based directly on the aquifer depth.

Additionally, only a single hydraulic conductivity reduction (HCR) field was designed and applied, as
described in subsection 5.5.3.

The contact zone between the barrier and the cover layer, however, was investigated for different
configurations. To evaluate these different designs, the failure criterion defined in subsection 5.3.2 was
applied:

d d
S<p=-P @ (C.3)
drrEpm  dTerit

The initial iteration, conducted without a weakened contact area, produced unrealistically low results.
Subsequent evaluations of different contact zone configurations demonstrated that this area strongly
affects the performance of the SoSEAL barrier. In particular, the hydraulic conductivity of the contact
zone significantly effects whether the criterion was met. Considerable uncertainty remains regarding
this parameter due to limitations of current injection techniques. To address this, the contact zone was
modelled stochastically, using a log-normal distribution, which provided the most realistic representation
of barrier performance. Different reduction factors, applied to the 95% high average aquifer conductivity
(see Equation 5.13), were assessed to generate a range of contact zone conductivities. Deterministic
evaluation of the criterion for the different factors showed that factors according to a distribution with a
95% high average value of 10 resulted in compliance with the criterion.



Parametric sweep for erosion channel
height

The mesh of the erosion channel domain depends on the height a. When using different sample values
of a for each simulation, means that every time the domain has to be re-meshed. This is very inefficient
and time-consuming. Instead, the simulations are run for sampled values of a factor f, with which a is
multiplied. The hydraulic gradient is kept the same and the permeability is changed, through the factor
fa- In the model the flow through the channel needs to stay the same for every run, see Equation D.1.

q1 = q2 (D.1)

The flow ¢ can be expressed as in Equation D.2. As can be seen, the height for the new erosion channel
is the previous height a; multiplied by the factor f,.

al*kl*@ :fa*al*kQ*@ (D2)
dz1 dx2

The gradient needs to stay the same, since the geometry stays the same in the model (there is no
re-meshing). Therefore; 2% is equal to 4% . Equation D.2 can now be rewritten as:

ky = f“: U kg = fo % ko (D.3)
1

The formula for the permeability of the pipe is known:

2
k, = —2*6]{% (D.4)

Using f,,, Equation D.4 can be written in a generalised form that is applicable to every erosion channel
height for each simulation. Since the assumed erosion channel has a square shape D, is equal to a.
The applied formula for the permeability of the pipe then becomes as follows:

2x D3 :fa*Q*(fa*a>2 _ 2 % a?

k*:a — s =
fax B B o B

(D.5)
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Sensitivity analysis

E.1. Different discount rate

As stated in subsection 7.2.7, the discount rate can change significantly in the future. An analysis
is performed that investigates the use of a discount rate of 2.25% and 4%. The 2.25% discount rate
is currently used as the standard discount rate by Steunpunt Economishce Expertise [20]. The 4%
discount rate is significantly higher and arbitrarily chosen, but could be a realistic rate in the future.

In Figure E.1, the difference in EAC for a 2.25% discount rate can be seen over the technical lifespan
for each solution with constant yearly monitoring & maintenance costs.

Difference in EAC Ranges per Solution and Scenario
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Figure E.1: The difference in EAC when comparing the use of a 2.25% discount rate to a 1.6% discount rate. In this analysis
the representative technical lifespans are considered with constant yearly monitoring & maintenance costs.

A higher discount rate results in higher EAC values for all solutions and scenarios. This is primarily due
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to its impact on the annuity factor. The total present value (PV) of costs increases approximately log-
linearly over time (due to the constant yearly costs), meaning that the additional contribution of each
subsequent year to the total PV becomes progressively smaller. When the discount rate increases,
these already small increments are further reduced, resulting in only a marginal effect on the total PV.
In contrast, the annuity factor is more sensitive to the discount rate and grows at a much slower pace as
the discount rate increases. Since the EAC is calculated as FAC = %, this relatively stronger effect
on the denominator leads to higher EAC values for higher discount rates. This effect becomes stronger
with longer lifespans. The increase in EAC is therefore higher for the sheet pile, since its technical
lifespan (100 years) is longer than that of the plastic filter screen and SoSEAL barrier (75 years).

The same analysis between the 1.6% and 2.25% is also performed for the scenario with yearly increasing
monitoring & maintenance costs, see Figure E.2. Since the monitoring and maintenance costs now
increase annually, the total invested costs grow over time. Consequently, the discount rate applies to
progressively larger future values, amplifying the discounting effect on the total present value. However,
as shown in the graph, the EAC still increases compared to the scenario with a 1.6% discount rate. This
indicates that, although the impact of discounting is stronger due to higher future costs, the effect on
the annuity factor, as described earlier, remains dominant. This results in higher EAC values overall.

Difference in EAC Ranges for yearly increasing Maintenance & Monitoring costs
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Figure E.2: The difference in EAC when comparing the use of a 2.25% discount rate to a 1.6% discount rate. In this analysis
the representative technical lifespans are considered with yearly increasing monitoring & maintenance costs.

The comparison between the difference in a discount rate 4% and 1.6% is presented in Figure E.3.
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Difference in EAC Ranges per Solution and Scenario
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Figure E.3: The difference in EAC when comparing the use of a 4% discount rate to a 1.6% discount rate. In this analysis the
representative technical lifespans are considered with constant yearly monitoring & maintenance costs.

The higher discount rate results in increasing EAC for all solutions and scenarios. At a discount rate
of 4%, the described effect becomes significantly more pronounced and clearly observable. This is
expected, as the influence on the total present value declines further with constant costs, while the
impact on the annuity factor continues to increase.

In Figure E.4, it is seen that the effect of the higher discount rate decreases as total invested costs grow
over time. As stated before, the discount rate applies to progressively larger future values, amplifying
the discounting effect on the total present value. However, the effect on the annuity factor remains

dominant.
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Difference in EAC Ranges for yearly increasing Maintenance & Monitoring costs
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Figure E.4: The difference in EAC when comparing the use of a 4% discount rate to a 1.6% discount rate. In this analysis the
representative technical lifespans are considered with increasing yearly monitoring & maintenance costs.

It can be reasoned that if the annual costs were to increase significantly more each year than in the
current scenario, the effect of a higher discount rate on the total present value would outweigh its effect
on the annuity factor. In that case, the EAC would decrease as the discount rate increases.

E.2. Risk of failure

As stated in section 7.4, risk is a non-constant annually increasing expense. This is because the failure
probability increases exponentially with time. To account for risk in the EAC analysis, the risk needs to
be added to PV,,;. Equation E.1 shows the formula for calculating the total risk.

Cdamage
PVyigk = ZPt REIT (E.1)

With:
* PV, Total present value of the risk

* P;: Failure probability in the considered year
* Ciamage: Estimation of the damage costs of the hinterland after a dike breach

The total damage of a breach of the Grebbedijk is estimated to be €27 billion [31]. By incorporating
the risk in the analysis the EAC ranges from Figure E.5 are obtained.
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The EAC Ranges per Solution and Scenario with Risk costs included

SoSEAL barrier

c

=

=1

=

[=] .

(73] Filter screen 4

g

g— Scenario
= G capped
- G uncapped

W+ capped

Sheet pile 4 W+ uncapped

= Equally weighted

T T T T

: - T : . T - - T - - T f T T ;
50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
EAC value (€ x10%)

Figure E.5: The EAC ranges per solution and scenario. The risk as presented in Equation E.1, is taken into account for the
EAC values.

Since the EAC analysis is conducted over the functional lifespan, all solutions ultimately reach the
same failure probability, corresponding to the maximum allowable threshold. However, solutions with
a shorter lifespan reach this failure probability earlier. Consequently, while the risk (P; * Cyammage) at
the end of the respective lifespans is identical, the associated costs are discounted over a shorter time
frame. This results in a higher EAC for shorter lifespans. This effect is illustrated in Figure E.5, since
the EAC for the W+ climate scenarios is higher than for the moderate scenarios with a longer lifespan.

Figure E.6 shows the difference in EAC between functional and technical lifespans. The largest differ-
ences occur in the G scenarios, where the lifespan discrepancies are greatest. The effect is slightly
more pronounced for the plastic filter screen and sheet pile compared to the SOSEAL barrier, as the
latter has the smallest difference between functional and technical lifespans. Moreover, the failure
probability in general increases exponentially, making larger variations in the timespan more influential
on the risk-related costs.
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Difference in EAC Ranges per Solution and Scenario
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Figure E.6: The difference in EAC for each solution and scenario. The technical lifespan is compared to the functional lifespan.
This means the increase or decrease is with respect to the functional lifespan.

The EAC analysis accounting for risk was also performed for the scenario with annually increasing
monitoring & maintenance costs. As shown in Figure E.7, longer lifespans for the plastic filter screen
and SoSEAL barrier result in higher EAC values, indicating that the impact of increasing monitoring
& maintenance costs dominates over risk with increasing time. Although risk grows exponentially, the
low failure probabilities keep its contribution relatively small compared to the rising maintenance &
monitoring expenses.

For the sheet pile, the two cost components are more balanced. This is because the annual increase
in maintenance & monitoring costs is lower than for the plastic filter screen and SoSEAL barrier.

The EAC Ranges with Risk costs and yearly increasing Maintenance & Monitoring costs included
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Figure E.7: The EAC ranges for the different solutions and scenarios. The yearly increasing monitoring & maintenance costs
and the risk is taken into account.
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In Figure E.8 the differences between considering the functional lifespan and technical lifespan are
presented. For the SoOSEAL barrier and the plastic filter screen, the increase in maintenance costs is
the largest. Consequently, a shorter lifespan leads to a significant reduction in EAC, particularly in the
G scenarios, where the difference between functional and technical lifespans is greatest.

For the sheet pile, there remains a relatively large EAC difference in the G scenarios. Although the
increase in maintenance costs is comparatively small, the substantial difference in timespan still results
in a notable impact on EAC.

Difference in EAC Ranges per Solution and Scenario
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Figure E.8: The difference in EAC for each solution and scenario. The technical lifespan is compared to the functional lifespan.
This means the technical lifespan shows a decrease or stays equal with respect to the functional lifespan.
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