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Executive Summary

Introduction

The Netherlands has always been a country threatened by floods. To protect the land from
flooding, it contains approximately 3800km of primary flood defences, like dikes. The safety of
these defences is regulated by law in the Dutch Water Act, which states for all dike trajectories
the maximum allowed failure probability. By dividing this probability over the different failure
mechanisms and over the length of the trajectory the target probability is obtained: the maximum
allowed failure probability for a certain failure mechanism per cross-section. The safety of a dike
is assessed by calculating its failure probability and comparing it to the target probability.

For the failure mechanism of macro-stability (failure of a dike by sliding of the inner slope) the
failure probability is determined using a semi-probabilistic method, which results in an
approximated failure probability based on a calibrated formula. This formula is calibrated in such
a way, that in most cases it should lead to a conservative failure probability, i.e. overestimates the
failure probability.

However, for dikes with high and wide foreshores (land in front of the dike that is most of the time
not flooded) the semi-probabilistic method is probably too conservative, i.e. leading to large
overestimations of the failure probability. After all, for water levels below foreshore level, for
which the foreshore is not flooded, the dike is probably significantly safer than for water levels
above foreshore level. In a semi-probabilistic calculation only one (design) water level is used,
which is above foreshore level. The lower water levels, for which the dike is probably significantly
safer, are not taken into account, leading to overestimations of the failure probability. This could
lead to unnecessary expenses for dike reinforcements. Therefore, this Thesis studies whether it is
possible to improve the current safety assessment for dikes with high foreshores, i.e. determine
the failure probability in a better (less conservative) way.

Failure definitions

Before calculating any failure probabilities, it is studied what can be defined as failure. Failure is
defined as loss of function of the dike, which means the dike is no longer able to retain the water.
For a normal dike, without foreshore, the WBI (assessment guidelines) proposes to regard all slip
surfaces that have an entrance point halfway the inner slope or further to the water side as
failure: the WBI failure definition. For dikes with a foreshore, this failure definition neglects the
residual width. In case the water level is below foreshore level, after sliding of the inner slope
there is often still a large foreshore left to retain the water; the dike is nowhere near failure.

To be able to properly define failure for dikes with high and wide foreshores, one has to take into
account the residual width. Doing so, there are three scenarios that can lead to macro-stability
failure of a dike with a high and wide foreshore. These scenarios are mentioned below and are
shown in the figure.
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1. Failure of the dike due to a (shallow) slip surface in case the water level is higher than the

foreshore level.
2. Failure of the dike due to a deep and long slip surface in case the water level is below the

foreshore level.
3. Failure of the dike due to successive shallow slip surfaces in case the water level is below

the foreshore level (i.e. progressive failure).
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Scenario 1 Scenario 2 Scenario 3

Generally, long sliding planes (scenario 2) or progressive failure (scenario 3) go along with lower
probabilities of occurrence than a shallow sliding plane (scenario 1). This supports the hypothesis

that a dike is significantly safer for water levels below the level of the foreshore than for higher

water levels, as mentioned before. The foreshore thus adds safety to the dike.

Calculations

In this Thesis, different calculations are performed using seven different theoretical test cases.
The failure probabilities of these cases, both with and without foreshore, are calculated using
both the semi-probabilistic method and fully probabilistic calculations using fragility curves. The
latter take into account all water levels, instead of just using one design water level. Furthermore,
for the fully probabilistic calculation of the cases with foreshores, two different failure definitions
are used: the WBI failure definition and the three scenarios taking into account the residual width,

as specified above. All calculation types are shown in the matrix below. By comparing the results
of all the calculations the influence of the presence of the foreshore on the failure probability is
studied, for different calculation methods and failure definitions. Furthermore, it is studied
whether it is possible to improve the current semi-probabilistic safety assessment.

Semi-Probabilistic

Probabilistic

No Foreshore
{

Foreshore

W8I failure definition

4

Width
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Results and Conclusions

From the results of the calculations, it follows that the presence of a foreshore has a significant
influence on the failure probability of a dike. In this Thesis, a maximum reduction of the failure
probability, compared to a dike without foreshore, of a factor 25,336 (AP = 1.88) is found.
Differentiating between clay dikes and sand dikes shows that the influence of the presence of the
foreshore is larger for clay dikes. Furthermore, the research shows that the smaller the probability
that the foreshore is flooded, the more influence the foreshore has on the failure probability.

The influence as described above is only found if one uses fully probabilistic calculations and takes
into account residual width. This combination of calculation type and failure definition best
resembles the reality. The semi-probabilistic method and the probabilistic calculation using the
WBI failure definition lead to overestimations of the failure probability for dikes with foreshores,
and using these does therefore not result in a significant influence of the presence of a foreshore
on the failure probability.

Besides, the research shows that the semi-probabilistic method indeed leads to significant
overestimations of the failure probability for dikes with foreshores, compared to fully probabilistic
calculations. A maximum overestimation of a factor 19,192 (AP = 1.82) is found. Using the semi-
probabilistic method for the safety assessments can therefore lead to unnecessary dike
reinforcements; based on the semi-probabilistic assessment a reinforcement is needed, whereas,
if one would perform a fully probabilistic calculation, no reinforcement is needed at all. The
maximum overestimation described above corresponds to a stability berm of 2.5m high and 8.5m
wide which is needed in the semi-probabilistic method to arrive at the same amount of safety as
found in the probabilistic calculation using no berm at all. This proves that there is room for
improvement of the current semi-probabilistic safety assessment.

Improvements safety assessment

After proving the need for improvement of the semi-probabilistic safety assessment, this Thesis
proposes possible improvements for the assessment. The best way to prevent large
overestimations of the failure probability, is to switch from a semi-probabilistic assessment
method to a fully probabilistic method, as used in this Thesis. This fully probabilistic method is
based on fragility curves and takes into account the residual width of the foreshore. As concluded
before, this resembles the reality in the best way.

However, fully probabilistic calculations are relatively difficult to perform. Therefore, as an
alternative safety assessment method, this Thesis proposes the concept of a semi-probabilistic
assessment using two separate assessment rules: one for water levels below foreshore level and
one for water levels above foreshore level. Because the probability of flooding of the foreshore is
included in this assessment, it better resembles reality than the current semi-probabilistic
method.
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1. Research Introduction

1.1. Introduction

The Netherlands has always been a country threatened by floods. Approximately 60% of the
Netherlands is prone to flooding. This is not just because part of the Netherlands lies below sea
level; large river discharges also pose flood threats. In case of a flood, water levels of more than
five meters can be reached. Needless to say, flood protection is very important for the people
living and working in the Netherlands. Therefore, the protection against flooding is regulated by
law in the Dutch Water Act.

To protect the land from flooding, the country of the Netherlands contains approximately 3800
kilometres of primary flood defences like dikes, dams and dunes. To guarantee the safety against
flooding, the Water Act contains standards for the safety of the primary flood defences. However,
recently these standards changed. Since the beginning of 2017, they are based on a new
approach. The old safety standards stated exceedance frequencies for the design water level for
all flood defences in the Netherlands. The safety of a defence was assessed by checking the ability
of that defence to withstand the design water level. The new safety standards are not based on a
design water level, but on a probability of flooding: for all flood defences the maximum allowed
failure probability is stated in the Water Act. To assess the safety of defences according to the
new safety standards, the failure probability of a defence has to be determined and compared to
the maximum allowed probability. To determine the failure probability of defences, probabilistic
calculations have to be performed, for which guidelines have been developed by the Dutch
government (Rijkswaterstaat, 2016a; Slootjes & van der Most, 2016).

The failure probability of a flood defence is not just the probability of the water level exceeding
the height of the defence, but different failure mechanisms are taken into account. For every
failure mechanism there is a safety assessment method. In this Master Thesis the focus will be on
the failure mechanism of macro-stability (failure of a dike by sliding of the inner slope). For this
failure mechanism, the guidelines propose a semi-probabilistic assessment, based on a design
water level, like in the old safety standards. This approach is probably conservative
(overestimating the failure probability), especially in the case of dikes with high and wide
foreshores (land in front of the dike that is only flooded in case of very high water levels).
Therefore, the question arises whether the current macro-stability assessment for dikes with high
and wide foreshores can be improved.
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1.2. Problem Statement

As mentioned, the new safety standards prescribe the maximum allowed failure probability for all
flood defences in the Netherlands. As a result of this, to assess the safety of a flood defence, for
example a dike section, one has to determine its failure probability and compare it to the
maximum allowed failure probability. In order to determine the failure probability of the dike
section, one computes the failure probability for every failure mechanism and combines these to
a total failure probability.

In order to determine the failure probabilities for the different mechanisms, one has to perform
probabilistic calculations. In a probabilistic calculation the different parameters (water levels,
strength properties) are put in as stochastic variables (with a probability distribution). This way,
the uncertainties of the different parameters are taken into account. However, probabilistic
calculations are time-consuming and difficult to perform for persons without specific knowledge
in probabilistic methods. At this time, most dike managers, who perform the assessments, indeed
do not have specific knowledge in this area. After all, the old safety standards were not based on
failure probabilities, so the need for probabilistic calculations in safety assessments of flood
defences is new.

The procedure to be followed for the safety assessment of flood defences is described in the WBI
2017 (NL: “Wettelijk Beoordelings Instrumentarium”). For the failure mechanism of macro-
stability, on which this Master Thesis focuses, the WBI proposes a semi-probabilistic assessment,
instead of the more complicated fully probabilistic calculations. The semi-probabilistic assessment
is based on a design water level. For the strength parameters design values have to be
determined too, based on their stochastic distributions. Using the design values of all parameters,
a factor of safety? is computed. To compare the results to the maximum allowed failure
probability, the factor of safety is transformed into a failure probability using the following
calibrated formula (Kanning, Teixeira, van der Krogt, & Rippi, 2016):

(@)—0.41
AYaJ

0.15 (2.2)

Note that this means that this failure probability is an approximated probability. The formula
described above has been calibrated in such a way, that the formula results in a conservative
failure probability in most cases, meaning that it overestimates the failure probability.

For dikes with high and wide foreshores, e.g. at Hollandsche lJssel and in city centers like Delfland,
Dordrecht and Zwolle, the semi-probabilistic method as mentioned above may be too
conservative, leading to large overestimations of the failure probabilities. High foreshores are not
flooded most of the time. When they are, the water levels are very high, and the dike is small.

1 1n the most basic macro-stability models, using a circular slip plane, the factor of safety is equal to the
ratio between the driving and the resisting moment along the slip plane. In other, more sophisticated
models, the factor of safety is more complicated. This will be described in more detail later on.

Mick van Montfoort 2



January 2018 Safety assessment method for macro-stability Master Thesis
of dikes with high foreshores

When the water level is below the level of the foreshore, the dike will be much broader, and the
water is far away from the hinterland, which means that the water-retaining body is larger (See
Figure 1.1). This means that a dike is probably significantly safer with respect to macro-stability
for water levels below the level of the foreshore than for higher water levels.

/ /

Water level above foreshore Water level below foreshore

Figure 1.1: Dike with foreshore for a water level above foreshore level and below foreshore.

In reality, all water levels contribute to the failure probability. However, the semi-probabilistic
method as proposed by the WBI approximates the failure probability based on a single design
water level. This design water level is (in most cases) higher than the level of the foreshore,
leading to a small dike (left side of Figure 1.1). The water levels below the level of the foreshore,
for which the dike is much broader and probably safer, are not taken into account in the semi-
probabilistic method. The assessment is purely based on the design water level and the
corresponding small dike. One can imagine that taking into account the water levels below
foreshore level, for which the dike is probably safer, may very well decrease the total failure
probability. This means that the current semi-probabilistic approach would overestimate the
failure probability.

One could take the water levels below foreshore level into account by performing a fully
probabilistic calculation. However, dike managers probably rather use a semi-probabilistic
method than a fully probabilistic calculation, because it is easier to perform and they do often
have no experience in performing fully probabilistic calculations. If the semi-probabilistic method
indeed leads to overestimations of the failure probability, using this method may lead to
unnecessary expenses for dike reinforcements.

1.3. Research Questions

This Master Thesis will try to answer the following research question:

Is it possible to improve the safety assessment method for macro-stability for dikes with high and
wide foreshores?

To answer this research question, the following sub-questions will be used:
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1. What method is currently used to assess the safety of dikes in general and specifically for
the macro-stability failure mechanism?

2. Which processes can lead to macro-stability failure of dikes with high and wide
foreshores?

3. Fordikes in general, does the semi-probabilistic assessment method for macro-stability
lead to a conservative result?

4. For dikes with high and wide foreshores, is the dike significantly safer for water levels
below the level of the foreshore than for water levels above foreshore level?

5. What is the influence of the presence of a foreshore on the failure probability for macro-
stability of a dike?

6. Canthe current safety assessment method for macro-stability be improved, to account
for the presence of a foreshore? If yes, what improvements can be made?

1.4. Approach and report structure

Figure 1.2 shows the approach of this research. The research is divided in a number of steps. The
figure shows which steps will be covered in which chapter.

Chapter 2 contains a literature study, which presents the necessary theory and background
information for this Thesis. In Chapter 3, this theory is focused on the specific cases of dikes with
high foreshores. Chapter 4 sets up the framework for the calculations that will be performed in
this research. Chapters 5, 6 and 7 contain the different calculations and the evaluations of the
results. Chapter 8 proposes possible improvements for the safety assessment method. In
Chapters 9 and 10 the conclusions of this Thesis will be presented and recommendations will be
made.
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Literature Study
* Provide the background information for this Thesis
* Analyse the macro-stability failure mechanism Chapter2
* Analyse the current safety assessment method for
macro-stability

High Foreshores
* Analyse the different processes that can lead to macro- Chapter 3
stability failure for dikes with high and wide foreshores

Calculation Set-Up
* Set up a framework for the different calculationsthat
will be performed in this Thesis Chapter4
* Specify the schematization and calculation choices used
for the calculations

Semi-Probabilistic vs. Probabilistic
* Compare the results of semi-probabilistic and fully
probabilistic calculations for dikes without foreshores Chapter5
* Analyse whether or not the semi-probabilistic method
is conservative

Safety for different water levels
* Set up an approach to assess the safety of dikes with
foreshores for different water levels in a proper way Chapter6
* Compare the safety of a dike for water levels below
foreshore level and above foreshore level

Influence of the foreshore
* Analyse the influence of the foreshore on the failure
probability, using different types of calculations
* Determine whether or not the current semi-
probabilistic method is conservative for dikes with high
foreshores, i.e. whether there is room for improvement

Chapter7

Improved assessment method
* Propose possible improvements for the assessment of Chapter8
macro-stability for dikes with high foreshores

Conclusions and discussion
* Present the conclusions of this Thesis, leading to the
answer to the research question Chapter9, 10
* Propose recommendations for further research

Figure 1.2: Structure of the report
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2. Literature Study: Theory and Background Information

2.1. Introduction

This chapter refers to the first sub-question from Section 1.3: “What method is currently used to
assess the safety of dikes in general and specifically for macro-stability?” It will give the necessary
theory and background information for this research, starting with a general description of the
flood protection in the Netherlands and an overview of the different probabilistic calculation
methods. Then, going more and more into detail, the failure mechanism of macro-stability is
covered.

2.2. Flood Protection in the Netherlands

This section describes the flood protection policy in the Netherlands, starting with the general
background of this policy. As mentioned before, in the beginning of 2017 new safety standards
have come into force. Both the old and the new safety standards will be covered separately,
ending up with a general description of the current safety assessment process.

2.2.1. General Background

To get to the background of the current policy for flood protection in the Netherlands, one has to
go back to 1953, when a major flood took place in the Netherlands (NL: “Watersnoodramp”).
During this major disaster 2000km? of land was flooded, which caused 1836 deaths (Kok,
Jongejan, Nieuwjaar, & Tanczos, 2016). Directly after the flood, the Delta Committee was
founded, which had the responsibility to prevent such a flood from happening again. As a result of
that, safety standards for flood defences, the flood risk standards, were legislated in the Dutch
Water Act. The Delta Committee proposed design water levels, with a certain probability of
exceedance, which the defences should be able to withstand. This resulted in a completely
different approach than in the situation before 1953, when the dikes were heightened based on
the highest observed local water level. The decisions of the Delta Committee meant a change
from a reactive approach (based on the highest observed water level in history) to a proactive
approach (based on a certain water level that may be expected in the future).

Since the advice of the first Delta Committee, the safety standards for primary flood defences in
the Netherlands have been regulated by law. Primary flood defences protect the land against
flooding from the big waters: the sea, large rivers and large lakes. Different types of primary flood
defences are dikes, dams, dunes and constructions which can be parts of those, like sluices. In the
Netherlands there are approximately 3800 kilometres of primary flood defences. Besides, there
are regional flood defences, which protect the land against floods from other, smaller waters, like
channels. The consequences of failure of regional flood defences are much smaller than the
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consequences of failure of primary flood defences. Therefore, safety standards of regional flood
defences are not regulated by the Dutch Water Act, but determined by local authorities.

In recent years, due to different studies, interest shifted from the safety of flood defences (based
on a design water level) towards flood risks. One of the studies responsible for this was VNK2 (NL:
“Veiligheid Nederland in Kaart 2”) (Vergouwe, 2015), in which the flood risks in the Netherlands
were quantified, taking into account not only the safety of the flood defences, but also the
consequences in case a flood would occur. Risk is determined as follows (Jonkman et al., 2016):

Risk = Probability * Consequences (2.1)

This means that flood risk is the product of the probability of a failure of a certain flood defence
and the consequences of flooding due to failure of that defence. Accordingly, flood risk can be
quantified by the following procedure (Kok et al., 2016):

1. Determine the loads on the flood defence;
Determine the failure probability of a flood defence, considering the loads and its
strength;
3. Develop flood scenarios: determine the different ways in which a flood can spread, in
case failure of a flood defence occurs;
Determine the consequences for each flood scenario (death toll, economic damage);
5. Combine the above probabilities and consequences to arrive at a flood risk.

The approach mentioned above was used in the VNK2 project. Due to studies like this, more and
more knowledge on flood risk was gained. This has led to new safety standards for flood defences,
which have come into force in the beginning of 2017. As said before, the previous safety
standards were expressed as a design water level, which the flood defences should be able to
withstand. The new safety standards are expressed as a maximum probability of failure. The main
reason for this change is that the new standards express the amount of safety in a better way and
the fact that there is a clear link between the safety standards and flood risk (Slootjes & van der
Most, 2016). In the next sections both the old and the new safety standards will be covered in
more detail and differences will be highlighted.

2.2.2. 0ld Safety Standards

As mentioned before, the first safety standards for flood defences in the Netherlands were
developed after the big flood in 1953. The reason for developing clear standards was the need to
assess in a unified way whether the country was safe against flooding. The standards were
expressed as certain exceedance probabilities for design water levels. The safety assessment of
flood defences was merely a check whether a flood defence was able to withstand the
corresponding design water level. For the assessment different failure mechanisms have been
determined, which are different ways in which failure of a flood defence can take place. The most
important failure mechanisms are (Kok et al., 2016):
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e Overflow: Water flowing over the crest of the dike (possibly in combination with wave
overtopping) causing erosion of the inner slope;

e Macro-instability inner slope: Sliding of the inner slope due to an increase in pore
pressures;

e Piping: Development of a “pipe” of flowing water underneath a dike body, due to head
difference over the dike, leading to undermining of the dike;

e Micro-instability: Instability of the inner slope by leakage of water through the dike body;

e Erosion outer slope: Erosion of the outer slope due to wave attack or currents;

e Macro-instability outer slope: Sliding of the outer slope due to a rapid decrease of water
level.

Note that the failure mechanisms described above are all failure mechanisms for dikes. Other
types of flood defences fail due to other mechanisms. These are not further described here. To
assess the safety of a dike (or any other flood defence) according to the old safety standards, one
had to check for every failure mechanism whether failure would occur if the dike would be loaded
by the design water level.

The exceedance probabilities for the design water level were determined by weighing the costs of
reinforcing a dike against the reduction of the flood risk. This was done for every dike ring (a
circular chain of flood defences) separately. In other words: for every dike ring a certain
exceedance probability for the design water level was chosen. In the Western part of the country
the consequences of a flood would be the biggest, so the safety standards were the most strict in
that part: the exceedance probability of the design water level was 1/10,000 per year. This means
that the flood defences had to be able to withstand a water level that would occur once every
10,000 years. The different exceedance probabilities for the different dike rings in the
Netherlands, as set by the old safety standards, are shown in Figure 2.1.
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Figure 2.1: Old safety standards for all dike rings (Jonkman & Schweckendiek, 2016)

2.2.3. New Safety Standards

In the beginning of 2017, the new safety standards have come into force. As said before, these
safety standards are no longer expressed as an exceedance probability for the design water level,
but as a maximum allowed failure probability. Besides, the standards are no longer determined
for a dike ring, but for a dike trajectory. A dike trajectory is a part of a dike ring that has, for a
failure anywhere along the trajectory, approximately the same consequences. For different dike
trajectories (of the same dike ring) , the consequences may be different and therefore they get
assigned different safety standards. All dike trajectories are legislated in the Dutch Water Act.

As said before, the reason for expressing the new standards as maximum allowed failure
probabilities, instead of some design water level, is that the failure probabilities provide a better
understanding of the amount of safety of the dike. Moreover, they are closely linked to flood risk.
The maximum allowed failure probabilities for the dike trajectories, as stated in the Dutch Water
Act, are based on what amount of flood risk is supposed to be acceptable. The standards are
derived following four principles (Kok et al., 2016):
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1.

Every person, living in the Netherlands, should be able to rely on the same basic level of
safety. This is accounted for by the LIR, the Local Individual Risk, which is the probability
per year of an individual person dying as a result of a flood. The LIR may not be higher
than 10 anywhere in the Netherlands, which gives the minimum level of protection. The
LIR at a certain location can be calculated as follows:

LIR = Py M % (1 — EF) (2.2)

In which:

Pr Annual failure probability of a dike trajectory (probability of a flood)

M Mortality: The fraction of people that would die in case of a flood [-]

EF Evacuation fraction: The fraction of people that can be successfully evacuated in
case of a flood [-]

By studying flood scenarios for all dike trajectories, the mortality and evacuation fraction
can be determined. Given the LIR of 10° the maximum allowed failure probabilities can be
determined, that fulfil the LIR criterion.

For dike trajectories where the consequences of a flood are very large, a lower maximum
allowed failure probability is more appropriate, based on the group risk criterion and a
Cost Benefit Analysis (CBA). This is the case for dike trajectories that protect areas with a
lot of residents or a lot of economic value.

A CBA searches for the most cost optimal failure probability for a dike trajectory, by
weighing the consequences of a flood against the costs to decrease the probability of a
flood. By investing in the strength of dikes, the probability of a flood is decreased and thus
the risk is decreased. The most optimal failure probability is the failure probability for
which the total costs (investment costs + flood risks) are minimal. This approach is
illustrated in Figure 2.2.

. K=I+R

Figure 2.2: CBA (Kok et al., 2016) K are total costs, | are investment costs and R are risks
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In case the optimal failure probability as determined by the CBA is lower than the one
determined by LIR for a certain dike trajectory, the failure probability from the CBA is
used as safety standard.

3. The group risk describes the probability of a flood with a high death toll. The group risk is
mostly expressed by a FN-curve, which gives the relation between a flood with a certain
number of deaths and the probability of occurrence of that flood. In first instance, the
group risk is determined for the complete country, because it is the total amount of
deaths that matters, not the ones per dike trajectory. For the group risk of the complete
country, a maximum boundary is determined. Based on this maximum boundary, it can be
concluded that the safety standards following from LIR and CBA make sure the group risk
on the scale of the country is sufficiently small. However, for six trajectories the maximum
allowed failure probability is decreased based on the high number of potential deaths.

4. Finally, in case critical infrastructure, e.g. a nuclear power plant, is protected by a certain
dike trajectory, even stricter safety standards than derived using the criteria above are
used.

Based on the criteria above, for every dike trajectory the maximum allowed failure probability has
been determined. These are shown in Figure 2.3. As the safety standards are now expressed as
maximum allowed failure probabilities, the assessment of the safety of a dike trajectory means
that the total failure probability of that dike trajectory has to be calculated and compared to the
standard. For the design of a dike reinforcement (or a new dike), the same approach is used. The
only difference is that a design is made for certain period of time, and the safety assessment is
merely checking whether a dike is safe at the moment. This means that for a design one has to
use values for the water level as they will be at the end of the design period, taking into account
climate change (e.g. higher sea water levels and higher river discharges). This also holds for the
strength of the dike, where subsidence and degradation should be taken into account. Apart from
that, the approaches for design and assessment are the same (Rijkswaterstaat, 2017). Therefore,
from now on, only assessment will be covered.
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Figure 2.3: New safety standards: maximum allowed failure probabilities for all dike trajectories

To calculate the total failure probability of a dike trajectory, the trajectory is split up into multiple
sections. These sections are approximately homogeneous in subsoil conditions and hydraulic
loads. For every failure mechanism, in every dike section the most critical cross section is chosen.
For these cross sections, for every dike section, for every failure mechanism the failure probability
is calculated. In theory, one could, for every failure mechanism, combine the failure probabilities
of the different sections, taking into account the length effect. This results for every failure
mechanism in a failure probability for the complete trajectory. These failure probabilities (one for
every failure mechanism) could be combined to one total failure probability for the trajectory,
which can be compared to the maximum allowed failure probability.

The length effect, that was mentioned above, can be described as: “the increase in failure
probability with the length of the dike due to partial correlations or independence between
different cross-sections and/or elements” (Kanning, 2012). The length effect thus largely depends
on the spatial correlation of parameters. The correlation lengths of hydraulic loads are much
higher than those of resistances. Loads are mostly fully correlated over a dike trajectory. The
correlation lengths of resistances are much smaller, which means that the dike sections show
little or no correlation in resistance parameters. Because the dike trajectory can be seen as a
series system, meaning that the trajectory fails if one element fails, little correlation between the
sections means that the failure probability increases with the length of the trajectory. After all,
the sections are (almost) independent, meaning that the probability of finding a weak spot
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increases with the length. To account for the length effect in the approach described above, one
has to include correlations in the calculations. There are various methods to do this, but these fall
outside the scope of this research, so they are not described.

Different guidelines describe the process that has to be followed in the safety assessment of
dikes. Together, these guidelines form the WBI (NL: “Wettelijk Beoordelingsinstrumentarium”)
Besides the theoretical approach for calculating the total failure probability of a dike trajectory as
explained above, the WBI (Rijkswaterstaat, 2016a) provides a simplified approach, which is most
commonly used. This approach works just the other way around. The maximum allowed failure
probability for the complete dike trajectory (safety standard) is divided between the different
failure mechanisms, following a failure mechanism budget. This budget determines which
contribution every failure mechanism may have to the total maximum allowed failure probability.
(Rijkswaterstaat, 2016a) gives a basic failure mechanism budget. However, one may change the
budget at one’s own discretion. The next step is to determine, for every failure mechanism, the
allowed failure probability per dike section, taking into account the length effect. However, in this
simplified approach the length effect is approximated by a length effect factor N. Dividing the
failure probability for a certain failure mechanism (on trajectory scale) by the length effect factor,
results in the target failure probability (maximum allowed failure probability for a dike section /
cross section). The approach can be schematized by the following formula:

% (0;
P target = b Nwl (2.3)
In which:
Pr target The target failure probability [-]
Pr The maximum total failure probability for the dike trajectory [-]
w; Contribution of failure mechanism i to the total failure probability (according to
the failure probability budget) [-]
N Length effect factor [-]

The approach is also shown in Figure 2.4. In this simplified approach, the length effect parameter
is determined using standard formulas, and only depends on the length of the dike trajectory and
the type of failure mechanism. One does not have to define correlations. However, this means
that the length effect is an approximation. The simplified approach leads to target probabilities
for the different sections and failure mechanisms that are stricter than necessary, to be sure that,
combined, they do not exceed the total maximum allowed failure probability of the dike section
(Jonkman & Schweckendiek, 2015). In other words, the simplified approach is easier to use than
the theoretical approach, but it is also conservative.

Mick van Montfoort

13



January 2018 Safety assessment method for macro-stability Master Thesis
of dikes with high foreshores

Safety Standard

Failure
mechanism
budget

Other
Mechanisms

v

Max. Failure probability
for dike trajectory

Mechanism 1

1/10,000

Length
Effect

v
Max. Failure probability

for dike section

(Target probability)
Section

Figure 2.4: Approach determining the target reliability (Rijkswaterstaat, 2016a) (translated to English)

The simplified approach as described above results in a target failure probability per cross section
per failure mechanism. To assess the safety of the dike, for a certain failure mechanism, the
failure probability of the cross section has to be compared to the target failure probability. The
failure probability can be calculated using a probabilistic calculation. However, again the WBI
(Rijkswaterstaat, 2016a) proposes a simplified semi-probabilistic approach, based on partial safety
factors, which are the outcomes of calibration studies. The resulting failure probabilities are
merely approximated probabilities, which are in most of the cases conservative estimates.

In the next section, more attention is paid to the probabilistic framework, which will give more
clarity in the difference between probabilistic and semi-probabilistic calculations.

2.3. Probabilistic Framework

The previous section gave a description of the new safety standards and the safety assessment of
dikes, going more and more into detail and finishing with the calculation of the failure probability
for a certain failure mechanism, on cross section scale. As mentioned, there are two possible
approaches to calculate this failure probability: a fully-probabilistic approach and a semi-
probabilistic approach, which is an approximation. To be able to better understand the
differences between the two approaches, this section covers failure probabilities in general and
some probabilistic calculation methods and their differences.

2.3.1. Failure Probability

In its simplest form the verification of safety is performed by expressing that the structural
resistance R is larger than the load S that can act on the structure (a dike in this study) over its
lifetime (Jonkman et al., 2016):
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R>S (2.4)
However, resistance and load parameters are not deterministic quantities, but random variables.

The strength of a dike for instance varies from location to location. In other words, there is
uncertainty in the values of these parameters. This means they cannot be described by one single
value, but have to be described by a probability density function.

Based on equation (2.4) a limit state function (Z) can be determined:

Z=R-S (2.5)

Failure occurs if the load S exceeds the resistance R, i.e. for Z < 0. The probability of failure is thus
described by Py = P[Z < 0]. Another way to describe the reliability is using the reliability index
B. The failure probability and the reliability index are related as follows:

Pr = ¢(—p), in which ¢ is the cumulative standard normal distribution.

In Figure 2.5 the probability of failure is illustrated for certain probability density functions of S
and R. In here, the area where it holds that R < S is equal to the failure probability.

A f (Load: 5) f (Resistance: R)

\
\

Probability density

>
MR T oad x. Resistance x

Failure probability p(F)

Figure 2.5: lllustration of the failure probability: area where S exceeds R in probability density plane (M6limann &
Vermeer, 2010)

In (R,S)-plane, the line Z=0 can be drawn. This is the borderline between the safe domain and the
unsafe domain. In Figure 2.6 this is shown. Besides, the joint probability density function for the
strength- and resistance parameters is shown using lines for equal probabilities. From this
illustration, it can be seen that the failure probability is equal to the volume of the joint
probability density function in the unsafe domain. This means that the failure probability can be
calculated by integrating the joint probability density function in the unsafe domain. In formula,
this becomes (assuming R and S are independent and consist of m and n parameters respectively)
(Jonkman et al., 2016):

Pr= ffl,coJ frCer, Xz - X)) fstma 1, Xma2 - Xn)d2x1 A5 ... dixy (2.6)
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Figure 2.6: lllustration of failure probability: area of the joint probability density function in the unsafe domain in
(R,S)-plane (Jonkman et al., 2016)

2.3.2. Reliability Methods

There are different methods to calculate the reliability (or failure probability) of a dike. Generally,
the methods can be divided into five groups (Jonkman et al., 2016):

e Level IV methods: In these methods the consequences of failure are also taken into
account and the risk is used as measure of reliability, instead of the failure probability.
Actually, this is what was done in the determination of the safety standards. This method
is not used to actually calculate the failure probabilities and will therefore not be further

discussed.

o Level lll methods: In these methods the uncertain parameters are modelled by their joint
distribution functions, as explained before. The probability of failure is calculated exactly,
e.g. by numerical integration as explained before (equation (2.6)). Another frequently
used level lll method is Monte-Carlo simulation, in which random samples of the
parameters are generated and for each generation of samples it is determined whether
failure would occur (Z<0). By taking the ratio of the amount of generations leading to
failure and the total amount of generations, the failure probability is calculated.

o Level Il methods: These methods are a simplification of the level Il methods. The mostly
used one is FORM (First Order Reliability Method). In FORM the limit state function is
linearized in the design point. The design point is the most probable combination of input
parameters at failure. If the input parameters R and S are transformed into a standard-
normalized space, the design point is the point where the distance between the limit
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state function Z and the origin is shortest, as can be seen in Figure 2.7. Furthermore, this
illustration shows that the distance between Z and the origin is equal to the reliability
index B. After linearization, the reliability index can be calculated as follows:

B = ’;—z, in which p, is the mean of Z and g, the standard deviation. Using S, the failure

probability can be computed. The advantage of this method compared to for example
Monte Carlo Simulation, is that it is much less time-consuming. Another advantage is that
influence coefficients (a) are obtained, which for each parameter describe its relative
contribution to the uncertainty. However, note that the linearization of the limit state
function leads to a small error, which is a disadvantage of this method.

Normalized load parameter u,

-

Nommalized resistance parameter u;

Figure 2.7: Design point in standard normal space (M6llmann & Vermeer, 2010)

Level | methods: Level | methods are semi-probabilistic calculations. The essence of these
methods is that design values are used for strength and load parameters, which take into
account the uncertainty in the parameters. The design values for strength parameters are
found by multiplying some characteristic value with a safety factor and those for load
parameters are found by dividing a characteristic value by a safety factor, after which the
following must hold:

K> Sy * Vs (27)
YR

The characteristic values Rx and S¢are calculated as follows:

Ry = up + kg * op (2.8)
Sk = Ug + kS * Og (2.9)

In which kg has a negative value and ks a positive value. Both parameters depend on the
distribution quantile which is used for the characteristic value. In flood defence design
generally the 5% and 95% quantile are used for strength and load parameters
respectively, corresponding to kg = -1.645 and ks = 1.645 (Jonkman et al., 2016). The
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procedure explained above is shown in Figure 2.8. The figure shows the probability
density functions of both strength and load parameters, together with their characteristic
values and design values. Note that Rq (design value of R) is larger than Sq, which is the
essence of the design.

o Level 0 methods: These methods are deterministic calculations. The approach of level 0
methods is actually the same as for level | methods. The only difference is that the
assessment is not carried out using design values or characteristic values, but using mean
values. Uncertainty is not taken into account

Figure 2.8: lllustration of characteristic values and design values, used in the Level | method (Jonkman &
Schweckendiek, 2016)

As mentioned before, the WBI guidelines propose a semi-probabilistic method to calculate the
failure probability of a dike cross section for a certain failure mechanism. As explained above, a
semi-probabilistic method means that for every parameter one (design) value is used, and using
these values the safety is assessed. This means that only one water level is used for the
assessment, the design water level.

In this Thesis, both the semi-probabilistic method as proposed by the WBI and fully probabilistic
calculations will be used. For the fully probabilistic calculations, the method of fragility curves is
used. This method will be described in the next section.

2.3.3. Fragility Curves

Fragility curves are often used as method for performing probabilistic calculations for dike
assessments. Especially for dikes with foreshores, they prove to be a useful method. This will be
explained later on. As fragility curves form an important part of this Thesis, they will be covered in
detail in this paragraph.

A fragility curve expresses the failure probability as a function of the load. For different values of
the load, in most cases the water level, the fragility curve shows the conditional failure
probability, i.e. the failure probability given a certain water level. An important advantage of
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fragility curves is that they are relatively easy to produce. Besides, they show in a graphical way
the influence of the water level (the load) on the failure probability. The steeper the fragility
curve, the higher the influence of the water level. If fragility curves for different failure
mechanisms (for the same cross-section) are depicted in the same figure, one can easily see which
failure mechanism is critical for a certain water level. This is illustrated in Figure 2.9, in which
fragility curves for different failure mechanisms are shown. As can be seen, in this case the curve
for overtopping is the steepest, meaning that the water level influences the failure probability of
the overtopping mechanism the most. Besides, it can be seen that for relatively low water levels
the piping and macro-stability mechanisms are critical, as their conditional failure probabilities are
relative high, and for high water levels the overtopping mechanism becomes critical
(Wojciechowska et al., 2015). Note that a fragility curve is not necessarily constructed using the
water level as variable. Other parameters can be used too. In some cases this may even be better,
because for macro-stability, the water level is not always the dominant parameter.

— Owerlopping
" urg
_ | Macro-shability
= Comired mecharisms
==—Dike height

Candilioral failure prababdity [-]

T 3 1
Waler e [ AR

Figure 2.9: lllustration of fragility curves for different failure mechanisms (Wojciechowska et al., 2015)

For the construction of a fragility curve for a certain failure mechanism, the following steps are
followed, based on (Bischiniotis, 2013):

1. Identify a Limit State Function (Z) for the failure mechanism;
Choose a value for the water level (hy);
Take all other parameters into account, including their uncertainties and probability
distributions. For some failure mechanisms, like macro-stability, some parameters depend
on the water level (e.g. pore pressure distribution). It is important to determine these
parameter for every chosen water level (step 2) separately;

4. Perform a probabilistic calculation using the water level from step 2 as a deterministic
value and the distributions as determined in step 3 for the other parameters. The
calculation can be performed either by using a Monte Carlo simulation or using a FORM
calculation;

5. Repeat steps 2-4 for different water levels.
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The result of these steps is a set of conditional failure probabilities. By plotting these against the
corresponding water levels, a fragility curve is obtained. In Figure 2.10 a fragility curve is shown.
Note that a fragility curve, expressing the probability of failing given a water level, at the same
time represents the cumulative distribution function of the critical water level (hc), which is the
water level at which the dike fails. As the critical water level can be seen as the resistance of the
dike, the fragility curves also represents the cumulative distribution function of the resistance
(Fr(hw)) (Kanning & Schweckendiek, 2016; Schweckendiek & Kanning, 2016).

hJm]

Figure 2.10: lllustration Fragility Curve (van der Meer, ter Horst, & van Velzen, 2009)

A fragility curve shows the conditional failure probabilities, i.e. the failure probability given a
certain water level. In dike safety assessments, one is interested in the total annual failure
probability of a cross section. Assuming R and S to be independent, the failure probability can be
described by the following integral, where s is a certain value of the load (van der Meer et al.,
2009):

Py = = fsz_oofs(s)fR (r)drds (2.10)

S=—00 YT

Which can be written as:

Pr= [0 fi(&)x [ fa@drds = [777 fi(s)F(s)ds (2.12)

S=—00

In which:
fs(s) Probability density function of the load
E.(s) Cumulative distribution function of the resistance

In case the water level hy, is the only load parameter, the expression for the failure probability
becomes:

s=0o0
Pf = fs:—oofhw (hw)FR (hw)dhw (2.12)
In which:
fn,, (hw) Probability density function of the water level
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Fr(hy) Cumulative distribution function of the resistance given a certain water level
(i.e. the fragility curve)

Concluding, the annual failure probability can be found by integrating the product of the fragility
curve and the probability density function of the water level over the water levels. In Figure 2.11,
an example of a fragility curve and the corresponding water level distribution are shown in the

same figure.
q , : :
fragility curve (FFIRI=Fih ]

= DB —— POF water louel 1) |
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Figure 2.11: lllustration fragility curve and PDF of the water level distribution (Schweckendiek & Kanning, 2016)

Important to realize in the method of fragility curves, is that it takes all water levels into account
in calculating the failure probability, instead of just using a design water level, as is the case in the
semi-probabilistic method. Moreover, because for different water levels separate calculations are
performed, a clear distinction can be made between water levels below the level of the foreshore
and water levels above this level. This aspect is fundamental in this research, as will be explained
later on.

As a last remark for this paragraph, (Schweckendiek & Kanning, 2016) states that instead of
constructing fragility curves in probability plane, it could be wise to construct them in (B,h)-plane,
i.e. use the reliability index instead of the failure probability. The reason for this is that, in Dutch
experience, in (B,h)-plane, the fragility curve can be reasonably well approximated by linear
interpolation between the calculated conditional failure probabilities. This linear interpolation is
shown in Figure 2.12. After a complete (B,h)-curve is obtained using interpolation, this can easily
be transformed into a fragility curve by using:

Pr = @(=p) (2.13)

In which ¢ is the cumulative standard normal distribution.
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Figure 2.12: Fragility curve in (B,h)- plane, using linear interpolation between the calculated fragility points
(Schweckendiek & Kanning, 2016)

2.4. Macro-Stability

2.4.1. Introduction

Until now, both flood protection in the Netherlands and probabilistic theory have been discussed
in a general sense. However, in the research description (Chapter 1), it was already stated that
this research will focus on the failure mechanism of macro-stability of the inner slope. This section
will provide the necessary background information and theory on this mechanism, starting with a
general description of the mechanism and going more and more into detail, covering the
calculation models, the semi-probabilistic calculation method and the shear strength models.

The failure mechanism of macro-stability of the inner slope (inner slope stability) leads to a failure
of a dike due to instability of the inner slope. Instability of the inner slope means that a large
volume of soil slides off the dike following a straight or curved slip surface. Shallow slip surfaces
(less than 1m) are not considered as macro-instability but are considered as micro-instability or
failure of the dike cover. Macro-instability can also occur at the outer slope, but this falls outside
the scope of this research. From now on, when macro-(in)stability is mentioned, this refers to a
volume of soil slipping off the inner slope of the dike along a slip surface deeper than 1m ('t Hart,
De Bruijn, & de Vries, 2016).

2.4.2. Mechanism

As the name of the mechanism, macro-(in)stability, already suggests, the failure is caused by a
loss of stability (balance) of a soil mass along a slip plane. In a basic analysis of macro-stability, this
balance consists of a driving moment, which is caused by the mass of soil at the left side of the
centre point of a circular slip plane (side of the water), and a resisting moment, which is caused by
the mass of soil at the right of the centre point (side of the land) and the shear stress along the
slip plane. A rising water level causes an increase of pore water pressures in the soil, due to which
the effective stresses in the soil decrease and the shear capacity also decreases, which causes loss
of balance and instability of the soil. Note that for the macro-stability failure mechanism the
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weight of the soil is the actual load (driving moment), and not the high water level, as is the case
for most other failure mechanisms ('t Hart et al., 2016). For macro-stability the water level is an
initiator, as it increases the pore water pressures in the soil. The actual load, the weight of the
soil, does not change, but the resistance does, which can lead to instability. Due to the decrease
in shear strength of the soil, a zone may grow, in which the shear strength is exceeded, which
leads to deformations and eventually sliding of the soil.

Note that an increase of pore water pressures is not only caused by high water levels, but can also
be caused by heavy rainfall. However, such as situation does generally not lead to failure of the
dike, in terms of flooding. After all, heavy rainfall is most of the time not accompanied by a high
water level, which can flow over the dike.

In Figure 2.13 the basic principle of macro-instability is shown. (Jonkman & Schweckendiek, 2015)
states that especially geotechnical failure mechanisms (piping and macro-stability) cause a high
failure probability for river dikes. This indicates the importance of the failure mechanism of
macro-stability.

Figure 2.13: Basic principle of macro-instability ('t Hart et al., 2016) (converted to English)

Most of the time, the start of instability of the inner slope goes along with crack formation in the
soil. Especially in soils which are sensitive to creep (in the so-called “Benedenrivierengebied” in
the Netherlands), large cracks can form before actual sliding occurs. This means that if one notices
a crack in time, there is still time to take emergency measures. If the soil starts to slide, the
ground level at the land side of the crack decreases. Then, a volume of soil will slide, along the slip
surface, until a new equilibrium situation is reached. At the equilibrium situation, the soil is stable
again. However, the cover of the slope is gone and the core material will be on top. After the
equilibrium situation is reached, other mechanisms can cause further damage to the dike.

Sometimes, macro-instability can lead to immediate failure (= flooding) of the dike. This is the
case when the crest of the dike is lowered over its complete width after sliding of the soil. In that
case, water can flow over the dike. However, in most cases, a part of the crest will remain intact.
In those cases, macro-instability will not directly lead to failure of the dike. However, failure can
still occur due to other mechanisms that will occur after the macro-instability. This is called
progressive failure. The mechanisms that can cause progressive failure, after instability of the
slope, are ('t Hart et al., 2016):
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e A second volume of soil slides, which causes the remaining crest to be lowered;
e Micro-instability (in case of a sandy core), leakage of water through the core;
e Overtopping, which causes erosion to the core that is not anymore protected by a cover.

The complete pathway, from increasing pore pressures to complete failure, is illustrated in Figure
2.14. In the figure, a definition of failure is shown. Failure is defined as sliding of a soil volume
along a slip surface that enters halfway the inner slope or further towards the water side.
However, as explained above, this does often not immediately lead to actual failure (flooding) of
the dike, as most of the time there is still a part of the crest that remains intact. Progressive
failure (the mechanisms explained above) then needs to occur for complete failure to take place.
Only when after progressive failure the height of the remaining dike profile is equal to or lower
than the water level, and a breach is formed due to water flowing over the dike, one can speak of
real failure of the dike. The situation between the definition of failure (assessed safety) and the
real failure of the dike, is called residual strength, as the dike has actually more strength than is
used for the assessment. The amount of residual strength depends on the width of the crest that
is left after the first sliding of the soil, thus it depends on the critical slip surface.

Primary =N
Failure = E
Mechanizm — = = = ow= == = Crack in dike

-,

Loss of stability according

Definition %
to calculation model

of failure
Dike has slipped
—————— (new equilibrium)
Residual Further damage remaining Further damage remaining | Further damage remaining
Strength profile due to secondary profile due to micro- profile due to wave
sliding of soil instability overtopping
o =_=_= == Hgight remaining dike equal to water level
w Brea

- — - ; : - Failure of dike due to failure
mechanism macro-stability

Figure 2.14: Pathway of failure inner slope stability ('t Hart et al., 2016) (translated to English)

2.4.3. Calculation Models

This section covers the different calculation models used for the calculation of the stability of
dikes. The macro-stability of dikes can be assessed using LEM (Limit equilibrium method)
calculations, which compare the loads to the maximum mobilizable resistance for moment and
force equilibria. These calculations use a slip surface as boundary condition. By trying a lot of
different slip surfaces, the critical slip surface is found, which is the slip surface that leads to the
least stability.
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In Figure 2.15 a basic soil balance along a circular slip plane is schematized. In this balance, the
driving moment (load) is compared to the maximum resisting moment. The driving moment is
calculated as follows (TAW, 1985):

M, = a*Q (2.14)
The maximum resisting moment is calculated as follows :
My = Stpbsr = [0 t,r?d6 (2.15)

In which 1, is the maximum shear stress the soil can withstand. This maximum shear stress (or
shear capacity) can be calculated using both drained analysis and undrained analysis. This will be
covered later on. A factor of safety can be calculated as follows:

My
FoS =T (2.16)

a

Figure 2.15: Basic schematization for the soil balance of the inner slope (TAW, 1985)

There are a couple of different LEM models, each with a corresponding slip surface shape and
based on different assumptions. The mostly used LEM models are (Jonkman & Schweckendiek,
2016):

e Bishop / Fellenius: The Bishop method and the method by Fellenius check the moment
equilibrium of a circular slip plane, as in the example above. The maximum resisting
moment is calculated by dividing the soil into slices, calculating for each slice the
maximum shear stress 7, and calculating for every slice the contribution to the total
maximum resisting moment. Besides the moment equilibrium, the methods of Bishop and
Fellenius also ensure that the vertical force equilibrium is fulfilled, meaning that the
vertical forces between the slices are in balance. The Bishop/Fellenius models are the
most simple ones; they are easy to use and take only little calculation time.
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e Uplift Van: In some conditions, the critical slip surface is not circular, which means it is
not well represented by the Bishop/Fellenius model. This is the case in uplift conditions, in
which due to increase of pore pressures, the effective stresses under the aquitard
(impermeable top layer of the subsoil, consisting of clay/peat) are reduced to zero. The
aquitard then “floats” on top of the aquifer (permeable sand layer underneath the
aquitard, through which groundwater will flow) , with zero shear capacity at its bottom.
The part of the aquitard that is lifted can then only transfer a horizontal force. In such
conditions, the critical sliding surface is typically an elongated one.

The Uplift Van model was created to deal with such conditions. It consists of a circular
segment at the active side, a horizontal plane and a circular segment at the passive side.
Like in the Bishop model, the soil is divided into slices. The slices in the horizontal plane
are modelled such that the horizontal forces are transferred properly from the active to
the passive side. Note that this is an advantage compared to the Bishop/Fellenius
method, which does not fulfil the horizontal force equilibrium. In Figure 2.16 the slip
surface shape for the Uplift Van model is shown.

HORIZONTALLY
COMPRESSED

Figure 2.16: Uplift Van slip surface model (Jonkman & Schweckendiek, 2016)

e Spencer: The Spencer model is the most sophisticated LEM model, because its slip surface
shape can be defined freely using interconnected linear elements. This means that all
kinds of shapes can be defined: circular shapes as in the Bishop/Fellenius model,
elongated shapes like in Uplift Van, or completely different shapes. Besides, like the Uplift
Van model, Spencer fulfils all three equilibria (i.e. moments, horizontal forces and vertical
forces). The Spencer model ensures that the critical slip surface that is found is actually
the slip surface which leads to the lowest safety, because the slip surfaces are not limited
to (elongated) circular shapes, but can take any shape. However, this model takes a larger
calculation time than the other two models. Moreover, there is only little experience in
using the Spencer model.

Besides the LEM models described until now, macro-stability can also be assessed using numerical
models like FEM (Finite element models). These fall outside the scope of this study and will not be
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covered here.

2.4.4. Safety Assessment Macro-Stability

As mentioned before, the process for assessing the safety of a dike with respect to macro-stability
is described in the WBI (Rijkswaterstaat, 2016a). The process starts with a simple safety check, in
which the relevance of the failure mechanism is assessed based on simple geometric properties.
If, based on this check, the failure mechanism is considered relevant, one should continue the
assessment with the semi-probabilistic method, as mentioned earlier.

As mentioned in Section 2.2, the maximum allowed failure probability for a dike trajectory has to
be divided between the different failure mechanisms, based on a mechanism budget, and
between the different dike sections, based on the length-effect factor, leading to a target failure
probability per cross-section (formula (2.3)). The proposed failure mechanism budget for macro-
stability is 0.04, which means that 4% of the maximum failure probability on trajectory scale can
be used for macro-stability. The length-effect factor for macro-stability is determined as follows
(Rijkswaterstaat, 2016a):

N = 1 4 Serdectory (2.17)
l
In which:
a; Describes mainly the correlations between the dike sections for this mechanism,
and has a value of 0.033 (Rijkswaterstaat, 2016b)
b, Representative length for the analysis in a cross-section, has a value of 50m

(Rijkswaterstaat, 2016b)
Lirajectory Length of the dike trajectory, as stated in the Dutch Water Act

As mentioned before, the semi-probabilistic calculation uses design values for all the parameters.
The result of this calculation is a Factor of Safety, which can be transformed into an approximated
failure probability using a calibrated formula. This formula is calibrated in such a way, that the
approximated failure probability will in most of the cases be conservative, as will be explained in
the next section. The approximated failure probability is compared to the target probability. If the
approximated failure probability is smaller than the target probability, the cross-section is safe.
Otherwise, one has three possibilities (Rijkswaterstaat, 2016a, 2016b):

a) Perform a customized assessment on cross-section scale, e.g. by performing a fully
probabilistic calculation (without using the conservative approximation of the semi-
probabilistic method) or by redefining the failure definition by taking into account
residual strength.

b) Do not anymore take into account the failure mechanism budget and length-effect factor.
Using probabilistic calculations, compute the failure probabilities for all dike sections and
all mechanisms (possibly also taking into account residual strength) and combine these to
a failure probability on dike trajectory scale, which can be compared to the maximum
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allowed failure probability (safety standard). This is theoretically the right approach and
uses no simplifications, but it is more complicated, as correlations between dike sections
should be taken into account.

c) Reinforce the dike, e.g. by applying a stability berm

In this research, the focus will be on the option a), meaning that the research is performed on
cross-section level, i.e. using a target probability, based on the mechanism budget and length-
effect factor.

Note that the process proposed by the WBI looks like a coarse to fine method. At first, the semi-
probabilistic method leads to an approximated failure probability which is conservative in most
cases. If this probability does not fulfil the target probability, one can choose to put more effort in
the assessment by performing fully probabilistic calculations, which are not based on a
conservative approximation. By putting in more effort, one can reduce the resulting failure
probability, and thereby possibly fulfil the target probability.

2.4.5. Semi-probabilistic assessment method

In this section, the semi-probabilistic assessment method that is currently used for the macro-
stability mechanism will be described in more detail.

As mentioned before, the semi-probabilistic calculation is based on design values for all
parameters. The design value of the water level is the water level with an exceedance frequency
equal to the safety standard (maximum allowed failure probability) of the dike trajectory. For the
other parameters, one wants to use values which are close to the design point (FORM, see Section
2.3.2) values. To obtain these values one first takes representative/characteristic values of the
parameters, which are equal to the 5%-quantile (for resistance parameters) of the probability
distributions. Partial safety factors are then used to bridge the gap between the characteristic
values and the design values.

For the macro-stability mechanism, these safety factors have been determined in a calibration
study (Kanning et al., 2016). In theory, every variable should have a partial safety factor which
depends on the target reliability. However, the calibration study uses a simplified approach: for
every variable a partial safety (material) factor is established, which is independent of the target
reliability (Br-invariant), and then one Br-dependent safety factor is calibrated: the damage factor.

The calibration study concluded, based on FORM influence coefficients, that only for parameter S
(undrained shear strength ratio) it was possible to assign a value other than 1.0 for the partial
safety factor (material factor). All material factors are 1.0, and thus do not have any influence,
except for parameter S, for which material factors 1.0 and 1.3 both are possible. However, it is
chosen to use the material factor 1.0. This means that material factors do not have any influence
and the Br-dependent safety factor covers all uncertainties. The design values used in the semi-
probabilistic calculation are therefore equal to the characteristic values.
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The safety requirement for the semi-probabilistic method looks as follows:

FoSgesi
—design 4 (2.18)
Ya*Vn
In which:
FoSgesign Factor of safety for the stability of the dike (determined using the LEM models

from Section 2.4.3, e.g. the ratio between driving moment and resisting moment
for the Bishop model), based on design (characteristic) values for all the
parameters [-]

Vn Br-dependent damage factor [-]

Ya Model factor [-]

The model factor is used to take into account model uncertainties, and the value of the factor
depends on which LEM model is used for the slip circle analysis. As mentioned before, there are
three different slip surface models. Each model has its own corresponding safety factor, as shown
in Table 2.1(Rijkswaterstaat, 2016b).

Slip circle model Model factor (yad)
Bishop 1.11
LiftVan 1.06
Spencer- Van der Meij 1.07

Table 2.1: Model factors for the different LEM models

A calibration study was performed to determine y, (Kanning et al., 2016).The approach used for
the calibration, is as follows. Different cases have been assessed both probabilistically and semi-
probabilistically. The first results in a reliability index B. The second results in a FOSgesign - It can be

calculated what the value of the damage factor should be to fulfil the requirement of (2.18): y,, =
FoSgesign

Ya
By doing this for all cases a (yn-B)- scatterplot is obtained. By fitting a line at the 20%-quantile (of

B) of this plot, the following relation for y,, has been established:

Yn = 0.15 % Br oss +0.41 (2.19)

This plot and the fitted relation are shown in Figure 2.17. The calibrated damage factor leads to
the following relation between the calculated factor of safety (the actual result of the semi-
probabilistic calculation) and the approximated failure probability (Rijkswaterstaat, 2016a):

(%)—0.4-1
Pr=¢ (‘ 0.15 (2.20)

From Figure 2.17, it immediately becomes clear that the result of the semi-probabilistic method is
an approximated reliability (or failure probability). There is a 20% probability that the reliability is
lower and a 80% probability that the reliability is higher than the calculated result. After all, the
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line has been fitted to the 20%-quantile of the reliabilities B in the scatter plot. Note that this
means that in most of the cases the reliability of the dike is underestimated, and the failure
probability is thus overestimated, which is conservative. Due to the big scatter in the plot, it can
be a good choice to perform a fully probabilistic calculation, once a semi-probabilistic calculation
has a negative result (Kanning et al., 2016).

Note that the calibration study as explained above was performed for normal dike cases, without
(high and wide) foreshores.
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Figure 2.17: Scatter plot of the results of the calibration study (Kanning et al., 2016)

2.4.6. Shear strength models

Up to this point, the macro-stability mechanism, the calculation models and the assessment
process have been discussed. In Section 2.4.3, it was already mentioned that calculation models
use the shear strength of soils as a resistance against instability. This section covers the different
models that are used to determine the shear strength.

In the old safety standards, the shear strength of the soil in the macro-stability analysis was
calculated using drained analysis only. For this, the Mohr-Coulomb model was used, calculating
the shear capacity as follows (Verruijt, 2001):

T= c'+ o, *tan(e") (2.21)
In which:
T Ultimate shear stress [kN/m?]
c’ Cohesion [kN/m?]
On Normal stress on the slip surface [kN/m?]
@’ Effective friction angle [°]
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In the new standards, a new soil model is introduced: Critical State Soil Mechanics (CSSM)
(Schofield & Wroth, 1968).This model distinguishes between peak strength and critical state
strength, between normally consolidated behaviour and over-consolidated behaviour of the soil,
and between drained and undrained behaviour. The critical state of the soil is a proper measure
for the resistance against sliding of the soil. This critical state is the state in which there is no
further change in volume or effective stress, so at the end of the stress path (Wroth, 1984). Figure
2.18 shows the basics of the CSSM model. The Critical State Line (CSL) gives the relation between
the mean effective principal stress (s’) and the shear stress at critical state (t). The slope of the
CSL is equal to sin(@cs), in which @ is the critical state friction angle. The cohesion does not play a
role in the CSL. In the CSSM model, cohesion is the result of over-consolidation. Cohesion only
plays a role in the determination of the peak strength of over-consolidated soils. In an over-
consolidated soil the yield stress (o’\y) is larger than the vertical effective stress (0’vi); the effective
stress in the soil has been higher in the past then it is at that moment. If the soil is normally
consolidated, the vertical effective stress is equal to the yield stress.

normally

overconsolidated consolidated

- > 4 »

Critical State Line

peak strength ,@“/
ﬁﬁ’/ " this point is related to
L the yield stress

t= % (o' — o'n) [KNmM?]

8' =% (g'y + o) [KN/m?]

Figure 2.18: lllustration critical state line in the CSSM model (Rijkswaterstaat, 2016b)

An important consideration in stability calculations is the choice between drained and undrained
analysis of the soil. Undrained analysis takes excess pore pressures into account, which are
generated when the soil deforms and water cannot flow out of the soil. In practice, undrained
analysis is performed for layers with low permeability, like clay and peat. For permeable layers,
mostly consisting out of sand, drained analysis is used. Figure 2.19 shows typical stress paths for
both drained and undrained behaviour. The difference u between the paths is the excess pore
pressure, generated due to undrained behaviour of the soil. The figure shows that the excess pore
pressures result in a decrease of the critical state shear strength; the shear stress (t) at the end of
the stress path is lower for undrained behaviour than for drained behaviour. Excess pore
pressures therefore lead to a strength reduction of the soil.
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Crtical State Line

t= % (o'y— o'n) [KN/mM?)

A -A' undrained behavior
B -B' drained behavior

A B s'=1 (g, =o'y) [kN/m3]

Figure 2.19: lllustration of stress paths for both drained and undrained behaviour in the CSSM model
(Rijkswaterstaat, 2016b)

The shear strength of drained layers is calculated using the normal stress on the failure plain, like
in the Mohr-Coulomb model (equation (2.21)). Note that in the CSSM model the cohesion is zero
and the critical state friction angle @ is used.

The shear stress of undrained layers is calculated using the SHANSEP model, and is determined as
follows (Rijkswaterstaat, 2016b):

Sy = 0,; *S*OCR™ (2.22)
with  OCR =22 and oy, = oy, +POP
vl
In which:

Su The undrained shear strength [kN/m?]
Oy In situ effective vertical stress [kN/m?]
S The undrained shear strength ratio [-]
OCR Over consolidation ratio [-]
m Stress increase exponent [-]
Ty Vertical yield stress [kN/m?]

POP  Pre-overburden pressure [kN/m?]

2.5. Conclusion

The purpose of this chapter was to provide the reader with the necessary theory and background
information for the research performed in this Thesis. Moreover, it was meant to give insight into
the current safety assessment method for dikes.

In short, this assessment method is as follows. For every dike trajectory a maximum allowed
failure probability has been defined. This maximum allowed probability is divided over the
different failure mechanisms and dike sections in the trajectory, resulting into a target probability
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for every mechanism (see Figure 2.4). The safety assessment of the dike, for a certain failure
mechanism, is a check whether or not the failure probability for that mechanism is below the
target probability.

This Thesis focuses on the failure mechanism of macro-stability: a volume of soil sliding off the
dike due to an increase in pore pressures. For this failure mechanism the WBI proposes a semi-
probabilistic method to calculate the failure probability, which can be compared to the target
probability. However, this semi-probabilistic method results in an approximated failure
probability, which is based on a calibration study and is conservative in most cases. If this
approximated probability is higher than the target probability, it may be wise to put in more effort
and perform a more complicated fully probabilistic calculation, which is not based on a
conservative approximation. Possibly, the result of the fully probabilistic calculation does fulfil the
target probability. This approach can be seen as a coarse-to-fine method.

This answers the first research sub-question of this study: “What method is currently used to
assess the safety of dikes in general and specifically for macro-stability?” Furthermore, different
probabilistic calculation methods have been described and the physics and calculation models of
the macro-stability mechanism have been covered in this chapter. In the next chapter, the theory
will be applied to the specific case of dikes with high and wide foreshores, on which the focus of
this Thesis will be.
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3. High Foreshores

The theory covered in the previous chapter, will in this chapter be applied to the specific case of
dikes with high and wide foreshores, on which this Thesis will focus. This chapter will answer the
second sub-question: “Which processes can lead to macro-stability failure of dikes with high and
wide foreshores?” This way, more insight is gained into the hypothesis that a dike with a high and
wide foreshore is significantly safer with respect to macro-stability for water levels below the
level of the foreshore than for higher water levels, as stated in Section 1.2.

As explained before, to assess the safety of a dike with respect to macro-stability, the failure
probability for this mechanism is compared to the target probability. To determine the failure
probability, the WBI proposes a semi-probabilistic method, which results in an approximated
failure probability. An important simplification of this semi-probabilistic method is that it
considers only one (design) water level, and does not take into account the contribution of lower
water levels to the failure probability. If a dike would be significantly safer for lower water levels,
not taking the contributions of these water levels into account would probably result in an
overestimation of the failure probability. However, based on the calibration study (Kanning et al.,
2016) and (POVM, 2015), it can be concluded that for most cases, the water level has only little
influence on the safety of a dike (with respect to macro-stability), and that extreme rainfall is
more important. This means that not taking into account the lower water levels in a semi-
probabilistic approach would not lead to a significant overestimation of the failure probability.

However, in case a dike has a high and wide foreshore, this may be different. After all, the
foreshore will most of the time not be flooded. Only for very high water levels, like the design
water level, the foreshore will be flooded. This means that for water levels below the level of the
foreshore the dike is significantly wider than for high water levels, which means that the dike is
probably also safer. This hypothesis is also proposed by (POVM, 2015). To explain this, reference
is made to Figure 3.1, in which a dike with a high and wide foreshore is shown, both for a (design)
water level above the foreshore level, and a water level below the foreshore level.

Water level above foreshore Water level below foreshore

Figure 3.1: Possible slip surfaces in a dike with foreshore both for a water level above foreshore level and below

For the water level above the level of the foreshore, a possible slip surface (along which the soil
will slide) is drawn (a). Probably, the critical slip surface will have a shape similar to (a), entering in
the crest of the dike. One can expect that for water levels below the level of the foreshore, a
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similar slip surface will be critical: slip surface (b). After all, the only difference between both
situations is that for the (design) water level above foreshore level, the phreatic line will be
somewhat higher (depending on the permeability of the foreshore and the duration of the high
water) and the aquifer head will be higher, leading to higher pore pressures in the dike body and
the subsoil, and thus to some less stability, but probably not to a radical change in critical slip
surface.

This is where the failure definition comes into play. As stated in Section 2.4.2, in most cases sliding
of the soil does not lead to immediate failure of the dike, because often part of the crest remains
intact, which is still able to retain the water. Therefore, the WBI states that for the macro-stability
assessment, only the slip surfaces which are close to loss of function (failure) of the dike, should
be taken into account. Loss of function of the dike means that the dike is no longer able to retain
the water and a flooding takes place. In practice, the WBI proposes to take into account only the
slip surfaces that enter halfway the inner slope or further to the water side, as illustrated in Figure
3.2. From now on, this is referred to as the WBI failure definition.

Relevant

Figure 3.2: WBI failure definition: a slip surface entering in the green area is considered relevant (failure), one in the
red area is not.

According to this WBI failure definition, both slip surfaces (a) and (b) in Figure 3.1 are relevant,
and can thus be regarded as failure of the dike. For slip surface (a), sliding along this slip surface
would indeed lead to a situation which is close to loss of function of the dike, because after the
slide, only little part of the crest is intact to retain the water. However, for slip surface (b) this is
different. In this case, the water level is below the level of the foreshore, so after sliding of the soil
along slip surface (b), the complete foreshore and part of the dike crest are still intact and form a
large body to retain the water. In other words: there still a wide dike left. From now on, this will
be referred to as residual width. Slip surface (b) is therefore nowhere near loss of function of the
dike. This means that for water levels below foreshore level, the WBI failure definition should not
be used. Instead, the residual width has to be taken into account; one has to look for slip surfaces
that are close to loss of function of the dike.

To reach loss of function of the dike for water levels below the level of the foreshore, a slip
surface similar to (c) is needed, which has an entrance point far more to the water side and
causes the complete foreshore to slide away (see Figure 3.1). A long and deep slip surface, like (c),
generally goes along with a smaller probability of occurrence, than a more shallow slip surface like
(a) and (b). This means that, taking into account residual width, the dike will be safer for water
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levels below the level of the foreshore than for higher water levels. After all, for water levels
below foreshore level a long and deep slip surface (c) is needed to reach failure, whereas for
higher water levels a shallower slip surface (a) suffices. As said before, this means that not taking
into account these lower water levels (which lead to more safety) in a semi-probabilistic
assessment will lead to an overestimation of the failure probability. This supports the hypothesis
stated in Section 1.2.

However, slip surface (c) is not the only way loss of function of the dike can be reached for water
levels below the level of the foreshore. Another possibility is progressive failure. This means that a
shallow slip surface (b) is followed by another shallow slip surface, and possibly by a third and a
fourth and so on, until such a large part of the foreshore has disappeared, that one can speak of
loss of function and thus failure of the dike. This phenomenon is shown in Figure 3.3. As a shallow
slip surface generally has a higher probability of occurrence than a long and deep slip surface (c),
possibly the combination of all those successive shallow slip surfaces, leading to progressive
failure, goes along with a higher probability than the probability of occurrence of just one deep
and long sliding plane leading to failure.

Figure 3.3: lllustration of progressive failure

Concluding the above, there are three scenarios of dike failure for dikes with high foreshores:

1. Failure of the dike due to a (shallow) slip surface in case the water level is higher than the
foreshore level.

2. Failure of the dike due to a deep and long slip surface in case the water level is below the
foreshore level.

3. Failure of the dike due to successive shallow slip surfaces in case the water level is below
the foreshore level (i.e. progressive failure).

These scenarios are used to build a fault tree, which is shown in Figure 3.4. Note that in the safety
assessment, for the water levels higher than the level of the foreshore, the WBI failure definition
can be used (scenario 1). For water levels below the level of the foreshore, the residual width has
to be taken into account, by looking for a long and deep slip surface (scenario 2) or by using
progressive failure (scenario 3). Taking into account residual width will probably mean that the
dike is significantly safer for water levels below foreshore than for higher water levels. Later on in
this report, this will be validated by performing calculations.
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Figure 3.4: Fault tree for macro-stability of a dike with a high foreshore

Note:

In this section two definitions are used, which can be easily confused: stability and safety.
Stability refers to the resistance against sliding of the inner slope of the dike; it considers the
probability of any soil slide in land inwards direction. Safety refers to the resistance against
failure of the dike in terms of flooding; it considers the probability of reaching a failure
definition and therefore the probabilities of only the soil slides leading to a situation which is
defined as failure. In other words: instability does not always lead to failure.

Reference is made to Figure 3.1. For the stability of the dike, the same slip surfaces are
considered for water levels above foreshore level (a) and below foreshore level (b). The only
difference for the stability is caused by the pore pressures, which are lower for water levels
below foreshore level, leading to a little more stability. For the safety of the dike, a completely
different slip surface (or progressive failure) has to be considered for water levels below
foreshore (c). The difference in safety between the two water levels is thus not only caused by
a difference in pore pressures, but also by the different slip surface shape. The difference in

safety is therefore probably larger than the difference in stability.
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4. Calculation Set-Up

4.1. Introduction

To be able to answer the remaining sub-questions of this Thesis, calculations have to be
performed on different theoretical test cases. This chapter describes the different calculations
that will be performed, the test cases that will be used, and the schematization choices used for
the calculations. Besides, the assumptions and limitations of the different calculation methods will
be discussed.

4.2. Calculation Matrix

In this Thesis, different calculations will be performed. The failure probabilities of different test
cases will be calculated using both the semi-probabilistic method (see Section 2.4.5) and fully
probabilistic calculations. And both cases with foreshore and cases without foreshore will be
used. The results of these different cases and different calculation methods will be compared to
each other.

To give a clear overview of the different calculations that will be performed in the remainder of
this report, a calculation matrix is shown in Figure 4.1. Each cell shows an illustration of the
calculation it represents: a sketch of the dike geometry, including the water level distribution and
the water levels that are taken into account for the calculation, and a possible slip surface.
Besides, it is shown which slip surfaces are taken into account for the calculation (failure
definition): slip surfaces with an entrance point in the green area are considered relevant for that
cell (calculation), those with an entrance point in the red area are not.

The cells of the matrix are described below:

1) No foreshore, Semi-Probabilistic: The failure probability of a test case without foreshore
is calculated using the semi-probabilistic method. Only one water level (design water
level) is taken into account for the calculation. The WBI failure definition will be used,
taking into account all slip surfaces with an entrance point halfway the inner slope or
further to the water side (shown in green).

2) No foreshore, Probabilistic: The failure probability of a test case without foreshore is
calculated using fully probabilistic calculations. The complete water level distribution is
taken into account for the calculation. The WBI failure definition will be used.

3) Foreshore, Semi-Probabilistic: The failure probability of a test case with foreshore is
calculated using the semi-probabilistic method. Only one water level (design water level)
is taken into account for the calculation. The WBI failure definition will be used (because
the design water level is above the level of the foreshore).

4) Foreshore, Probabilistic: The failure probability of a test case with foreshore is calculated
using fully probabilistic calculations. The calculations are based on the three scenarios of
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Chapter 3. For water levels above foreshore level, the WBI failure definition will be used
(1). For water levels below foreshore level, the residual width is taken into account by
looking at a long and deep sliding plane (2) or by analysing progressive failure (3) (See
Figure 4.1).

One could also choose to perform the calculations of this cell without taking into account
residual width, and just using the WBI failure definition for all water levels (this is not
shown in the matrix). However, this will probably lead to overestimation of the failure
probability. This will be further studied in Chapter 6.

Semi-Probabilistic Probabilistic

..............

No Foreshore

R

Foreshore

Figure 4.1: Calculation matrix showing the different calculations performed in this Thesis

In the next section, the test cases, on which the calculations above are performed, will be
introduced.

4.3. TestCases

For this study different theoretical test cases have been created. The basis for these test cases is
shown in Figure 4.2. Each case consists of a dike and a foreshore, both out of the same material.
The subsoil consists of an aquitard out of clay on top of an aquifer out of sand with a thickness of
10m. The foreshore has a width of 100m and the dike crest a width of 5m. The outer slope of the
foreshore and of the dike both are at 1:3 and the inner slope is at 1:4. In all cases, the surface
level is at Om+NAP.

Note: For the cases without foreshore (see Figure 4.1), the foreshore in Figure 4.2 is absent and
the geometry follows the dashed line.

Mick van Montfoort

39



January 2018 Safety assessment method for macro-stability Master Thesis

of dikes with high foreshores

The material of the dike and foreshore, the thickness and strength parameter S (undrained shear
strength ratio, see Section 2.4.6) of the aquitard, and the height of the foreshore and the dike
crest are varied in the different Test Cases. The height of the foreshore and the dike crest are
determined based on a water level distribution. It is chosen to base the test cases on a Gumbel
distributed water level with parameters u =3 and a = 4.5.

(ES

100m

I‘“
i
1:3 A 1:4
Foreshore 7 Dike
I
l"

Aquitard

Aquifer 10m

Figure 4.2: Standard case used as basis for all test cases

The different Test Cases are shown in Figure 4.3. In short, they can be described as follows:

e Test Case 1: The dike and the foreshore consist out of sand. The aquitard is a weak clay
layer with a mean value of the undrained shear strength ratio S = 0.25 and a thickness of
5m. The level of the foreshore is at 4.02m+NAP, based on the mentioned water level
distribution and a probability of flooding of the foreshore of 1/100. The level of the dike
crest is at 5.54m+NAP, based on a design water level with an exceedance frequency of
1/10,000 (5.04m+NAP) and a freeboard of 0.5m. The daily water level is at 2m+NAP and
the polder level is at Om+NAP (inner surface level).

e Test Case 2: The geometry of this case is equal to Test Case 1. The differences are the
material of the foreshore and dike, which are out of clay, and the strength of the clay
aquitard, for which S =0.32.

e Test Case 3: The basis of this case is equal to Test Case 1. The thickness of the aquitard
has been reduced to 2.5m, to create conditions in which uplift of the aquitard becomes
important. Furthermore, the strength of the aquitard has been increased to S = 0.32.

e Test Case 4: The basis of this case is equal to Test Case 1. The strength of the aquitard has
been increased to S =0.32.

e Test Case 5: The basis of this case is equal to Test Case 2. The strength of the aquitard has
been increased to S =0.35.

o Test Case 6: The basis of this case is equal to Test Case 4. The height difference between
the foreshore and the crest has been reduced. The probability of flooding of the foreshore
is equal to 1/1,000 and the exceedance frequency of the design water level is 1/3,000.
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e Test Case 7: The basis of this case is equal to Test Case 5. Again, the height difference
between foreshore and crest have been reduced, and the corresponding probabilities are
the same as in Test Case 6.

4.02m I / Sand Dike /_\ 5.54  4.02m I / Clay Dike /_\ I 5.54
m m
Weak Clay 5m Clay 5m
TestCase 1 Test Case 2
4.02m I / Sand Dike /_\ 5.54  4.02m I / Sand Dike /_\ I 5.54
m m
cl
2 25 Clay Sm
m
Test Case 3 (Uplift) Test Case 4
4.02m I / C\ay Dike /_\ I 5.54 4.53m I / Sand Dike /_\ I 5.3m
m
Strong Clay Sm Clay 5m
Test Case 5 Test Case 6
4.53m I / Clay Dike /_\ I 5.3m
Strong Clay 5m
Test Case 7

Figure 4.3: Overview of the test cases considered in this Thesis

Note: In all test cases as shown in Figure 4.3 a foreshore is present. The same test cases will also
be used without foreshore, as mentioned before. Besides the absence of the foreshore, these
cases are the same as shown in the figure.

4.4. Water level distributions

In the previous section, the different test cases have been described. The height of the foreshore
and the height of the dike crest in these test cases were based on an assumed water level
distribution (Gumbel distributed with u = 3 and a = 4.5, see Section 4.3), which is also used in
determining the total failure probability from the fragility curve in the fully probabilistic
calculation.
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Note that in the different test cases, a lot of variables have been varied. However, one important
variable has not been varied: the water level distribution. To study the influence of this
distribution, all calculations are performed twice: once using the basic water level distribution (o =
4.5) and once using a water level distribution with reduced spreading (a = 7.5). Both are Gumbel
distributed and have location parameter u =3. The heights of the foreshore and of the dike crest,
which are based on the basic water level distribution, are kept the same (as shown in Figure 4.3).

Reducing the spreading, means that higher water levels get a lower probability of occurrence. This
is illustrated in Figure 4.4, which shows a fragility curve for macro-stability, together with both
water level distributions (a = 4.5 in black, a = 7.5 in red). Reducing the spreading changes the
results of both semi-probabilistic calculations and fully probabilistic calculations:

e The semi-probabilistic method is based on a design water level. This design water level
has a fixed exceedance frequency (which is equal to the safety standard of the dike). For a
water level distribution with less spreading (but the same mean value), this fixed
exceedance frequency corresponds to a lower design water level, probably leading to a
higher FoS in the semi-probabilistic method and thus to a lower failure probability.

e In the fully probabilistic calculation the fragility curve does not change, as the water levels
are put in as deterministic values. However, the total failure probability is obtained by
integration of the product of the fragility curve and the water level distribution over the
water levels. For a water level distribution with less spreading (but the same mean value),
this total probability decreases.

Fragility curve

Probability density water level
Failure probability [1/year]

2 25 3 35 4 45 5 55
Water level [m+NAP]

Figure 4.4: lllustration of a fragility curve combined with different water level distributions
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4.5. Schematization and Calculation choices

The previous sections described the different calculations that will be performed in this Thesis
and the test cases and water level distributions that will be used for these calculations. This
section covers the calculation choices that are made for the calculations, like the software and the
models that will be used, the schematization choices, and specific choices for the semi-
probabilistic, fully probabilistic, and progressive failure calculations.

Only a brief overview of the choices will be given here. The complete description of all choices can
be found in Appendix B.

4.5.1. Software & Model

The calculations in this study are performed using the Beta version of the D-GeoStability software
in combination with the Probabilistic Toolkit of Deltares. Within this software the WBI calculation
kernel is used.

The slip surface calculations are performed using the UpliftVan model, because long sliding planes
are needed to reach failure in case the water level is below foreshore level (as described in
Chapter 3), and the elongated slip surface shape of the Uplift Van model is best suited for this.
Besides, Uplift Van model is the standard used model in WBI 2017, and this model was also used
in the calibration study mentioned in Section 2.4.5.

4.5.2. Schematization

Figure 4.5 shows an example of the schematization of a dike for the macro-stability mechanism,
with the different parameters that play a role. For the macro-stability mechanism, the parameters
that play a role can be divided into two groups.

On the one hand there are the soil parameters, which determine the strength of the soil layers. As
mentioned before, all test cases consist of three soil layers: the dike (and foreshore) body, a clay
aquitard, and an aquifer consisting of Pleistocene sand. Figure 4.5 shows for the different layers
which parameters are used to determine the strength of the layer. The unit weight of the material
(v), plays a role in both the strength of the dike and the load on the dike. Note that for the sand
aquifer drained analysis is used and for the for the clay aquitard undrained analysis (see Section
2.4.6). For the dike and foreshore body, the choice between drained and undrained analysis
depends on the material.

On the other hand, there are the parameters that determine the pore pressures inside the dike
(the waternet). This waternet (including the phreatic line) is automatically created in the D-
GeoStability software by using the Waternet Creator, based on the parameters shown in Figure
4.5. The pore pressures in the soil act as an initiator for macro-stability: the higher the pore
pressures, the lower the shear strength of the soil and the lower the stability of the dike.
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Phreatic line
Dike and Foreshore
If Clay: S, m, POP
If Sand: ¢, ¢
Both: y
T
Part below dike 1 Part next to dike
Adquitard: :
S, m, POPR,y O (o] 1 (o]
1
Yield stress point = !
Aquifer (Pleistocene Sand): /
Coy
Pore pressures:
A, Intrusion length,
Water level, k, k'

Figure 4.5: Overview schematization for the macro-stability assessment, showing the parameters that play a role

The shear strength of the aquitard is determined based on the SHANSEP model using yield
stresses (Section 2.4.6), which are a measure of the stress history of the soil. Figure 4.5 shows the
positions of the yield stress points in the schematization: one below the foreshore, one below the
dike crest and one below the hinterland. Besides, Figure 4.5 shows that the aquitard layer is split
up into a part next to the dike and a part below the dike. Generally, these parts have a different
stress history. To schematize this in a right way, they are modelled as separate layers in the D-
GeoStability software.

The values of the soil parameters that are used in the calculations are, for all test cases, specified
in Appendix A. The schematization and the meaning of the different parameters are described in
more detail in Appendix B.

4.5.3. Fully probabilistic vs. Semi-probabilistic

As mentioned in Section 4.2, in this Thesis both fully probabilistic and semi-probabilistic
calculations will be performed. Both calculations use the schematization as described above in a
different way.

The fully probabilistic calculations will be performed using fragility curves (see Section 2.3.3): for a
range of water levels the conditional failure probabilities will be computed using a FORM
calculation (see Section 2.3.2). This fragility curve then leads, combined with the water level
distribution, to the total failure probability. The fully probabilistic calculation uses the complete
probability distributions for the water level, the strength parameters of the soil, and for A and the
intrusion length (Figure 4.5). Besides, correlations (measures of mutual dependence) between
different variables have to be specified (see Appendix B).

While the fully probabilistic calculation takes a lot of calculation steps, as the conditional
probabilities are computed for a range of water levels, and for each water level iteration is

needed in the FORM calculation, the semi-probabilistic calculation takes only one calculation step.

It is a simplified approach. Instead of using the complete probability distributions of the
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parameters, characteristic values are used, which are the values corresponding to a certain
quantile of the distribution. The quantiles to be used can be found in Appendix B. Besides, instead
of using the complete water level distribution, only one design water level is used. The single
calculation step leads to a factor of safety (FoS), computed in the D-GeoStability software, which
is transformed into an approximated failure probability using formula (2.20):

FoS —041
Pr=¢ <— %) , in which the model factor is y; = 1.06 for the Uplift Van slip surface

model (see Section 2.4.5).

4.5.4. Progressive failure analysis

In the progressive failure analysis, the probability of failure of a dike due to successive soil slides is
studied. This analysis refers to scenario 3 of Chapter 3. For this analysis, more calculation and
schematization choices are needed than for the other calculations. Therefore, they are described
separately in this section. Note that this section only gives a brief description of the choices that
are made. The choices are described in detail in Appendix B.

In the progressive failure analysis, the individual probabilities of the successive soil slides are
calculated. After every single slide, a new remaining profile has to be schematized. For every
slide, this remaining profile gets a more gentle inner slope, and will therefore become more
stable. This means that the probability of occurrence a new individual slide decreases with every
successive soil slide.

For failure of the dike to occur, the successive soil slides must lead to a situation in which there is
almost no foreshore left to retain the water. In this Thesis, a situation in which the remaining
width is less than 3m is defined as failure. The remaining width is defined in Appendix B. Based on
the individual probabilities of the successive soil slides, the total failure probability can be
determined. Progressive failure can be seen as a parallel system: all soil slides have to occur
before failure occurs. The total failure probability is assumed to be equal to the minimum
individual probability of all soil slides, which is a conservative choice. This is described in Appendix
B. As the probability of occurrence of a soil slide decreases with every slide, the total probability
of a combination of slides is generally equal to the individual probability of the last slide.

For simplicity reasons, the progressive failure analysis is performed using only one water level, the
highest water level for which the foreshore is not flooded. It is assumed that the conditional
failure probability that is found for this water level, is also the conditional failure probability for
the other water levels below foreshore level. This is a conservative assumption, because in reality
the failure probability decreases for decreasing water levels.

For the analysis, a stop criterion is determined, equal to B = 6.44. Once the reliability of a new
individual soil slide exceeds this value (i.e. the failure probability becomes lower than 6.0%107?),
the probability of progressive failure can be considered negligible and the analysis can be
stopped.
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For the remaining profile and the slip surfaces that are taken into account in the analysis, some
assumptions have been made. These are described in Appendix B. The next section describes the
effect these assumptions have on the results.

4.6. Limitations

This section discusses the assumptions that are used in the different calculation methods and
their limitations. In reality a dike has a certain failure probability. For now, this is defined as the
real failure probability. Important to realize is that in all the calculations assumptions are made.
This means that none of the calculation methods calculates the exact real failure probability; they
all lead to estimations. However, some of the methods resemble the reality better than others,
and therefore lead to results which are closer to the real failure probability.

This section discusses for the different calculations methods to which degree they resemble the
reality, based on the assumptions and simplifications that are used.

4.6.1. Limitations Semi-Probabilistic calculations

The semi-probabilistic method is based on a lot of simplifications. As mentioned before, the
calculation is performed using design values for all parameters, instead of using the complete
probability distributions. Besides, the result of this calculation is a factor of safety (FoS). Based on
a calibrated relation (B-yn), this FoS is used to approximate the failure probability. Note that this is
an important limitation of the semi-probabilistic method.

Besides, as described in Appendix B, the phreatic line in the dikes is modelled using standard
schematizations, which are conservative estimates. The time-dependence of the phreatic line
development is not taken into account. For dikes without foreshores, this has probably only little
effect on the result. For dikes with foreshores however, the effect is probably bigger. After all, it
takes time for the foreshore to get completely saturated, depending on the permeability of the
foreshore. It is therefore possible that a high water level situation does not last long enough for
the complete foreshore body to get saturated. By using the standard phreatic line
schematizations this fact is neglected and the foreshore is assumed to be completely saturated as
soon as the water level is above foreshore level. For the design water level, which is (almost
always) above foreshore level, the foreshore is thus assumed to be completely saturated. This
simplification may lead to overestimations of the failure probability.

4.6.2. Limitations Probabilistic calculations

The probabilistic calculations are performed using the complete probability distributions for all
parameters. This way, the complete uncertainties in the parameter values are incorporated in the
calculations. Besides, the result of a probabilistic calculation is a failure probability. There is no
calibrated relation needed for this. Therefore, a fully probabilistic calculation better resembles the
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reality than the semi-probabilistic method. However, simplifications and assumptions are made
for these calculations too.

First of all, the standard phreatic line schematizations as described above are used. For water
levels above foreshore level, this may therefore lead to overestimations of the conditional failure
probabilities, because the foreshore is assumed to be completely saturated.

Besides, in reality, a lot of different slip surfaces are possible, each with a certain probability. The
total failure probability is the combination of all those slip surfaces, with the corresponding
probabilities, taking into account the correlations between different slip surfaces. However, in the
probabilistic calculation, the failure probability is calculated using only the critical slip surface (the
slip surface that leads to the lowest FoS using design values for the parameters). The failure
probability is assumed to be equal to the probability of occurrence of this critical slip surface (see
Appendix B). (Schweckendiek, Krogt, Rijneveld, & Teixeira, 2017) states that this is a reasonable
approximation, because different slip surfaces close to each other are (almost) fully correlated
and completely different slip surfaces differ largely in failure probability, and summing up smaller
probabilities has only little influence on the total failure probability. The combined probability of
all possible slip surfaces will therefore probably not differ a lot from the probability of the critical
slip surface. However, it is still a simplification of the reality.

4.6.3. Limitations Progressive Failure analysis

To take into account the residual width for water levels below foreshore level, a progressive
failure analysis is performed, as described before. This analysis is based on a lot of assumptions.
The most important assumptions made for the analysis are:

e There is an infinite amount of pathways leading to failure; for every individual soil slide, a
lot of slip surfaces are possible. In the analysis this is accounted for by combining two
types of slip surface shapes (see Appendix B) in a conservative way. However, note that a
lot of possible slip surfaces are neglected, so it is uncertain whether the combination of
the two types of slip surfaces is really conservative, and to what extent;

e The shape of the remaining profile is after every individual soil slide assumed based on
reductions of the dike height of 1m to 2m, which are mostly found in practice ('t Hart et
al., 2016; ENW, 2009). However, the shape of the remaining profile is highly uncertain,
and depends, besides on the slip surface, on dike material and strength.

e Brittle behaviour in the subsoil is assumed after a soil slide takes place, causing a
reduction in the shear strength: the undrained shear strength ratio S in the subsoil is
locally reduced to a mean value of 0.15, and the standard deviation is doubled. However,
it is uncertain whether in reality the strength is reduced, and to what extent;

e The total conditional failure probability for progressive failure for a certain water level is
assumed to be equal to the minimum probability of the individual soil slides. In reality,
this is the upper limit of the total failure probability.
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e For the analysis, only one water level was used, which is equal to the foreshore level. It is
assumed that the conditional failure probabilities for the other water levels below
foreshore are equal to the conditional failure probability of the used water level.

More information about the assumptions described above can be found in Appendix B. The last
two assumptions are known to be conservative. The other three are conservative to the best of
the available knowledge. However, there is a lot of uncertainty in these three assumptions, and
they influence each other and the result to a large extent. For example, the slip surface shape
determines for a large part the remaining profile, which determines for a large part the next slip
surface shape, and so on. Neglecting a lot of possible slip surfaces therefore also means that a lot
of possible remaining profiles are neglected. As the progressive failure analysis is not the primary
goal of this Thesis, the assumptions are considered to be acceptable. However, it is highly
recommended to perform further research into the behaviour of the soil after a soil slide, to
determine whether a strength reduction occurs and to what extent. Furthermore, it is
recommended to establish a better method to take all possible pathways leading to failure into
account, without neglecting a lot of possible slip surfaces.

4.6.4. Limitations failure definition

In all the calculations, the probability of reaching some failure definition is calculated. However, in
reality, reaching this failure definition will not always lead to failure in terms of flooding of the
dike. The failure definitions describe a situation in which it can be expected that a flooding may
occur. In other words: the failure definition resembles the real failure to some extent. In some
cases this definition is closer to real failure than in others.

For example, as mentioned before, a dike with foreshore has a lot of residual width for water
levels below the level of the foreshore. The WBI failure definition then considers relatively small
slip surfaces as failure, as it neglects the residual width. By taking this residual width into account,
and thus altering the failure definition, one obtains a failure probability which better resembles
real failure.

4.7. Schematization Example

This section introduces one of the test cases, Test Case 4, which will be used as an example
throughout this report. In this section, the schematization of the geometry and the parameters of
this case are described.

4.7.1. Geometry

Figure 4.6 shows the geometry of Test Case 4 with foreshore, and Figure 4.7 shows the geometry
without foreshore, as schematized in the D-GeoStability software.
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It concerns a sand dike (and a sandy foreshore) on top of a clay layer, with an aquifer (sand layer)
at -5m+NAP. Both the inner and outer surface levels are at Om+NAP. The outer slope of the
foreshore and the outer slope of the dike are at 1:3. The inner slope of the dike is at 1:4. The
thickness of the aquifer (Sand, Pleistocene) is 10m. The foreshore is 100m wide and the crest is
5m wide.

The level of the foreshore is at 4.02m+NAP and the dike crest is at 5.54m+NAP. The design water
level is 5.04m+NAP. The river water level during daily conditions is 2m+NAP and the polder level is
Om+NAP.

Note: Clay,B and Clay,N, are “Clay below the dike” and “Clay next to the dike” respectively. These
are two parts of the same layer, as described in Section 4.5.2.

The only difference between the two schematizations of Figure 4.6 and Figure 4.7 is, apart from
the presence/absence of the foreshore, that the most left yield stress point has disappeared for
the case without foreshore. This yield stress point was used to model the stress history below the

foreshore, and is therefore not needed in the case without foreshore.

Sand Pleistocene:

Figure 4.6 Dike geometry of Test Case 4 with foreshore as schematized in D-GeoStability

Sand Pleistocene

Figure 4.7: Dike geometry of Test Case 4 without foreshore as schematized in D-GeoStability
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4.7.2. Parameters

For Test Case 4, the soil parameters are shown in Table 4.1. For every parameter, the distribution
type, mean, variation and the design value (used in the semi-probabilistic calculation) are shown.
The design values are based on certain quantiles of the probabilistic distributions of the
parameters. These quantiles are specified in Appendix B.

Parameter | Distribution type | Mean value | Variation | Design value
Sand Dike

Vary/ Ywet [KN/m?3] Deterministic 18/20 - 18/20
¢’ [kN/m?] Deterministic 0 - 0

o [°] Lognormal 34 CoV =0.05 31.278
Sand Pleistocene

Vary/ Ywet [KN/m3] Deterministic 18/20 - 18/20
¢’ [kN/m?] Deterministic 0 - 0

0[] Lognormal 34 CoV =0.05 31.278
Clay, B

Vary/ Ywet [KN/m?3] Deterministic 15/15 - 15/15
S[-] Lognormal 0.32 0=0.03 0.273
m [-] Lognormal 0.9 CoV=0.03 0.856
POP Lognormal 25 c=7.5 14.775
Clay, N

Vary/ Ywet [KN/m?3] Deterministic 15/15 - 15/15
S[-] Lognormal 0.32 0=0.03 0.273
m [-] Lognormal 0.9 CoV=0.03 0.856
POP Lognormal 25 c=75 14.775

Table 4.1: Soil parameters Test Case 4

As explained in Appendix B, the POP values are not used in the calculation, but are used to
compute the yield stresses. The yield stress points are shown as the white dots in Figure 4.6. The
yield stress values are calculated by adding the POP values to the vertical effective stresses
(during daily conditions) in the yield stress points. The yield stress distributions are shown in Table
4.2. The distributions have the same variation as the POP values, and a shift equal to the value of
the effective stress (see Appendix B). Also, the design values as used in the semi-probabilistic
calculation are shown.

X-coordinate Distribution Mean value Variation Shift Design value
type

82.06 Lognormal 101.86 c=7.5 76.86 91.635

139.12 Lognormal 133.22 c=7.5 108.22 122.99

175 Lognormal 37.5 0=75 125 27.275

Table 4.2: Yield stresses Test Case 4

The values used for the Waternet Creator parameters are shown in Table 4.3. The hydraulic
conductivity of the Pleistocene sand layer (aquifer) is assumed to be 1.0*10*m/s and the
hydraulic conductivity of the clay layer (aquitard) is assumed to be 1.0*107m/s. These values are
used to calculate the mean values of the leakage lengths. For an aquitard consisting of clay,
(Rijkswaterstaat, 2016b) proposes a value for the intrusion length of 2m, for a long lasting high
water (20 days). For a short lasting high water (5 days), a value of 1m is proposed. A larger
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intrusion length leads (most of the time) to less stability, therefore the higher value of 2m is

chosen as mean, which is a little conservative choice.

Parameter Distribution type | Mean value Variation Design value
Ain [M] Lognormal 223.6 CoV=0.2 219.26

Aout [m] Lognormal 223.6 CoV=0.2 219.26
Intrusion length [m] Lognormal 2 CoV=0.3 1.916

Table 4.3: Parameters used for input Waternet Creator Test Case 4

The schematization of Test Case 4 has now been covered. In the remaining chapters, Test Case 4

will be used as an example, too. The schematization specified above will be used for the

calculations performed in these examples.
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5. Semi-probabilistic vs. Fully probabilistic

5.1. Introduction

This chapter refers to the third research sub-question of this study: “For dikes in general, does the
semi-probabilistic assessment method for macro-stability lead to a conservative result?” Note
that this chapter refers to dikes in general, and not specifically to dikes with high foreshores.

As mentioned in Section 2.4, the calibrated semi-probabilistic assessment rule (formula (2.20)) is
fitted at the 20%-quantile of the reliabilities, which means that for 20% of the cases considered in
the calibration study , the semi-probabilistic rule underestimates the failure probability (Kanning
et al., 2016). For the other cases, the rule is conservative, meaning that it overestimates the
probability. Based on this, it can be expected that for dikes in general the semi-probabilistic
method will most of the time lead to a conservative failure probability.

Looking at the safety assessment process as proposed by the WBI (described in Section 2.4.4), this
makes sense. One first performs a relatively easy semi-probabilistic calculation, which results in
an approximated failure probability, which overestimates the probability in most cases. If this
approximated probability is higher than the target probability, one can choose to perform a more
complicated fully probabilistic calculation, which may result in a probability lower than the target
probability. This process can be seen as a coarse-to-fine method: by putting in more effort in the
assessment one obtains a more positive result.

Based on the above, there is the hypothesis that the semi-probabilistic method will most of the
time lead to a conservative failure probability. In this section it will be examined whether or not
this is true for the test cases defined in Section 4.3. This will give more insight into the
interpretation of the results later on in this Thesis. Comparisons will be made between the semi-
probabilistic method and fully probabilistic calculations. Note that the calibration study of the
semi-probabilistic rule was performed for dikes in general, not for dikes with foreshores.
Therefore, dikes without foreshores will be used in this chapter. The above is made clear by the
arrow in the calculation matrix, shown in Figure 5.1.
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Semi-Probabilistic Probabilistic
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Figure 5.1: Calculation matrix showing the calculations performed in Chapter 5

No Foreshore

Foreshore

5.2. Approach

To study whether or not the semi-probabilistic rule leads to a conservative failure probability, the
test cases (as specified in Section 4.3) are used without foreshores. For these test cases the failure
probabilities for macro-stability are calculated, both using the semi-probabilistic method and
using a fully probabilistic calculation. For these calculations, the calculation choices as specified in
Chapter 4 are used. The results of both calculations are compared, to see whether or not the
semi-probabilistic method leads to a conservative failure probability (i.e. overestimates the
probability). The approach is illustrated in the flowchart of Figure 5.2.

Test Case without
foreshore

!

Semi-probabilistic
calculation

Fully Probabilistic

FoS calculation

Use calibration
formula:

Fo9) ga1
Pf:¢(_ (”0)15 )

| Py (semi-prob)

Py (prob)

[

Compare results

Figure 5.2: Flowchart showing the approach of the research performed in Chapter 5
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5.3. Example

In this section, the calculations performed in this chapter will for Test Case 4 be covered in detail,
as an example. This case was already introduced in Section 4.7, where the schematization of the
geometry and the parameters were discussed.

First, the failure probability is calculated using the semi-probabilistic method. Then, the fully
probabilistic calculations are performed. Finally, the results of both calculations will be compared.

5.3.1. Semi-Probabilistic calculation

The semi-probabilistic calculation is performed using a design water level (5.04m+NAP, see
Section 4.7.1). For the other parameters, design values are used too, as described in Section 4.7.2.

Figure 5.3 shows the result of the semi-probabilistic calculation in the D-GeoStability software.
The critical slip surface is shown. The corresponding factor of safety (FoS) is 1.058. This FoS can be
transformed into an approximated failure probability using the calibrated formula (2.20):

£o5) _0.41
Py = d)(_ <Ydo?15 )

Using the FoS = 1.058 and y4=1.06 (model factor Uplift Van), this leads to an annual failure
probability of Pi=4.41*10 (B = 3.921).

// ++++FF+r

R A S A

B i S

Sand Pleistocene

Figure 5.3: Result semi-probabilistic calculation Test Case 4 without foreshore (taken from D-GeoStability)

5.3.2. Fully probabilistic calculation

This section covers the fully probabilistic calculation of Test Case 4, without a foreshore. As
mentioned before, for a dike without foreshore, the WBI failure definition can be used for all
water levels, meaning that all slip surfaces with an entrance point halfway the inner slope or
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further to the water side are considered relevant. The results of the FORM calculations are shown
in Table 5.1, which shows for all water levels separately the conditional reliability index, the
conditional failure probability and the influence factors of all parameters.

Water level [m+NAP]
2| 2.5] 3| 3.5] 4 4.5 5 5.5
Failure analysis
Reliability B [-] 4.78 4.58 4.33 4.05 3.73 3.38 3.01 2.56
Failure probability 8.76 2.32 7.46 2.56 9.57 3.62 131 5.23
E-07 E-06 E-06 E-05 E-05 E-04 E-03 E-03
Influence factor (a?) [%]
Ain 0 0.045 0.189 0.462 0.893 1.482 2.891 14.479
Aout 0 0.031 0.13 0.319 0.616 1.012 1.915 4.249
Intrusion length 0.117 0.404 0.044 0.722 3.04 7.333 7.468 13.38
Yield (139.12) 14.162 14.617 15.435 16.272 17.089 18.097 18.449 15.822
Yield(175) 3.784 3.887 4.019 4.103 4,111 4.509 5.273 4.019
@ (Sand dike) 0.54 0.519 0.498 0.468 0.427 0.361 0.314 0.218
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay,B; Clay,N) 68.223 67.452 66.735 64.97 61.676 55.957 52.677 39.333
m (Clay,B; Clay,N) 1.125 1.185 1.271 1.374 1.475 1.666 2.094 1.908
my 12.049 11.86 11.678 11.31 10.672 9.584 8.918 6.592

Table 5.1: Results FORM calculations Test Case 4 without foreshore: showing for all water levels the conditional
reliability index, conditional failure probability and the influence coefficients of all parameters

The conditional reliabilities for the different water levels are used to construct a (B-h)-curve,
which is transformed into a fragility curve (see Figure 5.4). Integration of the product of the
fragility curve and the water level distribution over the water levels leads to a total annual failure
probability of Ps=1.52*%10" (B = 4.171).
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Figure 5.4: Beta-h curve (left) and fragility curve (right) of Test Case 4
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5.3.3. Comparison

For Test Case 4, without a foreshore, the semi-probabilistic method resulted in an approximated
failure probability of 4.41*107. The probabilistic failure probability, calculated using fragility
curves and FORM calculations, is 1.52*107. This means that the semi-probabilistic method
overestimated the failure probability with approximately a factor 3. For Test Case 4, the semi-
probabilistic method therefore indeed leads to a conservative result.

In the next section the results of the other test cased are covered, to see whether this also holds
for these test cases.

5.4. Results

Table 5.2 shows the results for all test cases for both the fully probabilistic calculation and the
semi-probabilistic calculation (the complete results of the fully probabilistic calculations can be
found in Appendix D). Besides, the ratio between the semi-probabilistic failure probability and the
fully probabilistic failure probability is shown. Note that for a ratio higher than one, the semi-
probabilistic method leads to a conservative result, and for a ratio lower than one, it leads to
underestimation of the failure probability. The table shows that for most cases, the semi-
probabilistic method is not conservative, but leads to underestimation of the failure probability.

Test Ps probabilistic P semi-prob Ratio Ps semi-prob / Ps

Case [-] [-] probabilistic [-]
1 4.07E-02 6.92E-03 0.17
2 8.68E-04 2.22E-04 0.26
3 6.40E-03 1.61E-03 0.25
4 1.52E-05 4.41E-05 2.90
5 1.47E-05 1.43E-05 0.97
6 1.50E-05 2.97E-05 1.98
7 1.14E-05 1.14E-05 1.00

Table 5.2: Results of both the semi-probabilistic and fully probabilistic calculations for all test cases without
foreshores (alpha = 4.5)

The results shown in Table 5.2 are based on the basic water level distribution (a = 4.5). However,
as mentioned in Section 4.4, all calculations in this study are performed twice: once using the
basic water level distribution (a = 4.5) and once using a distribution with less spreading (a = 7.5).
The results using the narrower water level distribution (a = 7.5) are shown in Table 5.3. For this
water level distribution, there are even more cases for which the semi-probabilistic method leads
to underestimation of the failure probability.
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Test Pt probabilistic P: semi-prob Ratio Ps semi-prob / Ps

Case [-] [-] probabilistic [-]
1 3.84E-02 3.15E-03 0.08
2 8.39E-04 1.63E-04 0.19
3 5.00E-03 7.73E-04 0.15
4 1.02E-05 1.05E-05 1.03
5 1.38E-05 9.92E-06 0.72
6 9.86E-06 7.69E-06 0.78
7 1.07E-05 9.38E-06 0.88

Table 5.3: Results of both the semi-probabilistic and fully probabilistic calculations for all test cases without
foreshores (alpha = 7.5)

The results of both tables are shown in the scatter plot of Figure 5.5. The left part shows the
complete scatter plot. The right part is zoomed in at the area of the black square. The black line in
both plots shows the line of equal probability: if a point is on this line, the result of semi-
probabilistic method is equal to the fully probabilistic result. A point above this line means the
semi-probabilistic method leads to an underestimation of the failure probability and a point
below the line means the semi-probabilistic method is conservative. Based on Figure 5.5, it seems
that the semi-probabilistic method is not as conservative as was expected, because for most test
cases, it leads to an underestimation of the failure probability.

10°
® apha=45 ® apha=45
® apha=75 ® apha=75
Line of equal probability °189 Line of equal probability
2
10 0393
2 22 > [ o4
a@ 10 @
2 o
k] {LF} 2 10
a8 a8
a8 3
2 10°® 2
a a
108
108 10® 104 1072 10° 10°°
Semi-prob Pf [1/year] Semi-prob Pf [1/year]

Figure 5.5: Scatter of the failure probabilities of the semi-probabilistic method vs the fully probabilistic calculations

Figure 5.6 shows the results of the calculations performed in this Chapter (in red), together with
the scatter plot of the original calibration study for the semi-probabilistic rule (Section 2.4.5)
(Kanning et al., 2016). The x-axis shows the reliability indexes B (fully probabilistic calculations)
and the y-axis shows the safety factor y, This safety factor is the direct result of the semi-
probabilistic method (before transforming the result into an approximated failure probability, see
the example in Section 5.3) and is defined as FoS/y4 (in which yqis the model factor, equal to 1.06
for the Uplift Van model). The black line shows the calibrated (B-yn)-relation (formula (2.19)),
which was fitted at the 20%-quantile of the reliabilities B:
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Yn = 0.15% Brcross +0.41

Figure 5.6 shows that for most test cases (in red), the semi-probabilistic rule leads to an
underestimation of the failure probability (the reliabilities are lower than predicted according to
the semi-probabilistic rule, i.e. the points are on the left of the black line), like mentioned before.
However, the figure also shows that the calculated points fit reasonably well into the scatter of
the original calibration study. This means that the calculation results are not completely
surprising, because in the calibration study similar results were already found.

What is surprising however, is the fact that for most test cases in this study, the semi-probabilistic
rule is not conservative, which, according to the calibration study, should be the other way
around. Possibly, this could indicate that the semi-probabilistic rule is not as conservative as was
expected. However, the seven test cases that were analysed are not sufficient to draw
conclusions of this kind. For illustrational purposes, Figure 5.6 shows where the calibrated relation
(at the 20%-quantile of the reliabilities) would be if it was based only on the seven test cases of
this Thesis. This clearly illustrates that the test cases in this Thesis show a different trend than was
found in the calibration study.
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Figure 5.6: Results of the calculations performed in Chapter 5 shown in the scatter plot of the original calibration
study

Finally, Figure 5.6 shows that for lower reliabilities, the underestimation of the failure
probabilities is the biggest; the higher the reliabilities, the further the calculated points move to
the right side of the semi-probabilistic rule (black line). This is important for the safety assessment
of dikes. If the semi-probabilistic method is used for the safety-assessment, and this leads to
underestimation of the failure probability, this means that the real failure probability is higher
than the calculated failure probability. In theory, this could lead to a dangerous situation: if the
semi-probabilistic result is lower than the target probability, the dike will be assessed as safe,
while the real failure probability may be higher than the target probability. However, the points
where underestimation is the biggest (see Figure 5.6) correspond to such low reliabilities that the
semi-probabilistic rule will not lead to a safe result (a failure probability lower than the target
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probability). This will only be the case for higher reliabilities, starting around B = 4, for which,
based on the calculations in this Chapter, the semi-probabilistic rule leads to little or no
underestimation of the failure probability.

The above can also be seen by comparing the 20% fit of the calibration and the 20% fit of the test
cases in Figure 5.6. Based on this comparison, it seems that for reliabilities lower than f=4 the
current semi-probabilistic rule is not conservative enough (i.e. leads to underestimations) and for
higher reliabilities it is very conservative. However, again the seven test cases analysed are not
sufficient to draw conclusions of this kind.

Another result that was found during this research, is that the failure probability, as calculated
with the semi-probabilistic method, depends partly on the safety standard. In other words, for
different safety standards, different semi-probabilistic failure probabilities are found for the same
dike. This falls outside the scope of this Thesis, and is therefore not further discussed here.
Appendix E covers this phenomenon in more detail.

5.5. Discussion results

The results in the previous section showed that for the test cases considered in this study, the
semi-probabilistic method for most cases resulted in an underestimation of the failure probability.
This is surprising, because the (B-yn)-relation was calibrated in such a way, that the semi-
probabilistic method would underestimate the failure probability in only 20% of the cases. In the
other cases the result should be conservative. This section tries to find an explanation for the
differences between the calibration study and the test cases used in this Thesis.

First of all, it should be noted that the calibration study was performed using real dikes from
various locations throughout the Netherlands. The test cases, on the other hand, were created by
varying some parameters in a basic case. This means that all test cases are based on the same
basic case. Possibly, this way a specific subset of dikes was created, which is not representative
for all dikes in the Netherlands.

Furthermore, the test cases seem to be biased. The test cases used in this Thesis are simplified
(see Section 4.3). The subsoil in the test cases consists of only one aquitard layer and one aquifer
layer. However, in reality, the aquitard almost always consists of more than one soil layer. Figure
5.7 shows an example of both a test case schematization and a real dike. Note that in the test
case the aquitard consists of only one soil layer, and in the example of the real dike it consists of
three layers. In both cases, the same slip surface is shown. In the test case, the slip surface crosses
only one subsoil layer. In the real dike schematization, the slip surface crosses three subsoil layers.

For failure to occur along the drawn slip surface, in the test case schematization the strength of
only one soil layer has to be low. In the real schematization three soil layers need to have a low
strength for failure to occur. The strength of a soil layer has a certain probability distribution, so
there is a certain probability that the strength of a soil layer will be weak. Because soil layers are
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generally modelled as independent, the probability that three soil layers will have a low strength
is lower than the probability that only one will have a low strength. This means that the more
(independent) soil layers the slip surface crosses, the lower the failure probability will be.
Modelling the aquitard as one layer, which is a simplification of the reality, therefore leads to
higher failure probabilities.

~,
~ -
----------

Aquifer

~—
-1

Aquifer

Simplified Test Case

Reality

Figure 5.7: lllustration of a simplified test case as used in this Thesis, consisting of only one aquitard layer, and a
schematization better resembling reality with three aquitard layers

Note that the above is only the case for the fully probabilistic calculations, which use the
complete probability distributions of all parameters. After all, in the semi-probabilistic method,
for every parameter (in every soil layer) only one design value is used (the 5% quantile), also for
the strength parameters of the soil layers. The probability of occurrence of a certain strength
value is not taken into account. Therefore, the probability of failure does not decrease for an
increasing amount of layers.

Concluding the above, the test cases lead to unrealistically high failure probabilities resulting from
the fully probabilistic calculations, because the aquitard is modelled as one layer. In the
calibration study, real dikes were used, in which the aquitard consists of more layers. Therefore,
lower failure probabilities were found in the calibration study. As explained, the amount of layers
will probably not affect the semi-probabilistic calculations much. This means that the calculated
points (in this Thesis) in Figure 5.6 are too far to the left (too low reliabilities), they are biased. If
more soil layers would be used in the aquitard, thus better resembling the reality, the points
would shift to the right. This is illustrated in Figure 5.8, which shows both the results of the
(biases) test cases as considered in this thesis, and possible results for more realistic cases, using
more soil layers (note that the latter are not real results, they are purely meant as illustration).
The figure shows that using more soil layers will cause a shift to the right of the scatter. Possibly,
this shift will cause the scatter points to end up at the right of the 20% beta fit (black line), which
means that the semi-probabilistic method would be conservative.
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Figure 5.8: Calibration plot showing the calculation results of the test cases and possible results for more realistic
cases, using more soil layers

5.6. Conclusion

In the beginning of this chapter, the hypothesis was stated that the semi-probabilistic method for
normal dikes would in most cases lead to a conservative failure probability (i.e. higher than the
fully probabilistic failure probability).

However, for the test cases considered in this Thesis, without foreshores, the semi-probabilistic
method did in most cases not lead to a conservative result, but to an underestimation of the
failure probability. This is mainly the case for reliabilities (fully probabilistic results) lower than
B=4. This could be an indication that the semi-probabilistic method is not as conservative as was
expected for those reliabilities. However, this cannot be concluded just based on these seven test
cases. Moreover, as explained in the previous section, the test cases are biased, leading to
unrealistically high failure probabilities (in the fully probabilistic calculations), which can explain
the fact that the semi-probabilistic method underestimates the failure probabilities.

One still has to be aware of the fact that the semi-probabilistic method for dikes without
foreshores results in an approximated failure probability which is certainly not always
conservative. However, this is not clearly stated in the WBI documents (Rijkswaterstaat, 20163,
2016b), in which the approach seems more like a coarse-to-fine method. One should always keep
in mind that the semi-probabilistic method can lead to underestimation of the failure probability,
and performing a fully probabilistic calculation, by putting in more effort, may therefore result in
a higher failure probability. In other words: one has to use the semi-probabilistic method with
care.

Mick van Montfoort 61



January 2018 Safety assessment method for macro-stability Master Thesis
of dikes with high foreshores

Besides, it would be wise to collect the data of studies which use both the semi-probabilistic
method and a fully probabilistic calculation to calculate the failure probabilities of real dikes (or
more realistic test cases). Once more (realistic) data are available, one is able to draw better
conclusions about how conservative the semi-probabilistic method actually is.
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6. Dike safety for different water levels

6.1. Introduction

This Chapter refers to the fourth sub-research question of this Thesis: “For dikes with high and
wide foreshores, is the dike significantly safer for water levels below the level of the foreshore than
for water levels above foreshore level ?“ The differences in conditional failure probabilities for
water levels below foreshore and above foreshore, and how these are affected by the failure
definition, will be discussed. This chapter completely focuses on probabilistic calculations for dikes
with foreshores. This is shown in the calculation matrix of Figure 6.1. As mentioned before, two
different failure definitions can be used for these calculations.

The first possibility is using the WBI failure definition for all water levels, considering all slip
surfaces that enter halfway the inner slope or further to the water side relevant. However, for
water levels below the level of the foreshore, this means that a (relatively) shallow slip surface is
regarded as failure, while there is still a large dike body (including foreshore) left to retain the
water; the dike has residual width, as explained in Chapter 3. This residual width is neglected by
the WBI failure definition.

The second possibility is taking into account the residual width of a dike, by using the three
scenarios mentioned in Chapter 3. For water levels above foreshore, there is little or no residual
width and the WBI failure definition can be used (scenario 1). For water levels below foreshore,
the residual width can be taken into account by looking for a long and deep sliding plane (scenario
2) or analysing progressive failure (scenario 3).

Semi-Probabilistic Probabilistic

I

[

s v v D 7

I A

-

2 Residual
WBI failure width

/\ definition
7 /AN
/ WBI failure definition

0\ Residual
] wie
=
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\____/

Figure 6.1: Calculation matrix showing the calculations performed in Chapter 6

Mick van Montfoort

63



January 2018 Safety assessment method for macro-stability Master Thesis
of dikes with high foreshores

A deep and long sliding plane and progressive failure probably lead to lower failure probabilities
than a shallow slip surface. This means that, if one takes into account residual width, it can be
expected that the dike is significantly safer (has a lower conditional failure probability) for water
levels below foreshore than for higher water levels. Furthermore, if this residual width, and
therefore the extra safety, would be neglected, this would probably lead to overestimation of the
failure probability.

Based on the above, there are the following hypotheses:

e Taking into account residual width, the dike is significantly safer for water levels below
the level of the foreshore than for higher water levels;

e Using the WBI failure definition, and thus neglecting the residual width, leads to
overestimation of the failure probability.

In this chapter it will be validated whether or not these hypotheses are true, by performing fully
probabilistic calculations on dikes with foreshores, using both failure definitions specified above,
and comparing the results.

6.2. Approach

As mentioned in the previous section, in this chapter probabilistic calculations will be performed
on dikes with foreshores. Two different calculations will be performed: one using the WBI failure
definition, one taking into account residual width using the three scenarios as specified before.

The flowchart of Figure 6.2 shows the process of performing these two different calculations. The
process is described below.

First, the calculation using the WBI failure definition is performed. For a range of water levels, the
corresponding conditional failure probabilities are calculated, which are used to construct a
fragility curve. Based on this fragility curve and the water level distribution, the total failure
probability is calculated.

Then the probabilistic calculation taking into account the residual width is performed. Again, for a
range of water levels the conditional failure probabilities are calculated. For water levels above
foreshore, the WBI failure definition will still be used, as mentioned before. This means that the
conditional failure probabilities for the water levels above foreshore of the previous calculation
(using the WBI failure definition) can also be used for the calculation taking into account residual
width; they don’t have to be calculated again. For the water levels below foreshore, the residual
width is taken into account using two scenarios: failure due to one long sliding plane and
progressive failure. The conditional failure probabilities for water levels below foreshore are
calculated in the following order:

e Step 1: First, the probabilities of progressive failure (scenario 3) are calculated. In the
progressive failure analysis, the individual probabilities of the successive soil slides are
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calculated. Section 4.5.4 already described that in the progressive failure analysis, the
combined probability of successive soil slides is generally equal to the individual
probability of the last slide. Each individual slide corresponds to a certain individual
probability, and a certain amount of foreshore that is lost due to all slides up to that point
(compared to the initial situation). The total probability of losing that certain amount of
foreshore due to progressive failure is thus equal to the individual probability of the last
slide.

e Step 2: As a result of step 1, it is known what the probabilities are of losing certain
amounts of foreshore due to progressive failure. In step 2, the probabilities are
determined of those same amounts of foreshore loss caused by one (deep and long)
sliding plane in the initial dike profile (scenario 2).

e Step 3: The combined result of steps 1 and 2 is a list of certain amounts of foreshore loss
and the corresponding probabilities of that loss caused by progressive failure and caused
by one sliding plane. Now, for every amount of foreshore loss, the dominant probability
(the highest) of the two is picked as result. Example 6.1 gives an example of steps 1 till 3.

e Step 4: Steps 1 till 3 are repeated until failure is reached (the remaining width is less than
3m, as defined in Appendix B), or until the stop criterion is reached and the failure
probability has become negligible (see Section 4.5.4 and Appendix B). This results in the
conditional failure probabilities for water levels below foreshore level.

After performing the steps described above, the conditional failure probabilities for the
complete range of water levels (both above and below foreshore) are known, and the fragility
curve is obtained. Based on the fragility curve the total failure probability is calculated. By
comparing the total failure probability resulting from the WBI failure definition on the one
hand and taking into account residual width on the other hand, it will be verified whether the
WBI failure definition, which neglects residual width, indeed leads to overestimation of the
failure probability.

Besides, it will be verified whether the dike is significantly safer for water levels below
foreshore level than for higher water levels, by determining the contribution to the total
failure probability of the water levels below foreshore on the one hand and the higher water
levels on the other. This will be further explained in the next section.

Mick van Montfoort 65



Master Thesis

Safety assessment method for macro-stability

January 2018

of dikes with high foreshores

€ OlIeuads

days Auana
ainjie} [euonipuod 104 Ayjiqeqouad

|euonipuo)

|[eucilipucd
JuBUIWOp 8s00Y)

(g o11eusDs)
ain|iey
anlssai8oud

eqoad

(z o11eusDs)
sue|d Buipis

m,@o:mmqu& <y
Al

7 OlEuUads sain Suojsug
By |euciipuo)
(uapim enpisas Suisn) <« 1 AypSesy &
Aupnqeqoud ainjie} [e10) 1PNJIsSuUo)
(="4q)
sapiqeqoad
ainjie} |eUORIPUO)
(=q)
sai|iqeqod
aan[ie} |euonRipuo) UEEIELE
ainjie) |9
uone|naje)
(uonuyep anIny
ainjre) |gm Buisn) «——1  AujiBeuy
Anjiqeqoud ainjiej [er0) 1PnJisuo)
uoniuysp
ainjied |gm
(=" q) uoile|najed
sailiqeqoad

ainjie} |euonIpuol

ypim
[enpisay

uouysp
ainjiey IgM

Flowchart of the approach for the calculations of Chapter 6

Figure 6.2

66

Mick van Montfoort



January 2018 Safety assessment method for macro-stability Master Thesis
of dikes with high foreshores

Example 6.1:

Imagine that for a certain profile, (part of) the results of the progressive failure analysis are as
shown in the table below. Example 6.2 will give some more information about the meaning of
the individual probabilities.

Slide nr Individual Probability | Total Foreshore
[-] loss [m]

1%t slide 1/1,000 10

2" slide 1/3,000 20

3 slide 1/6,000 35

4t slide 1/10,000 50

As mentioned, the probability of a combination of soil slides is generally equal to the
individual probability of the last slide. The table shows that after four slides, 50m of foreshore
is lost. This corresponds to a probability of 1/10,000 (equal to the individual probability of the
4™ slide). The probability of occurrence of one single sliding plane leading to a loss of 50m of
foreshore has a probability of 1/12,000. In this case, progressive failure is dominant (has a
higher probability). This means that there is a probability of 1/10,000 that 50m of foreshore
will be lost. In Figure 6.3 this is illustrated.

P_slip surface = 1/10,000 P_slip surface = 1/12,000
30m 50m
<> <>
t" ‘\,
T i i T
\ Orlg\\na\ Profile \
\ 3 \
A Y
AN \
\ AY
----- 4 »
= o= G \\ I’
Disturbed” clay S e P
Slip surface leading to a loss of 50m of foreshore due to progressive Slip surface leading to the same loss of 50m of foreshore due to one
failure (scenario 3). The remaining profile after the previous slides is long sliding plane in the original profile (scenario 2).

shown, together with the original profile and the zone where the clay
is disturbed (and the strength reduced) due to previous slides.

Figure 6.3: Example progressive failure vs. long sliding plane

The approach above is performed for all individual slides (see table above) in the progressive
failure analysis. So for all amounts of foreshore loss shown in the table, the probability will be
determined both for scenario 2 and 3, to determine which scenario is dominant.
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Example 6.2:

This example refers to the table of example 6.1. It is meant to give some more understanding
of the meaning of the individual probabilities of the slides. The table below shows the
individual probabilities of the slides, the combined probabilities of the slides and the
conditional probabilities of the slides given occurrence of the previous slides.

Slide nr Individual Probability | Combined Probability Conditional Probability
slide slides (given previous slides)

1tslide | P, = 1/1,000 P, =1/1,000 P, =1/1,000

2"slide | P, = 1/3,000 P; , =1/3,000 Py =1/3

3slide | P; =1/6,000 Py 53 =1/6,000 P3j12=1/2

4thslide | P, =1/10,000 Py 33,4 = 1/10,000 Pyj123 = 1/1.67

As mentioned before, a combination of successive soil slides can be seen as a parallel system.
It is assumed that the combined probability of successive slides is equal to the minimum of the
individual probabilities (which is generally equal to the individual probability of the last slide),
as shown in the table above. This is the case when the slides are completely correlated.

The conditional probabilities are defined as follows (Jonkman, Steenbergen, Morales-Napoles,
Vrouwenvelder, & Vrijling, 2016):

) = P(ANB)
- P(B)
In which:
P(A|B) The conditional probability of event A given occurrence of event B
P(ANB) The probability of both event A and B occurring
P(B) The probability of event B

For full correlation between A and B, it holds that P(A N B) = P(A). After all, the probability
of a combination of soil slides is equal to the individual probability of the last slide. The
conditional probability than reduces to:

P(A
peatsy = ED

P(B)
This means that the probability of a new slide given occurrence of the previous slides is equal
to ratio of the individual probability of the new slide and the probability of the combination of
the previous slides.

Note that this holds for the assumption that the individual slides are fully correlated. In fact,
this is a conservative assumption, which is used because the dependence between successive
slides is unknown. If one would use the exact correlations, both the combined failure
probabilities and the conditional probabilities would decrease.
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6.3. Example

In this section the calculations performed in this chapter are covered in detail for Test Case 4 as
an example. Test Case 4 was also used in the previous examples in Chapters 4 and 5.

6.3.1. WBI failure definition

The first calculation step is performing fully probabilistic calculations for Test Case 4 (including
foreshore), using the WBI failure definition for all water levels (see Figure 6.4).

.
A—A

'~ -’

|-

I
4

Ve

Residual
WBI failure width

definition

Figure 6.4: Calculation matrix showing the two possible failure definitions to be used for probabilistic calculations of
dikes with high foreshores

The results of the FORM calculations are shown in Table 6.1. The table shows, for all water levels
separately, the conditional reliability index B (given that water level), the conditional failure
probability, and the influence factors of the different parameters.

The conditional reliabilities are used to construct a (B-h)-curve , which is transformed into a
fragility curve (see Figure 6.5). Integration of the product of the fragility curve and the water level
distribution over the water levels using formula (2.12) leads to a total probability of 9.76*10° (B =
4.27).
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Water level [m+NAP]
2 3 35 4.02]  4.021 4.5 5 5.5
Failure analysis
Reliability B [-] 4.79 4.4 4.2 3.93 3.72 3.43 3.04 2.7
Failure probability 8.34 5.41 1.33 4.25 9.96 3.02 1.18 3.47
E-07 E-06 E-05 E-05 E-05 E-04 E-03 E-03
Influence factor (a?) [%]
Ain 0 0.185 0.437 0.849 0.89 1.078 2.621 2.235
Aout 0 0.128 0.302 0.586 0.614 0.737 1.766 1.502
Intrusion length 0.352 0.008 0.106 0.634 4.559 3.038 3.26 7.112
Yield (82.06) 0 0 0 0 0 0 0 0
Yield (139.12) 14.292 15.574 16.252 17.088 17.322 19.525 19.818 21.726
Yield(175) 3.654 3.879 3.975 4.058 3.963 4.77 5.625 4.742
@ (Sand dike) 0.526 0.511 0.5 0.475 0.418 0.36 0.33 0.272
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay, B; Clay,N) 68.197 66.872 65.719 63.867 60.522 58.993 55.488 52.005
m (Clay,B; Clay,N) 0.982 1.098 1.172 1.269 1.243 1.481 1.701 1.761
my 11.996 11.746 11.537 11.174 10.469 10.018 9.391 8.645

Table 6.1: Results FORM calculations Test Case 4 with foreshore, showing for all water levels the conditional
reliability indes, conditional failure probability and the influence coefficients of all parameters
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Figure 6.5: Beta-h curve (left) and fragility curve (right) of Test Case 4 with foreshore

Figure 6.6 shows the fragility curve and the water level distribution again. Besides, the figure
distinguishes between water levels below foreshore level and water levels above foreshore level.
The level of the foreshore is depicted as the red line, the water levels below foreshore level are
depicted in yellow and the water levels above foreshore level in green. Note that there is a step in
the fragility curve, just at the level of the foreshore. This step can be explained by the fact that the
phreatic line at the location of the dike crest will be somewhat lower for water levels below
foreshore level, because the phreatic line develops over a larger distance (100m extra due to the
foreshore). This lower phreatic line causes a little more stability (and thus leads to a smaller
conditional failure probability).
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As explained before, the total failure probability is obtained by integrating the product of the
fragility curve (the conditional failure probabilities) and the water level distribution over the water
levels. By integrating this product over the water levels that are below the level of the foreshore
and above the level of the foreshore separately, the contribution to the total failure probability of
the water levels below foreshore on the one hand and the water levels above foreshore on the
other hand are obtained. For the water levels below the foreshore level this leads to a probability
of 7.68*10° and for water levels above foreshore to a probability of 2.08*%10°. The summation of
the two is equal to the total failure probability, 9.76*10°.

Fragility curve
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Figure 6.6: Fragility curve for Test Case 4 with foreshore using the WBI failure definition. Distinction has been made
between water levels below and above foreshore

Remember that for the calculation all slip surfaces with an entrance point halfway the inner slope
or further to the water side were taken into account. Figure 6.7 shows for two water levels, one
above foreshore level and one just below foreshore level, the critical slip surfaces in the D-
GeoStability software (using the design point values resulting from the FORM calculations as
input). For both water levels, the critical slip surface has a similar shape. For the water level above
foreshore this leads to little residual width; there is little dike left to retain the water. For the
water level below foreshore, there is a lot of residual width; the complete foreshore and part of
the dike are intact to retain the water. The shapes of the critical slip surfaces are for Test Case 4
for all water levels similar as shown in Figure 6.7. This means that for all water levels below
foreshore level, there is this large amount of residual width.

Note: Figure 6.7 shows that the development of the phreatic line is different for water levels
above foreshore and water levels below foreshore. This explains the step in the fragility curve at
the level of the foreshore, as mentioned before.
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Water level above 2 : : :: :: : :
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Figure 6.7: Critical slip surfaces for a water level above and below foreshore, showing the residual width of the dike
in both situations

Concluding the above, the calculation using the WBI failure definition results in the probabilities
shown in Table 6.2. However, in this calculation the residual width was neglected. In the next
section, the calculation is performed again, this time taking into account the residual width.

Ps (total) Ps (h < hforeshore) Ps (h > hforeshore)

9.79E-06 7.68E-06 2.08E-06

Table 6.2: Results Test Case 4 using the WBI failure definition, showing the total failure probability and the
contributions of the water levels above and below foreshore to the total failure probability

6.3.2. Residual width

To take into account the residual width in the calculation, the three scenarios are used (Section
6.1). This is illustrated in Figure 6.8:

e For the water levels above foreshore level (scenario 1), the WBI failure definition can be
used, as the dike has no or little residual width for these water levels. This means that the
results for these water levels do not change, and the green part of the fragility curve stays
the same. Therefore, the contribution of these water levels to the total failure probability
is still 2.08*10°°.

e For the water levels below foreshore (scenarios 2 and 3), the WBI failure definition
neglects the large amounts of residual width (see Figure 6.7). Taking into account this
residual width will decrease the (conditional) failure probabilities of these water levels,
causing the fragility curve to decrease. This is illustrated in Figure 6.8 with the dashed line
“residual width”. Note that this is just an illustration. The exact fragility curve after taking
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into account residual strength will be determined below, by determining the probabilities
for scenarios 2 and 3.

Fragility curve
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Figure 6.8: lllustration of the probabilistic calculation taking into account the residual width: for water levels above
foreshore the WBI failure definition is used (scenario 1) and for levels below foreshore scenario 2 and 3 are used

The next step in the calculation is the analysis of scenario 2 (long and deep sliding plane) and
scenario 3 (progressive failure). The calculation choices of these analyses have already been
discussed in Section 4.5.4

As mentioned in Section 4.5.4, the analysis will be performed using only one water level: the
water level for which the foreshore is just not flooded, in this case at 4.02m+NAP (the level of the
foreshore). As mentioned before, the probabilities for progressive failure are determined first.
Then, the probabilities for one long sliding plane are determined (see Example 6.1).

The slip surfaces of the progressive failure analysis for Test Case 4 are shown in Figure 6.9. As
explained in Section 4.5.4 a stop criterion was established for this analysis, of B = 6.44. Once the
reliability is higher than this value, the failure probability is negligible. Figure 6.9 shows that this is
the case already after the third slide. However, as explained in Appendix B, at that point, a
different shaped slip surface would still be possible. This is shown as the “last step”, which indeed
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has a lower reliability than the third slide (and does not exceed the stop criterion) and results in
an extra loss of foreshore of 7m. It is assumed that after every individual slide (shown in Figure
6.9), a slip surface like this, taking away another 7m of foreshore, is possible without increasing
the reliability (see Appendix B). Therefore, the amounts of foreshore losses, resulting from the
progressive failure analysis, are for every soil slide equal to the corresponding amount shown in
Figure 6.9 plus the amount of the “last step”. These results are shown in Table 6.3.

Note: The foreshore loss uses the starting point of the foreshore (at the land side) as reference. A
negative loss therefore means that the slip surface enters in the crest of the dike, and not yet in
the foreshore.

Slide ID B scenario 3 [- | Foreshore loss
] [m]
1 3.93 -1.5
2 5.29 3.5
3 6.48 7.0

Table 6.3: Results scenario 3 (progressive failure) for Test Case 4, showing amounts of foreshore loss and the
corresponding reliabilities

As a next step, for the three steps in Table 6.3, it has to be determined what the probability is of
reaching the same amounts of foreshore loss due to one long sliding plane. The slip surfaces used
for this analysis are shown in Figure 6.10. The reliability of the second step in scenario 2 is already
higher than the stop criterion. Therefore, the reliability of the third step does not have to be
calculated, because this will be even higher. The results of the analysis of scenario 2 are shown in
Table 6.4.

ID B scenario 2 Foreshore loss
[-] [m]
1 5.01 -1.5
2 6.68 3.5
3 - 7.0

Table 6.4: Results scenario 2 (one long sliding plane) for Test Case 4, showing amounts of foreshore loss and the
corresponding reliabilities
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Slip surface 1+ slide, foreshore loss = -8.5m, 8 = 3.93

Slip surface 2+ slide, foreshore loss = -3.5m, B = 5.29 S

Slip surface 37 slide, foreshore loss = 0m, § = 6.48 Sand Pieabocen

Slip surface Yast step”, extra foreshoreloss=7m, F=6.18 Sand Plestocene

Figure 6.9: Results of the progressive failure analysis (scenario 3) of Test Case 4, showing the slip surfaces of the
individual soil slides (taken from D-GeoStability)
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Figure 6.10: Results of the analysis of scenario 2 for Test Case 4, showing the slip surfaces that are used (taken from
D-GeoStability)

Comparing the results in Table 6.3 and Table 6.4, it can be concluded that for Test Case 4,
scenario 3 (progressive failure) is dominant for all steps, as the reliabilities of scenario 3 are lower
than those of scenario 2 (and thus the probabilities are higher). The final results of the residual
width analysis are shown in Table 6.5. From the table, it can be concluded that a foreshore loss of
7m already corresponds to a negligible probability. Note that Test Case 4 has a foreshore of 100m,
so the conditional failure probability for the water level used in the assessment (4.02m+NAP) is
negligible. In the analysis only one water level was used, but as described in Section 4.5.4, it is
assumed that the conditional failure probabilities for the other water levels below foreshore level

are equal.
ID Foreshore loss B Probability
[m] [-] [
1 -1.5 3.93 4.25E-05
2 3.5 5.29 6.12E-08
3 7 6.48 4.59E-11

Table 6.5: Results residual width analysis, showing the amounts of foreshore loss and the corresponding dominant
reliability (lowest of scenario 2 and 3) and dominant probability

Concluding the analysis, the conditional failure probabilities for water levels below foreshore level
are all negligible for Test Case 4. This means that the fragility curve of the yellow part is zero, after
taking into account residual width(see Figure 6.11). Integration of that part therefore also leads to
a probability of zero. As mentioned before, the green part is still the same as for the WBI failure
definition.
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Figure 6.11: Fragility curve of Test Case 4 after taking into account residual width. Distinction has been made
between water levels above and below foreshore

The final results after taking into account residual width are shown in Table 6.6. The table shows
that the water levels below foreshore contribute nothing to the total failure probability. The
contribution of the higher water levels, which is therefore equal to the total failure probability, is
2.08*10°. Note that this contribution is the same as in Table 6.2, because this part of the fragility
curve has not changed. This means that for Test Case 4, the dike is significantly safer for water
levels below foreshore level than for higher water levels. Besides, comparing Table 6.6 to Table
6.2 shows that using the WBI failure definition, and thus neglecting residual width, leads to
overestimation of the total failure probability; taking into account residual width leads to a total
failure probability which is approximately four times smaller.

Ps (total) Ps (h < hforeshore) Ps (h > hforeshore)

2.08E-06 0 2.08E-06

Table 6.6: Results of Test Case 4 after taking into account residual width, showing amounts of foreshore loss and the
corresponding reliabilities

6.4. Results

In this section, the results of the calculations for all test cases are discussed. First, the results using
the WBI failure definition are covered, followed by the results after taking into account residual
width.

6.4.1. WBI failure definition

This section covers the results of the calculations using the WBI failure definition for all water
levels. The results of the individual calculations (including the fragility curves) can be found in
Appendix F. The resulting failure probabilities are shown in Table 6.7 and Table 6.8, for the basic
water level distribution (a = 4.5) and the narrow distribution (a = 7.5) respectively. Like in the
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example (Section 6.3),the tables show both the total failure probability and the contributions of
water levels below and above foreshore to the total failure probability.

Test Case Ps (total) Ps (h < hyoreshore) Ps (h > horeshore)
1 2.97E-02 2.88E-02 9.55E-04
2 8.36E-04 8.20E-04 1.51E-05
3 2.60E-03 2.20E-03 4.00E-04
4 9.79E-06 7.68E-06 2.08E-06
5 1.26E-05 1.22E-05 3.30E-07
6 6.82E-06 6.10E-06 7.11E-07
7 9.34E-06 9.29E-06 4.34E-08

Table 6.7: Results of all test cases using WBI failure definition for a = 4.5, showing the total failure probability and the
contributions of the water levels below foreshore and above foreshore to the total failure probability

Test Case | Ps(total) Ps (h < hforeshore) Pt (h > hforeshore)
1 2.77E-02 2.77E-02 4,15E-05
2 7.82E-04 7.81E-04 6.73E-07
3 9.26E-04 9.08E-04 1.77E-05
4 6.66E-06 6.59E-06 6.90E-08
5 1.13E-05 1.13E-05 1.42E-08
6 4.62E-06 4.61E-06 5.91E-09
7 8.11E-06 8.11E-06 4.24E-10

Table 6.8: Results of all test cases using WBI failure definition for a = 7.5, showing the total failure probability and the
contributions of the water levels below foreshore and above foreshore to the total failure probability

Appendix F describes for every test case and for every water level the entrance point of the
critical slip surface. The entrance point of all critical slip surfaces lies in the middle of the crest or
further to the land side. For the water levels below foreshore level, this means that there are
large amounts of residual width, because all test cases have a foreshore of 100m. This means that,
taking into account the residual width, the conditional failure probabilities of the water levels
below foreshore level will be lower. In the example (Section 6.3) this was already explained. The
failure probabilities after taking into account residual width will be determined in the next
section.

6.4.2. Residual Width

The result of residual width analysis is a list of amounts of foreshore loss and a corresponding
probability (see the example in Section 6.3). The individual results can be found in Appendix G.
Figure 6.12 shows the results in a scatter plot. As can be seen in the figure, for all cases the stop
criterion (negligible failure probability) is reached before the complete foreshore of 100m is lost.
This means that for all test cases, the conditional failure probabilities for water levels below
foreshore level are negligible. Only for Test Case 1 a substantial loss of foreshore could be
possible: a loss of 80m can be reached with a probability which is not negligible (B < 6.44).
However, note that this case has a very weak subsoil (see Section 4.3). For the other test cases,
the maximum loss of foreshore is less than 20m. This means that for these test cases, a foreshore
smaller than 100m would also lead to a negligible conditional failure probabilities; a foreshore of
20-25m wide would suffice.
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Furthermore, Appendix G shows that for almost every step the progressive failure probability is
dominant over one long sliding plane. However, note that the progressive failure probability is
based on some (conservative) assumptions. If one would, based on further research, use more
realistic modelling of progressive failure, it may be possible that one long sliding plane (scenario
2) becomes dominant.

Note: The stop criterion is based on an absolute lower limit of the target probability (see
Appendix B). It is assumed that the conditional failure probabilities are negligible when they are
1% of the target probability or less. This means that if the target probability of the dike is higher
than the lower limit (less strict), a negligible failure probability will be reached even sooner, and
even less foreshore is needed for this.

Results Scenarios 2 and 3
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Figure 6.12: Scatter plot of the residual width analysis: showing for all test cases the amounts of foreshore loss and
the corresponding reliability indexes

After taking into account the residual width in the probabilistic calculations, the failure
probabilities are as shown in Table 6.9 and Table 6.10. The conditional failure probabilities for the
water levels below foreshore are negligible for all test cases. Integration over these water levels
leads therefore to a failure probability of zero, which means that these water levels contribute
nothing to the total failure probability. As explained in the example (Section 6.3), the contribution
of the water levels above foreshore level is the same as in the calculation using the WBI failure
definition (Table 6.7 and Table 6.8).

Mick van Montfoort

Master Thesis

79



January 2018 Safety assessment method for macro-stability Master Thesis

of dikes with high foreshores

Test Case Ps (total) Pt (h < hforeshore) Pt (h > hforeshore)
1 9.55E-04 0 9.55E-04
2 1.51E-05 0 1.51E-05
3 4.00E-04 0 4.00E-04
4 2.08E-06 0 2.08E-06
5 3.30E-07 0 3.30E-07
6 7.11E-07 0 7.11E-07
7 4.34E-08 0 4.34E-08

Table 6.9: Results of all test cases after taking into account residual width for a = 4.5, showing the total failure
probability and the contributions of the water levels below foreshore and above foreshore to the total failure
probability

Test Case Ps (total) Ps (h < hyoreshore) Ps (h > horeshore)
1 4.15E-05 0 4.15E-05
2 6.73E-07 0 6.73E-07
3 1.77E-05 0 1.77E-05
4 6.90E-08 0 6.90E-08
5 1.42E-08 0 1.42E-08
6 5.91E-09 0 5.91E-09
7 4.24E-10 0 4.24E-10

Table 6.10: Results of all test cases after taking into account residual width for a = 7.5, showing the total failure
probability and the contributions of the water levels below foreshore and above foreshore to the total failure
probability

Note: In the test cases considered, the conditional failure probabilities for water levels below
foreshore level, after taking into account residual width, are negligible. If a situation would be
found in which this is not the case (e.g. in case of a very weak subsoil and small foreshore), the
fragility curve in the yellow part (Figure 6.11) is not equal to zero. However, the fragility curve can
be determined based on the conditional failure probability that was found in the analysis of
scenario 2 and 3: the probability of losing an amount of foreshore leading to a situation in which
there is less than 3m of remaining width (defined as failure, see Appendix B). As it is assumed that
all water levels below foreshore have an equal conditional failure probability, the fragility curve in
the yellow part will be a horizontal line at this probability.

6.5. Conclusion

In the introduction of this chapter, the following hypotheses were stated:

e Taking into account residual width, the dike is significantly safer for water levels below
the level of the foreshore than for higher water levels;

e Using the WBI failure definition, and thus neglecting the residual width, leads to
overestimation of the failure probability.

Based on the results it can be concluded that, using the WBI failure definition, the dike is less safe
for water levels below foreshore level than for higher water levels; the water levels below
foreshore contribute more to the total failure probability than the water levels above foreshore
(see Table 6.7 and Table 6.8).

Mick van Montfoort

80



January 2018 Safety assessment method for macro-stability Master Thesis
of dikes with high foreshores

After taking into account the residual width, the contribution of the water levels below foreshore
level to the total failure probability decreases significantly, even to zero. In this case, the dike is
significantly safer for water levels below foreshore than for higher water levels (see Table 6.9 and
Table 6.10). Therefore, the first hypothesis is true, but only if one takes the residual width into
account in the calculations.

Comparison of Table 6.7 and Table 6.8 on the one hand and Table 6.9 and Table 6.10 on the other
hand shows that there is profit in taking into account the residual width. The contribution of the
water levels below foreshore level to the total failure probability decreases significantly, causing
the total failure probabilities to decrease significantly too. Based on this, it can be concluded that
using the WBI failure definition leads to overestimation of the failure probability for dikes with
foreshores. This means that the second hypothesis is also true.

Finally, for the test cases used in this Thesis, after taking into account residual width, the
conditional failure probabilities for water levels below the level of the foreshore are negligible.
Therefore, only the water levels above foreshore level contribute to the total failure probability.
In all test cases used in this Thesis, a foreshore of 100m is present. However, the research showed
that for most of the test cases, a foreshore of 20 to 25m would already lead to negligible
conditional failure probabilities for the water levels below foreshore level. For these amounts of
foreshore, the total failure probabilities would be the same (apart from some small differences
due to a different development of the phreatic line). This shows that a relative small foreshore
already leads to a significant reduction in failure probability.
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7. Influence foreshore

7.1. Introduction

This chapter refers to the fifth research sub-question of this thesis: “What is the influence of the
presence of a foreshore on the failure probability for macro-stability of a dike?”

Chapter 6 already concluded that a dike is significantly safer for water levels below the level of the
foreshore than for higher water levels. The presence of a foreshore increases the safety of the
dike. Based on that, there is the hypothesis that the presence of a foreshore has a significant
influence on the failure probability of a dike, compared to a dike without a foreshore. Besides, in
Section 1.2 it was predicted that the current semi-probabilistic assessment rule for macro-stability
would lead to a very conservative result for dikes with high and wide foreshores, because water
levels below the level of the foreshore, for which the dike is significantly safer (the conditional
failure probabilities are lower), are not included in the semi-probabilistic assessment.

This chapter will study the influence of the presence of a foreshore on the total failure probability.
Besides, the influence of different calculation methods on the resulting failure probability will be
determined, by comparing the results of these different calculations. The different calculations
are shown in the calculation matrix of Figure 7.1.

Semi-Probabilistic Probabilistic

No Foreshore
| A

WBI failure definition

Foreshore

Figure 7.1: Calculation matrix showing all calculations types performed in this Thesis
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7.2. Approach

Up to this point in the report, all calculations shown in the matrix of Figure 7.1 have been
performed, except for one: the semi-probabilistic calculations of the dikes with foreshores. These
calculations will be performed as a first step in this chapter. The calculations are based on the
calculation choices as specified in Section 4.5. The next section will give an example of the semi-
probabilistic calculations.

Once the results of all different calculations are known, they are compared to each other, to study
the influence the different calculation types have on the resulting failure probabilities.

7.3. Example

This section will cover the semi-probabilistic calculation of a dike with foreshore for Test Case 4 as
an example. This test case was already used as an example in Chapters 4, 5 and 6.

The semi-probabilistic calculation is performed using a design water level (5.04m+NAP, see
Section 4.7.1). For the other parameters, design values are used too, as described in Section 4.7.2.

Figure 5.3 shows the result of the semi-probabilistic calculation in the D-GeoStability software.
The critical slip surface is shown. The corresponding factor of safety (FoS) is 1.065. This FoS can be
transformed into an approximated failure probability using the calibrated formula (2.20):

Using the FoS = 1.065 and y4=1.06 (model factor Uplift Van), this leads to an annual failure
probability of Pf=3.67*10° (B = 3.965).

/ T

B

R RSRREEESE

Safety factor = 1.065++++
N s

Sand Pleistocene

Figure 7.2: Result semi-probabilistic calculation Test Case 4, showing the critical slip surface and the corresponding
FoS (taken from D-GeoStability)
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7.4. Results

This section describes the results of the research performed in this chapter. First, the results of
the semi-probabilistic method using dikes with foreshores are covered. Then, the different
calculations are compared to each other.

7.4.1. Results semi-probabilistic calculation with foreshore

This section covers the results of the calculations using the semi-probabilistic method for dikes
with foreshores. Figure 7.3 shows this calculation in the calculation matrix. The results are shown
in Table 7.1 and Table 7.2 for the basic water level distribution (a = 4.5) and a narrower water
level distribution (a = 7.5) respectively.

Semi-Probabilistic Probabilistic

No Foreshore
_L

WBI failure definition

—\ Residual

- Strength

Foreshore

Figure 7.3: Calculation matrix showing the calculation type section 7.4.1. refers to

Test Case Failure probability
[-]

6.56E-03

2.02E-04

2.26E-03

3.67E-05

1.24E-05

| IWIN|E

2.46E-05

7 1.02E-05

Table 7.1: Failure probabilities semi-probabilistic method for all test cases with foreshores for a = 4.5
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Test Case | Failure probability

[

2.97E-03

1.52E-04

1.09E-03

8.61E-06

9.12E-06

Ol |~ |W|IN|F

3.51E-06

7 8.14E-06

Table 7.2: Failure probabilities semi-probabilistic method for all test cases with foreshores for a = 7.5

At this point, all the results of the different calculations are known. In the next sections the results
will be compared.

Note:

Test Case 6 and Test Case 7 of Table 7.2, based on a water level distribution with less spreading
(o =7.5) are special cases. For these cases the design water level is below the level of the
foreshore, as can be seen in Figure 7.4, which shows the result of Test Case 6 in the D-
GeoStability software. This means that for the design water level there is a lot of residual
width.

The WBI proposes a simple geometry check to verify whether macro-stability could be relevant
for this case. However, one of the requirements in this check is that the water level must be
lower than 2/3 of the dike height, which is not the case (design water level = 4.09m+NAP, dike
height = 5.3m+NAP). There is no other way to take the residual width into account in a semi-
probabilistic calculation. Therefore, the WBI failure definition is used, just like for the other
cases. The slip surface shown in the figure is therefore considered as failure.

/ R RSEENERES
R RSEENERES

b
— | | o

Safety factor = 1,149}++++
i a

; O Clay.N

+

Sand, Pleistocene

Figure 7.4: Result semi-probabilistic calculation Test Case 6 with foreshore (alpha = 7.5)
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7.4.2. Semi-Probabilistic with foreshore vs. Semi-probabilistic without foreshore

Figure 7.5 shows the comparison between the semi-probabilistic calculations, both for cases with
foreshore and without foreshore. The figure shows a scatter plot of the resulting failure
probabilities. The plot also shows the line of equal probability. If a point is on this line, both
calculations result in the same probability. Furthermore, for more clarity, the calculation matrix
shows which calculations are compared.

Figure 7.5 shows that there is almost no difference between the two calculations; performing a
semi-probabilistic calculation on a dike with foreshore and a dike without foreshore results in
more or less equal failure probabilities. In other words: the semi-probabilistic method does not
take the foreshore into account.

Note: As mentioned in Section 4.6, the standard phreatic line schematization proposed by the
WBI was used in the calculations, and the time-dependence of the phreatic line development was
not taken into account. For dikes with foreshores, this means that for a (design) water level above
foreshore, the foreshore is assumed to be completely saturated, which is a conservative
simplification. If one would take into account the time-dependence of the phreatic line
development of the dikes with foreshores, the points in the scatter would probably shift in
downward direction (decreased probability for dikes with foreshores) and the presence of the
foreshore thus would have some influence on the failure probabiliy, as the points would then be
below the line of equal probability.

10° ¢ Semi-Probabilistic Probabilistic
® apha=45
) ® apha=75
o Line of equal probability g
= 1074 F 1 ] \
- o =
: 1 : - |
o )
5 z
2 5
Q A
s 107
b 4
o
£ Wl failure definition
©
32 o
= o
(= 10‘6 f = [\ Residual
8 £ -
& 2
Lo g =4
=\
£
P 109 =
108 106 1074 1072 10°

Semi-prob without foreshore Pf [1/year]

Figure 7.5: Scatter plot failure probabilities semi-probabilistic method with foreshore vs semi-probabilistic method
without foreshore
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7.4.3. Probabilistic with foreshore (WBI failure definition) vs. Probabilistic
without foreshore

Figure 7.6 shows the comparison between the probabilistic calculations for dikes without
foreshores and the probabilistic calculations for dikes with foreshores using the WBI failure
definition for all water levels.

The figure shows that the failure probabilities for dikes with foreshores (using the WBI failure
definition) are a little lower than the failure probabilities for dikes without foreshores. Based on
this, it can be concluded that although the WBI failure definition overestimates the failure
probability for dikes with foreshores, as concluded in Chapter 6, it still takes into account some
influence of the foreshore.

Note: In Figure 6.6, this influence of the foreshore was already found as a step in the fragility
curve. This step is probably caused by the phreatic line and the aquifer head, which for water
levels below foreshore develop over a longer distance (100m extra due to the foreshore) than for
higher water levels.

Semi-Probabilistic Probabilistic
101 ¢ ® apha=45
® apha=75
Line of equal probability =2} @
I} —X
102 £ 148 /N
e S 74 =
gl | | |\
e3 L)
103 5 o3

W8l failure definiti

fidth

104

_.
=)
&
Foreshore

Ry

Probabilistic foreshore (WBI failure definition) Pf [1/year]

106 1074 1072
Probabilistic without foreshore Pf [1/year]

Figure 7.6: Scatter plot failure probabilities probabilistic method with foreshore (using WBI failure definition) vs
probabilistic method without foreshore

7.4.4. Probabilistic with foreshore (Residual width) vs. Probabilistic without
foreshore

Figure 7.7 shows the comparison between the probabilistic calculations for dikes without
foreshores and the probabilistic calculations for dikes with foreshores after taking into account
residual width.

The figure clearly shows that the failure probabilities for dikes with foreshores, after taking into
account residual width, are significantly smaller than for dikes without foreshore. For the basic
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water level distribution (o = 4.5) the presence of a foreshore leads to a maximum reduction of the
failure probability (compared to a dike without foreshore) of a factor 263 (for test case 7). This
corresponds to a difference in reliability index of AB = 1.12. For the narrower water level
distribution (o = 7.5) the maximum reduction is even higher: a factor of 25,336 (AB = 1.88). This
shows that the presence of a foreshore has a significant influence on the failure probability of a
dike.

Figure 7.7 also shows that the narrow water level distribution (a = 7.5) leads to more reduction in
failure probability than the basic water level distribution, as the points are further away from the
line of equal probability. This can be explained by the fact that the probabilities of occurrence of
high water levels are lower for the water level distribution with less spreading. As was concluded
in Chapter 6, for the test cases considered in this Thesis, only the water levels above the level of
the foreshore contribute to the total failure probability. The probabilities of occurrence of these
water levels are lower for the water level distribution with less spreading, leading to a smaller
failure probability.

10° f Semi-Probabilistic Probabilistic
= ® apha=45
g ® apha=75
> 10‘2 Line of equal probability g ey
= 5| 14 /8N
r \
a LB 5 e | 7
o o3 2 | |\l
S 4 2
S 10
o 1
5 e 03
2
N .4 .
© e o2 WBI faiture definition
= °
o
£ 84 M S
- \ Residual
g . L §| 1 W
3 3 =5
9 o
g o7
o

_.
S
=3

10710 108 106 104 102 10°
Probabilistic without foreshore Pf [1/year]

Figure 7.7: Scatter plot failure probabilities probabilistic method with foreshore (taking into account residual width)
vs probabilistic method without foreshore

Figure 7.8 shows the results again, only for the basic water level distribution (a = 4.5). In this
figure, the results are differentiated based on dike and foreshore material and based on the
foreshore height. The left figure shows the differentiation based on dike material. Based on this
figure, it can be concluded that the influence of the foreshore is higher for dikes and foreshores
out of clay than for dikes out of sand, as the reduction of the failure probability is bigger. This can
be explained by the fact that clay dikes have a relatively gentle fragility curve (see Appendix F).
Water levels above foreshore level then have a relatively low conditional failure probability (just
like the water levels below foreshore). As concluded in Chapter 6, only the water levels above
foreshore contribute to the total failure probability. As their corresponding conditional failure
probabilities are relatively small, the total failure probability is small too. For sand dikes, the
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fragility curves are steeper, which means that the conditional failure probabilities for higher water
levels are higher, causing the total failure probability to be higher too.

The right figure shows the differentiation based on the foreshore height. Note that Test Case 6
and Test Case 7 are the same as Test Case 4 and Test Case 5 respectively, except for the foreshore
height, which has been increased for Test Cases 6 and 7. The figure shows that a higher foreshore
leads to a larger influence of the foreshore; the reduction of the failure probability (compared to a
dike without foreshore) is bigger. This can be explained by the fact that for a higher foreshore
there are less water levels above foreshore level, so there are also less water levels that actually
contribute to the total failure probability, causing the total failure probability to decrease.
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Figure 7.8: Scatter plot failure probabilities probabilistic method with foreshore (taking into account residual width)
vs probabilistic method without foreshore, differentiated based on dike material and foreshore height

7.4.5. Probabilistic with foreshore (Residual width) vs. Semi-Probabilistic with
foreshore

Figure 7.9 shows the comparison between the fully probabilitic calculations (after taking into
account residual width) and the semi-probabilistic calculations, both for dikes with foreshores.

The figure shows that the semi-probabilistic method can lead to very conservative results for dike
with high foreshores, as predicted in Section 1.2. The probabilistic failure probabilities are
significantly lower than the semi-probabilistic probabilities, meaning that the semi-probabilistic
method overestimates the failure probabilities. The maximum overestimation caused by the semi-
probabilistic method for the basic water level distribution (o = 4.5) is a factor 235 (for Test Case
7). This corresponds to AP = 1.09, meaning that the semi-probabilistic method results in a
reliability index which is 1.09 lower than in the fully probabilistic calculation. For the water level
distribution with reduced spreading (a = 7.5) the maximum overestimation is a factor 19,192 (AR
= 1.82). Furthermore, Figure 7.9 shows the same trends as Figure 7.7, which means that the same
differentiations as used in Figure 7.8 are possible.
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Note: The differences between the two calculations in Figure 7.9 are a little smaller than the
differences in Figure 7.7. This can be explained by the fact that the semi-probabilistic rule for
dikes in general for most test cases leads to underestimation of the failure probability (as
concluded in Chapter 5). Therefore, the semi-probabilistic probabilities (both for dikes with and
without foreshores) are for most cases smaller than the probabilistic probabilities for dikes
without foreshores.
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Figure 7.9: Scatter plot failure probabilities probabilistic method with foreshore (taking into account residual
strength) vs semi-probabilistic method width

Figure 7.10 shows the results again, this time in a scatter plot of the reliability index B (result of
the probabilistic calculation), against the safety factor y, (result of the semi-probabilistic
calculation). This approach was already used in Section 5.4 for the dikes without foreshore, which
are shown in red. The dikes with foreshore are shown in green. The points that were originally
used for the calibration of the semi-probabilistic rule (Section 2.4.5) are shown in blue. The black
line shows the calibrated (B-yn)-relation for the semi-probabilistic assessment (20%-fit). As
mentioned before, for most test cases without foreshores, the semi-probabilistic method
(calibrated rule) leads to an underestimation of the failure probability (points on the left of the
black line). For all test cases with foreshores, the semi-probabilistic method leads to a
conservative result (the points are on the right of the line).

All points, both for the test cases with and without foreshores, are within the scatter of the
original calibration study. However, remember that the red points and the green points are
actually the same cases, except for the presence/absence of a foreshore. Including a foreshore in
the calculation leads to a significant shift to the right (higher reliabilities, lower failure
probabilities).
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Figure 7.10: Scatter plot of the results of the semi-probabilistic method vs the probabilistic method for both dikes
with and without foreshores calculated in this Thesis, and the scatter of the original calibration study

7.4.6. Influence conservative semi-probabilistic method on dike design

The previous section concluded that for dikes with foreshores, the semi-probabilistic method can
lead to very conservative failure probabilities. As mentioned before, overestimations of the failure
probability with a factor of 235 (maximum for water level distribution with a = 4.5) and even
19,192 (maximum for water level distribution with a = 7.5) were found. However, failure
probabilities are a bit abstract; it is hard to immediately understand the impact these
overestimations have on dike assessments and dike design. This section tries to give a better
understanding of the impact the conservatism in the semi-probabilistic method has on a dike.

As concluded before, the semi-probabilistic method does not take the presence of the foreshore
into account. It therefore does not account for the extra safety the foreshore adds to the dike. To
reach the same amount of safety as in the fully probabilistic calculations, which do take into
account the presence of the foreshore, one therefore has to apply a stability berm in the
hinterland. This is illustrated in Figure 7.11.

/ Stability berm
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Figure 7.11: lllustration stability berm semi-probabilistic method
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For example, for Test Case 7, using the basic water level distribution (a = 4.5), the semi-
probabilistic method resulted in a failure probability of 1.02*107° per year. The fully probabilistic
method, taking into account residual width, resulted in a failure probability of 4.34*10%, which for
now is assumed to be equal to the target probability, meaning that based on the probabilistic
calculation the dike is just safe enough. However, if one only uses the semi-probabilistic method
for the dike assessment, the dike will be assessed as unsafe. This means that the dike has to be
reinforced by applying a stability berm.

As mentioned, the target probability of Test Case 7 is 4.34*108. The factor of safety (FoS), that is
needed to reach this probability in the semi-probabilistic method, can be determined based on
formula (2.20):

Based on this formula, a FoS of at least 1.286 is needed to reach the target probability. Assuming
a berm height of 2.5m, this leads to a berm width of at least 5.5m.

Performing the same approach for Test Case 7 using the narrower water level distribution (a =
7.5), the semi-probabilistic calculation should result in a FoS of at least 1.410 to reach the same
failure probability as calculated using the fully probabilistic calculation (Ps = 4.24*107%°). To reach
this FoS, a berm of 8.5m wide is needed.

Concluding the above: if one uses the semi-probabilistic method for the assessment of dikes with
high and wide foreshores, this could lead to significant reinforcements of the dike. However, if
one would put in some more effort in the assessment and performs a fully probabilistic
calculation, it may be possible that no reinforcement is needed at all. This proves that using the
semi-probabilistic method for dikes with foreshores can lead to unnecessary expenses for dike
reinforcements.

7.5. Conclusions

Based on the research performed in this chapter, it can be concluded that for the test cases
considered in this Thesis, the presence of a foreshore has a large influence on the failure
probability of a dike, compared to dikes without foreshore. This influence is bigger for clay dikes
than for sand dikes. Besides, the influence increases for an increased foreshore height and for a
decreased spreading in the water level distribution. The combination of the foreshore height and
the water level distribution determines the probability of flooding of the foreshore. The lower this
probability, the larger the influence of the presence of the foreshore on the failure probability.

The failure probabilities for dikes with foreshores are significantly smaller than for dikes without
foreshores. However, this is only the case if one calculates the failure probabilities of dikes with
foreshores using fully probabilistic calculations, and takes into account residual width. If one uses
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semi-probabilistic calculations, the presence of the foreshore is not taken into account at all: the
failure probabilities for dikes with and without foreshores are more or less the same. If one uses
probabilistic calculations using the WBI failure definition, the presence of the foreshore is (partly)
taken into account, but this leads to only small differences compared to the dikes without
foreshores.

Besides, it can be concluded that the semi-probabilistic method can lead to very conservative
results for dikes with foreshores. The semi-probabilistic method overestimates the failure
probabilities significantly. The research shows that if one uses the semi-probabilistic method for
the dike assessments, this could lead to significant dike reinforcements, whereas, if one would
use fully probabilistic calculations taking into account residual width, it may be possible that no
reinforcements are needed at all. This proves that if one uses the semi-probabilistic method for
the macro-stability assessment of dikes with high and wide foreshores, this could lead to
unnecessary expenses for dike reinforcement.
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8. Improvement Safety Assessment

8.1. Introduction

This chapter proposes possible improvements for the current safety assessment method for
macro-stability of dikes with high and wide foreshores. This chapter refers to the last research
sub-question of this Thesis: “Can the current safety assessment method for macro-stability be
improved, to account for the presence of a foreshore? If yes, what improvements can be made?”

Chapter 7 already concluded that the current semi-probabilistic method can lead to significant
overestimations of the failure probabilities for dikes with high foreshores. Using this method
could therefore lead to unnecessary expenses for dike reinforcements. This proves the need for
an improved assessment method, because currently the semi-probabilistic method is mostly used.

In this chapter, three possible improved methods are described. These methods are compared to
determine what improvement will be best.

8.2. New Semi-Probabilistic Calibration

The semi-probabilistic method is a quick and easy-to-use method to assess the safety of a dike,
and is therefore mostly used by the dike managers, who are responsible for the safety
assessments of dikes. However, as mentioned before, the current semi-probabilistic method can
lead to very conservative results for dikes with high foreshores. The dike managers therefore
would profit from a new semi-probabilistic method for dikes with foreshores, which is less
conservative, but still quick and easy to use.

Such a new semi-probabilistic method can be based on the same approach as the current one, but
using a new calibrated (B-yn)-relation. The current method uses a relation, which is based on a
calibration on the 20%-quantile of the reliabilities in the (B-yn)-scatter plot of Figure 8.1. This has
led to the following calibrated relation (2.19):

Yn = 0.15% Br cross +0.41

For the new semi-probabilistic method one could perform such a calibration again, only for dikes
with foreshores. The scatter of dikes with foreshores will probably look similar to the scatter in
Figure 8.1, but shifted to the right. After all, the results of the semi-probabilistic calculations (yn)
for dikes with and without foreshore are more or less the same, as the semi-probabilistic method
does not take the foreshore into account, whereas the reliabilities B, calculated using fully
probabilistic calculations, are higher for dikes with foreshores (see Section 7.4.4). Performing such
a calibration will lead to a new (B-yn)-relation. Because this new relation is calibrated specifically
for dikes with foreshores, it will be not that conservative. However, the result of the semi-
probabilistic method will still be an approximated failure probability based on a calibration, which
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can be either an underestimation or an overestimation of the failure probability. This is an
important limitation of this method.
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Figure 8.1: Scatter plot of the results of the calibration study (Kanning et al., 2016)

8.3. Two Assessment Rules

Another possibility for a new semi-probabilistic method is to create two separate assessment
rules: one for water levels below foreshore level and one for water levels above foreshore level.
This is in analogy to the approach that is used for the combination of macro-stability and
overtopping. This approach is explained in Appendix I. The concept and theory behind the method
of two separate assessment rules is explained below.

The principle of two separate semi-probabilistic assessment rules is based on the law of total
probability. For the failure probability of a dike with foreshore, the law of total probability can be
written as follows:

Pr = Pgin<n * Prsn* + Prinsn * Prsn (8.1)
In which:
Pr Total annual failure probability [-]
h* Level of the foreshore [m+NAP]
P insn® Conditional failure probability given the water level is below foreshore [-]
Ph<p Probability that the water level is below foreshore [-]
Ptinsnr Conditional failure probability given the water level is above foreshore [-]
Pypspr Probability that the water level is above foreshore [-]
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Figure 8.2: Fragility curve; water levels below foreshore shown in yellow, water levels above foreshore in green

Figure 8.2 shows the fragility curve of Test Case 4, together with the water level distribution.
Distinction has been made between water levels below foreshore (shown in yellow) and water
levels above foreshore (shown in green). The total failure probability is found by integrating the
product of the fragility curve and the water level distribution over the water levels. The
contribution of the water levels below foreshore to the total failure probability can be found by
integrating this product over only the water levels that are below foreshore level (yellow part).
For water levels above foreshore the same approach can be used, integrating over the water
levels above foreshore (green part). Note that this approach has already been used in Chapter 6.

Equation (8.1) can be reduced to:
Pf = Pf,lower water + Pf,higher water (8-2)

In which:

P 1ower water  The contribution of the water levels below foreshore to the total failure
probability, found by integration of the yellow part in Figure 8.2 [-]

P higher water The contribution of water levels above foreshore to the total failure probability,
found by integration of the green part in Figure 8.2 [-]

Based on (8.1) and (8.2), the following equations can be defined:

Pf,lower water — Pf|hsh* * Ppepr (8.3)

Pf,higher water = Pf|h>h* * Ppspr (8.4)

In this Thesis, for all test cases the contribution of lower water levels to the total failure
probability (after taking into account residual width) is negligible (Pr jower water = 0, see Chapter
6). Equation (8.1) then reduces to:

Pr = Pgip>n * Ppspe (8.5)
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The requirement for a safe dike is a failure probability which is lower than the target probability.
The requirement can be written as follows, using equation (8.5):

P,
f.target
Pinsn < —5——
fih> Pysnpe (8.6)

Equation (8.6) is similar to the approach used for the combination of macro-stability and wave
overtopping (see Appendix I).

In Equation (8.6) , the probability of flooding of the foreshore, which has a lot of influence on the
failure probability, is included in the requirement of the dike. A semi-probabilistic rule for water
levels above foreshore should lead to the conditional failure probability given the water level is
above foreshore (Ps|n>p+). A calibration has to be performed to be able to transform a FoS,
resulting from the semi-probabilistic calculation, into P s+, which can then be compared to the

requirement of (8.6).

Although this semi-probabilistic approach looks similar to the current semi-probabilistic method,
the current (B-yn)-relation from the original calibration study cannot be used. After all, this
calibration links the FoS to the total failure probability of the dike (Pf). In this new method, a
relation is needed that links the FoS to the conditional failure probability given the water levels is
above foreshore (Pg|p>p)-

In reality, it may be possible that P jower water # 0. The requirement of equation (8.6) then
cannot be used, because the target probability cannot be completely used for the contribution of
the water levels above foreshore, but part of the target probability will be used for the
contribution of the water levels below foreshore. This is where the two separate assessment rules
come into play.

The total safety requirement looks as follows:

Pf,lower water + Pf,higher water < Pf,target (8 7)

The first assessment rule will be used to determine how much of the target probability is used for
the contribution of the water levels below foreshore (Pf jower water)- Equation (8.3) can also be
written as follows:

Pr t Pr, ¢
Pf|hsh* _ "flower water _ "flower water (8.8)
Ppep 1 — Ppsps

A semi-probabilistic calculation using a (design) water level below foreshore should be performed,
resulting in a FoS, which can then, using a calibrated relation, be transformed into Pf|h<h»«, which
will lead to Py jower water (Using equation (8.8)). One needs to perform a calibration study to
determine this relation.
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The requirement for the first assessment rule is as follows:

Pf,lower water < Pf,target (8.9)

After all, if only the contribution of the water levels below the foreshore already exceeds the
target probability of the dike, the dike will never be assessed as safe, no matter what the
contribution of the higher water levels is.

The requirement for the second assessment rule, for the water levels above foreshore level, now
changes from equation (8.6) to:

p < Pf,target - Pf,lower water
Fin>h" = Pysne (8.10)

Concluding the above, the method of two separate assessment rules starts with a semi-
probabilistic calculation for the water levels below foreshore. Then, a semi-probabilistic
calculation for water levels above foreshore is performed. For both calculations, a calibration has
to be performed to be able to transform the FoS (resulting from the semi-probabilistic calculation)
into Pgip<p and Pgipsp+ respectively. An example of such a calibration, performed for the test
cases of this study, is given in Appendix J.

Furthermore, a clear approach for both semi-probabilistic calculations has to be established. A
choice has to be made which water levels are used in the semi-probabilistic calculations. For
example, for the water levels below foreshore one could use a water level equal to or just below
foreshore level and for water levels above foreshore level one could use a water level x meter
above foreshore. These choices should also be used in the calibration. However, this falls outside
the scope of this research and is not further covered here. In further research, one can develop
the concept described above to a proper assessment method.

The main advantage of the method of two separate assessment rules, compared to just
calibrating a new (B-yn)-relation, is the fact that the probability of flooding of the foreshore, which
has a significant influence on the failure probability, is included in the assessment. This way, the
assessment better resembles reality. However, note that the results are still approximated failure
probabilities based on calibration studies, which is still a limitation of this method.

8.4. Fully Probabilistic Method

Another option to improve the current assessment is switching to fully probabilistic calculations
using fragility curves, as used in this Thesis. By using fragility curves, one can distinguish easily
between water levels below foreshore level, for which one takes into account residual width, and
water levels above foreshore, for which the WBI failure definition can be used.

The biggest advantage of using fully probabilistic calculations in the dike assessment, is the fact
that they directly result in a failure probability. This as opposed to the semi-probabilistic methods,
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which use a calibrated relation to approximate the failure probability. Therefore, the fully
probabilistic calculations better resemble the reality than the semi-probabilistic methods.
Furthermore, the approach using fragility curves gives a lot of insight into the residual width a
dike with foreshore has for different water levels, and which processes can lead to failure.

The main reason that a semi-probabilistic method is used in the current macro-stability
assessment, is probably that in general perception, fully probabilistic calculations are difficult to
perform. However, in fact, the differences between fully probabilistic and semi-probabilistic
calculations are not that big. If one would produce clear guidelines for performing fully
probabilistic calculations for macro-stability, like the guidelines the WBI proposes for the semi-
probabilistic method, most people should be capable of performing such calculations. The
remaining differences between the two calculation types is the fact that the fully probabilistic
calculations are more time-consuming. However, in return, the result better resembles the real
failure probability (see Section 4.6) than the result of a semi-probabilistic method.

To prevent unnecessary long calculation times, one could use the current semi-probabilistic
method as a funnel. After all, this method is quick and easy to use and leads to conservative
results for dikes with high foreshores. If a dike is assessed as safe based on this method, one does
not have to perform the fully probabilistic calculations.

It may be possible to simplify the calculations for the water levels below foreshore in the fully
probabilistic method. In the approach used in this Thesis, for every individual soil slide in the
progressive failure analysis the probability was calculated. As mentioned before, the combined
probability of the individual slides is generally equal to the individual probability of the last slide.
Therefore, it should be possible to determine the failure probability for progressive failure using
only the last slide leading to failure. However, for this analysis, a remaining profile after the last
but one slide is needed. It may be possible to create a method for the schematization of this
remaining profile based on assumptions. A possible schematization is shown in Figure 8.3

The schematization is based on (ENW, 2009), which describes the minimum remaining width a
dike should have to be safe after sliding along a circular slip surface, taking into account that the
top of this circular surface is unstable and a secondary straight sliding plane is possible (explained
in Appendix B). The remaining profile after the last but one soil slide as schematized in Figure 8.3
is at the edge of failure as defined by (ENW, 2009): the remaining width is 3m. The slope 1:n is
based on the slope of the secondary straight sliding plane (see Appendix B for values of n for
different dike materials). The starting point of the remaining profile is at the line 1:n at a level of x
below foreshore level (see Figure 8.3). (ENW, 2009) proposes half the foreshore height as
conservative assumption for x. However, this is conservative for the secondary straight sliding
plane, as a higher value of x will lead to more foreshore loss due to the secondary sliding plane.
For the analysis of a new circular sliding plane, a lower value for x is conservative. In reality, values
of 1m or 2m (of crest reduction x) are mostly observed. As a conservative choice one could
choose a value of 1m.
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In further research, it has to be validated whether these assumptions lead to a good

approximation of the remaining profile.

3m
- 3m
= «
1 N $ i A
A ~\
B

1) Initial dike profile: The remaining width is 3m, so the profile is at 2) Remaining profile: The starting point of the remaining profile is at the line 1:n at the
the edge of failure. A possible (elongated) circular slip surface is level of the foreshore minus x. Volume A will be redistributed starting from this point. The
shown. The soil that will be redistributed for the remaining profiel zone B shows the “disturbed clay zone”, in which the shear strength is reduced due to
(volume A), is bounded by the line starting from the remaining previous slides. This zone starts at the same horizontal location as the starting point of
width of 3m, at a slope of 1:n. This slope is equal to the slope of a the remaining profile. This is a conservative choice: in reality this zone will start at the
secondary straight sliding plane (ENW, 2009), as explained in intersection of the previous slip surface and the surface level. But, as this slip surface is

Appendix B.

unknown, the conservative choice will be used.

Figure 8.3: Schematization of the profile for the alternative approach progressive failure

Once a right schematization method for the remaining profile after the last but one slide has been
established, the conditional failure probabilities for water levels below foreshore can be
determined using the following approach:

1) Determine the probability of the critical long sliding plane in the initial profile, leaving

a remaining width of less than 3m (scenario 2, see Figure 8.4). This remaining width is
defined assuming the occurrence of a straight secondary slip surface at a slope of 1:n,
crossing the primary (circular) long sliding plane at a level of half the foreshore height,
as defined in (ENW, 2009) and Appendix B. The primary slip surface shown in the
figure is just at the edge of failure, leaving a remaining width of 3m. The probability of
the critical primary slip surface leading to less than 3m of remaining width, is the
failure probability.

2) Determine the probability of the critical slip surface in the remaining profile after the
one but last slide as defined above (scenario 3, see Figure 8.4). The critical slip surface
must have an entrance point at the left of the starting point of the remaining profile,
as this will lead to failure as defined by (ENW, 2009).

3) The highest of the probabilities above is assumed to be the conditional failure
probability for all water levels below foreshore level.

g Secondary straight sliding plane 3m  Starting point remaining profile
/1,1‘ L 2w X
i A N
e S e s

Primary (elongated) circular slip surface

Scenario 2 (one long sliding plane)

Scenario 3 (progressive failure)

Figure 8.4: Schematization of the calculation of scenario 2 and 3 in the alternative approach
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Note: For scenario 2, half the foreshore height is a conservative estimation for x (described

above), as a higher value of x leaves less remaining width (the secondary straight sliding plane

takes away a larger part of the foreshore). For scenario 3, lower values for x are conservative.

The simplification as described above can be a quick and easy alternative for the original analysis

as described in Chapters 4 and 6. However, as mentioned in Section 4.6, the progressive failure

analysis used in this Thesis, on which the simplification is based, has its limitations. More realistic

modelling of the progressive failure analysis may prove the simplification as specified above

wrong.

8.5.

Comparison

This chapter proposed three possible improvements for the current semi-probabilistic method:

e Calibrating a new (B — yn) — relation, specifically for dikes with foreshores

e Creating two separate assessment rules: one for the water levels below foreshore and

one for water levels above foreshore

e Switching to a fully probabilistic method

Table 8.1 shows the advantages and disadvantages of the three possible improvements.

Method

Advantage

Disadvantage

New (B — yn) — relation

Quick and easy to use

A lot of cases needed for a new
calibration
Results in approximated failure
probability

Two separate
assessment rules

Resembles the reality better
than just a new (B —yn) —
relation, because it includes the
probability of flooding of the
foreshore in the assessment
Quick and easy to use

Results in approximated failure
probability

New calibrations needed

Further research needed to
establish approach for the semi-
probabilistic calculations (choices
for design water levels)

Fully probabilistic
method

No calibration needed, directly
results in failure probability
Gives insight in different
processes for water levels above
foreshore and below foreshore

Time-consuming

More difficult to perform
Progressive failure analysis has
its limitations

Table 8.1: Comparison (dis)-advantages improved methods

An important limitation of the two semi-probabilistic methods is that the failure probability is

approximated using a calibrated relation. Of these two, the method using two separate

assessment rules resembles the reality in a better way, because the probability of flooding of the
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foreshore, which has a lot of influence on the failure probability, is included in the assessment.
Therefore, this method is preferred above the other one, calibrating a new (B — ya) — relation.

The fully probabilistic method directly results in the failure probability; it is not based on a
calibration, and therefore, it better resembles the reality than the semi-probabilistic calculations.
Therefore, the best improvement for the safety assessment is switching to a fully probabilistic
method, as used in this Thesis. However, there is still uncertainty in the progressive failure
analysis that is used in this method, which has its limitations (see Section 4.6). Based on further
research, more realistic modelling of progressive failure should be possible.

Besides the fully probabilistic method, one could further develop the semi-probabilistic method
using two separate assessment rules as an alternative, in case the fully probabilistic method turns
out to be too difficult to perform for the dike managers.
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9. Conclusions

This chapter presents the most important findings of this Thesis. Furthermore, it will present a
final answer to the main research question:

Is it possible to improve the safety assessment method for macro-stability for dikes with high and
wide foreshores?

Note that the conclusions as presented below are based only on the test cases used in this Thesis,
as specified in Section 4.3, which all have a relatively high foreshore and a simplified subsoil
composition. Besides, the conclusions are based on the calculations performed in this research,
and thus on their limitations and assumptions, as specified in Section 4.6. It is uncertain to what
extent the conclusions of this Thesis apply in general sense.

Conclusions concerning the semi-probabilistic method for dikes without foreshores

For most of the test cases without foreshore considered in this Thesis, the semi-probabilistic
method does not lead to a conservative result, but to an underestimation of the failure
probability. As already explained, the test cases are biased, which makes it impossible to draw
hard conclusions about the conservatism in the semi-probabilistic method for dikes without
foreshore, based on this research.

Important to realize however, is the fact the semi-probabilistic method does certainly not always
lead to a conservative result for dikes without foreshores. One should be aware of the fact that
the semi-probabilistic method may lead to an underestimation of the failure probability and
therefore one should use the semi-probabilistic rule with care.

Conclusions concerning the influence of the foreshore on the failure probability

The research showed that for the test cases considered in this Thesis, the presence of a foreshore
leads to a significant reduction in failure probability, compared to a dike without foreshore. A
maximum reduction of a factor 25,336 was found. This corresponds to a difference in reliability
index of AP = 1.88. Differentiating between clay dikes and sand dikes showed that the influence of
the presence of the foreshore is larger for clay dikes. Furthermore, the research showed that the
higher the level of the foreshore and the narrower the water level distribution, the larger the
influence of the foreshore. In other words: the smaller the probability that the foreshore is
flooded, the more influence the foreshore has on the failure probability.

The influence of the foreshore, described above, was only found using fully probabilistic
calculations and taking into account the residual width of the dike. Using the WBI failure
definition or the semi-probabilistic method led to little or no influence of the presence of a
foreshore. After all, these calculation methods led to overestimations of the failure probability of
dikes with high foreshores, as the research showed.
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Furthermore, the research showed that for most test cases considered in this Thesis, a foreshore
of 25m wide or more already leads to negligible conditional failure probabilities for water levels
below foreshore. Therefore, a foreshore of 25m wide would already lead to the above mentioned
reductions in failure probability. This shows that a relatively small foreshore already has a
significant influence on the failure probability.

Conclusions concerning the semi-probabilistic method for dikes with foreshores

The semi-probabilistic method can lead to significant overestimations of the failure probability for
dikes with high foreshores, compared to fully probabilistic calculations. A maximum
overestimation of a factor 19,192 (Ap = 1.82) was found. In other words: the semi-probabilistic
method resulted in a reliability index which was 1.82 lower than for the fully probabilistic
calculations. For the semi-probabilistic method to result in the same amount of safety (same
reliability index) as the fully probabilistic calculations, one has to apply a stability berm in the
hinterland. Research showed that for the case in which the maximum overestimation was found,
a stability berm of 2.5m high and 8.5m wide was needed. This shows that using the semi-
probabilistic method, which is mostly used for the assessment, for dikes with high and wide
foreshores can lead to unnecessary expenses for dike reinforcements.

To answer the research question, the above proves there is room for improvement in the safety
assessment for macro-stability for dikes with high and wide foreshore.
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10. Recommendations

This chapter discusses recommendations that can be made based on this Thesis, both for
improving the safety assessment method and for further research. Based on the research
performed in this Thesis, the following recommendations can be made:

1.

For the safety assessment of macro-stability for dikes with high foreshores, it is
recommended to switch to a fully probabilistic method. This method is based on fragility
curves and takes into account the residual width of the foreshore. However, this method,
as used in this Thesis, can be further improved:
a. Using more accurate modelling of progressive failure (see recommendation (3)).
b. If possible based on a), it is recommended to create a method to simplify the
progressive failure analysis, by only considering the last soil slide leading to
failure. Further research is needed to create a proper schematization method for
the remaining profile after the last but one soil slide.
c. Itis recommended to include the time-dependence of the phreatic line in the
assessment. This will have a positive effect on the safety of the dike, as it takes
time for the foreshore body to get completely saturated.

Besides the fully probabilistic method, establish an alternative semi-probabilistic
assessment, based on separate assessment rules for water levels below foreshore and
above foreshore. The concept of such an assessment is described in Section 8.3. Further
research is needed to establish a clear approach for the semi-probabilistic calculations.
Besides, for both assessment rules, calibrations have to be performed.

The progressive failure analysis as performed in this Thesis is based on a lot of
assumptions (see Section 4.6). It is highly recommended to perform the following further
research to make more accurate modelling of progressive failure possible:

a. Establish a more accurate way of analysing all possible pathways leading to
failure, as the method used in this Thesis only considers two types of slip surface
shapes and thus neglects a lot of possible slip surfaces.

b. Establish a more accurate way of schematizing the remaining profile after a slide,
as the remaining profile in this Thesis was based on a best guess, which is highly
uncertain. Note that the remaining profile depends to a large extent on the slip
surface, which may induce the need to combine a) and b).

c. Investigate soil behaviour after a soil slide, to determine whether the strength of
the soil is reduced and to what extent.

d. Include dependence between successive slides in the calculations. In this Thesis,
the successive slides are assumed to be completely correlated, which is a
conservative choice. By including the dependence between the successive slides,
the total probability of the combination of the slides can be decreased.
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4. For the test cases without foreshores, the semi-probabilistic method in this Thesis
resulted for most cases in an underestimation of the failure probability, instead of a
conservative result. This could be an indication that the semi-probabilistic method is not
as conservative as was expected (for dikes without foreshores). However, as mentioned
before, the Test Cases are biased; they are unrealistically simplified. Therefore, it is
recommended to collect the data from studies which calculate the failure probability
using both the current semi-probabilistic method and fully probabilistic calculations, for
real dikes (not biased). Based on these data, one can verify whether or not the current
semi-probabilistic method is as conservative as expected and, if not, change the
calibrated (B-yn)-relation.

5. Itis recommended to clearly state in the WBI documentation that the current semi-
probabilistic method results in an approximated failure probability, which is not always
conservative, and that the real failure probability may be higher. Performing a fully
probabilistic calculation can therefore lead to a worse result.
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Glossary

(6-yn)-relation

Aquifer

Aquifer head
Aquitard
Characteristic value

Conditional failure
probability

Conservative

Correlation

Critical slip surface

Cumulative
distribution function
(CDF)

Design point

Design water level

Deterministic

Dike section

Calibrated relation which is used to approximate the reliability index (or
failure probability) based on the result of the semi-probabilistic calculation
(vn, related to FoS).

Permeable sand layer beneath the aquitard, through which groundwater
flows.

Head in the permeable sand layer. Measure for the pore pressures inside
this layer.

(Almost) impermeable top layer(s) in the subsoil beneath a dike. The
aquitard consists out of clay or peat.

Value corresponding to a certain quantile of the probability distribution of
a stochastic variable.

The failure probability of the dike given occurrence of a certain event. In
the fragility curves, the conditional failure probabilities are the failure
probabilities given occurrence of certain water levels.

“More negative than reality”. A conservative choice leads to
overestimation of the failure probability and is used as a safe choice when
the actual value is unknown.

Measure of statistical dependence between two stochastic variables.

The macro-stability analysis considers different slip surfaces along which
sliding of the soil is possible. The critical slip surface is the one leading to
the least stability of the dike.

Function which describes the probability that a stochastic variable is
smaller than a certain value.

The combination of parameter input values that will most likely lead to
failure.

Water level used for the semi-probabilistic calculation. The design water
levels is the water level with an exceedance frequency equal to the safety

standard of the dike.

A deterministic parameter is modelled as only one value, without
specifying uncertainty.

Part of a dike trajectory with homogenous subsoil.
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Dike trajectory

Drained behaviour
Factor of Safety
(FoS)

Failure

Failure definition

Failure probability

Foreshore

FORM

Fragility curves

Fully probabilistic
calculation

Influence coefficient
()
Influence factor (a?)

Intrusion Length

Leakage Length

A chain of flood defences (often dikes) with approximately homogenous
consequences in case of failure anywhere along the trajectory. The
trajectories are regulated by law.

If soil shows drained behaviour, water flows out of the soil during loading.

Factor describing the ratio between strength and load in the macro-
stability mechanism. Is a measure of stability and the direct result of the
semi-probabilistic calculation method.

Defined as loss of function of the dike, in terms of flooding.

Describes what situation is regarded as failure. For the macro-stability
mechanism is determines which slip surfaces are considered as failure.

The annual probability of failure of a dike due to a certain failure
mechanism, in this Thesis macro-stability. The failure probability is the
probability of meeting a certain failure definition.

Land in front of a dike which is not flooded during daily situations. Only for
high water levels, the foreshore is flooded.

First Order Reliability Method. Probabilistic calculation method used to
calculate the conditional failure probabilities. The method linearizes the
limit state function in the so called design point.

Curves describing the relation between the water level and the
corresponding conditional failure probability. By calculating the conditional
failure probabilities for different water levels and constructing a fragility
curve, the total failure probability can be calculated.

Calculation of the failure probability by using the complete probability
distributions for all parameters. In this Thesis, the method of fragility
curves is used. More calculation and iteration steps are needed for this
calculation. The calculations result directly in a failure probability.

Measure for the relative influence of a certain stochastic parameter on the
total uncertainty, compared to other parameters.

Measure for the relative influence of a certain stochastic parameter on the
total uncertainty. Is equal to the influence coefficient squared.

Height of the aquitard (measured from the bottom) in which the variations
in aquifer head can be felt.

Measure for the distance over which the aquifer head develops.

Mick van Montfoort

110



January 2018

Safety assessment method for macro-stability
of dikes with high foreshores

Limit Equilibrium
Models (LEM)

Limit State Function

(2)

Macro-stability

Model factor

Model uncertainty

factor

Phreatic line

Phreatic line

Probability density

function (PDF)

Progressive failure

Reliability index

Remaining width

Residual width

Safety

Safety standards

Used for the calculation of macro-stability. Compare the load against the
maximum mobilizable strength.

Used in probabilistic calculations to describe failure. Failure is defined as
Z<0.

Failure mechanism considering sliding of a volume of soil of the inner slope
of the dike along a straight or circular sliding plane. Macro-stability is often
caused by an increase in pore pressures in the soil.

Partial safety factor describing the model uncertainty of the LEM models
used in the macro-stability calculations.

Stochastic variable describing the model uncertainty of the LEM models
used in the macro-stability calculations.

Describes the development of the water level inside the dike. Shows which
part of the dike is saturated.

The water level inside the dike. The dike is saturated below the phreatic
line.

Function which describes the probability distribution of a stochastic
variable.

Successive shallow soil slides leading to loss of function of the dike.

Describes the safety (reliability) of the dike. Related to the failure
probability by the cumulative standard normal distribution, which
describes a standard probability distribution.

Width of the remaining dike at the height of the water level after sliding of
the soil, after taking into account a secondary straight sliding plane. Is used
to define which situation can be regarded as failure.

The part of the dike and foreshore that is still intact after sliding of the soil
and is still able to retain the water.

The resistance against sliding in land inwards direction, only considering
slip surfaces meeting the failure definition. The higher the safety, the lower
the failure probability.

The maximum allowed failure probabilities for the different dike
trajectories in the Netherlands. The safety standards are regulated by law.
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Semi-probabilistic Calculation of the failure probability using design values of the parameters.

calculation Only one calculation step needed, which results in a factor of safety (FoS).
A calibrated relation is used to approximate the failure probability based
on FoS.

Shear strength The maximum shear stress the soil can withstand.

Stability The resistance against sliding in land inwards direction. The higher the

stability, the lower the probability of any soil slide occurring.
Stochastic variable Uncertain variable described by a probability distribution function

Target probability The maximum allowed failure probability of a dike section for a certain
failure mechanism. Is found by distributing the safety standard over the
failure mechanisms and the dike sections in the trajectory.

Uplift The head in the aquifer exceeds the effective weight of the aquitard,
causing the aquitard to float on top of the blanket. The shear strength in
the uplift zone is then reduced to zero.

Undrained If soil shows undrained behaviour, water cannot flow out of the soil during
behaviour loading, and excess pore pressures are generated.

Water level Probability distribution of the annual maximum water levels.

distribution

WBI Documentation describing the process of the safety assessment of the

dikes and providing guidelines for the assessments.

WBI failure All slip surfaces that enter halfway the inner slope of the dike or further to
definition the water side are considered relevant (regarded as failure)
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Soil parameters

Appendix A.

Parameter
Case 1

Sand, Dike

Clay, B

Clay, N

Sand, Pleistocene
Case 2

Clay, Dike (above PL)

Clay, Dike

Clay, B

Clay, N

Sand, Pleistocene
Case 3

Sand, Dike

Clay, B

Clay, N

Sand, Pleistocene
Case 4

Sand, Dike

Clay, B

Clay, N

Sand, Pleistocene
Case5

Clay, Dike (above PL)

Clay, Dike

Clay, B

Clay, N

Sand, Pleistocene
Case 6

Sand, Dike

Clay, B

Clay, N

Sand, Pleistocene
Case7

Clay, Dike (above PL)

Clay, Dike

Clay, B

Clay, N

Sand, Pleistocene

model

Cphi
CuCalculated
CuCalculated
Cphi

Cphi
CuCalculated
CuCalculated
CuCalculated
Cphi

Cphi
CuCalculated
CuCalculated
Cphi

Cphi
CuCalculated
CuCalculated
Cphi

Cphi
CuCalculated
CuCalculated
CuCalculated
Cphi

Cphi
CuCalculated
CuCalculated
Cphi

Cphi
CuCalculated
CuCalculated
CuCalculated
Cphi

_dry/y_wet c

18/20
15/15
15/15
18/20

17/17
17/17
15/15
15/15
18/20

18/20
15/15
15/15
18/20

18/20
15/15
15/15
18/20

17/17
17/17
15/15
15/15
18/20

18/20
15/15
15/15
18/20

17/17
17/17
15/15
15/15
18/20

@_mean @_dev

34

34

38.34
34
34

34

34
34
38.34
34
34
34

38.34

34

1.7

17

5.065
17
17

17

1.7
17
5.065
17
17
1.7

5.065

17

p_cov

0.05

0.05

0.05

0.25
0.25

0.32
0.32
0.32

0.32
0.32

0.32
0.32

0.35
0.35
0.35

0.32
0.32

0.35
0.35
0.35

S_mean S_dev

0.03
0.03

0.03
0.03
0.03

0.03
0.03

0.03
0.03

0.03
0.03
0.03

0.03
0.03

0.03
0.03
0.03

S_cov

0.12
0.12

0.094
0.094
0.094

0.094
0.094

0.094
0.094

0.086
0.086
0.086

0.094
0.094

0.086
0.086
0.086

25
25

25
25
25

25
25

25
25

25
25
25

25
25

25
25
25

7.5
7.5

7.5
7.5
7.5

7.5
7.5

7.5
7.5

7.5
7.5
7.5

7.5
7.5

7.5
7.5
7.5

POP_mean POP_dev POP_cov

0.3
0.3

0.3
0.3
0.3

0.3
0.3

0.3
0.3

0.3
0.3
0.3

0.3
0.3

0.3
0.3
0.3

Subsoil parameters of all test cases

Table A.1

Clay,B and Clay,N mean “Clay below dike” and “Clay next to dike” respectively. These are
the two parts of the same layer, but due to different stress history below and next to the dike this

Note

layer is split into two parts, as explained in Section 4.5.
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Appendix B. Calculation Choices

Section 4.5 briefly discussed the calculation choices that were made for the calculations
performed in this Thesis. In this Appendix, these choices are covered in more detail.

First, the general calculation choices, like the parameters that are needed and the choices made
for the schematization, are described. Then specific choices for the semi-probabilistic calculations,
the fully probabilistic calculations and the progressive failure analysis are covered.

General

This section covers the general calculation choices that were made in this Thesis, like the
parameters used in the calculations and the general schematization choices.

Parameters

Table B.1 shows the parameters that are used for the calculations in the WBI macro-stability
kernel (in the D-GeoStability software). For each parameter, the table shows whether it is used for
drained or undrained analysis and the distribution type. For some parameters it also shows the
variation that is used; for these parameters theory gives standard values for the variation, which
are always used. The mean values of the soil parameters and the variations that are not shown in
the table are for each test case and for each soil layer separately depicted in Appendix A.

Symbol | Unit Description Drained Undrained Distribution Used Variation
Ydry [kN/m?3] Unit weight of soil * * Deterministic -
above phreatic
level
Ywet [kN/m3] Unit weigth of soil * * Deterministic | -
below phreatic
level
c [kN/m?] Effective cohesion * Deterministic -
(o) [°] Effictive friction * Lognormal Appendix
angle
S [-] Undrained shear * Lognormal Appendix
stress ratio
m [-] Strength increase * Lognormal CoV=0.03
exponent (Rijkswaterstaat,
2016b)
o'vy [kN/m?] Vertical yield * Lognormal Appendix
stress
Ain, Aout | [m] Leakage length * * Lognormal Cov=0.20
(Rozing, 2015)
IL [m] Intrusion length * * Lognormal CoV=0.30
(Rozing, 2015)
PL1 [m+NAP] Phreatic line * * Deterministic -
schematization
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WL | [m+NAP] | Water level * * Gumbel Appendix

Table B.1: Parameters used for the calulcations

Yield stress points

There are different methods for the calculation of the shear strength of undrained layers. In this
study, the SHANSEP model using yield stress points is used (see Section 2.4.6). Yield stresses are
measures of the stress history of the soil. They can be determined based on an in-situ cone
penetration test or on the vertical effective stress in the yield stress point and the POP (pre-
overburden pressure) value of a soil layer(determined in laboratory tests). As this study is based
on theoretical test cases, and thus no cone penetration tests are available, the latter will be used
in this study.

In each soil layer a yield stress point will be placed at three different locations in x-direction: one
below the foreshore, one below the dike crest and one below the hinterland. The yield stresses in
these points are calculated by adding the POP value of the soil layer in which the point is located
to the effective stress value during daily conditions in that point.

The uncertainties in the vertical yield stresses are almost completely caused by the uncertainty in
POP values (Schweckendiek et al., 2017). Therefore, the variation coefficient of the yield stress
values is equal to variation coefficient of the corresponding POP value. Furthermore, in the
lognormal distribution of the yield stress, a shift has been included equal to the value of the
effective stress. This way, the yield stress uncertainty is modelled as exactly equal to the POP
uncertainty.

The shear strength of the soil can be calculated based on the yield stresses using formula (2.22)
(Section 2.4.6).

Soil layers

In general use in macro-stability calculations, soil layers are cut into two parts: a part below the
dike and a part next to the dike, because both parts have a different stress history and therefore
different strength or state parameters may be found. In this Thesis, all undrained layers (the
aquitard) are split up in this way. The part next to the dike gets assigned one yield stress point and
the part below the dike gets assigned the other two yield stress points. This way, the
schematization better represents the local stress state. The different parts of the undrained
aquitard layer and the location of the yield stress points are illustrated in Figure B.1.
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Part below dike Part next to dike

O (o) (o]

Yield stress point

Figure B.1: Schematization different parts undrained aquitard

Furthermore, for cases with a dike body out of clay, the part of the clay dike that is above the
phreatic line is modelled as separate layer. The reason for this is the fact that the strength of clay
layers is usually calculated using undrained calculations, using the SHANSEP model. Undrained
calculations are based on the fact that excess pore pressures are generated when the soil is
loaded. However, the part of the dike above the phreatic line is dry, and therefore no excess pore
pressures can be generated, because there are no pore pressures at all. Therefore, the strength of
this part is calculated using the drained CSSM model (Section 2.4), based on the critical state
friction angle @ and the assumption of zero cohesion. Appendix H shows how ¢ is determined.

Waternet Creator

In the WBI calculation kernel, the Waternet Creator is used, which creates the complete waternet
inside a dike, based on the input of an outside water level, inwards and outwards leakage lengths,
and an intrusion length. The output of the Waternet Creator consists of the phreatic line inside
the dike and piezometric level (PL) lines in the soil layers beneath the dike.

The leakage length parameters are used to schematize the head in the aquifer. They are measures
of length, which express the distance over which the head in the aquifer develops. Two leakage
lengths have to be defined: an inward leakage length (in the direction of the land) and an outward
leakage length (in the direction of the water). By modelling the leakage lengths as stochastic
variables in the fully probabilistic calculations, the uncertainties in pore pressures are taken into
account. The leakage length parameters can be calculated as follows (TAW, 2004):

A—k*D*d
K (B.1)

In which:

Leakage length [m]
Hydraulic conductivity aquifer [m/s]
Thickness aquifer [m]

QU O & >

Thickness aquitard [m]
k' Hydraulic conductivity aquitard [m/s]
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In the test cases used in this study, it is assumed that the hydraulic conductivity of the aquitard is
1.0*107m/s and the hydraulic conductivity of the aquifer is 1.0*10%*m/s for every case.

The intrusion length is the height of the aquitard over which the pore pressure variations in the
aquifer can be felt. (Rijkswaterstaat, 2016b) gives standard values for the intrusion length, based
on the soil composition of the aquitard. These values are used in the calculation.

The schematization choices that are used in the Waternet Creator are described in more detail in
Appendix C.

Phreatic line schematization

The schematization of the Phreatic Line is done automatically by the Waternet Creator, based on
different standard dike cases as proposed by (TAW, 2004). These standard cases are based on
dike and subsoil material, and the corresponding schematizations are described in Appendix C.

For clay dikes, the standard schematization of the phreatic line is limited by the phreatic line
during daily conditions, based on precipitation and daily water level. This daily phreatic line will be
approximated by a simple model in Plaxis software, based on a precipitation of 0.7m/year, which
is the average amount of precipitation in the Netherlands (TAW, 2004).

The standard schematizations of the phreatic line, used by the Waternet Creator, are conservative
estimates. These standard schematizations are created in such a way, that they lead to a little
conservative, but safe result for dikes in general. However, this will probably not affect the results
of this study a lot, because this study will compare the results from different types of calculations
(see Section 4.2), and in all calculations the same schematization standards will be used. The
accuracy of the phreatic line will be more important for actual design.

For the specific case of dikes with high and wide foreshores, the standard schematizations of the
phreatic line are probably even more conservative than for dikes in general. After all, if the water
level rises from a level below foreshore level (daily situation) to a water level above foreshore
level, it takes time before the complete foreshore is saturated. How much time this takes,
depends on the permeability of the foreshore. It may very well be possible that the foreshore
does not get completely saturated before the end of the high water situation. The standard
schematization ignores this fact, as it assumes a completely saturated foreshore in case the water
level is above foreshore level. This is illustrated in Figure B.2, both for a sand dike and for a clay
dike. In reality, the foreshore has a positive effect on the stability of the dike, because it takes
time for the foreshore to get saturated, and thus it takes time for the pore pressures to rise in the
foreshore. However, this is not accounted for in the standard schematization of the phreatic line,
as used in this study. In further research, the influence of the simplification can be studied, by
taking time-dependence of the development of the phreatic line into account.
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Phreatic line in a sand dike (blue dashed line), schematized according to WBI “Sand dike on Clay”: the phreatic level is reduced to
half of the original water level at the entrance point and to a quarter at the end of the dike. The blue arrows show where the
water infiltrates into the foreshore and the dike body. Note that the schematization is conservative: it assumes that for a water
level above the foreshore the complete foreshore is saturated. However, the water thatis on top of the foreshore takes time to
infiltrate into the foreshore. Probably, part of the foreshore is not saturated (the red part) during the high water situation. The
amount of foreshore that is saturated depends on the high water duration and the permeability of the foreshore.

Phreatic line in a clay dike, schematized according to WBI “Clay dike on Clay™: the offsets at the entrance point and below the
inner crest are a=1m and b=1.5m respectively. However, this schematization is limited by the phreatic line during daily
situations. This daily phreatic line in a clay dike has a bulge (illustrated by the red dashed line), due to precipitation which can
not flow out. The phreatic line during high water level can never be lower than this daily phreatic line. Again, as was the case for
the sand dike, the phreatic line schematization is probably conservative (illustrated by the red part of the foreshore).

Figure B.2: lllustration schematization phreatic line and phreatic line development

Semi-probabilistic calculation choices

This section covers the specific choices that are made for the semi-probabilistic calculations.

Calculation Approach

The semi-probabilistic calculation is performed as proposed by the WBI (Rijkswaterstaat, 2016a).
Using a design water level with an exceedance frequency equal to the maximum allowed failure
probability of the dike trajectory (safety standard), and design (characteristic) values for all other
parameters, a critical slip surface with a certain Factor of Safety is obtained, which is transformed
into an approximated failure probability using formula (2.20):

Fos)
=g~ B2
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Parameters

As mentioned before, the semi-probabilistic calculation is performed using design values for the
different parameters. Design values are obtained by multiplying some characteristic value by a
safety factor (material factor). However, as mentioned in Section 2.4, these safety factors are 1.0
for all parameters. This means that the design value is just a characteristic value, i.e. a value for a
certain quantile of the distribution of the parameter. Table B.2 gives the characteristic values to
be used for the calculation, as proposed by WBI (Rijkswaterstaat, 2016b).

Symbol Unit Distribution Characteristic value (quantile)

Ydry [kN/m?3] Deterministic -

Ywet [kN/m?3] Deterministic -

c [kN/m?] Deterministic -

(o) [°] Lognormal 5%

S [-] Lognormal 5%

m [-] Lognormal 5%

O'vy [kN/m?] Lognormal 5%

Ain, Aout [m] Lognormal 50%

IL [m] Lognormal 50%

PL1 [m+NAP] Deterministic -

h [Mm+NAP] Gumbel Exceedance frequency equal to safety
standard dike trajectory

Table B.2: Quantiles of probabilistic calculations to be used in the semi-probabilistic calculations for the different
parameters

Model factor

In the calibration formula, a model factor (y,) is used to transform the calculated Factor of Safety
into an approximated failure probability. This model factor accounts for model uncertainties. As
said before, the Uplift Van slip surface model will be used for the calculation. The corresponding
model factor is 1.06, as mentioned before in Section 2.4.

Fully Probabilistic calculation choices

This section covers the specific choices that were made to perform the fully probabilistic
calculations.

Calculation approach

The fully probabilistic calculation will be performed using fragility curves (see Section 2.3.3). This
means that for a range of water levels the conditional reliabilities (B) will be computed. By linear
interpolation between the calculated points, a (B-h)-curve is obtained, which shows for all water
levels the corresponding conditional reliability. This (B-h)-curve is then transformed into a fragility
curve, which shows for all water levels the corresponding conditional failure probability. By
integrating the product of this fragility curve and the water level distribution over the water
levels, the total annual failure probability is obtained.
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To construct a (B-h)-curve, for a range of water levels the corresponding reliabilities have to be
computed. For this, a FORM calculation is used (see Section 2.3.2). FORM linearizes a limit state
function in the so-called design point. Every step, it computes the reliability B, and new design
point values. In an iterative process, these steps are repeated until there is convergence between
the input design point values and the calculated design point values. When convergence is
reached, the resulting B is the conditional reliability corresponding to a certain water level. The
resulting design point values (for all parameters) represent the combination of parameter values
that will most probably lead to failure.

As explained in Section 2.4.3, the macro-stability calculation models try a lot of different slip
surfaces, and then determines the critical slip surface. However, to limit calculation time, the slip
surface is fixed for the FORM calculation. This means that the FORM calculation only uses one slip
surface, and computes the reliability given that single slip surface. However, it is not certain that
this slip surface will also be the critical one. Therefore, after performing the FORM calculation, a
single-run is performed in the D-GeoStability software, not anymore fixing the slip surface, and
using the design point values (resulting from the performed FORM calculation) as parameter
input. The D-GeoStability software then returns the critical slip surface for these parameter
values. If this resulting critical slip surface is the same as the one used in the FORM calculation,
the fixed slip surface used in FORM was actually the critical one and the resulting reliability is the
end result. If not, the FORM calculation is repeated, now using the resulting critical slip surface
from the single-run as fixed slip surface. This process is repeated, until convergence is reached
between the FORM fixed slip surface and the critical slip surface resulting from the single-run.
This approach is illustrated in Figure B.3.

Slip surface (2)
becomes slip
surface (1) in new
iteration step

Perform determinisitic Fix slip surface (1) in Perform deterministic

calculation (single-run),
using mean/design
values parameters
Results in critical slip
surface (1)

the FORM calculation
Results in design point
values parameters and

inB

Figure B.3: Flowchart approach fixing slip surface

calculation again, using
design point values for
the parameters
Results in critical slip
surface (2)

Slip surface 1

Slip surface 2?

B isfinal result FORM
calculation

Note: In reality, every (relevant) possible slip surface contributes to the failure probability, and

not just the critical slip surface. After all, all possible slip surfaces together form a series system; if

one of the relevant slip surfaces occurs, failure occurs. However, in this study it is assumed that

only the critical slip surface determines the probability. (Schweckendiek et al., 2017) states that

this is a reasonable approximation, because different slip surfaces close to each other are (almost)
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fully correlated and completely different slip surfaces differ large in failure probability, and
summing up smaller probabilities has only little influence on the total failure probability.

The final result of a FORM calculation for a certain water level consists of:

e The reliability factor B;

e The critical slip surface;

e Design point values for all parameters;

e Influence factors a? for all parameters, indicating the contribution of a certain variable to
the total uncertainty.

Limit state function

To be able to perform the FORM calculation, a limit state function (Z) has to be defined (see
Section 2.3.1). Z is defined in such a way, that for Z<0, one can speak of failure.

The result of a slip surface calculation in D-GeoStability is a critical slip surface with a
corresponding factor of safety (FoS), which can be seen as the ratio between resistance and load.
In an ideal model (without model uncertainties), one would speak of failure if the load exceeds
the resistance (i.e. FoS < 1). However, as the Uplift Van model is not without uncertainties, the
FoS has to be corrected using a model uncertainty factor mgq. This leads to the following limit state
function:

Z=FoS*my;—1 (B.2)

As mentioned above, FoS is the result from the slip surface calculation in the D-GeoStability
software. The model uncertainty factor mgq is in fact the inverse of the model factor yqas used in
the semi-probabilistic method. (Schweckendiek et al., 2017) proposes to model mq as a lognormal
distribution, with mean 0.995 and standard deviation 0.033.

Note: The above mentioned distribution leads to a characteristic value of 0.942. The inverse
thereof is 1/0.942 = 1.06, which is the value used for ygq.

Parameters

The parameters from Table B.1 are put in as stochastic values: their input consist of the
distribution type, mean value, and variation coefficient / standard deviation. Note that this does
not hold for the water level; to be able to construct a fragility curve, the FORM calculation is
performed several times for a range of water levels, which are put in as deterministic values.

By modelling the leakage lengths and intrusion length as stochastic values, the uncertainties in
pore pressures in the dike body and subsoil are taken into account.
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Correlations

In the fully probabilistic calculation, correlation between different parameters has to be specified.
Correlation is a measure of mutual dependence between two variables. A correlation coefficient
of zero (p=0) means the parameters are completely independent and a correlation coefficient of
one (p=1) means that the parameters are completely dependent (Jonkman et al., 2016).

Correlation is important for the soil strength parameters. As mentioned before, undrained layers
have been split up into a part below the dike and a part next to the dike, because they usually
have a different stress history. However, one should keep in mind that in reality it is one layer.
Therefore, the strength parameters S and m of the two parts (of the same layer) are modelled as
completely correlated (p=1). Because of their different stress history the state parameters POP
are independent. The POP values are used to calculate the effective yield stress values in the yield
stress points. Therefore, the yield stress points are modelled as independent (p=0).

Furthermore, also mentioned before, for clay dikes the part above the phreatic line is modelled as
separate layer. The shear strength of this part is calculated using the drained CSSM model based
on the critical state friction angle @.. The parameter @.is modelled as completely correlated with
the undrained shear strength ratio S of the saturated part of the dike, of which the shear strength
is calculated using the undrained SHANSEP model. After all, if the clay of the dike body is weak, it
will probably be weak both in the saturated and in the unsaturated part.

Note: In some cases the fully probabilistic FORM calculation did not lead to convergence. For
these cases, the undrained aquitard layer was split up in horizontal direction into an upper part
and a lower part, each containing a separate yield stress point. This way, convergence was
reached most of the time

Progressive failure calculation choices

This section covers the specific choices that are made for the progressive failure calculations.
Progressive failure refers to scenario 3 of Chapter 3. For this analysis, a lot of assumptions are
made. It is always tried to make conservative assumptions, in order to prevent underestimation of
the failure probability.

Water level

Scenario 3 holds for all water levels below foreshore level. For simplicity reasons, the progressive
failure analysis is performed using only one water level, the highest water level for which the
foreshore is not flooded. It is assumed that the conditional failure probability that is found for this
water level, is also the conditional failure probability for the other water levels below foreshore
level. This is a conservative assumption, because in reality the failure probability decreases for
decreasing water level.
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Remaining profile progressive failure

For the progressive failure analysis, after a sliding of soil has occurred a remaining profile has to
be schematized, which will be used for the next slide.

When a volume of soil slides, along a slip surface, the soil on the left side of this slip surface will

be lowered, whereas the soil at the right side will be pushed up; the soil rotates along the slip
surface. This rotation continues until a new equilibrium is found and the soil is stable again. At the
left side of the slip surface, a lowering of the surface level between 1m and 2m is mostly observed
('t Hart et al., 2016; ENW, 2009). This will be the starting point of the remaining profile. The rest of
remaining profile is then found by redistributing the soil that rotated (only the part above surface
level), starting from the starting point. This is illustrated in Figure B.4. Note that following this
approach will always lead to a remaining profile that is more gentle than the initial profile. A more
gentle profile generally also leads to more stability. This means that with every soil slide, the dike
becomes more stable.

A
B
1) First slip surface: “A” shows the amount of soil that will be redistributed 2) Remaining profile after (1): The crest is lowered with Ah between 1 and
in the remaining profile. 2m along the slip surface. Area “A” of (1) has been redistributed to create

a remaining profile. Area “B” shows the area of soil which was influenced
by the slip surface, and of which the strength has decreased. For
illustrational purposes, the shadow of the slip surface of (1) is still shown.

\ Ah
\
\
A
\\‘ A
\ ’
~,

\"-.,_‘ B ‘_ﬂ" B
3) Second slip surface: in the remaining profile of (2) a new volume of soil 4) Remaining profile after (3): Again, the crest is lowered with Ah between
slides off along the drawn slip surface. Again, area “A” will be redistributed 1 and 2m, and area “A” of (3) has been redistributed. Note that area “B”
in the remaining profile. (the affected soil) has grown due to the new slip surface.

Figure B.4: lllustration approach schematization remaining profile

Besides, Figure B.4 shows a zone that was influenced by the slip surface, and in which the strength
parameters are reduced. This is described below.

Normally, in the original situation the subsoil parameters are known from site investigation.
However, after a sliding has occurred, the strength parameters of the soil may change; the soil
may show brittle behaviour, meaning that the strength of the soil has decreased after the soil has
deformed. Without extensive research it is impossible to predict the exact behaviour of the
subsoil after a slide has occurred. Therefore, the progressive failure calculation is based on some
conservative assumptions.
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To account for brittle behaviour of the subsoil after sliding, a new zone (soil layer) is created in the
subsoil at the location of the slip surface along which sliding has occurred. In this new zone the
undrained shear strength ratio S is assumed to have a mean value of 0.15 and a standard
deviation of 0.06, which leads to low, conservative, values for S. Furthermore, inside this new
zone the POP (pre-overburden pressure, section 2.4.6) is decreased to zero, because the initial
soil profile has been disrupted and there has not yet been a pre-overburden pressure in the new
zone (there is no stress history).

As mentioned before, when a volume of soil slides, it rotates along the slip surface. In reality, this
would mean that the dike material would be lowered at the left of the slip surface (end up below
surface level) and at the right the aquitard material would be pushed up. Note that this is not
done in the approach of Figure B.4, where only the material above the surface has been
redistributed. The reason for this is illustrated in Figure B.5: In case the dike consists of sand, the
slip surface of the next soil slide will always just go around the tip of the sand (that ended up
below surface level), as the sand is significantly stronger than the “disturbed” clay (zone where
the strength has been reduced). Therefore, the stability of the new slide depends very much on
the location of the sand in the subsoil, which is an assumption. Therefore, the approach of Figure
B.4 is used. Note that this leads to less stability, as the stronger material is kept above surface
level. It is therefore a conservative choice.

/ /

\ Clay y

“._ “disturbed”

~—

—_——

Remaining profile of a sand dike, where the sand was lowered at the A new slip surface will always go just around the tip of the sand area,
beginning of the slip surface and the clay was pushed up at the end. Note because the sand is significantly more stable than the “disturbed”clay.
that this clay belongs to the part of which the strength has been reduced

(disturbed clay).

Figure B.5: lllustration remaining profile using lowering sand layer

Parallel System

Note that for failure to occur due to progressive failure, the successive soil slides must lead to a
situation where there is (almost) no foreshore left, which is defined as failure (the exact definition
of failure will be given later on in this appendix). All the individual successive slides up to the point
of failure each have a probability of occurrence. Based on these probabilities, the total failure
probability for progressive failure can be determined. Progressive failure forms a parallel system,
meaning that for failure to occur, all individual soil slides have to occur. This is illustrated in the
fault tree of Figure B.6. The total failure probability of the system is based on the correlation
between the individual soil slides. The correlation coefficients will lie somewhere between 0 (fully
independent) and 1 (fully dependent). The corresponding limits of the total failure probability are
the following (Jonkman et al., 2016):
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e Lower limit: The lower limit of the total failure probability is equal to the product of all
individual failure probabilities. This limit corresponds to fully independent individual soil
slides.

e Upper limit: The upper limit of the total failure probability is equal to the minimum of all
the individual probabilities. This limit corresponds to fully correlated individual soil slides.

The actual total failure probability will be somewhere in between these limits, based on the
correlations between the individual slides. The exact correlations are unknown, but it can be
motivated that the individual slides are not completely independent, because the slip surfaces do
for a large part cross the same subsoil. Therefore, there is some correlation between the
individual slides, but it is unknown how large the correlation is. Therefore, as a safe and
conservative choice, full correlation is assumed and the total failure probability is assumed to be
equal to the upper limit, the minimum of all the individual probabilities. Note that in general,
after each slide the dike becomes more stable, because every slide leads to a gentler remaining
profile. Therefore, the minimum individual failure probability, and thus the total failure
probability for progressive failure is generally equal to the individual probability of the last slide.

f
T 0

~——
-------------------------

Figure B.6: Fault tree progressive failure

Stop Criterion

As mentioned before, after every soil slide the dike becomes more stable. This means that the
probability of a new soil slide decreases with every slide, and thus the total failure probability
decreases too. One can imagine that if the foreshore is sufficiently large, after a couple of slides
the dike is so stable, that the probability of a new slide is negligible, leading to a negligible total
failure probability for progressive failure. For this, one has to specify what probability can be
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considered as negligible. This depends on the target probability (maximum allowed failure
probability) for macro-stability of a certain cross section. To meet safety requirements, the failure
probability must be smaller than this target probability. It is assumed that if the failure probability
for progressive failure is smaller than 1% of the target probability, one can speak of a negligible
failure probability for progressive failure, because progressive failure then will not have a
significant influence on the safety of the dike.

For this 1% value, an absolute lower limit has been determined to know when it is safe to stop the
progressive failure analysis: the stop criterion. After all, if one is sure progressive failure will not
lead to failure, one does not have to continue the analysis until the point of failure is reached. The
stop criterion is based on an assumed lower limit for the target probability for macro-stability.
Assuming a maximum allowed total failure probability of a dike trajectory of 1/100,000 and a dike
trajectory length of 100km, formulas (2.3) and (2.17) lead to a lower limit target probability of
6.0*10° per year. For this lower limit target probability, the progressive failure will be negligible
at 6.0*10'%, which corresponds to a reliability of B = 6.44. This is defined as the stop criterion.
Once the probability of an individual soil slide is lower than the stop criterion, the failure
probability for progressive failure is negligible, no matter what the actual target probability is, and
the progressive failure analysis can be stopped.

Slip surfaces

The progressive failure analysis consists of different steps: the individual successive soil slides. In
every step, a lot of different slip surface shapes are possible, leading to a soil slide. This means
that there is an infinite amount of possible pathways leading to progressive failure. This is
illustrated in the fault tree of Figure B.7.
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Figure B.7: Possible pathways leading to progressive failure

Failure Dike due to

progressive failure

In a normal stability analysis, there are a lot of different possible slip surface shapes too. One

simply choses the critical slip surface, which has the highest probability. After all, this slip surface
leads to the most dangerous situation. However, in the progressive failure analysis the critical slip
surface does not necessarily lead to the most dangerous situation. This is illustrated in Figure B.8.

T
I \

Ori‘g‘inal Profile

Two possible slip surfaces in the same remaining profile. 1) has the largest probability
of occurence, asit crosses the “disturbed clay” completely. 2) has as smaller
probability of occurence because it also crosses the stronger undisturbed clay.
However, 2) leads to a more dangerous situation for the following slides, because it

increases the “disturbed” clay zone, while 1) does not.

Figure B.8: lllustration of the different slip surfaces used in the progressive failure analysis
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Only looking at slip surfaces like (1), which are critical, will rather soon result in a stable situation,
as the zone with “disturbed” clay does not grow. Slip surfaces like (2) may have a lower
probability of occurrence, but they lead to a more dangerous situation for the next soil slides, as
they grow the “disturbed” clay zone.

In the analysis, the following approach is used. Every step, slip surfaces like (2) are assumed,
which correspond to a lower probability but cause the disturbed zone of clay to grow. This is
repeated until the stop criterion is reached. Then, using the remaining profile after the last slip
surface, one more soil slide along a surface like (1) is considered. This will take away another part
of the foreshore, without further decreasing the failure probability; the probability of this final
step should be higher than the probability of the previous step (which exceeded the stop
criterion). The amount of foreshore that is lost due to this last slide (1), is for every step added to
the amount of foreshore that would be lost using just slides like (2). This is illustrated in Example
B.1.

Example B.1:

Imagine a progressive failure analysis on a certain dike. Just using slip surfaces like (2), leads to
the following results:

Soil Slide Probability Foreshore loss
1t slide 1.0E-03 5m

2"slide 1.0E-04 12m

3 slide 1.0E-08 20m

4% slide 1.0E-11 30m

Note that for the 4™ slide the stop criterions is exceeded (6.0E-11).

Imagine that a slip surface like (1) takes away another 5m of foreshore, corresponding to a
probability of 1.0E-10 (which is higher than the probability of slide 4, which was required for
this last step). The final results, including this extra loss due to slip surface (1) are:

Soil Slide Probability Foreshore loss
1%t slide 1.0E-03 10m
2"slide 1.0E-04 17m
3 slide 1.0E-08 25m
4" slide 1.0E-11 35m

Failure Criterion

If the stop criterion is not exceeded, the progressive failure analysis will be continued until failure
is reached. For this, it has to be defined what will be regarded as failure. Reference is made to
(ENW, 2009), which states how wide the remaining dike (or in this case foreshore) has to be to
still be safe.
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Figure B.9 shows the schematization that is used in (ENW, 2009). The approach used is based on
the assumption that after a primary circular slip surface, a secondary straight slip surface will
occur, which will take away another part of the crest (or foreshore). This assumption is based on
the fact that the upper part of the remaining profile after a circular slip surface is very steep, and
thus unstable. To be sure the dike is safe, there has to be sufficient foreshore left after the a
circular slip surface to make sure that a secondary straight slip surface will not lead to failure in
terms of flooding. Note that this secondary slip surface is not the same as slip surface shape (2) in
the previous section, which was just used to cover all possible circular slip surfaces. The
progressive failure analysis, as described before, only considers the (elongated) circular slip
surfaces (primary slip surfaces). The secondary straight slip surface is only used to define what is
regarded as failure; it is used to determine the remaining width.

The secondary straight slip surface will be at an angle of 1:n, crossing the primary circular slip
surface at a level of half the foreshore height (see Figure B.9). The requirement for the remaining
profile is that the remaining width (the distance between the outer slope of the dike and the line
1:n) at a level equal to the water level must be at least 3m. Once this remaining width after a
couple of successive (circular) soil slides is less than 3m, the situation is regarded as failure.

Watar leval

ﬁemaihing widfh -

(required 3m for river :iil_-:'es: ;

Figure B.9: Required remaining width schematization (ENW, 2009)

The slope of 1:n depends on the foreshore material. For a foreshore out of sand, the slope is at
1:4. For a clay foreshore, the slope is at 1:2 (but with the extra requirement that the undrained
shear strength from laboratory studies is higher than 3.5%H, which is assumed to be the case in
this Thesis).
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Appendix C.Waternet Creator

Introduction

This Appendix covers the choices that are used by the Waternet Creator to schematize the
waternet inside the dike and foreshore body and the subsoil. The waternet is created using
different PL-lines. These PL-lines will be described separately. Finally, the interpolation between
the different PL-lines will be described.

PL1 (Phreatic line)

The first PL-line is PL1, the phreatic line. As mentioned in Appendix B, standard schematizations
are used for the phreatic line, following four different base cases. These cases are (Basis Module
Macrostabiliteit - Gebruikershandleiding, 2016):

e (Case 1A: “Clay dike on clay”

e (Case 2A: “Sand dike on clay”
e Case 1B: “Clay dike on sand”
e Case 2B: “Sand dike on sand”

The standard schematizations for these cases are shown in Figure C.1 up to Figure C.3.

Riverwater level [GHW) - -
L . H
Al Buwa I Couth ;
] *I Dn’“\ﬂ i
;1 ! Polder level
1m T
; '*:;EUH::T: -f{
B offset = 1m
C offset=1.5m

0 = linear interpolation between Cand E
E =Surface level
F = Polder level

MNote: the phreatic line is limited by the phreatic line during daily conditions

Figure C.1: Case 1A and 1B (Basis Module Macrostabiliteit - Gebruikershandleiding, 2016)
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River water level (GHW) e
s &3 Bb, %
| Bottut =03 % h ‘ Drain pipe Polder level
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Figure C.2: Case 2A (Basis Module Macrostabiliteit - Gebruikershandleiding, 2016)

Dike cover

MHW

Phreaticline

Drain pipe

Sand

Figure C.3: Case 2B (Basis Module Macrostabiliteit - Gebruikershandleiding, 2016)

PL2

The next PL-line that will be discussed is PL2: the aquifer head during daily conditions. As an input
for the Waternet Creator, one has to specify the value of PL2 at the left and the right boundary of
the dike geometry, after which the Waternet Creator schematizes PL2 by using linear
interpolation between these values. In this study, the PL2 values at the boundaries are
determined using the following analytical equations (TAW, 2004):

w, =M
Y7 kD
A3
Wy, = —
7 kD
P2 = @3 Po — @3 AL, A,
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P = <P3+(<Po—(P3)*/11L_|_2L—-Z/_1|_3/13
In which:
Po Water level river (Daily water level) [m+NAP]
Q3 Polder level [m+NAP]
01 PL2 value outside toe dike/foreshore [m+NAP]
®r PL2 value inner toe dike [m+NAP]
k Hydraulic conductivity aquifer [m/s]
Thickness aquifer [m]
A4 Outer leakage length [m]
A3 Inner leakage length [m]
L, Distance between inner toe dike and outside toe dike/foreshore [m]

The value of PL2 can then be determined at each point using the following formulas:

Outside direction: @(x) = @¢ — (@ — @1)e @/

Inside direction: @(x) = @3 + (@, — @3)e

The reference points for the coordinates are shown in Figure C.4. By choosing the left boundary
and right boundary as x-coordinates respectively, the values of PL2 needed for the input of the

(a+x)/23

Waternet Creator are obtained.

Figure C.4: Reference coordinates analytical calculations of aquifer head development (TAW, 2004)

voorland

achterland

| }‘1
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PL3

The last PL-line is PL3, which is the head in the aquifer during the high water condition used in the
assessment. The PL3 is generated automatically by the Waternet Creator, based on the leakage
lengths and PL2. For this, Waternet Creator uses the following formulas (Basis Module
Macrostabiliteit - Gebruikershandleiding, 2016):

MHW — GHW

P3;dike top river = + %) (Xdike top river)

1 + Aouter

inner

__AX
@3 (X) = [(p3;dike top river — P2 (Xdike top river)] * e( Ai""er) + §02(X)

In which:

Aouter Outer leakage length [m]

Ainner Inner leakage length [m]

MHW Water level used in assessment [m+NAP]

GHW Mean high water (daily situation) [m+NAP]

@,(X) Value of PL2 at location X [m+NAP]

®3;dike top river Value of PL3 at the location of dike top river [m+NAP]
P3(X) Value of PL3 at location X [m+NAP]

Furthermore, the Waternet Creator automatically reduces PL3 in case of uplift conditions. Uplift
conditions are present when PL3 exceeds the effective weight of the aquitard (limit potential) at a
certain location, causing the aquitard to be lifted up and “float” on top of the aquifer. The shear
strength in the uplift zone is then reduced to zero. To avoid negative effective stresses in the soil,
the PL3 is reduced to the limit potential, leading to effective stresses of zero.

PL lines per layer

Up to this point, the development of the different PL-lines in x-direction has been discussed. This
section discusses how the PL-lines are used to obtain the development of the pore pressures in
vertical direction at a certain x-coordinate. This development is illustrated in Figure C.5, and can
be described as follows (from bottom to top):

e Inthe aquifer the pore pressures are hydrostatic based on the PL 3 head line.

e Inthe intrusion zone of the aquitard (with a thickness equal to the intrusion length,
Appendix B) the pore pressures develop linearly from PL3 (at the bottom) to PL2 (at the
top).

e Inthe rest of the aquitard the pore pressures develop linearly from PL2 (at the bottom) to
PL1 (at the top).

e Inthe dike body the pore pressures are hydrostatic based on the PL1 head line.
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Dike body  Hydrostatic

Aguifer [PL3)

Hydrostatic

Figure C.5: lllustration PL lines per layer
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Appendix D.

dikes without foreshores

Results fully probabilistic calculations

This Appendix shows the results of the fully probabilistic calculations for the test cases without
foreshores. For every test case the results of the FORM calculations for all water levels, the (B-h)-

curve and the fragility curve are shown.

Test Case 1
Water level [m+NAP
2 2.5 3 3.5] 4 4.5 5 5.5
Failure analysis
Reliability B [-] 2.1 1.95 1.8 1.63 1.41 1.18 0.91 0.664
Failure probability 1.78 2.56 3.59 5.16 7.93 1.19 1.76 2.53
[-] E-02 E-02 E-02 E-02 E-02 E-01 E-01 E-01
Influence factor (a”2) [%]
A 0 0.027 0.109 0.255 0.47 0.888 1.431 2.157
Aout 0 0.018 0.075 0.175 0.323 0.603 0.899 1.508
Intrusion length 0 0.029 0.084 0.265 0.871 1.088 2.152 3.789
Yield (39.12) 14.611 15.228 15.846 16.539 17.352 17.456 18.132 18.992
Yield(70) 3.076 3.159 3.232 3.297 3.349 4,153 4,148 4.122
@ (Sand dike) 0.34 0.333 0.328 0.318 0.297 0.268 0.243 0.249
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay.B; Clay.N) 73.095 72.366 71.52 70.411 68.745 67.035 64.683 61.123
m (Clay.B; Clay.N) 1.042 1.095 1.156 1.227 1.307 1.489 1.597 1.839
my 7.836 7.745 7.65 7.513 7.286 7.021 6.715 6.221
Beta-h curve Fragility curve
4 18 1
35 16 e
5 14 08
B 3 5
T’u‘ Tﬁ 1.2 e ‘°>),
825 I s
3 ; 1 - &)
YEJ 2 < g 0.5 §
f S - © 08 g
S 15 " £ 0 e
> g o6 2
o e ‘8 0.3 IE
1 s T 04 / -
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0 0 0
2 25 3 35 45 5 55 2 25 3 35 4 45 5 55
Water level [m+NAP] Water level [m+NAP]
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Test Case 2
Water level [m+NAP]
2 2.5 3 3.5] 4 4.5 5 5.5
Failure analysis
Reliability B [-] 3.15 3.19 3.16 3.08 3 2.92 2.85 2.77
Failure probability 8.16 7.11 7.89 1.04 1.35 1.75 2.19 2.80
[-] E-04 E-04 E-04 E-03 E-03 E-03 E-03 E-03
Influence factor (a?) [%]
Ain 0 0 0.08 0.195 0.385 0.656 1.33 1.532
Aout 0 0 0.048 0.12 0.24 0.42 0.856 2.74
Intrusion length 0 0 0.447 1.273 2.316 5.017 7.507 10.102
Yield Dike(39.12) 1.672 1.486 0.953 1.244 1.583 1.82 2.175 2.6
Yield Aquitard (39.12) 28.04 26.557 22.634 22.774 22.879 22.221 20.989 20.466
Yield(175) 5.213 5.302 5.725 5.691 5.641 4,957 5.65 5.119
@cs (Clay dike) 5.767 5.32 3.768 3.98 4,251 4.421 4.614 5.014
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay, U; Clay,N) 48.282 50.159 55.071 53.42 51.369 49,282 45.809 41.476
m (Clay Dike) 0.014 0.013 0.008 0.016 0.035 0.061 0.112 0.208
m (Clay,U; Clay,N) 0.498 0.545 0.635 0.736 0.868 0.883 1.116 1.389
my 10.514 10.619 10.631 10.552 10.435 10.262 9.841 9.353
" Beta-h curve - Fragility curve 100
35 16
sl .l S —Sseee oo g 14 =
3 25 % 12 107! ;i
> 2 0a 8
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Test Case 3
Water level [m+NAP]
2 2.5 3 3.5] 4 4.5 5 5.5
Failure analysis
Reliability B [-] 4.87 4.16 2.68 2.14 1.97 1.83 1.63 1.42
Failure probability 5.58 1.59 3.68 1.61 1.79 3.36 5.16 7.78
[-] E-07 E-05 E-03 E-02 E-02 E-02 E-02 E-02
Influence factor (a?) [%]
Ain 0 2.616 0.001 0 0 0 0 0
Aout 0 1.387 16.067 0.012 0.016 0.025 0.033 0.043
Intrusion length 1.427 5.782 1.386 5.093 6.492 8.269 9.328 10.144
Yield (139.12) 29.542 24.982 29.081 48.62 49.4 50.686 51.694 52.806
Yield(175) 1.095 0.485 0.297 0 0 0 0 0
@ (Sand dike) 2.058 0.938 0.647 0.457 0.399 0.519 0.442 0.374
@ (Sand Pleistocene) 0 1.744 0.491 0 0 0 0 0
S (Clay, B; Clay,N) 40.639 39.406 35.826 36.73 35.1 32.005 30.497 29.076
m (Clay,B; Clay,N) 14.169 7.059 5.662 2.061 1.992 2.038 1.994 1.958
my 11.069 15.602 10.544 7.026 6.601 6.459 6.013 5.598
Beta-h curve Fragility curve .
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Test Case 4
Water level [m+NAP]
2 2.5 3 3.5] 4 4.5 5 5.5
Failure analysis
Reliability B [-] 4.78 4.58 4.33 4.05 3.73 3.38 3.01 2.56
Failure probability 8.76 2.32 7.46 2.56 9.57 3.62 1.31 5.23
[-] E-07 E-06 E-06 E-05 E-05 E-04 E-03 E-03
Influence factor (a?) [%]
Ain 0 0.045 0.189 0.462 0.893 1.482 2.891 14.479
Aout 0 0.031 0.13 0.319 0.616 1.012 1.915 4,249
Intrusion length 0.117 0.404 0.044 0.722 3.04 7.333 7.468 13.38
Yield (139.12) 14.162 14.617 15.435 16.272 17.089 18.097 18.449 15.822
Yield(175) 3.784 3.887 4.019 4.103 4,111 4.509 5.273 4.019
¢ (Sand dike) 0.54 0.519 0.498 0.468 0.427 0.361 0.314 0.218
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay, B; Clay,N) 68.223 67.452 66.735 64.97 61.676 55.957 52.677 39.333
m (Clay,B; Clay,N) 1.125 1.185 1.271 1.374 1.475 1.666 2.094 1.908
my 12.049 11.86 11.678 11.31 10.672 9.584 8.918 6.592
Beta-h curve Fragility curve
5 1.8 10
45 . L 16
. . 107!
o T 14 -
g 2 e é 1.2 10°2 %
5 ) Sy A 2
22s 2 / 103 §
% : 11;’ 0.8 » %
§ 1.5 E 98 19 p %
107
0.5 0.2 K
0 0 106
2 25 3 35 4 45 5 5% 2 25 3 35 4 45 5 55
Water level [m+NAP] Water level [m+NAP]
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Test Case 5
Water level [m+NAP]
2 2.5 3 3.5] 4 4.5 5 5.5
Failure analysis
Reliability B [-] 4.1 4.22 4.21 4.13 4.04 3.95 3.83 3.73
Failure probability 2.07 1.22 1.28 1.81 2.67 3.91 6.41 9.57
[-] E-05 E-05 E-05 E-05 E-05 E-05 E-05 E-05
Influence factor (a®) [%]
Ain 0 0 0.105 0.263 0.555 1.183 1.922 1.088
Aout 0 0 0.064 0.165 0.36 0.787 1.289 3.326
Intrusion length 0.149 0.01 0.671 1.547 4.941 10.371 16.455 17.285
Yield Dike(39.12) 2.776 1.662 1.06 1.354 1.798 2.067 2.289 2.764
Yield Aquitard (39.12) 30.849 25.334 21.679 21.876 21.66 20.134 18.941 19.458
Yield(75) 6.058 5.659 6.069 6.056 5.919 6.598 5.593 5.345
@cs (Clay dike) 7.24 5.826 4.135 4.288 4.484 4.404 4.421 4.843
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay,U; Clay,N) 40.852 48.559 53.221 51.482 47.701 42.648 38.052 34.929
m (Clay Dike) 0.023 0.014 0.009 0.017 0.039 0.072 0.122 0.23
m (Clay,U; Clay,N) 0.466 0.507 0.574 0.667 0.72 0.842 0.815 0.972
My 11.586 12.43 12.414 12.286 11.822 10.895 10.1 9.76
Beta-h curve Fragility curve
5 1.8 10
45 16
J— T e e 5 14 10"
Tas g - g
225 2 3
2 T 0.8 [
£ 2 z 10° o
= 306 =
@ 1.5 2 E
1 £ os »
10
05 0.2 //
0 0
2 25 3 35 4 45 5 55 2 25 3 35 4 45 5 55
Water level [m+NAP] Water level [m+NAP]
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Test Case 6
Water level [m+NAP]

2 2.5 3 3.5] 4 4.5 5 5.3
Failure analysis
Reliability B [-] 4.80 4.60 434 4.05 3.72 3.36 2.97 2.71
Failure probability 7.93 2.11 7.12 2.56 9.96 3.90 1.49 3.36
[-] E-07 E-06 E-06 E-05 E-05 E-04 E-03 E-03
Influence factor (o) [%]
Ain 0 0.045 0.193 0.472 0.951 1.543 2.337 3.329
Aout 0 0.032 0.134 0.33 0.659 1.064 1.59 2.163
Intrusion length 0.143 0.392 0.033 0.672 3.289 7.741 13.445 17.738
Yield (38.4) 14.508 14.771 15.607 16.47 17.734 18.311 18.5 18.228
Yield(70) 3.891 4.021 4.155 4.239 4.713 4.593 4.345 4.034
¢ (Sand dike) 0.518 0.475 0.454 0.426 0.378 0.329 0.275 0.24
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay, B; Clay,N) 67.804 67.309 66.559 64.777 60.253 55.24 49.336 44.838
m (Clay,B; Clay,N) 1.228 1.277 1.374 1.493 1.747 1.83 1.898 1.951
my 11.908 11.677 11.491 11.122 10.277 9.35 8.275 7.478

" Beta-h curve - Fragility curve -
45 s 16

0.8 e

Reliability index beta [-]
:
Probability density water level
=)
Failure probability [1/year]

% -

2 25 3 35 4 45 5 2 25 3 35 4 45 5
Water level [m+NAP] Water level [m+NAP]
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Test Case 7
Water level [m+NAP]
2 2.5 3 3.5] 4 4.5 5 5.3
Failure analysis
Reliability B [-] 4.12 4.23 4.27 4.2 4.09 3.99 3.87 3.74
Failure probability 1.89 1.17 9.77 1.33 2.16 3.3 5.44 9.2
[-] E-05 E-05 E-06 E-05 E-05 E-05 E-05 E-05
Influence factor (a?) [%
i 0 0.002 0.036 0.266 0.566 1.223 2.08 0.043
Aout 0 0.003 0.02 0.169 0.373 0.824 1.4 0.314
Intrusion length 0.543 0.077 0.162 1.408 4,798 10.281 16.064 19.028
Yield Dike (38.4) 3.218 1.989 1.414 1.556 1.906 2.167 2.463 2.862
Yield Aquitard (38.4) 32.253 26.522 22.861 21.833 21.728 20.214 19.172 19.556
Yield(175) 6.444 5.732 6.128 6.233 6.124 6.83 5.77 5.553
@cs (Clay dike) 6.562 6.041 4.513 4.156 4.289 4.247 4.256 4.657
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay,U; Clay,N) 39.363 46.813 51.777 51.358 47.632 42.447 37.75 36.607
m (Clay Dike) 0.531 0.573 0.659 0.751 0.816 0.947 0.934 1.158
m (Clay,U; Clay,N) 0.027 0.017 0.012 0.02 0.042 0.079 0.142 0.221
My 11.059 12.231 12.418 12.25 11.727 10.741 9.969 10.002
Beta-h curve Fragility curve o
5 1.8 10°
45 16
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Appendix E.Semi-probabilistic assessment vs. Safety

Standard

As mentioned before, the semi-probabilistic method uses a design water level. The design water
level is chosen such that its exceedance frequency is equal to the safety standard of the dike.

Looking more closely at this procedure, a remarkable fact can be noticed. If other safety standards
would be assigned to a certain dike, the design water level would change. Using a different design
water level in the semi-probabilistic calculation will result in a different FoS. Using a different FoS
in the calibration formula (2.20) results in a different approximated failure probability. This is
illustrated in the flowchart of Figure E.1.

Change in Safety
Standard

(e.g. same dike in
different region)

Change in design
WL due to a change
in exceedance
frequency

(which is equal to
safety standard)

Change in FoSin
semi-probabilistic
calculation

Change in semi-
probabilistic failure
probability

P= o (_ (i—f)—o.u

0.15

)

Figure E.1: Flowchart dependence semi-probabilistic result

In short, the above means that the failure probability of a dike, calculated using the semi-
probabilistic method, depends on the safety standard of the dike. So changing the safety standard
would mean that one gets a different failure probability as a result of the semi-probabilistic
calculation.

It may seem odd that the (semi-probabilistic) failure probability of a dike depends partly on the
required failure probability. However, remember that the semi-probabilistic method leads to an
approximated failure probability, based on a calibration study. In the calibration study, it was
chosen to use a design water level with an exceedance frequency equal to the safety standard.
Based on the semi-probabilistic results of different cases using this design water level and the fully
probabilistic results, a relation was calibrated to transform the semi-probabilistic FoS into an
approximated failure probability. The design water level therefore does not really have a physical
meaning in the semi-probabilistic method, but is just based on a choice which was also used in the
calibration. Besides, there is an analogy with the Eurocodes, which describe the safety
requirements for houses and utility buildings. In here, different reliability classes are determined,
which describe the amount of reliability different types of buildings require. For every reliability
class different values for partial safety factors are used in the semi-probabilistic calculations. So in
the Eurocodes it also holds that the result of the semi-probabilistic calculation depends on the
reliability requirement.

As mentioned, the semi-probabilistic failure probability changes if one changes the safety
standard. The result of the fully probabilistic calculation stays the same, because it is independent
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of the safety standard. After all, the fully probabilistic failure probability uses the full water level
distribution and not just a design point in this distribution that is governed by the safety standard.
In the fully probabilistic calculation the water levels do have a physical meaning, and are not just
based on a choice. It makes sense that the fully probabilistic failure probability (which is not an
approximation, but more closely resembles the reality) does not change, because nothing has
changed about the dike itself. Only the safety standards, the safety requirements the dike has to
fulfil, have changed.

Concluding the above, if one changes the safety standard, the semi-probabilistic probability will
change, but the fully probabilistic failure probability will stay the same. This means that the
conservatism (or underestimation) caused by the semi-probabilistic rule also depends on the
safety standard.

To illustrate this, Table E.1 and Table E.2 show, for two different water level distributions
(Gumbel, u=3, a=4.5and a = 7.5 respectively), the fully probabilistic failure probability (2"
column) and the semi-probabilistic failure probabilities for different safety standards, and thus
different design water levels. Semi-probabilistic failure probabilities that are higher than the fully
probabilistic probabilities (conservative) are depicted in green, while semi-probabilistic results
that underestimate the failure probability are depicted in red. From these results it can be
concluded that for stricter safety standards (lower exceedance frequency), the semi-probabilistic
method becomes more conservative, because the design water level increases and the
approximated failure probability increases, while the fully probabilistic failure probability stays
the same.

Pf semi- Pf semi- Pf semi- Pf semi- Pf semi- Pf semi-
Test | Pf prob. prob prob prob prob prob prob
Case (1/30,000) | (1/10,000) | (1/3000) (1/1000) (1/300) (1/100)
1| 4,07E-02 9,27E-03 6,92E-03 5,59E-03 4,33E-03 3,33E-03 2,60E-03
3| 8,68E-04 2,39E-04 2,22E-04 2,07E-04 1,88E-04 1,67E-04 1,52E-04
4| 6,40E-03 2,13E-03 1,61E-03 1,31E-03 1,04E-03 8,24E-04 6,49E-04
51| 1,52E-05 7,57E-05 4,41E-05 2,97E-05 1,83E-05 1,14E-05 7,26E-06
6| 1,47E-05 1,93E-05 1,43E-05 1,28E-05 1,14E-05 1,02E-05 9,12E-06
7 | 1,50E-05 8,38E-05 4,53E-05 2,97E-05 1,83E-05 1,11E-05 7,06E-06
8 | 1,14E-05 1,39E-05 1,28E-05 1,14E-05 9,92E-06 8,14E-06 7,06E-06

Table E.1: Results for different safety standards (alpha = 4.5), showing for all test cases the probabilistic failure
probability and the semi-probabilistic failure probability for different safety standards. Green = conservative, Red =
underestimation

Mick van Montfoort

143



January 2018 Safety assessment method for macro-stability Master Thesis
of dikes with high foreshores

Test | Pf prob. |Pf semi-prob|Pf semi-prob|Pf semi-prob|Pf semi-prob|Pf semi-prob|Pf semi-prob|Pf semi-prob

Case (1/100,000) | (1/30,000) | (1/10,000) | (1/3000) (1/1000) (1/300) (1/100)
1 |3.84E-02 4.33E-03 3.66E-03 3.15E-03 2.70E-03 2.31E-03 1.97E-03 1.71E-03
3 |8.39E-04 1.88E-04 4.55E-05 1.63E-04 1.52E-04 1.41E-04 1.31E-04 1.22E-04
4 |5.00E-03 1.13E-03 9.78E-04 7.73E-04 7.56E-04 6.64E-04 5.82E-04 5.20E-04
5 |1.02E-05 1.88E-05 1.35E-05 1.05E-05 7.91E-06 5.94E-06 4.44E-06 3.31E-06
6 |1.38E-05 1.17E-05 1.08E-05 9.92E-06 9.38E-06 8.61E-06 7.91E-06 7.26E-06
7 |9.86E-06 1.88E-05 1.35E-05 1.02E-05 7.69E-06 5.77E-06 4.19E-06 3.12E-06
8 |1.07E-05 1.21E-05 1.08E-05 9.92E-06 9.38E-06 8.37E-06 7.47E-06 6.86E-06

Table E.2: Results for different safety standards (alpha = 7.5), showing for all test cases the probabilistic failure
probability and the semi-probabilistic failure probability for different safety standards. Green = conservative, Red =

underestimation
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Appendix F. Results fully probabilistic calculations WBI

failure definition

This appendix summarizes the results of the fully probabilistic calculations of the test cases (with

foreshores), using the WBI failure definition for all water levels. The table below shows for every

test case the conditional reliability and the location of the entrance point of the critical slip

surface for all water levels. The next pages show for every test case the results of the FORM

calculations for all water levels, the (B-h)-curve and the fragility curve.

Case 1

Case 2

Case 3

Case 4

water level [m+NAP] B [-]
2
3
3.5
4.02
4.021
4.5
5
5.5
water level [m+NAP] B [-]
2
3
3.5
4.02
4.021
4.5
5
5.5
water level [m+NAP] B[-]
2
2.5
3
3.5
4.02
4.021
4.5
5
5.5
water level [m+NAP] B [-]
2
3
3.5
4.02
4.021
4.5

5.5

entrance point
2.3 right part crest
1.95 right part crest
1.76 right part crest
1.56 right part crest
1.42 right part crest
1.2 right part crest
0.95 right part crest
0.694 right part crest
entrance point
3.18 right edge crest
3.19 right-part crest
3.07 right-part crest
2.95 mid crest
3.01 mid crest
2.92 mid crest
2.85 mid crest
2.81 mid crest
entrance point
5.32 halfway inner slope
4.85 halfway inner slope
3.82 halfway inner slope
2.25 halfway inner slope
2.09 halfway inner slope
1.82 halfway inner slope
1.69 halfway inner slope
1.49 halfway inner slope
1.28 halfway inner slope
entrance point
4.79 right part crest
4.4 right part crest
4.2 right part crest
3.93 right part crest
3.72 right part crest
3.43 right edge crest
3.04 right edge crest
2.7 right edge crest

Case 5
2

2.5

3

3.5

4.02

4.021

4.5

5

5.5

Case 6
2

3

3.5

4

4.53

4.531

5

5.5

Case 7
2

2.5

3

3.5

4

4.53

4.531

5

5.3

water level [m+NAP] B [-]

water level [m+NAP] B[-]

water level [m+NAP] B[-]

entrance point
4.13 upper part inner slope
4.31 right edge crest
4.27 right part crest
4.13 right part crest
3.97 right part crest
4.04 right part crest
3.95 mid crest
3.81 mid crest
3.74 mid crest
entrance point
4.94 right part crest
4.49 right part crest
4.25 right part crest
3.98 right part crest
3.67 right part crest
3.37 right edge crest
3.01 right edge crest
2.77 right edge crest
entrance point
4.08 right edge crest
4.31 right edge crest
4.35 right part crest
4.2 right part crest
4.04 right part crest
3.88 mid crest
3.97 mid crest
3.86 mid crest
3.81 mid crest
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Test Case 1

Water level [m+NAP]

2 3 3.5 4.02]  4.021 4.5 5 5.5
Failure analysis
Reliability B [-] 2.30 1.95 1.76 1.56 1.42 1.2 0.95 0.694
Failure probability 1.07 2.56 3.92 5.94 7.78 1.15 1.71 2.44
[-] E-02 E-02 E-02 E-02 E-02 E-01 E-01 E-01
Influence factor (a?) [%]
Ain 0 0.109 0.254 0.469 0.474 0.736 1.328 1.797
Aout 0 0.075 0.175 0.322 0.326 0.505 0.838 1.295
Intrusion length 0 0.006 0.046 0.278 1.361 2.537 2.601 4,149
Yield (82.06) 0 0 0 0 0 0 0 0
Yield (139.12) 14.469 15.84 16.598 17.38 17.697 18.427 18.423 19.266
Yield(175) 2.929 3.088 3.163 3.233 3.227 3.251 4.04 4.082
¢ (Sand dike) 0.374 0.351 0.338 0.323 0.294 0.271 0.242 0.21
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay, B; Clay,N) 73.355 71.774 70.745 69.42 68.26 66.126 64.48 61.407
m (Clay,B; Clay,N) 0.892 1 1.062 1.127 1.131 1.193 1.356 1.541
my 7.981 7.757 7.62 7.446 7.231 6.953 6.692 6.253
Beta-h curve Fragility curve
4 1.8 1
35 16 9
. T 1.4 0
= % 07 §
P §12 2
gasf = 06 >
3 : 21 £
e 2 . % 05 8
2 e T 08 4
& - § 26 03 3
1 = < 04 —~" {02
%5 0.2 0.1
O2 25 3 35 4 45 5 55 02 25 3 35 45 5 550
Water level [m+NAP] Water level [m+NAP]
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Test Case 2

Water level [m+NAP]

2 3 3.5 4.02| 4.021 4.5 5 5.5
Failure analysis
Reliability B [-] 3.18 3.19 2 2.95 3.01 2.92 2.85 2.81
Failure probability 7.36 7.11 1.07 1.59 131 1.75 2.19 2.48
[-] E-04 E-04 E-03 E-03 E-03 E-03 E-03 E-03
Influence factor (a?) [%
Ain 0 0.08 0.192 0.381 0.44 0.643 1.196 1.958
Aout 0 0.049 0.119 0.241 0.265 0.415 0.776 1.255
Intrusion length 0.783 0.922 1.836 2.908 3.232 5.98 8.424 11.969
Yield Dike (82.06) 0 0 0 0 0 0 0 0
Yield Aquitard (82.06) 0 0 0 0 0 0 0 0
Yield Dike(139.12) 2.964 1.516 1.507 1.466 1.544 1.82 2.132 2.572
Yield Aquitard (139.12) 29.648| 22.394| 22.814| 22.736| 22.472| 22.279| 20.971| 20.322
Yield(175) 4.04 5.749 5.774 5.205 5.154 5.045 5.787 5.437
@cs (Clay dike) 7.777 4,151 4.088 4.025 4.201 4.376 4,539 4.958
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay, U; Clay,N) 43.632 53.81| 52.514| 51.962| 51.547| 48.554| 45.425 41.06
m (Clay Dike) 0.055 0.026 0.026 0.028 0.036 0.061 0.11 0.206
m (Clay,U; Clay,N) 0.413 0.552 0.618 0.635 0.653 0.706 0.9 1.005
My 10.69 10.749 10.512 10.413 10.457 10.123 9.738 9.257

Beta-h curve Fragility curve

S
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w
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w
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Failure probability [1/year]

Reliability index beta [-]
~
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Test Case 3

Water level [m+NAP]
2 2.5 3 35 402 4.021] 4.5 5 5.5
Failure analysis
Reliability B [-] 5.32 5.06 3.82 2.25 2.09 1.82 1.69 1.49 1.28
Failure probability 5.19 2.10 6.67 1.22 1.83 3.43 4.55 6.81 1.00
[-] E-08 E-07 E-05 E-02 E-02 E-02 E-02 E-02 E-01
Influence factor (a?) [%]
A 0 0.191 10.182 0.016 0.027 0.002 0.002 0.003 0.004
Aout 0 0.105 5.148 0.016 0.022 0.006 0.007 0.012 0.014
Intrusion length 0.786 5.553 1.316 3.668 7.449 7.082 6.681 7.378 8.164
Yield (82.06) 0 0 0 0 0 0 0 0 0
Yield (139.12) 23.765 22.902 27.712 37.28 47.139 48.484 51.433 54.482 55.632
Yield(175) 2.015 2.805 1.2 0.343 0 0 0 0 0
@ (Sand dike) 0.744 0.639 0.689 0.696 0.509 0.465 0.407 0.432 0.365
@ (Sand Pleistocene) 0 0 0.433 0.447 0 0 0 0 0
S (Clay,B; Clay,N) 58.564 54.07 36.882 39.788 35.976 35.332 33.428 30.073 28.644
m (Clay,B; Clay,N) 2.886 3.498 5.779 6.461 1.819 1.798 1.673 1.7 1.672
My 11.24 10.237 10.658 11.286 7.059 6.833 6.369 5.92 5.505
Beta-h curve Fragility curve -
6 1.8 10Y
16
5 -
14
o) 3 / 102§
o4 §12 2
E o g =
% > 1 £
23 ! 8
B S 08 104 8
3 ot Z o
52 -1 2os 3
2 — g 3
K Q04
1 10 6
0.2 /
0 0
2 25 3 35 4 45 5 2 25 35 4 5 55

Water level [m+NAP]

Water level [m+NAP]
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Test Case 4

Water level [m+NAP]
2 3 3.5 4.02| 4.021 4.5 5 5.5
Failure analysis
Reliability B [-] 4.79 4.4 4.2 3.93 3.72 3.43 3.04 2.7
Failure probability 8.34 5.41 1.33 4.25 9.96 3.02 1.18 3.47
[-] E-07 E-06 E-05 E-05 E-05 E-04 E-03 E-03
Influence factor (o) [%]
Ain 0 0.185 0.437 0.849 0.89 1.078 2.621 2.235
Aout 0 0.128 0.302 0.586 0.614 0.737 1.766 1.502
Intrusion length 0.352 0.008 0.106 0.634 4.559 3.038 3.26 7.112
Yield (82.06) 0 0 0 0 0 0 0 0
Yield (139.12) 14.292 15.574 16.252 17.088 17.322 19.525 19.818 21.726
Yield(175) 3.654 3.879 3.975 4.058 3.963 4.77 5.625 4.742
@ (Sand dike) 0.526 0.511 0.5 0.475 0.418 0.36 0.33 0.272
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay, B; Clay,N) 68.197 66.872 65.719 63.867 60.522 58.993 55.488 52.005
m (Clay,B; Clay,N) 0.982 1.098 1.172 1.269 1.243 1.481 1.701 1.761
my 11.996 11.746 11.537 11.174 10.469 10.018 9.391 8.645
Beta-h curve Fragility curve =
5 18 10"
45 = 16
. . " 10 1
:7 7>, 14 =
Tss = e 8
% 1,‘; 1.2 1074 ,\T
2 3 2 e z
o o | =2
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(] 0 ¥ sl 106
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Test Case 5
Water level [m+NAP]
2 25 3 35| 402  4.021] 4.5 55.5
Failure analysis
Reliability B [-] 4.13 431 4.27 4.13 3.97 4.04 3.95 3.81 3.74
Failure probability 1.81 7.11 9.77 1.81 3.59 2.67 3.91 6.95 9.2
[-] E-05 E-06 E-06 E-05 E-05 E-05 E-05 E-05 E-05
Influence factor (a?) [%
Ain 0.005 0 0.105 0.281 0.578 0.585 1.031 1.755 2.784
Aout 0.005 0 0.065 0.18 0.379 0.384 0.704 1.194 1.807
Intrusion length 1.102 0.154 0.939 3.054 6.073 6.198 11.744 17.489 22.809
Yield Dike (82.06) 0 0 0 0 0 0 0 0 0
Yield Aquitard (82.06) 0 0 0 0 0 0 0 0 0
Yield Dike(139.12) 2.618 2.535 1.748 1.722 1.767 1.841 2.051 2.237 2.635
Yield Aquitard (139.12) 40.472| 24.285| 21.374 21.78| 22.048 21,72 20.832| 19.132| 17.732
Yield(175) 2.772 5.773 6.074 6.103 6.072 6.008 5.26 5.724 5.152
@cs (Clay dike) 6.996 6.131 4,517 4.386 4.266 4.446 4.487 4.326 4.595
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0 0
S (Clay,U; Clay,N) 34.954 47.807 52.026 49.808 46.729 46.617 42.439 37.467 32.429
m (Clay Dike) 0.05 0.048 0.03 0.029 0.034 0.04 0.07 0.119 0.222
m (Clay,U; Clay,N) 0.539 0.488 0.491 0.524 0.555 0.554 0.505 0.63 0.715
My 10.488 12.778 12.63 12.133 11.499 11.606 10.876 9.926 9.12
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Master Thesis

Test Case 6

Water level [m+NAP]

2 3 3.5 4 453 4531 5 5.3
Failure analysis
Reliability B [-] 4.94 4.49 4.25 3.98 3.67 3.37 3.01 2.77
Failure probability 3.91 3.56 1.07 3.45 1.21 3.76 1.31 2.80
[-] E-07 E-06 E-05 E-05 E-04 E-04 E-03 E-03
Influence factor (az) [%]
Ain 0 0.186 0.442 0.864 1.499 1.457 2.385 2.505
Aout 0 0.13 0.308 0.599 1.038 1.009 1.642 1.709
Intrusion length 0.004 0.572 0.071 0.585 1.945 9.249 2.288| 17.003
Yield (83.59) 0 0 0 0 0 0 0 0
Yield (138.4) 14.098 15.203 16.059 17.301 18.184 18.09 21.049 18.371
Yield(170) 3.93 4.202 4.348 4.945 4.99 4.756 5.227 4.457
@ (Sand dike) 0.534 0.475 0.459 0.428 0.397 0.322 0.312 0.247
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0
S (Clay, B; Clay,N) 68.356| 66.536| 65.713| 62.992| 60.073| 54.466| 56.013 46.45
m (Clay,B; Clay,N) 1.031 1.13 1.215 1.418 1.551 1.442 1.691 1.516
my 12.046| 11.566| 11.384| 10.868| 10.322 9.209 9.393 7.741
s Beta-h curve 1 Fragility curve 100
45 & £ 16
4 e T 14
2 25 5 2
g 5 :—;Toa ‘ %
‘g‘:, it g 06 3_2
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Test Case 7
Water level [m+NAP]
2 2.5 3 3.5] 4 as3] 4531 5 5.3
Failure analysis
Reliability B [-] 4.08 4.31 4.35 4.2 4.04 3.88 3.97 3.86 3.81
Failure probability 2.25 8.16 6.81 1.33 2.67 5.22 3.59 5.67 6.95
[-] E-05 E-06 E-06 E-05 E-05 E-05 E-05 E-05 E-05
Influence factor (a?) [%
Ain 0 0 0.107 0.287 0.582 1.074 1.323 1.869 2.272
Aout 0 0.001 0.068 0.188 0.389 0.743 0.915 1.291 1.558
Intrusion length 0.764 0.148 1.071 3.24 6.401 12.283 13.888 19.31 21.787
Yield Dike (82.06) 0 0 0 0 0 0 0 0 0
Yield Aquitard (82.06) 0 0 0 0 0 0 0 0 0
Yield Dike(139.12) 6.161 2.7 2.169 2.138 2.08 2.143 2.057 2.347 2.619
Yield Aquitard (139.12) 2.88 31.34 21.303 21.714 22.016 21.344 19.88 18.906 18.467
Yield(175) 6.292 4.766 6.271 6.304 6.281 5.517 6.465 6.043 5.598
@cs (Clay dike) 11.948 5.517 4.507 4.378 4,195 3.994 3.864 4.007 4.261
@ (Sand Pleistocene) 0 0 0 0 0 0 0 0 0
S (Clay,U; Clay,N) 54.282 43.323 51.335 49.061 46.039 41.775 40.688 35.983 33.429
m (Clay Dike) 0.657 0.575 0.521 0.553 0.569 0.522 0.585 0.636 0.669
m (Clay,U; Clay,N) 0.144 0.062 0.048 0.047 0.046 0.067 0.076 0.135 0.202
My 16.874 11.569 12.601 12.09 11.402 10.537 10.257 9.473 9.138
Beta-h curve Fragility curve =
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Appendix G. Failure probability water levels below

foreshore taking into account residual width

The table below shows for all test cases the results of the analysis of scenarios 2 and 3. It shows
the probabilities of all individual slides and the amount of foreshore that is lost due to the slide.
Furthermore, it shows the reliabilities for both progressive failure (scenario 3) and a long sliding
plane (scenario 2) leading to that amount of foreshore loss. Note that the lowest value of these
reliabilities is used as resulting reliability for the corresponding step.

The foreshore loss uses the start of the foreshore (land side) as reference. Negative values in this
column mean that slip surface does not cross the foreshore, but has an entrance point in the crest
or the inner slope.

Note that all cases have a negligible failure probability for water levels below foreshore level; for
all cases an individual slide with a probability lower than 6.0E-11 is found before reaching failure
(less than 3m of remaining width).
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Case 1 IDslide B[-] Pf[-] foreshore loss [m] B progressive failure [-] P long slip surface [-]
1 1.57 5.82E-02 -2 1.57 2.35
2 2.87  2.05E-03 6 2.87 4.5
3 4.33  7.46E-06 9 4.33 5.17
4 486  5.87E-07 13.5 4.86 6.03
5 453  2.95E-06 17.5 4.53 7.38
6 499  3.02E-07 22.5 4.99 -
7 5.11  1.61E-07 26.5 5.11 -
8 5.29  6.12E-08 30.5 5.29 -
9 5.37  3.94E-08 38 5.37 -
10 5.84  2.61E-09 44.5 5.84 -
11 5.68  6.73E-09 52 5.68 -
12 6.15 3.87E-10 58 6.15 -
13 5.85  2.46E-09 62.5 5.85 -
14 6.29  1.59E-10 68.5 6.29 -
15 6.32 1.31E-10 73.5 6.32 -
16 6.2  2.82E-10 77 6.2 -
17 7.47 4.01E-14 84 7.47 -
Case2 IDslide BI[-] Pf[-] foreshore loss [m] B progressive failure [-] B long slip surface [-]
1 2,95  1.59E-03 -4 2.95 3.22
2 4.33  7.46E-06 0 4.4 4.33
3 5.21  9.44E-08 3 5.52 5.21
4 6.03  8.20E-10 7 6.44 6.03
5 6.5 4.02E-11 9 - 6.5
Case 3 IDslide B[-] Pf [-] foreshore loss [m] B progressive failure [-] B long slip surface [-]
1 2.1 1.79E-02 -11.5 2.1 3.61
2 5.45  2.52E-08 2.5 5.45 9.5
3 6.62  1.80E-11 6 6.62 -
Case 4 IDslide B[-] Pf [-] foreshore loss [m] B progressive failure [-] B long slip surface [-]
1 3.93  4.25E-05 -1.5 3.93 5.01
2 529  6.12E-08 3.5 5.29 6.68
3 6.48  4.59E-11 7 6.48 -
Case 5 IDslide B[-] Pf [-] foreshore loss [m] B progressive failure [-] P long slip surface [-]
1 3.97 3.59E-05 -2.5 3.97 4.64
2 4,53 2.95E-06 1.5 4.53 5.92
3 6.48 4.59E-11 4.5 6.48 6.55
Case6 IDslide PB[-] Pf[-] foreshore loss [m] B progressive failure [-] P long slip surface [-]
1 3.67 1.21E-04 3 3.67 5.34
2 493  4.11E-07 7 493 6.46
3 5.14  1.37E-07 11.5 5.14 7.85
4 6.61 1.92E-11 15 6.61 -
Case7 IDslide BI[-] Pf[-] foreshore loss [m] B progressive failure [-] P long slip surface [-]
1 3.88  5.22E-05 4.5 3.88 5.44
2 5.98 1.12E-09 8 5.98 6.03
3 6.48  4.59E-11 13.5 6.48 7.49
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Appendix H. Critical state friction angle

This appendix gives insight in the way the critical state friction angle @ of the clay above the
phreatic line is determined. Like explained in Section 2.4, until recently, the strength of clay layers
was calculated using the Mohr-Coulomb model, based on the cohesion and friction angle.
However, following the WBI 2017 and recent developments, the strength of soil is now
determined using the Critical State Soil Model (CSSM). In undrained conditions the SHANSEP
model is used, based on the parameters S, m and OCR. For these parameters, (Rijkswaterstaat,
2016b) gives standard values. The part of a clay dike that is above the phreatic line, however, has
to be calculated using drained analysis. In the CSSM, this drained analysis is not anymore based on
cohesion c and friction angle ¢, but only on a critical state friction angle ¢, taking no cohesion
into account (c = 0) (see Section 2.4.6). For this new parameter @ there are no standard values
available. To determine values for @, data from the national database are used (Tigchelaar &
Daggenvoorde, 2017).

In the national database, the strength of different kinds of clay was examined. These kinds of clay
were divided into independent classes, based on the volumetric weight and the parameter M. M
is the slope of the critical state line in (q,p’)-plane, following from triaxial tests. Figure H.1 shows a
scatter plot of the values of M that were found, plotted against the volumetric weight of the clay.
The black vertical dashed lines show the class boundaries.
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Figure H.1: Values of M for different volumetric weights of clay (Tigchelaar & Daggenvoorde, 2017)
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(Wroth, 1984) shows there is a clear relation between M and @.::

_ 6xsin(ds)
B 3- Sin((bcs)

Using this relation, all found values of M in the class that corresponds to the clay in the dike
(based on volumetric weight) are transferred into values of @ On these values, a lognormal
distribution is fitted, which can be used in the stability calculations.
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Appendix I. Macro-stability in combination with wave

overtopping

This appendix describes the assessment for the combination of macro-stability and wave
overtopping. For this assessment, an extra assessment rule is proposed next to the normal macro-
stability assessment, with a less strict required safety. This provides a nice analogy for a possible
improvement of the macro-stability assessment for dikes with high foreshores.

In the new safety standards, it is stated that the critical overtopping discharge for dikes is higher
than was previously expected: around 5 to 10l/s/m. However, one can imagine that an amount of
water that goes over the dike, has an influence on macro-stability. After all, water going over the
dike will infiltrate, at least partly, into the dike body, which will cause the phreatic line to rise. This
has a negative influence on the dike in two ways:

e Due to the rise of the phreatic line, there is a higher probability of macro-instability with a
deep slip surface, causing a large part of the dike to slide away.

e Due to the rise of the phreatic line, there is a higher probability of a macro-stability with a
shallow slip surface, washing away the cover, after which the dike core is not protected
anymore and will further erode due to the overtopping/overflowing water.

To account for this negative influence, one has to perform another macro-stability safety
assessment, besides the standard assessment. After all, in the standard assessment overtopping
discharge was not taken into account. In the extra assessment overtopping of water should be
taken into account. However, for this assessment the requirements are less strict, as described in
(de Visser, 2016)

This extra assessment is performed using a water level corresponding to an overtopping discharge
of 1l/s/m. This is higher than the design water level discussed before, because the design water
level is below the crest of the dike and this will for a river dike not lead to a substantial amount of
overtopping.

The target probability for the extra assessment is determined by taking the original target
probability and dividing it by the probability of occurrence of an overtopping discharge of 1I/s/m.
For this target probability given overtopping, a target reliability given overtopping can be
determined. The required damage factor to reach this target reliability can be determined as
follows (de Visser, 2016):

Yn = 0,042(Bro —2,3)+1, for fry<2.3
(1.1)
Yo = 0,219(Bro —2,3) +1, for Bry =23
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In short, the approach is such, that an extra assessment rule is created, for which a heavier
loading is taken into account, but which has to fulfil less strict requirements, as the heavier
loading has a lower probability of occurrence.
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Appendix J. Example Calibration

This Appendix gives an example of the calibration for the conditional failure probability given the
water level is above foreshore (Psn-n+), which is used in the semi-probabilistic method using two
separate assessment rules. This calibration is performed for the test cases used in this Thesis.
Note that for all test cases in this Thesis the contribution of the water levels below foreshore is
negligible. As described in Section 8.3, the failure probability can then be described as:

Pr = Pripsne * Ppspr
The safety requirement can then be written as:

P
f,target

Prinsp = —p——
h>h*

The calibration is needed to transform the result of the semi-probabilistic method, y, (= FoS/va),

into Pf|h>h*'

Of all the test cases of this Thesis, the failure probabilities (Ps) and the probabilities of flooding of
the foreshore are known (Phsh+), which means that the conditional probability Pg|p>p+ can be
determined. This probability is transformed into a conditional reliability (Bn-h*). The relation
between Bn-nxand yn will be calibrated.

Note: In this example, for the values of y,the standard semi-probabilistic approach is followed,
using a design water level with an exceedance frequency equal to the safety standard. However, it
is possible to make other choices for the design water level (for example a fixed distance of x
meter above the foreshore). The calibration then has to be performed using this choice for the
design water level.

Test Case | Ps B Phsh* Pf|h>h* Bih>h* Yn
1 9.55E-04 3.104 1.00E-02 9.55E-02 1.308 0.782
2 1.51E-05 4.172 1.00E-02 1.51E-03 2.966 0.941
3 4.00E-04 3.353 1.00E-02 4.00E-02 1.751 0.836
4 2.08E-06 4.603 1.00E-02 2.08E-04 3.530 1.005
5 3.30E-07 4.973 1.00E-02 3.30E-05 3.990 1.042
6 7.11E-07 4.822 1.00E-03 7.11E-04 3.190 1.019
7 4.34E-08 5.352 1.00E-03 4.34E-05 3.925 1.049

Table J.1: Results of the test cases needed for the calibration (a=4.5)
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Test Case | Ps B Ph>h* Ps|h>h* Bih>h Yn
1 4.15E-05 3.936 4.76E-04 8.72E-02 1.358 0.823
2 6.73E-07 4.833 4.76E-04 1.41E-03 2.986 0.952
3 1.77E-05 4.136 4.76E-04 3.72E-02 1.784 0.870
4 6.90E-08 5.268 4.76E-04 1.45E-04 3.624 1.055
5 1.42E-08 5.551 4.76E-04 2.98E-05 4.014 1.053
6 5.91E-09 5.702 1.04E-05 5.68E-04 3.254 1.084
7 4.24E-10 6.136 1.04E-05 4.08E-05 3.940 1.057

Table J.2: Results of the test cases needed for the calibration (a=7.5)

Figure J.1 shows the scatter plot of the safety factor (y») against the conditional reliability given
the water level is above foreshore (B|n-n+). The calibrated relation is fitted at the 20%-quantile of
the reliabilities, like in the original calibration study (Section 2.4.5). The relation is as follows:

Yn = 0.107 = ,B|h>h* + 0.678

Based on this, the following relation between the FoS and Py, - is found:

(@)—0.678)
va

Prinsn = ¢ <_ 0.107

1.4

Data points
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Figure J.1: Scatter plot calibration

Note: In the example above the contribution of the water levels below foreshore to the total
failure probability is negligible for all test cases. However, in reality this may not be the case. One
then has to perform two calibrations, one for the conditional reliability given the water level is
below foreshore and one given the water level is above foreshore. For the first calibration, one
needs to set up an alternative semi-probabilistic approach to determine y,, using a (design) water
level that is below foreshore level.
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