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Abstract: In the present study, the overall stability of typical Korean composite caisson breakwaters
that were initially designed following the conventional deterministic approach is investigated using
reliability approaches. Therefore, the sensitivity of critical uncertainties regarding breakwater safety
is analyzed. Uncertainty sources related to the structure, ocean conditions, and properties of the
subsoil and rubble mound are considered in the reliability analysis. Sliding and overturning failures
are presented as explicit equations, and three reliability methods, i.e., the mean value first-order
second-moment, first-order reliability method, and Monte Carlo simulation, are applied in the
evaluation process. Furthermore, the bearing capacity of the rubble mound and subsoil are analyzed
using the discrete slice method conjugated with the Monte Carlo simulation. The results of this
study establish that the sliding failure generally is the most frequent failure occurring among the
above-mentioned overall stability failures (around 15 times more common than failures observed in
the foundation). Additionally, it is found that the horizontal wave force primarily contributes to the
sliding of the caisson body, whereas the friction coefficient is the main factor producing the resistance
force. Furthermore, a much small probability of overturning failure implies that the overturning of a
caisson around its heels uncommonly occurs during their lifetime, unlike other overall failure modes.
Moreover, the failure in foundations may commonly encounter in the breakwater that has a high
rubble mound structure compared with sliding mode. Particularly, the performance function of the
all foundation bearing capacities presents a nonlinear behavior and positively skewed distribution
when using the Monte Carlo simulation method. This phenomenon proves that simulation methods
might be an appropriate approach to evaluate the bearing capacity of a breakwater foundation that
can overcome several drawbacks of the conventional design approach.

Keywords: breakwater; vertical breakwater; reliability analysis; overall stability; sliding failure;
overturning failure; bearing capacity analysis; breakwater’s foundation failure

1. Introduction

A breakwater (BRW) is a vital structure that is used to mitigate effects of ocean random seas such
as storm surges with extreme wave and tide variations, to provide a calm basin for protecting port
facilities and mooring ships. BRWs play a critical role in the port operation, especially for ports located
in the rough seas [1]. A composite BRW type generally consists of a precast concrete caisson filled with
material and a rubble mound arranged above the seabed. The armor units can be made by the precast
concrete block, such as Dolos or Tetrapod, that is placed beside the caisson structure to absorb most of
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the incident wave energy. Vertical composite BRWs are widely used in deep-water sites because they
are more cost-efficient compared with rubble mound types [2,3].

Vertical composite BRWs, which have a lot of advantages, were firstly applied in 1910 at Kobe
Port. Thereafter, several catastrophic failures occurred, such as Bizerta (Tunisia) in 1915, Niigata West
Port (Japan) in 1930, and Mustapha (Algiers) in 1934 [2,4]. Consequently, the vertical BRW was mostly
abandoned in favor of the rubble mound type. However, at the end of the 1970s and in the early 1980s,
the rubble mound BRW also experienced a series of failures. The severe damages was a catalyst for a
different approach in the design of BRWs, namely the probabilistic method [3,5].

In the conventional design approach (CDA), the structures are classified as acceptable or
unacceptable by comparing the nominal safety factors with those specified in the design standard.
For instance, the safety factors against the sliding and overturning should not be lower than 1.2, as
required in [6,7]. In general, the more important the structures, the higher the safety factors (FS) that
should be selected. Thereby, the safety level of the structures can be increased. However, an increase in
the specified FS without considering the inherent uncertainty of variables might not accurately reflect
the overall contribution of the different input variables. In other words, the effects of all input variables
may not contribute equally to the FS estimation. This assumption may cause a significant increase in
the construction cost, whereas a sufficient safety level might not be obtained as expected.

In addition, the CDA might not account for most of the failure modes of BRWs, as stated by
Oumeraci [5] in 1993. The author concluded that the dynamics analysis and probabilistic design
approaches seem to be the only feasible solutions to solve the integrated stability problem of vertical
BRWs. Moreover, additional statistical information needs to be provided before applying a reliability
analysis, which is not necessary for the CDA. However, the valuable information from the reliability
results makes it possible to provide more reasonable decisions in the design process compared
with those obtained from the CDA [8]. The stability of armor layers was first studied by applying
probabilistic approach in the work of Van der Meer [9]. Based on the probabilistic studies, systems
of partial safety factor were developed for rubble mound BRWs by the Permanent International
Association of Navigation Congresses (PIANC) Permanent Technical Committee II (PTC II ) Working
Group 12 [10,11] and for vertical BRW types by the PITANC PTC II Working Group 28 [12,13].

In Korea, BRW structures are primarily designed using the traditional deterministic method [6,14].
Recently, some failure modes based on reliability have been studied. Most of these studies deal with the
stability of the armor layer or rubble mound BRWs [14,15]. Although the stability of vertical BRWs has
also been studied, not as much attention has been paid to the overall failure modes compared with that
for the sliding mode of the caisson on a rubble mound, as presented in previous researches [14,16,17].
However, BRWs are commonly located in enormous energy potential zones of ocean waves, so they
intrinsically face various probable failure aspects. Possible ruptures, including overall and local failure
modes, have been presented in previous studies [5,10,11,18,19]. Theoretically, all possible failure
aspects need to be investigated before making any final design decisions. Furthermore, in Japan, the
overall failure modes of BRWs, i.e., the caisson sliding [16,18,19] and foundation failure [4,10,13,20]
have been reported as the most common failures observed. Therefore, the three most frequent overall
failure modes, the caisson sliding on the rubble mound surface, insufficient foundation bearing capacity,
and the overturning of a caisson around its heel, are examined in this study, as shown in Figure la—c.
The parts labeled 1 and 2 are the caisson and rubble mound structures, respectively.
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Figure 1. Overall failure mode of breakwaters (BRWs) studied: (a) Sliding, (b) Insufficient foundation
bearing capacity, (c) Overturning.

In Europe, Level 1 and Level 2 probabilistic analyses have been developed, while Level 3 has been
successfully carried out in Japan [19]. Notably, the Level 1 and Level 2 reliability design methods are
based on the mean value first-order second-moment (MVFOSM), and first-order reliability method
(FORM), respectively [11,12], whereas the Level 3 reliability design method is related to the estimation
of the caisson sliding distance [18,19,21,22] or the expectation of damages occurring in the armor
blocks of horizontal composite BRWs [23]. In this study, the safety of nine typical Korean vertical
BRWs is estimated using different reliability analysis methods, MVFOSM, FORM, and the Monte Carlo
Simulation (MCS). Hence, this study would provide a reliability-based comprehensive assessment of
the overall stability of BRWs that were initially designed using the CDA.

Furthermore, three primary uncertainty sources [i.e., properties inherent to the structure itself
(uncertainties in the density of materials), the hydraulic climate (randomness of tide level and
wave force), and soil properties of the foundation] are also explored in this study. Thereafter, a
sensitivity analysis is performed to find the most critical uncertainties that predominantly contribute
to structural damage.

In order to obtain the above-mentioned purposes, several functions are developed in MATLAB to
carry out the reliability-based analysis. By doing so, valuable insight into the overall BRW stability is
provided. The rest of the study is presented as follows: Section 2 summarizes the reliability approaches
used in the study. Section 3 focuses on the sliding and overturning failure modes of the caisson
structure. Section 4 investigates the bearing capacity of the foundation by circular slip failure analysis
using Bishop’s simplified method (BSM) conjugated with MCS. Finally, Section 5 concludes the study.

2. Selection of Reliability Approaches

A reliability index (RI) called the Cornell reliability (CR) index was first estimated in 1969 by
Cornell. The CR index is determined as the ratio of the first and second moments of the performance
function (PF) at the mean value of all input variables [24]. However, accurate results can be obtained
using this method only when the PF is linear and the variances of input variables are not too large [25].
In 1974, Hasofer and Lind [26] proposed another index called the Hasofer—Lind (HL) index, which
overcomes the drawbacks of the CR index owing to the assumption on the distributions of the involved
variables in the analysis [27]. The HL index is defined as the shortest distance from the origin to the PF
surface plotted in the standard normalized space. Therefore, the estimation of the HL index becomes
an optimization problem in the standard normalized space. In this problem, if the input variables have
non-normal distributions, Rosenblatt’s transformation is commonly applied to convert the variables
from their space to the standard normalized space [25,27]. The most probable point (MPP) or the design
point is the point that satisfies both constraint conditions, i.e., (1) belongs to the performance surface
and (2) causes the shortest distance to the origin. The PF is estimated at the MPP as an equivalent
linear function and nonlinear function corresponding to the FORM and the second-order equation
(SORM) using Taylor’s expansion.

The purpose of the Monte Carlo Simulation (MCS) is to simulate the PF on the space of the
initial input variables, generally consisting of two steps. Firstly, all involved variables associated with
their cumulative distribution are randomly generated. Secondly, the occurrence of failure states is
evaluated by comparing the estimated PF value in each sampling with a certain boundary condition.
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The probability of failure is then determined as the proportion of the total number of failures in the
simulation [25,27].

Among the above-mentioned reliability methods, the best accuracy results can be achieved most
frequently with the MCS, but it requires the most time for analysis. The MCS is the reasonable choice
for large-dimension problems or when the PFs are nonlinear or implicitly defined, e.g., estimation of
the bearing capacity of foundations by BSM. However, problems with low failure probabilities would
require an extremely large simulation to recognize a sufficient number of failures. In these cases, the
crude MCS process is too time-consuming. Hence, some variance reduction techniques should be
applied as better options in the simulation [25,27].

The estimation of the CR index is the simplest method, in which the worst-case outcome is the
result of the most severe combination of all involved variables (the mean values). Based on Taylor’s
expansion, the PF is approximated at the worst point of all the variables. However, Cornell’s estimation
is a conservative method in most cases because the simultaneous occurrences of all input variables
while also contributing to the outcome are only an idealization. Moreover, the information on the
distribution type of random variables is ignored, and the CR index might not capable when the random
variables have a considerable variation.

The FORM is widely used in practice [28,29]. However, it is difficult to evaluate the PF accurately
in both FORM and SORM in highly nonlinear problems, especially problems with high dimensions.
In general, more accurate results can be achieved by applying a combination of the MCS and FORM,
thereby overcoming the disadvantage of individual methods. In this study, three methods, MVFOSM,
FORM, and MCS are applied to assess sliding and overturning conditions of caissons since the PFs are
explicitly defined, while the MCS is merely applied to evaluate the foundation bearing capacity, which
is defined as a sophisticated and implicit PF.

3. Sliding and Overturning Failure Modes

3.1. Breakwater Structures and Wave Force Model

The present study analyzes the vertical BRWs and nine BRWs are intuitively chosen along the
Korean shoreline, as shown in Figure 2. The typical section of caissons is shown in Figure 3, while
their overall design conditions are listed in Table 1. In Table 1 and Figure 3, B, and H, represent the
width and the heights of the caisson, respectively. ki, indicates the height of the rubble mound. The
ocean conditions are represented by the water depth at the site &, the water depth from the base of the
caisson h’, the water depth over the berm d, and the variation in the tide level WL. Finally, the wave
conditions are represented by the design wave height Hp.

Limdog Seoul
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............

Figure 2. Locations of breakwaters considered in this study.
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Figure 3. Typical cross-section of a BRW and wave force model.

Table 1. Dimensions and Environmental Characteristics of the breakwaters.

No. Breakwater Geometry Parameter Ocean Condition

Bc Hc,Sea HC?Har hr h K d HD WL
1 Donghae 20.0 16.0 16.0 6.1 16.99 10.89 8.29 10.8 0.20
2 Pohang 14.0 12.0 12.0 3.5 11.75 8.25 7.25 8.58 0.12
3 Ulsan 19.0 21.5 17.5 3.0 18.66 15.66 14.16 9.9 0.30
4 Onsan 14.0 18.5 16.0 9.0 19.84 14.11 13.11 5.76 0.30
5 Busan 24.0 215 20.7 8.5 25.44 16.94 15.39 10.8 0.72
6 Gamcheon 20.0 18.0 17.5 3.0 17.28 14.28 12.08 10.8 0.64
7 Jeju Outer 24.0 25.8 22.8 1.3 24.83 17.83 16.03 11.7 1.42
8 Jeju Aewol 274 235 20.5 1.5 13.86 13.36 12.36 14.04 143
9 Gunsan 18.0 19.0 18.0 2.0 15.75 13.75 13.15 10.08 3.62

Notes: dimensions in meters.

The wave forces (Fj, and F,)) acting on the upright section are calculated using Goda’s formulae [30].
In Goda’s model, wave forces are determined from the pressures distributed over the height and width
of the upright section, which are estimated based on the design wave height, determined by the mean
of the 0.4% largest wave heights in the recorded wave data. The pressure is distributed triangularly
on the bottom of the caisson (maximum pressure p,) and has a trapezoidal shape on the front face of
the upright section (represented by pressure p1, py, and p3). Figure 3 illustrates the wave pressures
following Goda’s model on the caisson section.

3.2. Performance Functions and Considered Random Variables

In order to perform the reliability analysis, the PFs or limit state functions that consist of input
variables need to be introduced. In the sliding case, the PF includes the driving force caused by the
horizontal wave force and the resisting force related to the friction force between the bottom face
of the caisson and the rubble mound surface. The friction force is a product of the effective normal
force on the rubble mound and the friction coefficient. The PF for overturning conditions is similar
to sliding but reflects the moments around the heels of the caisson. Namely, the mobilizing moment
is generated by the wave forces and buoyancy force while the resisting moment is produced by the
weight of the structure. Generally, sliding and overturning damages due to positive wave forces, i.e.,
from the seaside toward the harbor, are more critical than those from negative wave forces [19], which
are also of interest in this study. The explicit performance equations, g(X) are shown in Equations (1)
and (2) corresponding to sliding and overturning states.

g(X):fC(Dc+Drc+Df_B_Fu)_Fh, (1)

§(X) = DcL¢ + DrcLyc + D¢Lg = BLy — FyLy, — FyLy, 2)

where L., L,., and Ly are the lever arms of the moments caused by the weights of the plain concrete
structure (D), the reinforced concrete structure (D;.), and the filling material (Dy), respectively. The
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total weight of the materials comprising the caisson is represented as a summarized random input
variable with a mean density of 2100 kg/m? in [19]. In this work, these dead loads are considered as
uncertainties with different variations, which are dependent on not only the construction stage but
also the construction method. For instance, the caisson body is a precast reinforced concrete structure,
so it would have better quality control compared with the concrete cover slab or filling material built
on sites. The friction coefficient between the concrete caisson and the rubble surface, f. has been well
studied and empirically obtained through various studies [13,18]. Here, its bias is presumed as a
normal distribution with the mean value of 1.06 and coefficient of variation (COV) of 0.15. B stands
for buoyancy force that is highly dependent on the submerged volume of the structure below the
water level. Additionally, because tidal variations influence not only the buoyancy force but also wave
pressures, the water level is studied as an uncertainty based on the tide fluctuations in this study. Tide
levels rely on astronomical and meteorological tides and the increased water level caused by nearshore
waves [28,29]. In the present study, different BRWs on the eastern, northern, or western coasts, as
shown in Figure 2, are dissimilarly explored to consider the different variations in the tide levels.
Failures would occur whenever the mobilizing resultants exceed the resisting resultants. In
principle, all parameters have themselves variation; however, some parameters with slight variations
can be approximated as a deterministic approach with almost no effects on the final result [13]. Notably,
because of the good quality managements, the dimensions of the caisson are assumed to be the same
as the design, which means all lever arms in the overturning situation are treated in a deterministic
manner in this study. The statistical information of the involved variables is summarized in the Table 2.

Table 2. Statistical properties of the uncertainties applied in the overall stability analysis.

No. Notation Mean of Bias COV of Bias Distribution Random Variable
1 fe 1.06 0.15 Normal Friction coefficient
2 W, 1.02 0.02 Normal Weight of concrete
3 W, 0.98 0.02 Normal Weight of reinforced
concrete
4 Wy 1.02 0.04 Normal Filling material
5 F, 0.77 0.260 Normal Vertical wave force
6 Fy 0.90 0.222 Normal Horizontal wave force
7 w 1.00 cov! Normal Tidal level

1 COV: 0.05/0.12/0.20 correspond to the West/South/East locations.

The vertical wave force, F;,, and horizontal wave force, Fj, estimated using Goda’s expression,
are the random input variables in the study. It is proved that the wave forces obtained following the
Goda’s formulae are conservative in the studies of Van der Meer et al. [13,31]. In other words, when
Goda’s model is applied, the bias factor, A, must be taken into account, which is generally less than
unity [13], as shown in Equation (3).

Fip = Apo* Fo® 3)

ho 7

Van der Meer et al. [31] compared Goda’s results with the model tests and proposed an
overestimation of the Goda formulae. Vrijling [32] demonstrated through experiments that the
derived standard deviation also included statistical uncertainty in the maximum wave height and
the author suggested that the statistical information has a the lognormal distribution. Furthermore,
Coastal Engineering Manual (CEM 2011) [28] in the United States proposed a somewhat different
standard deviation relying on whether or not the model tests are performed. The statistical parameters
related to wave forces are summarized in Table 3. In this study, the statistical parameters of Goda’s
formulae are applied referencing Van der Meer et al. [31] and Vrijling [32] to consider the different
coefficients of horizontal and vertical wave forces.
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Table 3. Statistical properties of reduced factor applying to Goda’s formulae.

CEM 2011 [28]

Van der Meer et al.

Parameter [31] Vrijling [321 No Model Tests Model Test
Performed

Horizontal force, Fj, N(0.90, 0.20) LN(0.90, 0.20) N(0.90, 0.25) N(0.90, 0.05)
Horizontal moment, M, N(0.81, 0.37) LN(0.72, 0.37) N(0.81, 0.40) N(0.81, 0.10)
Vertical force, F;, N(0.77, 0.20) LN(0.77, 0.20) N(0.77, 0.25) N(0.77, 0.05)
Vertical moment, M, N(0.72,0.34) LN(0.72, 0.34) N(0.72, 0.37) N(0.72,0.10)

Notes: N and LN are normal and lognormal distributions, respectively.

3.3. Reliability Analysis Using MVFOSM and FORM

Initially, the characteristic values of all involved variables in the PFs are determined as with the
conventional design approach. The means of the variables are then estimated using the statistical
characteristics listed in Table 2. Thereafter, results of the Rls are implemented with the mean of
variables using MVFOSM and FORM. The failure probability, P, is converted from the result of the
reliability index, , using an approximation of the cumulative probability density of the standard
normal distribution, ®, as shown in Equations (4) and (5) [25,27].

Py =®(-p), €

p=—07(Pr) = @7 (1-Py), ©

MVFOSM approximates the PF linearized at the mean values of the random variables based
on the first-order Taylor’s series. The Rl is evaluated as the ratio of the mean, yg, and the standard
deviation, og, of the PF, g, as shown in Equation (6). Thereafter, the reliability index, , is estimated at
the mean values of all random variables, jix, as shown in Equations (7) and (8) [27].

_Hs
‘8 - O_g/ (6)
where
ug = 8(px), @)
and

oy =y Y., ®)

In the FORM, the initial variables X can be converted to the standard normalized space U through
the transformation X = T(U). The transformation can be expressed as Equation (9) in the case of normal
distribution X~N(ux, ox):

X =ux+oxU, 9)

In the first step, the design point can be assumed as the mean values of the involved variables. As
noted previously, the HL index is the distance from the origin to the design point in the normalized
space, which indicates that the RI can be addressed in Equation (10).

TS 10)
1

Using the relationships in Equations (9) and (10) for the initial estimation, the first trial RI is
determined for the assumed design point.
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In the FORM analysis, the sensitivity of each variable, «;, that affects the results of the FS is
estimated as cosine direction at the most probable failure point as shown in Equation (11).
98

o, |y
= —— X (11)

(2 ’
HUiXy,

1

where X; represents the input random variable i in the initial variable coordinates, and U; stands for the
variable in the normalized/reduced space. The subscript * shows the value of variables at the design
point. The sensitivity factor is the cosine direction of the PF at the design point with for each variable.

A positive a; shows the positive effect of the variable X; on the PF and vice versa. Furthermore,
more substantial sensitive factors show more significant effects on the PF. The design point in the
normalized space U* can be expressed as the product of the sensitivity factor and RI by using
Equation (12).

u; = _,B(Xi, (12)

The new value of the intermediate design point U* is then determined. Thereafter, if it is similar
to the assumed value, the estimated reliability is the acceptable outcome. If the values are not similar,
the new intermediate design point is next used as the new trial point. This procedure is repeated until
the difference in RI is not larger than 0.5%.

After associating the design point in the normalized space with the reliability index, the MPP of
the variables in the initial space X* is determined using Equation (13).

X; = ux + ajo;p, (13)

By applying the FORM, the two following results, the reliability index and the sensitivity factors
of the studied variables, are derived. These results for the nine BRWs are summarized in Table 4.

Table 4. Results of mean value first-order second-moment (MVFOSM) and first-order reliability method
(FORM) for sliding failure mode.

No. Port Sensitivity B
fc W Wi Wg Fy Fy, WL  FORM MVFOSM
1 Donghae 0.700 0.042 0.025 0132 -0.158 -0.682 -0.016 1.671 1.692
2 Pohang 0.693  0.039 0026 0.141 -0.164 -0.686 -0.013 1.608 1.624
3 Ulsan 0.714 0032 0026 0172 -0.121 -0.667 -0.021 1.843 1.873
4 Onsan 0.837 0.015 0.032 0151 -0.060 -0.521 -0.022 3.325 3.295
5 Busan 0.670 0.042 0.026 0181 -0.183 -0.694 -0.033 1.441 1.557
6 Gamcheon 0.681  0.038 0033 0153 -0.169 -0.692 -0.050 1.510 1.616
7 Jeju Outer 0738 0.032 0029 0160 -0.117 -0.642 -0.052 2.125 2.302
8 Jeju Aewol 0.702  0.029 0022 0162 -0.160 -0.672 -0.051 1.755 1.936
9 Gunsan 0.697 0.025 0029 0176 -0.147 -0.675 -0.068 1.705 1.799

The FSs based on the CDA and the corresponding Rls from FORM for the sliding state are plotted
in Figure 4. A linear relationship is fitted where a high coefficient of determination (R? = 0.9933)
indicates a good approximation of the fitting function. The intercept of the fitting function is then set
to zero, and the new equation § = 1.304FS can be obtained.
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Figure 4. Relationship between the reliability index and safety factor for sliding failure mode.
3.4. Reliability Analysis Using MCS

In the MCS, the input variables are generated following their statistical information, and the PF is
then evaluated to classify events as failure or success after each sampling. The number of failures is
counted and the failure probability in the simulation, P, is determined using Equation (14).

Npics
1 Nqir
Py = Y 1(3(X;) <0) = , 14

in which Npjcs and Np; are the simulation size and the number of failures occurring in the simulation,
respectively. I(g(X) < 0) is an indicator function that reaches the value of unity if g(X) is less than zero
and reaches the value of zero in other cases.

Additionally, the probability of failure in the MCS is significantly affected by the number of
simulation. The COV of the failure probability based on the MCS, COVpy, is approximated from the
number of simulation, Nycs, and the failure probability, P, as shown in Equation (15). Generally, the
number of simulations, Nycs, should be greater than ten times the reciprocal of Pr (Npcs > 10/Py) so
that the COV of Py estimated from the different MCS runs is less than 0.3 [33]. The relative error with a
95% confidence interval of binomial distribution of each simulation cycle is estimated with Equation
(16) [27].

1-P f 1

NPy = (NP

1-P

[L-Py

£% = (200%) 4 | ==, (16)
NP;

In Figure 5, the sensitivity of the realization number on the failure probability is analyzed for
Onsan BRW. More than 40,000 simulations are necessary to reach a variation less than 0.3. In this
study, the size of MCS is taken as 10° for the sliding reliability analysis. This size of simulation is also
applied to other BRWs because the RI based on the FORM of the Onsan BRW is the largest among
the nine BRWs. Meanwhile, based on the FORM results, the Rls for the overturning conditions are
much higher than those of sliding, which is discussed in detail in Section 3.5. Consequently, the failure

COVp, = (15)

probability against overturning might be minor. By assuming the normal distribution, Figure 6 depicts
the correlation between the smallest number of realizations to encounter at least 10 overturning failure
events in the simulation and the expected RI. Particularly, if it is needed to reach a failure probability
less than 107° (8 > 4.75), 107 should be the smallest number of realizations applied. This example
demonstrates one of the disadvantages of MCS in comparison with other methods like FORM and
MVFOSM. Moreover, the results for overturning are not critical. Therefore, the Rls for overturning are
assumed as the same as the results from FORM and MVFOSM in this work.
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in MCS.

Figure 7 illustrates the histogram of the sliding FS (FSgjiging) of the Onsan BRW compared with
unity. The histogram shows a long tail on the right that declares that the distribution of the results is
not symmetric even though the involved variables are considered as symmetric distributions. In these
cases, the procedure proposed by Allen et al. [34], in which the sliding PF is plotted with the standard
normal variable, can be applied to estimate the RI from the PF based on the MCS, as shown in Figure 8.
The point at which the PF takes the zero value shows the negative RI. On the other hands, the point
where performance line intersects with the horizontal axis illustrates the mean value of the PE. With
the normal distributions, the slopes of the lines indicate the standard deviation of the PF. Finally, the
RlIs based on the three methods are plotted in Figure 9 for the sliding and overturning conditions. The
results are discussed in detail in Section 3.5.
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3.5. Discussion on Sliding and Overturning Modes

A good agreement between the Rls for sliding and overturning failure modes by applying
MVFOSM, FORM and MCS is achieved as shown in Figure 9. The MVFOSM corresponds better
compared with FORM for the overturning conditions, implying that MVFOSM, the simplest method,
should be applied for the linear PF. The average probability of overturning failure calculated using
Equation (4) with the average of Rls is approximately 25 x 10~8. The probability of the overturning of
a caisson around its heel is considerably small, as expected, implying that the failures would occur in
the subsoil before the caisson itself would overturn [19]. The bearing capacity of the foundation is,
therefore, examined in the next section.

Figure 9 distinctly indicates that the Rls of the sliding modes are considerably lower than those of
the overturning mode. These results signify that a sliding event could more commonly occur during
the lifetime of the structure. The sensitivity coefficients listed in Table 4 illustrates that the friction
coefficient is the most critical factor in the resisting resultant in most of the BRWs. In contrast, the
horizontal wave force controls the driving resultant. Based on this expression, the designer should
find ways to reduce the horizontal wave force, such as applying a perforated or sloping top caisson,
to mitigate the action of the ocean wave. On the other hand, the interaction conditions between the
bottom of the caisson and the top of the rubble mound govern the friction coefficient; hence, this should
be comprehensively inspected during the construction stage. Furthermore, friction enhancement
materials should be utilized to reduce the width of the caisson, such as a rubber or bituminous material.

Additionally, although the plain concrete structure and filling material are considered to have the
same bias factor, their effects on all the RIs vary widely due to the difference in the variable’s COV. It
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can be found that the variables contribute unequally to the FSs in reliability analysis, unlike the CDA.
Moreover, some unsuitable points of the CDA can be observed in Figure 8. First, although the means
of the sliding PFs are quite similar for the Onsan and Donghae BRWs, the estimated Rls show nearly
twice the difference between the two. Second, the same RIs for the Donghae, Pohang, and Jeju Aewol
BRWs emerged from different values of PFs, illustrating the inconsistency of the deterministic method.

The most likely linear relationship between the FS following the conventional design method and
the resulting Rls is shown in Figure 4. This approximation could provide an initial estimation of the RI
in feasibility studies where the FS is the final target.

4. Bearing Capacity of Foundation by Circular Slip Failure Analysis

4.1. Selection of Bishop’s Simplified Method

Failures in the foundations may be the results of insufficient soil bearing capacity with the wave
action on the caisson structure and foundation. The damage related to the lack of bearing capacity
might lead to the collapse of structures soon after substantial foundation failures. Circular slip failure
is one of the prevailing damages that needs to be investigated to ensure the stability of structures [5,20].

In general, the safety of the BRW in preventing circular slip failure can be estimated based on the
finite element analysis (FEA) or the limit equilibrium approach (LEA). In this study, the more classical
method, the LEA, is applied because it is combined more readily with the probabilistic approach. In
LEA, the failure mass corresponding to the range of candidate failure surfaces is divided into slices,
and the FSs are estimated among the failure surfaces. The FS associated with each candidate failure
surface is calculated by the ratio of the resisting force or moment to the mobilizing force or moment. As
a result, the final FS of the slope stability is the smallest among those calculated. There are some LEAs
in which the FSs are calculated with or without considering the inter-slice forces. Additionally, several
methods evaluate the limit equilibrium against moments (Bishop’s simplified method) or forces (Janbu's
simplified method) or both moments and forces (Spencer, Morgenstern-Price’s approaches) [35].

In the Probabilistic Design Tools for Vertical Breakwaters (PROVERB), the bearing capacities are
calculated using the upper bound (UB) theory [13]. The FS derived from the UB theory would locate
on the unsafe side of the correct solution compared to both FEA and LEA. However, the FS values are
slightly different between those methods. Several limit equations corresponding to the failure modes
related to predefined surfaces or a set of surfaces based on the UB theory have been derived [36]. These
equations with simplifying hypotheses are expressed in explicit functions, resulting in them being
more easily solved in the reliability approach, i.e., easy to estimate the derivatives compared with
those based on FAE and LEA. However, PROVERB also recommends that more sophisticated methods
should be performed, such as slip circle analysis, according to Bishop or FEA during the detailed
design process.

Kobayashi et al. [20] performed several extensive bearing capacity tests of rubble mounds, using
such equipment as the tri-axial apparatus, in both a large-scale and a centrifuge model test in the
laboratory and field tests and investigations of the behavior of actual gravity structure. The authors
suggested that the bearing capacity of a rubble mound, including the sub-soil under eccentric and
inclined loads, should be calculated using the BSM [20]. Additionally, the BSM is recommended as the
suitable method used in verifying the bearing capacity of a foundation, as required in the standard
of Ministry of Land, Infrastructure, Transport and Tourism (MLIT) [29] in Japan (2009) and Coastal
Engineering Manual (CEM 2011) [28] in the United States. Therefore, the BSM is combined with the
MCS in this study to discover the bearing capacity of the rubble mound and sub-soil under induced
eccentric and inclined loading conditions.

4.2. Performance Function and Involved Random Variables

The probabilistic approaches for analyzing the stability of the slopes have been studied for decades.
Based on the MVFOSM and FORM, several researchers have proposed models to determine the critical
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failure surface corresponding to the minimum RI, similar to the system reliability of the slope [37,38].
Conversely, others have proposed models to investigate the stability of the slope using the Gaussian
random field process combined with the MCS [33,39,40]. However, the aforementioned studies do not
mention about the slopes induced eccentric and inclined loads like a rubble mound structures.

Rubble mound structures are impacted by not only the dead load of the caisson structures but
also the wave force action on the caisson. In this study, the bearing capacity of the caisson foundation,
assuming circular slip conditions, is investigated concerning uncertainties in both the soil strength and
acting forces. A combination of horizontal and vertical wave forces leads to eccentric and inclined
loads on the caisson section, and the rupture slip surface might not separately divide the solid concrete
caisson in parts. Therefore, the equilibrium of the caisson structure and the candidate failure soil
mass, including a part of the rubble mound and a part of the subsoil, are individually considered [13].
Initially, the forces acting on the caisson structure are combined as “equivalent resultants” that can be
expressed by the three parameters depicted in Figure 10: a horizontal force, Fj, at the top surface of the
rubble mound; vertical force, F,;; and the distance of the vertical force to the harbor side heel, B,. The
equivalent resultants are then transmitted as reaction forces to the slope including the rubble mound
and subsoil to determine the critical failure surface.
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Figure 10. Mechanism applied to estimate the PF against bearing capacity using a combination of
Bishop’s simplified method and MCS.

Out of many slice methods, the BSM is a well-known selection in the stability analysis of slopes. In
this approach, it is assumed that the resultants of the inter-slice forces are horizontal, i.e., the inter-slice
shear forces are ignored. In that case, the FS is evaluated as the moment equilibrium around the center
of the circular failure surface [41]. The FS can be determined using Equation (17), consequently, the PF
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in the reliability analysis based on the BSM is addressed in Equation (18). Therefore, the failure would
occur when the PF is less than zero (or FS < 1) and vice versa.

{es+(w' +qExs) tan ¢} sec 6
s Y| = T@noana/rs 17)
~ L{(w + qrys) sin 0} + aFy /R’ |

g(X) =FS-1, (18)

In Equation (17), w” and w are the effective weight and total weight of the comprising slice segment,
respectively. gg, is the surcharge load distributing on the slice in the vertical direction. Fj and a
correspond to the horizontal wave force and its lever arm about the failure center. c is the apparent
cohesion of soil (or undrained shear strength in case of cohesive soil) while ¢ is the friction angle of
soil along the base surface of each slice. s is the width of each slice. Finally, 0 is the inclination angle,
horizontal to the base surface. The studied variables, X, is shown as a vector of the involved variables
in Equation (18). In the BSM, the FS is defined by a nonlinear and implicit equation; therefore, the FS is
approximated with several iterative steps to reach the acceptable tolerance.

For each sampling of the MCS process, the FS of each trial failure surface is evaluated, and the
smallest FS among the numerous candidate failure surfaces is considered as the final FS of the sampling.
The effective dead load, wave forces acting on the caisson within each sampling are converted to the
corresponding equivalent resultants, as in the previous discussion. In turn, the resultant is transposed
to the rubble mound to estimate the FS using BSM. For each sampling, the FS is compared to unity
as the margin between safety (FS > 1) and failure (FS < 1) state. The number of failures occurring
throughout the simulation is then utilized to estimate the failure probability.

In the present study, not only uncertainties explored in the sliding and overturning conditions
but also the strength parameters of each soil layer are considered as random variables. The nominal
soil properties of each layer are determined from the field investigation. Afterward, the mean of soil
properties can be approximated based on the bias factor A of each uncertainty, as shown in Table 5.

Table 5. Statistical properties of foundation materials applied in bearing capacity analysis.

Notation Mean of Bias COV of Bias  Distribution Random Variable
tang 1.00 0.10 Normal Internal friction angle
c 1.00 0.10 Normal Cohesion force
0.10 Saturated soil density of Armor
0.03 Saturated soil density of Sand
Y 100 0.02 Normal Saturated soil density of Clay
0.02 Saturated soil density of Rock

In most cases of geotechnical engineering, the parameters used in design may not be similar to
their mean value. Therefore, the bias factors should be used to compensate for this difference. This gap
can be caused by several reasons. First, some equations used in the design formulae do not always
reflect exactly situation, i.e., biased phenomenon. Second, the result of the FS might have different
shapes compared with those of the input variables, i.e., the dissimilar shapes of the density functions
leading to a shift in the mean values.

Rubble mound structures generally consist of a homogeneous wide-graded mass of stone used
to support a gravity structure. Previously, the strength properties of rubble mound material were
well-defined based on various stability experiments, such as large-scale model, centrifuge and field
loading tests [20]. By following that research, MLIT (2009) specified the shear strength parameters as
20 kN/m? for the apparent cohesion and 35° for the internal friction angle for typical rubble materials
supporting the eccentric and inclined loads as standard values. Various geotechnical parameters
of rubble mounds and the subsoil were investigated in PROVERB (2001), where the soil strength
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properties were assumed as either the normal or lognormal distribution. However, the unit weights of
the rubble mound and the subsoil were treated as deterministic variables [13]. In this work, when
analyzing the bearing capacity of the foundation, both the unit weight of the rubble mound and
subsoils are considered as random variables, similar to the sliding and overturning states.

In this study, the friction angle, undrained shear strength, and the unit weight of the rubble
mound and subsoils are assumed to be unbiased (the mean of bias factors is unity) and exhibiting
normal distribution for simplicity. The variation in the friction angle and the undrained shear strength
is considered to have a value of 0.1 to account for the uncertainty in the estimated characteristic values.
Notably, the variation in the subsoil density is less than the rubble mound density. Therefore, a slightly
lower COV for the rubble mound is selected compared with that of the subsoil density. The stochastic
information is summarized above in Table 5.

4.3. Result and Discussion of Bearing Capacity Analysis

Figure 11 presents an example of a failure event (FS less than unity) of the Gamcheon breakwater
in a sampling. The safety factors are evaluated within the trial center grid consisting of 625 (25 x 25)
points. The contour located in the upper part of the figure shows the convergence of the FSs in the
estimation process. The blue line illustrates the most critical failure surface with a safety factor of 0.95,
in which the failure mass consists of both rubble mound and subsoil portions.

T T T T T T T

30| Gamcheon Breakwater / ] E
FS=0.95 | Coordinates of candidate

o 2
/ R, failure centers

£ 1o} 1
=
o
o
B ST T Ty
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Length (m)

Figure 11. Bearing capacity analysis applying Bishop’s simplified method (BSM) conjugated with MCS.

The nonlinear relationship between PF (through FS) and the standard normal variable is plotted in
Figure 12 for the bearing capacity of foundations. The RI, in this case, should be determined from the
points at which PF equals to zero (FS = 1) rather than inversion of the cumulative density function of the
normal distribution. The results have illustrated that the MCS should be the most relevant approach
when reliability analysis is applied to assess the bearing capacity of the foundation. Moreover, the
point where the performance line is zero (FS = 1) provides a negative RI. Meanwhile, the mean value
of PF is indicated when the standard normal variable equals zero.
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Figure 12. Cumulative density of the bearing capacity safety factor of foundation in the standard
normal space.

Furthermore, Figure 12 demonstrates that the CDA may be unsuitable when compared with the
reliability methods in the stability assessment of BRWs. First, although the mean values (intersect
points of the performance function with the horizontal axis) of the safety factor are different, some
estimated Rls are quite similar. For example, for the Jeju Outer, Gamcheon and Ulsan BRWs, the means
of the safety factors are obtained corresponding to 1.622, 1.727 and 1.897, but the estimated Rls are
all approximately 3.3. Second, the results of Rls that vary from 2.658 (Pohang case) to 3.769 (Gunsan
BRW) corresponding to the failure probability of 0.01 and 0.0002 show a large difference. The huge
variation of failure probabilities (50 times of difference) illustrates the inconsistent safety level of the
BRWs achieved using CDA.

Additionally, the meaningful results of the nine BRWs and the corresponding errors of the MCS
estimated using Equation (16) with the generation size of one hundred and fifty thousand are presented
in Table 6. The maximum error of 0.37% (COVps ~ 0.18) in the Gunsan case proves that the chosen
size of simulation is suitable. Although all studied variables are assumed as normal distributions,
the outcome of the FSs reveals a skewed distribution, as in the example shown in Figure 13 for the
Gamcheon BRW. The skewness implies the asymmetry of the probability density function of the PFs,
while a normal distribution (totally symmetric) would show a skewness value. The positive skew
coefficients in all the studied cases imply that the PF’s distribution have a longer tail on the right
compared with that on the left. This phenomenon reflects the nonlinear relationship of the safety factor
with all the involved variables in the BSM. Additionally, the positive skewness instances are more
densely located on the left side of the mean value. This result demonstrates that the safety factors of
the reliability analysis are predominantly distributed below the mean value.

Table 6. Results of the bearing capacity safety factor using Monte Carlo simulation.

No. Port (le({_s) B Urs OFs COVgs  Skewness E;;?Z‘/O‘;f
1 Donghae 6.53 2.805 1.506 0.299 0.187 0.688 0.06
2 Pohang 10.19 2.658 1.495 0.321 0.201 0.788 0.05
3 Ulsan 0.81 3.419 1.897 0.484 0.236 0.885 0.18
4 Onsan 2.51 3.101 1.553 0.293 0.178 0.619 0.10
5 Busan 1.09 3.339 1.704 0.341 0.188 0.662 0.16
6 Gamcheon 1.70 3.214 1.727 0.425 0.228 1.001 0.13
7 Jeju Outer 1.28 3.294 1.622 0.304 0.177 0.628 0.14
8 Jeju Aewol 0.54 3.527 1.894 0.519 0.252 1.046 0.22
9 Gunsan 0.20 3.769 1.928 0.472 0.227 0.920 0.37
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Figure 13. Histogram of the bearing capacity safety factor of foundation (Gamcheon BRW).

Figure 14 presents the reliability index of the nine BRWs with respect to the three overall failure
modes, including sliding, overturning, and foundation. Except Onsan case, which has lowest reliability
index for foundation bearing capacity, the eight breakwaters have the smallest Rls for the sliding mode.
Meanwhile the largest value of Rls are always for overturning mode. Notably, the Onsan BRW shows
the remarkably low design wave height compared with the others, while the height of rubble mound
is about a half of the water depth. These special features may reduce the wave forces on the caisson,
meanwhile the high rubble mound may face a frequent failure. The average RI values of the nine
BRWs are approximately 1.89 (Pf~ 0.0417) and 3.24 (Pf ~ 0.0028), corresponding to the sliding state and
failure occurrence in the foundation. Thereby, under similar service conditions, sliding failures might
be observed much more frequently (about 15 times) than foundation failures. However, lower failure
probability for sliding state in comparison with failures in foundation does not suggest that sliding
damages will always take place before failures occurring in the rubble mound or subsoil—sliding
failures are merely more common among the three overall stability conditions.
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Figure 14. Reliability index in different overall failure modes of BRWs (sorted by Bsjiging)-
5. Conclusions

The present study focuses on the evaluation of the three most significant failures related to the
overall stability of typical Korean vertical composite breakwaters using reliability approaches. Three
primary sources of uncertainties are considered to clarify the variables” sensitivity to the safety of
breakwaters. The results presented in this work have provided the following conclusions.

First, among the three overall breakwater failure modes, the sliding mode is the most frequent
failure state, so any such damage is a priority that needs to be surveyed to determine an appropriate
width of caisson sections. Additionally, overturning may be rare in a breakwater failure because a
remarkably low failure probability is obtained (25 x 1078).
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Second, in the most critical failure mode, the sliding state, the friction coefficient, and horizontal
wave force contribute much more significantly to the safety of a breakwater in comparison with other
concerned uncertainties.

Third, the results of the three methods, MVFOSM, FORM and MCS, applied to explicit performance
functions, agree well, validating that these methods could be performed to conduct a reliability-based
analysis for sliding and overturning. However, the simpler methods, i.e., MVFOSM or FORM, should
be applied for the explicit definition of performance functions. Furthermore, implicit or nonlinear
problems like the evaluation of breakwater’s foundation failure can be solved by applying reliability
methods such as MCS.

Finally, a reliability analysis can overcome the drawbacks of the conventional deterministic design
approach to provide a more consistent safety level of breakwaters. Additionally, it is expected that
the reliability index of a breakwater against sliding state can be estimated from the results of the
conventional deterministic design, i.e., the safety factor using the proposed linear regression line.
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