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Abstract

Probabilistic Design of Coastal Structures

Dimitra 1. Malliouri

National Technical University of Athens
School of Civil Engineering
Department of Water Resources and Environmental Engineering

Laboratory of Harbour Works

Nowadays,more and moreesearchers and engineers have realthatl coastal structures
should be designed to meet predefined safety and performance levels, i.e. the reliability level.
This can be accomplished by implementing a thorough methodology able to assess accurately
the reliability level of a coastal structure, i.e. the probability of failure duringdésign
operating lifetime. The latter should be equal or lower than a predefined allowable failure

probability that depends on tuee consequence cl

However,due to the lack of lonterm environmental data (i.e. measurements, observations,
etc.)atthecast al structuresd | ocati o,ther¢isadiffitdtyn | v i n i
in estimating the londgerm probabilistic representation afiveronmental parameters at this

location, which is vital for the design of these structures. Beskiege more than one

parameter playm  si gni fi cant rol e i the necessity toadévelopfar uct ur e
multivariate methodologyable to asses accur ately a coast al struct
within its design lifetime via the use of the environmental parandefeirs probability

distribution is derived.

Therefore, the research in the present thesis has been motivated by the aboveainesgidsne

of reliability analysis of coastal structures. Particulaaly,overall probabilistic methodology

for reliability assessment of coastal structures under wave action is described, which starts
from the step of wave data collection referring usuadlydeep waters, and ends to the

estimation of failure probability of coastal structures during their design Lifetime.

lix



In an intermediate step, a statistical linear wave propagation model that integratesitihort
long-term wave statistics from deep tat@rmediate waters has been developed and applied.
This is a wave model that usén® long-term wave statistics in deep waters as input data, and
via the use of the shettrm wave statistics for each sea state in deep waters, estimates the
long-term wave statistics in shallower waters. Specifically, by using i) data/measurements of
significant wave height Hlmean wave period,J and mean wave directiaf, e.g. obtained

from an oceanographic buoy in deep waters, ii) the dimensionlesstestmrimages by
Memos and Tzanis in deep waters, iii) a theoretical expression for wave directionality
adjusted in astatisticalindividual wave analysis, and i@ modfication of Battjes approach,

the shorterm joint distribution of individual wave height H, period T, and directicior

every sea state or storm event could be produced in deep waters. Then, thanshdre
long-term joint distribution of H, Td coud be estimated in intermediate watexs well as

the longterm joint probability density functiofpdf) of Hs, T, dn, by considering linear
wave transformatiaof each individual wave, as waves propagate from the open sea towards

shallower waters.

The capability of the statistical linear wave propagation model to produce properly the short
term wave statistics in deep and intermediate waters has been investigated via comparisons of
its results with measurements in deep waters and the results of amwishraed welknown

for its accuracy, Boussinesq wave propagation model from deep to intermediate waters,
respectivelyAs for the deep water shedrm wave statisticsonsidered by the modet was

shown that the joint pdf of individual wave periodafid wave height H of a real sea state
could be well represented by using the dimensionless probabilistic images by Memos and
Tzani s. The |l atter refer to nonlinear deep
shortterm wave statistics considerdg the model comparisons between the linear wave
propagation model and the nonlinear Boussiftgpg model showed good agreement in most

of the intermediate water depths examined for both normal and oblique incidence. At the
shallower intermediate watetepth tested, the results of the two models differed more
significantly than in deeper intermediate water depths. Therefore, as it was expected and has
been already mentioned, the linear model adopted could cover the deeper and medium zone of

intermediatevaters and thus could be usedtmnyengineering design purposes.

Also, it is noteworthy thata thorough probabilistic methodology is presented, aiming at
estimating the reliability of coastal structures, such as rubble mound breakwaters during their
lifetime, based on the probabilistic representation of load environmental and resistance
variables One of the innovative points and main objectives of this study is the estimation of

the failure probability ofa coastalstructure based on the lotgym waveclimate atthe

wa t



structureods |l ocati on, usually me t i n i nter me
measurements in deeper waters. This task is accomplishappbying the abovementioned

wave propagation statistical model in order that the joint probaliénsity function of all

random load/ariablesh e est i mated at the structureds | ocat

Moreover, two thorough probabilistic methodologies, i.e. the cvased extreme value

analysis and the reliability analysis applied on all sea conditions, arenf@és aiming at

estimating the reliability of coastal structures, such as rubble mound breakwaters during their

lifetime, based on the probabilistic representation of load environmental and resistance
variables. Also, their pros and cons with respectheit outputs and constraints are discussed.

The main differences between the two approaches are focused on the fact that the two
methods estimate different types of failure probabilities. The first method estimates the failure
probability in the sample afxreme events, and the second one the failure probability in the

tot al sample of dat a. The |l atter can be transl
that the structure will be in a failure situation, which can be efficiently incorporated iigk

analysis with consideration of social and economic costs.

The fully probabilistic reliability analysjsapplied on all sea conditionis recommended for
reliability and design purposes of coastal structures, when the period of measurements or of
daa used is close to the lifetime of the structure. In other cases, the extreméasesht
method could be used for the design of a coastal structure (e.g. ULS), considering however its
cons, and the second method for the operation of the structurel(8)g. S

In short, the problem of assessing failure probability of coastal structures was presented and
attempted to be solved bgiving application examplesflowcharts, and mathematical
equations that describe the procedure, focusing on the case of ruliplé bneakwaters.
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CHAPTER 1 Introduction

1 Introduction

1.1 Background, motivation, and research objectives

Nowadays,more andmore researchers and engineers have reattztdcoastal structures

should be designed to meet predefined safety and performance levels, i.e. the reliability level,

with due consideration of all uncertainties related to actions, resistance, and ddsigrhtso

can be accomplished bmplementinga thorough methodologgble to assess accurately the

reliability level of a coastal structure, i.e. the probability of failure during its operating

lifetime. The latter should be equal or lower than a predefafiedvable failure probability

that depends on thextent ofconsequencseo f t he st r uTberetoreediabilitf ai | ur e.
based design methods should be adopted for coastal structures.

Thesereliability based design methods for coastal structures gidediinto four categories,
related to the accuracy in determining the reliability of their elements and the consideration of
uncertainties, cited beloft]:

A Deterministic Method (Level 0)

A SemiProbabilistic Method (Level 1)

A Probabilistic Methods with Approximations (Level Il)

A Fully Probabilistic Methods (Level I11)

It is noted that anothexaiegoryof methods has been also developed. This Level IV method is
arskbased reliability method, which examines t|
failure and the resulting risk. However, this Level IV method is not a part of this PhD

research.

Conventional design practice for coastal structures is often deterministic in nature (Level 0),
and its reliability is based on the exceedance probability of the design wave load. Specifically,
the notion of design wave parameters and especially that af tveight associated with a

certain return period is adoptf].

In addition to the deterministic method, partial factors can be implemented for resistance and
load parametersbhased on standarff3]. This calculation is classified as a sgmbbabilistic

(Level 1) method. However, this approach does not abovaccurde determination of the
reliability of the design. In order to overcome this problem, more advanced probabilistic
methods should be applied that consider the uncertainties of all stochastic variables of load

and strength of the structure.
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Fully probabilisic methods (Level IlI) belong in this category of advanced probabilistic
methods, which consider the joint probability density function of all stochastic variables
involved. There are two main methods classified as Level Ill methods, i.e. the Direct
Integration Method (DIM) and Monte Carlo Method (MCM). Another possibility, though less
accurate regarding the estimation of the reliability of the design, are methods with

approximations (Level II).

It is noted that therpbabilistic representatioof environmetal parameterat the location of
the design coastal structures is vital for tlediability baseddesign of these structures
However, there is klack of longtermenvironmental datat the location of coastal structures
under desigmaking thus difficul to estimateher joint probabilistic @nsity functionat this

location.

Such data could be measurements of wave parameters, sea level, current velpaibycbtc.

should be collected at the project sikbis can be implemented by:

(i) Measurements @&t he structur eds |ImanyaydaisObwioudlyosuch a per i o
requirement can be rarely met.

(i) Measurements of the same type but in deep water if the location of the stiasine

shallower water, during a time span ideally of the order ofsther uct ur eb6s desi gn
life. Then, either lineafe.g.[4]) or nonlinear ([5]; [6]; [7]) models may be applied to transfer

each sea state from deep towards shallower waters.

(iii) Hindcasting methods for a period of several yefE [1]). Particularly, regarding the

longt er m wave climate at t hrethewave generation arédnge.gl ocat i o
[9]) can be used to provide this information under a probabilistic framework.

The target of the aforementioned input data collection is to gain a thonpraabilistic
representation of the lortgrm wave climae, sea level conditions, and other environmental
par ameter s, at t hReferrind to uhedaser whéres medsorements aren .
available but in deep waterd is worth mentioning that nelimear models might be more
accurate than linear modelss ¢hey account for wawwave interactions that may play a
considerable role in the final outcome depending on water depth; howevdineammodels

are quite demanding in terms of computing resources, especially when they have to account

for reliability analysis based on fully probabilistic methods.

Information on sea severity is inevitably significant for the design of coastal and marine
structures. Specifically, information is necessary not only on the severest sea state expected to
occurduringthesrct ur esd | i feti me, but also on the fre
the latter being necessary for evaluating more accurately the probability of damage levels and

failure of these structures afa ensuring their resilience.

2
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The most commonly ailable information on sea severity is the probability distribution of
significant wave heights, which can be estimated from the statistical analysis of data
accumulated over several years. "Of course, the greater the number of accumulations, the
more rdiable the data[10]. However, nowadays, the role ofher wave parameteexcept

for significant wave heighin the stability of coastal and marine structures has laésn
realized(e.g.[11]; [12]). Thus, the information on loAgrm wave statistics is broadened to a
great extent by including, in addition ky, wave period, usually the average zerossing

value of wave periods in a specifiea statd& ,,, andprincipalwave directiord,,.

Furthermore, & core environmental parameters and their statistical correlation should be
taken into consideration in a proper manner. An illustrative example of statistical correlation
between environmental parametéssthat often observed betweeream (or peak) wave
period and significant wave height, and between wave period and wave height within a sea
state, when referring to longnd shorterm wave statisticsespectivelyBesides, directional
effectshave beemlso noticed to longerm wave tatistics[13]. Additionally, storm surge and
significant wave height are often correlated to some extent.

In order to estimate the joimrobability density functior{pdf) of Hs and T, the study of
bivariate distribution models and correlation between the variables is reqgOinedof the
first approaches was proposed by (dHi], who adopted the bivariate lognormal distribution
to represent Hand T, resulting from an exponential transformation of the bivariate normal
distribution. This approach although simple to apply, is based on the assuitinatiothe
logarithms of the data are normally distributed, and although this may happen for low and
moderate values of Hit is not applicable for extremesHA bivariate lognormal curve with
correction for skewnesfl5] was an attempt to improve the bivariate lognormal model.
Furthermore, a model, based on the marginal distribution ofadti the conditional
distribution of T, for given H, could increase its flexibility and accuracy, and was adopted by
Haver [16], and BitnerGregersen and Havgl7]. Guedes Soarest al. [18], Lucas and
Guedes Soar€d 9], and Papanikolaotet al. [20] have used a similar model based on the
marginal distribution of Hand theconditional distribution of [, referred hereinafter as the
conditional model. Other approaches have also been gexdelor the same purpose (e.g.
[21] etc). However, in the cases examineg hucas and Guedes Soar§kd] and
Papanikolaou et al[20], it was showed that ¢h conditional model represented more
accurately Hand T, data than the other models tested. Thus, inttigsisthe conditional

model is used to fit bivariate distributions of &hd T, to the available data sets.

Except for the longerm wave statisticghe shorterm wave statistics are also necessary for

the complete description of individual sea waves. This is due to the significant role that the
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joint pdf of wave height (H) and period (T) plays in predicting statistical properties of

individual wavecharacteristics within each sea state.

As far as the shoterm joint distribution of wave height H and period T is concerned,
LonguetHiggins[22] was the first to introduce a probabilistic representation of sea waves, by
extending the work of Ric23] on electronicnoise, and was able to calculate the joint pdf of

H and T for narow band spectruntowever, a disadvantage of that model was the symmetry

of the joint pdf of H and T around some characteristic period, suggesting in this way a zero
statistical correlation between the two parameters. ThugyletHiggins[24] considered the
tendency that sheperiod waves have low heights, whereas high waves tend to be associated
to longer periods, as it is observed in real sea states. Other researchers who studied the joint
pdf of H and Tby considering narrow band specwareC a v a n i ¢25]/Lindgten amd

Rychlik [26], and Shum and MelvillER7].

Furthermore Memos [28] reviewed the existing results and proposed theoretical
approximations valid also fonarrow andbroad band spectra, known to be a better
representation of real sea states than those asswnlpgharrov band spectra. Besides,
Memos and Tzanig29], based on the theoredl approach by Memof28], produced
numerical results of the shedrm joint distribution of H and T for deep water waves of any
spectral bandwidth. The joint pdf was deduced for various correlation coefficients of H and T,
denota by r(H,T), providing characteristic probabilistic estimates in deep waters. Memos and
Tzanis [30] extended their previous work by excluding swell from sea waves and the
application of a wave breaking criteridgm deep watersThe parameters that describe the
methodology were the a@lation coefficient between H and T, or the standard deviation of

free surface elevation, and the reprative wave steepness factor.

More recently, Chondros andemos [32] extendedthe work of Memos and zanis[30]

concerning the joint pdf of H and T, by taking into account the nonlinear -wave

interactions, and produced characteristic images of paihtf H and T in shallow waters for

various storm intensities, wave incidence, and bed slopes, by using a Boussinesq wave
propagation model. It is noted that in their metii®2], wave directionality in deep waters

was considered via the use ofheoretical expression of wave directional spreading, and the

joint pdf of H, T, and wave direction d in deep water

surface elevation, in order that the Boussinesq wave propagation model be implemented.

From all the above, it is extracted that due to the ladbrugterm environmental dat@.e.
measurements, observati ons, (coemmnanlynintarinediath e cost a
watersor evenin shallow watersn some cas@sthere is a difficulty inestimating théong-

term probabilistic representationf environmental parameteas this location, which is vital

4



CHAPTER 1 Introduction

for the design of these structures. Besides, the necessity to develop a multivariate
met hodol ogy able to assess accurately a <coast
design lifetime via the use of the environnamarameters joint probability distribution is

derived.

Thus the prime objective of this research study is to develefatisticalwave propagation
model in order that the loAgrm environmental statisticare transformed from deeper
towards shallowewaters, i.e. the location of a coastal structared then to use those data to
apply a multivariate probabilistic dgsi methodology of the structur€he specific research
objectives are:

1 To apply a statistical technique in order that a considerablereldaiationcould be
made to longerm wave data in deep waters without loss of accuraqy. in
determination ofhejoint distribution of H, T,, andd;,.

I To extend the shoterm joint distribution of wave height H and period T in deep
watersto incorporae wave directionality via the use of an energy spreading function
dependent on wave period.

1 To transfer the shoterm wave statistics, i.e. of each sea state, from deep to
shallower waters.

1 To integrateshort with long-term wave statistics shallowerwaters in order that the
long-term joint pdf of H,T, dandof Hs, T, d;, be estimated at this location.

1 To usea totaldatasample analysiandan everdbased extreme value analygisa
reliability analysis of a coastal structure.

1 To develop a combineahultivariatestructural reliability analysigsingvariables with
zero and nonzero hazard rateferred here as a combined timeariant and time
variant analysis

9 To incorporate this reliability analysis into the design of coastal structurexfe.g.
rubble mound breakwaters.

1.2 Innovative points and highlights
Some of the most significant innovatipeints and worth mentioninppics of the present
thesis are listed below:
i One of the main issues withrobabilistic design of coastal structursshow to
properly and correctly describe theermediatevaterlong-termwave climateThus
in this PhD thesis dilure probability of coastal structwis attempted to bestimated

basedonthelonper m wave climate at the structureod:
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U This is accomplished by applying a data reduction technique in deefs \aaid a
statistical linear wave propagation model that integrates-shiitht long-term wave
statisticsfrom deep to intermediate waters, developed for this purpose.

U Itis a common practice to consider wave directionality in a spectral wave analysis, as
this is in accordance with the definition of wave directionality. However, the need to
consider wave directional spreadingaiprobabilistic wavanalysis often ariseShe
incorporation of wave directionality into a probabilistic wave analyss been
adopted in this study.

U0 A combined structural reliability analysis, using variables with zero and nonzero
hazard rate, has been developed based on the general formulation of a fully
probabilistic method.

0 A total sample analysiand an evenbased extreme vaduanalysisare used irthe
reliability analysis of a coastal structure, aiming at discussing the differences, and the
pros and cons of the two approaches.

U These two approaches have bedso incorporated in theprobabilistic design of
coastal structures.

Additionally, it is noted that comparisohgave beemade between the statistical model of
wave propagation from deep to shallow waters, referring to gkomt sea conditions, with
wave measurements in deep waters and resuliaténmediatewaters extraetd from a
Boussinesq wave propagation model (Mike by DHI). These comparisons stimwimain

of validity and thdimitations of the statisticalvave propagatiomodeldeweloped

1.3 Structure of the dissertation

Referringto the structure of the present si& the introductive Chapter ig followed by

Chapter 2 that presents the existing knowledge backgrofirie reliability analysis of

coast al structures, the r e,landaheiprbbalilisticdedign a coas't
of coastalstructures Also, in Chapter 2.the hydraulic boundary conditions that need to be

determined for the design of a coastal strucareediscussedfocusing on the wave action

and marine water level change. Besidedjterature review for longerm wave statistics

derived fromanalysisof sea states, and extreme value analyasssbeerovered.

Chapter 3presents the methodology adopted and the results derived from the application

cases. Specifically, a linear wave propagation statistical model that integrateswstiort

long-term wave statistics from deep to intermediate water depths will be described. This

model could be utilized for estimating lohger m wave cl i mate at a <co

location, which is frequently met in intermediate water depths. Secohdlgapability of this
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linear model, to transfer the probabilistic information concerning 4bort wave statistics,

has beerinvestigated by comparing its results with wave measurements in deep waters and
the results ofthe well-known and commercial phasesolving Boussinesgwave model
(MIKE 21 BW/ Mike powered by DHL The results produced by the latter refer to
intermediate water depths. The next sectiothis chapter refers tihe reliability analysis of

a coastal structure, focusing on the caseubble mound breakwaters, and wave loadings.
Finally, two illustrative examples of reliability analysis and probabilistic desigrulolble
mound breakwatserare presented, which are followed by discussion of the results produced.
In short, this chapter dealwith the existing gap in current practice for the probabilistic
representation oflonger m wave cl i mat e athe ude bfaotaksamplect ur ed s
analysis and an evebased extreme value analysistlire reliability assessmerdf a coastal
structure, aiming at discussing the differendhs, constraintsand the pros and cons of the

two approaches.

In Chapter 4the conclusions drawn from this research work are summarded, some
importantremarks and results are highlighteahd suggegins for further investigation are

displayed.
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2 Existing knowledgebackground

2.1 Reliability analysisof coastal structures

The objective of the reliability analysisof coastal structuress to estimatethe probability

of a structureto meetpredefinedsafetyand performancdevels,with due consideratiorof all
uncertaintiesrelatedto actions,resistanceand designtools. This means that the estimated
probability of failure of a coastal structure within @ssign lifetime should be lower than a

predefined allowable failure probability, i.e. the target reliability of the structure.

In this chapterthe reliability analysis of a coastal structueeg. a breakwateiis briefly
described. Firstly, the differéntypes of breakwaters and an indicatfaelt tree concerning

the case of a rubble mound breakwatél be presentedThen, the parameters that affect the
selection of the allowable failure probability or else the target reliability of a coastal structur

will be presented.

2.1.1 Breakwater types

Breakwaters are built either for coastal defensto@rotect a harbour basin from attack by
waves or currentdn the second case, breakwatgeserallyserve the purpose of providing
quiet water conditions for anohage and mooringforessels Rubble mound breakwaters are
defined as structures built of quarried rock, usually protected by a cover layer of heavy

armour stones or concrete armour ufbts.

The different types of breakwaterare presented iRigure2.1 A conventional rubble mound
breakwater is the most commoniged form of a breakwater and has a trapezoidal -cross
section. Conventionalubble mound breakwaters with crown wall are mainly used for port
protection, and the crown wall often incorporates a roadway, allowing thus access along the
breakwater. Regardintpe berm breakwater, rock armenits form the seaward slope of the
structure. Continuously, three types of a berm breakwater exist, baskd stability of its

rock arma units, i.e. the nomeshaping statically shape berm breakwater, the reshaped
statically stable berm breakwater, and the dynamically stable reshaping berm breakwater.
Besides, lowcrested (submerged) breakwaters usually serve the purpose of protection in
areas whergvave overtopping is acceptable, but wave conditions need to be moulifiect
horizontal visibility is required, e.g. for aesthetic reasons. Caisson type or vertically

composite breakwater is a rubble mound breakwater combined with a caisson placed on top

11
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of the mound. Finally, a horizontally composite breakwater is a cotidmnaf a rubble

mound with a caisson placed behind thiellle mound seaward protection.

e\

5a Caisson type on rock foundaticn

N

AN

AAAAN

5b Vertically composite breakwater

—

Z NN
NNNNN

4 Low-crested (submerged) breakwater 6 Horizontally composite breakwater

Figure 2.1 Crosssections of various types of rubble mountbreakwaters [55]

2.1.2 Components of a conventional rubble mound breakwater

A typical crosssection of aconventionalrubble nound breakwater is shown in Figure2?
which indicates its various componernifie core of the rubbleound breakwater is placed
on the subsoiiind on top of it usuallg filter layer is placedwhose properties depet the
grading of the layer on tod @ and the governing filter rulg85]. The top layer is tharmour
layer which is exposed severely to wave actiBasides,a toe is placed to increase the
stability of the breakwater and the armour layer. At, lastrest height and width is properly
selected, oroften a crest element iglaced on top of the breafater to reducewave

overtopping and increase the stabilityttoé rearside of thebreakwater.

12



CHAPTER 2 Existing knowledge backgrod

, Crest

Armour layer

'Underlayer

Toe‘

Scour protection ‘ Cisié

7

Figure 2.2 Cross-section of a typical rubble moundbreakwater [55]

2.1.3 Individual failure mechanisms

To make a proper design of a coastal structalighe possible failurenechanism should be
known and consideredn figure 2.3, an overview is giverf the failure mechanisms which
can occurin the case ofa rubblemound breakwatewith a crest elemenaccording to
Burcharth[65].

Cvertopping

/-b-

™\ Ereckege, sliding , Hiting

of capping wall

Erosion, breckags
of armour

/ .-’ R Sy e T e
Shp failure

/ Core
/ settlament

Berm ond toe
erosion

Seour
RO —— Siip failure 7

/ Subsoil seftlement

Figure 2.3 Failure modes of a rubble mound breakwatemwith a crestelement[65]

2.1.4 System analysis

To cdculate a coastal structureseliability level, a system analysis is requirdthe failure
probability of a system, e.g. a coastal structure, depends on the failure probability of its
individual componer, i.e. single failure modesand on their correlations and irdarking. A

fault tree is often constructed that describes the aforementioned relations. A system can be

13
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split into two types of fundamental systems depending on its tf@@ connections, namely

series systems and parallel systems.

2.1.4.1 Fault tree

A coastal structure can be regarded as a system of components that can either function or fail
under certain conditions. Failure of one component (one mode of failure) may cause th
failure of another component and even lead to failure of the system, i.e. the UlrtGbblea

mound breakwater e.g. protecting a harbour. A fault tree descrilies interactionsi.e.
correlations and linkingpetween the modes of failure anditirelaion between the failure of

a system (e.g. excessive wave transmission over the aforementioned breakwater) and the
individual events that lead to this failufg]. A simplified example of a fault tree of this
breakwater is presentéu Figure2.4.

~\
Excessive wave transmission
(failure of system)

OR
Instability of Breakage of parapet
superstructure wall (6/
OR
Sliding/tilting of _ Instability of R | .
superstructure (1) main armour SR SRR ESRS g
OR ‘
Displacement of main _ AND
armour @
croslon wef, foo (3 Sea bed scour (@)
berm ), &)

Figure 2.4 Simplified fault tree of abreakwater [1]

2.1.4.2 Series andparallel failure systems
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A system can split into two types of fundamemstatems, nameglseries and parallel systems,

as illustratedn Figures2.5 and2.6 respectively.

Figure 2.5 Series systenfl]

rF===
| I —

Figure 2.6 Parallel systemq1]

In a series system, failure oandthesgsteinfailurany of t
probability is equal to the probability of the union of the elentefaitures The upper and

lower bound®f the failure probability of the series system are:

Upper boundP’s=1{1 ®)(1 B) (-1 .A (2.1)

Lower bound:P-s= max[P (2.2)
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where: max[R ], is the largest failure probability among all elements. The upper bound

corresponds to no correlation between the failure modes, while the lower bound to full

correlation. Equation1j is sonetimes approximated b”s=8 P, which is applicable
i=1

only for smallP, , becausePfUS should not be greater than 1.

It is noted that the Olgates in a fault tree correspond to series compsneiftich are
dominant in breakwater fault trees. In fact, the Ab&e, shown in Figur24, is included for
illustration purposes, and in reality it should be an@ae[1].

In parallel systems failure occurs only if all components, fdilus the system failure
probability is equal to the probability of the intersection of the elements faillinesipper

bound corresponds to full correlation between the failure elements, and the lower bound to no
correlation.The AND-gates in a fault tree represent parallel components.

Upper bound:P’s= min[P | (2.3)
Lower bound:P"'s= R B ..P (2.4)

To calculatethe upper and lower failure probability bounds for a system, it is practical to

decompose #hoverall system into series and parallel subsystems.

The influence of correlation between twalividual failure mechanisms on system failure

probability is illustrated in thefollowing diagraraferring to the case of a series system

Case Mutually exclusive Independent Dependent

Correlation

coefficient. p,, ,, = -1 0 1

System failure : DT D
S . P(F)+ P(F,) P(E)+ P(F,) - P(F,)- P(E,)
probability P(F) 2

Max(P(F,, P(F,))

Figure 2.7 The influence of correlation between two failure mechanisms on system failure
probability [66]
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2.1.5 Target Reliability

The target reliability & a coastal structure ithe basis of design for the structurader
consideratonThe parameters that play a significant
target reliabilityareits potentialconsequenceof damage ofailure, the design serviceifie,

the limit states/ design situations and thesic variableswhich take place irthe design

formulas of the structuré s e | . @meefore the chosen level of reliability for coastal

structures is a function of the consequanaedamage or failuredesign service lifeand

returnperiod sea caditions for each limit state.

2.1.5.1 Consequences of damage or failure

The potential consequences of damage and/ or faidfirthe coastal structure under
considerationshould be assessed before the design procéstheo structure. These
consequences could be indicatively qualified considerirsg lof human life or personal
injury and alsoeconomic, social or environmentahpact of thest r uct ur eés damag

failure.

Furthermore, structures with huge potentiahsegences of damage or failushould be
designed to meetnaextremely hightarget reliability level in order that the exceedance
probability of the design actions of the structure be extremely low. This is commonly the
case of ationalscaleflood protectionstructuresor structures providing a critical role at a
nuclear facility the damage consaencesof which could belong to the highest class if an
analogous classification was made. Continuously, normal poteontigequences of damage

or failure could be attributed to lood protection structures protecting small areas/
populations, e.g. embankments or breakwatehilst the lowest class could be attributed to

structures with no significaiconomic, social or environmengaiotection role.

From the aboe, it is concluded that the higher the potential consequences of a coastal
structurebdés damage or failure, the higher it

probability of failure, and vice versa.

2.1.5.2 Design service life

The design service life,radesign lifetimeof a coastal structure should be selected at the

beginning of the design process.
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Port infrastructure including breakwaters for ports of nationally significant strategic or
economic valuer infrastructure for regional floodefenseor caast protectiorare considered

the most permanent of coastal structures. A common design lifetime attributed to this
category could be 100 years. However the most commonly used design lifetime is that of 50
years, which refers t@ort infrastructure for comercial and industrial ports including
reclamation, shore protection, breakwatersnfrastructure for local floodlefensesor coast
protection

Lower design lifetimeshan those associated to the aforementioned categurigd be

selected for moreempaary or replaceablstructures

2.1.5.3 Limit statesdlesign situations

As far as the unacceptable wave action is concerned, four different statestafl structures

can be distinguished. Specifically, limiagts used for breakwater desiye statesbeyond

which the structures ntonger satisfy the requirementsind can be distinguished in ULS
(Ultimate Limit States), FLS (Fatigue Limit States), PLS (Progressive collapse Limit States)
and SLS (Serviceability Limit States)lltimate limit states are concernedth safety for
people (to prevent human loss or injury) and structural collapse (or states immediately prior to
collapse). Serviceability limit states are associated with damage that is likely to adversely
affect the durability or functioning of the stture or comfort of users and are distinguished

as reversible or irreversible

A breakwater can have several functions, the most common of which is the protection of a
certain coastal area against severe wave attack that can cause beach erosion cadiwarbor b

protection against wave attack. The first case refers to detached breakwaters, while in the
second case the main objective of the breakwater is to maintain the downtown of the harbor

due to unacceptable wave attack to a requested minimum

In the preset thesis only the ULS and the SLS are presented. The former is assumed to
happen under extreme marine conditions and is a state where the breakwater is damaged and
loses its structural integrity, while the latter is a state where the breakwatersisioosly
damaged but leadto port downtime Considering the Ultimate Limit State of a coastal
structure, extrapolation of the marine variables to high enough return periods has to be

performed.
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An overview of these twdimit states of a breakwater in reladi to the port downtime is

presentedn Figure2.8.

Unacceptable port
downtime during
design lifetime

OR

ULS

A

SLS

SLS/ULS
Other events

Figure 2.8. Fault tree of a breakwater protecting a harba 6basin[67]

2.1.5.4 Returnperiod of design sea conditiorand encounter/exceedangarobability

Based on the@otential consequences of damage and/ or fadfigecoastalstructureunder

consideratiorandits predefineddesign service life, the appropria&turn period should be

used for estimating environmental sea conditions associated with design evetiie for

design limitstate.As it is expected, the higher the consequences of damage or failure and the

design lifetime of a coastal structure, the higher the return perioghbatd be selected.

The three parameters (i.e. consequences of failure, design lifedimereturn period)

determine the x ceedance probability

of

t he

desi

lifetime, which is directly related to thes y st e md sprobfbility legpecially in

deterministic design

Return values ofenvironmentalsea conditions associated to certain return periods are

extracted froman extremedatavalue analysisapplied toobservations or measurentgrof

environmental parameter8ssuning timedependent environmental paramet@g. wave

parametrs, sea level, currents et@hd stationary longerm conditiors, a timevariant

analysis should be performed in order tha exeedance probability of the design sea

conditions be estimadewithin the design lifetime, denoted by
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In such an analysis, if we hadyears of observatiohsmeasurementsthe encounter
probability ofa design sea conditiaextracted from the dataset, i.e. the probability that this
condition will be exceededonce in the mearwithin & years, is equal to the average

encounter probability of thisondition within 1 year. In deterministic design, the latter is
usually considered as the average failure probability of 1 year denotﬁﬁjeygyeferred to

the sampleof extremeevents This may be extrapolated to larger time periods such as the
design lifetime of the structuteby assuming independent failure events from one year to

another1], [2]. Thelatter means thal; ., is dependent o, butits value desnot depend

ely
on the particular years that are included in the dataset. The aforementioned extrapatati

be accomplished by the following expressia@oncerninghe extreme sample

Pf*,e,L =1 '(1 P]:,e,y)l_ (2.5

This expressia is based on the following relatid@] written in a more illustrative forrmere

([35]):

Fro(X,) =P(X <%, Xx kextremp (:Ee( g))Ne’L (2.6)

where: Fi,. (%) and F¢’,(x,) are the average conditional cumulative probabilities of an

extreme eventx, ' within 0, and 1 year, respectivelgstimated in the sample ektreme

events, extracted froyears of observations, andy is the independent trials within

i.e. the independent extreme events duding

Therefore, by considering E@.6, it is corcluded that Eg2.5 implies that the number of
extreme events considered per year is only one, which is commonly the maximum
observation of each year, i@.; 0. However, Eq.25 can be written in its general

expression as follows:

! As an extreme event is considered the annual maximum observation or one that exceeds a relatively
high threshold.
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Po.=14{L F,)" 27)

where:_ is the number of extreme observations considered per year of observations, i.e.

By using the notion of return periadgq. 2.6 ard Eq. 2.8 can be written respectively as

follows:
a 1'%
P;xe L =1 - ? C (28)
v ros
/
a 1 '8
F?ex,e L :1 _é' / T O (29)
c e'r +

where: P, . is the exceedance probability tfe return sea conditionthat correspond to

return periodT, .

Continuously by applying Eq.2.9, the exceedancerobabilities of different return periods
associatd to different design lifetimesapresented in Table 2.Eor exampleif the return

period of 100 years is selected for the design of a coastal strughose design lifetime is

50 years, then the exceedance probability of the return sea conditiexygeicted to be 0.39.

This exceedance probability is high enough given that a considerably extreme sea condition,
that of 100 years, is selected for the design. This contradiction could be attributed to the fact
that this probability is extracted from theerage failure probability of 1 yeastimated from

theextreme sampl of observations/measurements.

Also, it is recommended that regarding #drapolation of dataaiming atgeting the best
possible estimates of extreme conditions at desired rewnindg often the datamust be
extrapolated to probabilities beyond the record lengtho match design return periods.
Extrapolationbeyond 23 times the data record length should be avoided if poqdiple.g.

30years of data shoulae used for estimating return values66{90 years or less.
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Table 2.1 Exceedance probability of design return values associated to design lifetirhe

Return period
T
(years)
2
5
10
25
50
100
200

Design lifetimed

(years)

2 5 10 25 50 100
0.75 0.97 1.00 1.00 1.00 1.00
0.36 0.67 0.89 1.00 1.00 1.00
0.19 0.41 0.65 0.93 0.99 1.00
0.08 0.18 0.34 0.64 0.87 0.98
0.04 0.10 0.18 0.40 0.64 0.87
0.02 0.05 0.10 0.22 0.39 0.63
0.01 0.02 0.05 0.12 0.22 0.39

It is noted that theoretically the return periodused in deterministic desigrefers to
dependent (joint probabilifjysea conditions, e.g. of waves amdterlevels anddr currents
where clear evidence exists thamadest ora significantdegree of correlation is expected.
However whenno correlation is expected, or in some cases where the structure reisponse

not tobe sensitive to combined sea actions, the independent sea action may be used, e.g. wave

action only.
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2.2 Reliability of an element

The reliability based design methods for coastal structures are divided into four categories,
related to the accuracy in determining the reliability (or failure probability) oklbement

designand the consideration of all involved uneénties(see section 1.1).

Conventional design practice for coastal structures, such as breakwaters, detaftarinistic

in nature, and its reliability is based on theeedancprobability ofthe desigrsea condition,
defined by thewave load. In tls approach, the notion of design waparametersand
especiallythat of significant wave heighfHs) associated with a certain return period, e.g. the
expectation (mean) value of the @8ar return period extreme everig adopted The
resistance of thetructure is treated in a deterministic manaed the exceedance probability

of the design load is identical with the exceedance probability of the damage associased to th
design load. Thiss attributed to the fact that most of the availatdsign femulas give the
relationship between wave characteristics and some structural response, i.e. armour damage,
wave overtoppingrunup etc. [1]. Thereafter, it is noted that the deterministic design
approach classified as Level (s based onraextreme value analysisiowever all the
uncertainties involved in the element design are not taken intcdeoaitson.

Moreover all coastal structure design formulas are sempirical, since they have derived
from experiments and the estimation of the
fitting to model test results. Thus, the often consideralal#tesdn test results is not taken into
account in general. This leads to the fact thatmearor a characteristivalue is applied in

the design formulafor the resistance parameteandnot a lower fractile, as is usually used

in other engineering pblems[1]. Therefore, the only contribution to a safety margin in the
design process is the sdiea of a certain return period for the design loadnich is a

considerable step towards a fully probabilistic design.

In addition tothe deterministic method, partial safety factors can be implemented for
resistance and load, basedstandard$3]. This calculation is cladsd assemiprobabilistic

(Level I) methodHowever, this approach often results in overdesign of the structure and does
not allow accuratedetermination of the reliability of the desigim. order to overcome this
problem, more advanced probabilistic naeth must be applied that consider the uncertainties

of all stochastic variables of load and strength of the structure.

Fully probabilistic methods or Level IIl ethodsbelong n this category of the advanced
probabilistic methods, which consider the actpaibabilistic distribution of all stochastic

variables involvedWhen statistical correlation between the stochastic variables does exist, it
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can be considered by these methods. Another possibility, though less accurate regarding the
estimation of the rebility of the design, arenethods with approximations or Level I
methods. They generally transform correlated and-navmally distributed variables into
uncorrelated and standard normal distributed variatded reliability indices are used as
measure of the reliability of the structuféd].

2.2.1 Limit state function

The reliability of an element depds on the safety margibetween the strength (i.e.
resistanceY) and the load dr actiond). The limit state function describes the relation

between resistance alwhd of an element.

In general, the reliability function of an element is formulatefbb@ws:

g=R -A (2.10)

where as it has been aforementionédstands forstrengthando for action Both are

functions of several stochastic variables:

R=R(X.,X% ,..X) (2.11)
A= A X Xg 5o X) (2.12)

Therefore,the limit state functiondescribes the swtof the element, as presentedtlie

following relation:

e< 0, failure

g=9(X % . X) =(>) L o= limit state 2.13)
t >0,no failure( safe regiof
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Thus, the probability of failure of the elemdrt?, ) is definedby Eq. 2.14 and the reliability

of the elementR; ) by Eq.2.15.

P, =Prob(g 0) ®rof A B (2.14)

R =1-P (2.15)

2.2.2 Reliability methods

The four categories of the reliability theds, based on the accuracy of the structural

reliability estimation, are described in the following paragraphs.

2.2.2.1 Deterministic Methods (Level)0

A deterninistic calculation method uses nominal values of the basic variables. Often a global
safety factor is applied to deal with the unknown uncertainties in the basic variables and to
provide a safety margin between strength and load. Thus, the reliabilqualitg is

formulated as:

Ron® Pron (2.16)

The formula by Van der Med67] for surging waves and deep waters can be used as an
example to describe a global safety factor, presented in the following equation:

02

mnSOP-O.13Zéj_dN g ycot a SR( HS /CS (2.17)
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where: H is the significant wave height of the design storm of a certain return period or
probability of exceedance within the structure lifetirmethe relative buoyant densit{,,

the nominal stonediameter, 0 the notional permeability of the structurSd the damage

level factor,0 the number of wavesg the arma slope, the surf similarity parameter

based on the mean wave periadd® is a constant for surging waves.

Toensurethemsict ur ebds r el i abfdctbristinglydedan thg Vanlder Mees af et vy
[57] formula via the parametér, which is often anean value witf®5% confidence interval.

Thus, thelimit state functionis not close to zero, butas a safety margin between strength

and load.

2.2.2.2 Semiprobabilistic Methods (Level)l

This section presents the partial safety factors developed by P[3INBurcharth[68] and
Burchart h B9 dhisSdculaiongsdbased on standaadsl partial safety facter

are implementeébr strength @, ) as well for load §, ) via the followingrelation creating by

this way a safety margin for the reliability of the element

% 2 gAA'lom (218)

The partial safety factorsr() are related to characteristic values of the stochastic variables

(wp ), and are usually largénanor equal to 1.The magnitude of reflects the uncertainty

of the parametr w and the relative importance of the latter in lingt state function[1]. A

large valueof| , e.g] = 1. 4, i ndi cates a relatively Il ar
reliability or the corresponding failure probability to significant wave heightwhile a

close to 1 indicates negligible sensitivigndthusthe partial safety factor shoul omitted.

An illustrative example of this method will be presented considering the Hudson fgi@ula

for rock arma layer. Specifically, the partial safety factors can be applied to each parameter
(load or resistance) or encombinatiorof parameters, i.e.verall coefficients. Théimit state
function determined by Hudson design formula, which must be greater than or equal to 1,

referring to the case of partial safety factors applied to each parameter involved is given by:
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- AvDyDnd, cota [
=¥ Zen 5 -
g 8 o % i cot &+

Hg_|s, ch 0 (219)

Continuously, if the partial safety factors are applie@d tcombinatiorof parameters, there
might be onlyy , andl related to the first term on the right partkid. 2.2Q Therefore the

design equatiofeading toa safety domain of the elemewbuld become:

1 3
G=—A, DD, (Kcota) g H

g s ch 0 (2-20)
z

Equations2.19 and 2.20 are equivalent. HoweveEq. 2.D is simpler thanEq. 2.19. The
values of thee partial safety factoemre different for each design formula and are determined

according to PIAN(3] via the following equations:

T e ans o
H Py éHﬁ —1I8,Pf u k
_He L™ Y K 2.21
G = & x (2.21)
9 =1 {k, Ink,R) (2.22)

Where:H:L is the central estimate forshvith a return period equal to the lifetime of the

structurel, (which in average is exceeded once evgryears H?f is the central estimate
for Hs with a return period based onthealla bl e probabi l ity of failure
lifetime, and HiTL stands for the central estimate faydd4sociated with a return period equal to

three times the lifetime of the structure. Continuou;l»¥, is the allowable probability of
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faluredur i ng the stl,uN isuhe ednber of whve tatanoa which the

extreme value wave analysis is based. Besides, the coefﬂfgielepends on the type of the

mechanism of failure and is found by optimizatj8h s E, declares the quality of measured
wave data, i.e. high quality and low quality wave data could be represente'gHbyequal to

0.05 and 0.8, corresponding to atelerometer buoy and Fetch diagramstimates
respectively.The middle term of the rigkiand side oEquation2.21 takes into account the

model uncertainty related to the quality of wave measurements. This is accomplished by

implying a multigicative stochastic variabIEHs assumed to be normally distributed with a

mean value of 1.0 and a standard deviatios pf .

Finally, the coefficientsk, and k, have been derived by optimization for each failure

mechanism and design formula BVANC [3].

The partial safety factor for the load variable giverEquation2.21 consists of three terms.

The first term estimates the partial safety coefficient given that no statisticataintyeand

measurements errors are present in Hs. This term signifies the encounter probability of the
design significant wave height during the stru
This is expressed by the central estimate gfdfl a cetain return period, given a certain

extreme value distribution for storms, e.g. a Weibull probability distribyi#ibh

The last term stands for the statistical uraiaty of the estimated extreme probability

distribution of H. The latter depends on the number of wave data considered. In casg that H

has not derived from wave statistics, then the tasn is omitted and the second term

accounts for the inherent untanty.

In short, &cording to PIANCJ[3], partial safety factors are calibrated with the following

input:
- Design LifetimeT, (=20, 50 or 100 years)

- Acceptable probability of failurepf (=0.01, 0.05, 0.10, 0.20, or 0.40)

- Coeficient of variations ' (=0.05 or 0.20)

- Deep or shallow water conditions

Wave loads determined with or without hydraulic model tests
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Besides, the partial safety factors are as follows:
- Aload partial safety factér to be applied taH "

- A partial safety factgr to be usedo the combination of the mean values of the resistance

parameters in the design equation.

It is noted that h e e | mababitity @ &ilure canot be calculatedpreciselyvia this
design processsince it is selected a priprand is defined as the allowable probability of
failure of the elementdur i ng t he st rR.clhiudreavbagk céni Iéad toi me

underestimation or overestimationtbédesigns t r u cetemanteliamacteristics

2.2.2.3 Probabilistic Methods with Approximations (Level II)

Another possibility of estimating the reliability of an element is to use a level Il method
which is a probabilistic method with approximatiolmsthe present thesis, only thencept of

this method will be presented, since its calculation is based on a rather iterative and complex
process, making thusevel Il methods difficult to applyespecially if the random variables

are nonnormal and statistical correlated. Besidesly the firstorder reliability methods
(FORM) will be briefly describechere In these methods, the failusarfaceis approximated

by a tangenhyperplaneat the design poin(see Figure2.9). However,the secondorder
reliability methods (SORM) are consigtd more precise, but calculations are more complex
than in FORM. Specifically, a quadratic approximation to the failure surface isimsed
SORM.

Mapping info normalized coordinate system

‘Xz Az
Failure region Lineqrized---,__H\ : i
fuilure ) Failure region
surface p ~Design point
Failure surface
) g(X)=0 -
Safe region x Safe region
- B Z2
Y
o~
Failure_surface
g9(z)=0

Figure 2.9 Linearization and approximation of the failure surface by a tangenthyperplane at the
designpoint [1]
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Regarding the type of thiailure functionand the distributions of random variablésee
different cases of FORM methods caa distinguished, which are listed belaworder of
increasing complexity

9 Linear failure functions of normalglistributed random variables

9 Nonlinear failure functionsfaormally-distributed random variables

9 Nonlinear failure functions afon-normalrandom variables

It is noted that focorrelated random variables, the transformation inteawrelated random
variables should be performbdfore normalization.

In the first case, which is theimplestone compared against the other two casks failure

function for a single mode of failurgiven by Equatior2.11, is estimatedusing only the

mean values and standard deviations of the loadifi) and resistancdR( X) . If A(X)

and R( X) are assumed to be independent normally distributed random variables with known

means and standard deviations, the linear failure function is also noulistiputed with

mean value:

- A (2.23)

S
I

and standard deviation

se=J( § +3 (2.24)

The quantity (g- /73)/ & will be unit standard normal, and consequently the failure

probability of the element is estimated as follows:

0 ao- 0
P, =Prob(g ¢ #f,(¥dx %Fsﬁ g (=oF (2.25)
- C g =
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where:

p="8 (2.26)
s

«

is referred to as the reliability indg¢X2], since it is a measure of the failure probability and

consequentlyof the reliability of the elementThe reliability index is the inverse of the

coeffident of variation, and can be defined as the distance (in terms of standard deviation)

from the most probable value gf(in this case the mean value) to the failure surfge®,

(see Figure 2.10)

g<0
Failure

Area = Py,

0

fg(x)
A

g>0

Safe domaine

“—F—>

Sog

-l
-

Figure 2.10 Illustration of the reliability index for a linear failure function of normally-
distributed random variables[1]

It is noted that ifA(X) and R( X) are normally distributed and correlated, then Equation still

holds, but the standard deviation of the lin@éure function is given by
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where / g, is the linear correlation coefficient betwedx( x) and R( X) :

SR SA

where Cov( R A is the covariance betweef( x) and R( X) .

As it is has been afemenetioned, thealculation of thereliaklity of an element becomes
rather complex in the other cases listed above, and consists of a number of transfqrmations
e.g of nonlinear failure functions to equivalent linearized ones, of uncorrelategonoal
random variables to equivalent normal grets. However, due to the difficulties thaiay

arise during th reliability calculationprocess and to the probabtess of accuracy during

these transformations, Level Il methods will not be adopted in the present thesis and thus will

not be further arlgsed here.

2.2.2.4 Fully Probabilistic Methods (Level IlI)

When a fully probabilistic method is applied, the failure probability of an elegsmtbe
calculatedaccuratelyand is directly linked to the reliabilitgf the elementThere are wo
main methodsclassfied as Level Il methods, the Direct Integration Method (DIM) and
Monte Carlo Method (MCM)which will be described belaw

Direct Integration Method (DIM)

The core problem of DIM is the exact estimation of thiatjpdf of all stochastic variables
involved. Giventhat the marginal pdfs dhe variablesconsideredare known, tie calculation
of the jpint pdf of the variables is necessamgnly if these variables are correlatedherwise

the joint pdf is equal to the multiplication product of the margindiis of the variables

In case ofcorrelatedvariables, a efficient way to capture their correlation is to apply the
conditional probability model in order to calculate the jpdf. The said model can be illustrated

by the following probability law appliechdicatively to two variables, e.g. two wave load
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variables that are correlated, and can be also applied to more than two correlated variables as

well:

Frx, (%0 %) = fux, (%1 %) fi (%) (2.29)

where f, , (X,%,) is the jpdf of the stochastic variable$;, X,, f, . (%, ]%,) is the

conditional pdf ofX, given X;, and f,_(x,) is the maginal pdf of X,.

Given that f, is the joint pdf of all stochastic variables involved, i.ef the vector

X =( X, X,,.... X,), Equation2.14 can be expressed by

P=ff (})d& (2:30)

Note that if only two variabledR(r) and A(a) are taken into consideration, ttaove

Equation reduces to:
P = fRs(r.a)drda (2.31)

R¢ A

which is illustrated in Figurg.11

33



CHAPTER 2 Existing knowledge backgrod

A s
frs Failure surface
g=r5>s=0
Alahhinlinnnununnnnaaae
Unsafe region

Safe region

Ll g \ — Design point

/7 Contours of
constant frs

> I

Figure 2.11 lllustration of the two dimensional jpdf for loadingsand resistancer [1]

If more than two variables are involved, tlwni pdf of the stochastic variables cannot be
described as a dace, and the problem becomes multidimensional. TBys?.31is given by
the nfold integral:

P =11 fofx (XXX dxdx...dy (2.32)

R¢A

If all variables can be assumed independent, theirigpequal to theroductof all marginal
probability density functions (pdfs) and then Equaf2d® can be simplified to:

P =f-f fx k) f (%) f (%) dxdx...d (233

If only two independent vables are considered, Equati®i33 reduces to:

P =1 R(r) fa(a)drda (2.34)

R¢ A
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which by partial integration can be written as a single integral:

P = i (%) fa(X) dx (2.39)

where F5 is the cumulative distribution for resistance/strerigtiSince negative resistance is

not meaningful;D has been replaced by 0 in the above equation.

It should be noted that the computatiorejuirement®f DIM are very demandingspecially

if the number of stochastic variables, n, is greater tHah 5

Monte Carlo Method (MCM)

This method is based on a large number of simulatNnsa part of which (N, ) leads to

el ement 6s f aiumadthatprovided) ss,a hightenough nuaises,

p=—t (2.36)

NOTE: N should be sufficiently large foP, to attain acceptable convergence.

One way (e.g. inverse CDF method) to generate the random sample for each variable is
described here. Specifically, each simulation starts by drawing a random number from a

uniform probability density functioflY Tdp . Through this number X, ), a sample of the
variable (X)) can be produced by the | atteros i nve.l

F ! (X) as follows:

X=FAX,) (237
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The cumulative distribution function & is calculated from its probability density function

f, (x) as follows:

Fy (X) = fifx (u) du (2.39)

Function F, (x) is linked to P, of Equation 236 by letiing f, (X) become

—

multidimensional to represent the joint probability densitgction fi(X) of Eq. 2.20.

Evaluation of functiong(X) should then be performed to assess the failure domain

vv(}) :{g(;() @} in order to apply Equatio®.36.

In Figure 2.12 the random sample geneaatiprocessof the variable X,and the inverse

cumulativedistribution of which is denoted bF, (X), is depicted.

0.6

0.4 X

0.2}

Figure 2.12 Random sample generation step for one variable in MCN66]

The procedure of Monte Carlo simulation after the random sample generation for each
variable is presented in the following diagrésee Figure 2.13)
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i=1, N=0

draw
L. xl) ——> g0 >——>  NfENgH
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x'q, X9,y X'y

i<N >——»  Pf=NgN

Figure 2.13 M C simulation (according to Schiereck[73])

Despite the fact that MC simulationrislatively simple,its computational demands increase,
when more stochastic variables are involved and the total number of simulations N is very
large. Besides, MC procedure becomes more complex and diffiaiiplyg when correlation

between variableis considered.
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2.3 Probabilistic design process

In this section an overview is given of the probabilistic design of coastal structures. Firstly, a

simplified flow chart of the design process and then a more detaikzatepresented

2.3.1 Simplified flow chart of the design process

In Figure 2.14, a simplified diagram for the probabilistic design process of marine coastal
structures is presentedtirstly, the design requirements and the environmental boundary
conditions are defined; secondly the design parameters are determined for preliminary
(deterministic) and fully probabilistic design method. It is noted that the preliminary, i.e.
deterministic, design is important for the beginning of the probabilistic design dnetince

the first one providethe latter with the initiasolution which will then be used for thmore
accuratecalculation of the system reliability.

Design parameters
Design requirements > for —>» Preliminary design
Preliminary design
: Design parameters . - -
Hydraullc.poundary o > Probabilistic design ) Calculatlor} of ?he Check}ng design
conditions S . system reliability requirements
Probabilistic design

* | |

Figure 2.14 Simplified flow chart of the designprocess &ccording to Everts [56])

As it can be observeih the above FiguréFigure 2.14) the three final stepdevelop an

iterative procedure which ends only if the predefined design requirements are met.

2.3.2 Detailed flow chart of the design process

In Figure 2.15a more detailed diagram of the design protegsesentedr-irstly, the design

requirements need to be specified for lih@t state, e.gUItimate Limit State (ULS) and the
Serviceabl e Limit St alifeime(agdLti ))allowable pyobabilityhoe st r u ct
failure during the design lifetig of a coastal structure. Thehe fault tree that describes the

linking of failure mechaisms has to be constructed in a proper manner. The boundary
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conditions determined nextcan be subdivided in hydraulic, geotechnical and geometric, etc.

The mearor characteristio’ al ues of the structur edstheirr esi st an
probability distributionsshould also be specified order that both boundary conditions and

the structural properties be used for preliminary or probabilistic dasgpectively

Preliminary (deterministic) design uses deterministic input variables and a deterministic or a
semiprobabilistic design method. Then, the preliminary design is sebjgot a fully
probabilisticreliability method, like Monte Carlo and Direlettegration MethodAs noted in
Figure2.15 preliminary (deterministic)designis the basidor the fully probabilistic method,
sincethe firstuses the same variablas the latterand @n providean initial solutionwhich

will be checked via therobailistic design methadHowever, instead of the deterministic
input variables of the preliminary design, a fully reliability method uses the joint probability
distribution of all these variables, now being stochastic ones., Theis marginal pdfs and

the correlation between variables are taken into consideration in a fully probabilistic design

process.
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Define design requirements
for Limit State

¥

Determine fault tree with relevant failure
mechanisms

v

v

v

Determine boundary conditions
return values of environmental parameters

Determine boundary conditions
joint pdf of enviromental stochastic variables

v v
Determine the structure's resistance Determine pdfs
parameters of structure's resistance parameters
v v

Deterministic design
for each failure mechanism

Probabilistic design
for each failure mechanism

v

Calculate probability of failure for the
whole system
Fault tree analysis

|

\4

corsidering economic cost aspects.

Checking design requirements

Y

Optimization
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Figure 2.15 Detailed flowchart of the design process for a coastal structuf@5] (based onEverts
[56])

Before the total reliability of the system can be determirnled,correldion and linking
between the failure mechanisms should be considered. Then, after the reliability of whole
system is calculatedhe estimated reliability levek subjected to control over the design
requirements. If the design requirements are met, durtbptimization can be made
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2.4 Hydraulic boundary conditions

In this section all the necessary environmental boundary conditions that need to be
determined for the design of a coastal structure will be discussedrt from the
environmental boundary conditions, there are also other boundary conditions like the

geometric limitations that are imposed on the design structure.

The category of environmental boundary conditions cansishydraulic and geotechnical

boundary caditions. The latter are not within the scope of the present thesis.

The hydraulic boundary conditions define the load actiggem a coastal structure which are
the sea conditions (i.e. wave actions and sea levethe main load parameters associated to

their units in Sl system are presented in Tabke

Table 2.2 Main parameters representative of hydraulic boundary conditions

Load parameters Symbol Units
Significant wateheight Hy/s, Hs m
2% wave height Hoo, m
Mean wave period Tm S
Principal wave direction relative to oN
North "

Spectral significant wave height Himo m
Spectral peak wave period T, s
Energyperiod Te S
Water depth d m
Water level variation due to tide TL m

Water levelvariation dugo storm

)
2
3

surge

Usually, coastal structures are built in intermediate water depths, i.e. 0.98@d| . where d
is the water depth and,lthe mean wave length of aseastate t h e Iodatiom Thisur e 6 s
means that théydraulic parameters, prsied in thelTable 2.2, must be determined at the

structureds | ocation.
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Hydraulic boundary conditions are caused either by meteorological forcing (winds, waves,
storms surges etc.) or by astronomical forcing (tides), or by seismic forcing (tsunamis). The
principal relationships between the above forces are shown Kighee 2.16

[ Global climatological conditions

]
Matsorological conditions
Rough indication for storm (galel
depression with horizn tal press ure
gradients reaching magnitudes of the
order 10 mibar 100 kmn
y )
Astronomical forces Wind Precipit ation in Salermnic forces
. Deterministic and site- Parameters: — catchment area of Earth eg exp
specific water movements with speed, direction, duration river system on Richter scale
fied periods and amplitedes |
Curments | Y
Water levals * R Wind waves
[ wews  J2T™5 | Genertag on seepwater
Surface and circulation BEE
~ o soaom | aress e v
! Tide Deep-water waves:
; : ;I breaking due 10 wave
Tide {mcan | Tide n[hvu:zomah |-:— e
. ¥
[ somarn | [ s | ST
3 SLO SFE8 Sner gy
trams fer to lower
[ wimisecn == e
Y v A ¥
Wawve set-up -—I C (secondary) | Shallow water waves:
- wave shoaling,
T wav e refra ction,
Salches — Teunami depthin duced e
wave-breaking,
local wave generation
it due bo wind
R ¥
Water level boundary conditions Currents boundary condltions Wava boundary conditions
Design param sters: Design parameters: Design parameters:
joint water level with excesdance current velocities at structure with helght, period with excesdance
probabi lity eceedance probabil ites probabilities, angle of incldence
L] Y L]

Joint probability deslgn conditions.

Figure 2.16 Hydraulic boundary conditions for coastal structures [55]

An example of combined loading incluslevater level and wave conditiom&termiring the

required armounits and theaquired crest level of an emerged breakwater or a seawall

Two main categoies of hydraulic boundary conditiong.e. wave and waer level boundary
conditions) are considered in the present thesis anlll be described in the following
sections.

2.4.1 Wave action
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Wind-generated ocean waves change randomly with time, i.e. both wave height and period
vary randomly from one cycle to another. Their period ranges frerto 30 sWaves tend to

break when the wave steepness exceeds a certain limit. Besides, @nilo$ierved that
during propagationof wind-generated waves from one location in the ocean to anwther
deep waters, far away from the windld that generated the wayesvell wavespropagate

not necessarily at the local wind direction andlangcreseédand their frequency spectrum is

very narrowbanded

As waves move inshoréepthinduced wave transformations take place andore distinct
difference in the wave profile can be observed. Referring to severeasshswnin Figure
2.17,the wave prdfe in deep watethe wave profile in deep water is somewhat symmetrical
relative to the mean water leyglhile in shallow waterpeaks are much sharper than troughs,

and the order of magnitude of the peaks is higher than that of the troughs.

(a) (b)

Figure 2.17 Wave profile in severe seas (a) in deep waters and (b) in shallgvaters [10]

In probabilistic approach, waygofile in deep waters is characterized as a Gaussian random
process, since the sea surface displacement from its mean value can be represented by a
normal probability dstribution(see Figure 2.18aJhis was first found by Rudnidk’4] who

analyzed measured data obtained in the Pacific O€eatihermore, Pierson et §¥5],based

on the central limit theorem, presented an illustrative sketch (shown in Figure 2.19), which
indicates that ocean waves consist of an infinileiper of monochromatic, or elseusoidal,

waves having the same height but different frequencies and directions.

On theother hand, depthmited waves follow a noiiGaussian random process, as seen in
Figure 2.18bHowever waves in relatively shallow wers may be considered as a Gaussian

random process if the sea severity is very 1ji@.
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Figure 2.18 Wave profile histogram and the theoretical distribution (a) in deep waters and (b) in
shallowwaters[10]
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Figure 2.19 Structure of random sea[75]
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Wave parametergan be determined either from feequencydomain or a timedomain

analysis of a wave recorflhesetwo categoriesf the analysisvill be describedhext

2.4.1.1 Wave parameters from frequenagomain analysis of a wave record

A detailed structure of wind waves and swell can be extracted from the freeplmman
analysis of a wave record. In this analysis, wave spectra are used to repretmat Waeve
(potential and kineticgnergyat a certain location in the ocean, which is an accumulation of
the energy of all wavgsropagatingrom various directions.

Waves as a Gaussian random process

In reality, only the major part of wingenerated wave energy does propagate in the wind
direction[10]. Continuously, there is a directional spread of the energy which should be taken
into consideration in the frequendpmain analysis of a wave record. Thereftne notionof

the directional spctral density function has been adopted denoteS(bf/, q). Continuously,
if the time averagef wave energy at any frequency intereil and directional intervatlg

is equal tol/2r g é wherea,; is a positive random variable, and by ignoring, it can

be written:

S( f.q)dfdg1/2 % (2.39)

The ime average of the total energfywaves of all frequencies aptopagang from various

directions is given by:

-m ll1 2 ljw
a a,ai=f it g dfd (2.40)
Df oy -p
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Wave spectrd formulations

There aremanyformulations of wave spect@oposede.g.[76]; [77]; [78]; [79]; [80]; [81]
etc) used in engineering applications, which are based on wind speed, significant wave
height, wave period, et&ome of them will be briefly presented below:

Referring to the case of fully developed seas, a widely used spectrum for wave hindcasting

and forecasting is developed by PiersodMoskowitz[82] given by:

(2.41)

0.008y> _ © a2pU f
Sul f)=—Fzex eO.?L&iW
(1) (2p)" f pg ¢ 9

| O:0On

where U, is the wind speed at 19.5 m above mean sea level. As seen h4Eqgthe

PiersonMoskowitz spectral formulation is based on a single parameter, the wind speed.

Another spectral formulatioris the JONSWAP spectrum, which is based on an extensive
wave measurement program known as the Joint North Sea Wave Project carried out in the
North Sea Sylt Island in 1968 and 19f83]. The spectrum represerfetchlimited wind

generated seas, thus wind speed and fetch length are input variables to this formulation:

B0
(=2 _expe Ejf‘%@é”

Sionswad, f a5 XP 1.2 8 4 (242
(20’ & ¢e T U
-

where: f =3.56— | , (243
eV, 0

a= 0076%; % (2.44)
u .
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1¢ g ¢/, called the peakhape parameter (with the mean value of 3.3), and

s =0.07, for f d:fp

2.4
s =0.09, for f >f (2.45)

The TMA spectral formulatiohasbeen proposkby Bouws et al[84] as an extension of the
JONSWAP spectrum so that it can be applied to wind gestesas in finite water depths
based on the similarity law shown by Kitaigorodskii e{&b].The TMA spectral formulation
is given by:

SrMA(VVv d) = SONSWAF( W F( W() (2.46)

N -1
where F (W*,d) = ! 1§1 +K— gis the Kitaigorodoskii depthuhction and
f(w):

mi:«/%,f(*ygqanhlgk( b A wf() (2.47)
where: Kk is the wave number.

Directional spectra

Wave spectrum represents energy distributed not only in the range of frequency, but also in
the range of direction. This type of spectrum is callesl directional wave spectruS(fd)
andcan be expressed as the product of the frequency wave spectrum S(f) and the directional
spreading function D@}, where f is the frequency in HZhe directional spectrum S, is

the general form of a wave spectrum, while the frequespgctrumS(f) is the integral of
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S(f,d) with respect tal. The term fdenotes the frequency adds the azimuth measured from

some fixed axis of direction. Next, it can be written:

S(f.g)=9 f) o ¢ 1) (2.48)
and

p

fAD(g1f)d ¢1 (2.49)
P

Regarding the units of wave spectra, the frequency wave spectrum S(f) has the dimension of
m’s or equivalent units, sincedxpresses the wave energy density (being divided by the unit
weight of water) in the frequency domain. The directional spreading functiaf) EXfiresses

the wave energy density in the directional domain at a specific frequency f, dependent on the
wave energy density at that frequency. Thus, the directional spreading function has no
dimensions and its integration over the full range of azimstiset at unity for every

frequency.

Estimation of wave directional spreadingfrom data

In order to obtain information on wave directionality, different types of instruments are
currently available for measuring the directional characteristics of wavgyeimethe ocean

or in laboratory basins. They can be divided into the following groups, depending on the
number and the type of their sign{8§]:

(1) gauge arrays: In principle, these probes can be set up at any location of the wave field and
may be identical, e.g. surface elevation probes or of various types. However, there are
limitations to deploying such arrays in deep water depths, sifeEn instruments are
mounted on an offshore fixed structure they should be placed outside the area of influence of
the supporting structures. Such a requirement is difficult to achieve, making deployment

costly.
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(2) singlepoint devices: They measure sitameously several wave properties at a single
location. The most widely known such device is the hegdtedrroll buoy, which measures

the sea surface elevation (heave) and two orthogonal slopessiirésae that produce pitch

and roll[87]. An even more sophisticated singdeint system is the cloverleaf buoy, which
records the sea surface elevation, its slopes in two orthogonal directions and the curvature of
the sea surface in these two directi{88j.

(3) subsurface instruments: The simplest instruments in this category are high resolution
pressure transducers which measure pressure fluctuations due to the surface waves.
AcousticDopplercurrent profilers (ADCPs) are used for measurements of ocean currents and
waves in coastal environments and can resolve the directional properties of ocean surface
waves [89]; [90]).

(4) remotesensing systems: These techniques include aerial gibatography techniques

and microwave radaf®1] and allow the measurement of ocean wave fields with both high
resolution and large coverage. Topography of the surface has been retrieved, using stereo
photographic data, by sbrving scenes perpendicular to the stiface, by Shemdin et al.

[92], but in their case the observed scales are of limited extent, while those considered in
airborne stereoscopysed by Holthuijsef93] are rather large. Digital photography is now an
opportunity to collect quantitative sea surface dataemmasily. As for the radar wave
measurements, their main advantage is that the acquisition of active radar data is independent
of daylight and cloud conditions. They are therefore believed to be most suited for operational

use, as well as for many ongoisgjentific investigation§94].

There have been dewgled many methods for estimating the wave directional spreading from
data. The most commonly acknowledgetkthods for practical use are the maximum

likelihood method, the maximum entropy method andBagesian approach method.

Maximum likelihood metho@MLM)

This method, introduced by Capenal [95] in seismic wave detection and then extended by
several authors (e.§Q6]; [97]), is based on the assumption that the estimate of directional

spreading functiorb,,,, ( f,g) may be expressed as a linear combination of the cross spectra:

L _Han(f, §Gu(f) (2.50)

Duim ( f ,Q) = E—(f)
MLM mn
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where: E,,,, ( f)is the frequency spectrum estimated by MLM, which is equal to the average
of the autespectra at each pole, (f.g) is a coefficient as a function of frequency and
angle of propagation, and_ (f) is the cross power spectrum between the wave properties

of the mth and the #th probe.

The MLM estimateD,,,, (f.qg) may ke seen as the convolution product of the actual
directional spreading functiod( f,qg) by a window functionw(g, @, as described by the

following relationship:

2

Dy (f.9) = fP(f. gw( .4) od (2.5))

where w(g, § =8 an( 1 )H.( . NHp . ) (252)

with H_(f,g8) =H,( f¢ & for probes of free surface elevation, as in this case, where
H..(f.g0), is the transfer function from water surface elevation to titt mave property
and H, (f,gd) is the conjugate of the transfer function from water surface elevation te the n

th wave property.

The D, (f.g) will best approach the actual directional spreading fundbdri,g) , as the

window function tends towards a Dirac functiefl ¢ 6.

The estimate that best satisfies the previous condition is found @ape (

(2.53)

DMLM(f’q)=
aH,(f.@) @ FH( . 9

m,n

In the above expressi@y,, (), stands for the elements of the inverse of the cross spectral

matri x and o i s ditoh that timé imegrdl offthe MV estimate oveo [0,
2°"] should be equal to 1.
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Finally, the estimate of the directional wave spectrum is then given by the basic relationship:

S\/ILM (f 'q) = QIILM (f ’ d%’lLM (f) (254)

wheres,,, (f .g)is the estimate of the directional spectrum.

Maximumentropymethod(MEM)

This method is based on the definition of Shan®&hfor entropyc :

c= —ZF‘]D(f, yIn(D(f, )i (255

0

Entropy € is maximized under certain constraints given by the espsstra. The
application to singlgoint systems or gauge arrays was described by Kobune and Hashimoto
[99], Nwoguet al.[100] and Nwogu[101]. This entropy definition is different from the one
used by other authors (e[@02]) which generally appears to bedgsowerful.

Kobune and Hashimot§99] applied the MEM for estimating directional wave energy

spreading from &eavepitch-roll buoy. In this case, the input data are three timeseries, one

corresponding to surface elevation and the other two to orthogonal surface slopes at the probe

location. By maximizing the entropy in Equati@®b5, the following estimated spréiag
function by MEM was deriveflLO]:

e A
DMEM(f,q)=expe-g a Jla}( ) ¢ (2.56)
é =1

where:
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2 e,
/,=In I"‘Jpexpe- la( )g (2.57)
g ¢

and the Lagrangian multipliers, dependent ohand d, are determined from a Fourier series

expansion of the energy spreading function ap(i]) coefficients.

By expressingD,,.,(f.qg) in terms of Fourier series and applying some constraints in its

coefficients the followng expression is arrived at:

s e

neo ﬂ(?u@%a;/@()tﬁ £ (2.59)
&

Fori=1,2,3,4, where the coefficient$ are written in the form:

2p

b = ﬁDME M(f’ ()6\( )Q’ (2.59

The unknown Lagrangian muItipIier/s1 in Equation2.56 can then be obtained after solving

Equation2.57.

Note that if we consider only j=1 ar#] the estimted spreading function coincides with the
formula proposed by Borgmdh03] and Equatior2.56 becomes then:

Duen(f.9)=exd -4 - kos g; sih] (2.60)

Hence, from here on, the MEM corresponding to j=1, 2, 3 and 4 will be denoted as MEM

43, while the MEM correspoanrading to only |

-The approximate techniq(i@c]
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At this point, the proposed approximate technique will be described, based on a simple
alternative calculation of two orthogonal slopes of surface elevation, which was involved in
the MEM[86]. Actually, the whole concept was to estimate the wave properties that a heave
pitch-roll buoy records, using data measured by three surface elevation probesasetnup
appropriate location.

It is known that the motion of a rigid body, such as a floating buoy in sea water, has six
degrees of freedom: three translations and three rotations. However for this analysis only
three of them are required, i.e. heave, p#aad roll (see e.d104]). Assume that theurved
surface, in Figur@.20, representghe free sea surface and points (1), (2), (3) are three points
that belong to it and form a right angle on a horizontal projection. Therefore, when plane
01'3' coincides with the still water surface, then

zD)=h ()
z(2)=h(2),

z(3)=h(3),

where:/1(1) is the measurement of free sea surface displacement at point (1), etc.

Continuously, the free surface elevation and its two slopes in orthiogjoeetions, at point
(2), can be calculated at any time through the following relations, proseahd Dy are

small enough quantities:

Heave : A(2)
. Dh,y_h(3)- £2) _ (8 - (B)

h :—I(2)= = :
e Dy( ) y(3) -¥(2) P (269
Roll ;D—h(z):h(l)' 2 _0 - ® (2.62)

Dx x(1) -x(2) )9
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The above relations calculate approximately the wave properées theaveitch-roll buoy

delivers, if the distanceBxandDy ar e adequately small for the
slopes.
A Z
heave

~ sea surface

2)

(1) S07 by 13"

pitch

Figure 2.20 An approximate instant depiction of free sea surfae [86]

The approximatetechnique, by using an array of three probes, is close to the concept
employed by Beoit and Teissolfil05], who, however, used an array of four probes. The said
technique employs probes of the same type, i.e. of surface elevation, and requires the
minimum number bgauges. Besides, the measurement of the surface elevation is available at
the triangle vertex, where the directional spectrum is finally estimated, in contrast to the
method with four probes, in which the surface elevation at the point of the finahtstis

calculated as an average of the four probesbd

Formulation of the wave energy directional spreading function

A first approachwas performed by Pierson et §l06] who introducedthe following
directional spreading functigomvhich has often been used for design of marinestres due

to its simplicity

D(q):%cos2 g-S< ¢!t (2.63)
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Borgman [103] proposedthe following formula which is called the circular normal
probability distribution:

2,0I1(a) expgaco$ g- . ) (2.64)

D(q) =

where a is a positive constantg, is the angle of propagation of the predominant wave
energy, and, () is the modified Bessel function of zero order. This formula agrees with the

first approximation of the directional spreadifighction by Kobune and Hashimo{89]
estimated via MaximumriEropy Method.

LonguetHiggins et al.[107] proposed thaD(qg| f) is proportional to an evemumbered

powerof half of the directional angle. That is,

D(g|f)= CO%( q__)ng g 9 (2.65)

whereq is the mean direction of energy spreadistimated via the following ration:

P
fiS( f) sing dg

g=tan*-2 (2.66)
fiS( f) cosy de

-p

and G(s) is a normalizing factor determined from the condition that the integration of

D(f,q) fromi~ U ¢ with respect toq is unity. This yields:
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G(s)= 22'1 (Gézsﬂ ﬂ)) (267

where G( f represents the Gamma function.

Thus, LongueHiggins et al[107] showed that the>(q|f) can be presented as follows:

2s 225 1 ))2

f: A
D(g1f) 2 p 02s+1)

co%( - )8

(2.69)

where the parametey is a positive integer which controls the degree of concentration of

energy around the mean valge In reality, s depends on frequency, wind speed, and fetch
length. Mitsuyasu et a[88] carried out further analysis for evaluating the value aind

proposed the frequency dependency of the spread parasnaseiollows:

P
S=

£ / :
{ s, (ff) fef 269
i

S (1F,) " 1 £

p

wheref  is the peak spectral frequency.

Mitsuyasu et al [88] formulated the maximum value of spreading paramsejgr as a
function of the state of windave growth. Goda and SuzyKkiO8] propod values of,_,

equal to 10, 25 and 75 for wind waves, swell with short decay distance, and swell with long
decay distance, respectively. The proposgd values are still employed in many case

studies.

From analysis ofmeasured data, Hasselmann e{H)9] proposethe same formula given in

Eq. 269, but thesvalue in this equation is substitutedyalue written as bew:
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£ (9.77° 0.43 (f/ f,)EF 000 “® %k W foruzc, antl %,

S =1
)HoT oz , forU 2c_ andf #$_

(2.70)
i (6.97° 0.83(f/f,

where: U is thewind speedgc,, is the wave celerity at the modal frequentiy Thes;-value

by Hasselmann et dlL09] derived from an extensive analysis of directional data obtained in
the North Sea (JONSWAP site).

Wave spectrum parameters

By assuming that a wave spectrum isroarbanded, and therefore obeys the Rayleigh
probability distribution (LongueHiggins[110], [111], [24]), its nth moment is estimated as
the integral over frequency of the spectral density function multiplied by-th@owerof the

frequency, either expressed in hetydles per second) as:

a Q . QTtYQQQ (2.71)

or expressed in circular frequency (radians/second) as

a1 1Y oQ (2.72)
wheree=0, 1, 2, 3, &

Sincey 2" | tlie relationship between the two moment expressions is:

a 3 cAG A& (2.73)

Using this defiition, the spectral significant wave height for a Rayleigh distributld®]
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may be approximated by:

O T a (2.79)

The period associated to the largest energy per frequency is known as the spectral peak wave

period T, and the mean period and energy periody can be approximated by:

Yo — (2.75)

A (2.76)

An approximation of zergrossing mean wave period is estimated by:

A 2.77)

Two parameters are frequently used concerning the spectral bandaddi] Both of then
range from Oa 1. When these parameters tend to zeroz<€l and k<1, the wave spectra
are narrowbanded, while if they tend to unity, the spectra are bbzadied. Thespectral

band widthparameters can be approximated by spectral moments by:

(2.79)

oz 1 M (2.79)

2.4.1.2 Wave parameters from timdomain analysis of a wave record

Wind-generated seavaves are essentially random in time and spdeghts and periods of

individual waves in a short time spamhich can represent sea stateyary randomly over
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wide ranges. It is necessary to define individual waves with some criterion Euthiea
characteristigndividual wave heights and periods in a statistical manner in the time domain
analysis. The zerapcrossing or zerdowncrossing method is the standard technique to
define individual waves, in which the two successiperossingor dowrcrossingpoints of

the wave surface profile with the mean water level (tevel) mark the start and the end of
one individual wave, respectively. The significant wave heilgitérmined from this analysis

is the mearvalueof the highest on¢éhird wawesdenoted byH, ;. Besides, other characteristic
wave heights can be determined from the same analysis,;ge@nd Ho, etc.

Except forcharacteristic wave heighother characteristic wave parameters are also used to
describea sea stateThese paranters are usually the mean wave periggahnd the principal
wave directiond,, defined as the mean value of individual wave periods aaichuths

measured from some fixed axis of directigithin a sea stateéespectively.

It is noted that there is not a unique definitimfiwave period; it can be defined as the time
interval betveen either two neighboring wave crests or thraugimother common definition
of wave period is the time interval between successive upcrogsings, or downcrossing
points of thewave surface profile wittmean water levekalled as zero uprossing pegod,

or zero dowrcrossing periodrespectively.

Both zercupcrossingand zeradowncrossing methadyield similarmeanvalues of wave
parameterd1]. There seems to be some preference for-devencrossing methofl12],
since it has been suggested that its definition of wave height, as the vertical distance from a

wave trough to wave crest, may be better suited for extreme waves.

As it is aforementioned, thanalysis of individual waveérom a wave record is generally
made for ashorttime sparof twenty minutes or sd-urthermore, e length ofthetime span

is also determined by the Fourier transforms which will then be made on the raw recordings
for the praluction of the spectrunflso, it is choserin order thathe requirement of a short
duration to guarantee the constancy of sea state during the recordingdiiod,and that of

a long durationto have a sufficient number of waves necessary for reliabtimates of

significant wave height and other characterigtitzve parameterde met at the same time.

The statistical analysis of individual waves within a sea state provides information on short
term wave statistics, while theasistical analysis obea states covering a period of some
decades yields the loigrm description of wave conditions at a particular, sitdled the

long-termwave climate.
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As for shorfterm wave statisticsince the individual waves within a sea state are extracted
from the timedomain analysis of a wave record, the proligbdistribution or probability

density function (pdfpf wave parameters can be estimatte pdf f, of a random variable

X is most commonly associated with an absolutely comotirs univariate distribution, and it

applies:

o

Pr(a¢ X ¢) Ff (N dx (2.80)

Hence, if F, is the cumulative distribution of (cdf), then

F, (x) = A, () du 281

- o

and if f, is continuous ax:

(2.82)

In simple words, the ternf, (X) dx can be considered as the probabilityXofvithin this

interval ofdx.

The most commonlysed probability distribution in the study of random ocean waves are the
Gausian(see Figure 21) and Rayleighsee Figue 222) distributions suited for describing

the shorterm statistics of surface elevation and wave heigdgpectively mainly in deep
waters.t is noted that the Rayleigh distribution satisfies the condition of narrow band spectra,
but seems to reprasewave height satisfactory also for non narrow spettia.Gaussiapdf

is defined as:
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(2.83

where m is the mean ofk and s, the standard deviatiomAs it is aforementioned, the

Gaussian cumulative distributid®( x) is the integral ofp(X). Since a closed forrof this

interval is not possible, Gaussian distribatis oftenconsideredas the normal distribution

(eg.[113]) writtenas:

p(x)=N(m, ) (2.84)

and

P(x)= Fae_‘%‘x's”l (289
¢ X

For zero mean and unit standard deviation, the Gaussian pdf and cdf reduces to standard

normalpdf p(x) and cdfF (x), respectively, written as below:

(2.86)

= (x) :ﬁ y) dy (2.87)
0
where the last integral is tleeror function
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- Wave height distribution

In engineering practice, the main interest is attractethbywave height distribution rather
than the surface elevationContinuously, ifwave energy is concentrated in a very narrow
range of wave frequenciésr period$, and therefore the maxima of the wave profile coincide
with wave crests and the minima with the trou¢ihss is termed a narrowand condition)
wave heights could be reggented by th&llowing Rayleigh distributior([110]; [22]; [24]).
The Rayleigh pdf and cdf are presented is E§8 and 289

a2
p(H)= 2? e (2.89)
Hrms
P(H) =1 -g&Hms (2.89
where
10
Hrms =Joa H|2 (2.90)
N =
in which H, is the ordered individual wave heights in a wave record.
Various estimates of characteristic wave heights may then be objijned
Hys © 4.000m, =1.4164,,
Hypo=1.27H,, =1.8%,  5.09Jm, 291

Hyjo=1.6TH,,, =2.36¢, :6.67am0
H,. =1.864,, (for 1000 wave cycles in the reco
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where: m, is the zero momemf wave spectrum.

The most probale maximum wave height related 4, assumingN waves in a wave

record is estimate[d 10] by:

e
H_ =é&/logN +0.2886 0.247

max é ylog N (lOg N )3/2

4]
Bl (2.92)
)

It has been observed that deep wave height measurernent different oceanslosely
follow a Rayleigh distribution[{14]; [115]; [116]; [117]). However,studies of shallovwvater

wave recordsndicate the wave height histograms at these depths deviate from the Rayleigh,
and other distributions seem to follow them befttdi8]; [119]; [120]. This is attributed to the
bathymetric effects combined with ndinear wavewave interactions that play a significant

role in shallowwater depths.
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Figure 2.21 The Gaussian probability density function and cumulative distribution[1]
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Figure 2.22 The Rayleigh probability density function and cumulativedistribution [1]

- Wave period distribution

LonguetHiggins[121] and Bretschneiddd22] derived the probabilistic distribution of wave
period assuming that the wave period squared follows wgeigh distribution. This
distribution is very similar to the normal thigution with a mean period by:

Yy — (2.93)

where the moments are defined in terms of cyclic frequency.

The probability density function of wave period according to Longliggins[121] is given
by:

(2.94)

64



CHAPTER 2 Existing knowledge backgrod

'To,l
nty,

wheref = andn is the spectral width parameter, which will be defined |afbis

pdf is symmetric about its maximum valuefat O, and is similar to the normal distribution
with a mean value equal i ,. In general, the distribution for wave period is narrower than

that of wave height and its spread limainly in the range of 0.5 to 2.0 times the mean wave
period[1].

According to Bretschneid¢i22], the pdf of waveperiod is given by:
T® 4
p(t)= 2.7 g oersn) (2.95)

T
where:f = — andT,_ isthe mean wave period.
T,

m

- Joint distribution of wave height and period

Since wave heighH and periodT are somehow correlated, the following relation that
estimates their joint pdf using only the marginal pdf#¢Hodind T is inappropriate for ocean

waves:

p(H.,T)= p(H) p(T) (2.96)

Specifically, & far as the shoterm joint distribution of wave height H and period T is
concerned, Longuéiiggins [22] was the first to introduce a probabilistic representation of
sea waves, by extending the work of Rji28] on electronic noise, and was able &bcalate

the joint pdf of H and T for narrow band spectrum. However, a disadvantage of that model
was the symmetry of the joint pdf of H and T around some characteristic period, suggesting in
this way a zero statistical correlation between the two parasnéfibus, Longueiiggins

[24] considered the tendency that shoetiod waves have low heights, whereas high waves

tend to be associated to longer periods, as it is observed in real sea states.
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Particularly, assuming waves to heGaussian and aamowband random process, whose
spectrum is concentrated in the vicinitytbé mean frequencythe dimensionless joint pdf of
wave amplitude and period is written by:

2 A N 2

1 &x o6 F 3(6 a1 = 1649
f(x, =L I — €l g —pt 29
(X vj_zog% C_?Xpli 22 ge_h_zlga (297

where:

X= //ﬂ/mb is the dimensionless amplitude

h=T/T, is the dimensionlessave period

T.=2p | w=2 m, / m is the meawaveperiod

andL =1 +VZ is a normalization required so that the integration of joint pdf over the entire
sample becomes unity.

Thus,the previous expression can be rewritten by:

8 v 61 a4 o6 F %6 a1°15%
f(x h=ad +~ 6 ==ax PN —el T -5 U (2.98)
C 4 \‘\@g = T g gh zlgg

where0<x < andO<h < .

It is noted that the original expression differs slightly from the above expression. The first is

givenbelow by defining the dimensionless wave amplitude asr / . /2m0 :
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8 V 62 ar o £ r2¢ 81 * 16 ¢
f(r,h)=4 + Xpp —eél 14 - y 2.99
()gé4v—wgg;gﬁp1[ 25t AL (2.99

whereO<r < and0O<h < .

In Figure 223, the contours of dimensionless joint probability density function of wave
amplitude and period fa=0.3 and3=0.4. The results by Longuéiliggins[24] showed good
agreement with field data provided the spectrum is narrow banded and has a single peak
[123]. Other researchersho studied the joint pdf of H and T by consideraigon ar r o w
band spectra w25, eindgtem ara Rycklik28]eand Shum. and Melville

[27]. Besides, most of the resehers make the definition of wave period by the successive
maxima and not on the basis of zere apdowncrossing of stface elevationThe latter has

broad application in engineering practice.
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Figure 2.23 Contours of dimensionless joint probability density function of wave amiitude and

period for (a) 3=0.3 and (b)3=0.4 [24]

However Memos[28] reviewed the existing results and proposed theoretical approximations
valid also for narrow and broad band spectra, known to be a better representation of real sea

states than tiee assuming only narrow band specaired used the definition of wave period
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based on zerorossing of surface elevatioRarticularly,Memos and Tzanif29], based on

the theoretical approach by Memf@8], produced numerical results of the skerm joint
distribution of H and T for deep water wes of any spectral bandwidtibased on the
assumptions of ergodicity and normal distribution of free surface elevati@r joint pdf

was deduced for various correlation coefficients of H and T, denoted by r(H,T), providing
characteristic probabilistiestimates in deep waters. Memos and Tz{80$ extended their
previous work by excluding swell from sea waves and the application of a wave breaking
criterionin deep watersThe parameters that describeitimeethodology were the correlation
coefficient between H and T, or the stardl deviation of free surface elevation, and the

represntative wave steepness factor.

Table 2.3 containsindicative values ofmean wave heightl,, associated with the standard
deviation of s e g ansl uhelihemrccerrelagidn ecoetidientr¢HrT) [31[
Moreover,indicatively, three graphderived from the metldmlogy by Memos and Tzanis
[30] and Tzanig31] arepresented in Figurg.24.

Table 2.3 Various sea states associated with specific values(f r(H,T) and H, [31]

Standard ¢De Correlation Coefficient Mean Wavep, H:
r(H,T)
0.5m 0.266 1.020m
0.6m 0.383 1.103m
0.7m 0.485 1.266m
1.0m 0.495 2.187m
1.5m 0.570 3.755m
e o Tirodss | e

H,=1.02m 3 2, ~Mn=1.266m
2.75
254
2.25-

2

H/Hm

1.75+

1.5

04— — — 04— — e o - —
0 025 05 075 1 125 15 175 2 225 25 0 02505075 1 12515175 2 22525 0 02505075 1 12515 175 2 225 25 275 3
Tm TTm T/m

Figure 2.24 Joint pdfs of H/H,, and T/T,, in deep waters associated with specific values of
standar d goeoorettion apefficiént r(H,T) ([31]; [30])
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A detailed review concerning the wave parameters probabilistic distributiamsnade by
Soareq124]. Improvementof LonguetHiggins [24] Gaussian models was made by Stansell
et al.[125] by proposing some new marginal and joint pdfs of wave envelope and local wave
periad. Furthermore, Zhang et gl126] investigated the differences between marginal and
joint pdf of wave parameters produced by the linear theoretical model by Lddiggats

[24] and the empirical onederivedfrom waves produced in wave basins.

- Probabilistic wave parameters in shallow waters

In shallow waters, the solid boundary thie sea bottom plag/a significant role in wave
transformatios, such as wave refraction, shoaling, breakamgl wavewave intractions that
makethe estimation of wave parameters probabilistic distributions more complicated than in
deep waters.

As far as therobabilistic distribution of wave height in shallow waters is concerned, Collins
[127], Mase and IwagaKil28], and Dally and Deafl29] proposed a method fastimating

this distribution by applying a monochromatimdividual wave model for shoaling and
breaking. Dally [130]; [131] and Kuriyama [132] also contributed to this approach.
Glukhovskiy [133] and Klopman[134] proposed a pdf for wave heights that considers the
impact of deptHimited wave breaking on the distribution, by making the exponertihef
Rayleigh distribution an increasing function of the ratio @ver height towards the water
depth.

Battjes and Groenendijid35] derived wave probabilistic distributions on shallow foreshores
by analyzing laboratory data and proposed gdimech empirical parameterizations as a
function of local energy, water depth and bottom slope. Myrhaug and Fdu&ééprovided

a joint distribution of wave height and surf similarity parameter (or else Iribarren number) for
individual waves within a sea state via the use of the joint pdf of wave height and wave

steepnes by Myrhaug and Kjeldsgii37] representing Norwegian continental shelf data.

Regarding the joint pdf of wave height and period in intermediate and shallow ,waters
Chondros and Memd82] extended the work of Memos and Tzaj@8] concerninghe joint

pdf of H and T, by taking into account the nonlinear wasee interactions, and produced
characteristic images of joint pdf of H and T in $balwaters for various storm intensities,

wave incidence, and bed slopes, by using a Boussinesq prapagation mode]7]. It is
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notedthat in their methodi32], wave directionality in deep watensas also considerdd38]

via the use of éheoretical expression of wave diiecial spreading, and the joint pdf of H, T,

and wave direction d in deep warface elevationeim e tr ans
order that the Boussinesq wavepagation model be implemented.

2.4.2 Marine water level

Marine water level is importasince:

1 most instances of coastal flooding and/or coastal r u ¢ damages acdur during
high water levels

1 wave transmission and wave overtopping on marine and coastal structures depend on
the Still Water Level (SWL)

9 a coastal area or a structure may beosed to dierent risks of vulnerability
depending on SWL

1 wave conditions also depend on SWL since wave height is limited in a different way
by different water depths.
wave forces upon coastal structures are usually affected by SWL
the overall water levelregime affects coastak t r u c toustret®od and

maintenance.

The existing water level consists of different componemtséch should be considered during
a struct ur e 6 f\partl feom thg astroqomicak fercng (i.e. tide), rare seismic
forcing (i.e. tsunamij) there are also several meteorological effectising water level

variationsto be considered. The latter consist of storm surge, wingipsetave setp etc.

Besides, sa level rise due to climate changfects SWL at a longerm lesel, and should

alsobeconsidered especially when a coastal structure lifetime is significantly large.

Usually, the most important components of water level at any moment are the astronomical
tide and the storm surd®5]. The former is cyclical with a period that depends on the relative
significance of astronomicdbrces at a particular locatiqe.g. along the Atlantic European
coasts tide lasts 12 hr and 26 min on averagd)the latter occurs randomly, as an individual

event with duration of approximately half a day to one day, peaking abowtayifb5].

The variation with time of water level due to astronomical tide &minssurge is depicted in
Figure2.25.
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Water level Astronomical
Tide

A

Figure 2.25 Variation with time of water level due to astronomical tide and storm suge[55]

2.4.2.1 Mean sea level

For coastal waters open to the open sea, the mean water level can be takenspeeifgite
constant related to the mreaea level (MSL) of the oceans. For example, in some areas, like
the eastern Mediterranean Sea, the MSL varies slightly, according to the time of the year, in a
more or less predictable manner. Specifically, sea lelvahgesvary between 0.05 mand

0.15 m, whereas in the rest of the Mediterranean &&arences up to 0.30 m may be
observed in some locatiofts5].

2.4.2.2 Tidal sea level variations

Tides are mainly generated by the gravitational attractions of the Moon and Sun, which are
proportional to their masses and the inverse square of their distances from th®&spite

that the mass of the moon is much smaller than the Sun, the im@toser to the earth;
consequently it has a greater impact on tides compared against the Sun. Besides, near full
moon and new moon, the Sun and Moon act in the same direction gfiumbigher tides, i.e.

spring tides.

The orbits of the Moon around the Earth and of the Earth around the Sun are not circular.
Therefore, tides appear seasonal variations, and obtain their maximum amplitude of the year
at the spring and autumn equinoxes. when the Sun crosses the equator and night and day
are everywhere of equal duratifgb]. Minor variations also occur duringn 18.6 year

period due to the variable angular disposition of the Sun and the NMbisrtime period is, in
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the vast majority of coastal structures, well below the design service lifee atructures.
Hence, this variable is not included in the environmental factors that influence the

modification of the failure occurrence with time.

As it is aforementioned, the driving forces of tides are astronomical. This means that tide
entirely predictableor otherwise that the tidal rangasd currentgrediction is deterministic.
Continuously, it must be noteithat tides belong to long waves and they amplified in

shallow waters and estuaries due to resonance phenomena and shoalingSgiedisally,

the tidal range, which is equal to twice the tidal amplitude, is generally less than a meter in
the open ocean and may increase considerably in shallow water areas, i.e. the continental
shelf. Large tidal amplifications are observed, e.gbays along the coasts of England and
Wales (spring tidal range of up to 12 m), in the bay of Fundy, Canada (spring tidal range of
up to 13 m), and around Saidfalo in Normandy, France (spring tidal range of up to 14 m),

whereas a-3 m spring tidal rangss common in the southern North 388].

BesidesCoriolisdforce plays a significant role in explaining the large tidal ranges differences
between different locations. Particularly tide amplitude is zero at amphidromic ficntee
further away from the amphidromic point, the higher the tide will &) tidal wave
propagates around amphidromic poiotainterclockwise in the northern hemisphgerehile

the tidal circulation in the southern hemispheres of the oceanic basins occurs clockwise

2.4.2.3 Storm surge

Meteorological forces, namely atmospheric pressure and, wiray also affect sea level
during storms. This section focuses on atmospheric pressure effects, because the wind driven

effectson sea level (i.e. wind sep) are described in the following section.

Sea level varies depending also on the weather conglitRressure and wind effects are often
combined during storms generating long waves, called storm surges, with a characteristic
time-scale of several hours to one day and a wavelength that varies between 150 and 800 km
[55]. In practice, the storm tide leviglrm is used to include the astronomical tide (see Figures

2.26, 2.27) and often and other meteorological effects.

Continuously, atmospheric pressure has a direct influence on the sea level. Specifically, high
atmospheric pressure exerts a force on the surroundings and results in water movement, i.e.

high atmospleric pressure over a sea area corresponds to low sea level and conversely low
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atmospherigressure (a depression) results in higher sea levels. This is called the inverse
barometer effedtl39].

The atmospheric pressure is 1@EhPa in normal conditions. Since atmospheric pressure
normally varies betweeB50 hPa and 1050 hPa duringyear and a deviation of 1 hPa in
atmospheric pressure results in change in water levelppyoximatelylcm, the expected
variation in sea level due to air pressure is between +63 cm3&ndm around mean sea

level. This atmospheric pressure effect on sea level is described by the following formula:

where: P represents atmospheric pressure diffice from normal conditions (i.e. 1013.25
hPa), Lh is the corresponding change of seawater level due to preésisethe density of

seawater, and) is the gravity acceleration.

In accordance to tidal long waves, the height of long waves caused by storm surges may

increase considerably as a result of amplifications due to shoaling in the nearshore zones.

STORM TIDE

STORM SURGE

PREDICTED TIDE

. ANOMALY

Figure 2.26 Water level differences for storm surge, storm tide, and aormal (predicted) high
tide compared to mean sea level

(https://www.al.com/news/index.ssf/2018/09/hurricane florence sim surge.html)
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17#. Storm tide

2. Normal high tide

Mean sea level

Figure 2.27 Storm tide and its components

(https://en.wiktionary.org/wiki/storm_tide)

2.4.2.4 Wind setup

Shear stress exerted by wind on seawater surface causes a slope in the water surface (see
Figure 2.28 and consequently wind sep and setdown occur at downwind and upwind
boundarieg55].

T/ 171117 10012107 177 107770 7070707

Figure 2.28Wind set-up [55]

The long wave equations can be used to describe the change in seawater level induced by
wind blowing over bodies of water such as a continental §hé(f] or a lake. Although the
wind stress is usually very small, its effect, when integrated over a large body of water, can be

significantly increased

The wind stress acting on the water surface is represented as:
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t,= KW |W]| (2.101)

w

where: " is the mass density of watdf{ the wind speed vector at a reference elevation of

10 m, andK is a friction of order 18. Numerous studies have been madelfofsee[141])

and one of the more widely used sets of results is that of Van[D&zh

1.2310°, |W| ¢vy

- @:

(2.102)

1 2 10° +2.25 IOG

—_——) _;

=
%

IVVI

whereW,=5.6 m/s.

For a bottom profile with straight and parallel bottormtoars,and the wind blows at an

angle d to the coastnormal (see Figure.29), then the offshore wind shear stress is
t.. =| ¢|cos . The windinduced gradient of the still water surface, along Haeis (taken

normal to the shoreline) can be computed via the following Equation:

w__ n (2.103
X

——1
rg(h +A4 ™

The factorn lumps the effect of the bottom friction in the wind shear stress. This factor is

greater than 1, and typical vekiare 1.15 to 1.3218].
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0 Coast

Shelf
break

Figure 2.29 Plan (left) and crosssectionalview of the coast[143]

Two examples of bottom profiles are presented below aimingplculating thevind setup

due to a constant and uniform winbl,vx( is not a function ok) blowing over a continental

shelf of widthl. The first cas€a) is that of a constant depth, and the second or{p) is that

his a linear function ok: h= h)% _IX :
¢

(a) The governing equatiorE€. 2.104) can be written as:

ns
(h +/7)M = (2.109
X rg
Sincehis not afunction of x, solving ofEq. 2.15 through integratiomives:
» 2nf, X
(h+h)” =—=— @€ (2.105
rg

To evaluate the consta@tof the integration, the wind sap is assumed to be zero inege

waters, i.e. ax=0. Thus, after substitution f@, Eq. 2.16 is written as:
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(h+h)° Calihe K (2.106
rg '
or
2nt , X
h(x)= J{/ S K b (2.107)
rg
and in dimensionless form:
hx) 2 4 2 (2108
h, I
where A= WFﬁ a ratio of shear to hydrostatic fordd43].
rg
(b) For a plane sloping bottom, the governkfg 2.4 can be rewritten as:
h # nt
(h +/7)M {h dh M (2.109
X dx rg
Separation of variables aedaluatingC as before leads to:
e ah+h A c
€3 5 2] B ¢
x=1&g N7 0 pjnaaf ¢ (2110
& h = =1-A ¢
2 S
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or in dimensionless form:

f;1h+/7_A
2 5 &
5:2; N+ gAInae—ho
I c h, = e 1- A
&

(2.111)

These two solutions (Equatio2s109 & 2.112) are plotted in Figur@.30 showing the effect

of the bottom to he wind seup. It is clear from both equations and Fig@r83 that the

sloping bottom causes an increase in the wineugetompared against the flat bottom.

Particularly, the governingg. 2.104 indicates that for a given wind stress, the water surface

slopedepends on the local water depth in such a way that the water surface slope is greater in

shallower waters.
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0.03 —

0.02 —

0.01 I—

Flat bottom
J L 1 1

0 0.2 0.4 0.6 0.8 1.0
xfl

Figure 2.30 Dimensionlessvind setup surge versus dimensionless distance of a continentddelf
for two cases ofdimensionless windshear stresq4143]

2.4.2.5 Wave seup

Wave setp is mainly causelly energy dissipation caused by water depthuced breaking

of incoming wavegsee Figure2.31) and islocalizednear the shorelindzor a plane sloping
bottom (straight and parallel contoun®garding 1D situation, the gradient of tivave setip

d (m) along the x axis (taken normal to the shoreline) can be computed via the following
equation:

(2.112)
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where SXX (N/m) is the compnent ofthe radiation stress tensor normal to the coast which is

estimated considaTg the linear wave theory aslbe:

1 e1 xd
=—rgHeg +—F—-— 2.11
STgl 9 €2 sinh( xd) (2113

where H is the wave heightk is the corresponding wave number (rad/m), dndh +# is

the actual water depth.

Still water line |

Figure 2.31 Wave setup [55]

Using linear wave theory for normally incident regweaves, Battje§144] deriveda first

estimate of wave sefp at the shoreline. The following equation estesdhe wave setp:

P =0.3 gH, (2114
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where g, is the breaker index or maximum wave height to water depth ratiotgrisl the

wave height at thbreaker line for regular waves.

For the case of a planar bbaBowen et al[145] used the shallowvater linear wave theory
for the radiation stressised the approximate relatidh = g(h -9 in the surf zoneand

derived the following relation for the wave sgi:

1

h - .h k—(hb h) (2.115
8

whereK =1 +—- (2116
30,

Besides, God#4] proposed a chartcaording to which the shoreline agh can be estimated
for uniformly beaches (slope varying from 1/100 to 1/10) as a functiblydif,, whereH.0is
the equivalent deep water significant wave height obtained from the actual deep water

significant wave hight corrected for refraction effects.

2.4.2.6 Seiches

Seichesare standing wave oscillations caused by some excitation mechanism and trapped by
the general geometry and bathymetry of a water domain like a harbour basin or a lake.
Harbour oscillations are long ped waves, sincehkir periodsvary betweer?2 min and 40

min. Vertical motions are generally small in contrast to horizontal mot{dssillations are

most damagingvhen their period coincide with a natural resorgeriod of the basin.

Seiches are norrtig observed in completely enclosed water bodies, e.g. lakes and closed
seas. Regarding the simplest case, which corresponds to a rectangular closed basinl of width,
and constant water depth,the standing wave oscillations occur when the ratic@half of

the wavelength. is an integer, as written below:

| =nL/2 with n=1,2,3,.. (2.117)
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If the shallow waterapproximation is used in the dispersigglationship, the periods of

seichesT,, can be estimated by the following equatibg]:

2l
T = with n=1,2,3,.. (2118

nnﬁ

In a similar way, for a sem@nclosed basirthe periods of seiclsel , are obtainedy the

system of the following twequatiors.

I:%1 ﬁ'/z with n=0.1,2,3... (2119

4
T, =———— withn=0,1,2,3,.. 212
(2n+1;/gh (2129

2.4.3 Assumptions in pedicting wind-driven waves from offshore wind data

The process of wave generation by wind can be explained by combining the cesoatel
developed by Phillip§146] and the shear flow model developed by Mil&47]. This topic

will not be further analyzed hersince is not within the scope of the present thesis.

There are three wave conditiotiet can be estimated by using simplified wave predictions
[148]. The first occurs whetthe wind blows with a constamelocity and direction ovea
certain fetchlengthfor sufficient time for the waves to travel the entire fetch lenfyththis
situation,wave characteristics will only depend on the fetch length and vétatity. These
wave conditionsare known as fetcHAimited, and it is assuntk that steadystate wave
conditions are achieved for that feteimgth[1]. If the wind durationg less than the required
time for the waves to travel the fetidngth the wave conditions will depermh duration and
such wave conditions are described as durdtimited. Wind blowing for an unlimited

duration over an unlimited distance will have a laditetch length beyond which the waves
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do not continue to grow. This limiting condition is called a fully developed sea, and the rate

of energy input to the wavém the wind is balanced with dissipation by wave breaking and

turbulencd1].

It is noted thain the followings sections, Sl units will be used in all equations presented.

The general equation for fetdimited wave development for short fetches can be derived by

combining the JONSWAP growth law for the peak frequency, an equation for the fully

deweloped frequency, and an assumption that the group velocity of a local wave field is

approximately equal to 0.85i me s

t he

spect r a[l]. Conseguerdhs thegr o up

duration required for waves crossing a fetch lengttXofinder a wind speed to become

fetch-limited is given by:

x0.67
t, =77.23——

0.34 ,0.33

u**g

(2.121)

Referring to the case of wave growth with fetch, the following equations provide estimations

of the energy basedsignificant wave heighH

speedandfetch
H 39X 6
oo =413 (0
u gu -
and
0 13
T agX o
o _0es5 g
(UK C u =
_w
v

C, =0.00% 1.1+0.038,;)
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(2.123

(2.124)

(2.125
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where:
X is a straight line fetch distance under the wind blows

C, is the drag coefficient
U,, is the average wind speedld m above the mean water level, and

u, isthe friction velocity

Assuming fully developed wave conditions, the following equations can be used to provide

estimates ofH _,andT,:

gH,, _ ..

TO =2.115 @6 (2.126)
T .

9% ~ 5308 068 (2.127)
U,

Equations governing duration limited wave conditions can be obtained by converting duration

t into an equivalent fetch given by

° 312

X Agt 6
92 =523 (0% (2129

u QLL -

The equivalent fetchX estimated fronEq. 2.29 can then be substituted into the eipras
(Egs 2.23 and 2.24) referring to fetcHimited wave conditions in order that duratitmited

estimateof H _, and T be obtained.

Indicatively, in Figure 2.3an example of wind dafar the Statiorof XIOS island in Aegean
(Greece) is presented, as provided by the Hellenic National Meteorological SEigice
2.33 depicts the wind rose diagram extracted from the wind data, presented in Figure 2.3

These data could be used for witidven wave prdictions in deep waters.
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HELLENIC NXTIONAL METECROCICAL SERVICE
DIRECTION OF CLIMATOLOGY
SECTION CF STATISTICAL CLIMATOLOGY

r—
CLIMATOLOCICAL DATA BRSE IopaTcrIm]
B—

STATION XICE e
LXTITUDE 38° 21" X LONGIIULE 26° 09° E  ALTITULE CF BAROMETER 3.8 METERS

FERIOD 1573-1857

ANNUAL FREQUENCY (PER CENT) OF WIND DIRECTION AXD FCRCES IN EEAUFORT SCALE
FROM OBSERVATIONS 0€H,12H,18H &

MONTH —00 YEAR -00
I——-I I I I I I I 1 1 1 1
IBEAFI ¥ I ¥ I B I S8 I 8 I 88 I W I W I CMM I SUMI
I—-—- I I I I 1 I 1 1
I 01 1 1 I 1 H H 1 I38.0661 28.066 I
I—-—-1 I I I I I I I 1 1 1
I 11 .31 .02I .01I .0UI .066I .03I .011I .033I 1 .22 1
I—-—-T I I I I I I 1 1 1 1
I 2 I 18451 .583 I .12 .48 I 1.5 I .4251 .1431 3851 I 558 I
I———-1 T T I 1 T T 1 1 1 1
I 3 1117001 23671 .15% I .852 1 4.520I .737 1 .341I .594 1 I 21.706 1
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Figure 2.32 Wind data for the Station of HIOS islandin Aegean (Greece)
(Hellenic National MeteorologicalService
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Figure 2.33Wind rose diagram for Station ofHiosin the Aegean (Greecegstimated from the
wind data for the Station ofHios island

85



CHAPTER 2 Existing knowledge backgrod

2.5 Estimating long-term wave statisticsfrom analysisof seastates

2.5.1 Probability definition and the perspective of statistics

It is noted thathe statistical method adopted in the present thesis is the classical perspective
of statistics, i.e. th€requentistFrequentist statistics calculatde probability ofan eventas

its proportionin the long run ofan experiment i(e. the experimentsitheoreticallyrepeated
infinite number of timeaunder the same conditions to obtain the outcorAe) alternative
approach to the problem of statistics is the Bayesian inherence, wgdgdBayes theorem to
combine the prior probabilities and the likelibdrom the data to get the posterior
probability ofanevent.Bayesian probability is an interpretation of the concept of probability,

in which, instead of frequenayf some phenomenon, probability is interpreted as reasonable
expectation149] representing a state of knowledd&0] or as quantification of a personal
belief [151].

2.5.2 Univariate analysis

Information onthe statistical representation of sea severity is vital for the design of marine
systems and coastal structures. Referring to sea severity, all sea conditions are taken into
consideration and not only the severest storm expected to occur during a marine
system/ coast al $10]r The statisticald amalydisi of allt seanditions is

especially necessary for evaluating fatigue loadings and the cumulative damage of the system.

The most commonly available information on sea severity is the probability distribution of
one variable, the significant wave heidHf, which canbe estimated from the statistical

analysis of data accumulated over several y@3is

In fact, there is no scientific basis for selecting a specific distribution foffils is because,

wave measurements are site specific and sea severity depends on the geographical location
wherethe data are obtained, the water depth, wind direction, frequency of occurrence of
storms, etc.[10]. Thus, various probability distribution functions (pdfs) have been proposed
which appear to best fit variowbserveddatasets. These include therogmal distribution

[14], the thregparameter Weibull distributioj152]; [58]), the Gammalistribution[153] etc.

In general, the lagormal distributionrepresents welthe greater part of data, but diverges

from the data for extremegldrhich are critical for the design of marine and coastal structures.
Specifically, the lognanal cumulative distribution often diverges to unity mstbwerthan

the data of Kl Another general trend observed on the statistical distribution isf tHat large

86



CHAPTER 2 Existing knowledge backgrod

significant wave heights can well be represented by the Weibull distribubab

approxmately 30 pecent of the lower part of the datasetdadl follow [10].

Another attempt to find an appropriate distribution for the total range datd was made by
Ochi[154], who found from the statistical analysis of d&ta that the cumulative distribution

of the standardized generalized gamma distribution is yneagual to the lognormal
distribution up to 0.90, but the former converges to umitich faster than the latter. Thus the
generalized gamma distribution seemed to represent the total dataset much better than the
lognormal distribution in his study.

The paameters of these distributions are selected so that the likelihood function or-the log

likelihood function is maximized.

The lognormal pdf is defined as follows:

(2.129

where:€ is a location parameter arsl is a scale parameter, i.e. the mean value and the

standard deviation df (x).

The 3parameter Weibull pdf is defined as follows:

bax - & € xa& -
f(x;a, b )g —=— 5 expé — (2.130
ag a = g ca

where: @ , b, and g are the scaleshapeand location parameter respechiveFor g 9, Eq.

2.131 simplifies toEq.2.132, i.e. the 2paremeter Weibull pdf:
expg (x/ )'e (2.13))

f(a h 28X
a
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The O parameter ofthe 3parameteMeibull distribution is regarded as a constant and known

beforehand.

Another candidate pdf for His the 2parameter Gamma distribution defined as follows:

f(x;a, B = 1 e *exp( x4 ), x>0U> 0, (2.132

b* €

where: U is a shape parametds, is a scale parameteand G is theGamma function.

The pdf of the generalized gamma distribution (standardized form) ias follows:

Foal.em) =l X expR (- A (2.133

G(m)

where: G is theGamma function

2.5.3 Multivariate analysis

Nowadays the role ofother variables except fdtls in the stability of coastal and marine
structureshas been realizeghecessitating multivariate analysighat involves a number of
variables In particular,the joint effect of Hand T, on those structuréstability has been
realized(e.g.[11]; [155]). Thus, the information on loAgrm wave statistics is broadened to

a great extent by including, in addition to wave height, wave period, usually the average zero

crossing value of wave periods in a specified sea state, denotgd by T

In order to estimatéhe joint pdf of H and T, the study of bivariate distribution models and
correlation between the variables is required. One of the first approaches was proposed by
Ochi [14], who adopted the bivariategnormal distribution to represent significant wave

heights andaverage zm-crossingperiods, resulting from an exponential transformation of
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the bivariate normal distribution. This approach although simple to apply, is based on the
assumption that the logarithms of the data are normally distributed, and although this may

happea for low and moderate values of it is not applicable for extrensea stated he joint
pdf of this model can be written as:

g &
0.5 £ 05 logT,- )
f (HS’Tm) - eXpl B ¢ 2 B
Tod L %orp 1-re d
| e . (2.134
2 (logT, - )(logH, )l (logH, .} ﬁﬁ"
d, ¢ d 3§

in which 7, , {, @ . are the location and scale parameters of the marginal pdfs of
Hg, Tm respectively{156] and 7 is their linear correlation coefficient. All of the parameters

mentioned here are estimated using the Maximum Likelihood estimation procedure.

A bivariate lognormal curve withorrection for skewned45] was an attempt toriprove the
bivariate lognormal modgelwvhen there is clear evidence of skewness in the log transformed

data of H. The pdf of the bivariate legormal model with correction of skewness is:

£ €
0.5 0.5 glogT, - I
f (Hs,Tm) > exp: - r? é( 2d ) _
HsTmp qs Trg\/l - T }\ 1- é Tm

(2.135

where:k,, is theskewness coefficient fdogH, [156].

Furthermore, a model, based on the marginal distribution ofaidl the conditional

distribution of T, for given H, could increase its flexibility and accuracy, and was adopted by
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Haver [16], and BitnefGregersen and Havdfi7]. Guedes Soares et &18], Lucas and
Guedes Soardd9], Papanikolaou et aJ20], and Malliouri et al[33] have used a similar

model based on the marginal distribution gfaddthe conditional distribution of .J, referred
hereinafter as the conditional model. Other approaches have also been developed for the same
purpose (e.g[21] etc). However, in the cases examthby Lucas and Guedes SoalE3]

and Papanikolaou et gR0], it was showed thathe conditional model represented more
accurately | and T, data than the other models tested. Thus, e piesentthesisthe
conditional model is used to fit bivariate distributions @fadd T, to the available data sets,

written as below

f (Hs, Tm) =f (Tl HIf (H 9 (2.136

where f (Tp|Hg) is the conditionalpdf of T, given H, and f (Hg) is the marginal

distribution ofHs. Moreover, it was shen by Mathisen and BitneGregerseri58], Guedes

Soares et a[18], andLucas and Guedes Soaléd$], thatf (T,;3|Hs) can be modeled by a

lognormal probabity distribution, i.e.,

f (leHs)=S L C'Epr Al _ ) A(H,) u} (2.137)
s i

(H)G, @p i 2Q(H,) yo

where,according to Mathisen and Bitr@regerser{58], the parameters of the conditional

lognormal pdf can be written as functions qfad béow:

mH,)=a +8,H®

s(H.)=h b,exp(bH) (2139
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wherea,,a, ,8 ,b ., andb, are constants determined from fitting tok curvesdescribed

by Eqg 2.139 to the data

Furthermore, information on waveréctionality is also important in representing accurately
wave fields, since wind wave energy spreads over various directions, though the major part of
the energy may propagate in the wind direction. Also, it is known that wave forces on
maritime structure, computed assuming that twave system is unidirectional, are not only
overestimated but the associated coupled responses induced by waves propagating from other
directions are also disregardgid]. Besides, according to Laface et[dB], it is important

for several marine applications, to consider directionality dustogmsin order todetermne

the longterm statistics for any directional sector

2.5.4 Integration of short- with long-term wave statistics

The statistical properties of waves accumulated over a long period of time are of great interest
and importance e.g. for the design of coastal mmarine structures. The knowledge on the
joint distribution ofindividual wave heighH and periodl' of each shofterm sea state over a

long period of time provides vital information for the evaluation of the wave loads on these
structures. In this wayinformation can be provided on the direct loadings towards the
structures and not only on the representative loadings which come from the statistical analysis
of the first, as in the case of the joint distribution gfadd T, [33]. This information can be

very useful for the desigof these structures. The lotgrm statistics of individual wave
height or the longerm pdf ofH was developed by Battj¢36], as anaccumulation of the
statistics for all shofterm sea conditions, considering the frequeatyccurrence of each

shortterm sea state. According to his approach, the-teng pdf of H is defined as:

NfRH) C'f),ong(T L H) NOdH _dT
ﬁ I\ﬁﬁlﬁlong(-rm’H s) dH s dTm

flong(H) = (2139)

wheref_ (H) is theshortterm pdf for H,N is the number of waves in each sherm sea
state that is considered constant, a9d (T, H,) corresponds to the lortgrm pdf of Hs

and T.
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2.6 Estimating extremesea conditions

Preliminary @ deterministic design of coastal structures is basedherextreme value
analysis of their environmental loadsgdn this approach, appropriate return periods of the
environmentabarameters need to be specified, typically of 100 years or sometiméf®f 1
years or even more, in order to meet the reliability requirements. However the uncertainties
associated with long return periagiteria are usually large, as the available data (from

measurements and/or hindcasts) usually cover a relatively smaldl figsi].

2.6.1 Univariate extreme value analysis

Univariate treme valueanalysistheoryincludesmodels for block maximéBlock Maxima
Method) and models for exceedanaaser an appropriately selected high threshold (Peak
over Thresholdi POT method).In the following paragraphs, the two methods will be
described.

2.6.1.1 Block maxima method

Block Maxima Method uses the Generalized Extreme Value (GEV) distribution, which
combines the Gumbel,r&het, and Weibull families into its one family. The cumulative
distribution function (cdf) of GEV isvritten as bew ([54]; [158]):

(2.140

X-m

defined on the sefx:1+x >0 : for location parameterri (- p 4, scale parameter
I !

s >0, and shape parametei ( - p 4. The subset of the GEV family when- 0 leads

to the Gumbel familywith cumulative distribution:

é o ~
G(X) =expg -exffp —— 8'3 - X<+ (2.141)
e ¢ U
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The parameters of the GESAn be estimatedsing different techniques, i.e. the maximum

likelihood estimation procedurand the method of-momentq159].

As far as the return periods anek tborresponding return values are concerned, if the annual

maxima are GEV distributed with parameters ;7 and x , the return period’, =1/ p,

where p is the annual eeedance probability is defined by:

g u (2.142)

so that the corresponding return value is

& 5
x:mifl é logd i-('juﬁfor)( 0
X7 e ¢ To+ugi
y (2.143
a 09
X, =m - dogé logxd 1 & for x (
e ¢ I =

It is noted that in order to extrapolate the annual exceeganbability p, estimated in the
sample of annual maximum observatiptts longer reference period than one year, E§.
could be sedby substitutingP; ,, . with p.

2.6.1.2 Peak over threshold method

Referring to modeling from the perspective of peaks tivershold,Pickands160] showed

thatthe conditional cumulative distributioR, (X) of a random variableX , of a continuous
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cumulative distributionF , given exceedanceX > u of a sufficiently highthresholdu, can
be approximated by a Generalized Pareto idigion, which is written asbdow (see also
[54)):

F (x)= - F(u) Pr(X X W 1as
:1-g g(x -u) -gx, fos- ,0

and

F“(X):Fl)-()l;(ZSU) P X g (2.145

where:threshotl ui (- p 4, scale parametes >0, and shape parametei (- p 4,

1+x2°Y 59, When x>0, the distribution has a heavy and unbounded tail and belongs to
s

Fr&het danain, which means that its tail is not exponentially bounded, and extreme values
have a higher probability than in distributions with exponential or higher tails. Continuously,

when x <0, the distributionimplies a finite upper boundn the right (extreme area) by
X =U 1/ 2[52] and belongs taie Weibull domain of attractioiinally, whenx =0, the

distribution is the exponential one.

Since the GP distribution is an asymptotic lawtht@sholdmust be high enough. Howeyer
the higher the threshold, thgreater the unceiitaties, becauséhe amount of data left is
smaller[52].

We have now considerdtdat the exceedances of a sufficiently high threshold follow the GP
distribution. Also, it is notedthat the storm occurrence follows a Poisson distribution with
parameter/ , which is equal to the mean number of storms per yeaerefore, the GP

Poisson model is adoptead thus a Poisson distribution should be fitted to the data
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Poisson distribution

It is noted that the Poisson distributioraigliscrete probability distribution that expresses the
probability of a given numbesf occurrence oévents in a fixed interval of time or spade

these events occur with a known constant mean rate and independently of the time since the
last event[161]. The probability mass function of the variab{ethat follows the Poisson
distribution[162]:

f(k/)=Pr(X =) /—:j/ (2149

where:
€i s the EuleRil82.)number (
k! is the factorial ofk

The positivereal number/ is equal to the expected valogX, i.e. the mean value, and its

variance;

/ =E(X) ¥Var( X) (2.147)

Steps of POT Analysis

(1) The first step is to extract homogenous data from buoy measurements or hindcast data,
etc. Such homogenizationould be the separation of data/sea states into indepé wave
systems, the separation in directional sectorsherseasonal analysis of those d{b2].
According to Mathiesen et gl163], homogenization may béne most important step in the

extreme value theorgnalysis

(2) The second steig the extraction of storm peaks from the homogenous sea states (selected
at gep 1).To do this, we take into account that the POT assumptions of independent and

identically distributed data should be satisfi€tstly, athreshold w for Hs is selected to
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select weak and strong storms from tlaaset extracted at stepBesides aminimumcalm

period between two consecutive storms should be selected to ensure that their storm peaks are
independent{see Figure 2.34)or example, according to Li et gl164], the minimumtime

interval between two successive storms was set at 6 hours, i.e. any two storms with time
interval less than 6 hours were consideredras siormevent Therefore the dataset of the
maximum significant wave heightss}lis derived from this procedure. Referring to the
selection of y it should be high enough to distinguish and separates two consecutive storms,
but also low enough to belber the extreme arga?2].

. b1 ] . D D2 |
Hsl (Tpl, 01)|==== ‘ ---------
Hs2 (Tp2, 82) ----T ------------------------------
I A, e A___Hsthreshold ___/______ N _____
Hs time series
r]NTaz (r]AZ) ______________________________________
Nurel (Na1)[

Nutr tiMe series

A\

Figure 2.34 Definition of independent stormevents[165]

(3) The third step is the selection of another thresheldigher than u The selectionof u,
needs to be more precise nhhat of u;, since the storm peaks aboveshould follow the
same extreme probability distributiddsing the properties of GP distributi¢ifistorm peaks
follow a GP distributionXo determine y two different methodologies are commonly used.
Precisely,an appropriate threshold ualue could be selected by examining the domain of

stability of the shape parameter , and the stability of modified scale parameter
s" = s - u or the linearity of the scale parameterof the GP distribution with respect to
u, (see e.g[61]). The domain of stability is the interval af where theshape and modified

shapepamameters remain roughly constant, or the interval ,ofvlnere the shape parameter
remains constant and the scale parameter arlfoeation of u,. The secongrocedure for
threshold selection is to search for the domain of thresholdhare the mean residual life
plot is approximately linear in,y62]. The mean residual life plot is defined as the locus of

points:
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e

1! [
n—a(x- W)t Ko | (2.149
i=1 A

e

:
| U,
|

where: X is i-th observation that exceeds and x_, is the largest oX > u,.

In both methods, the interest is focused on the highest domain of stability fiestijoned
method) orof linearity (seconly mentionedmethod) since this belongs to the extreme
area/asymptotic domain. Moreover, the lowest value of this highest domain is the most
appropriate, as does not limit the amount of data that is needed eptbesikdarge as possible

to ensure reliable estimates of return values, extracted from thks@iBution fitting to the

dataset.

Thus, if n, is number of observations (e.g. of JHthat exceedl, andY is the number of

years of observations, then the mean value of the Poisson distribuidmequal to:

S~
1

(2.149

<|o

Furthermore Mazas and Hamif%2] recommend thaf shoull stand approximately between
2 and 5, i.e. ifY is low a value around 5 imore appropriate, whilst ¥ is relatively large

(around 4660 years) a value close to 2 is more advisable.

The second and thirsteps ofoverthreshold modelling of environmental time seriegich

were introducedby Bernardara et a[50], provide a releant eventbased frameworkhat

stems from the standard practice that the analyst generally deals with a time series of discrete
observations of a variable at a given time step, while the conventional tools provided by the
extreme value theory assume tttad dataset is independent and identically distrib[68).

Each event or elsstorm extracted from the dataset has a duration and other characteristic
parameters such as fmentioned above, or averageanevave period J of storm, average

significant wave height H, of storm etc.

It is noted that thisventbased frameworkor overthreshold modelling of environmental

time seriedas been also used fmwltivariate analysis by Mazas and Harj68].
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Alternative distributions

There are also some other mod@ls describing exceedances x of a thresho|de.g. fitting

the conditional distribution:u(x), i.e. the onditional cumulative distribution of a random
variable X given exceedanceX >u of a sufficiently high thresholdi, with F, (x) given

by the Weibull cumulate digribution, written as dew.
€ ax-u G

F(x)=1 -expé z—— 5 (2.150
g -

where:ui (- p 4,8, b 0% uand the Gumbel cumulative distribution;

F, (%) :exp? -expg ;ﬂ
i

- (2.151)

D
Lol
LER

forul (- p 4,8 0.

For example, fitting using the Weibull distribution implies that the distribution is unbounded
on the right hand side, whilst the use of the GP distribution atbisisconstraint. For this
reason, fitting using Weibull and GP distributions is expected to give similar estimates for
return values associated with return periods of the order of that of the sample, but different

estimates for longer return peridd$7].

However,someresearchers recommend the GP form FFp(x) based orthe goodness of fit

alone(e.g.[166]) andmany others basexh theoretical consideratio(s.g.[160]; [62]).

Unconditional POT distribution

The unconditionatumulativedistribution F of peaks over threshold written as:
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F(x)=(1 -p,) &,F (¥ (2.152)
where, p, is the exceedance probability of the threshajd

Return values of H,and encounter probabilities

It is a standard practice to interpret extreme value models in terms of quantiles or return
levels. Thus, suppose a GP distribution with parameteend x is a suitable model for

exceedances of a threshaldby a variableX , then for X > u it applies[62]:

Pr(X>x|X >) =1 £(x 2, fo | (2153
S
which follows that:

-1x

(x u)g : (2.154

T

Pr(X >x) =5

u

1

(DoD~ (D
n

where: g, = KX >u). Hence, the level that is exceeded on average once every m

observations is the following equation:

H.\
” | X
—~
X
E|
1
c
N—
[ ST

™
3=

(2.155)

and thus,
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X =u %g(rmu)x 1 (2.156)

If x=0, we have:
X,=u s log(mz) (2.157)

To providereturn values on an anal scale the T, -return levelx, , whereT, is the return

period in yearsis expressed as folvs:

S 2 X
=u YT/ T gfor x0O
K xg(r o rg ’ (2.158
X =u wlog(T / 3, for  x

where/ is the number of extreme observations per year, definéajbg.150.

To connect with the previous theory, ttlweshold mentioned in this sectiaienotesthe

thresholdu, , thusu=u, here.

2.6.1.3 Parameters estimation

Mathiesen et al.[163] mentioned three methods for the estimation of the extreme
di st r i garametems:desasd squares methods, the method of moments, and the Maximum
Likelihood Estimator (MLE). The most efficient and handy method is to use the MLE, which
maximizes the likelihood function of the fit, defined by:

L( Xy, Xy |q)=(N) (X (2.159

i=1
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where, f_ is the joint density function (with parametg) at the sample observations .

Also, the loglikelihood function isusually used, since it is much easier to be estimated:

(X, Xy 1g) = ;‘5 In( (X 9) (2.160

i=1

2.6.1.4 Best fit selection

Once several candidate distributions are fitted to the, dla¢ best fit should be determined.
For this purpose, objective Bayesian criteria are uddek first one is the Bayesian
Information Criterion (BIC), also known as the Schwarz Critefid@Y], which minimizes the
bias between the unknown fAreal 06 model and

N is large enough, BIC is given by:

BIC= 2InL k;InN (2.16)

where: L is the likelihood of the fit, andk  is the number of the parameters of the

distribution tested.

The second criterion is the closely related Akaike Information Criterion (&I&X) provides
the best compromise between bias and varig®®]. Therefore itcan be interpreted as the

sum of two terms (the first term is the bias and the second one is the variance) given below:

AC= 2InL 2k, (2.162

For both BIC and AIC, it isecommended to select the distribution that provides the lowest
criteria. Most of the time, both criteria give the same result. If not, it is recommended to select

the distribution that provides the most conservative return viés
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2.6.2 Multivariate extreme value analysis

In accordance with lonrterm wave statistics of all sea condits (sea severity), extreme sea
conditions should also be specified jointly by adopting a joint extremal andhgsisxample,

wave climatecan be described in terms of sea state variables, such as significant wave height
Hs, spectral peak wave period, Tor mean zer@rossing wave period ] and/or wave
direction,and thusa multivariate analysis should be adopt@de to the statistical correlation
between those variables, e.g. betwegmahtl T,, and the fact that physical arguments apply,

we are interdgd in extreme values of;Hand associated values fay, at the extreme value of

Hs. In this case, the conditionatodel by Have{16] could be applied, but when no such

physical arguments apply, other more complex models should be applied.

Besdes, availability of mebcean data allows the effect of heterogeneity of extremes with
respect to direction and location to be considered in estimation of design di&9ja
Jonathan and Evarj$70] review statistical modelling of extremes for the design of marine
structures, capturing covariate effects in extreme sea states developing design criteria. There
is a large body of statistical literature incorporating modeltihgovariate effects in extreme

value analysis (e.g. s€E71]; [172]).

Furthermore,n a multivariate extreme valuaalysis the asymptotic form of the multivariate
distribution cannot be derived directly or theoretically in contrast to univariate EV theory
using the Block Maxima or Peak over Threshold methods. Therefore there is a need to
estimate the tail behavior dfi¢ multivariate distribution of the sample, based on the sample
alone [157]). For this purpose, there have been developed four possible approaches: the
extremal dependence models, parametric models, conditional extremes models, and max

stable models.

The extremal dependence models introduce the different forms of extremal dependence,
which ae the asymptotic dependence, asymptotic independence and perfect asymptotic
independence. Besides, a large number of parametric models have been developed based on
the form of their extremal dependence (¢14.3]; [174]; [175]; [176]; [177]). Furthermore,
conditionalmodels (e.g[16]; [178]) provide the basis for modelirfgr all forms of extremal
dependence. Multivariate matable models are also attractive, since they pravidebasis

for spdial extremes models.

Referring at this pointto the two different classes of joint tail behaviour that have very
different implications:i.e. asymptotic independence suggesting that extreme events are
unlikely to occur together, and asymptotic dependengadying that extreme events can

occur simultaneouslyKereszturiet al. [179] developedgood diagnostics to identify the
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appropriate dependence clalisis vital to have such diagnostics of good quality, sirfce i
variables are asymptotitg independent, incorrectly assumingheir asymptotically
dependerte can lead to overestimation of the joint risk of extreme events, and hence to
overdesigrof offshore structured 79].

Modeling dependence using Copula models

The joint cumulative distributionF of random variablesg, x,,...,x, may be written as

[180]:

F(% %0 %)= O (%), BOS) - E (%) (2.163

where F.F,,...F, are univariate margal cumulative distributions and C is a p

dimensionalcumulative distribution, known as copula, defined in the don{eﬂnl]p. The

copulaC is uniguelydeterminedrom well-behaved disthutions F , and in this case it can

be written that:

C( Uy 4,)= (W), B (W), B (4 ) (2.164

for {ul, uz,...,up} i [0,:}p and F* is the inerse cumulative distribution of theth variable.

Referring to the case of two dimensiogapulas, three orparameter Archimedean copulas
could be used, namely the Clayton, the Frank, and the Gumbel, characterized by lower tail
dependence, no tail deglance, and strong upper tail dependenespectively. The copula

function for each case is defined [AB1]:

Compon(tr W) = (U* 4 3 e (2.165
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1 e (em-1)(e™ 4)

frank(l'!l. uz)_ _alng- + e 1 (216@
\ a a la

Cgumbel(u_L! u2) = GX% 'g I'nq_) ( +In Ug) 8} (216D

where a is the dependence parametewhich ranges in(0,=) for the Calyton, in

-In( - = )#{q} for the Frank, and ifil,= ) for the Gumbel copula.

Except for the Archi med e awgopudacquid beauslizedvhidhe bi var i
is an Elliptical copul&182], written as follows:

Cu.w) =1, (€ (u). th( w)) (2.169

where, t

' n.a

with a ranging in[0,1], andn is the degrees of freedom, is the bivariate

distributionthat correspds to the univariate Student distributiort, [182]:

n+2

s +t -2ast &
dsdi 2.16
na- a) 9 (2169

e 8
(><1x2=n2|; gé

The dependence parameteiof the copula functions could be estimatedtby method by
Joe and Xy183].

As in the univaiate extreme value analysis the most appropriate marginal distribution is
selected that represents the data better than all other candidate marginal distriilstiams,
the multivariate extremal analysis throst appropriate copula function is selecietbng the
aforementioned copula functions. To do this, Galiatsatou and HtiBdsimplemented the

parametric boostip procedure by Genest et[aiB5].

Selection of design events
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In multivariate extreme value theory, the jointur@ period can be estimated from the joint

exceedance probability of a pair of events given ly Bender et a]181]:

Ty x = L = 1
e TPI(X > A, %) 1 R(X) (%) duu

(2.170

It is noted that an infinite number of combinations of the variablas, corresponds to each

joint return period[184]. Thus, to overcome the problem of selecting a design event
represented by two variables, Salvadet al.[186] proposed the most likely design event
method, i.e. with the highest probability density among others of the sarpeolsability
contour[187]:

(w,u,) =argmaxf, . ( E(w) F( uz)) (217

Txy. %,

where f, . is the joint probability density function of the two variableg X, and Flis

the inverse cumulative distribution.

Therefore, the design valueg,x, can thenbe estimatedusing the inverse marginal

cumulative distributions:

x =F*(u).x, =F*(u,) (2.172

2.6.3 Combining statisticsof extreme sea condition®y the the short-term distribution
of the maximumwave height

Good estimation of extremes of individual wave heighland of maximum wave height;.x
on some spatitemporal domain, are essential for the design and assessment of marine and
coastal structure§l88]. There & a large literature related to this subject. A part of this

literature consists of a variety of research studies motivated by obsesvatidriaboratory

measurementsAs noted in section 2.4.1.2he distribution ofH in deep waters has been
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modelled usig the Rayleigh distributioi110] and the Weibull distributiorj189]. Also,
Tayfun [114] generalised the asymptotic model of Boccfi80] to include the effects of
higher order notlinearities.Other studiesra focused on the intermediate and shallow water
shortterm distribution oH andH,,.x Some of them are indicatively cited here, see[&3}];
[191]; [119]; [120]; [188].

Thus, by combining statistics of individual waves during storm events with the statistics of
extreme events, information on the maximum loadings upon marine and coastatesrcatu
be obtained. This information is vital for the reliability assessment and design of those

structures.
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3 Methodology and results

In this chapter, the methodology developed and adopted in the present Ph3 thieesisnted

and described. Firstly, a linear wave propagation model that integratesveitiofong-term
wave statistics from deep to intermediate water depths will be descfibisdnodel could be
utilized for estimatingthe long-term wave climate ataeoa st al Sstructureds
frequently met in intermediate water deptSscondly, the capability of this linear mogdtl
transfer the probabilistic informatiortoncerning shosterm wave statistics, will be
investigated by comparing its resultrith wave measurements in deep waters tedresults

of the well-knownand commercigbhaseresolvingBoussinesq wave modeMi(KE 21 BW /

Mike powered by DH). Theresults produced by the latter refer to intermediate water depths.
The next section deaigith the reliability analysis of a coastal structure, focusing on the case
of rubble mound breakwaters, and wave loadings. Finally, illustrative example of
reliability analysis and probabilistic sign of a rubble mound breakwateare presented,

followed by discussion of the results produced.

3.1 Integrating short- with long-term wave statistics from deep to

intermediate waters

The model that will be described here has been developed by Malliouri[&3]alThis is a

wave model that uses lotigrmwave statistics in deep watersiaput data, and via the use of

the shoriterm wave statistics for each sea state in deep waters, estimates tterriomgave
statistics in shallower waterSpecifically, by using i) data/measurements of significant wave
height H, mean wave period ,J and mean wave directiod,, e.g. obtained from an
oceanographic buoy in deep waters, ii) the dimensionlesstehortimages by Memos and
Tzanis [29], and Tzanis[31] in deep watersijii) a theoretical expression for wave
directionality adjusted in an individual wave statistical analysis, ghe imodification of
Battjes approac[B6], the shoriterm joint distribution of individual wave ight H, period T,

and directiord for every sea state or storm event could be produced in deep waters. Then, the
short and the longerm joint distribution of H, Td could be estimated in intermediate
waters as well as the lonterm joint probability desity function of H, T, dn by
considering linear wave transformation of each individual wave, as waves propagate from the

open sea towards shallower waters.
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Theanalysis refers to shectested waves, thus wave directionality was accounted for in deep
water wave input. It is noted thdtthere is not a wave probe array or an appropriate buoy
(e.g. heavgitch-roll buoy [107]), cloverleaf buoy [192], etc.) to evaluate wave
directionality and only the mean wave directiois available,an established theoretical
spreading functiorcould beapplied. Besides, the nonlinear wavave interactiondeffects

have not been taken into account in the present analysigever, the effect of nelinear
wavewave interactions to wave transformatiossasaves move inshotes been investigated

in section 3.2by comparing the linear wave propagation model developed with a nonlinear

one.

A quite similar attemptvas made by Chondrd493], and Chondros and Mem¢32], but
there are some significant differences between the approach by Malliour{38]and the
approach adopted bhem. As for the similarities, both approaches utitizine shorterm
dimensionless probabilistic images by Menapsl Tzanid30] and Tzanis[31], incorporaté
wave directionality in deep wateis a probabilistic rannervia the use of a theoretical
expression, and udea wave propagation model to transfer the sternh probabilistic
information from deep to shallower waters. However, the main differences between these two
approaches are focused on:

1 the theoreticakxpression implemented for the incorporation of wave directionality:
Chondrogq193], and Clondros and Memo82] usedthe expressiorby Pierson et al.
[106] that was not dependent on wave peaod assumeithdependence of wave and
period from direction whilst in Malliouri et al. [33] approachthe directional
spreading functiofil07], usedn a probabilisticexpression derived by Malliouri et al.
[33], is a function of wave frequency/peridglesides, in their approachilalliouri et
al. assumed dependence of wave height, period and direction.

1 the wave propagation model appli€€hondrog193] and Chondros and Mem¢{32]
developed a 2DH highly ndinear Boussinentype wave model to propagate sea
surfacetimeseriegenerated by the probabilistic images by Memos and TE01isn
deep waters, thus considering Horear wavewave interactions and hence
estimating shorterm wave statistics of H/K T/T,, in intermediate and shallow
waters However, Malliouri et al[33] developed a easier and faststatisticallinear
wave propagation model to transfer the same probabilistic images from deep to
intermediateonly watersbut neglecting nosinearities in intermediate water depths.

1 the output of the analysigthe main interest of the study by Chond{&83] and
Chondros and Memd82] wasfocused on shoiterm wave statistice intermediate

and shallow watersvhile inthe study byMalliouri et al.[33] the accumulation of all
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shortterm wave statistics for each seandition considered leads to the letegm

wave statistics in intermediate waters.

Therefore, lte need to usa linearwave propagatiomodelstemmed from theonstraint of
nonlinear wave propagation models, like Boussinggege modelsthatare significantly more
time-consuming than linear models, and also from the fact tleamthdel used should be
implemented fola large number cdea sate that represerthe longterm wave climate. The
latter is vital for applying fullyprobabilistic reliability or design methods for coastal

structure.

In Figure 3.1 the flowchart ahe model by Mbiouri et al.[33] appliedin the present thesis is
depicted consisting dive steps. The first stejs optional andcould be appliedvhen the
computatioml requirements exceed computer capacit@&mtinuously, ep 1 contains the
data reduction technigue and the generation @paesentative reduced sample of offshore

long-term data.

In step 2 the appropriate offshoimensionlesprobabilistic imagdy Memos and Tzanis
[30] is selected that corresponds to each sea dased on the value of mean wave height H
or the standard deviation of surface etewa U, etc Moreover,the multiplication of the
coordinates of the offshore dimensionless probabilistic image ,bgntl H, leads to the

dimensionalization of the image.

In step 3, for every sea state of the kbegn wave data sampla sample oH and T pais
can be estimated, boandomlygenerating an integer number of groupdHodnd Tbetween
the limits of each joint class, equal to the new frequency of each. dTash wave
directionality is taken into considerationith the mean wave directiafy known™ p yando r i

groups of H, T andl are obtained.

Then,for every seatatea linear waveropagatiormodel is applied for each individual wave

of the dataset characterized by offshore H, T dmérameters. Therefore, these individual

wave parameters arstamated in intermediate waternd statistical analysis of all individual

waves within the sea state can lead to the characteristic statistical parameters of the sea state,

i.e.Tnand H,, Hs, dy, in intermediate waters.

In the final stepthe accumulabn and statistical analysis of all transferred individual waves
and sea states in intermediate waters enables the estimation of tterfongint probability

density function of K, Hs, dy,,, and also oH, T, andd.

These five steps will be further anadd in the next paragraphs.
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Start
Long-term offshore wave data

/Sea states

Step 1
Data reduction technique if it is necessary
Generate the new reduced sample of long-term offshore wave data

Y
Step 2
For every sea sate:

1. Selection of the appropriate offshore probabilistic image
2. Dimensionalize the probabilistic image using H, and Ty,

A
Step 3
For every sea state:
1. Generate pairsof Hand T
2. Incorporation of wave directionality
3. Generate individual short-crested waves represented by H,T,0

A

Step 4
For every sea state:
1. Application of the linear wave propagation model considering transformation of
individual waves from deep to intermediate waters
2. Estimate H, T, 6 in intermediate waters
3. Estimate characteristic wave parameters, i.e Hg, Hy,, Ty, 61y in intermediate waters

Y

Step 5
1. Accumulate all transferred sea states of the reduced sample
2. Estimate joint pdf of Hg and T, for every sector of 6, in intermediate waters

3. Estimate long-term joint pdf of H,T,6 in intermediate waters

End

plot of the results

Figure 3.1 Flowchart of the modelapplied by Malliouri et al. [33]

3.1.1 Data reduction technique

The aim of the data reduction technique is to reduce thattésngwave data and could be

applied if the computenal requirements by using the total dataset exceed the existing

112



CHAPTER 3 Methodology and results

computercapacities, as noted above. This technique can be summarized in the following five

steps:

(1) Calculation of the total number of sea sates in the dataset (denobed Iy deep
waters.

(2) Grouping of the irial data into joint classes ef, 0O, "Y, and estimation of the
number of occurrence (frequency) of each joint class.

(3) Selection of the reduced sum of data of the new dataset (denaded by optimize
computtional demands.

(4) Calculation of the new frequencies of the joint classes of the new dataset by rounding
to the nearest integer the product of the initial frequencies of each joint class by
divided by0 .

(5) To obtain the new dataset '@, "Y, and—, a sample ob sea states can be
estimated, by generating an integer number of grouf3,6l , and— between the

limits of each joint class, equal to the new frequency of each class (step 4).

The accuracy of thartificial sample depends on the bin size of the joint classes, which should
be adequately small, and the total sum of the reduced samyleat should be adequately
large. These two conditions maktee probabilistic distribution, fitted tthe randm sample
generatedable to r@resent the real population and also avoid eliminatiorthef most
extreme and rare events in the artificial sample. Also, it is recommended that the reduced
sampled should not contain less than-16% of the ppulatian of the initial sample) .

3.1.2 Wauve statistics in deep waters

When referring tashort and longtermwave statistics, the joint probability density function
of H, T, d of individual waves within a sea state, which is representative of a time period (e.g
of 3hrs), and the joint probability density function of M, d., which covers a time period

of some decades (e.g. 40 years), are meant respectively.

As it has beementioned above, thdimensionless shoterm probabilistic imagelsy Memos

and Tzaris [30] and Tzanig31] have been used in the present thesis. Taldldas been
derived from Table2.3, andpresentghe classes of mean wave height &ssumed to be
associated with the same standard deviation of the free surface exéyraiaithe Pearson
correlation coefficient between H and'(H,T). It is noted that Table 3.1 has been constructed
by Malliouri et al.[33] in order that an existing dimensionless probabilistic image in deep

waters developed by Memos and TzdBi8] be attributed to every sea state, represented by
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these paramete. More extreme sea states than the lastlinbe table could also be included

but have nobeenpresented here, since they are rarely méteMediterranean Sea.

Table 3.1 Classes of H, assumed to be ssociated with the same standard deviation of the free
surface excursion and correlationcoefficient between Hand T [33]

Standard Deviation Correlation Coefficient Mean Wave Height
Gy (M) r(H,T) g m(m)
0.5 0.266 [0.1-1.062)
0.6 0.383 [1.062- 1.185)
0.7 0.485 [1.185-1.727)
1.0 0.495 [1.727-2.971)
15 0.570 [2.9711 4.368)

Similarly to Chondros[193], digitization of iseprobability density curves vyields the
coordinates of each pair ¢f/H,, and T/T,, along with their respective probability density
function A sufficiently low discretization step T,,)=d(H/H)=0.1 is then chosen in order

o

, aT H .
that relative frequencyfr & becalculated at eaalode (Figure 2):
C'm m

+ gp

H
H (31)

=
“O @ Do
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3

o g
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[

where f is the joint pdf ofl,i.
TITI Hm

H
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—
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0 0.5 1 1.5 2 2.5 3
T/Tm
Figure 3.2 Grid of probabilistic calculation (step d(T/T,,))=d(H/H,)=0.1)[193]

Then an appropriate selection of an adequately largebeuar (of the order of a few
thousandspf individual waves is selected to represent a probabilistic image by Memos and
Tzanis[30], and the number of occurrence attributed to ilj¢ ¢ell of theFigure 32 is

estimated by rounding to the nearest integerrthe | t i pl i cati on product

frequencyf, ; by N, as follows:

n; =round f; N (3.2

To obtain the ample ofindividual waves within a sea state, pairs of H and Tcan be
estimatedfor every cell {j), by generatingn ; uniformly distributed randormumbes
between the limits afth classfor T, andn ; uniformly distributed randomumbes between

the limits ofj-th classfor H.

3.1.3 Consideration of wave directionalityin deep waters
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In this section, thenethodology byMalliouri et al. [33] is presented aimingt associating
each individual wave within a sea statgh a certain azimuth angle of propagation. As it is
aforementioned, the mean wave direction for each sea skatevis

It is a common practice to consider wave directionality in a spectral wave analysis, as this is
in accordance with the definition afave directionality. However, the need to consider wave
directional spreading in an individual wave analysis often arises. To proceed with this
consideration, the following assumptions should be made with respect to every sea state:

- The classes of high&alues of H tend to have directions closeq}g that is, they show less
directional spreads uggesting that H and d are not
agreementwith Tucker [37], who provedthat the larger values of the magnitude of the
resultant water particle velocity uaddirectional waves show less directional spread around

q,,» compared with lower values.
-Since the integration ab(f,q) fromi” to” wi t h r es peD(fq)toald® i s

used for the estimation of the conditiongdrobabilitydi st r i buti on of d
equivalently T.This also suggests that the number of waves should be large enough in order
that all waves within a certain -fank would cover the whole range of wave directions

determined by the directional spreading functid(¥, q) , associated to the-fank.

Specifically, this can be achatcorpspdndstoeach by
class of H for a given T. This range can be computed, by, firstly, arranging all classes of H for
a given T in decreasing ordef H, and, then, via the following equati{88]:

Am 'Xj J

R D(f.a) q & freq(T.H) /N 33)

Om Xj n=

Wherefreq('ﬁ ) H].) is the frequency (number of occurrence) of the bivariate class ofthE i

and jth H andN; is the total number of waves of théhiclass of T for every H. &sides, i

the above equation, in whithe unknown variable ix , the jth classof H is associated with

a certain rdggnXg€, %f whdn theithciass off, or equivalenty of T, is

considered fixed. It is noted that the right part of the above equation determines the

cumulative probability of theh class of H based on the ranking position of the H classes in
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decreasing order from the H class central value, and thpddfidetermines the probability

referred to this unique range of d.

-Therefore, for a fixed class of T, each class of H is combined with a certain range of
Then, each pair of T and H of an individual wave in #pscific seatate corresponds to a

random value ofy within this range.

The validity of the above assumptions can be concluded by checking whether the histogram

of d in a sea st gl ad bysompaygnimeerteasured,, wath theu n d
estimatedq,,, computed as the statistical mean direction of all individual waves considered.

As can benoticed in Figure3.3 the histograno f d i s approxi mag, el y symm
and the estimated,, is satisfactorily close to the measureg in both sea states with

different measured,, in deep waters.

0.03 T T T T T

Measured mean wave direction=19.29 degrees
0.025 |- Estimated mean wave direction=19.21 degrees -

0.02 -

0.015 -

0.01 1

0.005 -

Probability density (1/degree)

-150 -100 -50 0 50 100 150 180
thita (degrees)

0.03 \ \ T T

Measured mean wave direction=151.52 degrees
0.025} Estimated mean wave direction=151.14 degrees -

0.02 -

0.015

0011

Probability density (1/degree)
=
o
[&)]
T

o

o

50 100 150 200 250 300
thita (degrees)

Figure 3.3 Estimated histograms of wave direction in two sea sates in deep waters with different
[33]
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3.1.4 Transforming wave statistics from deep to intermediate waters

The height of each individual wave is modified the latter propagates from deep into
shallower wates, while the wave period is assumed to be consteetrding to linear wave
theory In the present study, four wave processes have been taken into account; wave
shoaling, wave refraction, wave breaking, and wave reforming after breaking. These
processesra considered foa | | i ndi vi dual waves, since H, T,
within a sea state are known in deep waters, derived tinenaforementioned methodology.
Moreover, the coastal slope é®nsidereduniform and equal to a representative mbad
slope.In this step, an individual wave shoalingda refraction processereapplied and a

wave breaking criteriowasadopt ed. H e n avas,usedShere Icdndeming Ithee w
refraction process, the shoaling process selected is described inofe8tukes first order

wave theory, while the breaking wave height associttezhch individual wave height i4
determined by theemiempiricalexpressiorby Komar and Gaughd38] derived from linear

wave theory

=
Gl

o

H

H, _ .
H—:—0.56§:

(@]

(3.4)

o

where H, is the individual wave height in deep wateks, is the individual breaking wave
height, andL, is the individual wave length in deewaters. Regarding the depth of each

individual wave breaking, this is estimated by the expression of WggRjelor the breakr

index g, , based on labotary data on monochromatic wavgeakirg on smooth, plane

slopes, i.e.:

6 % bm) e e (35)

where

a(m)=43.81-exp -19n (36)
_ 1.56

b(m) =13 exp( -19.5n) (3.7
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where: d, is the depth at breakingmn is the bed slope, an@ is the gravitational

accelerationReferring toH, andd,, it is noted thata number of expressior{e.g.[194];

[195]; [196]) have been proposed for their estimatidiut most of these equations are
hampered by two obstacles. First, the breaker depth is usually required to compute its wave
breaking height, and vice versa, asetcond, the equations consider either the deep water
wave height to wavelength ratio or the sea bed slope, but nofli9ath

The concept ofndividual wave breaking andevolution before, in, and after the surf zone,
adopted here, is described in the flowchart presented in F3gdirdccording to this, when

wave breaking occurs, waves are then examined whether they are plunging or spilling
breakirg waves. This distinction between plunging and spillimgakers is made by
considering the s u,sblsedson the bffshore wvave height anchdeepe r
water wave lengtf40]. In the case of plunging breakers, waves lose their wave forms totally
after breaking, thus waves are then excluded from the total set of H and T datdirietipear
spilling breakers, the concept whve evolution in the surf zone based on the decay of the
wave energy in the surf zone and the equivalence between the energy decay in a spilling
breaking wave and that of a hydraujionp [41]. In particular, Horikawa and Kuo [42]
conducted laboratory tests on breaking waves and determined the existestabtéemergy

flux, which defines a state at which waves no longer break. Using linear wave theory and

assuming that the stable wave heighy,, . is a linear function of water depth, i.e.

Hstable = @6 (38)

where G is a dimensionless coefficient, Dallst al. [43] determined thatG is 0.4 for

achieving minimum error to the data eforikawa and Kuo [42]. Therefore, the wave
evolution in the surf zone after an incipient spilling breaking is basdd gf.. As for wave

period, it remains equal to the corresponding one in deep waters.

119



CHAPTER 3 Methodology and results

Ho,Tin deep waters

NO H(d)=H after refraction and
shoaling, T(d)=T
YES
NO Plunging breaking waves:
H(d)=0, T(d)=0
YES

Spilling breaking waves:
H(d)=0.4d,, T(d)=T

Figure 3.4 Description of individual wave evolution through the surf zone adopted33]

3.1.5 Derivation of long-term wave statistics in intermediate waters

Longterm wave statistics could be defined those described by the characteristic wave
parameters, i.€l, Hs dn, and alsdy the directioading parametend, T, d, derived fronthe
statistical analysis olvave data accumulated over several ydarsase of lack of those data

at the location of interest (this is often in intermediate waters, when ngfei coastal
structures), wave data observed in deep waters could be used and transferred at this location

using linear or notinear wave propagation models.

As for the longterm joint distribution ofthe characteristic parameters, ilg, Hs, dn in
intermediate watersa simple and proper manner to derive this tHpaameterd joint
distribution is to apply the conditional model described previously, using the transferred long

term wave dataf T, H, d, at this location

As far as the calculation diie longterm joint distribution othe direct loading parametets

and T is concerned, the main concept is that the -#ont pdff, (H) in Eq. 2.140 by

Battjes[36] can be replaced by the joint shtetmpdf f (T,H) , presented in the following

shor

equation:

(3.9)
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wheref (T,H) is the shorterm joint probabily density function of T and HN is the

average number of waves in each shemn sea state, which is assumed tadestant, and

fona(T,» H) corresponds to the lortgrm joint pdf of T, and H. This can be proveda the

long

following process:

The number of occurrence of the cell (i,j) of the stenn wave statistics associated to the i

th class of wave periodr; , and the th class of the wave height-ij , in the kth sea statgor

adequately smallpTand (p - is approximately calculated as:

Mij (T 'Hj )= fehon (T ’Hj )QpT C"QpH k! (3.10

where N, represents the total number of waves in thh kea statepT and oH ar

widths of the classes of T and H respectively.

The number of occurrences of thehksea state, for adequately small], and goH, is

estimated as:

mk (Tm 1 Hs) = fklong(Tm! H J @Tm @J_l (311)

where M is the total number of sea stateg, (T,,H.) represents the loAgrm joint pdf of
Tnand Hatthe kt h s ea st a tgefe thesbim didthp ldf the classes of &#d T,
respectively.

The total number of occurrences ®f and H,, taking into consideration the number of

occurrencs of the kth sea state in the lorigrm wave statistics, is computed as:

Nijk(Ti1Hj): N (TvH )am (I 1"5')
(312

number of occurence of Ti and Hj in thea state k number of occurence of sea state k

= fkshort (TUHJ)QpT QpH kd)‘b klong( m fs) -rlr—loi tl O
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Subsequently, the total number of occurrenced,chnd H;, taking into consideration the

total number of sea statel] , is computed as:

N

ijtotal —

—_— =) =) =) = =) =) (D:

lshort (THH )QpT QpH mllonJ@ j Pﬁl o) q:)T o G,
|

.............................................................. (3139

The total number of individual waves that comprise the total number of sea states M, is given

by the following equation:

1
I
ST 1
Now= 1 [ (3.14)
I ............................................. |
D e, I
| . |
T+ NM OMlong (Tm1Hs) (@Tn C@" M
The longtem relative frequency ofl; and H; is given by the following equation
N.
fr‘Iong(Ti’Hj):NLotall (315)
total
and the longermjoint pdf of T, and H, is thenexpressed as:
fr, (T, H. N0
fg(T,H) = 22T o Dl (3.16)

PO pH N O T
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By substituting Eg 3.13 and 3.14 in E®.16 and deleting the sherandlongterm spatial

and time stepsd pf(sincedieidall agpéar in the numerator and the
denominator of the fraction in the second patEgf 3.16, the following relation is derived:

flshor‘r (Ti’H j) CNl ang(TmH J+---+f Mshort(T IH ) N Qf MlonQTmH )

foo(T,H) = = - 31
|0”9( I ]) Nl CDllong (Tm’H s) +"'+N M fg%ong(-rm’H J ( 7)
Eq. 3.17can also be written as:
o M .. ..
f T,H)N, Q. (T,,H,
f|ong(Ti,H j): a k=1 kshort ( i J) k @ g( m ) (318)

é I’lﬂzl I\Ik leong (Tm’H s)

which is similar to the modifiegquation of Battjes, i.€£q. 3.9 However, inEq. 3.18 the
total number of waves in each sea stdieis not assumed to beonstant. If the latter is

regarded as constant, as in our c&sg,3.9and3.18are equivalent.

In a sinilar way, regarding the loager m j oi nt di st r Eg3Otcandea o f
replacedby:

~f~0 ’H’d)on fm QTm’ HS’ mdm
fong(T, H, d F N Rl o (3.19)

ﬁ Iﬁfloﬁ’a(Tm’ Hs’ d-m ) sd hl ng T
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wheref, (T, H,d istheshorit er m j oi nt probability Ndsensity f
the average number of waves in each sterh sea state, assumed to digen, and

flong(Tm, H, d,, corresponds to the lortgrm joint pdf of T,, Hs, andd), .

3.1.6 Examples of application

3.1.6.1 Input data

The aforementionednethodology that will be presentdwhs beerapplied[33] to measured

data of relative frequencies of,THs, andd

., obtained from 3 oceanographic budsit
belong to the POSBON Marine Monitoring Network operating under the responsibility of
the Hellenic Centre of Marine Research (HCMR), see Soukissian and Chddijs
Soukissian et a[45]. These buoys were located at three locations in deep waters, i.e.: (37.51
°? ,  2°R).indth& central Aegean off Mykonos island; (3926  2°E).in7tte northern
Aegean off Athos; and (36.28 ,  2°R).in4h@ southern Aegean off Santorini island. These
locations referred to hereinafter as Station M, Station A, andoBt&]j respectively, are

depicted in Figur&.5.

‘S:amn A

‘StaI‘O'v M

‘S(SIJO" S

Figure 3.5 The locations of the three oceanographic stations in the Aegean Sea, Greece

Furthermore, the intervabetween successivemeasurementss 3 h and the wave
measurements cover the period from 1.1.2000 to 12.31.2011. It is noted that, in principle, a

long-term analysis requires longer time series that must cover more than few decades.
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However, often the data are extrapolated to probabilities beyoncedbed length, i.e.-3

times the record lengfi].

Regarding the wave measurements at Matagach pair of Jand H represents a sea state,
while the total number of sea states is 24946. The scatter diagrafranti'H is presented in
Figure 36.
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Figure 3.6 Measured H; and T, at M station (2000-2011)[44]; [45]; [33]

The correlation coefficient (T, ,H,) between T, and H is equal to 0.9023, suggesiira

strong correlationThis was expectedsince only wind wavesnd not swellhave been
considered. The exclusion of swell was made directly by the buoy. Therefore, there was no

need to apply another swell exclusion criterion to this set of data.

3.1.6.2 Data reduction based on a statistical technique

It is noted that the dataset was otrgazed i n <cl asses @G.25nequal Wi

o T:=0.25s,Dd,, =2(f), and then the class frequencies were modified in order that the total

sum of the data be reduced from3%b to 1500 sea states, by maintaining, though, as much

as possible the relative frequency of each class. The methodology developed here, in
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compliance with the statistical 1e8), Hoo d named

producing the reduced dataset of 1500 sea statesmmarisedh the following steps:

1) Calculation of the total sum of sea sates of the initial data set (€9¢62Xka states for
Station M);

2) Grouping of e initial data set into joint classes af, Hs, andd, , and estimation of the

frequency of each joint class;

3) Selection of the reduced sum of sea states of the new dataset;

4) Calculation of the new frequencies of the joint etassf the new dataset by rounding to

the nearest integer the product of the initial frequencies of each joint class by the reduced sum
of data (i.e. 1500) divided by the initial sum of sea states (i,24@%

5) To obtain the new dataset of, Hs, andd,, a sample of 1500 sea statess estimated, by

generating a number of groups aof, Hs, andd,, , between the limits of each class, linearly

related to the frequency of each joint class.

It is noted that the deiced total sum of sea states of the new dataset, selected in step 3 should
be satisfactorily high. However, due to the rounding process, described in step 4, the low
initial frequencies of the higir, and therefore, rareglfhay get zero values in the nelataset.
Nevertheless, this shortcoming may be overlooked, if the fittggdHto the new dataset is
representative of the initial data set. Therefore, this requirement should be checked before the
selection of the reduced sum of sedestaf the new daset in step .3This process has been
adoptechereand in Figure3.7 the best fitted distribution of 4o the new dataset is compared
against the one derived from the initial dataset, estimated in deep waters and at the depth of
6m. As it can be seen frorRigure 3.7, the dataset reduced by the technique described

previously can form a solid framework where Biisexercises can be credibly developed.

In Table 3.2, the Euclidean distance between the best fitted pdfofddved from the
original dataseaind the initial data, as well as the Euclidean distance between the best fitted
pdf of Hs derived from the new dataset and the initial data, have been estimated and
compared. From the last column of Table 2, it is observed that the best fitted pdfenfed
from the new dataset can satisfactorily represent the initial data, since in deep waters its
Euclidean distance from the initial dataset is improved, and at the depth of 6m the Euclidean

distance is slightly higher compared against the best fittetbiide initial dataset.
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[ IHs histogram in deep waters
—Best fitted pdf derived from the original dataset
---Best fitted pdf derived from the reduced dataset
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[Hs histogram at the depth of 6m
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Figure 3.7 Comparison of the best fitted distribution of Hto the new data set against the one
derived from the initial dataset, estimated in deep waters (up) and at a depth ofr6(below) at
Station M [33]

Table 3.2 Comparison of the Euclidean distances between the best fitted pdf of Hs derived from
both the reduced data and the iitial data at Station M [33]

Depth (m) Euclidean distance D Euclidean distance D Relative difference
Initial data Reduced dta
1) (2) [(2)-(1)]/(1)
140 0.00186 0.00169 -0.091
6 0.00091 0.00098 0.077

In this way, the reduced dataset can satisfactorily substitute the extensive raw data. The new
sample generated is depicted in Fig8r@ The correlatiorcoefficientr (T,,,H,) in the new

dataset, is equal to 0.8999, i.e. very close to that of the raw data. This new data set in deep
waters has been used as input data in the present methodology. Therefore, the computational
demands have beaignificantly reduced (by almost 17 times) without altering to a great

extent the information on the relative frequencies of the grouped raw data.
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(T, H,)=0.8999

Figure 3.8 Sample of the new dataset of 1500 sea stat&s, @nd H) for Station M [33]

It is highly recommended that when such a data reduction technique has to be applied for a
reliability analysis of coastal structures to reduce computational cost, a relatively high
threshold should be appligd filter the most significant sea statésitt should be transferred

to the structurebés | ocation (see section 3.

3.1.6.3 Results and discussion
Deep waters

Regarding the most appropriate marginal distribution fomtteep waters, three candidate
distributions, namely the Weibull, the Lognormahd the Gamma pdfs, have been examined
aiming at selecting the one that best represents the histogram. dfhese candidate
distributions for H along with the corresponding histogram are depicted in Fig8eln
order to select the most appropriate gigal distribution for H, two goodness of fit measures
have been estimated, the Euclidean distance between each marginal distributiganfibi-H
data, and the Euclidean distance between the joint probability distribution afidrH and
Tmand Hjoint data. As it has been already mentioned, the joint probability distributiop of T
and H is associated with the marginal distribution fardtd the conditional distribution for
Tm|Hs, Which follows a Lognormal distribution. These two measures of goodiiditsare
presented in Tabl8.3 The parameters of the best fitted pdf tpddta for each Station are
presented in Tabla.4.
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Figure 3.9 Fitting of the candidate marginal distributions to the histogramof Hs data in deep
waters for Station M (1), Station A (2), and Station §3) [33]

Table 3.3 Measures of goodness of fit of the candidate marginal distributions for Hs and the

corresponding conditional model in deep waters using datadm stations M, A, and S[33]

Data Source

Candidate pdf for

Euclidean

Conditional pdf

Total Euclidean

Hs distance Bof for Tp|Hs distance
f(Hy)
Station M Weibull 0.0019 Lognormal 0.0013
Lognormal 0.0056 Lognormal 0.0021
Gamma 0.0020 Lognormal 0.0013
Station A Weibull 0.0018 Lognormal 0.0008
Lognormal 0.0046 Lognormal 0.0014
Gamma 0.0012 Lognormal 0.0007
Station S Weibull 0.0039 Lognormal 0.0022
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Lognormal 0.0033 Lognormal 0.0020
Gamma 0.0022 Lognormal 0.0015

Table 3.4 Estimated parameters of the best fitted marginal distribution for Hs in deep waters
using data from stations M, A, ard S[33]

Data Source Best fitted marginal Shape parameter Scale parameter
distribution for H
Station M Weibull pdf 1.3517 1.0122
Station A Gamma pdf 1.4243 0.4957
Staion S Gamma pdf 3.0138 0.2789

As it is shown in Figure.9 and Table3.3, the joint distributions of J and H that best
represent the J and H data are derived from the conditional model associated with
combinations of a Weibull pdf for Hor StationM and a Gamma distribution forsHbr the
other two Stations and a Lognormal conditional distribution fgiHJ since they have the
lowest Euclidean distance compared to the other distributions tested. The joint pdanof T
H; are presented in FiguB10.
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w
[4)]

D?=0.0007, (T, H,)=0.8663

D2=0.0013, r(T,,H,)=0.8999

w
0.07

Hs(m)

D?=0.0015, r(T,,,H,)=0.8131

Tm(s)

Figure 3.10 Joint pdf of Tm and Hs in deep waters estimated by applying the Conditional model
for Station M (up left), Station A (up right), and Station S (below)- 0.1 mi's* contour step[33]

By applying the modified Battjeapproach, the lonterm joint distribution of T and H in
deep waters is obtained for each Station; see FRjlile The correlation coefficient between
T and H is smaller than that of,Tand H at the same location for the three Stations. This
indicates hat the correlation between, &nd H is greater than the correlation between H and
T.
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Figure 3.11 Long-term joint pdf of T and H in deep waters for Station M (up left), Station A (up
right), and Station S (below)- 0.1m's* contour step[33]

Intermediate waters

As it has been noted above, the ldagn and shorterm wave statistics in deep waters have
been used in order that the letggm wave statistics be estimated in intermediate waters. In
this section, the lonrterm wave stigstics are estimated at the depth of 6m following the
aforementioned methodology. This water depth corresponds to intermediate waters with

respect to the wave length associated to the statistically mgan T

Regarding the most appropriate marginal distiibufor H; at the depth of 6m, the same three
candidate marginal distributions presented above have been examined, in similarity to deep
waters. The candidate marginal distributions fgraHd the corresponding histogram at the
depth of 6m are depicted iRigure 3.12 The two measures of goodness of fit for each
marginal and bivariate model are presented in Talle
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Figure 3.12 Fitting of the candidate marginal distributions to the histogram of Hs data &the
depth of 6m for Station M (1), Station A (2), and Statin S (3)[33]

Table 3.5 Measures of goodness of fit of the candidate marginal distributions for Hs and the
corresponding conditional model at the depth of 6m using data fromt&tions M, A, and S[33]

Data Source Candidate pdf for Euclidean Conditional pdf Total Euclidean
Hs distance B of for Tom|Hs distance
f(Hy)
Station M Weibull 0.0009 Lognormal 0.0016
Lognormal 0.0068 Lognormal 0.0026
Gamma 0.0013 Lognormal 0.0017
Station A Weibull 0.0033 Lognormal 0.0021
Lognormal 0.0127 Lognormal 0.0035
Gamma 0.0022 Lognormal 0.0020
Station S Weibull 0.0026 Lognormal 0.0017
Lognormal 0.0066 Lognormal 0.0023
Gamma 0.0007 Lognormal 0.0014
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As it is shown in Figure.12 and Table3.5, the joint distributdbns of T, and H that best
represent the JJand H data for all three Stations are derived from the conditional model
associated with combinations of a Weibull pdf farfét Station M and a Gamma pdf fog H
for the other two Stations and a Lognormal ctiodal distribution for T|Hs, in similarity

with the best fitted pdfs for Hn deep waters. The parameters of the best fitted pdf tatd

for each Station are presented in Takl@ The joint pdfs of T, and H for each Station are
presented in Figurg.13.

Table 3.6 Estimated parameters of the best fitted marginal distribution for Hs at the depth of 6m
using data from Stations M, A,and S[33]

Data Source Best fitted marginal Shape parameter Scale parameter
distribution for H
Station M Weibull pdf 1.4150 0.8159
Station A Gamma pdf 1.7476 0.2857
Station S Gamma pdf 2.9828 0.2321
° D2=0.0016,‘r(Tm,I-|‘S)=O.8‘582 ) D?=0.0020, (T, ,H,)=0.8228
4 L4 L

Tm(s)

Figure 3.13 Joint pdf of T,, and Hs at the depth of 6m estimated by applying the Conditional
model for Station M (up left), Station A (up right), and Station S (below)- 0.1 m's™ contour step
[33]
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The joint longterm distribution of T and H at 6m depth for each Station, computed by
applying the modified Battjes approach, is depicted in Figure The correlation coefficient
between T and H is again smaller than that gfahd H at the same location for the three
Stations in accordance with deep waters.
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Figure 3.14 Long-term joint pdf of T and H at the depth of 6m for Station M (up left), Station A
(up right), and Station S (below)- 0.1 m's™ contour step [33]

It is noted that the lorterm joint pdfs of T,, and H and those of T and H presented in the
above diagrams are of great significance for the calculation of coastal structures. Firstly, they
are the basis for the computation of extreme sea conditions at desired return periods and the
extrapolation of the data to probabilities beyond the record length to match desired return
periods. The design of coastal structures based on the extreme condititasigat return
periods is deterministic. However, nowadays, it is widely accepted that the fully probabilistic
design gives more thorough insight in the relations and correlations between the variables, the
failure behaviourand the probability of damagd these structures than deterministic and
lower probabilistic design methods, by using the total joint distribution,@nt H of all sea

states. Moreover, the lortgrm joint distribution of T and H can be used in order that direct
wave loadings of thetructures and their probabilities of occurrence be estimated within the
feti Thi s i nformation s

structuresbod i me .
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ensure their stability and resilience. Thus, via this methodology, the necessary tooés can

provided for the deterministic and probabilistic calculation of coastal structures.

In table3.7, some statistics concerning the wave breaking and its type are presented at each
depth, where it is observed that the number of breaking waves towardgaheumber of
individual waves is increased as wave propagate from deep towards intermediate waters.
Besides, in this case of 0.07 uniform bed slope, only spilling breakers appear at the depth of
6m for all Stations.

Table 3.7 Relative Frequency and type of wave breaking in deep waters and at the water depth of
6m, for each Staton [33]

Data Depth Number of Number of Number of spillhg
Source (m) breaking waves plunging breakers breakers
towards towards towards

total number of waves total number of waves total number of waves

Station M 140 - - -

6 4.69 10° - 4.69 10°
Station A 220 - - -

6 1.03 10° - 1.03 10°
Station S 320 - - -

6 5.07 10° - 5.07 10°

In Table 3.8he correlation coefficients between i} &and H and ii) T and H in deep waters

and at the water depth of 6m, for each Station are preseflggHd and r(T,H) vary
significantly between deep and intermediate waters. In gen@ralHs) reduces from deep to
intermediate waters for all Stations. Similarly,;T,l) seems to reduce from deep to
intermediate waters for Stations M and A in contrast to Station S. Besides, both correlation

coefficients are higher in the case of Station M and A than those of Station S for all depths.

Table 3.8 Correlation coefficient between Tm and Hs and between T and H in deep waters and at
the water depth of 6m, for each Statior§33]

Data Source Depth (m) (T, He) r(T, H)
Station M 140 0.90 0.59
6 0.8 050
Station A 220 0.87 0.58
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6 0.82 0.47
Station S 320 0.81 0.32
6 0.76 0.37

Indicatively, the wave direction pdf is presented at various water depths for one of the sea
states. The angular pdf in deep waters has been estimated via the methodology presented in
section 31.3, while the corresponding puff shallower waters has been estimated by applying

the refraction process to each individual wave. This has been applied for all considered sea
states in deep waters within the azely datasets. From FiguB15 it can be seen that as
waves propagate fro deep to shallower waters, the pdf becomes narrower, and the mean

wave direction tends to come closer to the perpendicular to thkegbs, as expect¢sl].

Figure 3.15 Probability density of wave direction in a certain sea state propagating from deep to
intermediate waters[33]

In this way, significat information can be provided for the design of marine and coastal
structures. As mentioned before, the consideratiatfirettionalwaves is moreealisticand,

also, results in lower extreme forces upon the structures when compared against the uni
diredional case. The latter is very important since it can lead to a more economical but not

less safe design of these structures.
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