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Abstract : Most breakwater armor blocks are designed by using Hudson’s or van der Meer's formula. The
minimum weight of armor blocks is calculated by equating the resistance to the load in each formula. The larger
value is then chosen as the design weight. In this study, we have performed reliability analyses for thus designed
breakwater armor blocks of 12 trade harbors and 8 coastal harbors in Korea. The probability of failure calculated
by the reliability analysis provides a criterion for evaluating the stability of armor blocks. The calculated
probability of failure was almost same for all the breakwaters so that we were able to quantitatively evaluate the
safety level of armor blocks of existing breakwaters. We also found that the safety factor used in the deterministic
design method and the probability of failure in the reliability design method show a linear relationship. Therefore
the probability of failure of existing breakwaters can be quantitatively calculated from the safety factors. The
calculated probability of failure could also be used for determining the target probability of failure in the future.

Keywords : Breakwaters, Armor blocks, Reliability analysis, Probability of failure
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Fig. 1. Cross-sections of representative breakwaters: (a) Sec. 14 of Mukho north breakwater, (b) Sec. 11 of Jeju west breakwater,
(c) Sec. I of Hupo east breakwater, and (d) Sec. E of Hwasun breakwater.
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Table 1. Deepwater wave heights and periods for different return periods for representative harbors

(a) Trade harbors

Return period (yrs) 10 20 30 50 70 100
Mukho Wave height (m) 6.3 7.1 7.6 8.2 8.6 9.0
(NE) Wave period (s) 10.0 11.0 12.0 13.0 13.0 14.0
ky=0.865, A,=3.687, COVy=0.167
Return period (yrs) 10 20 30 50 70 100
Jeju Wave height (m) 5.8 6.3 6.6 7.0 7.2 74
(NNW) Wave period (s) 10.0 10.0 11.0 11.0 11.0 12.0
ky=1.443, A,=4.251, COVy,=0.121
(b) Coastal harbors
Return period (yrs) 10 20 30 50 70 100
Hupo Wave height (m) 5.9 6.7 7.2 7.7 8.1 8.5
(E, NE) Wave period (s) 10.0 11.0 11.0 12.0 13.0 13.0
ky=10.908, 4,=3.433, COVy =0.169
Return period (yrs) 10 20 30 50 70 100
Hwasun Wave height (m) 7.8 8.4 8.7 9.1 9.3 9.6
o) Wave period (s) 11.0 12.0 12.0 13.0 13.0 13.0

ky=1.323, 4,=6.128, COVy,=0.102
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Table 2. Deepwater wave heights and periods for different return periods for Donghae harbor

Return period (yrs) 10 20 30 50 70 100
Wave height (m) 6.3 7.1 7.6 8.2 8.6 9.0
Wave period (s) 10.0 11.0 12.0 13.0 13.0 14.0

ky=0.865, 1=3.687, COV};, =0.167

Table 3. Significant wave heights and periods for different return periods for Donghae harbor (Wave transformation model)

Return period (yrs) 10 20 30 50 70 100
Wave height (m) 5.75 6.58 7.05 7.64 8.03 8.44
Wave period (s) 10.0 11.0 12.0 13.0 13.0 14.0

k,=0.874, 2,=3.178

Table 4. Significant wave heights and periods for different return periods for Donghae harbor (Estimation by Egs. (5)-(8))

Return period (yrs) 10 20 30 50 70 100
Wave height (m) 5.85 6.63 7.07 7.63 8.02 8.38
Wave period (s) 10.0 11.0 12.0 13.0 13.0 14.0

ky=0.930, 2,=3.434

Estimation by Egs. (5)-(8)
Wave transformation model >

&

Wave height(m)
-~
|

5 T | T t T [ i T

0 20 40 60 80 100
Return period(yrs)

Fig. 2. Comparison of wave heights versus return periods

between wave transformation model calculation and
estimation by Egs. (5) to (8).
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Table 5. Significant wave heights and periods of 50 years return period and estimated parameters of Gumbel distribution of extreme

wave heights

Parameter(Gumbel)

Name Wave height (m)  Wave period (s) A 7 covy,
(a) Trade harbors
Sokcho 6.5 14.0 1.311 3.515 0.141
Okgye 6.2 14.0 1.305 3.201 0.148
Mukho 6.1 14.0 1.164 2.740 0.167
Donghae 7.4 13.0 0.960 3.324 0.167
Samcheok 49 14.0 1.450 2.201 0.167
Pohang 5.6 10.0 1.244 2.456 0.170
Ulsan 32 10.3 2.356 1.540 0.158
Samchunpo 5.4 14.0 1.824 3.255 0.123
Jangseungpo 4.5 12.0 1.529 1.941 0.172
Okpo 3.5 7.5 1.966 1.510 0.172
Jeju 6.0 12.0 1.670 3.658 0.121
Seogwipo 8.8 12.0 1.129 5.335 0.122
(b) Coastal harbors
Jumunjin 4.7 14.0 1.734 2443 0.147
Hupo 6.7 14.0 1.047 2.962 0.169
Guryongpo 6.1 13.0 1.142 2.675 0.170
South Busan 5.0 15.0 1.376 2.157 0.172
Narodo 4.0 10.0 2.303 2302 0.131
Geomundo 4.7 11.0 1.960 2.704 0.131
Hanlim 4.5 11.0 1.967 2512 0.136
Hwasun 9.4 15.0 1.276 6.335 0.102

cot a=15, K,=8.04 o 3115 RsA1A 7hdx 27
S ARSI 8 van der Meer 3-2] ol A 3} AL
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Fig. 3. Relationship between significant wave height and
weight of Tetrapod calculated by Hudson(1959) and
van der Meer(1988b) formulas.
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Table 6. Statistical characteristics of design variables for Hudson(1959) formula

Name/Variable Mean Standard deviation  Coefficient of variation Distribution
(a) Trade harbors

Ay 1.00 0.180 0.180 Normal
A 1.233 0.047 0.038 Normal
D,(m) 2.06 0.103 0.050 Normal
Mukho cot @ 2.00 0.100 0.05 Normal

K, 8.00 - - -
H (m) k=1.164, 1=2.740 Gumbel
Ay 1.00 0.180 0.180 Normal
A 1.233 0.047 0.038 Normal
Jeju D, (m) 2.06 0.103 0.050 Normal
cot 1.50 0.100 0.067 Normal

K, 8.00 - - -
H (m) k=1.670, 1=3.658 Gumbel

(b) Coastal harbors
Ay 1.00 0.180 0.180 Normal
A 1.233 0.047 0.038 Normal
D (m) 241 0.121 0.050 Normal
Hupo "

cot a 1.50 0.100 0.067 Normal

K, 8.00 - - -
H (m) k=1.047, 1=2.962 Gumbel
Ay 1.00 0.180 0.180 Normal
A 1.233 0.047 0.038 Normal
Hwasun D, (m) 3.03 0.152 0.050 Normal
cot 1.50 0.100 0.067 Normal

K, 8.00 - - -
H(m) k=1276, A=6.335 Gumbel
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Table 7. Statistical characteristics of design variables for van der Meer(1988b) formula

Name/Variable Mean Standard deviation ~ Coefficient of variation Distribution
(a) Trade harbor
Ay 1.00 0.100 0.100 Normal
A 1.233 0.047 0.038 Normal
D,(m) 2.06 0.103 0.050 Normal
Jeju N, 1000 500 0.500 Normal
Som 0.035 0.009 0.250 Normal
T(s) 12.00 - - -
N, 030 - - -
H(m) k=1.670, 1=3.658 Gumbel
(b) Coastal harbors
Ay 1.00 0.100 0.100 Normal
A 1.233 0.047 0.038 Normal
D,(m) 241 0.121 0.050 Normal
Hupo N, 1000 500 0.500 Normal
Som 0.029 0.007 0.250 Normal
T(s) 14.0 . - .
N, 030 - - -
H (m) k=1.047, 1=2.962 Gumbel
Ay 1.00 0.100 0.100 Normal
A 1.233 0.047 0.038 Normal
D,(m) 3.03 0.152 0.050 Normal
Hiwasur N, 1000 500 0.500 Normal
Som 0.035 0.009 0.250 Normal
T(s) 15.00 - - -
N, 0.30 - - -
H (m) k=1276, 1=6335 Gumbel
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Table 8. Probability of failure of armor blocks for Hudson(1959) formula

1 year 50 years
Name Safety factor Level 11 Level 111 Level 11 Level 111
] P, (%) P; (%) P, (%) P, (%)
(a) Trade harbors
Sokcho 0.98 2.088 1.84 1.98 60.39 63.20
Okgye 1.05 2215 1.34 1.45 49.02 51.82
Mukho 1.05 2.195 1.41 1.52 50.89 53.56
Donghae 0.99 2.091 1.83 1.95 60.20 62.67
Samcheok 1.01 2.135 1.64 1.77 56.29 59.02
Pohang 0.85 1.833 3.34 3.51 81.74 83.27
Ulsan 1.14 2.362 0.91 1.00 36.56 39.39
Samchunpo 0.88 1.887 2.96 3.13 77.71 79.56
Jangseungpo 0.95 2.020 2.17 232 66.55 69.11
Okpo 1.22 2479 0.66 0.73 28.35 30.83
Jeju 0.97 2.065 1.95 2.09 62.64 65.29
Seogwipo 0.97 2.075 1.90 2.05 61.77 64.55
Mean 1.01 2.12 1.83 1.96 57.68 60.19
Standard deviation 0.10 0.18 0.76 0.79 15.21 14.95
(b) Coastal harbors
Jumunjin 1.16 2410 0.80 0.89 33.10 35.96
Hupo 1.01 2.135 1.64 1.78 56.30 59.34
Guryongpo 1.03 2.155 1.56 1.69 54.50 57.28
South Busan 1.08 2.245 1.24 1.36 46.50 49.45
Narodo 1.07 2.258 1.20 1.32 45.40 48.42
Geomundo 1.06 2.233 1.28 1.40 47.40 50.51
Hanlim 1.02 2.168 1.51 1.64 53.20 56.21
Hwasun 0.91 1.947 2.58 2.75 72.90 75.24
Mean 1.04 2.19 1.48 1.60 51.16 54.05
Standard deviation 0.07 0.13 0.52 0.54 11.40 11.24
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Fig. 4. Probability of failure versus safety factor for Hudson
(1959) formula.

=
i}
oX
:tl)l='
1

25

1=
i)

i
o éq%

= Hof S glrk fFdEo] 1.0 A
60%°]™, 1.05.c} zrold ufj= ul st
Z7Vela 1.0HT}F 2 A9 Ao

L

R
ot ot

9

J,
i
=
N o
Sk
flo
il

ofl
)
Wl

e

e o
i)
kS
&

)

2 o
-
BN

|o

N
u.HU

e
]

Lol o i &
"

$ 2o &

o

)

=

olH Level 3% oF 54940 ]

F_E,

£
—
a

<

e
N
1o

A 2t Ftke] 950 obdEo] APt
Polth. 5 kg2 Sl weh

A ‘4"5]"4'_’ %EP
Al A&
ZS Fig. 4% 8H

==

Qb7 g7}
e o 2 A, AR oﬂ%ﬂl ﬂ%%ZH«l *374] A
T DA, AA L] BAE, WS, 373, 9k 7Y
S 7 gupg Bitgke] Wat A9 fla WEAS
= o) NS A Ak MEASTE 27 o]
7} ghaps AW EEBAE Aol mebd )5
A AARG T kg3 st ehE Hste] Al W
St ESIAolT, ot i HEo] Wsle] we v
shgo) Waks setely] 918 $Ud SRk e o
e HEYENE Fig. 59 o] hehhgich. BE 3 <)
0.8
— = — - kappa=1.676, larmbda=4 375(CCV=0.100)
—— - kappa=1.091, lambda=3.723(COV=0.150}
kappa=0.972, lambda=3 284(COV=0.187)
7 e kappa=0.798, lambda=2 410(CCV=0.200}
= = == = kappa=0.623, lambda=1.028(CCV=0.250)
§ 06-
g
3 4
ol
2
@ 0.4 —
©
z
Z _
©
Q
e
a 02—
0 T I T
0 8 16 20
Hs (m)
Fig. 5. Probability density function versus significant wave
height.



26

R

Table 9. Statistical characteristics of design variables for Hudson(1959) formula

Variable Mean Standard deviation Coefticient of variation Distribution
Ay 1.00 0.180 0.180 Normal
A 1.233 0.047 0.038 Normal
D, (m) 2.59 0.130 0.050 Normal
cot 1.50 0.100 0.067 Normal
K, 8.00 - - -
H (m) 7.31 m (T=50yrs) Gumbel
Table 10. Statistical characteristics of load design variables for Hudson(1959) formula
No. A k CoVy, H (m) Pr(%)
1 4.975 1.676 0.100 7.31 55.6
2 3.723 1.091 0.150 7.31 57.6
3 3.284 0.972 0.167 7.31 582
4 2410 0.798 0.200 7.31 593
5 1.029 0.623 0.250 7.31 60.3
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Fig. 6. Probability of failure versus safety factor for Hudson
(1959) formula.
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Table 11. Probability of failure of armor blocks for van der Meer(1988b) formula
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1 year 50 years

Name Safety factor Level II Level III Level II Level III

I P, (%) P, (%) P, (%) P; (%)
(a) Trade harbors
Donghae 1.01 2.123 1.69 1.63 5732 56.03
Samcheok 1.16 2.428 0.76 0.73 31.58 30.78
Ulsan 1.26 2.637 0.42 041 19.17 18.52
Jangseungpo 1.05 2.187 1.44 1.39 51.61 50.33
Okpo 1.17 2.428 0.76 0.74 31.79 31.01
Jeju 1.00 2.118 1.71 1.65 57.71 56.41
Mean 1.11 2.32 1.13 1.09 41.53 40.51
Standard deviation 0.10 0.21 0.55 0.53 16.17 15.87
(b) Coastal harbors

Hupo 1.09 2.284 1.12 1.08 43.10 42.00
Guryongpo 1.10 2277 1.14 1.11 43.60 42.69
South Busan 1.27 2.613 0.45 0.44 20.20 19.86
Narodo 1.12 2.379 0.87 0.84 35.40 34.42
Geomundo 1.11 2362 0.91 0.89 36.60 35.90
Hanlim 1.08 2.294 1.09 1.06 42.30 41.20
Hwasun 0.94 1.971 2.44 2.34 70.90 69.37
Mean 1.10 2.31 1.15 1.11 41.73 40.78
Standard deviation 0.10 0.19 0.62 0.59 15.20 14.86
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Fig. 7. Probability of failure versus safety factor for van der
Meer(1988b) formula.
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