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ABSTRACT

Reliability analyses of sixteen domestic design cases of open cell caisson breakwaters against circular sliding failure were
conducted in this study. For the reliability analyses, uncertainties of parameters of soils, mound, and concrete cap were
assessed. Bishop simplified method was used to obtain load and resistance of open cell caisson breakwater for randomly
generated open cell caisson breakwater. Sufficient number of Monte Carlo simulations were conducted for randomly generated
open cell caisson breakwaters, and statistical analysis was conducted on loads and resistances collected from the large number
of Monte Carlo simulations. Probability of failure produced from Monte Carlo simulation has a nonconvergence issue for
very low probability of failure; therefore, First—Order Reliability Method (FORM) was conducted using the statistical
characteristics of loads and resistances of open cell caisson breakwaters. In addition, effects of safety factor, uncertainties
of load and resistance, and correlation between load and resistance on reliability of open cell caisson breakwaters against
circular sliding failure were examined.
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Fig. 1. Probability of failure in reliability—based design: (a) Frequency distributions for random values of load and resistance
and (b) Probability of failure (Allen et al., 2005)

Table 1. Classification static reliability analysis method

Model Level Method
Level I Partial Safety Factor Design, Load and Resistance Factor Design
Static
Level I . o — o
Reliability Model eve First—Order Reliability Method, Second—Order Reliability Method
Level I Direct Integral Method, Monte Carlo Simulation
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Fig. 2. Distribution of total load Q and resistance R when two
different cases (Lazarte, 2011)
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Temporary structures: no potential life loss, low repair cost 0.1
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- ) o 01~02
probability of failure (bench slope or open pit mine)
Minimal consequence of failure: repairs can be done when time permits
. . . . ) 0.01
(repair cost is less than cost of reducing probability of failure)
Existing large cut on interstate highway 0.01~0.02
Large cut on interstate highway to be constructed <0.01
Lives may be lost when slopes faill 0.001
Acceptable for all slopes 1.0E—4
Unnecessarily low <10E-5
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Table 3. Uncertainties of soil parameters, traffic load, and horizontal seismic coefficient of pseudostatic approach for open cell
caisson breakwater reliability analysis (Overseas coastal area development institute of Japan, 2018)

Properties Bias factor Coefficient of variation
Cohesion 1.00 0.04
Tangent of friction angle 1.00 0.04
Breakwater material 1.00 0.03
Subsea frictional sail 1.00 0.03
Unit weight Subsea clayey soil 1.00 0.02
Rock 1.00 0.02
Caisson 1.00 0.02
Traffic load 1.00 0.20
Horizontal seismic coefficient 1.00 0.05

[STEP 1] Determine material properties (nominal values, bias factors, and coefficients
of variation) of design parameters of open cell caisson breakwater

4

[STEP 2] Generate random numbers of design parameters of open cell caisson
breakwater reflecting material properties and their uncertainties in [STEP 1]

2

[STEP 3] Generate reasonably large number of trial circular slip surfaces to determine
the most critical slip surface.

[STEP 4] Save driving moment and resisting moment against circular slip surface
corresponding to the most critical slip surface determined at [STEP 3]

]

[STEP 5] Repeat [STEP 2] ~ [STEP 4] to collect sufficient number "N" of driving and
resisting moments from [STEP 4] to produce reliable probability of failure

2

[STEP 6] Implement FORM (First-Order Reliability Method) to produce probability of
failure if there exists non-convergence issue of probability of failure with increasing
simulation number at [STEP 5]

Fig. 4. Algorithm for probability of failure using Monte Carlo Simulation of open cell caisson
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Fig. 5. Probability density function histograms of an analysis example case of open cell caisson breakwater

Table 4. Results of limit equilibrium analysis and reliability analysis of open cell caisson breakwater against circular failure for
sixteen design cases under ordinary condition (here, M, and M; are driving and resisting moments, respectively)

Limit Equilibrium Reliability Analysis Result
Case Analysis Result Mean Standard deviation cov
No. M, M, M, M, M, M, Coeflicient
Q 7 Q 7 @ 7 M, M, of correlation
(kNm/m/m) | (KNm/m/m) | (KNm/m/m) | (KNm/m/m) | (kNm/m/m) | (KNm/m/m) @ 7
1 4242 31 8899 01 427547 9122.60 137.809 339.036 0.032 0.037 0.248
2 324455 551037 3337.00 5663.76 87.486 217764 0.026 0.038 0.607
3 502640 12266,96 495845 12206.10 175,255 494 311 0.035 0.040 0.518
4 2957 14 756197 2938 11 7564.57 84,565 312.657 0.029 0.041 0.298
5 299307 6652,69 310152 693278 89,662 240,291 0.029 0.035 0.502
6 1452 55 703779 200519 989222 654,462 3311.855 0.326 0.335 0,994
7 123224 2786.97 123918 2806.68 30,762 119,782 0.025 0.043 0.424
8 2425 85 5931.86 2329.88 5288 91 88,864 229233 0.038 0.043 0.508
9 204170 1186691 202729 11651.84 67.596 471,963 0.033 0.041 0.576
10 5722 .36 10107 94 5805.15 10206.89 152918 311.836 0.026 0.031 0.371
11 2319.36 4083.44 2296.76 409598 65,542 161,224 0.029 0.039 0.387
12 186391 3038.44 1895.28 297358 45,318 106,372 0.024 0.036 0.175
13 946.00 222996 985,93 223115 26,768 80.664 0.027 0.036 0172
14 788413 12874.78 7798.03 1701670 229,962 724717 0.029 0.043 0.619
15 573222 1244359 5953.60 13568.97 231,257 605,314 0.039 0.045 0.631
16 276563 9153.33 2789 .62 9246.39 115,588 472 599 0.041 0.051 0.574
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Table 5. Results of limit equilibrium analysis and reliability analysis of open cell caisson breakwater against circular failure for
sixteen design cases under seismic condition (here, M, and Mz are driving and resisting moments, respectively)

Limit Equilibrium Reliability Analysis Result
Case Analysis Result Mean Standard deviation Ccov
No M, M, M, M, M, M, Coeflicient
' L r L r L R M, M, of correlation
(kNm/m/m) | (KNm/m/m) | (KNm/m/m) | (KNm/m/m) | (kNm/m/m) | (KNm/m/m) )
1 3525.67 7819.97 349264 9252.89 92.974 341973 0.027 0.037 0.302
2 306892 5743.03 3130.72 5847 58 110,172 260.301 0.035 0.045 0.787
3 4462 47 12596,24 452960 12819.90 171,447 552,136 0.038 0.043 0.601
4 2663.89 7831.58 2588.33 7570.64 68,065 314,686 0.026 0.042 0.349
5 2773.38 6820,42 280116 6633,05 74,261 226,063 0,027 0.034 0.466
6 2693.08 1541873 2614.00 14942 14 89,559 572,717 0.034 0.038 0.534
7 1250.07 2957.49 1191.66 2817 49 31.859 104,751 0.027 0.037 0.632
8 2079.62 5825.64 216,72 5915.93 72.480 237.499 0.034 0.040 0.565
9 1911.67 12252.60 1947.05 12478.09 59.602 450,643 0.03t 0.036 0.475
10 543392 1041818 5492 91 1051257 149164 322.250 0.027 0.031 0.37
1 244579 4661,02 248779 4292.39 46,660 443,099 0.019 0.103 0.204
12 1856.95 302854 180814 2955 51 49.005 116,212 0.027 0.039 0.274
13 930.60 253371 955,69 2591.43 24.266 91.683 0.025 0.035 0.175
14 17992 57 18060.05 725559 1747164 114,048 1021.802 0.016 0.058 0.267
15 5579.03 1420514 5620.59 14212 15 216,219 663,058 0.038 0.047 0.633
16 2439.00 9385.99 2458 52 9370.40 93.336 436,784 0.038 0.047 0.492
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Fig. 6. Results of reliability analysis of open cell caisson breakwater against circular failure for sixteen design cases under
ordinary condition: (a) factor of safety and (b) coefficient of correlation
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Fig. 7. Results of reliability analysis of open cell caisson breakwater against circular failure for sixteen design cases under seismic
condition: (a) factor of safety and (b) coefficient of correlation

Table 6, Factors of safety and reliability indices of open cell caisson breakwater against circular failure for sixteen design cases
under ordinary and seismic conditions

Limit Equilibrium Analysis Result Reliability Analysis Result
Case No, FS FS B
Ordinary condition | Seismic condition | Ordinary condition | Seismic condition | Ordinary condition | Seismic condition
1 2.098 2.218 2134 2.649 14,565 17,659
2 1.698 1.871 1,697 1.868 13,016 14,576
3 2.441 2.823 2.462 2.830 16.834 17.654
4 2.557 2.940 2.575 2.925 15,494 16.729
5 2.223 2.459 2235 2.368 18,233 18,929
6 4,845 5,725 4,933 5716 22,923 23,246
7 2.263 2.365 2.265 2.364 14,209 18.446
8 2.445 2.801 2.270 2.795 14,845 18,496
9 5812 6.409 5748 6.409 22,047 24747
10 1,766 1917 1,758 1.914 15,080 16,691
1 1,765 1.906 1.783 1.725 12,102 4139
12 1.630 1.631 1.569 1.635 9.976 10.145
13 2.357 2723 2.263 2.712 15,469 18.048
14 1,633 2.426 2.182 2.408 15,116 10,243
15 2.288 2.546 2.279 2.529 15,437 15,430
16 3.310 3.848 3315 381 15,478 17 314
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