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ABSTRACT

Reliability design methods have been developed for breakwater designs since-the mid
1980s. The reliability design method is classified into three categories depending on the
level of probabilistic concepts being employee,,ilLevel 1, 2, and 3 methodsach
methodgives results in different formdut all of themcan be expressed in terms of
probability of failure so that the difference can be compared among the different methods.
In this study, we applthe reliability deggn methods to the stability of armor blocksd

sliding of caisson®f the breakwater of Donghae Harhocated in the east coast of
Koreg which was constructed by traditional deterministic design methods to be damaged
in 1987 and reinforced in 1991Andyses are made for the breakwaters before the
damage and aftahe reinforcementThe allowable probability of failure of a Tetrapod
armor layer of 50 ye& lifetime is proposed as 40% for existing stability formulas,
whilst that for caisson sliding as @0with the failure criterion for the cumulative sliding
distance over the lifetime of 0.1 mhe probability of failure before the damage is much
higher than thallowable value for both stability of armor blocks and sliding of caissons,
indicating that tk breakwater was unddesigned. Theprobability of failure for the
reinforced breakwater iwwer thanthe allowablevalug indicating thatthe breakwater
became stablafter the reinforcement.On the other hand, the results of different
reliability design methods were in fairly good agreement, confirming that there is not
much difference amontipe different methods.

Keywords Breakwaters; armor blocks; caissons; reliability design methods; probability
of failure.



1. Introduction

The deterministic esign method in civil engineering is to set a return period of loading
events, to calculate the design loads corresponding to the return period, and to design a
structure with a certain margin of safety. Uncertainties in the magnitudes of loading on
and reistance of the structure are supposed to be covered by the safety margin.
Therefore, it is difficult to consider the uncertainties of each design parameter separately
and to evaluate the relative importance of different failure modes, so that therays alw

a possibility to overor underdesign the structure.

To overcome these shortcomings of the deterministic design, a probabilistic method
has been proposed since the 1970s, which is called the reliability design method. For
breakwaters, the reliabilitdesign methods have been developed since thel@dds,
especially in Europe and Japan. In Europe, van der Meer (1988a) proposed a
probabilistic approach for the design of breakwater armor layers, and Burcharth (1991)
introduced the partial safety factansthe reliability design of rubble mound breakwaters.
Recently Burcharth an®grensen (2000) established partial safety factor systems for
rubble mound breakwaters and vertical breakwaters by summarizing the results of the
PIANC (Permanent International sBociation of Navigation Congresses) Working
Groups. The European reliability design methods belong to what is called as Level 1 or 2
methods. On the other hand, in Japan, Level 3 methods have been developed, in which
the expected sliding distance of assan of a vertical breakwater (Shimosako and
Takahashi 2000; Goda and Takagi 2000) or the expected damage of armor blocks of a
horizontally composite breakwater (Hanzawa et al. 1996) during their lifetime is
estimated. Note that, in this paper, a compdsitakwater covered with waaxenergy
dissipating concrete blocks is termed a horizontal composite breakwater by following
Takahashi (1997). Recently Suh et al. (2002) and Hong et al. (2004) respectively
extended the methods of Hanzawa et al. (1996) amddslako and Takahashi (2000), to
include the effect of the variability in wave direction.

Each reliability design method described above gives results in different forms, but
all of them can be expressed in terms of probability of failure so that theedifeeican
be compared among the different methods. Balas and Ergin (2002) have compared Level
2 and 3 methods for damage of armor units of a rubble mound breakwater by expressing
the results as functions of exceedance probabilities of no damage with teqpeet In



the present study, we apply the various reliability design methodsetstability of
armor blocksand the sliding of caissomd the breakwater of Donghae Harlbocated in

the east coast of Koreavhich was constructed kthe traditional déerministic design
method to be damaged in 198nd reinforced in 1991Analyses are made for the
breakwaters before the damage and aftereinforcement so thdhe properness of the
designs is investigated. Also comparison is made among differenbiliglialesign
methods by expressing the results as functions of weight of armor blocks or width of a
caisson with respect to probability of failure.

In the following section, a brief summary of the Donghae Harbor breakwater and the
design waves is givennISec. 3, the reliability analyses for the stability of armor blocks
are described. In Sec. 4, the reliability analyses for the sliding of caissons are described.
The major conclusions then follow.

2. Summary of Donghae Harbor Breakwater and Design Waves
2.1.Summary of the breakwater

The Donghae Harbor was open on February 8, 1979, after about foucgeetsuction

work since 1975 with the deepwater design conditions of wave height of 8.4 m, wave
period of 14 s, and principal wave directions of N&daE, and the first phase
development was completed in December 1983. The layout of Donghae Harbor is shown
in Figure 1. Sections 8 to 11 of the North Breakwater indicated in the figure were
constructed as a vertical breakwater, whilst Section 7 was ootetras a horizontally
composite breakwater, which consists of a caisson covered with 25 ton Tetrapods,
considering the connection with the seawall to the north. Thereafter, a length of 900 m
(Sections 9 to 11 in Figure 1) was damaged by 10 to 15 cmgskutid tilting of caissons

due to a winter storm in February 1987. The maximum significant wave height during
the storm was measured to be 8.85 m in the offshore area. In 1991, a question was raised
about the stability of the caisson of Section 11. Thetgdbactor against sliding was
calculated to be 1.06, so Sections 8 to 11 were reinforced by placing stones €3.0315
m*EA armored by two layers of 40 ton Tetrapods in front of the caisson. Section 7 was
also reinforced by placing two layers of 40 foetrapods on 25 ton Tetrapods. In this



study, reliability analyses are made for the breakwaters of Sections 7 and 11. The cross
section of Section 7 after the reinforcement is shown in Figure 2, whilst the cross
sections of Section 11 before and after ihi@forcement are shown in Figures 3 and 4,
respectively.

2.2.Deepwater design waves

In the redesign in 1991, deepwater wave direction of ENE, significant wave height of 7.6
m, and wave period of 12 s were used for 50 year return period, which weratedt

based on the report of Korea Fishery Agency (1988). However, this report does not
provide the wave data of deepwater wave direction of ENE. Since detailed information
about deepwater waves is necessary for reliability analyses, in this study, te data

of deepwater wave direction of NE of the report, which give significant wave height of
8.2 m and wave period of 13 s for 50 year return period. These values were hindcasted
by using the HYPA (HYbrid PArametrical) model and 44 major storms foyez8s

(from 1959 till 1987). The wave heights and periods for other return periods are given in

Table 1. The linear regression analysis of these values tjieaglationship between
deepwater significant wave heighl,, and significat wave period,T,, as

T, =1.454H, +0.824 1)

The cumulative probability distribution of the extreme wave height is given by the
Weibull distribution:

e < 1.1’\
F(x) =1- expP éx- 3.037g #

i § 1403 H & @

where x stands for the annual maximum significant wave height.
2.3.Design waves at the location of breakwater

In the redesign in 1991, wave transformation from deep water to the locatibe of



breakwater was calculated using the KORDI 88 model for the waves of deepwater
direction of ENE to give significant wave height of 7.3 m and wave period of 12 s at the
location of Section 11. In the present study, Kweon é& f1997) wave transformat

model was used with the aforementioned deepwater waves of direction of NE. Figure 5
shows the bathymetry of the numerical model domain. The significant wave heights at
Sections 7 and 11 were calculated to be 5.73 and 7.64 m, respectively. Although the
deepwater wave conditions and wave transformation models are different between the
redesign and the present study, the wave heights calculated at Section 11 do not show a
big difference, partly proving that the wave conditions and the wave transformation
model used in this study are reasonable. The significant wave heights and periods for
different return periods at each section are presented in Table 2. The linear regression
analyses of these values githee relationships between wave height and returnogeri

and between wave height and wave period, respectively, as

H,=0471nT,+3.872 T,=363MH_- 8015 (Section7) 3)
H,=1168nT,+3.067 T,=1467H_+1537 (Section 11) (4)

where Hg is the significant wave height at the locationtleé breakwater, and is

the return period in years. Assuming that the extreme wave heights at the location of the
breakwater are also described by the Weibull distribution, the parameters calculated
using the values of wave heightsdareturn periods are given in Table 2, wheke B,

and k are the scale, location, and shape parameters, respectively, of the Weibull
distribution.

3. Reliability Analysis for Stability of Armor Blocks
3.1.Level 1 method for stability of armor blocks
The Level 1 reliability analysis is performed using the partial safety factor system

developed by Burcharth an8grensen (2000). Since Section 7 is a horizontally
composite breakwater armaravith Tetrapods, it may be desirable to use the stability



formula proposed by Hanzawa et al. (1996). For this formula, however, the coefficients
required for the calculation of the partial safety factors are not presented. Therefore, we
use the Hudson (59) formula with the stability coefficient of 7.0, which is
recommended by Shore Protection Manual (1984) for breaking waves acting on the trunk
of a breakwater armored by Tetrapods. The stability number and the design equation for
the Hudson formula arevgn by

N, =5 = (K, cota )" (5)
9,94 H

D 2

n

(K, cota)'°D (©)

respectively, whereN; is the stability numberD the relative density of the armor
block in water € r ./ r - 1, r, =density otheblock, r = density of water),D, the
nominal diameter of the block=(/**; V = volume ofthe block), K, the stability
coefficient, a the angle of the front slope of the breakwater from horizontal plane, and

g, and g, are the partial safety factors for resistance and loading, respectively.

r,=2300 kg/m® was used in this study.

Although Section 11 after reinforcement is backed by a caisson, the front part is a
typical sloping breakwater. Therefore, the formula of van Meer (1988c) is used,
which gives the stability number and the design equation for Tetrapods as

H. & N°5
= DD ég OB +0. 858sZ (7)
9,94 H
Dn 2 é N0.5 6 (8)
é§.75 Ng_25 + 0.85@5;’-2



respectively, wheres, is the wave steepness=@uH./(gT/); g = gravitational

acceleration,T, = mean wave period 3_,/1.15), N, the relative damage defined by

van de Meer (1988c) as the number of displaced blocks within the width (along the
breakwater alignment) of one nominal diamety, and N is the number of waves
during a storm. In the present study, =1.5 was used, which was proposed by van der
Meer (1988c) for failure of Tetrapod armor layers. The number of waves was set to 1000,
which corresponds to about three hours of storm duration. The significant wave periods
are calculated by Egs. (3) and (8} §iven significant wave heights.

The partial safety factorsg,, and g,, in Egs. (6) and (8) are calculated by

Tp, & An3 ¢ o}
H"™ Qs .10, P, O K,
LN o 9
gHS H;r' Fu & ¢ Pf Ne ( )
g, =1- k,In P, (20)

respectively, wherel, is the lifetime of the breakwaterP; the probability of failure
during the lifetime, H and HZ" the significat wave heights of the return period of

T, and 3T, years, respectively, andi :p‘ is the significant wave height corresponding
to the equivalent return period, , which is calalated from the encounter probability
formula T, :(1- (1- P)YT )'1. s¢, is the variational coefficient of a functiof,,

modeledas a factor onH,. F, signifies the measament errors and short term

variability of H, and has the mean value 1.8, is the number of data used for fitting



the extreme distribution, which is 44 in this study., k,, and k; are the coefficients

which are determined in the optimization procedure of the partial safety factors.

k, =0.036 and k, =151 are used for the Hudson formula, arnd =0.026 and

k, =38 for the van der Meer formula. The coefficiekt is constant as 0.05. The

coefficients for the Hudson formula were proposed for rocks, but they are used for

Tetrapods in this studys 'FH =0.15 was useds suggested urcharth andSgrensen

(2000), because the offshore wave height was determined by hindcasting and the wave
height at the breakwater was calculated by a numerical model. The lifetime of the
breakwater was assumed to be the same as the patiod of the design wave, i.e. 50

years. HI', H® | and H." are calculated by Egs. (3) and (4) for the given return

period.

Figure 6 shows the relation between the probability of failure andvéight of
Tetrapods for each section for the return period of 50 years. The probability of failure for
25 ton Tetrapods of Section 7 before reinforcement is about 60%, whilst it is about 18%
for 40 ton Tetrapods after reinforcement. It is also about 1&%40® ton Tetrapods of
Section 11 after reinforcement. It is shown that for a certain weight of Tetrapods the
probability of failure in shallow water depths is larger than that in deeper waters for
smaller weights and vice versa for larger weights.

3.2.Level 2 method for stability of armor blocks

The Level 2 method also uses the Hudson formula for Section 7 and the van der Meer
formula for Section 11. In Tables 3 and 4 are given the mean, standard deviation,
coefficient of variation, and probability digiution of each design variable for the
Hudson and van der Meer formulas, respectively, which were obtained based on van der
Meer (1988a) and the PIANC (1992) report.

The reliability functions of the Hudson and van der Meer formulas for Tetrapods are
given by



f =aDD, (K, cota)*- (H +F, ) (11)

— ) Nc?'s Q 02
f= aQDDn?JSW +085g- (H,+F,,)s (12)

respectively, wherea, and a, are variables signifying the uncertainty inherent in each
formula. The design variables were assumed to be independent one another because there
is no data for the correlations among them. The-dirder reliability method (FORM)
with approximate full distribution approach (AFDA) was used, which calculates the
design points of each variable and the reliability index by iteration (Ang and Tang 1984).
Only several times of iteration were needed for the tolerance of the difference of the
reliability indices of 0.001.

The results of the Level 2 analysis are showRigure 7. The probability of failure
for 25 ton Tetrapods of Section 7 before reinforcement is about 60% as in the Level 1
method, whilst it is about 23% for 40 ton Tetrapods after reinforcement, somewhat larger
than the result of Level 1 method. It is@alabout 25% for 40 ton Tetrapods of Section 11
after reinforcement. As in the Level 1 analysis, for a certain weight of Tetrapods the
probability of failure in shallow water depths is larger than that in deeper waters for
smaller weights and vice versa targer weights.

3.3.Level 3 method for stability of armor blocks

In the Level 3 method, the van der Meer formula is used for Section 11 as in the Level 1
and 2 methods, but the Hanzawa ak41996) formula is used for Section 7, which was
proposedor a horizontally composite breakwater and is given by

~ HS ~ o N 60.2
N, =—2-=23 : 750 +133 (13)
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Because the Hudson formula was used for Section 7 in the Level 1 and 2 methods, the
value of N, correspondingd the Hudson formulashould be determined. Figure 8
compares the weight of Tetrapods using the Hanzawa&tfatmula having various
values of N, with that using the Hudson formula. As shown in the figure, the Hanzawa
et als formuk using N, =0.2 coincides with the design using the Hudson formula.
Therefore, N, =0.2 was used for failure of Tetrapods in this study. On the other hand,
N, =1.5 was used for the van der Meer formula asuggssted.

The Level 3 analysis for the stability of armor units was performed following the
procedure of Hanzawa et al. (1996) and Suh et al. (2002). The number of simulations to
calculate the probability of failure was 2000. The probability of failurealsulated as
the percentage ahe simulations of the cumulative damage exceeding the allowable
value (0.2 and 1.5 for Hanzawa et al. and van der Meer formula, respectively) out of
2000 simulations. The offshore wave height was determined using the Meibul
distribution given by Eq. (2), and the corresponding wave period was calculated by Eq.
(1). The Kweon et abs (1997) model was used with the model domain shown in Figure 5
to calculate the waves at the location of the breakwater. The peak value tbuliec

spreading parametess,, =20, the principal wave direction(ap)OD =225, and its
standard deviation,S(ap)0 =158, in deep water, were used. The water level was

calculated using the tidal range of 0.392 m dmal grobability density function of tidal
elevation proposed by Cho et al. (2004):

Af 1 € 18n-ma? 1 ¢ 180- mad
pr ()=~ expe —g&——gut expé —g@a——=guj (14)
275142,0 g 29 S, QH S,\2p é 29 S, g@

where £ is the tidal elevation,A the scale parameter satisfyiqi p; (Mdh =10,

and m, m and s;, s, are means and standard deviations, respectively. The means
and standard deviations at Donghae Harbor amge=-7.21 cm, m=7.02 cm,
5,=1067 cm, and s, =1133 cm. The bias and deviation coefficient were 0.0 and 0.1,
respectively, for wave heights and periods in both offshore area and the location of the
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breakwater.

The results of the Level 3 analgsare shown in Figure 9. The probabilities of
failure for 25 ton Tetrapods before reinforcement and 40 ton Tetrapods after
reinforcement of Section 7 are 40% and 3%, respectively, both being much smaller than
those calculated by Level 1 or 2 method. Thabpbility of failure for 40 ton Tetrapods
of Section 11 after reinforcement is about 20%, which lies between the results of Level 1
and Level 2. The trend that the probability of failure in shallow water depths is larger
than that in deeper waters for staalweights of Tetrapods and vice versa for larger
weights is shown more obviously than the results of Level 1 and 2.

Figure 10 shows the relation between the weight of Tetrapods and the relative
damage. For Section 7 where the Hanzawa @& farmula wasused with the relative
damage of failure of 0.2, the weight of Tetrapods corresponding to the damage of 0.2 is
about 25 ton. On the other hand, for Section 11 where the van de@Naenula was
used with the damage of failure of 1.5, the weight of pefla corresponding to the
damage of 1.5 is about 30 ton, which is not much different from the weight
corresponding toN, =0.2 in Section 7. Although a glance at Figure 10 makes one
think that the results at the two sections look quite wiffe a big difference is not
shown between the weights of Tetrapods calculated by the different formulas with
different values of damage of failure. Figure 11 shows the relation between the relative
damage and the probability of failure. Although the ltesaf the two sections seem to be
quite different as in Figure 10, the probability of failure for the relative damage of failure
is about 40% for both sections.

3.4.Evaluation of stability of armor blocks

We try to evaluate the stability of armor blsakf the Donghae Harbor breakwater before
and after the reinforcement based on the results of the above reliability analyses. For this,
first the allowable probability of failure should be determined. Although allowable
probabilities of failure have beengposed by Nagao et al. (1995) and Shimosako and
Takahashi (1998) for the sliding of caissons of vertical breakwaters, none has been
proposed for stability of armor blocks. The probabilities of failure calculated by various
reliability methods for differensections in this study are summarized in Table 5. Based
on this table and Figure 11, we propose the allowable probability of failure for armor

12



blocks of breakwaters of 50 ydarlifetime as 40%. For Section 7 before the
reinforcement, the probability dailure was calculated to be larger than the allowable
value 40% by all the reliability methods, indicating that the armor blocks were unstable.
On the contrary, in both sections after the reinforcement the probability of failure was
calculated to be smalt than 40%, indicating that the armor blocks after the
reinforcement are stable.

3.5.Comparison of reliability design methods for stability of armor blocks

In this section, the difference among the reliability methods is examined by comparing
the resuts of different methods used in different sections. Figure 12 shows the relation
between the probability of failure and the weight of Tetrapods calculated by each method
for Section 7. The Level 1 and 2 methods give similar results, whilst the Level 8dmeth
gives a smaller weight than other methods for smaller probabilities of failure. One of the
reasons why the Level 3 method gives relatively large difference from other methods
may be to use a different formula for armor stability; for Section 7, thed#uidsmula

was used in Level 1 and 2 methods, whilst the Hanzawa @tfatmula in Level 3
method. Although the latter formula was used with a relative damage of failure that was
determined for the two formulas to give similar weights of Tetrapods éosdime wave
height (see Figure 8), the fundamental difference between the formulas could not be
overcome.

Figure 13 shows the relation between the probability of failure and the weight of
Tetrapods calculated by each method for Section 11. In this settteonran der Meer
formula was used for athe methods. On the whole, the different methods give similar
results, though the Level 3 and Level 1 methods give somewhat smaller weights than
other methods for smaller and larger probabilities of failure, otispéy.

As seen in Figures 12 and 13, the Hanzawa @&t @996) formula used for Section 7
in the Level 3 method shows a different behavior from other formulas, i.e., rapid increase
of probability of failure with decreasing weight of Tetrapods. For gtenior Section 7,
when the weight decreases from 25 ton to 20 ton, the probability of failure increases
from 40% to 90% for the Hanzawa et@lformula, while it does from 60% to 80% for
the Hudson formula in the Level 2 method. Cautions should be mmadsing the
Hanzawa et als formula because a small decrease of weight of Tetrapod can increase the

13



probability of failure largely.

4. Reliability Analysis for Sliding of Caisson

The reliability analyses of caisson sliding are performed only for @edtl, since no
damage has occurred in Section 7 during the 1987 storm.

4.1.Level 1 method for sliding of caisson

As with the stability of armor units, the Level 1 analysis for the sliding of a caisson of a
vertical breakwater is performed using thetigarsafety factor system developed by
Burcharth andSgrensen (2000). The design equation for the sliding of a caisson is given

by

;= TN, -gO.??U) - 09P2 0 (15)
z

where m is the friction factor bveen the caisson and the mou, the weight of

the caisson installed in water, and and U are the total horizontal and uplift
pressures, respectively, calculated by the Goda (1974) farmabrporated with the
impulsive pressure coefficients proposed by Takahashi et al. (1994). Note that the wave

height is multiplied by the partial safety factor for loading, , in the calculation of the

pressures. The values of 0.a@@d 0.9 are the bias factors. For the caisson of Section 11
covered with stones and Tetrapods after the reinforcement, the wave pressures and the
elevation of pressure exertion are reduced by 20% (Korea Port and Harbor Association
2000).

Each part of theaisson has different densities. It is difficult to consider the density
difference in the calculation of the stability of a caisson with variable widths. In this
study, we used a constant density, which is obtained by dividing the total weight of a
caissorby the volume. The constant densities were 1955 and 2022 fay/the caissons
before the damage and after the reinforcement, respectively.

14



Since the offshore wave height was determined by hindcasting and the wave height at
the breakwater was calculatdady a numerical model, the partial safety factors

corresponding tos'FH =0.2 were used, which are given in Table 6 along with the

corresponding probabilities of failure. For these values, the caisson widths satisfying
f =0 in Eq. (15) were calculated.

Figure 14 shows the relation between the probability of failure and the width of
caisson for the crossections before and after reinforcement for the return period of 50
years. The probability of failure for the caisson width20 m before reinforcement is
greater than 40%, whilst it is about 20% for the same caisson width after reinforcement.

4.2.Level 2 method for sliding of caisson

The reliability function for the sliding of a caisson of a vertical breakwater is given by
f =mw,-U)- P (16)

The AFDA was used for the Level 2 analysis of the stability of armor blocks because the
wave heights were assumed to follow a-+manmal distribution, i.e., Weibull distributio
However, all the design variables the preceding equation are assumed to follow a
normal distribution, so the firgirder design value approach (FDA) was used, which is
simpler than the AFDAThe mean, standard deviation, coefficient of variation, and
probability distribution of each design variable are given in Table 7, which were obtained
based on Takayama and lkeda (1992), Bruining (1994), van der Meer et al. (1994),
Nagao et al. (1995, 1997, 1998), Kawai et al. (1997), and Shimosako and Takahashi
(1998, 2000). The mean and standard deviation in the table were normalized with respect
to the design value of each variable. The design valugiofvas set to be 0.6. Again it

is assumed thdlhe design variables are independent orotheam.

Note that the statistical characteristics Bf and U in Table 7 include the
estimation errors of deepwater design wave, wave transformation and wave breaking in
shallow sea as well as the Goda formuwacalculate the wave forces. Takayama and
Ikeda (1992) have proposed the mean and standard deviation of wave forces as 0.91 and
0.19, respectively, by including only the estimation error of the Goda formula.

15



The results of the Level 2 analysis are showRigure 15. The probability of failure
for the caisson width of 20 m before reinforcement is about 95%, whilst it is about 20%
after the reinforcement as in the Level 1 method.

4.3.Level 3 method for sliding of caisson

The Level 3 analysis for the slidj of a caisson was performed following the procedure

of Shimosako and Takahashi (2000) and Hong et al. (2004). The number of simulations
to calculate the probability of failure was 5000. The probability of failure is calculated as
the percentage ahe simulations of the cumulative sliding distance over the lifetime
exceeding an allowable value out of 5000 simulations. In this study, the allowable
cumulative sliding distance of 0.1 m was used. The calculation of offshore waves and
water levels and the ca@sponding waves at the location of the breakwater was the same
as that explained in section 3.3. On the other hand, the bias and deviation coefficient for
the wave periods of individual waves were 0.0 and 0.1, respectively.

The results of the Level 3 analg are shown in Figure 16. The probability of failure
for the caisson width of 20 m before reinforcement is about 80%, whilst it is about 16%
after the reinforcement, which is close to those in the Level 1 and 2 methods.

Figure 17 shows the relation be®rethe caisson width and the expected sliding
distance for the breakwaters before and after the reinforcement. For the allowable
expected sliding distance of 0.1 m proposed by Goda and Takagi (2000), the caisson
width of 27.1m is required for the breakvwaatbefore the reinforcement, whilst 19.1 m is
required after the reinforcement.

Figure 18 shows the relation between the expected sliding distance and the
probability of failure. For the expected sliding distance of 0.1 m, the probability of
failure is abat 20% both before and after the reinforcement. One may think that the
probability of failure corresponding to the expected sliding distance of 0.1 m must be
50% because we use the cumulative sliding distance of 0.1 m as the criterion for failure.
This istrue if the distribution of the cumulative sliding distance has a small skewness. If
the distribution is skewed to the right (or a longer tail occurs towards larger values),
however, the percentage of the values larger than the mean is smaller than 80%. Th
distribution of the cumulative sliding distance is severely skewed to the right as shown in
Figure 19, which shows the number of occurrence of the cumulative sliding distance for

16



the caisson of width of 19.1 m after the reinforcement. In the figurevatue in the

range of 0 to 0.1 m includes the cases of zero sliding distance, and the number of
occurrence of the cumulative sliding distance greater than 2 m is drawn in the range of
2.0 to 2.1 m. The expected (or mean) sliding distance in this cas#& m, but the
percentage of the values greater than 0.1 m is only 23%. On the other hand, Goda and
Takagi (2000) showed that the mean sliding distance of upper 10% is 7.5 times the
expected sliding distance. The mean of upper 10% of the results in Figisre.699 m,

which is 6.6 times the expected sliding distance, being close to the value proposed by
Goda and Takagi.

4.4.Evaluation of stability of caissons against sliding

We evaluate the stability of caissons against sliding based on the resulés atfote
reliability analyses. First the allowable probability of failure is determined using the
results of the Level 3 method. As shown in Figure 18, the probability of failure is about
20% for the allowable expected sliding distance of 0.1 m propos&@bbg and Takagi
(2000), which lies between the maximum and minimum values of allowable probability
of failure proposed by Shimosako and Takahashi (1998). Therefore, we use the allowable
probability of failure of 20% with the failure criterion for cumulatisliding distance of

0.1 m.

The probabilities of failure calculated by various reliability design methods are
summarized in Table 8. Fdhe breakwater before reinforcement, the probability of
failure was calculated to be much larger than the allowableeva0% by all the
reliability methods, indicating that the caissons were unstable against sliding. On the
contrary, for the breakwater after reinforcement, all the methods give the probability of
failure of about 20%, indicating that the caissons becaatdesafter the reinforcement.

4.5.Comparison of reliability design methods for stability of caissons against sliding
In this section, the difference among the reliability methods is examined by comparing
the results of different methods. Figures 20 &id respectively show the relation

between the probability of failure and the caisson width calculated by each method
before and after the reinforcement. The Level 2 and 3 methods give similar results on the
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whole, whilst the Level 1 method gives somewhalarger caisson width than other
methods for smaller probabilities of failure.

5. Conclusions

In this study, various reliability design methods have been applied to the breakwater of
Donghae Harbor, which was constructed by the conventional determidissign

method to experience severe damage and subsequent reinforcement. Major conclusions
of the present paper are as follows:

(1) In spite of different criteria of failure for relative damage of an armor layer for
different formulas, the allowable grability of failure of the Tetrapod armor layer of a
breakwater of 50 yeé lifetime is estimated to be about 40%. However, further study is
required for the difference of allowable relative damages proposed for different formulas.
(2) When we use 0.1 nsahe failure criterion for the cumulative sliding distance of a
caisson over the lifetime, the allowable probability of failure for caisson sliding is about
20%, which was found to correspond to the expected sliding distance of 0.1 m proposed
by Goda andakagi (2000).

(3) Based on the allowable probabilities of failure proposed above, the breakwater of
Donghae Harbor is judged to be undesigned before the damage but becatadle

after the reinforcement.

(4) The results of the different reliability dgs methods are in fairly good agreement,
showing that there is not much difference among the different methods.
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Table 1. Deepwater significant wakieights and periods for different return periods.

Return period (yr) Wave height (m) Wave period (s,

10 6.3 10.0
20 7.1 11.0
30 7.6 12.0
50 8.2 13.0
70 8.6 13.0
100 9.0 14.0
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Table 2. Significant wave heights and periods for various returmdsemt different
sections.

Section 7, Water depth =8.0 m
Return period (yr) 10 20 30 50 70 100
Wave height(m) 493 530 550 5.73 b5.87 6.02
Wave period (S) 10.0 11.0 120 13.0 13.0 140
Parameters of Weibull distributionA=1.743, B=2.280, k=20
Section 11, Water depth = 18.5 m

Return period (yr) 10 20 30 50 70 100
Wave height(m) 5.75 6.58 7.05 7.64 8.03 8.44
Wave period (s) 100 11.0 12.0 13.0 13.0 14.0
Parameters of Weibull distributionA=1.437, B=2.678, k=11
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Table 3. Statistical characteristics of design variables for Hudson (1959) formula.

Standard Coefficient of

Variable Mean o o Distribution
deviation variation

D, (m) various various 0.067 Normal
D 1.233 0.047 0.038 Normal

cota 1.5 0.075 0.05 Normal

H, (m) Parameters ofA, B, and k Weibul

FHs (m) - 0.25 - Normal
t=h 1.0 0.10 0.10 Normal
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Table 4. Statistical characteristics of design variables for van der Meer (1988c) formula.

Standard Coefficient of

Variable Mean o o Distribution
deviation variation

D, (m) various various 0.067 Normal
D 1.233 0.047 0.038 Normal
N, 15 0.375 0.25 Normal

H, (m) Parameters ofA, B, ard k Weibull

FHs (m) - 0.25 - Normal
S, various various 0.059 Normal
a, 1.0 0.10 0.10 Normal
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Table 5. Probabilities of failure (%) of armor blocks calculated byouarireliability design

methods for different sections.

Method Section 7 Section 7 Section 11
(Before reinforcement (After reinforcement) (After reinforcement)

Level 1 60 18 18

Level 2 60 23 25

Level 3 40 3 20
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Table 6. Partial safety factors fordshg of caissons (Burcharth andr&nsen 2000).

Pf gHs 9,

001 13 16
005 12 15
010 1.2 13
020 11 1.2
040 10 11
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Table 7. Statistical characteristics of design variablesliding of caisson.

Standard Coefficient of

Variable Mean deviation variation Distribution
m 1.05 0.16 0.15 Normal
W, 1.01 0.05 0.05 Normal
P 0.72 0.13 0.18 Normal
U 0.72 0.13 0.18 Normal
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Table 8. Probabilities of failure (%) of caisson sliding calculated by various reliability design
methods for Section 11.

Method Before reinforcemen After reinforcement

Level 1 45 20
Level 2 95 20
Level 3 80 18
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PLAN OF DONGHAE HARBOR
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Figure 1. Layout of Donghae Harbor
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Figure 19.Number of occurrence of cumulative sliding distafmecaisson of width of
19.1 m after reinforcement.
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