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ABSTRACT

The Reliability-based design and risk assessment model REBAD (1), which is used
to predict the reliability levels of coastal structures that are subject to high damage risk
and vast capital expenditures, was implemented to Wiseman’s Bridge revetment in
UK by utilizing Van der Meer failure functions. The failure mode probabilities were
calculated by the Second Order Reliability Method (SORM), where the failure surface
was approximated by a quadratic polynomial having the identical curvature at design
point. In this study, a methodology was suggested to determine the lifetime damage
probability of coastal structures, which are subject to large tidal ranges and storm
surges. As a result, REBAD was successfully implemented to a rubble mound
revetment subject to large tidal ranges as a risk assessment study in order to point out
the necessity for the development of deformation-based design (DD) methodology
instead of the partial safety system used in EU countries.

Key Words: Acute toxicity; Revetment, stability, limit-state, reliability, risk,
uncertainty.

INGILTERE’DEKI KIYI ANROSMANLARININ HASAR RiSKi ANALIZI

OZET

Maliyeti ve hasar riski yiiksek kiyr yapilarimin giivenirlik seviyelerinin
tahmininde kullanilan REBAD (1) risk degerlendirme ve tasarim modeli, Van der
Meer yikim fonksiyonlari kullanilarak, Ingiltere’de Wisemen’s Bridge kiy1
tahkimat yapisima uygulanmistir. Yikim modu olasiliklari, tasarim noktasinda
yikim yiizeyinin es egriligine sahip ikinci dereceden bir polinom kullanilarak
Ikinci Mertebeden Giivenirlik Metodu (IMGM) ile hesaplanmustir. Bu caligmada,
yapinin tasarim Omril i¢indeki hasar olasiliklarinin hesaplanmasinda, yiiksek gel-
git seviyesini ve firtina kaynakli su kabarmalarini hesaba katan bir yontem
onerilmistir. Sonu¢ olarak REBAD modeli, yiiksek gel-git araliklarinin etkisi
altindaki bir tasdolgu kiy1 yapisina basartyla uygulanmis, AB iilkelerinde
kullanilan kismi giivenirlik katsayilari yonteminin yerine deformasyona dayali
tasarimin (DT) kullanilmasi 6nerilmistir.

Anahtar Kelimeler: Kiy1 tahkimati, stabilite, limit durum, giivenirlik, risk,
belirsizlik.

1. GiRiS 1. INTRODUCTION

Kiy1 yapisinin tasarimi, dayanim ve olast yiik
degiskenlerine bagl yogun belirsizlikleri
icerdiklerinden, projelendirmenin risk yonetim modeli
ile gergeklestirilmesi gerekir (2). Belirsizliklerin
tasarimda  gdozardi  edilmesi  sonucu  yapinn
performansinda gozlenecek degisiklikler, yapinin risk
diizeyini ve giivenirligini dogrudan etkiler. Giivenirlik,
yapmin  ekonomik  Omrii  siiresince  beklenen
performansint yerine getirebilmesidir ve II. yada III.
dereceden istatistiksel yontemler ile belirlenebilir (3).

Yapilarin  belirlenimei  (deterministik) tasarim ile
projelendirildigi durumda ise, gilivenirlik emniyet
katsayilart  ile  saglanmaya  c¢alisgthr.  Ancak,

Since the design of coastal structures incorporates a
considerable extent of uncertainty in the structural
resistance and potential load intensities, the project
should be achieved by utilizing a risk management
model (2). The changes in the structural performance
that may arise from the ignorance of the uncertainties in
design, will directly affect the reliability and risk level
of the structure. Reliability is the ability to sustain its
expected structural performance during its economical
lifetime and can be assessed by II or III order statistical
methods (3). In the case when structures are designed by
using deterministic methods, using safety factors attains
the reliability. However, the in order to predict the
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projelendirme sirasinda giivenirlik seviyesinin de
tahmin edilebilmesi i¢in, yiik ve dayanim degiskenlerine
ait belirsizliklerin de dikkate alindig1 istatistiksel
yontemlerden yararlanilmast zorunludur. Malzeme
acisindan ekonomik olmalari nedeniyle uygulamada
yaygin olarak tercih edilen kiyr koruma yapilar tas
dolgu anrogmanlardir (4). Buna ragmen yiiksek
maliyetli olan bu yapilarin tasarim asamasinda dikkate
alinan en Onemli hasar modu koruyucu tabakanin
yikilmasidir. Wiseman Bridge kiyr koruma yapisinin
giivenirlik analizi, gelistirilen REBAD giivenirlik
modeli ile yapilmig, farkli hasar seviyelerinde ve
yikilma bigimlerine bagli olarak tasarimda, yatirim-
onarim maliyeti optimizasyonuna olanak saglanmistir.

Modelde, projenin dayanim ve yiik parametreleri
rassal degiskenler olarak tanimlanmis ve yapiin
giivenirligi, limit durum uzayinda olasilik dagilimlari ile

ifade edilmistir (5). Tas dolgu yapilar igin  '"limit
durum", belirlenen bir hasar seviyesinin yapinin
timilyle yikilmasmma neden olmayacak, ancak

performansini yerine getiremeyecek sekilde asilmasi
olarak tanimlanmistir (6). Ayrica modelin uygulanma
asamasinda, tasarimda go6zoniine alinmasi gereken
belirsizlik kaynaklari, Carmarthen deniz ydresindeki
kiyr kosullart gozetilerek arastirilmugtir. Belirsizlige
dayali degiskenlik, olasilik fonksiyonlarinin
parametreleri (degiskenlik katsayisi, standart sapma,
uygulama araligi vb.) yardimiyla limit durum
araliklarini dogrudan etkilemistir.

2. GUVENILIRLiK MODELI

Bir yapinin giivenirligi yapinin dayanimi ile birlikte
yapiya etkiyebilecek yiiklerin bilesik etkisine baglidir.
Herhangi bir hasar bi¢imi i¢gin olusturulacak limit durum
fonksiyonu yiik ve dayanim degiskenlerini igerir ve bu
degiskenler rassal kabul edilirler. Vektorel olarak {X}
seklinde tanimlanabilen degiskenlerin, limit durumdaki
yikilma fonksiyonu g(X;, X,, Xj,...,X,)=0 seklinde
tanimlanir. Geometrik olarak bu esitlik  yikilma
yiizeyinine karsilik gelmekte ve g<0 i¢in yikilma
bolgesini; g>0 igin  ise  gilivenilir  bdolgeyi
tanimlamaktadir.

Giivenirlige dayali tasarimda, tas dolgu yapilarin
projelendirilmesi  asamasinda yik ve dayanim
degiskenleri arasinda denge kosulunu saglayan Van der
Meer limit durum fonksiyonlar1 kullanilmaktadir (7).
Yapinin giivenirligi, kabul edilebilir bir yikilma
olasihigmim (Py) saglanmasi ile agagidaki sekilde elde
edilir (8):

Pr=Mlp-I1 s,

burada, fii(x;) rassal degiskenlerin bilesik olasilik
yogunluk fonksiyonu ve P; tag dolgu yapilar i¢in, belirli
bir hasar seviyesinin agilma olasiligidir. Ancak pratikte
bilesik olasilik yogunlugunun belirlenmesi miimkiin

(xie

G.U. J. Sci., 18(1):69-80 (2005)/ Can Elmar BALAS

reliability levels during the project phase, statistical
methods in which uncertainties of load and resistance
variables are considered, should be utilized. From the
material point of view, the mostly utilized structures are
the rubble mound revetments, which are preferred due
to their economy (4). In spite of this, these structures are
significantly expensive and the main damage mode that
is considered in design phase is the protective armour
layer. Using the reliability-based risk assessment model
REBAD, in which the investment-maintenance
optimisation could be achieved for various damage
levels and failure modes, performed the reliability
analysis of the Wiseman’s Bridge revetment in UK.

In this model, the safety and serviceability of coastal
structures are evaluated by modelling random resistance
and load variables of the project with probability
distributions at the limit state space (5). The
serviceability “limit state” is implemented for the safety
evaluations of rubble mound breakwaters, as the
exceedance of the failure damage level may not result in
complete breakdown of the structure, but an interruption
in the achievement of its performance and functions (6).
At the implementation phase of the model that can be
employed both for design and safety evaluation
intentions; the uncertainty sources that should be
considered at the design are investigated by considering
the coastal conditions of the Carmarthen sea region. The
variation that depend on uncertainties, was affected the
limit state ranges directly by wusing probability
distribution parameters (variation coefficient, standard
deviation, application range etc.)

2. RELIABILITY MODEL

The reliability of a structure depends upon the joint
effect of resistance and loading conditions that may
apply on the structure. The limit state function that will
be obtained for an arbitrary failure mode involves the
resistance and loading variables and these variables are
considered as random. The primary variable vector {X}
indicates these random variables and the functional form
of these basic variables consistent with the limit state is the
failure  function denoted by  g(X,X,,...,X,)=0.
Geometrically, the limit state equation is the failure
surface, which separates the failure region (g<0) from the
safe region (g>0).

In the reliability-based design and for the project
evaluation of rubble mound structures, the Van der Meer
limit state functions (7) that satisfies the equilibrium state
of resistance and loading variables, are used. The safety of
the structure can be assured by designating an admissible
value of the failure probability (Py) that is defined as
follows (8):

cxn ) xp,nd x, (1]

where, fy;(x;) is the joint probability density function of
random variables and P; is the exceedance probability of
a particular damage level for rubble mound structures.
On the other hand, since in practice it is not possible to
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olmadigindan (9) gelistirilen model iginde yikim modu
olasiliklari, yikim ylizeyinin tasarim noktasindaki es
egriligine sahip ikinci dereceden  (parabolik) bir
polinom ile temsil edildigi Ikinci Mertebeden
Giivenirlik Metodu (IMGM) ile hesaplanmistir

Modelde parabolik limit durum yiizeyi g(Z), rassal
degiskenlerin  Rosenblatt transformasyonu sonucu
(X—>Z) standart ve bagimsiz hale donistiiriildiigi
normal uzayinda, Van der Meer — sigrayarak kirilan
dalga yikim modu fonksiyonu ile asagidaki sekilde ifade
edilmistir (10):

determine the joint probability density function (9), in
this model developed, the failure mode probabilities were
calculated by the Second Order Reliability Method
(SORM), where the failure surface was approximated by a
quadratic (parabolic) polynomial having the identical
curvature at design point.

In the model, the parabolic limit state surface g(Z),
where the random variables were transformed into
standard independent parameters by Rosenblatt
transformations (X—Z) in the standard normal space,
was expressed by using the plunging breaking type Van
der Meer failure mode functions as follows (10):

gZy~ay+) bZ +) ¢} [2]
i=1 i=1

burada, agb;, ve c; ikinci dereceden polinomun,
performans yiizey yaklasimi (7) ile hesaplanmis
regrasyon katsayilarini, Z; yikim modu fonksiyonunun
standart normal rassal degiskenlerini ve n de toplam
rassal degisken sayisini belirtmektedir. Parabolik limit
durum yiizeyinin tasarim noktasindaki (Z°) toplam
pozitif egrilikleri (K;) asagidaki esitlik yardimiyla
hesaplanmustir:

Ikinci Mertebeden Giivenirlik Indeksi ise (By)
asagidaki sekilde hesaplanmustir:

:BH = _¢71 ¢(_IBI )(1 +

Yukaridaki denklemde, R: ortalama egrilik yarigapt
R= (n—l)/KS Br: birinci mertebeden giivenirlik indeksi,
B=a" 7', ®: standart normal dagilim fonksiyonu, ¢:
standart normal dagilim yogunluk fonksiyonu, a:
tasarim noktasindaki 6z vektorlerdir. Bagka bir deyisle
giivenirlik, standart uzaydaki yikim yiizeyinin koordinat
merkezine olan en kisa mesafesinin (tasarim noktasi) bir
fonksiyonudur.

3. MODELIN UYGULANMASI

REBAD modeli, Giineybati Galler’de Carmarthen
Korfezi’nde insa edilen Wisemen’s Bridge kiy1 koruma
yapisina uygulanmigtir (Sekil 1). Giivenirlige dayali
REBAD modelinin uygulanmasindaki temel amag,
belirlenimci  metodun  yilk  parametrelerindaki
degiskenligi hesaba katamamasi ve ekonomik olmayan
sonuglar vermesidir. Yapmimn bulundugu Carmarthen
korfezinde, gel-git su diizeyinin kiy1 yapilariimn
tasariminda 6nemli rol oynayan bir parametre oldugu ve

where ag,b;, and c; are the regression coefficients of the
second-order polynomials calculated by using the
response surface approach (7); Z; are the standardized
normal random variables of the failure function and n is
the number of total random variables. The positive
summations of the principal curvatures (K;) of limit
state surface at the design point (Z") were determined by
using the following expressions:

@+kz) 3]

K g |-

Vel = [3(b, +2¢2] [4]

i=1

The Second-Order Reliability Index (By) was
calculated as follows:

WJ[(M]

5
RH(- B,;) >l

In the above equation, R: the average principal
curvature radius of the failure surface, expressed as
follows: R=(n-1)/K;, B;: the first order reliability index,
B=a" Z" ;®: the standard normal distribution function,
¢: the standard normal probability density function, a:
the Eigen (directional) vectors at the design point. In
other words, reliability is a function of the minimum
distance between the coordinate centre of the
standardized space and the design point on the failure
surface.

3. APPLICATION OF THE MODEL

REBAD model was applied to the Wiseman’s Bridge
revetment that is located in the Carmarthen Bay,
Southwest Wales (Figure 1). The fundamental aim for
this application of the reliability based REBAD model
was that, the deterministic model could not take the
variations in the loading parameters and gave
uneconomical solutions for the design. In the
Carmarthen Bay, where the structure is located, the tidal
range is a dominant factor in the design of coastal
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gozlenen en yiiksek diizeyinin Ortalama Su Seviyesi’nin
(0SS) diiseyde yaklasik 5.9 m iizerine ¢iktigi ve kiyi
tahkimat yapisinin topuk su derinliginin belirtilen
durumda 0.5 m oldugu belirlenmistir (11). Koérfezde 50
yillik yinelenme donemine sahip firtinaya bagli su
kabarmasi yaklasik Si= 2.0 metredir (12).

Derin denizde, yine 50 yillik yinelenme donemine
sahip dalga yiikseklikleri, Atlantik Okyanusu’nda olugan
solugan (6lii) dalgalarinin etkidigi 60°-270° (Kuzey’den
saat yoOniinde) araliginda, ekstrem deger dalga
istatistiginden 14.0 m olarak tahmin edilmistir (13).

Caldey adasmin 30 km giineyinde, yaklasik 30 m su
derinliginde (OSS) alinan dalga dlglimleri ve Brawdy
Kraliyet Hava Kuvvetleri Ussii tarafindan 6lgiilen riizgar
verilerinden, acik deniz dalga iklimi belirlenmistir.
Riizgar verileri, Dogu ve Bati-kuzeybati etkin dalga
kabarma yo6n araliklari igin, 1974-1983 yillarim
kapsamaktadir (13). St. Gowan Burnu agiklarinda, Eyliil
1992-Aralik 1995 tarihleri arasinda alman dalga
Olgtimlerinden, dalga enerjisinin %60’indan fazlasinin,
210°-270° araligindan geldigi saptanmstir. Elde edilen
verilerden yillikk maksimum derin deniz dalga
yiiksekliklerinin  8.5m. ile 3m. araliginda oldugu
saptanmustir (14).

Carmarthen korfezinde, Ortalama Su Seviyesinin
tizerinde (+OSS) Rt=4.54 m ile Rt=5.91 m araliginda
degisen yiiksek yar1 donemli gel-git rejimleri mevcuttur.
Yorede yillik belirgin tasarim dalga yiiksekligi Hi=3.0 m
olarak sapma (refraction), siglasma (shoaling) ve
kirllma  (breaking)  olusumlarini  igeren  dalga
tranformasyon ¢alismasi sonucunda belirlenmistir.
Benzesimde rassal olarak olasilik fonksiyonlarindan
30000 defa yaratilan her gel-git, firtina kabarmasi ve
dalga  yiiksekligi ~ kombinasyonu  igin,  dalga
transformasyonu lineer dalga teorisi kullanilarak, bu
calismada  gelistirilen  bilgisayar ~ programui  ile
yiirtitiilmiistiir. Bunun sonucu olarak, 30000 defa yaratilan
her dalga ve gel-git kombinasyonu igin, kirilma bolgesi
disinda Irlanda Denizi’nden gelen dalgalarm St. Gowan
Burnu’ndan dolay1 olusan dalga donmesi, korfezin
batimetresinden dolay1 meydana gelen siglagsma ve sapma
caligmalar yiiriitiilmektedir.

Bu ¢aligsmalar kiy1 koruma yapisina dalganin gel-git
diizeyi yiiziinden ulasmadigi durumlar i¢in de
yapilmaktadir. Ancak bu durumda  bilgisayar
programinda, yapt iizerine gelen bir yiikleme
olmamaktadir. Su seviyesinin yapinin topuk seviyesinde
yikselmeye basladigt zaman, kirilma kontrolii
yapilmaktadir. Kirilma uzakligi gozetilerek yapilan
hesaplamalardan, Belirlenimci (deterministik)
yaklagimda proje dalga yiiksekligi olarak belirlenen
Hs=3.0 m’'nin yapmin topugunda  kirildig1
goriilmektedir. Firtina kaynakli dalga kabarmasi ve ‘gel’
etkisinin ¢akismast sonucu topuk su derinligi bu
durumda 2.5 m olmaktadir.

G.U. J. Sci., 18(1):69-80 (2005)/ Can Elmar BALAS

structures and the maximum tidal level observed was
approximately 5.9 m above Mean Water Level (MWL),
which corresponds to 0.5 m above the toe elevation of
the structure (11). In the bay, the storm surge has a
return period of 50 years and increases the sea level by
approximately S=2.0 meters (12).

In deep water, the wave height with a return period
of 50 years was predicted from the extreme value
statistics as 14 m from the directions of 60° to 270°
(clockwise from the North direction), which is the range
effected by swell waves of the Atlantic Ocean (13).

The offshore wave climate of the site was predicted
from the wave data taken at a location 30 km south of
Caldey Island for circa 30 m water depth (MWL) and
from the wind data measured for the years of 1974-1983
by the Brawdy Royal Aircraft Establishment
considering the effective fetch directions between E and
WNW (13). Wave data recorded at a location off St.
Gowan’s Head for the period of September 1992 -
December 1995 indicated that over 60% of the wave
energy came from the sector between 210° and 270°.
Similarly, the deep-water annual maximum wave
heights were hindcasted in the range of 8.5 m to 3 m

(14).

The site has diurnal tidal cycles and Carmarthen Bay
is subject to large tidal ranges extending from R{=4.54
m to R=5.91 m +MWL (above Mean Water Level).
The annual significant design wave height was
determined as H=3.0 m from the wave transformation
study which covered refraction, shoaling and breaking.
The tidal range of the site, the storm surge and wave
height combinations were randomly generated 30000
times from their probability distributions by the
simulation and then the wave transformations were
carried out by using the linear wave theory and the
computer program developed in this study. As a result
for the same number of simulations, waves approaching
from the Irish Sea were exposed to diffraction studies
due to the St. Gowan Head, shoaling and refraction
calculations due to the bathymetry in the bay.

These studies were also carried out for the
circumstances where there is no wave action on the
revetment, as the waves may not reach the structure due
to tidal variations. For this case, the wave loading is not
considered in the computer program. When the water
level arise at the toe of the structure a wave breaking
control will be executed by considering the breaking
travel distance.
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Figure 1.Location of revetments in Wales (UK) for the model applications
Sekil 1.: Modelin uygulandig1 Galler (Birlesik Krallik) kiy1 koruma yapilar1.

Bu calismalar kiy1 koruma yapisma dalganin gel-git
diizeyi yiiziinden ulagsmadigi durumlar i¢in de
yapilmaktadir. Ancak bu durumda bilgisayar programinda,
yapt lizerine gelen bir yiikleme olmamaktadir. Su
seviyesinin yapmin topuk seviyesinde yiikselmeye
basladigi zaman, kirilma kontrolii yapilmaktadir. Kirilma
uzaklig1 gozetilerek yapilan hesaplamalardan, Belirlenimcei
(deterministik) yaklasimda proje dalga yiiksekligi olarak
belirlenen H=3.0 m’nin yapimn topugunda kirildig
goriilmektedir. Firtina kaynakli dalga kabarmasi ve ‘gel’
etkisinin ¢akismast sonucu topuk su derinligi bu
durumda 2.5 m olmaktadir.

Hudson yari-deneysel  denkleminin  kullanildig
belirlenimci yontemle tasarlanmis ve 1998°de insaati
tamamlanmig olan yapinin, koruma tabakasi sev egim agist
0=45° dir. Anrogman olarak, HS=%(0-5) hasar seviyesine
(Hudson hasarsizlik seviyesi kriteri) gore hesaplanmis ve
rasgele  yerlestirilmis  1.7mx1mx2m  boyutlarinda,
yaklastk Ws=8.7 ton aguhgindaki yesil plutonik
(metamorfik) kayalar kullanilmistir (Sekil 2 ve Tablo 1).
Ancak yapmin ingaatindan sonra korudugu otel binasinin
6niinde, beklenmeyen 6lciide biiyiik oranda (HS ~ %11)
hasar gormesi tzerine (Sekil 3), yapmin degisik
kesitlerinde onarmm c¢aligmalarina ihtiyag duyulmus ve
REBAD giivenilirlik analizi yiiriitiilmiistiir.

From this study it is determined that, the annual
significant design wave height H=3.0 m is breaking at
the toe of the structure. When the tidal level increase is
coinciding with the storm surge, then the water level at
the toe of the structure will be 2.5 m during breaking.

In the deterministic design, where the semi-empirical
Hudson failure function was utilized, the revetment has
an armour layer inclination angle of 8=45°. The DL=(0-
5)% damage level (Hudson no-damage level condition)
was accepted for the rock layer which was constructed
in the year of 1998. The armour layer constituted
randomly placed, green plutonic (metamorphic) rocks of
1.7mx1mx2m size, i.e. approximately Ws,=8.7 tonnes
(Figure 2 and Table 1). A notable but unexpected
damage of approximately DLx11% was already
observed in front of the hotel building (Figure 3) and
repair work was consequently needed in various
sections of the structure. Therefore, the REBAD
reliability analysis was carried out for the revetment.
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Table 1. Deterministic design characteristics of the revetment.
Tablo 1. Yapinin belirlenimci tasarim 6zellikleri.

G.U. J. Sci., 18(1):69-80 (2005)/ Can Elmar BALAS

Design Variable /Tasarim Degiskeni (X;) Mean Value /Ortalama Deger
Nominal stone diameter / Nominal tas ¢ap1 D,sp (m) 1.50
Weight W5, (tonnes) /Agirlik Ws, (ton) 8.7
Design wave height / Tasarim dalga yiiksekligi Hq (m) 3.0
Tidal elevation (+MWL) / Gel-git yiiksekligi (+OSS) Ry (m) 59
Storm surge / Firtina kabarmasi Sg (m) 2.0
Relative density / Bagil yogunluk A, 1.63
Height of structure / Yapinin yiiksekligi (m) 7
Structure slope / Yapinin egimi Cot0 1

Giivenirlige dayali ¢alismada yapinmn limit durumdaki
giivenirligi, n-boyutlu limit durum uzayinda koordinat
sisteminin merkezinden yikilma yiizeyi lizerindeki tasarim
noktasina olan en kisa uzaklik ile tanimlanmustir. Model
gel-git ve dalga kabarmasi sonucu olusan su seviye
degismelerini de hesaba katabilmek igin, giivenirlik
analizini su seviyesi rassal olarak yapinin topuguna
eristigi zaman yiiriitmektedir. Baska bir deyisle 6nce
Monte Carlo (MC) simulasyonu (15) ile prototip
kosullar1 benzestirilmektedir. Yani tasarim
degiskenlerine atanan olasilik dagilimlarindan, gel-git
ve dalga kabarmasi hesaplanmaktadir (16). Boylece,
korefezdeki su seviyesi degisimi bilgisayarda dogadaki
durumu yansitacak sekilde benzestirilmektedir. Eger su
seviyesi yapinin topuguna erisiyorsa, Gumbel olasilik
dagilimindan rassal olarak yaratilan firtina dalgasi igin
kirtlma kontrolii yapilmaktadir. Benzesim, hata kriteri
saglanincaya kadar oldukga yiiksek sayidaki (30000 —
50000) bilgisayar deneyleri ile, dogada yap1 i¢cin mevcut
kritik durumlarm (topuk su seviyesi + dalga) olusma
olasiligint hesaplamaktadir. Yapidaki hasar diizeyinin
olasiligy, kritik durum ve limit durum olasiliklarinin
bilesimi olarak belirlenmektedir. Tasarimda kullanilan
rassal degiskenler, bu calismada korelasyonlu olasilik
dagihimlart ile modellenmistir (Tablo 2). MC-IMGM (I11.
Diizey Giivenirlik Yontemi) benzesimlerinde kullanilan
bu tablodaki rassal degiskenler ve olasilik dagilimlar
riizgar, dalga, gel-git ve firtina kabarmasi verilerinin
istatistiksel analizi sonucunda bulunmustur. Bu genis
tabanli veri kaynaklari, Ingiliz Donanmasi, deniz
arastirma enstitiileri  (12), Scarweather dalgadlgeri
(51°27°N-03°55"W koordinatlarinda), Skomer
dalgadlgeri (51°48°20”N-05° 20°00”W) (13), kiy1 ¢izgisi
ve ¢evresel arastirma raporlarina (14) dayanmaktadir.
Deniz tabam topografyasi verileri Ingiliz Hidrografi
Ofisi’nden (E8676, M1535, M2176 numaral1 haritalar)
almmustir (11)

In the reliability-based study, the safety of the
structure at the limit state was defined as the minimum
distance between the center of the coordinate system of
n-dimensional limit state space and the design point on
the failure surface. In order to include the variations in
the water level due to tide and storm surge, the model
executes the reliability analysis when the randomly
generated water elevation reaches the toe datum of the
structure. In other words, Monte Carlo (MC) simulation
(15) will firstly simulate the prototype conditions; tidal
levels and storm surges are simultaneously calculated
from the probability distributions fitted to these random
variables (16). Hence, the water level changes in the
bay can be simulated similar to their natural occurrence.
If the water elevation reaches the structure, then the
wave breaking control will be executed for the wave
height randomly generated from the Gumbel probability
distribution. The simulation will calculate the
occurrence probability of critical conditions (water
elevation at the toe + waves) in nature for the revetment
by a relatively high number (30000-50000) of computer
experiments until the error criteria will be satisfied. The
damage probability of the structure is determined as the
joint probabilities of this critical condition in nature and
the structural limit state. The tidal range of the site and
the storm surge were randomly generated 30000 times
from their probability distributions by the simulation. The
joint probability considered both the occurrence
probability of the design water level in front of the
structure and the structural performance under the wave
action superposed. In the application of MC-SORM
simulations (Level III), the probability distributions of
random variables (Table 2) were obtained from the
statistical analysis of wind, wave, tide and storm surge
data obtained by the Navy, oceanographic institutions
(12), Scarweather wave-rider buoy (51°27°N-03°55"W),
Skomer wave buoy (51°48°20”N-05° 20°00”W) (13),
studies on shoreline management, environmental
assessment and wave prediction, covering an extensive
data base of research (14). The bathymetric data of sites
were obtained from the Hydrographic Office (surveys of
E8676, M1535, M2176). The structural characteristics
were assessed from the shoreline and sea defense
management studies of Environment Agency (15) and
site observations.
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Figure 2. General view of Wiseman’s Bridge revetment.

Sekil 2. Wiseman’s Bridge kiy1 koruma yapisinin genel goriinisii.

Figure 3.Damage encountered at Wiseman’s Bridge revetment in front of the hotel restaurant.
Sekil 3. Wiseman’s Bridge kiy1 koruma yapisinda otel lokantas: dniinde olusan hasar.

Kiy1 yapisinin dzellikleri, saha c¢aligmalart ve Galler
Cevre Ajansi raporlart (15) ile belirlenmistir. Yapinin
giivenirlik analizinden elde edilen degisik hasar
diizeylerinin toplam asilma olasiliklart Sekil (4-a)’da
sunulmaktadir.

Yapinin L=50 yillik tasarim Omriinde, S=2 (DL=0-
5%)  ‘hasarsizlik’  diizeyinin  asilmasi  kesindir
(P=99.79%). S= 18 (DL = 40-50%) olan yikilma hasar
diizeyinin ise 25 yilda asilma olasiligt P=65.7%

The cumulative exceedance probabilities of various
damage levels obtained from the reliability study are
shown in Figure (4-a). The exceedance of S=2 (DL=0-5%)
damage level in L=50 years of lifetime was confirmed, i.e.
the probability was P.=99.79% for the “no damage
level”(Figure 4-a).

The probability of exceeding the limit state associated
with the failure damage level of S= 18 (DL = 40-50%) in
25 years was determined for this revetment as P.=65.7%,
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oldugundan, yapinin yar1 émrii i¢inde yiiksek onarim
maliyetleri gerektirdigi anlagilmaktadir.

Belirlenimei tasarim ydntemine gore projelendirilen
yapi, REBAD modeli ile giivenli bulunmamis ve
prototip hasarlar1 da REBAD sonuglarini desteklemistir.
Yapinin tasarim omrii i¢inde limit durumdaki toplam
astlma olasiliklari, 6zellikle diisiik hasar diizeyleri igin,
kara yapilan ile karsilastirildiginda oldukga yiiksektir.
Bu durum deniz yapilarinda, yapinin gilivenirligini
etkileyen yogun risk etkenlerinin  bulundugunu
gostermektedir. Bu etkenlerden en Onemlisi, ekstrem
olasilik fonksiyonu ile modellenen tasarim dalgasidir,
¢linki bu parametre deneysel limit durum
fonksiyonlarinda temel yiik degiskenidir. Bu &nemli
degiskenin, ¢ok sayidaki giivenilir dalga O&lglim
verilerinden istatistiksel olarak hesaplanmasi gereklidir.

Yapinin limit durumdaki performansinin  Monte
Carlo yontemi ile benzesimi belirsizliklerin dagilimini,
rassal olarak hesaplanan yikim yiizeyi degerlerinin bir
fonksiyonu olarak vermektedir (Sekil 4-b). Sekil yapilan
her benzesim igin hesaplanan limit durum fonksiyon
degerine karsilik gelen olusma olasiligini
yansitmaktadir. Limit durum fonksiyonun minimum ve
maksimum degerleri arasindaki farkin fazla olmasi,
etkiyen yiik parametrelerinin ve yapinin dayanim
degiskenlerinin genis araliklarda degerler alabilecegini
gostermektedir. Yani yapiya etkiyen degisik yik
kombinasyonlarinin ve yapimm bu yiikler altindaki
davraniglarinin tam olarak belirlenemedigi durumlarda,
tasarimdaki belirsizlik faktorleri artmaktadir. Bdylece
tasarimda, parametreler olusma olasiliklarin1 veren
dagilimlarla yansitilmakta ve sonugta sekilde verilen
limit durum dagilimi elde edilmektedir. Benzesim
sonucunda elde edilen yikim modu frekans dagilimi,
Sekil (4-b)’de siirekli ¢izgi ile gosterilen Weibull
olasilik yogunluk fonksiyonuna uymaktadir. Bagka bir
deyisle, yapimin limit durumdaki davranisi da uygun bir
olasilik fonksiyonu ile modellenmektedir. Weibull
olasiik  dagiliminin  yerlesim, bi¢im ve oran
parametreleri sirasiyla a=—6.58, b= 11.08 ve c¢= 10.07
olarak hesaplanmigtir (Tablo 3). Parametreleri belirlenen
olasilik dagilimi, benzesim sonucu olusan limit durum
olasilik degerlerini teorik olarak belirli bir uygunlukta
temsil etmektedir. Limit durum benzesimlerinin AMD
K6-2" (3-D) islemcili diziistii bilgisayardaki Merkezi
Islem Birimi (CPU) siiresi, 30000 rassal denemedeki
kabul edilebilir e=%1’lik ortalama hata yiizdesi i¢in 2
dakika 10 saniyedir. Yiiksek sayidaki benzesimlerin,
diziistli  bilgisayarda olduk¢a kisa bir siirede
gergeklestirilmesi, Onerilen ydntemin uygulamada
kolaylikla kullanilabilecegini géstermektedir. Benzesim
sonucu, Van der Meer S=2 (DL=0-5%) hasarsizlik
seviyesinin yillik asilma olasiligt P.=%11.64 olarak
belirlenmistir. Yikim yiizeyi degerleri ortalama deger
normalizasyonundan geri doniisiimiin sonucunda, g;,=
=5.79 m ve guas—13.85 m araliginda ve yiik degiskeni
ile ayn1 birimde elde edilmektedir. Ortalama degeri
Ue=3.41m. olan yikim yilizeyi araligmin genisligi, yiik
degiskenlerinde yogunlasan belirsizligin bir sonucudur
(Tablo 3).

Van der Meer yikim fonksiyonu kullanilarak
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signifying the high probability of extensive maintenance
works being implemented within 25 years (half lifetime
period).

The Wiseman’s Bridge revetment designed by using
the deterministic approach was considered to be unsafe by
the REBAD model, as its serviceability limit state will be
attained in 25 years, which corresponds to a high failure
probability when compared to land structures. This will
indicate the existence of relatively high risk factors and
uncertainty sources, which affect the reliability of
coastal structures. The main risk factor for this case is
the design wave height that is modeled by extreme value
probability distributions, because the wave height is the
main load parameter in the empirical limit state
functions. This parameter should be predicted from a
reliable database by statistical analysis.

The simulation of the structural performance at the
limit-state gave the variation of uncertainties as a
dispersion function of the randomly evaluated
performance function values (Figure 4-b). This figure
shows the calculated limit state function and its
occurrence probability for each of the simulation epoch.
The widespread range between the minimum and
maximum values of the limit state function indicates
that, the loading and resistance parameters of the
structure can also attain a broad range of values. In other
words, the uncertainty in the design parameters
significantly increased, when the loading variables
cannot be estimated with a specific accuracy. This will
affect the statistical parameters of the probability
distributions that model the random variables and the
limit state of the structure. In Figure (4-b) the
continuous line indicates the Weibull probability density
function fitted to the failure function simulation values.
The position, shape and ratio parameters of this
distribution are a=-6.58, b=11.08 and c= 10.07,
respectively (Table 3). The Weibull distribution
represents with a specified accuracy the values of the
limit state function. The simulation of the limit state was
repeated for 30000 trials performed for an average CPU
(Central Processing Unit) time of 2 minutes and 10
seconds. The standard mean error of simulation was ¢
=1% on a portable computer having an AMD K6-2" (3-
D) processor. The CPU time is relatively short for the
large number of simulations performed on a portable
computer, enabling the efficient utilization of the
method in everyday design practice. At the end of the
simulations, the annual exceedance probability for the
S=2 (DL=0-5%) no-damage level of Van der Meer was
calculated as P.=11.64%. The scatter range of the
randomly generated values of the failure function,
which was obtained by back-normalization process, was
between g,,;;=—5.79 m and g,,,,=13.85 m, signifying the
effect of uncertainties on the limit-state having a mean
value of p,=3.41 m (Table 3).

The Wiseman’s Bridge revetment designed by using
the deterministic approach was considered to be unsafe by
the REBAD model in its design life of L=50 years. The
revetment is exposed with a high probability to extensive
maintenance works being implemented within 25 years
(half lifetime period). The structure cannot serve its
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gergeklestirilen giivenirlik analizinin sonucu olarak,
Wiseman’s Bridge kiyr koruma yapisi L=50 yillik
tasarim Omrii i¢inde “gilivenilir” bulunmamustir. Yapinin
25 yil iginde dalga kuvvetlerinin siirekli etkisi altinda,
fonksiyonlarmi siirdiiremeyecek 6lgiide hasar gdrmesi
olasilig1 oldukea yiiksektir. Bu siirenin sonunda, yapinin
ingaat maliyeti oraninda onarim masrafi gerektirecegi
goriilmektedir. Insaatin bitirilmesinden sonraki bes
yillik siirede otelin lokantasinin 6n kismindaki kesitte
(Sekil 3), belirlenimci tasarima goére beklenmeyecek
olgiide (%11 diizeyinde) hasarin olusmasi ve degisik
kesitlerde onarim ihtiyacinin belirmesi, REBAD’n
prototip kosullarini modelleyebildigini gostermektedir.
Model koruma tabakasinin, nominal medyan dane cap1
Dn=2.65m ve agirhgt W50=30 ton olan taslarla
onarilmasini  dngdrmektedir. Onerilen anrogman ile,
yikilma hasar diizeyinin L=50 yil igindeki asilma
olasilig1 Pf=%20’ye disiiriilmektedir.

function to protect the nearby properties and extensive
maintenance works will be required within the specified
time period. A notable damage of approximately 11%
was already observed in front of the restaurant of the
hotel building after 5 years from its construction (Figure
3), which could not be predicted by deterministic and
repair work was consequently needed in various
sections of the structure. The REBAD model suggests
that, the maintenance of the structure would be carried
out by armor stones having a median nominal diameter
of Dpso= 2.65 and a median weight of Ws,;= 30 tones.
With the suggested rubble mound armor layer, the
exceedance probability of the failure level of the
structure will be decreased to P=20% in L=50 years.

Table 2. Distribution parameters used in reliability analysis (Van der Meer limit state function).
Tablo 2. Givenirlik analizinde (Van der Meer limit durum fonksiyonu) kullanilan dagilim parametreleri.

X Distribution/ Dagilim Parameter/ Parametre

Y Beta a=3;b=2; c=1.5
Duso Beta a=3.5;b=1.5;c=2

Hq Gumbel (FTT-TI) a=3.0; c=0.30

Rr Triangular/ Uggensel mode=2.95

L, Weibull b=40.0 ; ¢=2.0

N Weibull b=800.0; ¢c=2.0
Cot Beta a=3;b=15 ;c=1

A, Normal i=1.63 ; 6,4=0.15

P Normal u=0.4

Table 3. Simulation characteristics of limit state function.
Tablo 3. Limit durum fonksiyonunun benzesim 6zellikleri.

Characteristics /Ozellik

Value / Deger

The fitted probability distribution of limit state function (g)/
Limit durum fonksiyonuna (g) atanan olasilik dagilimi

Weibull

Distribution parameters / Dagilim parametreleri

a=-6.6 b=11.1 c=10.1

Mean / Ortalama (i, m) 34
Coefficient of Variaiton / Degiskenlik katsayisi (6%) 81
Annual exceedance probability of S=2 damage level P, (%)/ 11.64
S=2 hasar diizeyinin yillik asilma olasilig1 P (%)

Minimum of simulation range / Benzesim araliginin minimum degeri (m) -5.79

Maximum of simulation range /Benzesim araliginin maksimum degeri (m) 13.85
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Figure 4. (a) Cumulative exceedance probabilities of Van der Meer damage levels A: S=2; B: S=6; C: S=10; D: S=I18. (b)

Frequency distribution of limit state simulation.

Sekil 4. (a) Van der Meer hasar diizeylerinin toplam asilma olasiliklar1 A: S=2; B:S=6; C: S=10; D: S=18. (b) Limit durum

benzesiminin frekans dagilimi.

4. SONUCLAR

Kiy1 yapilarinda giivenirlik analizini igeren REBAD
risk tahmin modeli, yapinin ekonomik 6mrii i¢cinde hasar
riskin saptanmasinda temel olusturmakta ve zaman,
maliyet ve risk bilgilerinin bir biitin olarak
degerlendirilmesini saglamaktadir. Giivenirlik modeli
farkli hasar seviyelerini ve yikilma bigimlerini goéz
Oniine alarak yapinin, yatirnm - onarim maliyeti
optimizasyonu ile projelendirilmesini saglamaktadir.

Onerilen yontem ile, rassal yikk ve dayanim
degiskenleri korelasyonlu olasilik dagilimlart ile
modellenmekte ve giineybati Galler kiyisinda (Ingiltere)
bulunan kiyr koruma yapisinin giivenirligi, tasarim
noktasinda yikim ylizeyi ile es egrilige sahip ikinci
dereceden polinomlarm kullanildig1 ikinci Mertebeden
Giivenirlik Metodu (IMGM) ile hesaplanmaktadir. Gel-
git etkisinin onemli oldugu yapilarda ise, ilk asamada
Monte Carlo (MC) benzesimi kullanilmaktadir. Olasilik

4. CONCLUSIONS

The REBAD risk assessment model that includes the
reliability analysis of coastal structures, determines the
basis for the damage risk evaluation during the
economical lifetime of the structure and enables the
joint assessment of time, cost and risk information. This
facilitates the designer to perform a cost optimisation
project study, in which the total cost composed of initial
and maintenance costs spent over the economical
lifetime can be minimized, results in an economical
design associated with low damage risk and prevents
design variations observed.

In this study with the recommended methodology,
the safety of a revetment constructed on the southwest
coast of Wales, UK was investigated by utilizing the
risk assessment model, where the Monte Carlo
simulation generated the design conditions (toe water
elevation + wave) and the Second Order Reliability
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dagilimlarindan rassal olarak gel-git ve dalga kabarmasi
sonucu degisen su seviyeleri olusturulmakta, seviyenin
yapmin topuguna erismesi durumunda, kirilma kriteri
dikkate alimarak rassal dalga olusturulmaktadir.
Boylece, bilgisayar deneyler ile, tasarim kosulunun
(topuk su seviyesi + dalga) olusma olasiligi
hesaplanmaktadir. Yapidaki hasar diizeyinin olusma
olasiligi ise, tasarim kosulunun olugmasi ve limit durum
olasiliklariin bilesimi olarak belirlenmektedir.

REBAD modelinin rassal degiskenleri bulanik mantik
ilye fonksiyonlar ile temsil etme ve hidrolik model verileri
kullanarak tasarimda yapay sinir aglarmi geri besleme
yontemi ile egitme secenekleri de mevcuttur. Ancak, kiy1
yaptlarmmn  tasariminda  gelistirilen teorik modeller
deneysel verileri temel aldiklarindan yap: giivenirliginin,
REBAD ve hidrolik model deney sonuglart ile
karsilagtirmali olarak degerlendirilmesi 6nerilmektedir.
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ESEP) tarafindan desteklenmistir.

SEMBOLLER

Diso :Koruyucu tabaka nominal tas ¢ap1
FTT-1  :Fisher-Tippett Tip 1 (Gumbel) olasilik dagilimu

g :Yikilma (limit durum) fonksiyonu

Hy :Tasarim belirgin dalga yiiksekligi

Py :Yikilma hasar seviyesinin gegilme olasilig1

S :Van der Meer hasar seviyesi

St :Yikilma halinde hasar seviyesi

Wso :Medyan cinsinden koruyucu tabaka tas agirlig
X :Temel degisken

Y; ‘Belirsizlik degiskeni

V/ :Normalize uzayda ana degisken vektorii

B :Giivenirlik indeksi

0 :Koruyucu tabaka sev egimi

A, :Koruyucu tabakadaki tagin bagil yogunlugu
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Method (SORM), where the failure surface was
approximated by a quadratic polynomial having the
identical curvature at design point, determined the
structural safety at the limit state. The tidal range, the
storm surge and wave height combinations are randomly
generated from their correlated probability distributions by
the simulation and then the wave transformations were
carried out by considering the breaking criteria. The
joint probability considered both the occurrence
probability of the design water level in front of the
structure and the structural performance under the wave
action superposed.

The REBAD model also includes the fuzzy logic and
artificial neural network with back propagation learning
algorithm modules in order to have the advantage of
robustness in computations. On the other hand, it is
recommended to carry out hydraulic model tests to
compare the REBAD model results for the reliability
evaluations of structures, since the theoretical models
utilized for the design of coastal structures are generally
based on experimental studies.
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NOTATION

Daso :Nominal diameter of armour rock

FTT-1  :Fisher-Tippett Type 1 probability distribution

g :Failure (limit state) function

Hqy :Significant design wave height

Py :Exceedance probability of failure damage level

S :Van der Meer damage level

St :Damage level at failure

Wso :Median weight of the armour layer stone

X; :Basic variable

Y; :Uncertainty variable

V/ :Primary variable vector in the normalized
space

B ‘Reliability index

0 :Angle of armour layer slope

A, : Relative density of armour layer stone
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