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Preface

This document comprises my final thesis at the University of Technology in Delft, faculty of
Civil Engineering and Geosciences, department of Hydraulic Engineering.

A theoretical model to determine an economic optimal design of the Maasvlakte 2, a proposed
Jand reclamation in the North Sea, by cost-benefit analysis is described. In the analysis, the
Maasvlakte 2 is considered as a system which consists of three elements, a breakwater, a sea
defence and a terrain area.

In the theoretical model, failure modes and decision variables are selected for each element.
For many combinations of values of the selected decision variables, probabilities of failure are
calculated and used to determine the minimal investment costs as a function of the level of
safety for each element. These results are used to determine the minimal investment costs,
expected damage costs and expected benefits as a function of the level of safety of the total
Maasvlakte 2. The optimal values of the net present value (NPV) of the total costs and the
optimal level of safety of the Maasvlakte 2 are determined. With these values, the
accompanying economic optimal design can be found.

I would like to thank ir. H.G. Voortman in particular, for his supervision during the period I
worked on this thesis. I would also like to thank prof. drs. ir. J.K. Vrijling, prof. ir. A.C.W.M.
Vrouwenvelder and ir. F.M. Stroeve for their contributions.

Julien Segers
Delft, September 2001
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Summary

Advanced plans were made by the Dutch government to extend the port of Rotterdam by
means of the construction of a land reclamation in the North Sea, the Maasvlakte 2. Because
no safety standards exist for the Maasvlakte 2, it is useful to determine an optimal design from
an economic point of view by cost-benefit analysis. The economic optimal design of the
Maasvlakte 2 is assumed to be the design for which the net present value (NPV) of the total
costs (including loss of benefits) is minimal. An accompanying optimal level of safety for the
Maasvlakte 2 is also found.

In this analysis, the Maasvlakte 2 is assumed to be a system composed of three elements, a
breakwater, a sea defence and a terrain area.

For each element, decision variables are selected which have influence on the resistance
(strength) and the costs and benefits of the Maasvlakte 2, and also represent relations between
elements. For the breakwater, the crest height and the diameter of the concrete blocks in the
armour layer are considered as decision variables. For the terrain area, the height of the terrain
area is the only decision variable considered. For the sea defence, the crest height, the
diameter of the quarry stones in the protection layer of the outer slope and the angle of the
outer slope are considered as decision variables.

A selection of failure modes is also made for each element. A distinction is made between
ULS failure modes which are considered under extreme conditions and SLS failure modes
which are considered under normal conditions. In case of failure by a failure mode, a
(monetary) consequence is the result. The selected failure modes are:

Element Failure mode SLS/ULS Consequence

Breakwater | Erosion of the armour layer | ULS Damage by total inundation of the terrain area
Transmission SLS Damage to shipping

Sea defence | Overtopping ULS Damage by total inundation of the terrain area
Erosion of the outer slope | ULS Damage by total inundation of the terrain area

Terrain area | Extremely high water level | ULS Damage by total inundation of the terrain area

Each failure mode is written in the form of a reliability function Z = R-S in which R is the
resistance and S is the sollicitation. For the failure modes, hydraulic conditions (waves, water
levels) represent the sollicitation. The geometry and strength of the elements, also determined
by the decision variables, represent the resistance.

In the calculation of the economic optimal design of the Maasvlakte 2, a bottom-up approach
is used:

1. at first, calculations are executed for each failure mode

2. then, these results are used in the optimisation per element

3. finally, optimal element results are used in the optimisation of the system

This means that at first, probabilities of failure are calculated for each failure mode by a
probabilistic calculation method for many combinations of values of the decision variables it
contains. Then for each element, the failure modes are combined and the minimal investment
costs of the element are determined as a function of the level of safety of the element.

i
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In the optimisation of the system (Maasvlakte 2), the results of the elements are combined and
the levels of safety of the elements become decision variables, which leads to a reduction in
the amount of decision variables.

The minimal investment costs of the Maasvlakte 2 as a function of the level of safety of the
Maasvlakte 2 are determined by combination of the three minimal investment costs functions
of the elements. Also the expected damage costs and benefits of the Maasvlakte 2 are
calculated for many combinations of levels of safety of the elements. From these values, the
minimal NPV of the total costs of the Maasvlakte 2 as a function of the level of safety of the
Maasvlakte 2 is determined. In this function, the minimal value represents the optimum for
the Maasvlakte 2 with optimal level of safety for the Maasvlakte 2.

From this optimal value of the level of safety of the Maasvlakte 2, the accompanying optimal
values of the levels of safety of the elements are known. From these values, the optimal
values of the decision variables are also known for each element. The optimal values of the
decision variables of the elements represent the economic optimal design of the Maasvlakte 2.

With this optimisation method, a probabilistic design is determined and compared with a
deterministic design, with chosen values for the hydraulic conditions. The optimisation is
executed in two ways: for ‘ULS probability of failure’ as a measure for the level of safety and
for ‘risk’ as measure for the level of safety. For risk as a measure for the level of safety, the
damage costs by SLS failure modes are included in the risk. For ULS probability of failure as
a measure for the level of safety, the damage costs by SLS failure modes are added to the
investment costs of the element to which they belong.

Compared with the results of the deterministic design, both probabilistic designs show much
better results with regard to the total costs in combination with the level of safety of the
Maasvlakte 2. An increase in the level of safety without higher investment costs (!) and a
strong decrease in the total costs of the Maasvlakte 2, is the result of both probabilistic
designs. This means that the cost advantage is the result of 'better investments'.

The figure shows the results of the optimisation with ULS probability of failure as a measure
for the level of safety. The optimal value for the ULS probability of failure is 4.43* 10~ per

year.

Optimisation of the system
for ULS probability of failure as measure for the level of safety
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For the optimal values of the minimal NPV of the total costs and the ULS probability of
failure, a sensitivity analysis is executed. This is done by calculation of values for the absolute
elasticity for many variations of variables. It follows that the three variables with the highest
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values for the absolute elasticity with regard to the optimal value of the minimal NPV of the
total costs of the Maasvlakte 2 are:

1. the distribution of the yearly maximum water level

2. the interest in one year

3. the relative density of concrete
The three variables with the highest values for the absolute elasticity with regard to the
optimal value of the ULS probability of failure for the Maasvlakte 2 are:

1. the distribution of the yearly maximum water level

2. the relative density of concrete

3. the relative density of quarry stone

Because only five failure modes are taken into account and many assumptions are made, the
results of the optimisation have to be interpreted with caution. Many improvements are
possible like:

e An optimisation with failure modes like ‘flooding of the terrain area by waves from
the basin’ and ‘the impossibility of loading/unloading activities at the quays’, which
leads to more accuracy with regard to the failure modes used in the optimisation.

e An optimisation with different failure modes like ‘subsoil failure’ or ‘failure of the toe
construction of the breakwater’.

e Extra levels of damage to create a more gradual transition between consequences.

e The influence of refraction, diffraction, reflection and local wind can be taken into
account.

e The influence of dependencies between failure modes can be taken into account.

e More accurate descriptions for the amounts of monetary damage.

e More variables with a (realistic) probability distribution in the optimisation.

e Extra research on variables with high values for the absolute elasticity.

e Other design alternatives like a dune instead of a sea defence or a pitched block
revetment instead of quarry stones to protect the sea defence.

iv
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1. Introduction

1.1 Motives for land reclamation

To maintain a mondial position of competition and a national mainport function, the Port of
Rotterdam pursues continuous expansion and improvement of the quality of the environment
in and around the port area. By the ‘Project Mainportontwikkeling Rotterdam’ (PMR)
research is done on the increasing need for space in the port area of Rotterdam. This project
pursues to find an integral solution, of which the land reclamation Maasvlakte 2 will be a part.
By the ‘Samenwerkingsverband Maasvlakte 2 Varianten’ (SM2V) several alternatives have
already been developed. These alternatives have been compared on different aspects as
environment, logistics, recreation value and integral safety. The purpose is to achieve a
reclamation with a net terrain surface of 1000 hectare. This area will be used by different
industrial sectors like chemics and transport.

To improve the process of decision-making, the ministry of Transport and Public Works
directed several institutions to investigate an optimal design of the Maasvlakte 2 in terms of
costs and safety. This thesis contains an analysis with regard to an optimal design of the
Maasvlakte 2 in terms of costs and safety.

1.2 Problem approach

The port of Rotterdam and Schiphol airport in Amsterdam are considered to be the two
‘mainports’ in the Netherlands. With the term ‘mainports’ is meant that they are very
important for the development of the Dutch economy because they generate an important part
of the Dutch national product and they both are large employers in the Dutch labour-market.
A new land reclamation would therefore create more employment and stimulate the Dutch
economy.

From an economic point of view, the development of a land reclamation would be profitable
for the Dutch economy and for the port of Rotterdam specifically, if the overall benefits in its
lifetime would be higher than the total costs in this lifetime. It is a goal of this study to find an
optimal design in this cost-benefit analysis. For simplicity, benefits are considered as negative
costs. The optimal design is then the design for which the net present value (NPV) of the total
costs (including benefits) are minimal.

The term ‘net present value’ refers to costs and benefits realised in the future which are
discounted in time. Investment costs are realised in the beginning and therefore ‘discounted’
for t=0. The total costs of the Maasvlakte 2 are composed of different cost types.
Distinguished are:

¢ Fixed investment costs, independent on all variables

e Variable investment costs, dependent on one or more decision variables

e Damage costs, caused by an undesirable event like flooding of the terrain area or high
waves in the port.

e Benefits, as a result of the production in the Maasvlakte 2 area

Each cost type is a function of the level of safety of the Maasvlakte 2.

In short: a safer construction means a lower probability of undesirable events (= lower
probability of failure), so the lower the damage costs and the higher the benefits are. On the
other hand holds that for a safer construction, investment costs are higher. Therefore, to find
an optimal design of the Maasvlakte 2 by cost-benefit analysis, safety is an important aspect
and can be considered as an instrument to perform the analysis. In this thesis, the level of
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safety will be considered in two ways: as ‘probability of failure (Py)’ and as ‘risk’. The results
of this analysis are assumed to be the main incentive to decide whether or not to construct the
Maasvlakte 2.

The Maasvlakte 2 is built in the North Sea, which means that it has to resist hydraulic
conditions from the sea to prevent undesirable events to happen. These conditions are
combinations of incoming waves and water levels. When an undesirable event takes place,
this is called ‘failure’. Failure is a state that is the result of one or more failure modes (or:
failure mechanisms) for which load (=sollicitation (S)) exceeds resistance (R), such that

7 = R-S <0. Z represents the reliability function. Sollicitation and resistance can be defined in
several ways.

Two situations are possible with regard to failure modes: ‘failure’ and ‘no failure’. The
probability of failure (Py) measures how likely an undesirable event (‘failure’) is to happen.

P, =P(Z<0)=P[R>S) (1.1)

When failure takes place, a consequence is the result. From probability of failure and
consequence, risk can be determined in many ways. In this thesis, risk will be considered as:

Risk = Pr* consequence (1.2)

The consequence is mostly expressed in ‘money’ or ‘casualties’.

This depends on the point of view with regard to risk: individual, societal or economic. The
consequence of individual and societal risk is the amount of casualties. For economic risk the
consequence is a monetary damage (D). The separation between individual, societal and
economic risk is fictitious. There is always some risk from any of these kinds. Because of the
importance of cost-benefit analysis in this thesis, economic risk (Risk = Py*D) will be
considered.

Resistance:
R

Consequence:

D
\ Risk:
- / PID
No _ Probability

failure - of failure:

/” i
Sollicitation:
N

Figure 1.1: Determination of probability of failure and risk

Failure

Failure S>R?
mechanism

In case of the Maasvlakte 2, hydraulic conditions represent the sollicitation and failure is the
state in which the port cannot function the way it normally does. To ‘resist’ hydraulic
sollicitations, hydraulic structures are used instead of the construction of a very high terrain
area. The hydraulic structures and the terrain area represent the resistance. In this thesis, a
breakwater and a sea defence are used as hydraulic structures.

Including these hydraulic structures, the Maasvlakte 2 consists of three elements: a terrain
area, a breakwater and a sea defence. The three elements together are assumed to be a system,
dependent on the elements and their relations. This is called a system-element approach. To
find an optimal design of the system ‘Maasvlakte 2’, an analysis is performed on three levels:
‘system level’, ‘element level” and the ‘failure mode level’, figure 1.2.
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Four (chronological) steps are taken between the levels, from which 1 and 2 are qualitative
(modelling) steps and 3 and 4 are quantitative (calculation) steps:

SYSTEM

ELEMENTS

FAILURE
MODES

quantitative € ——} qualitative

Figure 1.2: Four steps of analysis between three levels

Step 1:
The system ‘Maasvlakte 2’ is schematized as consisting of three elements: a breakwater, a

sea defence and a terrain area. Relations between elements are determined and
assumptions have to be made on boundary conditions. The decision variables of the
elements are also chosen. This is done in chapter 2.

Step 2:
For each element, the failure modes which are assumed to be relevant with regard to the

probability of failure of the Maasvlakte 2 are taken into account. Each failure mode is
described by a reliability function Z containing decision and non-decision variables. This
is done in paragraph 3.2.

Step 3.
For each failure mode, probabilities of failure are calculated by a probabilistic calculation

method for different values of decision variables. Values of non-decision variables have to
be assumed. Then for each element, its failure modes are combined, which leads to many
combinations of values of decision variables with accompanying level of safety of the
element. With these combinations, the minimal investment costs can be determined as a
function of the level of safety for each element, the final result of this step. The level of
safety is considered as ‘probability of failure (Py)’ or as ‘risk (R=P¢*D)’.

In this step, the amount of decision variables is reduced because the decision variables of
each element are replaced by one variable, ‘probability of failure’ or ‘risk’ of the element.
A more detailed theoretical description is given in paragraph 3.3. Calculations of minimal
investment costs as a function of the probability of failure are executed in paragraph 5.3.
Calculations of minimal investment costs as a function of the risk are executed in
paragraph 5.4.

Step 4.
On system level, each element is represented by one variable, its level of safety. Summing

of the minimal investment costs of the elements leads to minimal investment costs of the
system as a function of the level of safety of the system. Damage costs and benefits are
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also calculated as a function of the level of safety of the system. From these values, the
minimal NPV of the total costs as a function of the level of safety of the system is
determined. From this function, the optimal value for the minimal NPV of the total costs
and the optimal level of safety of the system can be determined. Figure 1.3 shows this for
Pras a measure for the level of safety. A more detailed theoretical description is given in
paragraph 3.4. The optimisation of the system with probability of failure as a measure for
the level of safety is executed in paragraph 5.3. The system optimisation with risk as a
measure for the level of safety is executed in paragraph 5.4.

Note:

Because no safety standards exist for the Maasvlakte 2 (yet), it is possible to determine an
optimal design for various levels of safety without any constraints with regard to the
probability of failure. The existing standards all concern areas which protect a lot of
inhabitants (social values) apart from economic values, but this is not the case for the
Maasvlakte 2.

In an earlier optimisation of the Maasvlakte 2 by Stroeve and Sies (1999), the system was at
once optimised for one decision variable per element. This method is called a top-down
approach. Disadvantage is that calculation times increase strongly when more decision
variables are taken into account.
In this report, a bottom-up approach is used:

1. at first, calculations are executed for each failure mode

2. then, these results are used in the optimisation per element

3. finally, optimal element results are used in the optimisation of the system

Because of the reduced amount of decision variables on system level, calculation times do not
increase strongly when more decision variables per element are taken into account. For each

element, more than one decision variable will be used.

Figure 1.3 shows the cost types as a function of the (increasing) level of safety for the
(system) Maasvlakte 2, -log(Prmy2).

Costs (f1)

(IO + I(Pf))min.va

/ TCav2

Optimal value

NPV of the total
costs Maasvlakte 2 /K

——____ Dm
0
"log(Pﬂva,OPT) " ]Og (Pf,mvl) (‘)
Bmv2

Figure 1.3 Cost types as a function of the probability of failure for the Maasviakte 2
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On system level, the NPV of the total costs is determined by:

_ & Df,mv2 ) Pf,va & an,mv2 ) (1 - Pf,mv2) 13
TCmv2<Pf,mv2) (]0+]1(Pf,mv2))min+;(l+r_l-_g)n ; (1+r_l'_g)" ( )
with:

P2 = probability of failure of the Maasvlakte 2 in one year (-)

TC,2(® = NPV of the total costs of the Maasvlakte 2 (fl)

Iy = fixed investment costs (1)
Ii(e = variable investment costs (fl)

Dtz = expected damage costs of the Maasvlakte 2 in case of failure (fl)

Bufmv2 = expected benefits of the Maasvlakte 2 in one year in case of ‘no failure’ (f1)
v = interest in one year (-)

i = inflation in one year (-)

g = economic growth in one year (-)

N = number of years (-)

1.3 Problem description

An optimal design of the Maasvlakte 2 from
a cost-benefit point of view is lacking

1.4 Goal description

To determine an economic optimal design
of the Maasvlakte 2 expressed in terms of
safety by using a bottom-up approach to
perform a cost-benefit analysis.

1.5 Structure of the report

The following chapters are distinguished:

In chapter 2, the present situation, chosen lay-out and relations between the elements are
described (step 1). Decision variables are also selected. In chapter 3, failure modes are
described (step 2) and the optimisation on element level (step 3) and system level (step 4)are
theoretically explained in more detail. Chapter 4 contains the calculation of a deterministic
design and in chapter 5, the results of a basic optimisation on element level (step 3) and
system level (step 4) are described. In chapter 6, a sensitivity analysis is performed with
regard to the optimal design. Chapter 7 contains an evaluation of improvements of the basic
optimisation. Conclusions and recommendations follow in chapter 8. The appendices contain
a hydraulic model, formulae of failure modes, descriptions of investment costs functions of
the elements, probabilistic calculation principles and graphic results.
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2. Lay-out

2.1 Present situation

The present situation in the Port of Rotterdam is given by figure 2.1. The New Waterway is
the main entrance channel of the port. The land reclamation ‘Maasvlakte 1° has been
constructed earlier at the west side of the port. The Maasvlakte 2 will be situated at the west

side of the Maasvlakte 1.

PRl P
Va ie.;ﬂs
, i 5
? / ” New Waterway,
[} i
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4 "’t
Rotterdam city -
; i y 3
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Maasvlakte 2 jine Maasvlakte 1
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Figure 2.1: Present situation in the Port of Rotterdam

Because of agreements made by the state, the province and the involved municipalities, land
reclamation will only be possible on the south side of the New Waterway. There is also a
restriction on reclamation southwards because of nature conservation areas present there. The
dotted line (demarcation line) in figure 2.1 represents this limitation.

The considered schematization of the Maasvlakte 2 lay-out is the same as used by Stroeve and
Sies (1999). It contains sea defences on the west and the south side, the ‘ Westerdike’ and the
‘Zuiderdike’ respectively. To form the protection on the north side of the terrain area of the
Maasvlakte 2, the existing breakwater (‘Noorderdam’) will be lengthened. In figure 2.2 and
2.3, the chosen schematization of the lay-out and the cross-section of the Maasvlakte 2 is
given.
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Figure 2.2: Chosen lay-out Maasvlakte 2
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Figure 2.3: Cross-section Maasvlakte 2
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2.2 Boundary conditions and assumptions

2.2.1 Hydraulic conditions
The hydraulic conditions are based on a study on caisson breakwaters for the Maasvlakte 2,
(Voortman / Vrijling 1999). Because of dependencies between hydraulic parameters, joint
probability distributions are needed. This holds for:

o water levels

o significant wave heights

e wave periods

With regard to the hydraulic parameters, two conditions are discerned:
e yearly (extreme) conditions
¢ daily (normal) conditions

2.2.1.1 Yearly conditions

Water level and significant wave height

In Appendix A.1, the hydraulic model which determines the yearly maximum water level,
significant wave height and peak period at the Maasvlakte 2 is shown. The adapted Bruinsma-
function which describes the average significant wave height at the Euro-0 platform in the
North Sea for given water levels at Hook of Holland (close to the Maasvlakte 2), plays an
important role in this.

For the distribution of the yearly maximum sea water level (/) at Hook of Holland, a
Weibull distribution (equation 2.1) is chosen, (Voortman/Vrijling 1999). This distribution is
supported by data of extreme water levels at Hook of Holland and is also used for the
Maasvlakte 2 (figure 2.4). The report ‘Basispeilen’ is an earlier study on hydraulic conditions
along the Dutch coast.

z:z]"

Pl >7)= e_(w" (2.1)

with: w= 2.59 m+NAP
7 = 240 m+NAP
mlg_= 0.85

Water level data at Hook of Holland
w Water level data at Euro-0

Water level (m +NAP)

Distribution according to report ‘Basispeilen’
- Weibull distribution

Figure 2.4: Data and distributions of water levels in extreme conditions
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From the distribution of equation 2.1, values for the maximum significant wave height per
year are calculated with the hydraulic model in Appendix A.1.

However, the maximum water level in one year (or one day) has no physical basis, but the
maximum water level per tidal wave (hseqsiqe) has. In fact, all generated data are maximum
values of the water level per tidal wave and when the maximum significant wave height per
year (Hy,,) is calculated, this has to be based on the probability distribution of 4 side-

In Appendix A.2, an analytical description of the difference is given.

For a detailed description of the difference, more research is needed. However, large
differences are not expected, so the calculation of A, based on equation 2.1 is a good
approximation which is used in this thesis.

Wave steepness and peak period

Especially in extreme conditions, the peak period (7,,) depends on the significant wave height.
Normally, the wave steepness based on the peak period (sg,) does not depend on the
significant wave height and is therefore preferred to be used in probabilistic calculation
methods. The wave steepness is given by:

o =1 2.2)
0p
g T?
27 °
with:
Sop = wave steepness based on peak period (-)
H; = significant wave height (m)
T, = peak period (s)

Data from Euro-0 showed that the wave steepness sg, can well be described by a normal
distribution with a mean value of 3,8% and a standard deviation of 0,59%,
(Voortman/Vrijling, 1999). This distribution is also used for the Maasvlakte 2.

2.2.1.2 Daily conditions

According to the data in figure 2.5, the significant wave height increases for higher water
levels at Euro-0. Part of the variation in figure 2.5 can be explained by different wind
directions on which the generated data are based. As a result of that, different values for the
water level are found for the same value of the significant wave height.

To find a more accurate relation between water levels and significant wave heights, more
research is needed. This will not be done in this thesis. For simplicity, significant wave height
and water level are considered to be independent in case of daily conditions for both Euro-0
and the Maasvlakte 2.
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Significant wave height at Euro-0 (m)

R

Water level at Euro-0 (m +NAP)

Figure 2.5: Plot of water levels and significant wave heights at Euro-0

According to figure 2.6, the generated data of water levels for daily conditions (/e4,dqy) at
Hook of Holland are well supported by the Weibull distribution of equation 2.3,
(Voortman/Vrijling 1999). This distribution is also used for the Maasvlakte 2.

-7
Pllypiy > 7)=e =) ¢
with: w=0.23 m +NAP
7=-1.63 m +NAP
k=3.06

Probability of exceedance per day

-2 -1 5 =1 ~3 5 a [s20

G o Data from Hook of Holland Water level (m +NAP)
Weihull distribntion

Figure 2.6: Generated data and chosen distribution of the water level for daily conditions

According to figure 2.7, the generated data of significant wave heights for daily conditions
(Hs,day) at Euro-0 are well supported by the Gumbel distribution of equation 2.4,

10



Economic optimal design of the Maasvlakte 2 M

(Voortman/Vrijling 1999). The significant wave height for daily conditions at the Maasvlakte
2 1s assumed to have the same distribution as the significant wave height for daily conditions

at Euro-0.
_emalnu) (2. 4)

P(Hs,day > 77): 1 -e
with: a=2.15
u=0.74m

Probability of exceedance per day

oz o Data from Euro-0 Significant wave height (m)
Gumbel distribution

Figure 2.7: Generated data and chosen distribution of the significant wave height for daily
conditions

2.2.2 Assumptions regarding the lay-out of the Maasviakte 2
2.2.2.1 General

e The nature conservation areas on the south side of the Zuiderdike in figure 2.2 are not
part of the model.

e Asaconservative assumption, the tombolo, the Zuiderdam and the Westerdam are not
taken into account any further in the analysis. They do not have relevant influence
with regard to normative sollicitations on the sea defence. Their main function is to
catch sand for beach preservation and to ‘guide’ incoming ships into the entrance
channel.

o Waves can only enter the Maasvlakte 2 from the entrance channel and through the
breakwater.

o The bottom level for the total Maasvlakte 2 is —15 m NAP.

2.2.2,2 Noorderdam (breakwater)
¢ The Noorderdam is considered to be a rubble mound breakwater. The structure of the
cross-section and the unit prices are taken from Laenen (2000).
e The breakwater is assumed to have an armour layer that consists of concrete blocks.
The production of alternatively shaped concrete elements as accropodes, dolosses and

11
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tetrapods is more expensive than the production of concrete blocks. These alternatives
are not considered in this thesis.

2.2.2.3 Westerdike, Zuiderdike (sea defence)

e The sea defence is considered as a dike and not as a dune.

e The sea defence consists of a sand core with a filter of quarry stone layers on the outer
slope

e The main difference between the Westerdike and the Zuiderdike is their orientation.
The Zuiderdike is oriented around the 120/300 degrees line and the Westerdike more
or less perpendicular on that, around the 30/210 degrees line. It depends on the
directional distribution of the incoming waves if there are large differences in their
sollicitations. At first it is assumed that they both are sollicitated by the same incoming
waves, so they are considered as one element. Only perpendicular incoming waves are
taken into account

2.2.2.4 Terrain area
e The terrain area is flat and constructed of sand
e The quay wall is constructed at the same height as the terrain area

2.3 Relations between elements

In the prevention of failure of the (system) ‘Maasvlakte 2’°, elements are related to each other.
This is because all elements are built to resist the same incoming sollicitation, hydraulic
conditions from the North Sea.

Several types of failure are discerned for the Maasvlakte 2; the most important are:

1.

ok W

o

Destruction of the breakwater or the sea defence leads to total inundation of the terrain
area

The sea water level is too high such that the terrain area is inundated

The wave height behind the breakwater is too high for ships to connect to pilot vessels
The wave height at the quays is too high for loading and unloading activities

Waves in the basin are overtopping the quays, such that the terrain area partially
inundates

Too much water comes over the sea defence such that the terrain area partially
mundates

12
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Local hydraulic
conditinng

As a result of the six types of failure, three types of damage can be distinguished:
e Damage to shipping (no connecting to pilot vessels, no loading/unloading at the
quays) by high waves in the entrance channel and/or in the basin

Damage by partial inundation of the terrain area, without destruction of elements
Damage by total inundation of the terrain area, possibly with destruction of elements

13
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With regard to failure type 1, it is assumed that destruction of the breakwater or the sea
defence leads to total inundation of the terrain area. This is a conservative approach.

In figure 2.9, a schematization of relations between elements and types of damage is given,
including the numbers of the types of failure.

Local hydraulic
conditions Maasvlakie 2

Breakwater Entrance channel Sea defence
Transmission of waves Refraction, diffraction, Water over the High water level
reflection, local wind sea defence
Destruction breakwater Destruction sea defence
l 1 2
1 ™ N
6
3/4 Waves over the quay
5
vy A
e Damage by partial Damage by total
Damage to shipping inundation of the inundation of the
terrain area terrain areq

Figure 2.9: Schematization of relations between elements and types of damage

2.4 Decision variables
To determine an optimal design, decision variables are needed for each element. Because the

optimisation is performed in terms of safety and by a cost-benefit analysis, it is important that
these variables:

e represent the resistance (strength) of the elements
e represent relations between elements
e have important influence on costs and benefits for the Maasvlakte 2

For inundation by transmitted waves through the breakwater, Stroeve and Sies (1999) found a
relation between the crest height of the breakwater (4. 5,) and the height of the terrain area
(M1er). For the same levels of safety for the Maasvlakte 2, a lower crest height for the
breakwater leads to a higher terrain area and the other way around. In this thesis, the crest
height of the breakwater is used as a decision variable for the breakwater and the height of the
terrain area as a decision variable for the terrain area. Both variables are important with regard
to investment costs for the breakwater and the terrain area respectively.

14
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The crest height of the sea defence (4. 54) and the height of the terrain area are not related in
the same way as the crest height of the breakwater and the height of the terrain area are. The
height of the terrain area cannot resist inundation of the terrain arca by water coming over the
sea defence. However, the crest height is still important for the amount of water coming over
the sea defence which leads to partial inundation or even destruction of the sea defence which
leads to total inundation of the terrain area. The crest height is therefore used as a decision
variable for the sea defence.

Another important variable for water running up and overtopping the sea defence, is the angle
of the outer slope (). For small alfa’s (flat slopes), the probability of failure which leads to
damage by (partial or total) inundation of the terrain area decreases, but the larger surface of
the cross-section leads to higher investment costs. The outer slope angle (cot(a)sy) is used as a
decision variable for the sea defence.

For a breakwater holds that when in extreme conditions the outer slope (armour) layer is
destructed by incoming waves, the rest of the core of the breakwater will follow. Therefore,
the diameter of concrete blocks in the armour layer (Dp,) is used to represent the strength of
the breakwater. This is also assumed for the sea defence. The diameter of quarry stones in the
protection layer of the outer slope (D,s0,54) 1S used as a decision variable for the sea defence.
Obviously, these strength representative variables are important with regard to possible
destruction of the breakwater and the sea defence (failure type 1) and as a result of that, to
damage costs by total inundation of the terrain area. Apart from that, they also influence
investment costs of these elements.

Table 2.1 gives an overview of the decision variables.

Element Decision variable Notation

Breakwater Crest height R b
Diameter of the concrete blocks in the armour layer Dy,

Sea defence Crest height P sa
Diameter of the quarry stones in the protection layer of the outer slope D,s505a
Angle of the outer slope col(Q)gq

Terrain area Height of the terrain area Pier

Table 2.1: Selected decision variables per element

hess (m +NAP
hesw (m +NAP) s ( )

hyer (m +NAP)
Dhusgsa (M) North Sea

North Sea Dy (M) 1 . i
basin

\/\%: g Y |
Fgg’ cot(at s ()

Figure 2.10: Cross-section with decision variables
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3. Optimisation method

3.1 Introduction

In this chapter the methodology of the optimisation is explained in detail. Failure modes in
relation with the six types of failure of paragraph 2.3 are described in paragraph 3.2. From
these failure modes, a selection is made. In paragraph 3.3 and 3.4, the optimisation on e¢lement
level and system level are described respectively.

3.2 Overview of failure modes

N

quantitative | qualitative

3.2.1 ULS and SLS failure modes

When failure of the Maasvlakte 2 takes place, it is not necessary that the normal functioning is
interrupted by extreme hydraulic conditions. This is also possible for daily conditions.
Therefore two ‘states of failure’ (limit states) are distinguished, the Serviceability Limit State
(SLS) and the Ultimate Limit State (ULS). In the ULS, destructive failure modes are
considered under extreme conditions. In the SLS, non-destructive failure modes are
considered under normal (daily) circumstances. For SLS conditions, a distinction can be made
in SLS failure modes for which little repair is needed and SLS failure modes for which no
repair is needed at all.

The probability of failure by SLS failure modes is expressed in a probability per day, whereas
the probability of failure by ULS failure modes is expressed in a probability per year. The
consequence of SLS failure modes is expressed in a damage per day. For ULS failure modes,
the consequence is expressed in a damage per event. Obviously, for SLS failure modes, daily
hydraulic conditions are used and for ULS failure modes, yearly (extreme) hydraulic
conditions are used.

3.2.2 Failure modes by element

3.2.2.1 Breakwater

ULS failure modes:

ULS failure modes lead to total inundation of the terrain area. Destruction of the breakwater
or the sea defence or an extremely high water level can cause this.

Based on Laenen (2000), the rubble mound breakwater consists of a granular or quarry stone
core, one or two filter layers (at outer slope), an armour layer of large concrete units or quarry
stones, and a toe construction. Several failure modes can be discerned for a rubble mound

breakwater:

¢ outer slope: erosion of the armour layer, filter instability, slip circle
o inner slope: erosion of the armour layer, slip circle
e core settlement

16
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e subsoil settlement
e erosion of the toe construction

Because the diameter of the concrete blocks in the armour layer is considered to be the most
important strength variable for the rubble mound breakwater, erosion of the armour layer is
considered as an important failure mode.

Erosion of the armour layer is measured by the damage parameter N,,, which represents the
damage due to displaced concrete blocks in the armour layer. Failure occurs when the critical
damage N, is exceeded on one place in the breakwater. As a conservative approach it is
assumed that this breach leads to destruction of the breakwater and as a result of that damage
by total inundation of the terrain area.

In the Van der Meer formulae for armour layer stability of concrete blocks, the fraction HyAD
represents a ratio of sollicitation (S) and resistance (R). Therefore, in the reliability function
Z=R-S, AconDpy represents R. When this resistance is exceeded by hydraulic sollicitation,
destruction results: S>R and Z<0. S is expressed by &, which is a function of the critical
damage N, (and other hydraulic parameters). A higher value for N, which means more
displaced blocks before failure takes place, leads to a lower value for &, a decrease in
sollicitation.

Z=A_,D,, —d<0 3.1
with:
d.on = relative density of concrete (-)
Dy, = diameter of the concrete blocks in the armour layer (m)
o = sollicitation according the Van der Meer formulae (m)

Appendix B contains the Van der Meer formulae for concrete blocks. Dy, is the decision
variable that is used.

SLS failure modes:

SLS failure modes lead to a temporary disturbance of normal activities or downtime of the
Maasvlakte 2. The consequence is damage to shipping (paragraph 2.3).

Four relevant phenomena can be discerned with regard to the interaction between incoming
waves and the breakwater:

- wave reflection

- wave run-up

- overtopping

- wave transmission

Wave reflection plays a role in front of the breakwater and wave run-up at the outer slope of
the breakwater. Because overtopping and transmission are important for waves behind the
breakwater, they are the most relevant phenomena to take into account.

In case of overtopping, only the discharge flow over the breakwater is measured.
Transmission formulae are mathematical descriptions with which significant wave heights
behind breakwaters are calculated. This wave height is the result of water coming over and
through the breakwater, including the overtopping discharge. Therefore transmission 1s

17
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considered to be a relevant SLS failure mode. A disadvantage is that, because of this
combination, a higher variation of the wave height behind the breakwater is the result.
The transmitted wave height is usually expressed by a transmission coefficient X,

K =1l (3.2)
Hsi
with:
K; = transmission coefficient (-)
Hy; = transmitted significant wave height behind the breakwater (m)
H,; = incoming significant wave height in front of the breakwater (m)

Damage to shipping occurs when the significant wave height behind the breakwater or the
significant wave height at the quays in the basin exceeds a critical value H.,. This significant
wave height is a combination of transmitted waves and waves which directly enter the
entrance channel, influenced by refraction, diffraction and reflection. The influence of
refraction, diffraction and reflection is expressed by the factor £,. The value for K has to be
calculated by refraction/diffraction software for different locations (x,y) in the entrance
channel and the basin.

e Damage to shipping by no connecting to pilot vessels occurs when a critical wave

height in the entrance channel is exceeded:

Z=H -K, K H, <0 3.3)

cr entrance
with:
= critical value of the significant wave height in the entrance

channel (m)
K,y = multiplication factor for the influence of refraction, diffraction

and reflection (-)

H cr,entrance

e Damage to shipping with regard to loading/unloading activities occurs when a critical
wave height at the quays is exceeded:
Z = Hcr,quays - Kr,xyKlei < O (34)

with:
Her quays = critical value of the significant wave height at the quays (m)

Formulae to determine the transmission coefficient K, are described in Appendix B. In these
formulae, the freeboard R, s, and the diameter of the concrete blocks Dy, are important
variables. The freeboard is determined by the crest height (decision variable) and the sea
water level:
c,bw = cbw  sea (35)
with:

R.pv» = freeboard (m)

hepw = crest height of the breakwater (m +NAP)

heeo = sea water level (m +NAP)
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3.2.2.2 Terrain area
ULS failure mode:
Total inundation of the terrain area can take place without destruction of hydraulic structures,
by an extremely high water level. Despite the extra repair costs to the hydraulic structures, the
impact of the consequence is considered to be the same as in case of failure by destruction of
hydraulic structures. Total inundation of the terrain area by an extremely high water level is
considered as an ULS failure mode for which failure occurs when:

Z=h, -h, <0 (3.6)
with:

Rier = height of the terrain area (m +NAP)

Obviously, 4, is the only decision variable.

SLS failure mode:

Non-destructive failure modes which lead to damage by partial inundation of the terrain area
are related to a critical flooded surface, 4., . Here, two alternatives are distinguished: ‘partial
inundation by exceedance of a flooded surface’ and ‘partial inundation by exceedance of the
height of the terrain area’.

Partial inundation by exceedance of a flooded surface

Damage by inundation depends on the flooded surface of the terrain area. The inundation
depth d is used to create a relation between the water level, wave height in the basin and the
flooded surface. As a conservative approach the inundation depth is considered as:

d= hsea + Kr,xthHsi - hter (37)

with:
d = inundation depth (m)

To determine the flooded surface of the terrain area A4, a relation between Agy0q and d has
to be created for which research will be needed. This will not be done in this thesis. Failure
occurs when the critical flooded surface 4., is exceeded:

Z=A4, A4, <0 (3.8)

with:
A, = critical flooded surface of the terrain area (m?)
Agooa = flooded surface of the terrain area (m®)

Partial inundation by exceedance of the height of the terrain area

In this case, failure is assumed to take place when the height of the terrain area is exceeded by
the sum of the water level and the significant wave height in the basin, see equation 3.9. In
fact, the critical flooded surface is already assumed to be exceeded when the height of the
terrain area is exceeded. Because no inundation depth is taken into account to determine a
flooded surface, equation 3.9 can be considered as a simplified, conservative representation of

equation 3.8.
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Because the only difference between equation 3.6 and 3.9 is the transmitted wave height in the
basin (K,,,K.Hy; ), the probability of failure by equation 3.6 is totally included in the
probability of failure by equation 3.9.

Z = hler - hsea - Kr,xthHsi < O

Figure 3.1 shows alternative 1 for partial inundation by exceedance of a critical flooded
surface and alternative 2 for partial inundation by exceedance of the height of the terrain area.

(3.9)

Failure
criterion:
Aer
Sollicitation: Inundation depth: Relation: ' _
Hi, hsea Sollicitation: d = KoKHat 1 Apooa =f(d) Failure if:
L . Her >
\ Transmitted wave ALT.1 hsea e Apoad > Acr
. igh
Failure mode: height j‘md wa t,er
. level in basin: - -
) Transmission K. KH. h Failure mode:
Resistance: ry Sbisi s sea Partial
decision varia- inundation of
bles Dy, Fe.bw the terrain area
Refraction, dif- Resistance:
fraction, decision variable
reflection => Pier ALT. Failure if:
multipl. factor; KK i Rea
K, > Pier
r.xy

Figure 3.1: Alternatives for partial inundation of the terrain area from the basin

Figure 3.1 shows that for both alternatives failure occurs after two failure modes: first the
failure mode ‘transmission’ and then the failure mode ‘partial inundation of the terrain area’.
This is a complication because the sollicitation of the failure mode ‘partial inundation of the
terrain area’ depends on the values of decision variables of the breakwater. To solve this
problem, assumptions have to be made with regard to the K, ,,K,H-term.

3.2.2.3 Sea defence

ULS failure modes:

Total inundation of the terrain area as a result of destruction of the sea defence, can be caused
in several ways. The most important destructive failure modes are:

- outer slope: erosion, sliding
- inner slope: instability by overtopping
- settlement, piping

Instability of the inner slope by overtopping is considered to be an important ULS failure
mode for the sea defence. In the reliability function of overtopping, the sollicitation is
represented by the required freeboard R, .;, which is a function of the critical overtopping
discharge q... For a higher critical overtopping discharge, which means that failure takes place
when a higher overtopping discharge is exceeded, a lower required freeboard 1s the result.
Failure occurs when the required crest height (=R ., + 55eq) €Xceeds the crest height of the

sea defence, A4

(3.10)

Z = hc,sd - hsea - R < O

¢,req
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with:
hesa = crest height of the sea defence (m +NAP)
Rereq = required freeboard (m)

Because instability of the inner slope initiates destruction of the sea defence, overtopping is
considered to be an ULS failure mode. This is a conservative approach, because failure is
already assumed to take place when a critical overtopping discharge is exceeded.

In Appendix C, the overtopping formulae by Van der Meer and Janssen (1995) are described.
Relevant variables are the freeboard (R, ;) and the angle of the outer slope of the sea defence

(cot(sa).

The strength of the protection layer of the outer slope is represented by its stone diameter
(Dusosa)- Therefore, instability of the outer slope is also considered as an important ULS
failure mode. Like in case of the breakwater, as a conservative approach it is assumed that
failure on one place in the sea defence leads to destruction of the sea defence and as a result of
that damage by total inundation of the terrain area.
Here also, the resistance is represented by 4,,.xDy5054. The value of the sollicitation (&d,so )
depends on several variables like the damage number (S), the amount of waves in a storm (V)
and the porosity (P). Failure occurs when (Vrijling,1996):
Z=47,uD,s0 — 50 <0 (3.11)

with:

Ao = relative density of quarry stone (-)

Dysosa = diameter of the quarry stones in the outer slope (m)

Aysp = sollicitation according to the Van der Meer formulae (m)

The considered decision variables in the Van der Meer formulae are D, sy and the angle of
the outer slope, cot(a)q.

3.2.3 Selection of failure modes

Several failure modes are selected in order to be used in the optimisation. Because of the
importance of destructive mechanisms (paragraph 2.3), the ULS failure modes ‘extremely
high water level’, ‘overtopping of the sea defence’ and ‘erosion of the armour layer’ for both
the breakwater and the sea defence are taken into account.

Apart from that, the SLS failure mode ‘transmission’ is used with regard to the exceedance of
a critical wave height in the entrance channel. The SLS failure mode ‘partial inundation of the
terrain area’ is not considered any further. The influences of diffraction, refraction, reflection
and local wind are also not taken into account. With regard to paragraph 2.3, the first three
types of failure are taken into account in the optimisation.

Table 3.1 shows the selected failure modes.

Element Failure mode SLS/ULS Decision variables Ceonsequence

Breakwater | Erosion of the armour layer | ULS Dp, Damage by total inundation of the terrain area
Transmission SLS Dy Hety Damage to shipping

Sea defence | Overtopping ULS hesa cOt()sq Damage by total inundation of the terrain area
Erosion of the outer slope | ULS D,isosa COH ) sa Damage by total inundation of the terrain area

Terrain area | Extremely high water level | ULS Pier Damage by total inundation of the terrain area

Table 3.1: Selected failure modes
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3.3 Optimisation on element level

quantitative qualitative

3.3.1 Optimisation method

With the selected failure modes and decision variables, probabilistic calculations are executed.
The results are combined in the optimisation on element level. The following steps can be
discerned in the optimisation on element level:

1.

2.

For each decision variable of the considered element, a set of realistic values is
chosen.

For each failure mode, the probability of failure is calculated for combinations of
values of decision variables it contains.

The results of the failure modes which belong to the considered element are combined.
All combinations of the decision variables of the considered element are known.

For each combination of the decision variables of the considered element, investment
costs and the level of safety of the element (‘probability of failure’ or ‘risk’) are
calculated.

The values for the investment costs of the element are divided in classes with respect
to the accompanying value of the level of safety of the element.

For each class, the combination of values of the decision variables for which the
investment costs of the element are minimal is selected. This is the optimal
combination of decision variables in that class with accompanying level of safety of
the element.

By interpolation between the values of the minimal investment costs of the element,
the minimal investment costs as a function of the level of safety of the element are
determined. This is done for each element.

This numerical optimisation method is denoted a direct search method. In Appendix H,
detailed information is given with regard to direct search and alternative numerical

optimis

ation methods.

For optimisation on element level, the decision variables and the investment costs function

have to
be chos
®

be known for each element. Also, the variable that measures the level of safety has to
en:

The decision variables have been determined for each element in paragraph 2.4

In Appendix D, E and F, the investment costs functions of the breakwater, the terrain
area and the sea defence are described.

As already mentioned in chapter 1, the level of safety is in this thesis considered in
two ways: by ‘probability of failure’ and by ‘risk’. Differences are explained in the
following paragraph.
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3.3.1.1 Alternative measures for the level of safety

Probability of failure
The optimisation problem on element level with probability of failure as a measure for the

level of safety can be written as:

mpin(jx (pa ﬁ)+DSLS,X( ’ﬁ)) (3.12)
s.t. Prutsx P, ) < Prursmax (3.13)
in which:
N M 365-P ,i) Dy
DSLS p (p 17[) Z Z f.SLSm (p ) - SLS, (3 14)
n=l m=1 (1+V“i—‘g)
& (3.15)
fULSX(pﬂ ZPfULSkpﬂ) '
k=1
with:
Ix(®) = investment costs of element X (f])
Dsrsx(® = discounted expected damage costs by SLS failure modes for element
X (1)
Dsrsm = expected damage costs per day in case of failure of the m"™ SLS

failure mode (1)
Prsism (¢ = probability of failure per day of the m™ SLS failure mode (-)
Prursx (® = ULS probability of failure of element X per year (-)
Prorsi(® = probability of failure per year of the k™ ULS failure mode (-)
= number of ULS failure modes for element X (-)
= number of SLS failure modes for element X (-)
= number of years (-)
= interest in one year (-)
= inflation in one year (-)
= economic growth in one year (-)
= vector of decision variables on element level

= vector of random and deterministic input variables

Ryl Ty = xoN

Because SLS and ULS failure modes have different units and consequences (see paragraph
3.2.1), the probability of failure of the element cannot be determined by the sum of the
probabilities of failure for the ULS and SLS failure modes.

To avoid this problem, the expected damage costs by SLS failure modes are added to the
investment costs of the element. This is a good assumption when the expected damaged costs
of an SLS mechanism depend on decision variables of one element, like in case of damage by
shipping in the entrance channel, for which the breakwater is the only element of influence.
When decision variables of more elements influence the expected damage costs of an SLS
mechanism, it is [ess obvious to which element the expected damage costs have to be added.
This is the case for ‘flooding of the terrain area’ by transmitted waves.
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When the damage costs by SLS failure modes are added to the investment costs, only the ULS
failure modes remain. Their probabilities of failure are added according to 3.15, which is an
upper bound for the ULS probability of failure.

The sum of ULS probabilities of failure implies independent failure modes. Because
sollicitations of all ULS failure modes are based on the same hydraulic conditions,
independence of failure modes is probably not a good assumption and leads to an
overestimation of the ULS probability of failure. However, the assumption of independence
can be considered as a conservative approach. The influence of dependencies between failure
modes is not analysed in this thesis.

The result of the optimisation on element level are the minimal investment costs (including
Dgis x ) as a function of the ULS probability of failure of the element per year. The expected
damage costs by ULS failure modes are calculated on system level, after summing of ULS
probabilities of failure per year of all elements.

Risk
The optimisation problem on element level with risk as a measure for the level of safety can
be written as:

minZ, (p.2) (3.16)
P
S.t.
RX(ﬁ’ﬁ)SRmax (317)
in which:
K
R (p u :ZPfULSk p a) DULS p ﬂ 2365 fSLSm ) DSLS)m (318>
k=1 m=1
with:
Rx(®) = risk of element X per year (1)
Duyrs(e) = expected damage costs per event in case of ULS failure (f1)

In case of risk as a measure for the level of safety, the product of probability of failure and
consequence has the same unit for both SLS and ULS failure modes, so it is allowed to add
risks. Summing of risks of SLS and ULS failure modes leads to risk of the element and can for
both SLS and ULS failure modes be expressed in units of money per year. This is an easy and
practical way to combine SLS and ULS failure modes. The result of the optimisation on
element level are the minimal investment costs as a function of the risk of the element per
year.

Some remarks with regard to risk as a measure for the level of safety:

e It is not possible to take dependencies between ULS failure modes of different
elements into account. The ULS probability of failure is already multiplied with its
consequence in the optimisation on element level. Therefore, it is only possible to
calculate an upper bound of the risk.
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o Consequences now also influence the level of safety. It is questionable if this is a
realistic assumption.

e The value of Dyys depends on the investment costs of the system, so on the values of
the decision variables of all elements. Assumptions with regard to the investment costs
of the two not considered elements have to be made, to determine the value of Ry.

e  When both SLS and ULS probability of failure are included in the level of safety, they
are not optimised with regard to each other anymore. This is in contrast with the
optimisation with ULS probability of failure as a measure for the level of safety,
where for each value of the ULS probability of failure, an optimal value of the SLS
probability of failure (in combination with the investment costs) is found. As a result
of this difference, a slightly less optimal design may be found.

Note:

Theoretically, it would be a better alternative to determine the investment costs as a function
of both the ULS and SLS probability of failure. This leads to curves in the Prszsx-Prurs.x-
plane, for which investment costs are equal. Like this, Prsrsx and Prus.x are optimised with
regard to each other and the damage costs by the SLS failure modes do not have to be added
to the investment costs of the element. Disadvantages are that it is a more complex method to
use in practice and the number of decision variables on system level increases as a result of
Prs1s.x, which also becomes a decision variable on system level. This alternative is not
considered in this thesis.

Figure 3.2 shows a flow diagram of the optimisation on element level for both probability of
failure and risk as a measure for the level of safety. This diagram has to be followed for each
element of the system.
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Probability of failure as a
measure for the level of safety
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Figure 3.2: Optimisation on element level
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3.3.2. Fault trees and risk trees of the elements of the Maasvlakte 2
In case of probability of failure as a measure for the level of safety, for each element a fault
tree can be constructed. In a fault tree on element level, the ULS probability of failure of the
element in one year is determined by the sum of the probabilities of failure of the ULS failure
modes of the element in one year. Herefore, OR-gates are used, see figure 3.3.

Breakwater

Failure of the
breakwater

Prursbw

f N, is exceeded ;

Pf\ULS‘armour

Armour layer erosion
(ULS)

Terrain area

Failure of the
terrain area

Pf,ULS,ter

i hier 18 exceeded ;

PeuLs highwater

Extremely high water
level (ULS)

Figure 3.3: Fault trees by element
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Overtopping (ULS)

Like fault trees can be constructed in case of probability of failure as a measure for the level
of safety, risk trees can be constructed in case of risk as measure for the level of safety. In a
risk tree on element level, the risk of the element in one year is determined by the sum of the
risks by ULS and SLS failure modes of the element in one year. The top events of the fault

trees and risk trees are the same. Figure 3.4 shows the risk trees for the three elements.
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3.3.3 Optimisation of the breakwater

For the breakwater, the failure modes ‘erosion of the armour layer (ULS)’ and ‘transmission
(SLS)’ are used to determine the minimal investment costs as a function of the level of safety
of the breakwater. For erosion of the armour layer, the diameter of the concrete blocks in the
armour layer, Dy, is the only decision variable. Transmission contains both Ds,, and the crest
height of the breakwater, % ,, as decision variables.

For erosion of the armour layer, D, is described as a function of Pyyrs,grmour 10 figure 3.5a.
For different values of Dy, values of Pryis armour are calculated.

For transmission, Dy, and A, are determined as a function of Prgss ians in figure 3.5b. For
different combinations of Dy, and /g, values of Prsisuns are determined. This leads to
curves in the Dy,-hc py-plane for which the Pysisans 1s constant. The closer to the origin of the
coordinate system, the higher is the value of Prszs irans-

Then, failure modes are combined. A distinction is made between probability of failure and
risk as a measure for the level of safety.

In figure 3.5c, for each combination of Dy, and 4. ,, investment costs of the breakwater (/p,)
are calculated. Also Dg;s s, 18 calculated by equation 3.14 (with M=1) and added to the
investment costs for each combination. Apart from Dy, and A, s, random and deterministic
variables like the unit price of concrete and the length of the breakwater also determine the
values of I, and Dgzs . These variables are represented by the vector # .

Then, Pryrssw 1s determined for each combination of Dy, and 4. Because only one ULS
mechanism is taken into account, holds that Pryrsew = Prursarmowr- This leads to lines in the
Dyy-hepy-plane for which Pryissw is equal. These lines are horizontal, because 4, does not
influence the ULS probability of failure of the breakwater. Then, when classes are determined
with regard to the value of P;yzssw, the minimal value of I, +Dszs ., is determined for each
class. Each minimal value has an accompanying combination of Dy, and /.4, and an
accompanying value for P;yispw. In the Dp,-he p-plane, a minimal investment costs
(including Dg;s x) function is shown.

In figure 3.5d, for each combination of Dy, and A, investment costs of the breakwater (/5
are calculated. The other variables are also represented by # . For each combination, also Ry,
is calculated according to equation 3.18 (with K=1 and M=1). This leads to lines in the Dy~
hepw-plane for which Ry, is equal. These lines are not horizontal, because 4., does have
influence on the risk of the breakwater.

Then, when classes are determined with regard to the value of Ry, the minimal value of 7, is
determined for each class. Each minimal value has an accompanying combination of Dy, and
hepw and an accompanying value for Ry,,. In the Dp,-h, p,-plane, a minimal investment costs
function is shown.

Now, the minimal investment costs (including Ds;s x) as a function of Pryrssw (figure 3.5€)
and the minimal investment costs as a function of Ry, (figure 3.5f) can be determined.
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Figure 3.5a-f: Optimisation of the breakwater

3.3.4 Optimisation of the terrain area

For the terrain area, only the failure mode ‘extremely high water level (ULS)’ is used to
determine the minimal investment costs as a function of the level of safety of the terrain area.
The height of the terrain area A, is the only decision variable.
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In figure 3.6a, A, is described as a function of Prurs sighwarer- For different values of 4,,
values of Pruyrs highwater are calculated.

Then, a distinction is made between probability of failure and risk as a measure for the level
of safety. Because only one failure mode with one decision variable is taken into account, the
combination of more failure modes and decision variables is not possible. Therefore, figure
3.6b is almost the same as figure 3.6a, apart from the notation of the variable on the horizontal
axis. According to 3.15 holds that PfULS,ter‘—' P[ULS,highwater-

For figure 3.6¢ holds the same, but now with R, on the horizontal axis. Ry, is calculated with
equation 3.18 (with K=1 and M=0).

Apart from the height of the terrain area, the investment costs of the terrain area (/) also
depend on other random and deterministic variables, # . As a result of one decision variable of
the element, the calculated values of the investment costs for different values of 4, are also
the minimal investment costs of the terrain area. The ‘minimal’ investment costs as a function
of Pruiser and Ry are given in figure 3.6d and 3.6e respectively.

hier (M +NAP) Extremely high water level (ULS)

—

-log(Pruvs nighwater) (=)

Figure 3.6a
Probability of failure as a measure for the level of safety Risk as a measure for the level of safety
he, (m +NAP) Extremely high water level (ULS) he, (m +NAP) Extremely high water level (ULS)
-log(Prutsyer) () log(Rer) (1)
Figure 3.6b BPrunse) Figure 3.6¢ B(Re) €
Minimum investment costs Minimum investment costs
Tiermin (£1) function of the terrain area Lieemin (1) function of the terrain area
Iter\min = f(PﬁULS,lcr) Iter,min = f (R(er)
-log(P, er) (- -log(Rer) (1
Figure 3.6d gPrunsie) () Figure 3.6e g(Rer) (1)

Figure 3.6a-e: Optimisation of the terrain area
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3.3.5 Optimisation of the sea defence

For the sea defence, the failure modes ‘erosion of the outer slope (ULS)’ and ‘overtopping
(ULS)’ are used to determine the minimal investment costs as a function of the level of safety
of the sea defence. For erosion of the outer slope, the diameter of the quarry stones in the
protection layer of the outer slope, Dys9,54, and the angle of the outer slope, cot(a), are the
decision variables. Overtopping contains the crest height of the sea defence, 4. 54, and cot(@)sq
as decision variables.

For erosion of the outer slope, D505 and cot(a)sq are described as a function of Pyyrs suersiope
in figure 3.7a. For different values of D, s 54 and cot(@)sq, values of Pruis outersiope are
calculated. This leads to curves in the D,spsq - cot(@)sq -plane for which Pryrs outersiope 1S
constant.

For overtopping, #.ss and cot( ), are described as a function of Prysoveropping 10 figure 3.7b.
For different values of /4, and cot(@)sq, values of Prurs overopping are calculated. This leads to

curves in the A sq - cot(a)sq -plane for which Pyyrs overiopping 18 constant.
For both figure 3.7a and 3.7b holds: the closer to the origin of the coordinate system, the

highef the value of P SULS, outerslope and P f,ULS,overtopping +

Then, failure modes are combined. A distinction is made between probability of failure and
risk as a measure for the level of safety.

In figure 3.7c, for each combination of D,s5g4, ficsq and cot(a)sq, investment costs of the sea
defence (/) are calculated. Apart from D504, hiesa and cot(a)sq, the investment costs also
depend on random and deterministic variables like the unit price of rock stone and the length
of the sea defence. These variables are represented by u .

Also Pruissq is determined for each combination of D594, hicsa and cot(a)sq. According to
equation 3.15 holds that Pryrssq = Prurseutersiope T PruLs.overopping. This leads to planes in the
Dy50,5a-he,sa-cot(a)sa -space for which Pryisa is equal. Then, when classes are determined with
regard to the value of Pryzs 4, the minimal investment costs are determined for each class.
Each value of the minimal investment costs has an accompanying combination of D,sp.s4, fc.sa
and cot(@)sq and an accompanying value for P;yrsa. In the D,sq sa-he sa-cot( @)sq -space, a
minimal investment costs function is shown.

In figure 3.7d, for each combination of D,s5gs4, ke sq, and cot(a)sa, investment costs of the sea
defence are calculated. The other variables are also represented by # . For each combination,
also R,y is calculated according to equation 3.18 (with K=2 and M=0). This leads to planes in
the D,50,5a-he sa-cot(@)sq -space for which Ry, is equal.

When classes are determined with regard to the value of Ry, the minimal investment costs are
determined for each class. Each value of the minimal investment costs has an accompanying
combination of D,s0,4, h.sq and cot( ) and an accompanying value for Ry,. In the D5 -
hesa-cot(@)sq -space, a minimal investment costs function is shown.

Now, the minimal investment costs as a function of P;y;sa (figure 3.7¢) and the minimal
investment costs as a function of Ry (figure 3.7f) can be determined.
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3.4 Optimisation on system level

3( ) 2

itative

3.4.1 Optimisation method

In the optimisation on system level, the ULS probabilities of failure and risks of the elements
per year become decision variables. Instead of the 6 decision variables that are used on
element level, on system level only 3 decision variables are used. The results from the
optimisation on element level are combined. The following steps can be discerned in the
optimisation on system level:

1.

As a result of the optimisation on element level, values of the minimal investment
costs with accompanying values for the level of safety, the decision variables on
system level, are selected for each element.

From the selected values of the three decision variables, all possible combinations are
made. For each combination, the minimal investment costs of the system are
calculated.

For each combination of the decision variables, the expected damage costs and
expected benefits of the system are calculated

For each combination of the decision variables, the NPV of the total costs of the
system and the level of safety of the system are calculated.

The NPV’s of the total costs are divided in classes with respect to the accompanying
value of the level of safety of the system.

For each class, the combination of values of the decision variables for which the NPV
of the total costs of the system are minimal, is selected. This is the optimal
combination of decision variables in that interval with accompanying level of safety of
the system.

By interpolation between the values of the minimal NPV of the total costs of the
system, the minimal NPV of the total costs as a function of the level of safety of the
system are determined.

The minimal value of this function represents the optimum value of the minimal NPV
of the total costs with accompanying optimal level of safety of the system. From these
values, the optimal level of safety, the minimal investment costs and the optimal
values of the decision variables of each element are also known. The values of these
decision variables represent the economic optimal design of the Maasviakte 2.

33



Economic optimal design of the Maasvlakte 2 W

ULS probability of failure as a measure for the level of safety

The optimisation problem on system level with ULS probability of failure as a measure for
the level of safety can be written as:

Prf{l,j?x TC,, (P' FULS X ) (3.19)
s.t.
- (3.20)
Pf,ULS,sys (Pf,ULS,X ) . Pf,ULS,max
in which:
Xtot (3 2 1)
Pf,ULS,sys (pf,ULS,X ) = Z Pf,ULS,X
X=1
Tcsys (pf,ULS,X ): [sys,min (pf,ULS,X )+ nys (Pf)ULS,X )—— Bsys (pf,ULS,X) (322)
Xtot
T - (Pf,ULS‘X ): Z Ty i (Pf,ULS,X ) (3.23)
X=1
N Xtot P, -D
D ) p - fULS X ULS,XW
5y ( 1.ULS X) e (l i g)n (3.24)
Xtot
( ) N[l" PfULS,Xj'B
B P = =
SO ; (l+r+i-g) (3.25)
with:
P sy = vector of ULS probabilities of failure of the elements per year,
the decision variables on system level
Prurssys(®) = ULS probability of failure of the system per year (-)
TCyys(® = NPV of the total costs of the system (f])
Lsys.min( ® = minimal investment costs of the system (fl)
Dyys(® = NPV of the expected damage costs of the system (fl)
Bys(9 = NPV of the expected benefits of the system (f1)
B = benefits of the system per year (fl)
Xior = number of elements in the system (-)

Under the assumption of independent failure modes, summing of ULS probabilities of failure
of the elements per year leads to the upper bound of the ULS probability of failure of the
system per year in equation 3.21. In equation 3.23, the NPV of the expected damage costs of
SLS failure modes are included in the investment costs of the elements (Zxpin (Prursx))-
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Risk as a measure for the level of safety

The optimisation problem on system level with risk as a measure for the level of safety can be

written as:

s.t.

in which:

with:
Rsys
Ry

Note:

n}%)i{n TCsys (RX )

Tnys (RX ) = [sys,min (RX )+ Dsys (RX )_ Bsys (RX)

Xtot

[sys,min (EX ) = Z [X,min (RX)

= risk of the system per year (f1)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

= vector of risks of the elements per year, the decision variables on

system level

By, depends on the value of Pyyyss. This value is according to equation 3.21 determined by
the sum of the ULS probabilities of the elements. For risk as a measure for the level of safety,
this equation can also be used because from the optimal values of Ry on element level, the
accompanying values of Pyyysx are also known.

Figure 3.8 shows a flow diagram of the optimisation on system level for both probability of
failure and risk as a measure for the level of safety.
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Tcsys,min,op‘

Figure 3.8: Optimisation on system level
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3.4.2 Fault tree and risk tree of the Maasvlakte 2
The combination of the fault trees by element leads to the fault tree for the system, figure 3.9.
The ULS probability of failure of the Maasvlakte 2 per year is determined by the sum of the

ULS probabilities of failure of the elements per year, the upper bound.

Failure of the
Maasvlakte 2

Failure of the
breakwater

PruLspw

f N,, is exceeded ;

Pf.ULS,armour

Armour layer erosion
(ULS)

Failure of the
terrain area

Pf,ULS,xer

i ?mr 18 excee?e? 7

PruLs highwater

Extremely high water
level (ULS)

Figure 3.9: Fault tree of the Maasvlakte 2
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Overtopping (ULS)

The combination of the risk trees per element leads to the risk tree of the Maasvlakte 2, figure
3.10. The risk of the Maasvlakte 2 (R,u) is determined by the sum of the risks of the

elements, the upper bound.
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Figure 3.10: Risk tree of the Maasvlakie 2
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3.4.3 Optimisation of the Maasvlakte 2

In the optimisation on system level, Pryrssw, Prurser and Pryrsq are the decision variables in
case of ULS probability of failure as a measure for the level of safety and Rpy, Ry and Ry in
case of risk as measure for the level of safety.

In figure 3.11a, for combinations of Pyyrspw, Prursier and Pryrssa, values of Pryismy2 are
calculated by equation 3.21 with X,,,= 3. This leads to planes for which Py yys 2 has the same
value.

For each combination of Pryispw, Prusers Prursse and Pryps w2, values for Ly min, Dmy2 and
B2 can be calculated from equation 3.23 till 3.25 respectively. From these results, 7Cy,, can
be calculated for each combination. Combinations of Pryrssw, Prurs.ser and Pryrs,sa, With
accompanying values for Pryrsm2and 7C,,,> are known now.

When classes are determined with regard to the value of Psyrgm2, the minimal value for
TC,,; 1s determined for each class. Each minimal value of 7C,,,, has an accompanying
combination of Pryrssw, Prursse and Pryrssq and an accompanying value for Pryismy2. In the
Prurspw-Pruser-PruLs,sa -space, a minimal TC,,,2-function is shown.

In figure 3.11b the same procedure is followed for combinations of Ry, R.r and Ry At first
values of R, are calculated by equation 3.28 with X,,, = 3. This leads to planes for which
Rynv2 has the same value. Then, values for [,z min, Dmv2 and B, are calculated from equation
3.30 till 3.32 respectively. From equation 3.29, 7C,,,; is calculated. Combinations of Ry, Ry,
and R4, with accompanying values for R,,,;and 7C,,, are known now.

When classes are determined with regard to the value of Ry, the minimal value for 7C,,,, is
determined for each class. Each minimal value of 7C,,» has an accompanying combination of
Rpw, Rier and Ryy and an accompanying value for R,,,;. In the Rp-R;.-Rsq -Space, a minimal
TC,.,>-function is shown.

Now, TCpy2min as a function of Pryrsmy2 (figure 3.11c) and the T7C,ymin as a function of Ry,
(figure 3.11d) can be determined. The minimal values of these functions, represent the optima
(TCouv2.min,0pe), With accompanying optimal value for the ULS probability of failure in one year,
Prursmvz.op (figure 3.11c) and optimal value for the risk in one year, Ry,20p (figure 3.11d).
From these optimal values, the optimal values of the decision variables on system level are
known (P, s and R, ). From these values, the optimal values of the decision variables on

element level ( p ) are known. These values represent the economic optimal design of the
Maasvlakte 2.
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Figure 3.11a-d: Optimisation of the Maasvlakte 2

Prurssa ()

TCmvz,min= f(Pf,ULS,rnV2)

Cmv2,min,opx

Risk as a measure for the level of safety

wa (ﬂ)

Planes with the same
value of Riwa

Each point has a
value for TCp2
calculated by
equation 3.29

T

Ra (1)

TCva,min = f(wa, Rter, de)
Ree: (1)

Figure 3.11b

Costs (1)

Imv2,min(Rm\(2)

TCva,min =f(Rmv2)

Dmv2(Rmv2)

-108(Romv2,0p1) -log(Rmv2) (1)

Bva(Rva)

Figure 3.11d

39




Economic optimal design of the Maasvlakte 2 W‘——W

4. Deterministic design

4.1 General

In the deterministic design, a probability of exceedance is chosen for the hydraulic conditions.
For ULS failure modes (yearly conditions), the water level with a probability of exceedance
of 10™ (once in 10.000 years) is considered. For the SLS failure mode (daily condltlons) both
water level and significant wave height with a probability of exceedance of 2.7* 107 (1 day
per year) are considered.

For ULS failure modes, the significant wave height is calculated from the water level with the
hydraulic model of Appendix A.1. The adapted Bruinsma-function determines the expected
value of the significant wave height at Euro-0 for a given value of the water level at Hook of
Holland. To determine the significant wave height at the Maasvlakte 2, two extra distributions

are added:

e conditional probability distribution of the significant wave height at Euro-0 for given
water levels at Hook of Holland, f{H guro/hseq ro.x); @ normal distribution with a mean
value of 0 m and a standard deviation of 0.6 m.

e conditional probability distribution of the local significant wave height for given
significant wave heights at Euro-0, f{H; iocar/Hs Euro); 2 normal distribution with a mean
value of 0 m and a standard deviation of 0.21 m.

These conditional distributions are not taken into account in the deterministic design, so the
expected value of the significant wave height is used.

With the formulae for the selected failure modes (Appendix B and C), the values of the
decision variables are calculated for the deterministic design. For some of the non-decision
variables in the formulae, a probability distribution is used. In the calculations of the
deterministic design, the mean value is taken for these variables.

For the sea defence, three decision variables have to be calculated by two equations
(‘overtopping’ and ‘erosion of the outer slope’). Therefore, the outer slope angle of the sea

defence (cot(@)sq) has a chosen value of 4.6.

4.2 Calculation of values of the decision variables

e Erosion of the armour layer of the breakwater (ULS)

Variable Description Value Unit

Nseayr Maximum water level with a probability of exceedance of 10 per year 499 m+NAP
H,y, Maximum significant wave height per year, based on /. 5.63 m
Sop Wave steepness based on peak period 0.038 -
T/Tw Peak period / Average period 1.2 -
Aeon Relative density of concrete 14 -
N, Critical damage for exposed core 2 -
N Number of waves in a storm 3000 -
Dy, Diameter of the concrete blocks in the armour layer 1.67 m

Table 4.1: Deterministic calculation for erosion of the armour layer of the breakwater
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e Transmission of the breakwater (SLS)

Variable Description Value Unit

Nseaday Maximum water level with a probability of exceedance of 1.69 m +NAP
2.75%107 per day

H, jay Maximum significant wave height with a probability of exceedance 3.48 m
of 2.75*%10° per day

Sop Wave steepness based on the peak period 0.038 -

Dy, Diameter of the concrete blocks in the armour layer 1.67 m

B Crest width = 3*D,,, 5.01 m

Hepy Critical significant wave height behind the breakwater 0.5 m

Calculated

Repw Freeboard of the breakwater with respect to design water level 2.05 m

B b Crest height of the breakwater 3.74 m +NAP

Table 4.2: Deterministic calculation for transmission of the breakwater

o Extremely high water level (ULS)

Variable Description Value [ 9):113

Maximum water level with a probability of exceedance of 10 per
ear

Calculated

Height of the terrain area
Table 4.3: Deterministic calculation extremely high water level

o Overtopping of the sea defence (ULS)

Variable Description Value Unit

Pseayr Maximum water level with a probability of exceedance of 10™ per year 4.99 m +NAP
H,,, Maximum significant wave height per year, based on Aj,,,, 5.63 m
Sop Wave steepness based on the peak period 0.038 -
cot(@)sq 1/ tan(angle of the outer slope) 4.6 -
modfac Model factor 1 -
Yot Reduction factor berm, wave angle and friction = y,*y3* v I -
Gerit Critical overtopping discharge per metre width 10 /s/m
Rz Freeboard of the sea defence with respect to design water level 7.72 m
Pesa Crest height of the sea defence 12.71 m +NAP

Table 4.4: Deterministic calculation for overtopping of the sea defence
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e Erosion of the outer slope of the sea defence (ULS)

Variable Description Value Unit

Hseayr Maximum water level with a probability of exceedance of 10™ per year 4.99 m +NAP
Hy, Maximum significant wave height per year, based on Ay, 5.63 m
Sop Wave steepness based on the peak period 0.038 -
cot(@) = 1/ tan(angle of the outer slope) 4.6 -
Arock Relative density of rock stone 1.65 -
T/T, Peak period / Average period 1.2 -
P Porosity 0.3 -
N Number of waves in a storm 3000 -
S Damage parameter in case of an exposed core 15 -
Doso.sd Diameter of quarry stones in the protection layer of the outer slope 0.85 m

Table 4.5: Deterministic calculation for erosion of the outer slope of the sea defence

Table 4.6 and figure 4.1 represent the deterministic design.

Decision variable Value Unit

Dy, 1.67 m
hebw 3.74 m +NAP
Pier 4.99 m +NAP
Dyisosa 0.85 m
Besa 12.71 m +NAP
col(Ysa 4.6 -

Table 4.6: Deterministic design

North Sea

hepw =3.74 m +NAP

her = 4.99 m +NAP
v

-

hesa=12.71 m +NAP

Dusosa = 0.85m  North Sea

cot(at )ss= 4.

<

Figure 4.1: Cross-section Maasvlakte 2 for deterministic design

4.3 Calculation of costs
To determine the NPV of the total costs for the deterministic design, the investment costs of

the elements and the NPV of the expected damage costs and benefits have to be known. These
values depend on the values of the decision variables of table 4.6, the probabilities of failure
of the failure modes and other deterministic and random variables. Table 4.7 till 4.9 contain
the other variables, divided into geometry variables, unit prices and other parameters

respectively.
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Geometry variables Value Unit

COU @) gs. b 1/tan(outer slope angle) of the breakwater 1.5 -
COH D isow 1/tan(inner slope angle) of the breakwater 1.5 -
Lpw Length of the breakwater 5700 m
Arer Surface of the terrain area 1250 ha
 louay Quay length 25000 m
Ot Xissa 1/tan(inner slope angle) of the sea defence 3 -
dossa Depth on the outer side of the sea defence -15 m (+NAP)
| s Depth on the inner side of the sea defence hesi-4 m (+NAP)
By Crest width of the sea defence 6 m
Lgg Length of the sea defence 12000 m

Table 4.7: Geometry variables

Unit prices Nominal diameter (m) Value Unit

UP, e 0.30 — 0.49 Unit price of rock stone 75 fl/m>
0.49 —0.72 80 fi/m’
0.72 — 1.04 90 fl/m’
1.04 - 1.31 100 fl/m’
1.31-1.55 120 fl/m®
1.55-2.12 140 fl/m’
>2.12 200 fi/m’

UP,on Unit price of concrete 750 fl/m’

UPina Unit price of sand 5 fi/m’

Table 4.8: Unit prices

Other parameters Value Unit

r Interest in one year 0.06 -

g Economic growth in one year 0.02 -

i Inflation in one year 0.02 -

N Considered number of years for the Maasvlakte 2 100 -

Ymvesmen: | Multiplication factor which takes extra construction costs for the sea 1.3 -
defence and the breakwater into account

Dsisvans | Expected damage costs per day in case of failure by the SLS failure 1.000.000 fl
mode ‘Transmission’

Duys Expected damage costs per event in case of ULS failure 0.2 *,., fl

B Benefits of the Maasvlakte 2 in one year 50.000.000 fl

Table 4.9: Other parameters

In order to determine the probability of failure for each failure mode, calculations were
executed by a probabilistic calculation method for the values of the decision variables and all
other variables of the deterministic design. For a realistic comparison with a probabilistic
design (chapter 5), all probability distributions are taken into account.

Table 4.10 shows the probabilities of failure for each failure mode.

ULS failure mode P;uis per year

Erosion of the armour layer of the breakwater 1.52*107
Extremely high water level 1.04*10"
Overtopping of the sea defence 7.9%10"
Erosion of the outer slope of the sea defence 1.59%107

SLS failure mode Pisis per day
Transmission of the breakwater

Table 4.10: Probabilities of failure per failure mode
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The deterministic design is calculated for ULS probability of failure as a measure for the level
of safety. This means that the expected damage costs by transmission (SLS) are added to the
investment costs of the breakwater. The NPV of the expected damage costs by ULS failure
modes and the NPV of the expected benefits are calculated according to equation 3.24 and

3.25 respectively.

Cost type Value Unit

Investment costs breakwater 1.02 *10° fl
Investment costs terrain area 2.94 *10° fl
Investment costs sea defence 0.58 #10° f1
NPV expected damage costs 1.22 *10°f1
NPV expected benefits -2.09 *10°f1
NPV total costs 3.67 *10° 1

Table 4.11: Costs of deterministic design
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5. Probabilistic design

5.1 General

According to the system-element approach described in chapter 3, the Maasvlakte 2 is
optimised by using a probabilistic calculation method. A Fortran90 program is used to
calculate probabilities of failure for different values of decision variables. Calculations are
executed according to the First Order Reliability Method (FORM) of Hohenbichler/Rackwitz
(1983) in which linearization of the reliability function Z in U-space is used to find the design
point. In this optimisation method, the variables in Z have to be independent and standard
normal distributed. For this reason, normal and non-normal distributed variables are
transformed into standard normal distributed variables. In Appendix G, the probabilistic
calculation method is described in more detail.

5.2 Selection of random variables

The same variables that were used in the calculation of the deterministic design are also used
in the calculation of the probabilistic design. With regard to the hydraulic variables, the full
probability distributions are taken into account instead of the chosen deterministic value in
chapter 4. This also holds for random variables for which the mean value was used in chapter
4. Other variables remain the same deterministic value as in chapter 4. The changed variables
are given in table 5.1.

Basic variable Distribution type Shift Scale Shape

Yearly hydraulic conditions

Pseayr Weibull 24 0.19 0.85
SH, Euro Normal,additive 0 0.6

JHs o Normal,additive 0 0.21

Sop Normal 0.038 0.0059

Daily hydraulic conditions

H, oy Gumbel 0.74 0.45
| Aseaday Weibull -1.63 1.83 3.06
Geometry

Aeon Normal 1.4 0.1

Ayock Normal 1.65 0.1

Other
fhier Normal,additive 0 0.1

modfac Normal,multiplicative 1 0.106

Table 5.1: Random variables considered in basic optimisation

5.3 Basic optimisation

With the random variables of table 5.1 and the other deterministic variables, a basic
optimisation is executed. In this optimisation, the ULS probability of failure (Prurs) is used as
a measure for the level of safety. This means that the minimal investment costs of each
element are calculated as a function of the ULS probability of failure of the element per year.
In the optimisation on system level, all cost types are calculated as a function of the ULS
probability of failure of the system per year.

In all figures, -log(Pyurs) is used instead of Pryzson the horizontal axis. This means that a
value of 1 represents Pryrs = 10'1, 2 represents Pryrs = 10 etcetera.

Classes are chosen with regard to the value of —log(P;urs). The width of each class is chosen
at 0.4 for the optimisation on element level. This means that the first class contains those
combinations of values of decision variables of element X for which holds:
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10° =D 2 Prusx =1 0'0'4; for the second class holds: 104> Prursx >10"%8 etcetera. For the
optimisation on system level, the width of each class is chosen at 0.2.

Table 5.2 shows which values of the decision variables are considered. For the breakwater,
40* = 1600 combinations of values of decision variables can be made. For the terrain area and
the sea defence, 160 and 15° = 3375 combinations can be made respectively. In the following
sub-paragraphs, the results of the optimisation on element level and system level are shown.

Decision variable Lowest value Highest value Step size Number of values
Diy 1.25 3.2 0.05 40
Ay 1 6.85 0.15 40
Arer 2.525 6.5 0.025 160
D504 0.81 1.37 0.04 15
P s 8.5 15.5 0.5 15
cot(@)sa 32 6 0.2 15

Table 5.2: Variations of values of the decision variables

5.3.1 Results of the optimisation of the breakwater

In figure 5.1, the minimal investment costs of the breakwater are given as a function of
~log(Pruis,»w). It shows that for decreasing ULS probability of failure per year, the minimal
investment costs increase, because a higher resistance is needed. The NPV of the expected
damage costs by transmission are added to the investment costs of the breakwater for each
combination of values of the decision variables.

In figure 5.2, the optimal values of the decision variables are given as a function of
~log(PruLssw)- When this figure shows a more or less fluent pattern, the optimal values of the
decision variables do not change very much for a small change in the ULS probability of
failure of the breakwater per year. This line is expected to be an upward sloping line, because
(most) decision variables have an increasing value for smaller probabilities of failure.
However, it is also possible that a decrease of the optimal value of one variable is
compensated by an increase of the optimal value of another variable.

Minimal investment costs of the
breakwater for given Pf,ULS,bw

15

Minimum investment
costs (*1079 fl)
P

1 2 3 4 5 6
-log(Pf,uLS,bw) (-)

Figure 5.1: Minimal investment costs of the breakwater
The minimal investment costs function can be approximated by:

T F— (Pf,ULS,bw)z a-b- log(Pf,ULS,bw) 5.1
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with:

a =0.79 (*10° f1)
b =0.087 (*10° fl)
Optimal values of the decision variables
35
o e Dbw (m)
T?; 4 he,bw (m+NAP)
>
s
E
B
o
1 . . - :
1 2 3 4 5 6 7
-log(Pf,ULS,bw) (=)

Figure 5.2: Optimal values of the decision variables of the breakwater

Like in figure 3.5a till 3.5¢, for erosion of the armour layer, transmission and the combination
of both, different values of the ULS probability of failure per year are determined for
combinations of the decision variables Dy, and A, see figure 5.3 till 5.5.

Erosion of the armour layer (ULS)

Dbw (m)

1 2 3 4 5 6 7
-log(Pf,uLS,armour) {-)

Figure 5.3: Diameter of the concrete blocks in the armour layer for different values of the
ULS probability of failure per year by erosion of the armour layer
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Transmission (SLS)
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Figure 5.4: Diameter of the concrete blocks in the armour layer and crest height of the
breakwater for different values of the SLS probability of failure per day by transmission

Erosion of the armour layer (ULS) + Transmission (SLS)
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o 4e-5>Pf,ULS,bw >1.6e-5
88888888888888888888888888888888888888 ‘ s 2.5e-6>Pf,ULS,bw >1e-6
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Figure 5.5: Combination of erosion of the armour layer (ULS) and transmission (SLS)

For erosion of the armour layer, the diameter of the concrete blocks increases for decreasing
ULS probability of failure per year. With regard to transmission, when the diameter of the
concrete blocks increases, in most cases a higher crest height is needed for the same SLS
probability of failure per day by transmission (Pzszs,rans). This means that larger concrete
blocks are stronger, but also more permeable, so more wave energy is able to pass through the
breakwater. The more or less vertical patterns in figure 5.4 show that with regard to the
Pysis,transs Pebw has more influence than Dy, When the value of . s, changes, the change in
Pysis,irans 18 higher than when the value of Dy, changes.

Figure 5.5 shows the combination of the two failure modes for different ULS probabilities of
failure of the breakwater per year (Pryrssw). The horizontal patterns show that hepwhas no
influence at all with regard to Pryrs - This was expected, because A, is only used in the
transmission formula (SLS).
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5.3.2 Results of the optimisation of the terrain area

For the terrain area, the same graphs are given in figure 5.6 and 5.7. Because only one
decision variable is considered and only one failure mode is taken into account, there is no
difference between 5.7 and a graph for the ULS failure mode: ‘extremely high water level’
except for the notation of the variable on the horizontal axis. For ‘extremely high water level’
this would be Pryis highwater- However, in this case holds that Pryrser = PLuULs highwaters SE€ @180
figure 3.6a and b.

Minimal investment costs of the terrain
area for given Pf,ULS ter

275 +—

N
o
X

Minimum investment
costs (*1079 fi)

025 -

1 2 3 4 5 6
-log(Pf,uLs,ter) (-)

Figure 5.6: Minimal investment costs of the terrain area

The minimal investment costs function can be approximated by:

]ter,min (P/,ULS,Ier ) =a- b : 1Og(ljf,ULS,ter ) (52)
with:
a =2.41 (*10°f])
b =0.11 (*10° fl)
Optimal value of the decision variable
£ s
g
=
1.00 2.00 3.00 4.00 5.00 6.00
-log(Pf,ULS ter) {-)

Figure 5.7: Optimal value of the decision variable of the terrain area
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5.3.3 Results of the optimisation of the sea defence

The results of the optimisation of the sea defence are given in figure 5.8 and 5.9.

Minimal investment costs of the sea

6 defence for given Pf,ULS,sd

14 1 ;
12l ;

08— e ‘
06 i -/

Minimal investment
costs (*1079 fl)

04
02
0 £ :
1 2 3 4 5 6 7

-log(Pf,ULS,sd) (-)

Figure 5.8: Minimal investment costs of the sea defence

The minimal investment costs function can be approximated by:
! 4 min (Pf,ULS,sd ) =a-b- 1Og(Pf,ULS,sd )

with:

a =0.33 (*10° fl)
b =0.14 (*10° fl)

Optimal values of the decision variables

16

12 4

10 L

Optimal values

1 a he,sd (m+NAP)

e cot(alfa)sd (-)

| & Dn50,sd (m)

o N OB

-log(Pf,ULS,sd) (-)

Figure 5.9: Optimal values of the decision variables of the sea defence

(5.3)

Like in figure 3.7a and b, for erosion of the outer slope and overtopping, different values of
the ULS probability of failure per year are shown for combinations of the decision variables.
The flat patterns in figure 5.10 and 5.11 show relatively large influences of A and Dys,sq-
With regard to the ULS probability of failure per year for both failure modes, cot(a)sq can be

considered as a less important decision variable.
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Overtopping (ULS)

o 0.025>Pf,ULS,overtopping>0.01
4 3.9e-3>Ff,ULS,overtopping>1.6e-3
o 2.5e-4>Pf,ULS,overtopping>1e-4

o 3.9e-5>Pf,ULS,overtopping>1.6e-5

a 2.5e-6>Pf,ULS,overtopping>1e-6
* 0.4>Pf,ULS,overtopping>0.16

he,sd (m +NAP)

3 35 4 45 5 55 8
cot(alfa)sd (-)

Figure 5.10: Crest height and angle of the outer slope for different values of the ULS
probability of failure per year by overtopping

Erosion of the outer slope (ULS)

m 0.025>Pf,ULS,outerslope>0.01

1| e 3.9e-3>Pf,ULS,outerslope>1.6e-3
e 2.5¢-4>Pf,ULS,outerslope>1e-4

4 3.9e-5>Pf,ULS,outerslope>1.6e-5
o 2.5e-6>Pf,ULS,outerslope>1e-6
o 3.9e-7>Pf,ULS,outerslope>1.6e-7
a 2.5e-8>Ff,ULS,outerslope>1e-8

Dn50,sd (m)

0.8

3 3.5 4 4.5 5 5.5 6
cot(alfa)sd ()

Figure 5.11: Diameter of the quarry stones and angle of the outer slope for different values of
the ULS probability of failure per year by erosion of the outer slope

5.3.4 Results of the optimisation on system level

In the optimisation on system level, the results of the element optimisations are combined and
the optimal combination of the decision variables Prurspw, PruLs ter and Pyypssq 18 determined
by the optimal value of the minimum NPV of the total costs (TCpy2minop), see figure 3.11c.
Figure 5.12 shows the results of the optimisation on system level. In this figure, the NPV of
the expected benefits of the Maasvlakte 2 (B,.2) has a positive value. However, for each
calculation of 7C,,; (equation 3.19), the benefits are considered as negative costs.
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Optimisation of the system
for ULS probability of failure as measure for the level of safety

8 +

7
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= 8 —e— L mv2,min
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Hog(Pf,uLS,mv2) ()

Figure 5.12: Optimisation of the system

Figure 5.12 shows an optimal value for the minimal NPV of the total costs of 2.49* 10° fl
with an optimal ULS probability of failure of the Maasvlakte 2 per year of 102%%~ 4.43*%107,
This means that total inundation of the terrain area is expected once in 225 years. This means
a large cost advantage with regard to the deterministic design (7Cp2= 3.67* 10° 1), which is
almost 50% more expensive. Besides that, the probabilistic design contains a higher level of
safety than the deterministic design, in which —log(Prursmv2) = 1.50.

In figure 5.12, the deterministic design is shown somewhat above the 7Cy2 min-line, because
the deterministic design was not optimised with regard to its investment costs. This is slightly
inefficient, such that the deterministic design is not exactly situated on the 7C,,2 min-line. The
probabilistic design is compared with the deterministic design in table 5.3.

Probabilistic design Deterministic design

Decision variable

D, 1.90 m 1.67 m
P b 28] m(+NAP) 3.74 m (+NAP)
Py 4.13] m(+NAP) 4.99 m (+NAP)
N 125]  m (+NAP) 12.71 m (+NAP)
cot(QY)sq 4.6 - 4.6 -
Di,spa 1.01 m 0.85 m
Investment costs per element

Donwomin 1.06 *10° fl 1.02 *10° 1
Liermin 2.71 *10° fl 2.94 *10°f1
| Lsdmin 0.69 *10°f] 0.58 *10°11
SLS/ULS probability of failure per element

Prsisiy 2.22%10° - 1.51%10™ -
Pruis ine 1,31%10° - 1.52%10° -
Pryrssd 1.57%107 - 1.60*107 -
Prusier 1,54*10° - 1.04*10" -
Cost type on system level

L2 min 4.46 *10° {1 4.54 *10° f1
Doy 0.17 *10° {1 1.22 *10°f1
Bz -2.15 *10°f1 -2.09 *10°f1
TC 2. min 2.49 *10°fl 3.67 *10° f1
Prursm: 4.43%10° ) 3.12%107 (-)

Table 5.3: Comparison of probabilistic design and deterministic design
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Comments:
Breakwater
e The probabilistic design includes a larger diameter of the concrete blocks in the
armour layer (Dp,) than the deterministic design. This leads to a strong reduction of
Pruis,pw, 80 a strong reduction of the NPV of the expected damage costs for the
Maasvlakte 2 (D,.,2). As a result of the higher value for Dy, investment costs increase.
e The increase of I, i is small because of the lower crest height (/) for the
probabilistic design. Together with the higher value of Dy, a slightly higher value of
Iy min 18 the result for the probabilistic design.

Terrain area
e A lower value for the height of the terrain area (/) leads to a higher value for Pryrs rer
and a lower value for the minimal investment costs of the terrain area (/ier,min) In case

of the probabilistic design.

Sea defence

e For the sea defence, the higher value for the diameter of the quarry stones (Dis0,51)
leads to a strong decrease of the ULS probability of failure per year by erosion of the
outer slope for the probabilistic design. Erosion of the outer slope has by far the
largest contribution to Pryrs s (2.59%107 of 2.60% 10°%) for the deterministic design.
The reduction of the ULS probability of failure per year by erosion of the outer slope
leads to a lower value of Pryzssq. As a result of that, a lower value for the NPV of the
expected damage costs for the Maasvlakte 2 (D,y2) and a higher value for the expected
benefits for the Maasvlakte 2 (B,,2) are found for the probabilistic design.

e The more or less equal value for the crest height (%4 does not change the increased
minimal investment costs of the sea defence (/s min) as a result of the higher value for
D, 5054 in case of the probabilistic design.

Total Maasvlakte 2

o For the probabilistic design, the extra investment costs of the sea defence and the
breakwater are overcompensated by the lower investment costs of the terrain area.
This leads to a lower value for the minimal investment costs of the Maasvlakte 2
(]mVZ,min)-

e The ULS probability of failure per year (Psuismv2) is lower despite the lower
investment costs of the Maasvlakte 2. This leads to a lower value for D, and a higher
value for By. Altogether, TCpyz min is much lower for the probabilistic design. So an
increase in the level of safety without higher investment costs (!) and a strong decrease
in the total costs of the Maasvlakte 2, is the result of the probabilistic design. This
means that the cost advantage is the result of 'better investments'. Because the lower
value of Pryismv2 is mostly caused by a stronger breakwater and sea defence, the
breakwater and the sea defence are considered as cost-efficient protections of the

Maasvlakte 2. hesa= 12.5 m +NAP

v
hiee =4.12 m +NAP Dusosa = 1.01m  North Sea

S <

cot(ot )sa= 4.

hopw =2.8 m +NAP

North Sea

Figure 5.13: Cross-section Maasvlakte 2 after the basic optimisation
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5.4 Basic optimisation for risk as a measure for the level of safety

In this paragraph, risk is used as a measure for the level of safety. According to paragraph
3.3.1.1, differences exist between ULS probability of failure and risk as a measure for the
level of safety. Applied to the Maasvlakte 2, this means that:

For risk as a measure for the level of safety:

A. The expected damage costs per year by the (only) SLS failure mode ‘transmission’
are included in the risk of the breakwater per year (Rp,) instead of adding the NPV
of the expected damage costs to the investment costs of the breakwater (Zyy).

Now, the measure of the level of safety of the breakwater is not only determined
by the value of the diameter of the concrete blocks, Dp,,. Combinations of crest
height (A p.) and Dy, with a high value for /s, (and also for /,,,) ‘move’ to a
relatively higher level of safety as a result of the high value for risk by
transmission. The opposite holds for combinations in which /., has a low value.
As a result of this, the optimal value of A, (and J,,) will increase faster for
decreasing risk per year than for decreasing ULS probability of failure per year
(Prucssw). In case of Pryps s as a measure for the level of safety, the increase of
the optimal value of A, is only determined by the optimal ratio of investment
costs and SLS damage costs for different values of Pryrssw (0r: Dpy).

B. Values of Prszssw and Pruyisew are not optimised with regard to each other
anymore. This may lead to a slightly less optimal design.

C. The result of the assumption: Dyzs = 0.2*1,,> (table 4.9), is that for combinations
of decision variables with the same ULS probability of failure per year in the basic
optimisation, now the more expensive designs (with higher value for /,,,2) lead to
relatively higher risks per year and the cheaper designs lead to relatively lower
risks per year. This also leads to higher optimal values of /i, for decreasing Ry

D. With regard to the assumption: Dyzs = 0.2%1.2, it is not possible to calculate the
amount of risk per year on element level (equation 3.18) already, because the value
of the investment costs of the system cannot be determined. As an alternative to
determine the amount of risk per year on element level, for each combination of
the decision variables of the considered element, the investment costs of the
system are assumed to be the sum of:

1. The investment costs of the considered element, for the considered
combination of the values of decision variables of the element

2. The values of the investment costs of the other two elements, taken from the
deterministic design, table 4.11.

Significant changes with respect to the optimisation with ULS probability of failure as a
measure for the level of safety only take place in the optimisation of the breakwater. These
results are given in figure 5.14 till 5.17. On the horizontal axis, the risk of the breakwater in
one year (Rpy) is measured by the unit 10° fl, so for —log(Ry») = 1 holds that Ry =107%10° =
108 f1; for —log(Rsw) = 2, Rpw = 107 fl etcetera.

The results of the optimisations of the terrain area and the sea defence are given in
Appendix L.

Compared to figure 5.2 of the basic optimisation, figure 5.15 shows that the optimal value of
he 1 increases stronger for decreasing Ry, (point A and C). According to point B this is a ‘less
optimal’ situation, so the real optimal investment costs function of the breakwater will lie
somewhere between figure 5.1 and 5.14.
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Figure 5.16 and 5.17 show the minimal investment costs of the breakwater as a function of
the optimal value of Dy, and A, respectively. This is less abstract than the optimal values of
the decision variables as a function of the risk of the breakwater per year in figure 5.15.

Minimal investment costs of the
breakwater for given value of Rbw

"1 Sk | T
1.25 . /

0.75 @

s
w

\

Minimum investment
costs (*1049 fi)

05 : : .
1 2 3 4 5 6 7
-log(Rbw) (*1049 fl)

Figure 5.14: Minimal investment costs of the breakwater

The minimal investment costs function can be approximated by:

[bw,min (wa ) =da- b ’ log(wa) (53)
with:
a =0.53 (*10° 1)
b =0.19 (-)
Optimal values of the decision variables
8 :
; ‘
£ // « Dow (m) J}
g 5 : s = |a hc,bw (m+NAP)
5 - = ] e
g ‘
o 2
1
0 :
1 2 3 4 5 6 7
-log(Rbw) (*10*9 fl)

Figure 5.15: Optimal values of the decision variables of the breakwater
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Ibw,min as a function of the optimal value of
Dbw
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Figure 5.16: Minimal investment costs as a function of the optimal value of the diameter of
the concrete blocks for the breakwater

lbw,min as a function of the optimal value of

hc,bw
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o
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optimal value of hc,bw (m +NAP)

Figure 5.17: Minimal investment costs as a function of the optimal value of the crest height of
the breakwater

Figure 5.18 shows the results of the optimisation on system level.

Table 5.4 compares the results of the basic optimisation with risk as a measure for the level of
safety with the results of the basic optimisation of paragraph 5.3 (with ULS probability of
failure as measure for the level of safety). For the optimal design with risk as a measure for
the level of safety, the optimal values of all (SLS and ULS) probabilities of failure per
day/year are also known and used in the table to create a realistic comparison between the two

methods.
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Optimisation of the system
for risk as a measure for the level of safety
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Figure 5.18: Optimisation of the system

Probabilistic design

ULS probability of failure Risk

Decision variable

Dy, 1.90 m 1.95 m
B 28] m(+NAP) 2.8 m (+NAP)
Rier 4.13] m (+NAP) 438 m (+NAP)
hesa 12.5]  m (+NAP) 13.5 m (+NAP)
cot()sq 4.6 - 4.6 -
D,,jo’sd 101 m 097 m
Minimal investment costs per element

Ty min 1.06 *10° ] 1.04 *10° fl
Liermin 2.71 *10° 1] 2.75 *10° fl
Lo min 0.69 *10” fl 0.69 *10° fl
SLS/ULS probability of failure per element

Prsisiw 2.22*%107 - 2.36%107 -
Prytsiw 1,31%107 - 7.4%10™ -
Pruissd 1.57%10° - 1.55%10° -
Prursier 1,54*10° - 6.96%10™ -
Cost type on system level

]mv2 min 446 * 109 ﬂ 448 * 109 ﬂ
Do 0.17 *10° I 0.19 *10° fl
Boua 215 *10° fl -2.15 *10° fl
TC oo min 2.49 *10° fl 2.53 *10° fl
Prusmy: 4.43*10° (-) 2.98*107 (-)

Table 5.4: Overview of optimal values of the basic optimisation and the basic optimisation

with risk as a measure for the level of safety.

Comments:
Breakwater

e For the risk-column, the higher value of Dy, leads to a lower value for the ULS

probability of failure per year (by armour layer erosion) and to a slightly higher value

for the SLS probability of failure per day (by transmission) because permeability
increases and the optimal values of 4, are equal.
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e Despite the higher value for Dy, the minimal investment costs of the breakwater
(Ipw,min) are lower for the risk-column. This is the result of the NPV of the expected
SLS damage costs included in the value of Jpy,min in case of ULS probability of failure
as a measure for the level of safety. This value is 0.035* 10° f1, so when these costs are
subtracted for a realistic comparison, /py, min becomes 1.025%10° 1 for the ULS
probability of failure-column and yy, mix is higher for the risk-column.

Terrain area
e The higher value for 4, leads to a higher value for Z., min and a lower value for the
Pruis,ier for the risk-column.

Sea defence

e The lower value for D,s9,q leads to an increase (from 5.15%10 to 1.28*107 ) of the
ULS probability of failure per year by erosion of the outer slope for the risk-column.

e On the other hand, the ULS probability of failure per year by overtopping decreases
(from 1.06*107 to 2.65%10™) by the higher crest height A, for the risk-column. This
overcompensates the first effect, so the value of Pryrssq is lower for the risk-column,
but the minimal investment costs are not higher. This is not expected and may be a
result of the inaccuracy of the direct search optimisation method.

Total Maasvlakte 2

e On system level, Z,y2min is higher for the risk-column, especially when the NPV of the
expected SLS damage costs are subtracted and Ty min = 1.025*10° 1 for the ULS
probability of failure-column. The higher value for /2 min is combined with a lower
value for the ULS probability of failure of the Maasvlakte 2 per year (Prursmv2)-

e For a realistic comparison, the (subtracted) NPV of the expected SLS damage costs
have to be added to the NPV of the expected damage costs of the Maasvlakte 2 (Dy2).
This leads to a higher value of D,,,, (0.17 +0.035 = 0.205%10° fl) for the ULS
probability of failure-column. This was expected because of the higher value of
PyuLs,mv2 and the more or less equal values for Prsrspw-

¢ The difference in the value of P;yrsmy21s too small to make significant differences
with regard to the value of the expected benefits of the Maasvlakte 2 (Bu2).

e A lower value for P;yzsmv2 is combined with a higher value for the minimal NPV of
the total costs of the Maasvlakte 2 (TCpy2min) for the risk-column. It is difficult to
determine if this optimal design is ‘too safe’ as a result of not optimising Pyyrssw and
Pysi5.wwith regard to each other. More differences between the two optimisations
were already mentioned and apart from that, the inaccuracy of the optimisation
method also plays a role. It is concluded that by the considered basic optimisations,
only small differences were found in the results, so both optimisations with risk and
ULS probability of failure as a measure for the level of safety can be considered as
useful methods to determine an economic optimal design of the Maasvlakte 2.

hesa= 13.5 m +NAP

= v
Bepw =2.8 m FNAP e, = 4.38 m +NAP Disose =0.97m  North Sea

v l—l/Wl NG

cot(at Jsa= 4.

North Sea

Figure 5.19: Cross-section Maasvlakte 2 after basic optimisation with risk as a measure for
the level of safety
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6. Sensitivity analysis

6.1 Method

In this chapter, a sensitivity analysis is executed with regard to the results of the basic
optimisation of paragraph 5.3. This includes that the influence of changes in the values of
variables is analysed with regard to:

e the optimal value of the minimal NPV of the total costs, 7t Conv2,min,opt
e the optimal value of the ULS probability of failure of the Maasvlakte 2 per year,

P fULS,mv2,0pt

From this analysis, the variables are ranked with regard to their value of the sensitivity. The
higher the value of the sensitivity, the more the values Of TConv2 min,opt a0 Prursmvz,opr ar€
influenced by possible changes in the value of the variable. Because of this large influence, it
is important that the values of the variables with high sensitivities are well estimated.

Of course, for each optimal design, a new sensitivity analysis can be executed and after each
analysis different values will be found. It is not the intention of this analysis to pay much
attention to the exact values of the sensitivities, but to get an indication of the variables which
are important with regard to the optimal value for the total costs and the level of safety of the
Maasvlakte 2.

In this thesis, the sensitivity of a variable is measured by its ‘absolute elasticity’, which is
calculated by the relative change of TCpy2 min,opr (OT: Prursmvz,opt) divided by the relative
change of the value of the considered variable. From this value, the absolute value is taken.
For several variables, more than one variation is used. The variation which leads to the largest

absolute elasticity is chosen.

Absolute elasticity in formula:

dp
e:[ff_:@..ﬁ 6.1)
x| |dx p)|
x|
In which:
e = absolute elasticity
dx/x = relative variation of variable x

dp/p = relative change of variable p by variation of variable x
An overview of which variations are used, can be found in Appendix J.

6.2 Results

The variables with the highest values for the absolute elasticity are selected in table 6.1 and
6.2. The ‘total value’ refers to the sum of all calculated values of the absolute elasticity.
Because the value of the absolute elasticity depends on the values of TCpuy2,min,op and
PruLs,mv2.0p, Which are very different, a comparison of values between the two tables is not
allowed. Values are only compared within one table. For the value of TCy2,min,oprs it is shown
that the largest part of the total value is caused by the distribution of the maximum sea water
level in one year (hseq,r), the interest in one year (r) and the relative density of concrete (Aeon).
For Pyy1s mv2,0pt» Which is not influenced by r, 4., has the second highest value after Aseq -
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In figure 6.1 and 6.2, the values for the absolute elasticity are given as a percentage of the
total value with regard to 7Cpuv2 min,opt 04 PryLsmv2,opt respectively.

Variable Description Old value New value Absolute elasticity
Pser Maximum sea water level in one year, parameter w 2.59 2.65 7.92
r Interest in one year 0.06 0.05 2.16
Aeon Relative density of concrete 14 N(1.3,0.1) 1.31
i Inflation in one year 0.02 0.04 1.03
B Benefits of the Maasvlakte 2 in one year 0.05 0.03 0.86
g Economic growth in one year 0.02 0.03 0.72
| Lguay Quay length 25000 22500 0.61
Yivestmen: | Multiplication factor which takes extra 1.3 1.43 0.60
construction costs for the sea defence and the
breakwater into account
UPna Unit price of sand 5 6 0.54
Arock Relative density of quarry stone N(1.65,0.1) N(1.55,0.1) 0.51
N Considered number of years for the Maasvlakte 2 100 50 0.42
Total value 22.5
Table 6.1: Highest values for the absolute elasticity with regard to “TCyyy2 minopt’
Relative influence of absolute elasticities
with regard to TCmv2,min,opt
N: Rest:
Delta,rock:  2.2% 14.8% hseayr:
2.6% 40.4%
UP sand: ;
2.7%
gamma investment:
3.1%
lquay:
3.1%
g
3.7% Byr j: -
9 Delta,con: L
4% 53% 11.0%

6.7%

Figure 6.1: Relative influence of the absolute elasticities with regard to T Cov2,minopt”
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Variable Description Old value New value Absolute elasticity
Aseayr Maximum sea water level in one year, parameter w w=2.59 w=2.65 104.00
Aron Relative density of concrete 1.4 N(1.3,0.1) 17.20
Aok Relative density of quarry stones N(1.65,0.1) N(1.55,0.1) 6.64
fH ewso | Conditional distribution of the significant wave N(0,0.6) N(0,0.8) 541
height at Euro-0 for given water levels at Hook of
Holland, parameter o
N, Critical damage for exposed core of the breakwater 2 1.5 2.11
g Wave steepness based on the peak period N(0.038,0.0059) | N(0,038,0.009) 1.86
/Ty Peak period/average period 1.2 1.3 1.44
P Porosity of the protection layer of the outer slope of 0.3 0.2 1.38
the sea defence
N Number of waves in a storm 3000 4000 1.38
Total value 145.14

Table 6.2: Highest values for the absolute elasticity with regard to ‘Prursmvz.opi’

Relative influence of absolute elasticities with regard to

Pf,ULS,mv2,0pt
Tp/Tm:
g, -
Ner: 1.0% P )
1.5% SOp: 1.0% Rest:

fHs, Euro:

3.7%
Delta,rock:

4.6%

Defta,con:
11.8%

0.9% 5 69

hsea,yr:
71.7%

Figure 6.2: Relative influence of the absolute elasticities with regard to ‘Prursmvz.op’
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7. Evaluation of improvements of the optimisation

With regard to the basic optimisations in chapter 5, many improvements are possible. This
will not be done in this thesis. Some improvements are described:

The extra SLS failure mode: ‘Partial inundation of the terrain area’, which is
described in paragraph 3.2.2.2. To use this failure mode, the wave conditions in the
basin (K,..,K:H;;) have to be known. This is not at once possible in the optimisation of
the terrain area, because the wave conditions depend on the values of the decision
variables of the breakwater, which are not known yet.

To handle this problem, the system (Maasvlakte 2) is first optimised without ‘partial
inundation of the terrain area’, like in chapter 5. Optimal values of the decision
variables of the breakwater are the result. These values are used to determine the
wave conditions behind the breakwater.

Then, the optimisation of the terrain area (on element level) including ‘partial
inundation of the terrain area’, and the optimisation on system level is executed again.
(the results of the optimisations of the breakwater and the sea defence do not change,
so they do not have to be optimised again). New optimal values of the decision
variables of the breakwater (and the other elements) are the result. The new optimal
values of the decision variables of the breakwater are used to determine the new wave
conditions behind the breakwater.

Again the optimisation of the terrain area (on element level) including ‘partial
inundation of the terrain area’ and the optimisation on system level are executed. This
leads to a new optimal design and so on. This process ends when the optimal design
of the breakwater (and the other elements) is stable.

Correlation coefficients with regard to ULS probabilities of failure for different
failure modes can be used. The summing of ULS probabilities of failure implies
independent ULS failure modes. In fact, especially in case of extreme hydraulic
conditions, the sollicitations (water level, significant wave height) are highly
correlated for the ULS failure modes. It is not likely that these conditions will for
instance only affect the breakwater and not the sea defence. The same holds for daily
hydraulic conditions with low probabilities of failure.

When correlation coefficients are taken into account, it is not possible to optimise the
system for risk as a measure for the level of safety.

With regard to the wave height in the entrance channel and the basin, refraction and
diffraction can be taken into account. Research has been done by the Alkyon studies
(1995), which have determined values for K,, the multiplication factor for the
significant wave height as a result of refraction and diffraction, for different locations
in the entrance channel and the basin of the Maasvlakte 2. This leads to higher
significant wave heights behind the breakwater and in the basin and as a result of that,
higher probabilities of failure with regard to damage to shipping.

In the basin and the entrance channel, wave reflection also plays a role. To measure
the influence of reflection, tests with a scaled model of the Maasvlakte 2 could be
used. Apart from that, local wind can be taken into account, which leads to higher
significant wave heights in the entrance channel and the basin.

When the influences of these phenomena are not taken into account, an underestima-
tion of the significant wave height in the entrance channel and the basin is the result.
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In this thesis, the underestimation is assumed to be compensated by the low value that
is chosen for the critical significant wave height behind the breakwater (0.5 m).

e Hydraulic conditions based on the probability distribution of the maximum water level
and the significant wave height per tidal wave can be used, see paragraph 2.2.1.1.

e Use extra damage levels for a more accurate determination of the expected damage
costs by SLS failure modes. The separation between ‘failure’ and ‘no failure’ is
fictitious. It is not true that a damage of 1.000.000 fl per day is caused by a transmitted
significant wave height of 0.50m and for a transmitted significant wave height of
0.49m, there is no damage at all. Therefore, when more damage levels are taken into
account, a more accurate estimation of the damage costs is possible.

Apart from more damage levels, the determination of the amount of the monetary
damage per day can also be specified, instead of using a fixed value.

e A more detailed determination of the expected benefits of the system. The benefits of
the system in one year now proportionally depend on the ULS probability of failure
and the (assumed) benefits of the system in one year. For low probabilities of failure,
the expected benefits of the system do not influence the optimal value for 7Cpy2 min
anymore, see figure 5.12.

e For elements which contain SLS and ULS failure modes, in the optimisation on
element level, the minimal investment costs as a function of both the SLS and ULS
probability of failure can be determined. Like this, the ULS and SLS probability of
failure are optimised with regard to each other and the expected damage costs by SLS
failure modes do not have to be added to the investment costs of the element. A
disadvantage is that this is a more complex method and the number of decision
variables on system level increases, because now the SLS probability of failure also
becomes a decision variable on system level.

e The physical separation between the terrain area and the sea defence is assumed. This
influences the investment costs functions of the sea defence and the terrain area. A
different separation changes the minimal investment costs functions of both elements
and could also influence the optimal level of safety of the elements after optimisation
on system level.

e The assumption that ULS failure by overtopping occurs when ger i exceeded can be
changed. In fact, the process of destruction of the sea defence is only initiated.

e Although other failure modes like erosion of the toe construction of the breakwater
and settlements are not taken into account, they are important with regard to possible
destruction of hydraulic structures. When these failure modes are also used in the
optimisation, extra decision variables will be needed.

e For more variables, instead of a deterministic value, a probability distribution can be
used. Research can lead to more realistic estimations.

e Other design alternatives like a dune instead of a sea defence or a protection of a
pitched block revetment instead of quarry stone layers can be used.

63




Economic optimal design of the Maasvlakte 2 M

8. Conclusions and recommendations

By using a bottom-up approach in which the Maasvlakte 2 is assumed to be a system
composed of three elements (a breakwater, a terrain area and a sea defence) and for which
decision variables and failure modes are selected for each element, an economic optimal
design is determined.

This bottom-up approach implies that first, for each failure mode, probabilities of failure are
calculated for given hydraulic conditions and different values of decision variables. Then, the
results of the failure modes are combined per element. This leads to optimal results for the
elements, in which the minimal investment costs are described as a function of the level of
safety for each element. Finally, the results per element are combined in the optimisation of
the system, where optimal values of the minimal NPV of the total costs and the level of safety
of the Maasvlakte 2 are determined. From these values, the economic optimal design has been
known. With regard to the determination of the economic optimal design it can be concluded
that,

e [tis possible to determine an economic optimal design of the Maasvlakte 2, in which
the minimal investment costs per element are expressed in terms of the level of safety
of the element and not in terms of values of the decision variables of the element. This
leads to a reduction in the number of decision variables in the optimisation of the
system.

The results of the optimisation of the Maasvlakte 2 are not based on an exact
calculation, but on an estimation due to:

o The finite number of combinations of values of decision variables that is used
to determine the minimal investment costs as a function of the level of safety
per element.

o The selection of classes with regard to the value of the level of safety per
element, for which one combination of decision variables represents the
optimal combination for that class. Interpolation is needed to determine
continuous functions. In the optimisation of the system, the same holds for the
classes with regard to the level of safety of the system

e When instead of ULS probability of failure, risk is used as a measure for the level of
safety, the damage costs of SLS mechanisms are included in the risk instead of added
to the investment costs of the element. Like this, the minimal investment costs of the
element are determined as a function of the risk, in which both the SLS and ULS
probability of failure takes part.

Some remarks of using risk as measure for the level of safety are:

o When the SLS and ULS probability of failure both are included in the level of
safety (risk), they are not optimised with regard to each other anymore. This
may lead to slightly less optimal results.

o It is not possible to take dependencies between failure modes of different
elements into account. This implies that it is only possible to calculate an upper
bound for the value of risk.

o Consequences now also influence the level of safety. It is questionable if this 1s
a realistic approach, apart from the fact that it may lead to complications and
more assumptions in the optimisation.
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o Costs as a function of risk is more abstract than costs as a function of the ULS
probability of failure

e Compared to a deterministic design, in which fixed values are chosen for hydraulic
conditions, the probabilistic designs for ULS probability of failure and risk as a
measure for the level of safety both show much better results with regard to the
combination of total costs and level of safety for the Maasvlakte 2.

The NPV of the total costs (including benefits) is almost 50% more expensive in case
of the deterministic design. Besides that, the value of the ULS probability of failure
per year is much lower for the probabilistic designs without an increase of the
investment costs of the Maasvlakte 2. This means that the cost advantage is the result
of 'better investments'.

Because the reduction of the ULS probability of failure (which leads to much lower
damage costs for the Maasvlakte 2) is mainly caused by lower probabilities of failure
with regard to erosion of the armour layer of the breakwater and erosion of the outer
slope of the sea defence, the breakwater and the sea defence are considered as cos?-
efficient protections of the Maasvlakte 2.

Probabilistic design Deterministic design
ULS prob. of failure | Risk

Cost type

Investment costs 4.46 4.48 454 *10°11
Damage costs 0.17 0.19 1.22] *10°f1
Benefits -2.15 -2.15 2.09|  *10°fl
Total costs (incl benefits) 2.49 2.53 3.67 *10°f1
ULS probability of failure 4.43*10° 2.98%107 3.12%107 ()

Table 8.1: Cost types for probabilistic designs and determinstic design

e For the two considered basic optimisations with ULS probability of failure and risk as
a measure for the level of safety, only small differences were found in the results, so
both optimisations can be considered as useful methods to determine an economic
optimal design of the Maasvlakte 2 under the assumption of independent failure
modes.

e From the sensitivity analysis follows that:
The three variables with the highest values for the absolute elasticity with regard to the
optimal value of the minimal NPV of the total costs (7Comw2minopr) are:
1. the distribution of the yearly maximum water level (Aseqyr)
2. the interest in one year (7)
3. the relative density of concrete (Aon)

The three variables with the highest values for the absolute elasticity with regard to the
optimal value of the ULS probability of failure of the Maasvlakte 2 per year

(P f ULS,va,opt) are.
1. the distribution of the yearly maximum water level (%seq,r)

2. the relative density of concrete (4con)
3. the relative density of quarry stone (docx)

It is important that the variables with high values for the absolute elasticity, are
estimated well. Extra research on the distribution of the yearly maximum water level is
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recommended to increase the reliability of the optimal values. For this purpose, the
probability distribution of the yearly maximum water level has to be based on the
probability distribution of the maximum water level per tidal wave, the physical basis.

e Only a limited number of failure modes is taken into account in the optimisation.
Therefore, the results have to be interpreted with caution. The use of extra failure
modes is recommended to get a better representation of the actual situation. This will
probably lead to more decision variables per element. As a result of this, more
combinations of decision variables can be made, so more calculations have to be
executed to attain the same level of accuracy. However, in this thesis, the considered
failure modes give a good first indication of the situation. Within the theoretical
framework, improvements of the optimisation are possible.

66



Economic optimal design of the Maasvlakte 2 W

Literature

1. d’Angremond, K; Van Roode, F.C. (1999)
Bed, Bank and Shore Protection 2
Delft University of Technology, Faculty of Civil Engineering and Geosciences,
Hydraulic Engineering Division

2. Centre for Civil Engineering and Research and Codes (CUR) (1997)
Kansen in de Civiele Techniek
Ministry of Transport, Public Works and Water Management

3. Dantzig, D. van (1960)
The Economic Decision Problem Concerning the Security of the Netherlands against
Storm Surge
Report Delta Committee

4. Gill, P.E; Murray, W; Wright, M.H. (1981)
Practical Optimisation
Academic Press, London

5. Hasofer, A.M; Lind, N.C. (1974)
Exact and Invariant Second-Moment Code Format
Journal of Engineering Mechanics Division ASCE, volume 100, pg 111-121

6. Hohenbichler, M; Rackwitz, R. (1983)
First-Order Concepts in System Reliability
Structural Safety, 1983, volume 1, pg 177-188

7. Laenen, K.C.J. (2000)
Een Probabilistisch Model voor de Vergelijking van twee Golfbrekertypen op basis
van Economische Optimalisatie
Final thesis
Delft University of Technology, Faculty of Civil Engineering and Geosciences,
Hydraulic Engineering Division

8. Meer, J.W. van der (1988)
Deterministic and Probabilistic Design of Breakwater Armour Layers
Journal of Waterway, Port, Coastal, and Ocean Engineering, vol.114, No 1,January

9. Meer, J.W van der; Janssen J.P.F.M. (1995)
Wave Run-up at Dikes and Wave-overtopping at Dikes and Revetments
Delft Hydraulics

10. Stroeve, R; Sies, R. (1999)
Integrale Ontwerpaanpak Maasvlakte 2, Economische Optimalisatie
Rijkswaterstaat, Bouwdienst Utrecht

11. Stroeve, R; Sies, R. (2000)
Integrale Ontwerpaanpak Maasvlakte 2, Economische Optimalisatie Vervolgstudie
Rijkswaterstaat, Bouwdienst Utrecht

67




Economic optimal design of the Maasvlakte 2 W

12. Stroeve, R; Sies, R. (2001)
Integral Optimisation of Land Reclamation in the North Sea
Proceedings of the International Conference in Malta: Safety, Risk and Reliability —
Trends in Engineering, pg 543-548

13. Voortman, H.G. (2000)
Een Risico-gebaseerde Optimalisatiemethode voor Dijkringen
Delft University of Technology, Faculty of Civil Engineering and Geosciences,
Hydraulic Engineering Division

14. Voortman, H.G; Kuijper, H.K.T; Vrijling, J.K. (1998)
Economic Optimal Design of Vertical Breakwaters
Proceedings of the International Conference on Coastal Engineering (ICCE)
Copenhagen: American Society of Civil Engineers (ASCE)

15. Voortman H.G; Vrijling, J.K. (1999)
Optimalisatie van een Caissongolfbreker voor Maasvlakte 2
In order of Samenwerkingsverband Maasvlakte 2 Varianten (SM2V)
Delft University of Technology, Faculty of Civil Engineering and Geosciences,
Hydraulic Engineering Division

16. Voortman, H.G; Vrijling, J.K. (2001)
A Risk-based Optimisation Strategy for Large-scale Flood Defence Systems
Proceedings of the International Conference in Malta: Safety, Risk and Reliability —
Trends in Engineering, pg 543-548

17. Voortman, H.G; Vrijling, J.K; Boer S; Kortlever, W. (2000)
Optimal Breakwater Design for the Rotterdam Harbour Extension
Risk Analysis: Facing the New Millenium, Rotterdam 2000, pg 527-530

18. Vrijling, J.K. (1996)
Probabilistisch Ontwerpen in de Waterbouwkunde
Delft University of Technology, Faculty of Civil Engineering and Geosciences,
Hydraulic Engineering Division

19. Vrijling,J.K; Gopalan, S; Laboyrie,J.H; Plate,S.E. (1998)
Probabilistic Optimisation of the Ennore Coal Port
Proceedings of the Coastlines and Breakwaters conference of the Institution of Civil

Engineers (ICE)

20. Vrijling, J.K; Hengel, W. van; Houben, R.J. (1995)
A Framework for Risk Evaluation
Journal of Hazardous Materials, volume 43, pg 245-261

68




Economic optimal design of the Maasvlakte 2

Appendix A: Hydraulic modeling for extreme conditions

A.1 Hydraulic model

For a quantitative, reliability based optimisation procedure, joint probability distributions of
hydraulic parameters are needed in case of extreme conditions. Probability distributions of
yearly maximum values of sea water level, significant wave height and peak period at the

Maasvlakte 2 are determined by (Voortman/Vrij

ling, 1999):

1. probability distribution of the water level at Hook of Holland
conditional probability distribution of the significant wave height at Euro-0 for given
water levels at Hook of Holland, which is situated close to the Maasvlakte 2,

f(Hs,Euro/hsea,Ho.H.) .

3. the adapted Bruinsma-function which describes the average significant wave height at
Euro-0 for given water levels at Hook of Holland.

4. probability distribution of the wave steepness at Euro-0

5. a function which describes the peak period at Euro-0 as a function of the significant
wave height and the wave steepness at Euro-0

6. conditional probability distribution of the local significant wave height for given
significant wave heights at Euro-0, f{H; jca/Hs, Euro)-

7. a function which describes the local significant wave height as a function of the

significant wave height at Euro-0

Distribution yearly
maximum
water level Hook
of Holland (1),

Hnak of Haltand (7

Adapted Bruinsma

function (3}

‘onditional distribution
of the significant wave
height at Euro-0 for
given water levels at

Distribution
wave steepness
at Euro-0 (4)

Distribution significant

wave height at Euro-0

Conditional distribution of
the local significant wave
height for given
significant wave height at

Euro-0 (6)

Relation significant
wave height —
wave period (5

Distribution peak
period at Euro-0

A 4 A

Distribution jocal
peak period

Distribution local
water level

L7
e
1

Input
Dependence function

Result

Relation significant wave heigh
at Euro-0 - Jocal significant
wave height (7

A 4

Distribution local
significant wave
height

Figure A.1: Hydraulic model used to determine the yearly maximum water level, significant
wave height and peak period at the Maasvlakte 2
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Local significant wave height

With respect to data from Euro-0, the conditional probability distribution of the significant
wave height at Euro-0 for given water levels at Hook of Holland (2), is described by a normal
distribution with a mean value of 0 and a standard deviation of 0.6 m. This probability
distribution is added to the adapted Bruinsma-function (3). Figure A.2 shows the adapted
Bruinsma-function, the average significant wave height at Euro-0 for given water levels at
Hook of Holland.

3

Significant wave height at Euro-0 (m)

. ! .
=1 0 | N K 4 <

Water level at Hook of Holland (m +NAP)
Rl Data
Adapted Bruinsma-function

Figure A.2: Relation between water level and significant wave height for extreme conditions

Figure A.3 shows the relation between the significant wave height at Euro-0 and the local
significant wave height (7). With respect to generated data at Euro-0, the conditional
probability distribution of the local significant wave height for given significant wave height
at Euro-0 is described by a normal distribution with a mean value of 0 and a standard
deviation of 0.21 m and added to the significant wave height at Euro-0 (6). The two extra
lines represent the 2,5%-97,5% confidence interval.

The wave propagation model SWAN was used to transform data of wave conditions at Euro-0
to local wave conditions at NAP-15m. For this purpose, data from extreme situations at Euro-
0 were used.
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Local significant wave height (m)

aco Data Significant wave height Euro-0 (m)

Average value
— 2,5% confidence value
e 97,5% confidence value

Figure A.3: Relation between significant wave height at Euro-0 and local significant wave
height

Local peak period

To determine the distribution of the peak period at Euro-0 (5), independence between the
wave steepness (4) and the wave height at Euro-0 is used. The resulting distribution is
supported by data from Euro-0 (Voortman/Vrijling 1999). For the distribution of the local
peak period, the same distribution is taken.

Local water level
For the distribution of the local water level, the distribution of the water level at Hook of

Holland (1) is taken.

A.2 Extreme conditions based on maximum water levels per tidal wave

When the maximum significant wave height and water level in one year represent the
sollicitation S in the reliability function Z = R — S, the probability of failure per year is in this
thesis calculated by equation A.1.

Pf‘yr = IP(Z < O/hsea,yr). f(hsea,yr phsea,yr (Al)
0
in which:
Z=R-aH, , -(1-a)h,,, (A.2)
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with:
Rseayr = maximum water level in one year (m +NAP)
Hgy, = maximum significant wave height in one year (m)
Py, = probability of failure in one year (-)

P(Z<0/hseq,) = conditional probability of failure in one year for a given value of the
yearly maximum water level (-)

S(hseayr) = probability density function of the maximum water level in one year,
the derivative with respect to /ieq,- 0f equation 2.1 (-)
a = relative influence of the maximum significant wave height in one year

on the sollicitation S (-)

When independence between values of /e, sige is assumed, the probability of failure in one
year based on the probability distribution of A sige, 15 calculated by:

o0

Pf,yr =m- IP(Z < O/hsea,tide)'f(hsea,tide }ihsea,tide (A3)
0
In which:
Z = R - aHs,lide - (1 - a)hsea,tide (A4)
with:
Psea tide = maximum water level per tidal wave (m +NAP)

P(Z<0/hgeq sia)= conditional probability of failure per tidal wave for a given value of
the maximum water level per tidal wave (-)

S(hseatide) = probability density function of the maximum water level per tidal
wave (-)

H; sige = maximum significant wave height per tidal wave, calculated by a
value for Ageq, sige (M)

m = number of tidal waves in one year (-)

From the distribution of A sige, the distribution of A, can be determined by:

P(hsea,yr < 77): P(hsea,tide < 77)" (AS)

Equation A.3 till A.5 can also be used for daily conditions, with m as the amount of tidal
waves in one day.

The difference between the two approaches increases when H; and Ay, have more or less the
same influence on the sollicitation S. When S is almost at all determined by the significant
wave height or the water level, the difference is small.
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Appendix B: Selected failure modes of the breakwater

B.1 Transmission
Transmission is usually expressed by a transmission coefficient K. The selected transmission

formulae are given by, Daemen (1991):

K =a LS +b (B.1)
D
with:
Hsi
H B 1.84 3
b=-542s, +0.0323 Si—00017(—) +0.51 (B.3)
i D D
in which:
K, = H./H,; = transmission coefficient (-)
H,; = significant wave height of incoming waves (m)
Hy,  =significant wave height of transmitted waves (m)
R, = freeboard (m)
D = nominal diameter of the concrete cubes (= edge of the cube) (m)
B = crest width (m)
Sop = wave steepness on deep water based on the peak period 7}, (-)

B.2 Erosion of the armour layer

For erosion of the armour layer, the formulae of Van der Meer (1988) are used. These
formulae are relevant for the design of a breakwater in an irregular wave climate.
Disadvantage is that the formulae do not have a strong theoretical basis compared to
alternative formulae like the Hudson or the Irribarren formula. The Van der Meer formulae
are generally based on fitted data. For an armour layer of concrete blocks, the formulae are:

His NS; -0.1
AwnD = {67 N0'3 +1}S0m (B4)
with:
A, = Lo =P (B.5)
Py
in which:
H; = significant wave height of incoming waves (m)
D = diameter of the concrete cubes (=edge of the cube) (m)
N,qs = damage parameter (-)
Aon = relative density of concrete (-)
P.on = density of concrete (kg/m’)
Lw = density of water (kg/m’)
N = number of incoming waves per storm (-)
som = wave steepness on deep water based on the mean wave period T, (-)

73




Economic optimal design of the Maasvlakte 2 W

Appendix C: Selected failure modes of the sea defence

C.1 Overtopping
Van der Meer and Janssen (1995) approximated a relation between the dimensionless

overtopping discharge (Q) and the dimensionless freeboard (R) for breaking and non-breaking
waves:

For breaking waves, with breaker parameter: &, = tan o/ 1/§0p <2:

Qb — 0.066(-4»7&) (C.1)

(C.2)

Q — q SUP
’ /gHS3 tan
R, =R Vo ] (C3)

’ H tana 77,77 4

and for non-breaking waves, with breaker parameter: &, = tan o/ Wop>2:

an - 0.26(—2'3R"b) (C.4)
0, =—— (C5)
gH,
N (C.6)
H v 777 s
In which:
O = dimensionless overtopping discharge for breaking waves (-)
O. = dimensionless overtopping discharge for non-breaking waves (-)
Ry = dimensionless freeboard for breaking waves (-)
R,, = dimensionless freeboard for non-breaking waves (-)
q = average overtopping discharge per metre width (m*/s)
R, = freeboard (m)
o = angle of the outer slope (degrees)
A = reduction factor for the influence of a berm (-)
A = reduction factor for the influence of a shallow foreshore (-)
i = reduction factor for the influence of roughness (-)
V7 = reduction factor for the influence of the angle of wave attack (-)
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C.2 Erosion of the outer slope

The outer slope of the sea defence will be protected by layers of quarry stones. The influence
of irregular waves, the duration of a storm, a damage parameter and the porosity are taken
into account in the Van der Meer (1988) formulae, which are used for the outer slope
protection layer:

For breaking waves, with breaker parameter &, = fan o/ v§0m <2:

H, _62P0.18(_S_,)°'2 !
ArocanSO J_N’ \ ggm (C?)

For non-breaking waves, with breaker parameter &, = tan o/ Wom > 2:

H S 0.2
s = I.OP‘O'”(-——] Jeotas? (C.8)
ArocanSO \/N
With:
A
S =
D ©9)
1 !
D, - (Lso ] _ [mM j (€.10)
n50
gprock /Orock

The transition between breaking and non-breaking waves is:

1
£ =(62P" Vian Jpo05 (C.11)

In which:
P = porosity (-)
S = damage number (-)
N = number of incoming waves per storm (-)
A = eroded area in a cross section (m?)
Wsp = mean value for the weight of the armour stones in the protection layer (N)
Msy = mean value for the mass of the armour stones in the protection layer (kg)

doek = relative density of quarry stone (-)
Do = density of quarry stone (kg/m”)
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Appendix D: Investment costs function of the breakwater

B =3 ¥ Dy,
/
7 7
N X
Al
— Repw
2*D, Fl A3
- S N 1 P
115 A2
Pea = 2
72 T
2*Dy 3%Kg*Dg Cl
4
¥ c2 c3
F4 | -15mNAP
A = Armour layer
F = Filter layer
C = Core
T = Toe

The nominal diameters of the quarry stone in the filter layer and the core are determined by
filter rules. With the required ratios for the weights, the ratios of the diameters are calculated.
The following ratios are used:

Wso
—=10 E.l

Woor &1
Vaor _ 50 (E2)
I/VSO,C

E.3
Wons s ()
W;O,T
It is assumed that:
3

Wo=p D, (E.4)

With g, = 2400 kg/m3 and prock = 2650 kg/m3 , it follows that:

DnSO,F =0.45-D,,
DnSO,C =0.17-D,,
DnSO,T =0.57- D,

When the decision variables /e s, and Dy, and the unit prices are known, the surface of each
part of the cross-section is calculated and multiplied with its unit price. Like this, the
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investment costs per metre length are calculated. A multiplication factor (Ynvesment) 18 used to
take extra construction costs into account. Under the assumption that the profile of the cross-
section is constant over the full length of the breakwater, the investment costs of the
breakwater are calculated by multiplication with the total length of the breakwater.

The surfaces in the cross-section are given by, with k; = 0.75:

Al = 6.wa2
1.57 +1°
4, = (15+h,,, —3.01D,,)-2D,, e
2 2
A3 = (hcbw _hsea +2)'2wa _1-—5—__-1_1——
’ 1.5
F, =6.06D,,

F,=F,=15-(15+h

c,bw

2 2
—3.01wa)~(l.Olwa J—-T—SJ’-L}

F, =439D,,
1.52 +1?

F,=(05+h,,~2)2D,, e

¢, =(5+h,,, -3.01D,,) 6.01D,,

C,=C,=0.75-(15+h,,,~3.01D,,

¢,bw
T, =3.25D,,
The investment costs of the breakwater can then be calculated by:

3 5 3
[bw = {Zl Ai ’ UPcon + Z E ' UProck,F + ; Ci ' UProck,C + Tl ' U})rock,T :] : wa : }/investment

j=!
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Appendix E: Investment costs function of the terrain area

The investment costs of the terrain area are calculated by:

I, =(015+h,) UP +1 . (a+b-h,)

sand Ava,brute quay

with:
Lior = investment costs of the terrain area (1)
Pier = height of the terrain area (m +NAP)
UPsand = unit price of sand (fl/m?)
Amv2,brute = brute surface of the Maasvlakte 2 (m°)
Lquay = quay length (m)
a = 50850 (fl/m)
b = 3390 (fl/m%)

The determination of the construction costs of the quay is taken from Stroeve/Sies (2000)
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Appendix F: Investment costs function of the sea defence

6m 12m

/ / /.
7 7 7
}
i
AR
A2 !
N A3 ] 1 hewrdR{y
EH
\/\ B Disnea : 3 ] 1 b
]
0.75% e d
1 Al !
: cot(t)sg 1 ;
I Cl C2 c3 ;
geotextile i
]
i
i
i
* T -15mNAP
A = Armour layer
F = Filter layer
C = Core
Like in case of the breakwater holds that:
Wso 4
w0 (F.1)
50,F

For oo = 2400 kg/m3 for both armour layer and filter holds:
DnSO,F = 05 ) DnSO,sd

When the decision variables /i sq, cot(@)sa, Dusosq and the unit prices of quarry stone and sand
are known, for each part of the cross-section, the surface is calculated and multiplied with its
unit price. Like this, the investment costs per metre length are calculated. Under the
assumption that the profile of the cross-section is constant, the investment costs of the sea
defence are calculated after multiplication with the total length of the sea defence and a
multiplication factor (#uvesmens = 1.3) which takes account of extra construction costs like the
costs of the geotextile.

cot(a)?, +1°

cot (a')s y

Al = ((15 + hc,sd ) COt(a)sd ) 2Dn50,sd ’
4, =6- ZDnSO,sd

32 +12

4. =122
’ 3

’ 2D)150,5d
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cot(a ), +12

COt(a')Sd ’ (15 + hc,sd - 2Dn50,sd)

£ =075D,5,, -

F,=6-0.75D,5
2 2
F, = 12-@-1—0.750n50,sd
Cl =0.5- (15 + hc,sd - 2'75D1150,sd ) ((15 + hc,sd - 2'75Dn50,sd ) COt(a)sd)

C,=6-(15+h,,, ~2.75D,5 /)

C,=24+12-(5+h,,, —4-2.75D,5.)

The investment costs of the sea defence can be calculated by:

3 3 3
[sd = Z Ai ) UProck,A + Z E ) UProck,F + Z Ci ’ UPsand,C} ’ wa ) }/investment
i=1 j=1 k=3
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Appendix G: Probabilistic calculation method

G.1 Deterministic and random variables

In probabilistic calculation methods, deterministic and random variables can be distinguished.
Deterministic variables always have the same value. However, random variables do not have
one determined value, so uncertainty is included. This uncertainty is characterized by a
probability distribution and a probability density function. The probability distribution
function determines the probability that a variable X exceeds some value x. Probability is
always defined on the interval [0,1].

This can be written in formula:

F,(x)=P(X <x) (G.1)

with:
Fx(® = probability distribution function of random variable X

The probability density function is described as the derivative with respect to x of the
distribution function. In formula:

dFy (x)

—22 2 = P(x< X < x+dx) (G.2)
dx

Sx(x)=

with:
fx(# = probability density function of random variable X

Distribution functions and probability density functions are described analytically by
parameters. The most important parameters are the expected value (E(X)) and the variance

(ox).
The expected value is defined as the mean value s of the variable X. For this value holds:
Fx(x) =0,5.

The variance is the value that indicates to what extent X differs from its mean value in an
absolute way. In formula:

o2 =var(X) = E((X - p1,)?) (G3)

The standard deviation (oy) is often used as a measure for deviation and is defined as the
squareroot of the variance. The relative measure of differentiation around the mean value is
the variability coefficient Vy, which is defined as the standard deviation divided by the mean

value, oy/uy.

G.2 Probabilistic calculation methods

G.2.1 General

In order to calculate the probability of failure by a failure mode, several methods are
available. For each failure mode, a reliability function will be used according to: Z=R-S§. Z
is the reliability function, R represents ‘resistance’, S represents ‘sollicitation’ or load.
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Z <0 is considered as the situation in which load exceeds resistance and failure occurs.
Accordingly Z = 0 can be defined as the separation between ‘failure’ (Z<0) and ‘non-
failure’(Z>0). This limitation is important to determine the reliability and depends on the
margin between resistance and load.

To design structures that guarantee a level of safety, it is important to know the reliability for
different values of the decision variables. There are several ways to determine reliability,
roughly divided into three main classes, level I, level II and level III methods (CUR, 1997):

e In level I calculations, reliability is assumed to be guaranteed by taking a margin
between (estimated) load and (needed) resistance using partial safety factors, x%
and y&. The probability of failure is not calculated.

e In level II methods, the reliability is determined by linearization of the reliability
function in a carefully chosen point. All distribution functions are assumed to be
normal or standard normal distributed.

o In level lll methods, the exact probability of failure is calculated by taking
distribution types of all (resistance and load) variables into account. The reliability
is directly related to the probability of failure.

G.2.2. Level Il methods

In level II calculations, the reliability function is defined by Z = R - S, the difference between
resistance and load, dependent on random variables (X;....Xy). The reliability of a structure is
determined by its probability of failure, the probability that load exceeds resistance, P(R>S),
or P(Z<(0). This probability of failure has a maximum in case of Z = 0, the limit between
‘failure’ and ‘no failure’. The function Z = 0 is therefore used to determine the probability of
failure. The point on the function Z = ( with a maximum value for the probability density, is
called the design point. Level II calculations are based on an iteration process to find the
design point by linearization (1* order Taylor expansion) of the limit state function.

Level II calculations are either executed in normal space (X-space) or in standard normal
space (U-space). Therefore, all variables have to be normal or standard normal distributed.

In this thesis, U-space calculations are used. For this purpose, normal distributed variables X
are transformed into standard normal distributed variables U by:

X. ..
U, = =it (G.4)
UXi
with:
U; = standard normal distributed variable

The first-order Taylor expansion of the limit state function can be described by:

2 G.5
Z = 2], U3 U+ 3 UD)- (U, - U)) (6

i=1 i
with: .
U; = the value of U; in the design point

To calculate the expected value and standard deviation for Z, the expected value of the
linearization is taken. In U-space holds: #; = 0 and oy; = 1
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4y, =ZU"ULUD) + i;%z_—wb (UD) G.6)

i=1 i

o, = [i(—%—w:)} } (G.7)

i=]

The reliability index /4, which represents the length of the perpendicular between the origin
and the linearized reliability function in U-space, is given by:

* * * - éZ * *
Z(U, ’UZ”'Un)—{—Z"éZ]—_(Ui (=UT)
i=l i

p= ﬁfi - T (G.8)
Z *
o, —(U,;
Z s D
with:
it = reliability index
& = influence coefficient of the i variable

«; is a measure for the relative contribution of the uncertainty of each variable to the total
uncertainty. In formula:

22
U,

1

s(Zo)]

In the beginning of the iteration process, a starting point has to be chosen, for which the
expected value of each variable is used. After each iteration step, a new design point is found
according to:

%y

(G.9)

Ulw=a, B (G.10)

The iteration process stops when the design point is approximated enough accurately, so
Z(U, " Uz*... U, *) ~() and the realiability index fis stable for each new iteration. The design
point values of the variables are:

G.11
X =p,+U/oy ( )

The probability of failure can be calculated by:
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P, = ®(- 5) (G.12)

with:
@ye = standard normal probability distribution function

At the beginning of the optimisation normal distributed variables are transformed from
normal into standard normal distributed variables. However, not all variables are normal
distributed and easy to transform to a value for U. For non-normal distributed variables a
transformation is executed in which the value of the probability distribution of the non-normal
distributed variable is assumed to be equal to the value of the probability distribution of a
standard normal distributed variable. In formula:

F (X)) =dU") (G.13)

The mean value and standard deviation of the transformed distribution are given by:

o = pU;) (G.14)
L FEH@UY)

ty =F;' (@(U])) -0 UL (G.15)

i

with:
¢@(® = standard normal probability density function
Fx'(#) = inverse probability distribution function of random variable X

Because the transformed values depend on design point values, a new transformation has to
be executed after each iteration step.

On the next page, a flow diagram of the total procedure is given.
The relatively easy and transparant procedure makes a Level I optimisation useful, but there
also are some disadvantages:
e discontinuous limit state functions and discontinuous probability density functions
cannot be used
e dependencies are difficult to determine, significant inaccuracies arise when neither
‘full dependence’ nor ‘no dependence’ is a relevant assumption to combine
probabilities of failure from different mechanisms
e itis difficult to take more than one limit state into account in one optimisation

For one of these situations, level III methods can be used.
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In a flow diagram the total procedure is given:

Define: Calculate new pz, oz, B:
Z=Y py+Uloy+ Y uy+Uloy >
. i i Xi ) i i i . . . n éZ . .
=l f=m+l Hy = Z(U, U U )+ Z;U,‘"(U. )'("Ui )
i=1 i
v i
Starting point: 1
U'=0 277
i n éZ . /UZ
\ 4 o, = (-— U, )j f=52
- z { T\ U Oy
Calculation of yy oz 8 with,
For non-normal distributed variables: \ 4
= % Calculate new o’s
e @U)) Z g
v ' a. = — éz]i
/’X:F/\:l(q)(Ui))—o-X‘Ui ' " 5z 2 %
r (5o
[; U wH
Choose o, and
Ui* = aiﬂ Y.
New design point:
Y U=, f
New transformed values: \ A
o, = ——-f_ill—/i)————- I Is U:" stable ?
Sy (E(@OU) \ 4
' . . V\/\\ Calculate Z and
llv:F;l(CD(U ))'—JV'U;* N 1
v K Are Z and stable ?
Differentiation of reliability function \4
iz ) Probability of failure
éUi ! Pf = QD(— ﬁ)

Figure G.2: Procedure Level 1] calculation of probability of failure

G.2.3 Level IIT Methods
In level III methods the distribution types of all variables are taken into account. A distinction

can be made in ‘Full Integration’ and ‘Monte Carlo simulation’.

With full integration, the exact probability of failure is calculated by full integration over the
failure domain Z<(0. The probability distribution functions of all resistance and load variables
are taken into account. This integration is often not possible in an analytical way, so
numerical integration is used. Discontinuous functions and dependencies are taken into
account.
Main disadvantages are:
¢ strongly increasing calculation time when more random variables are used,
proportional with: #integration steps "ndom variables
¢ not much insight in the contribution of uncertainty of variables to the total uncertainty,
the «;’s. It is then not deductable for which variables it would be useful to reduce
uncertainty and for which not.

Another Level IIl method is Monte Carlo simulation. Here, the probability of failure is
determined by the percentage of random simulations for which Z<0. To obtain reliable
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results, a lot of simulations have to be executed. The number of simulations should at least be
around I/Py. For very small probabilities of failure, this is time consuming. Therefore methods
have been developed to improve accuracy and reduce the variance of outcomes and
calculation times. Importance sampling, direction sampling and Latin hypercubes are
examples of this. Compared to the full integration method, the calculation times do not
increase very fast for an increasing number of random variables, but it is (especially for small
Py¢s) more difficult to attain high accuracy.
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Appendix H: Alternatives of numerical optimisation

In an optimisation process, several numerical optimisation methods can be used. Two basic
types are the most important. Many alternative methods can be created by combinations of

these types:

e Direct-search methods
¢ Descent methods

In direct-search methods, many values of a goal function (for instance: an investment costs
function) are determined. The value for which the goal function is minimal, is the optimum
value. This method is simple and robust, but not very accurate. It has the advantage that not
only a global optimum, but also local optima are found.

Descent methods are based on finding an optimum by searching in the direction for which the
derivative is mostly negative. The minimum is the value where the derivative is positive for
each direction. This method is more accurate, but the minimum that is found depends on
which starting point is chosen. It is possible that a local minimum is found instead of a global
minimum (Gill/Murray, 1981).

In this thesis, the direct-search method is used on element and system level. On element level,
for each class of the level of safety (‘probability of failure’ or ‘risk’), the combination of
decision variables with a minimum value of the investment costs is determined and used as
the optimum value for that class. Then, interpolation between optimal values leads to the
minimum investment costs as a function of the level of safety.

The more classes are created, the more minimal investment costs values are determined, so
the interpolation distance becomes smaller. On the other hand, when very narrow classes are
chosen, the amount of investment costs values per class decreases, so the minimum
investment costs value for each class is determined from a smaller set of values. This can
create a minimal investment costs function with a ‘grass pattern’, which is more inaccurate
with regard to the value of the minimum investment costs. This grass pattern is created by the
lack of generated data. The values of the probability of failure (or risk) and the investment
costs are calculated for a finite amount of combinations of values of decision variables,
because these values are varied with a step size.

For example, when two decision variables are each varied for 40 values, 40*40 = 1600
combinations can be made and also 1600 values for the probability of failure and the
investment costs are calculated. When for instance 1000 classes are created, a grass pattern
will be the result, because on average the minimum investment costs value per class is based
on 1600/1000 = 1.6 values for the investment costs. Obviously, this amount is too small to
make a good estimation of the value of the minimum investment costs.

It has to be considered what is preferred: more accuracy with regard to the value of the
minimal investment costs, but a smaller amount of values (figure 3.4a), or more values of
minimal investment costs, but a smaller accuracy with regard to the value of the minimal
investment costs (figure H.1 and H.2).
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Minimum
Investment
costs

Minimum
Investment
costs

. Prusx / Rx . Pruisx / Rx
Figure H.1: small amount of classes Figure H.2: large amount of classes o
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Appendix I: Optimisation with risk as a measure for the level of safety for
the terrain area and the sea defence

Minimal investment costs of the terrain area
for given value of Rter

35

3.25

2.75 /

25

costs (* 1079 fl)

Minimum investment

225

1 2 3 4 5 6
-log(Rter) (1079 fl)

Figure I.1: Minimal investment costs of the terrain area

Optimal value of the decision variable

| @ hter (m+NAP)
U,

Optimal value

-log(Rter) (*10%9 FI)

Figure 1.2: Optimal value of the decision variable of the terrain area
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lter,min as af function of the optimal value of
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Figure 1.3: Minimal investment costs as a function of the optimal value of the height of the
terrain area

Minimal investment costs of the sea defence
for given value of Rsd
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Figure I.4: Minimal investment costs of the sea defence
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Figure 1.5: Optimal values of the decision variables of the sea defence
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Isd,min as a function of the optimal value of

Dn50,sd
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Figure 1.6: Minimal investment costs as a function of the optimal value of the diameter of the
quarry stones in the protection layer of the sea defence
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Figure 1.7: Minimal investment costs as a function of the optimal value of the crest height of
the sea defence
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Figure 1.8: Minimal investment costs as a function of the optimal value of the outer slope
angle of the sea defence

91




Economic optimal design of the Maasvlakte 2

Appendix J: Variations of variables used in sensitivity analysis

The following variations were used in the sensitivity analysis:

Variable Description Unit Value Variations
Hydraulic conditions
Nseapr Maximum water level per m +NAP
ear
arameter w 2.59 2.55 2.65
parameter 7 24 2.35 245
parameter & 0.85 0.75 0.95
H; 4, Maximum significant wave |m
' height per day
parameter « 2.15 2 2.3
parameter u 0.74 0.7 0.8
JH; puro Conditional distribution of m Additive Additive | Additive Multipl Multip!
the significant wave height at N(0,0.6) N(0,04) | N(0,0.8) N(1,0.05) | MN(1,0.15)
Euro-0 for given water levels
at Hook of Holland
JH; e | Conditional distribution of m Additive Additive | Additive Multipl Multipl
the local significant wave N(0,0.21) N(0,0.16) | N(0,0.26) | N(1,0.025) | N(1,0.075)
height for given significant
wave heights at Euro-0
Sop Wave steepness based on - N(0.038, N(0.038, | N(0.038,
peak period 0.0059) 0.003) 0.009)
1,/T, Peak period / Average period | - 1.2 1.1 1.3
N Number of waves in a storm | - 3000 2500 4000
Critical values
H..; Critical significant wave m 0.5 0.4 0.6
height behind the breakwater
Ger Critical overtopping I/s/m 5 7 10
discharge per meter width
N, Critical damage for exposed |- 2 1.5 2.5
core of the breakwater
S Damage parameter in case of |- 15 12 18
an exposed core
Geometry
B Crest width of the breakwater [ m 3*Dyy 2*Dyy 4*Dy,,
Aon Relative density of concrete | - N1.4,0.1) [ M14,0) |[M14,02) |M1.3,0.1) |MN1.50.1)
Avock Relative density of quarry - N(1.65,0.1) | N(1.65,0) |N(1.65,0.2) | N(1.55,0.1) | N(1.75,0.1)
stones
P Porosity - 0.3 0.2 0.4 0.5
Ly, Length of the breakwater m 5700 5130 6270
Lo, Length of the sea defence m 12000 10800 13200
 Lguay Length of the quay m 25000 22500 27500
modfac | Model factor - Multipl. Additive | Multipl.
I N(0,0.106) | N(1,0.15)
Costs
UP ok Unit price of quarry stones fI/m’
03-049m 75 67.5 82.5
049-0.72m 80 72 88
0.72-1.04m 90 81 99
1.04—1.31m 100 90 110
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Variable

Description Variations

UP,,, Unit price of concrete fl/m’ 750 675 825
UPra Unit price of sand fi/m’ 5 4 6
Dygrsans | Expected damage costs per fl 1000000 800000 1200000
day in case of failure by the
SLS failure mode
‘Transmission’
Duys Expected damage costs per fl 0.2*Iy2 0.15%,,0 10.25%L,»
event in case of ULS failure
B Benefits of the Maasvlakte 2 | *10° fl 50 30 80
in one year
Jimvesmens | Multiplication factor which |- 1.3 1.17 1.43
takes extra construction costs
for the sea defence and the
breakwater into account
Discount factor
r Interest in one year - 0.06 0.05 0.07
i Inflation in one year - 0.02 0.01 0.03 0.04
g Economic growth in one year | - 0.02 0.01 0.03
N Considered number of years | - 100 50 75 125

93




