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Development of Time-Dependent Reliability-Based Design Method Based

on Stochastic Process on Caisson Sliding of Vertical Breakwater
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Abstract : Although the existing performance-based design method for the vertical breakwater evaluates an
average sliding distance during an arbitrary time, it does not calculate the probability of the first occurrence of an
event exceeding an allowable sliding distance(i.e. the first-passage probability). Designers need information about
the probability that the structure is damaged for the first time for not only design but also maintenance and operation
of the structure. Therefore, in this study, a time-dependent reliability design method based on a stochastic process is
developed to evaluate the first-passage probability of caisson sliding. Caisson sliding can be formulated by the
Poisson spike process because both occurrence time and intensity of severe waves causing caisson sliding are
random processes. The occurrence rate of severe waves is expressed as a function of the distribution function of
sliding distance and mean occurrence rate of severe waves. These values simulated by a performance-based design
method are expressed as multivariate regression functions of design variables. As a result, because the distribution
function of sliding distance and the mean occurrence rate of severe waves are expressed as functions of significant
wave height, caisson width, and water depth, the first-passage probability of caisson sliding can be easily evaluated.

Keywords : vertical breakwater, caisson sliding, first-passage probability, time-dependent reliability method, stochastic
process

LA E

2009; Yoshioka and Nagao, 2005; U.S. Army, 2006; OCDI,

A abA o] s R EA EE a7t Auj Al 2
ZF 44 2lth(Goda and Takagi, 2000; Takahashi et al.,
2000). & A7 T A | wetel Aol el o
g ATE gkt Goda(1974)= 9t 34
< Akt &2 S-S APgsielnt. ST 22 9k
FolM e A o e wel A= vE el A
= A7E A o] SEal] QI8 SEE 2
A3 A4A I s Aol = EHATHE, 2009; 7 A,

FTHASRE F

2009). YA 0% HFA R A=A AL =] Aol
Bk S FES APtk v, A AANE F2EY H
s} 38R E 28k S APt e AE S
Shimosako and Takahashi(2000) ©] 52 X|Z7FA] ofg] A
AEo] ARESFL THGoda and Takagi, 2000; Kim and
Takayama, 2003; Hong et al., 2004; Kim and Suh, 2006).
Htolls Ae2AM o R 71euista st 7252 Pl
v Gs B4kl th(Okayasu and Sakai, 2006;
Takagi et al., 2011; 4] &, 2011). 53], A 5(2011) 715

* 2o skw 4437 3-8 (Corresponding author: Kyung-Duck Suh, Department of Civil and Environmental Engineering, Seoul
National University, Seou 1 51-744, Korea. Tel: 02-880-8760, Fax: 02-873 2684 kdsuh@snu.ac kr)

305



306 A -

Wl El slld s 31 S7HE 1EE] flEA
Shimosako and Takahashi (2000)2] ¥HH-S 7RX%k A7k
s AN S AlRbsiTh
SHAIRE 7158 Az AR s AARS 1819 ARE
9] P4l F & S AT 3 S dS
Hzx2 28te FE2 AlekA] sttt AR 292k
= 4 ARE s Eﬂ‘?ﬁ‘ﬂ s ghE} Sl gt 4
5 HQsARE xR0 HEE JSiE Y& AR 2w
9] GEof tist AR % FQslr} webA] 2 AFeA = Al
o] Ezofl thst 2E 37 (stochastic process)oll 71WESE A
)& A AAMNE ARKskaLA} St 2 Aol T
& AJZEe)E 418 AR Level techniques(Level 2; 3)
A AN s dANE 23skar 9loeH
& &Fel g HESHGES AT Alo|=e &
A o7 = FFihs WA AR R0 1AE 7
w0l & 3}7g o 4] Poisson spike processE AFE-3}o]
21318 = QltH(Madsen et al., 1986; Melchers, 1999). ©]
TFE 2ehs FE WAES Euke] S
Ctacisald %%-‘4’4 P EE 289 o714 &

FREGS} EEste) PR Ao woln
55 olgsle} F.2 AU chigk AR TR

AT M= H2EHEES *V‘*Oﬂ 3
AR ARl %o PGl ZF k] P ES A
=rof|A 9] ZF-Th(severe wavey= Alo|=
ol g5 A F = T EIE Snlshe, A¥HA]
Q1 &€ storm waveSh= ThETH= Z1& frolsfof it

PERAL TG AL B o]
ARkl g AN O= S a0k . o) 9 e
ey AN E FEES IS Bk S8 vkt 2
& WA S AFERIT,

g(R,L,1) = R(#)-L(?) (M

07|14 L} RS aF5(E-2 stearhat A3HE> 588
ol = AlZFOITh A (1)y& ARE-sto] §1e]o] Alztell A -
=9 g gES e o] xddh

F(1) = Pr[g(R, L, 7)< 0] @

A7IA Pr[ | ARG BASE-S SJn]sitt 9] A& AlzE
&Rt a0l S ESHAlE HxE 2ashs A1) HAYE

3 Yehly o]5 Yikx o=z ﬂzgﬁ}glg(ﬁrst -passage
probability)°] 2} F-EtH(Melchers, 1999; & 5, 1999). F
ZENEES A A (040004 sk L(t)7]' & -8-5HAl
R(E HxE 234 8ol A7t 1 &5 vt 2
o] Fejet

AR - 47y

P.(t) = 1=Pr[N(#) = 0|L(0) <R(0)]Pr[L(0) <R(0)] (3)

A7IM N@py= ARE ZH (0,014 skeol 18sHlE 8
317, L(0)2F R0)> =0 ]7\1 +5 3} 3]-8-3HA] 9] realization
ol Alztell whet 1 SAdo] MEkA| ok AE Swgitt. pr
[L(0) < R(O)]= HZE] 0]'%3]' &]-4-3HA) 2] realization®] /\]
Zholl whtt WskebA| oks w slFol] & 8SAE elA &

& FHECIth =, 1-B(0). LO)<R0)S 2714 AIZE
HA N(t) = 0%1 B2 T 23 2ol N =02 &E3
2rhal 7Hg sk = gk

Pr[N(#) = 0[L(0) <R(0)] = Pr[N(7) = 0] = Py(7) “)

ol Z7] ARteM= 7 792 FEol A9 Fdsh]
ol 7 Abzde] BAIA o7 ERlolel= 7ol At o
714 Py(r) = AR 3H (0,014 Sksol 3183HAIE Zatet
= ARdo] MHASHA] oks FEolth Py(r) = therdt 2ol
Poisson X5 WETH(Cramer and Leadbetter, 1967).

Py(1) = exp(~ [ A (0)d7) ®)
A7 AT & shFol S ESAE 29T AR WA gl
At— 0 || 4] Poisson spike processE W& uf th2-3}
o] & ¥} (Madsen et al., 1986; Melchers, 1999).

A= Allig%[Ait{Pr[L(t)sR(t)] mPr[L(HAt)sR(t)]}AJ

= FL(R)[1-F(R)]4 (6)
A71M FL= sk L @l
&8s R( & ijﬂr@' Hat AEoIT A (4)-(6)= 2

3)ell uiglsta # HEdc}.

B =1-[1 —B(O)]eXp(—j;FL(R)[l —Fu(R)]Adr) (7)

Sl AellA &k L(r) & FARESTR Fy 9k skl &

SIAIE 2 AR FAE 4 E otk HxE
52 gGA AP ol aF52] 5-d0] Poisson spike
=

processE WE=A] gRls||of gt

Aol=e] Fee ZF A 2 5P} Aolse] Awel 23t
of Aolo] G0z Wels 2L oulath, Aol st

Al Adsadoln FF siare] wanl gl daigo] Ae]
ol 2035 9 2olt) ZAlo] AAE Aol WA
ZE2 AolF7] Fetel 58 Aoyl ARE v 3
7} Aes) &}, o) 9) 7o) AwtA o 7 Aol e
ake] & FA ATl o EAYTIT. o] ¥l F-5 k= Reeve
(1998), Besley(1999) 1] 3 Li and Zhao(2010)]l <J&l 1
S0l A E o] TAY Ao Jedat e o= 7t

JHﬁl Sk rlr
ol Ay 4 r»



A TA)| €] Aol el st &
A= Aoz AAFHT. FFh= ZF 717 FRlell Al 2
AEA] S 292 A e tigh do)/do] glom, Wy
B ZFh= Alo]e] S-S doA 2 18X S A
of thgh A2 flejido] At o]g} - 54 S = Poisson
spike processE AR&oto] ZFute] WS HAst & ¢

SItt. Fig. 1> Poisson spike process] 7l Eol™ ¢12]2]
Azt ol A EFgel g3 s S5 5,5 UEr
it} gekr oz Egde] st Aol &F2] Poisson
spike processi= B E A, o S 7] sE ARES}
of T3} o] xdHTh

s(A,s,t,1) = {Si when it occurs ©

0 otherwise

Aol BE0] AES B S BARER
i theat gol Yt

2(5,5,1) = (1)~ 5(1) ©)
o714 s, el 8 B 8BETeIr W Aol
N ]

2 s} 38
45 5,5 A2 AR SRl 3 u HoolA] 3

2 (Mol sas L A R thilel] &5
45
Fede 2k HAxTHEES tat o] R

B(t|H,) = 1-[1-£(0)]

‘ 10
x eXp{fo (Fy(s)[1=F(s,)]1A4)d T} (10

A7 B(H,) = FoIx AR7IZE 5049] Folutal A, el
*1 5 AzxgyeEelrt. 28y s0d WEvks 14
74 99} SAYPR L] QAE Eetal Q7] whit
°ﬂ %Q*—Mé e HOk gt uhebd £ Aol
sae] FHAdE Aihe g 7Hsk] Hx %ﬂﬂ%
& ARt B 50d WIRIkE ARgskal WEAles
o] 10%= 28 o vk Ak Mgl 10%L £ oH
o g eatet s A LA 5 9l eakE TR

o2

B (0) = ["B(H oy (H)dH, (1n

AV [ (H) = H, 9 SELESo|n. 7| 3gte <
st 9}$-(wave climate)?] 117§/ (non-stationariness)= 1L
A A FH St w77} vipd G, et
A 50 Mg E whd t2A] APk A Alols S
of 3t HExEHES AHdsh] flsliA 7 st Aks

Fg el 71Hket AR A=A A A 307

>
>
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Fig. 1. Definition sketch of Poisson spike process.
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Fig. 2. Relative frequency of water depths of the existing caisson
breakwaters.
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Table 1. Statistical characteristics of design variables
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Description X; Oy, 7x, References
. . Takayama and Ikeda(1993),
Horizontal wave force various -0.09 0.19 Kim and Takayama(2003)
Vertical wave force various -0.23 0.20 Oumeraci et al.(2001)
. . Takayama and ITkeda(1993),
Friction coefficient 0.6 0.06 0.16 Kim and Takayama(2003)
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Fig. 3. Examination of N/N,, versus number of simulation. 01
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Fig. 5. Comparison of N/N,, between prediction and simulation with Egs. (19) to (21). ; (a) Regression result with Eq. (19), (b) Regression

result with Eq. (20)., (¢) Regression result with Eq. (21).
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Table 2. Coefficients of regression equation for the number of severe waves (N/N,,) for each water depth
0<N/N, <0.001 0<N/N,<0.03
h(m)  Data p ‘ 2
a b, e R a b, e R
12 140 26.2482 -10.2491 10.9755 0.931 0.2819 -5.7847 5.8778 0.934
14 165 55.2450 -10.3141 12.9812 0.930 0.2370 -5.6752 6.1684 0.861
16 152 42.3740 -10.0030 12.9010 0.914 0.2405 -6.3108 6.1344 0.862
18 166 37.4424 -10.1672 12.7012 0.930 0.2746 -6.4946 6.3002 0.862
20 152 51.3574 -10.2452 12.9883 0.926 0.2429 -6.4044 6.0824 0.869
22 165 46.7471 -10.1519 12.8886 0.918 0.2186 -5.7943 6.1363 0.853
24 151 32.1638 -9.6883 12.4777 0.903 0.2050 -5.7159 6.0082 0.855
26 160 70.0522 -10.4707 13.2448 0.933 0.2356 -5.8808 6.1647 0.861
28 152 53.9352 -9.9500 12.9656 0913 0.1865 -5.5312 5.8189 0.847
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Table 3. Uncertainty of regression equation for the number of severe waves (Coefficient Z,)

0<N/N, <0.001 0<N/N, <0.03
h (m) Data — —
Mean Standard deviation Mean Standard deviation
12 140 1.05 0.32 1.02 0.21
14 165 1.05 0.31 1.04 0.30
16 152 1.07 0.39 1.04 0.29
18 166 1.06 0.33 1.04 0.28
20 152 1.06 0.35 1.04 0.28
22 165 1.06 0.36 1.05 0.32
24 151 1.07 0.39 1.05 0.31
26 160 1.05 0.31 1.05 0.30
28 152 1.07 0.37 1.05 0.32

Table 4. Acceptable rates of goodness-of-fit tests

Kolmogorov-Smirnov Chi-squared
h (m) Data
o>0.01 a>0.02 a>0.01 o >0.02

12 140 96 % 91 % 77 % 72 %

14 165 98 % 94 % 81 % 78 %

16 152 96 % 93 % 85 % 78 %

18 166 96 % 94 % 92 % 86 %

20 152 95 % 89 % 85 % 82 %

22 165 91 % 87 % 84 % 78 %

24 151 92 % 88 % 88 % 82 %

26 160 88 % 83 % 84 % 81 %

28 152 88 % 86 % 80 % 75 %
ol Fgaltt, ukshd WA= sk 7 A AF 2% oVd& WESshe GEolt). AN 0% K-S HFo] Chi-
o= S NN 2 S o) WOl NNF  square AEREF S BHES BT Table 49 A3k
0.0018 T} 2F2 -0l A RSl 135](FF ASAE 3 Ao S LR ARFSE 224 Weibull #23H
F7719] 10005hel A ol WASH= A BirHos v} feld9e el
151 ofslo]7] wiitol] st 79| SEio] FEEES 1/(V/ e 2] HE v vhat 2o] Fdd
NSl B35 AMskelth. 3, 1/(W/N,)7F 0.0011.th b

= ~ - _ _ _ _ B\(H, ]

2 AT VN BAESE Aget Az s00s A= afE) (D) (23)

ool HEF si3ltt. o] FRtelM= ReSlsE Hf 500
32 Agrelo e T e o] WAARIC] AXEE] wiT A7 ay, by, 1B iz A= WIZIAGS] 324 A

off Wi7iRFE sll= }lo] 4 5 3k Zro]tt. Table 5% 3]FA 0= Atd 3]7g2] Algt
2 el ghs stz saee] viZiHSE, NN, A 71, A7gAleIH, Fig. 72 Bold H I vi7ie} 37240

FI5E 59 AAIEE 8-S Kim(2012)2] F-5of] A4 =] 2 A Hx wiypasE nagk ol 2ado] e A
SUTH Table 4= 7t FAH AA AmolA FoA9w 1%8 ool g 7] ARz S gke] Relgke dhstAl 45t

Table 5. Coefficients of regression equation for scale parameter of sliding distance distribution

0<N/N, <0.001 0.001 <N/N,, <0.03

h (m) Data 3 2

a, b, c R a b, ¢ R
12 140 0.0470 -3.9001 3.6556 0.784 0.0136 -2.7318 2.1800 0.704
14 165 0.0687 -4.2736 4.0229 0.812 0.0225 -3.6434 2.4842 0.748
16 152 0.0901 -4.2149 4.1938 0.762 0.0299 -4.1609 24814 0.777
18 166 0.0968 -43116 4.0122 0.837 0.0352 -4.1808 2.4789 0.804
20 152 0.1620 -4.4887 4.4002 0.789 0.0421 -4.3490 2.5035 0.803
22 165 0.1539 -4.5437 4.1727 0.832 0.0400 -3.7473 2.3530 0.700
24 151 0.1465 -4.0168 4.0439 0.726 0.0493 -3.9205 2.4608 0.753
26 160 0.2600 -4.5782 4.4797 0.790 0.0597 -4.0374 2.5294 0.756

28 152 0.2721 -4.5307 4.4144 0.767 0.0599 -3.9859 2.3356 0.767
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Fig. 7. Comparison of the scale parameter between the predicted Fig. 8. Shape parameter of the distribution of sliding distance for
value and the calculated one. all cases.

Table 6. Uncertainty of regression equation of the scale parameter (Coefficient Z,)

0<N/N, <0.001 0.001 < N/N, <0.03
h (m) Data - -
Mean Standard deviation Mean Standard deviation
12 140 1.02 0.22 1.02 0.18
14 165 1.02 0.22 1.02 0.17
16 152 1.04 0.27 1.02 0.17
18 166 1.02 0.23 1.01 0.16
20 152 1.03 0.26 1.01 0.17
22 165 1.02 0.22 1.02 0.21
24 151 1.04 0.26 1.02 0.19
26 160 1.03 0.24 1.02 0.19
28 152 1.04 0.29 1.02 0.19
A9k AdbA o 7 4% AT 2O %}; 2 01]%—8]—3/_ Table 7. Shape parameter of sliding distance distribution
Atk AT sl AEE FYE % v %]' A7 h (m) Data Mean Standard deviation
S WESIAL Qo] U 212 AN-E) Eﬂ/d}d-,] ATE A 12 140 0.430 0.013
A3k}, 14 165 0.429 0.016
16 152 0.427 0.017
7, = f.y E 24) 18 166 0.424 0.017
u (@) 2(&) 2 20 152 0.424 0.017
/) \h 2 165 0.422 0.019
24 151 0.423 0.019
AN zy= ASE HE viiRge] EeHAd Aol o] 26 160 0.421 0.018
Ate G022 50, o] Aboll A ATFETLE ulEal T 9lon] 28 152 0419 0.019
7 B33 EEARE Table 661 A2 H 0] 9ok Al data 1287 0.424 0.017

S, BRG] G S Fig, 89} ol 7
220 AT Fae] BAglel s AR G2 b WAE NN BEBRERSY NS AN, o
Atk Table 78 4] weh B v lage) Batsh B2 = Salel ne EEsle] BPRAE FEPLE v
A2 27t As Qom, AA Aol Hakt B ARge) WiEAe] 7] wlEolth 1eiLt Tables 24E 78
AAE 717 04244 002015k, B w/pASE WEAOl 2 2m (179 20l AV Fhol] W] 1 Ale]e] 4]
A o) el Barghd dEROR ASrah, oAl AEe e AAEok Bk, Figs. 910 54 14m

b 7} Ao Dol AR AL HE] B o 2ol NN, HE NG A Tables 2-700 A
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Fig. 14. Comparison of the scale parameter between interpolation and
simulation at 7 =22 m.
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Fig. 15. First-passage probabilities with various allowable sliding
distances at #=16 m.

h (MSL) H, T, B B/h H/h SF. P (0)
16 8.08 14.0 24.03 1.37 0.46 1.20 0.054
20 7.79 14.0 21.72 1.01 0.36 1.20 0.058
Table 9. Statistical characteristics of caisson weight and tidal level
Variable X, Ut Xy o/ X oylup Distribution Remarks
W, Various 1.01 0.02 0.02 Normal Kim and Suh(2009)
WL (ry,=1.5) Various 1.00 0.20 0.20 Normal OCDI(2009)
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Table 10. Allowable sliding distance (m) during one storm (Takahashi et al., 2001)

Limit state Wave statistics with return periods
(Allowable sliding distance, m) S-year 50-year 500-year 5000-year
Serviceability (0.03) Ordinary High
Repairable (0.1) Low Ordinary High
Ultimate (0.3) Low Ordinary
Collapse (1.0) Low Ordinary

0.2
h =20 m (without cce)
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“ ————— Tr =100 years
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2 016 1
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© \
Q N \
<] \
a \
o124 \
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Allowable sliding distance (m)

Fig. 16. First-passage probabilities with various allowable sliding
distances at 2 =20 m.
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Table 11. Allowable sliding distance (m) by an individual wave
proposed in the present study

Limit state
(Allowable sliding

Wave statistics with return periods

distance, m) 50-year
Repairable (0.03) Ordinary
Ultimate (0.1) Low
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Fig. 17. Comparison of first-passage probability between with and
without sea level rise.
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Fig. 18. Temporal variation of first-passage probability for wave
height increase at =16 m.

B3 ol po] wlapstulel S5 Sk sl A
ol bt shir gastol AEEIHAEE AolAlck, v,
TEEo] vt vell EAE slad e o st 5
7heo] HxFErEo] AXITh 4 16 mi= 2 9H (breaking
point) 20| PR jaEo] AsshiA gfarzh otk 24
o] HxEdeEo] u oISl AT sl s 5
o] AA] 7] wiZell shar Wsprt A4 ¢kom HxgaetE
o] Apo] BT FEHAH o7 FAE ¢ Q1S HLoltt 4
20 moflA sl e G A 16 mo] A9-H T 2o
] A ARl A gko] vlzste] I A # el AR o
k.

M

of
noJ

§

432 Aslvta S7te] 3k
Figs. 187} 19:= A2 ThE 4loflA] vl o] A3d57lel 32
4 S 1S Hx et ARR i Tlel| 9
Sk &8 Tl eV Eiel SRS 7))
0.03 me} 0.1 m o]tk AnkA o7 =41 16 mol|H Hx5s
2 A 20 mEth 2 AP E QLo o] QkellA] 1t
2 3 16 molAE vl & ks sfjabs] 7] wiEolv). &
3 514285 H0] 0.1 m 9 AfolMe Halutare) 71 53t
7P Ae] yep A ok=th 41 16 mollA] A5 201 59>
A 712 183 HRENEES v F71E 1A
oo 799} =7 th2A) sE]'(Flg. 18). °oli= 4o zofA]

Yok AR Baks Bolal Qlvk(Fig. 19). Zev A8 &

7RI A= alell BAgle] AsiE sl w48
7¥eie}, shE, AR E] U 30 Betell Bhae] AEF
7¥e} 2l 7] R el BAIRle] ] Ak o
w0 Z AJ7ko] ZTtekal 40] ZoASE Aelutal Z7
o] J&o] AR S AAl Felgt &= Qi) o] 7]}
2 QIgk Hsllvtar S7PF HEaeEe] Aol AuAl 9

o . =

& - 74
0.16
h=20m
——@— without WHI (s, = 0.03 m)
— =@~ — with parabolic WHI (s, = 0.03 m)
| |—® = with linear WHI (s, = 0.03 m)
without WHI (s, = 0.1 m)

> = = = = with parabolic WHI (s, = 0.1 m)
= = = with linear WHI (s, = 0.1 m)
3 012 *
S 7
s 7
() i /.
§ -
» 4
> 0.08 - -1
o Y -] - - __-- [ 2e
i — 2 ___g-———"" 1 4 —

II‘—-—-.‘-'—'_W— — — p

0.04 T T T T T T T T T
0 10 20 30 40 50
time (year)

Fig. 19. Temporal variation of first-passage probability for wave
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