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Reliability Analysis of Multiple Failure Modes of Rubble-Mound Breakwaters
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Abstract : A reliability analysis has been performed to investigate the systematic stability of multi-failure modes
of rubble-mound breakwaters. The reliability functions of four different failure modes are established straightfor-
wardly. AFDA(Approximate Full Distribution Approcah) reliability models for each failure modes are directly
developed and satisfactorily calibrated through the comparison with CIAD’s results. In the reliability analysis of
single failure mode, the probabilities of failure are calculated and the influence coefficients of random variables
in the failure modes are properly evaluated. Meanwhile, three different models such as uni-modal bounds, bi-
modal bounds, and PNET are applied to evaluate the probabilities of failure of multi-failure modes for rubble-
mound breakwaters. It may be found that uni-modal bounds tend to overestimate the probability of failure of
multi-failure modes. Therefore, for the systematic reliability analysis of multi-failure modes, it is recommended
to use bi-modal bounds or PNET which consider the correlation between the failure modes for rubble-mound
breakwaters. By introducing the reliability analysis of multi-failure modes, it could be possible to find out the
additional probabilities of failure occurred by the multi-failure modes of a multi-component system such as
rubble-mound breakwaters.

Keywords : reliability analysis, multiple failure modes, uni-modal bounds, bi-modal bounds, PNET
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Fig. 1. Failure modes for a rubble-mound breakwaters.
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Fig. 2. Forces acting on the concrete crest structure.
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Fig. 3. Multiple modes of failure.
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Table 1. Statistical properties and distributions of random variables for armor units

Random variable Mean Standard Deviation Distribution
A 1.34 0.027 Normal
D,(®) 2.73 0.055 Normal
K, 1.82 0.100 Normal
H{m) A=0986, B=390, k=1.0 Weibull
FH (m) 0.00 0.70 Normal

Table 2. Results of reliability analysis for armor units

Table 4. Results of reliability analysis for front berm

Probability of failure of

Random X Influence

variable armor units factor
Present CIAD(1985)

A 0.005
D,(x) 0.005
K, 0.0783 0.079 0.037
H(m) 0.819
FH(m) 0.134

(location parameter), 12|31 k= ¥A}HA|<>(shape parameter)
o)}, Table 19 AAE FEEL CIAD(1985)%] AA€
FER B AFoAE FEH) AT ol 2 @
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of, B oA =g AFDA A4 |4 7|HE A=
at7] Agolnt. A=A A R AHAES Table
20 A|AlsICE. s g Wl opuet zt EEHSsEe
4 & Al (influence factor)’} &7 AA =S FA &
T %ol CIAD(1985)°14] A8 HA S5 & AT
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HEUESS u)si). 314 7 ENS59] g
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8 B4 07 Yeta Qi olg 22 J3AS
(influence factor)®] FtE-2 32A AFH vl Zo] o}
ZF I EEe] SR E 2 ABATE APYskeT ol &
gt

U HHS AM A ool diet AFA Ao

Probability of failure of

Ij:::g;: front berm Influence factor
Present CIAD(1985)
A 0.005
Dx) 0.029
K, 0.0104 0.011 0.114
H(m) 0.785
FH (m) 0.068

2 3y& olg3te] AT TSt AFA S 95
ARS-E 2t g 1A B4 BEErE0| Table 3¢
AAE AT HAE e bg/del Bigk A sy 2
HE Table 49 AAISIATE o253 7 EHTEY
FEAF7} AA AT RN FES FLH 2
AE CIAD(1985)2] Axe) v)waigli=d] 2 x5tz
o} whEha] 2 Ao skl i Avdell ot AFDA Al
A AN PEE SHkEA SEEQN. E 7 ged
F=o] HEE) vA= Y ASE AR o4
A} fARM gt A 23, A3 23 T
ol £22 Jehgth £3] Table 22] AF 9 v} AL
B FE) v e BEA Y B8 o JFo) 3t
e #YE W, FH O Z1E o A7 Yehda Yoke
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oJulgit), W2 A HYFTH AP AL B AP A
Eulgog frEglont, B QoA ARE 2xke] <k
A dist A @ YdAHoE AvE 48 A=
£ ulgoz dojzirt. o]} 22 o] A Aol
A adiE JeEhta gl o)),

Table 3. Statistical properties and distributions of random variables for front berm

Random variable Mean Standard Deviation Distribution
A 1.34 0.027 Normal
D, (x) 1.69 0.085 Normal
K, 4.00 0.800 Normal
H(m) A=0.986, B=3.90, k=1.0 Weibull
FH (m) 0.00 0.70 Normal
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Table 5. Statistical properties and distributions of random variables for sliding and overturning of crest structures

Random variable Mean Standard Deviation Distribution

f 0.85 0.085 Normal

a (m) 8.75 0.175 Normal

W (9 165.138 4.954 Normal

h (m) 8.75 0.175 Normal

L (m) 15.1 0.302 Normal

a 4.00 0.800 Normal

¥, (tm) 1.03 0.0103 Normal
H(m) A=0986, B=3.90, k=1.0 Weibull
FH(m) 0.00 0.70 Normal

Table 6. Results of reliability analysis for sliding and overturning of crest structures

Probability of failure

Influence factor

Random variable Sliding Overturning
Present CIAD(1985) Present CIAD(1985) Sliding Overturning

f 0.0428 -
a - 0.0037
w 0.0060 ‘ 0.0057
h 0.0002 0.0006
L 0.0167 0.0124 0.0184 0.0129 0.0001 0.0013
a : 0.0036 0.0037
7, 0.8683 0.9029
H, 0.0000 0.0000
FH, 0.0790 0.0820

5
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Table 7. Comparison of results of reliability analysis of multiple
failure modes for rubble-mound breakwaters calculated
by Eq. (11)

Uni-modal bounds

Probability of failure

Present CIAD(1985)
Lower bound 0.0783 0.0760
Upper bound 0.1238 0.1123

Frhehe A= UF S Rs el ol sujg

Hggo] F Ti= BB 7HE FHeAS wiAE 5 ik

whebA datsi ol s BAE 5 Y 24 Bae
T 28] 3B E s sk o) AsA i S 143
Foh. 94 Z BT 78] 4AASE Table 891 A
Si3ict. 9 st R el tigt Zzbe] AslA s At o
FATE ol-g3te] FBATE A3} Table 82) A
DALE B AR o B AFoA 343k v 79
HIAREES 217 s g se) tisle] 2 AL 7}
A1 ek, B3] A I ES S5 Mol e 4
Aol AY A VR vba, A9 g gk w3
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o] WA 2] (13) o] 83t Z FHRE 7] FA @
A 1385-& A4rete] Table 99 AA|EAT}. Table 9
of AIAE A= Zb2t 2] (132) 2 (13b)0f 25l A3
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Table 8. Correlation coefficient between multiple modes of failure

Table 10. Probability of failure of multiple failure modes for
rubble-mound breakwaters calculated by Eq. (12)

Probability of failure
Method Lower bound Upper bound
Bi-modal bounds 0.04767 0.07945
PNET 0.07827

AR} AR 23E Aol i Ax U &%
I3 AW 289 AR sy A Bg 5o 3
A YeRGh o= Ak 2aEEY AT A ¢t
Aol AEA ] AR Gel o= FE JFS o= A
< 9uishz Zojth, wiA| 2O 2 Table 92| AWE 714
Us AR S4E Fste] FAHL) Aol ol
w25 Atstsich AFd el A9HE PNETY Ao}
7 Tabel 109 AA3}FSATE PNETAA p = 0.65 24
a3l ol @ sueso tidt s gg o At
7)) wet AP 71ES 243 Ho|tHAng & Tang,
1984). £ sfi&olla= 2 (16)lA A E Tl HEA]
o] Aol Ui% R Ert OE RE IR E o)
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Failure mode Armor units Front berm Sliding of crest structure Overturning of crest structure
Armor units 1.000 . 0914 0.946 0.964
Front berm 0.914 1.000 0.899 0.916
Sliding of crest structure 0.946 0.899 1.000 0.976
Overturning of crest structure 0.964 0916 0.976 1.000

Table 9. Lower and upper bound of simultaneous failure probabilities between multiple failure modes for rubble-mound breakwaters

calculated by Eq. (13)

Failure mode Armor units  Front berm Sliding of crest structure Overturning of crest structure
Armor units 0.00996 0.01613 0.01818
0.01044 0.01671 0.01843
0.00473 0.00551
Front berm : ) ; 0.00776 0.00847
" 0.00800
Sliding of crest structure - - - 0.01425

Overturning of crest structure - -
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71N g G FAREY AHAE, Px), fx)E B
FRTEEY FX 9 d5irold, p= 4dAgolt).
A (A T 22 W 7ER] 23L HEA w5
of it} WA sl52 AR EA Arolojef k. 24, 2t
I REL A gt FAY B4 T A
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1982).

D(-f,)=1-[1-2(=p)I1 - D(-B))...[1 - P(=55,)]
(A2)
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ol 4 (A)E ©] 83 FIRIEATE ALE + Y
oh =3 v AR 7V, 5, 7 S EE Alole] AuAF
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ATl e ke HIARERY FRATIL At

e, BollM & & 9l%o] 2 st e AaAs
7} Zt7} ©k=tk. Thoft-Christensen and Baker(1982)yc
o] EAIE HA3}7] f13t T3 2 (A3)S] HIGHA

=(average correlation coefficient) 7N'E& =t}
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Fig. Al. Probability of failure with respect to correlation
coefficient.
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