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Analysis and Verification of an Optimal Design Solution for
Rubble Mound Breakwaters Considering
Interactions of Failure Modes

Yunce Zhang'; Zongmin Liu?; Yafei Wang®; and Changguo Wang*

Abstract: As an essential coastal structure, a breakwater is generally designed to be stable and reliable during its lifetime. With respect to
stability, failure modes usually are statistically independent. However, the interaction of different failure modes can produce extra effects for
the calculation of the total cost. Considering interactions of failure modes, this paper presents an analysis and verification of an optimal design
solution for rubble mound breakwaters to minimize the total cost, including construction and repair costs. The three main failure modes,
overtopping, armor instability, and crown wall sliding, are involved in the solution. An auxiliary coefficient representing the extent to which
the failure mode (or interaction) affects the structure was used to calculate the extra repair cost along with the failure probability in the cost
optimization. The aforementioned solution was applied to a real breakwater example, and a sensitivity analysis of the total cost of the design
variables was carried out. The total expected cost using the optimal design solution was 19.1% less than the cost before optimization. Other
coastal structures under wave impact loads can have the same failure modes and also could be optimized by the solution. The solution in this
study can provide economical design recommendations. DOI: 10.1061/(ASCE)WW.1943-5460.0000544. © 2020 American Society of Civil

Engineers.
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Introduction

Breakwaters are major marine structures in any harbor, and their
function is to resist waves. Over time, breakwaters disintegrate,
with many adverse effects. On March 11, 2011, due to damage to
the breakwater in the Tohoku region, many great losses, including
nuclear leakage, occurred (Jayaratne et al. 2016). To avoid struc-
tural damage, it is important for researchers to consider the failure
modes in the design of breakwaters.

There are many studies of failure modes of caisson-type break-
waters under wave impact loads (Chaudhary et al. 2017; Elsafti and
Oumeraci 2017; Esteban et al. 2018; Mitsui et al. 2016; Wang et al.
2016). Guanche et al. (2013) proposed an effective method consid-
ering waves imposed on vertical structures, and illustrated that
the method can reconstruct time series of stability parameters on a
vertical breakwater. Rubble mound breakwaters, a common type of
breakwater, are widely used worldwide. The stability and reliability
of a rubble mound breakwater are connected to its resistance to
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failures imposed by waves. However, there are limited studies into
the failure modes of rubble mound breakwaters. There are various
failure modes corresponding to the several components of a rubble
mound breakwater, such as geotechnical instabilities, movement
of the armor, sliding of the crown wall, and erosion of the toe or
berm (Ergin and Balas 1997). For simplification, failure modes of
a rubble mound breakwater are mainly classified into three types:
overtopping failure, armor failure, and crown wall sliding failure
(Castillo et al. 2004). Minguez et al. (2013) considered only two
failure modes for breakwaters, which in fact is too simplistic to
explore the failure mechanism of breakwaters fully. Lee et al.
(2018) conducted a poor analysis with numerical results with only
general conclusions. Somervell et al. (2017) did not consider the
failure mechanisms of breakwaters. Hoby et al. (2015), did not
methodically analyze the failure mechanisms.

Minguez et al. (2013) proposed an available and efficient algo-
rithm to solve a design problem using Benders’ decomposition.
They considered the design problem as a bilevel problem and ad-
dressed it by means of establishing an objective function and a
group of design and actual constraints. Failure probabilities were
presented and evaluated through the first-order reliability method
(FORM). They assumed that the optimal design and the analyses
of reliability are decoupled, which can make computation and the
algorithm more efficient. They noted that the engineering problem
of optimal design can be seen as an optimization problem which is
constrained through different associated optimization problems.

Hoby et al. (2015) provided the optimal design of breakwaters
through a probabilistic analysis. In this optimization problem, mini-
mum cost was calculated using interrelated geometry constraints
and safety margins. Based on several failure modes, the procedure
was applied to a case study under construction at Thalai Fishing
Harbor. Hoby et al. provided three modes of failure, sliding failure,
overturning failure, and failure of the foundations regarding stabil-
ity defined by Guanche et al. (2013). To alleviate the need for ar-
bitrary selection of the slope, the sea-side slope of the breakwater
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was included in the established procedure for the calculation of cost
optimization. Therefore, their method does not use the FORM and
had an assessment for the design.

A reliability analysis for two different caisson-type breakwaters
was carried out by Lee et al. (2018). Considering design wave
force, they defined the limit state function and investigated the
change of the failure probability due to the reduction of wave force.
The reliability index of two different types of breakwater was com-
pared. Lee et al. concluded that the reliability of a caisson-type
breakwater is affected by several factors, including the mean peak
increase factor, the mean wave direction, and the mean of maxi-
mum spreading parameter.

Based on a multiobjective optimization procedure, Somervell
et al. (2017) introduced a methodology to design a vertical break-
water. Through a theoretical model, two objective functions,
i.e., wave energy dissipation coefficient and material volume in the
vertical breakwater, were calculated. The theoretical model was va-
lidated by comparison with previous papers, and the multiobjective
optimization tool using a genetic algorithm (GA) was applied to
satisfy two conflicting objectives as much as possible. However,
the study did not take into consideration the failure mechanism of
breakwaters, and the practical constraints were poorly described.
Despite extensive studies of failure modes and failure probabilities,
such as at Thalai Fishing Harbor (e.g., Hoby et al. 2015) and in
the Tohoku region in Japan (e.g., Jayaratne et al. 2016), and de-
spite recent advances in optimized modelling (e.g., Minguez et al.
2013; Somervell et al. 2017), the failure probabilities of break-
waters still have not been fully elucidated by researchers, and some
essential issues relating to interactions among modes of failure
included in the optimization process under wave action remain
unsolved.

This study introduces a new parameter to consolidate and de-
scribe the interactions among different modes of failure in a rubble
mound breakwater. Furthermore, a complete and comprehensive
framework was constructed to interpret failures of a rubble mound
breakwater in an optimization model. Moreover, according to the
probabilistic approach, the proposed framework is demonstrated
through the optimal engineering design of a practical breakwater
example. The results of this research can promote the systematic
development of optimal design against failures of a rubble mound
breakwater and provide design recommendations to minimize the
total cost of a breakwater from the perspective of stability and
reliability.

Methodology

Optimal Probabilistic Method

The problem structure is as follows:

minimizef, (x.2) + ) _ f2(x..2) (1)
=1
subject to
g(x,y,2) =0 (2)
k(x,y,2) <0 (3)

where f(x,z) = construction costs; f,(x,y,z) = repair costs for
failure modes; ¢(x,y,z) and k(x,y,z) = equality and inequality
constraints; and x, y, and z = design variables, random variables,
and auxiliary parameters, respectively. In the repair costs, the pro-
cess of the probabilistic method of structural reliability analysis
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related to the rate of failure in one mode of failure is illustrated
(Burcharth 1997). In the construction costs, the change of structural
sizes occurs with variation of constraints. Each failure mode is
determined by a corresponding limit-state equation (Ditlevsen and
Madsen 1996). Under failure mode m, a group of design variables
is given and the probability of failure P is expressed as (Castillo
et al. 2006)

P, = Prob[g,,(x;,x,, ..., x,) <0] (4)

where (x{,x,, ...,x,) = values of variables included and

,.X'") = hsm(xlﬂxb s 7xn)

JXy)sm €M (5)

G (X1, X0, ..

— hfm(xl,xz, .

where g,,(x;, X, ...,x,) = safety margin; Ay, (x|, xs, ..., x,) and
hpw(x1,%2, ..., x,) = two opposing magnitudes of generalized
forces that incline to prevent and cause the related failure mode,
respectively; and M = group of all modes of failure.

It is assumed that failure happens during storms and storms are
supposed to be random processes. If the essential variables of
waves satisfy g,, <0, structural failure will occur. Then, under fail-
ure mode m, the probability Py, is written

X, )dxdx, ... dx,

(6)

where fx x, . x, (¥1,X2, ....X,) = joint probability density func-
tion for all variables included in the problem.

To calculate the failure probabilities, the nonlinear constrained
optimization problem is solved according to the reliability analysis
method for structures. The reliability index is as follows:

me == / le-Xz """ X, ()Cl,.XZ, -
G (X1 X2, X,)

n

n
min B, = | Y
=1
$.t.gy1 (V1. y2s -+ -2 ¥n) L0,
G2 (1. Y2s oo ¥) 20, gy (VY2 o y) 00 (7)

where [3,, = reliability index for failure mode m. Hence, through
the theoretical derivation, the failure probability can be expressed
equivalently as follows:

me =1- q)(ﬁm) (8)

where ®(-) = standard normal cumulative distribution function.
Because the calculation of the failure probability is difficult to solve
using the definition of the failure probability, the calculation of the
failure probability can be equivalent to the solution of the multidi-
mensional normal distribution function.

The specific solutions of the reliability index and the failure
probability are elaborated in the optimal design solution and the
Appendix. As random variables, the wave parameters such as H,
T, and 7, follow a normal distribution, and the probability density
function is

flx) = %\/ﬂexp {— (XZ(_TZM)} ,—00 < x < 400 9)

where ;1 = mean of a random variable; o = standard deviation of
a random variable; and x is used as a random variable of the
distribution.
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Fig. 1. Cross section of a rubble mound breakwater.

Failure Modes

There are various failure modes to consider, for example, geotech-
nical instabilities, movement of the armor, sliding of the crown
wall, and erosion of the toe or berm, corresponding to several com-
ponents of a rubble mound breakwater (Ergin and Balas 1997).
To simplify the calculations, three failure modes of a rubble mound
breakwater are classified in the optimal design solution: overtop-
ping failure, armor stability failure, and crown wall sliding failure
(Castillo et al. 2004). A cross section of a rubble mound breakwater
is shown in Fig. 1.

Each mode of failure is usually determined by a discriminant
function or a threshold criterion, which provides a quantitative in-
dicator of whether the failure mode has occurred. However, a rub-
ble mound breakwater made up of stones of different sizes is a
granular system which is maintained by structural stress transmis-
sion and geometrical connectivity because of friction and interlock-
ing among stone units. In marine structures, structural failures do
not necessarily result in complete destruction but in irreversible
structural damage, which leads to a sharp decline in their resistance
and performance.

Because the overall structure includes several components,
failure in one component can easily cause failure in another com-
ponent. Some modes of failure are correlated with one another.
Due to complex factors and a lack of data from a sufficient number
of engineering examples, the interaction among modes of failure
is extremely complex and difficult to study, and some essential
issues related to the interactions among modes of failure under
wave action remain unsolved. In this study, the interaction among
modes of failure is only considered for simplicity. Furthermore, a
complete and comprehensive framework is illustrated to interpret
failures of a rubble mound breakwater in the optimization model.

Overtopping Failure

Some essential parameters exist in the method, such as the slope
of a breakwater tan «, freeboard F., wave height H, and wave
period 7. The waves rise beyond the assumed extension of the
mound slope and the freeboard of a breakwater is considered to be
an indirect sign which indicates an overtopping condition. Thus
overtopping failure (Failure O) occurs when the value of wave
run-up R, is greater than the value of freeboard F,., where wave
run-up R, is the maximum excursion of water over the assumed
slope (Fig. 2).

Seaside L

According to experimental results, Losada and Herbich (1990)
provided the following discriminant function to calculate the di-
mensionless quantity R,/H:

R
4 — A (1 — eBulr 10
= A (1= ) (10)
where A, and B, = coefficients subject to armor units; and /, =
Iribarren number.
Hence, the limit-state equation is as follows:
Rll

k, :Au(l_eB”I')_ﬁ (ll)

Failure due to Armor Instability

Armor instability failure (Failure A) means that the stones placed
on the armor have large displacements from the original position
and even become separated from the armor (Fig. 3). According to
experimental results, Losada and Herbich (1990) provided the
following discriminant function to calculate the dimensionless
quantity:

W p—
Tl

R®, (12)

where ®, = stability function; v,, = water unit weight; R = dimen-
sionless constant considering .. and 7,,; and W = individual armor
block weight.

Hence, the limit-state equation is as follows:

kg = ’VWR(I)eH3 -W (13)

Failure due to Crown Wall Sliding

Crown wall sliding failure (Failure C) occurs when there is a sliding
displacement at the bottom of the crown wall owing to the action
of the water pressure force [Fig. 4(a)]. Crown wall sliding failure
can be expressed by the following verification equation (Castillo
et al. 2004):

:U'L'(Wl - F,l;) =F, (14)

where 1, = friction coefficient (Martin et al. 1999); F;, = horizontal
force because of water pressure; F', = total vertical force because of
the water pressure; and W, = actual crown wall weight, including

Harbour side

C 2. 4 X J
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Fig. 2. Overtopping failure.
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Fig. 4. Crown wall sliding failure: (a) failure due to crown wall sliding; and (b) crown wall.

dry and submerged parts. The detailed formulas [Fig. 4(b)] are
given in the Appendix.
Hence, the limit-state equation is as follows:

kc:Fh_:U'c(Wl _FL‘) (15)

Example of Rubble Mound Breakwater

Based on the reliability analysis, the optimal design solution is pro-
posed to be applied to a rubble mound breakwater (Castillo et al.
2004, 2006; Minguez and Castillo 2009; Minguez et al. 2013). The
purpose of optimal design is to realize a balance between perfor-
mance and cost, which ensures enough performance to resist waves
and minimizes the total cost of a breakwater as much as possible.
For a comprehensive consideration, overtopping failure, armor
instability failure, crown wall sliding failure, and the interactions
among these three modes of failure are included. For the sake of
generality, the design variables consist of major parameters and
structural parameters, such as the freeboard F. and the mound
slope angle tan o. A detailed description of the parameters is given
in the practical breakwater example.

The solution of optimal design is applied to the example of a
rubble mound breakwater. The variables and parameters are pro-
vided in Fig. 5.

Seaside

Description of Variables

Design Variables for Optimization

The necessary information for the design variables used in the
rubble mound breakwater is given in Table 1. The design values in
the actual engineering are used as the initial values. Taking into
consideration the practical engineering application, the values of
lower boundary and upper boundary are provided so that reason-
able ranges are not exceeded. These design variables affecting the
stability and reliability of a breakwater can be optimized to reduce
the total cost as much as possible.

Random Variables

The mean and the standard deviation of the random variables are
presented in Table 2. All three random variables follow a normal
distribution. Considering offshore wave statistics, the mean of the
wave height and wave period is 3 and 8, respectively. The storm
surge illustrates the change of the water level considering atmos-
pheric situations, which is selected by assumed mean and standard
deviation.

For wave random variables, the equations are as follows:

21\ 2 2 2m7(D,,
2\ 2T (2Pt + 1)
T L L

p Harbour side

(16)

45°

Fig. 5. Rubble mound breakwater with parameter definitions used in the example.
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Table 1. Values and meanings of design variables

Initial Lower Upper

Design variable value boundary boundary
Freeboard, F. (m) 3 2 5
Rubble mound slope angle, tan « 0.3 0.2 0.5
Height of crown wall, d (m) 5 4 6
Berm level, A, (m) 1 0 2
Berm width, n (m) 3 1 5
Crown wall width, e (m) 4 3 5

Table 2. Values and meanings of random variables

Random variable Distribution Mean Standard deviation
Wave height, H (m) Normal 3 1

Period, T (s) Normal 8 1

Storm surge, 7 (m) Normal 1 0.5

L= T\/ g(le + 77) (17)

Auxiliary Parameters

In addition to design variables and random variables, auxiliary
parameters are considered. The values and meanings of the aux-
iliary parameters are gien in Table 3. The construction costs for
stone and concrete per cubic meter were taken from Minguez et al.
(2013). The currency conversion rate was USD 1 = RMB 6.7 on
April 22, 2019. Based on the construction cost, the auxiliary co-
efficients are used to calculate the extra repair costs owing to differ-
ent modes of failure. A sea state is, with respect to wind, waves, and
swell, the general condition of the surface of the water. Generally,
100-1,000 wave periods are used for the duration of a sea state;
40 min was taken as the duration of a sea state in the present study.
An experimental model was proposed by Castillo (2004) for R,,/H,
where A, and B, are fitness coefficients of a rubble armor unit for
run-up, and the values of the two parameters are given in Table 3.
The design lifetime of a breakwater structure, in general, is between

Table 3. Values used for auxiliary parameters

25 and 50 years. Structure lifetime, mean period, water level, unit
weight of different materials, and so on were considered (Table 3).

Cost Function

The initial construction cost function f(x) is
n
Cin = Zci”i (18)
i=1

where ¢; = construction cost per unit volume for different structural
parts; and v; = volume for different structural parts.

The expected repair costs for overtopping failure, armor insta-
bility failure, crown wall sliding failure, and interactions among the
three modes of failure are considered as

c,=C,+C,+C.+C,,+C,. +Cu+C,pu (19)
where
Ci=\P;DCyy,
Cij = AijPiDCy
Cias = MisP13DCy, (20)

where \; = partial coefficient that can affect the cost for the fail-
ure probability of only one failure mode; P;D = failure probability
of only one failure mode during the whole lifetime; )\;; = partial
coefficient that can affect the cost for the failure probability of two
different failure modes; P;;D = failure probability of two different
failure modes during the whole lifetime; and subscripts i = 0, a, ¢
represent overtopping failure, armor instability failure, and crown
wall sliding failure, respectively.

Solution of Breakwater Example

According to the aforementioned formulas, the objective function
of the optimal design problem for a rubble mound breakwater can
be written

Parameter Unit Definition Value
c, $/m? Concrete construction cost per unit volume 60

s $/m3 Stone construction cost per unit volume 2.4
D Year Structure lifetime 50
Ao — Auxiliary coefficient used to calculate extra repair cost owing to Failure O 0.1
Aa — Auxiliary coefficient used to calculate extra repair cost owing to Failure A 0.4
Ae — Auxiliary coefficient used to calculate extra repair cost owing to Failure C 0.4
Aoe — Auxiliary coefficient used to calculate extra repair cost owing to interaction between Failures O and C 0.15
Aue — Auxiliary coefficient used to calculate extra repair cost owing to interaction between Failures A and C 0.02
Aoa — Auxiliary coefficient used to calculate extra repair cost owing to interaction between Failures O and A 0
Aoac — Auxiliary coefficient used to calculate extra repair cost owing to interaction among Failures O, A, and C 0
dy min Duration of sea states 40

T S Mean period 8
A, — Coefficient depending on armor units to calculate wave run-up 1.37
B, — Coefficient depending on armor units to calculate wave run-up —0.6
D,, m Water level 10

g m/s? Acceleration of gravity 9.81
o kN/m? Water unit weight 10.25
s kN/m? Rubble mound unit weight 26
Ve kN/m? Concrete unit weight 235
P m Upper crown wall width 1

s m Lateral crown wall height 1.5
e — Friction coefficient 0.6
© ASCE 04020001-5 J. Waterway, Port, Coastal, Ocean Eng.
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Minimize C = (¢ v, + c,vs)[l +D(AP, + APy + AP,

F. tana,d A, n.e

+ )\UCIP()CI + )\OCP()C + )\(ICP(IC + )‘oucPoac)] (21)

subject to
v, =2d+3(e—1) (22)
vy, =487.5 + 32 (23)
tan «
Pi=1-[1- ‘I)(_ﬂi)]d"ﬁ (24)
Pij=1—[1—=&(=p;))/T (25)
Pijp =1 —=[1 = &(=F)]"/ (26)

where the objective function Eq. (21) is expressed considering fail-
ure probabilities; Egs. (22) and (23) are obtained in terms of geo-
metric relations; Eqgs. (24)—(26) define the relationships between
reliability indexes and failure probabilities (single waves and the
sea state); ®(-) = standard normal cumulative distribution function;
P; = probability of failure; and 3; = reliability index.

From Eqgs. (24)—(26), the probability of failure P; is related to
the reliability index [3;. For i = 0,a, ¢, (; is the reliability index
related to the overtopping failure, armor instability failure, and
crown wall sliding failure, respectively. For i, j = 0, a, ¢, 3;; is the
reliability index related to two of three modes of failure. For i = o,
j=a k=c, G jk 18 the reliability index related to all three modes
of failure. The reliability index (3; with corresponding parameters
for the modes of failure is described in the Appendix.

The formulas and parameters mentioned previously present
a multidimensional constrained nonlinear optimization problem,
which is solved using mathematical software MATLAB version
R2016a. Every design variable is optimized from the initial value.
Using the aforementioned formulas in the optimal design solution,
the solver fmincon is used to solve the optimization problem, which
considers functions including the objective function, constraint
functions, and linear functions; values involving initial values,
the lower boundary, and the upper boundary; and options consist-
ing of the algorithm, scale, tolerance, and so on. Then the random
variables follow a normal distribution.

Results and Discussion

To reduce the total cost of a rubble mound breakwater and ensure
good performance, three failure modes and the interactions among
them are considered. The optimal design results were compared
with a practical engineering analysis using a numerical study.
Table 4 compares the failure probabilities among different
modes of failure. All probabilities are yearly failure rates. From the
comparison of every single mode of failure, the values of this paper
are less than the corresponding values from Castillo et al. (2004),
and the values from both the present study and Castillo et al. (2004)
are less than the upper bound of failure (Castillo et al. 2006).
Obviously, the optimal design satisfies limit-state equations for
every single mode of failure. The probabilities of failure for the
interactions of different failure modes indicate that one storm may
induce more than one failure when sea waves in one storm occur.
Moreover, different failure modes are not statistically independent,
and due to common inducing agents, the breakwater is likely to
suffer a progressive collapse from different failure modes. There-
fore, it is essential to consider interactions between failure modes,
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Table 4. Comparison of failure probabilities among modes of failure

Probability of failure

Castillo Upper bound of

Present et al. failure (Castillo
Mode of failure study (2004) et al. 2000)
Failure O 0.002 0.01 0.005
Failure A 1.19 x 1077 0.001 0.003
Failure C 2.80 x 1077 0.001 0.001
Failures O + C 7.20 x 1078 — —
Failures O + A 0 — .
Failures C + A 1.18 x 107 — —
Failures O + A + C 0 — —
Table 5. Illustration of iterative procedure

Iteration

Variable 1 4 5 9 (end)
Cost ($) 2411.7 2,027.6 2,184.9 1,951.4
Error 54.64 7.79 20.11 5.684 x 10714
F. (m) 3.00 5.28 5.89 5.13
tan «v 0.30 0.39 0.57 0.50
d (m) 5.00 3.90 3.93 4.00
A, (m) 1.00 2.10 2.07 2.00
n (m) 3.00 2.93 5.07 5.00
e (m) 4.00 4.10 5.07 3.56
Table 6. Cost sensitivities 9C/0x in regard to variables
Variable Ax AC(S$)
D, (m) 1 62.82
« (degrees) 1 —115.66
d (m) 1 116.05
A, (m) 1 —113.59
n (m) 1 —36.25
e (m) 1 59.21

and the solution of optimal design for a rubble mound breakwater
in this study is more economical and more reliable.

Table 5 gives the iterative procedure of the final cost and the
design variables. The optimization process described the evolu-
tion of the convergence process in nine iterations. The admissible
tolerance of the convergence method was € = 1 x 107, The total
expected cost using the optimal design solution was C = $1951.44,
which was 19.1% less than the design cost before optimization.
Every variable value in the optimal method is listed in Table 5.

The cost sensitivity JC/0x represents the relationship between
the total cost and the variables in the breakwater example (Table 6).
Table 6 lists the corresponding increase in total cost when one var-
iable increases by one unit; AC indicates a mean value of cost sen-
sitivities due to the complexity of the interactions between different
parameters. As an example, if the water level increases by 1 m, and
all other variables remain the same, the cost will increase by $62.82
based on the original value. The increased cost is based on the
optimal design and the sufficient performance of the breakwater
with no failure. For variables «, A., and n, the negative value of
total cost represents the decreasing cost with the variable increasing
by one unit. The cost increments for variables «, A., and d are
larger than those for other variable (Table 6). Thus, to reduce the
cost as much as possible, variables « and A, should be increased
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Fig. 6. Multicurve stack plot of the total cost for design variables. Stars
correspond to optimal points of different design variables.

and variable d should be decreased without reducing the perfor-
mance of a breakwater.

Fig. 6 shows the total cost stack plot with regard to the different
design variables, where the star denotes the optimal point in the
optimization process. The total cost monotonously increases as the
slope angle increases. The total cost monotonously decreases with
increasing height of the crown wall. In addition, the total cost fluc-
tuates according to other variables. Obviously, the optimal values of
the design variables clearly correspond to the optimal value of total
cost from the stars, but the optimal value of total cost is not the
minimum of total cost from Fig. 6. This is because guaranteeing the
stability and reliability of the structure is the necessary prerequisite
for obtaining optimal value.

Conclusions

An optimal probabilistic method was used to describe the total cost
for a structure under wave action, in which three modes of failure
and their interactions are involved. In this case, three modes of
failure were introduced for rubble mound breakwaters: Failure O
(overtopping failure), Failure A (armor instability failure), and
Failure C (crown wall sliding failure). In addition, a new parameter
illustrates the extent to which the failure mode (or interaction) af-
fects the structure, which can represent the response of interaction
in the optimal design cost.

Based on the optimal design method and the interactions be-
tween failure modes, a complete and comprehensive framework
was developed for the optimized total cost of a rubble mound
breakwater. In the proposed framework, the optimal design satisfies
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the limit-state equation for every single mode of failure, and the
interactions among the modes of failure included in the optimiza-
tion process for rubble mound breakwaters provide a route for con-
sidering the total cost clearly. Moreover, the optimization solution
was analyzed, interpreted, and verified by means of a practical en-
gineering example of a rubble mound breakwater. The probabilities
for the different modes of failure were calculated in this paper.

A practical rubble mound breakwater example indicated that the
total expected cost using the optimal design solution was 19.1%
less than the design cost before optimization. The sensitivity analy-
sis demonstrated that variables d and e, i.e., the size of the crown
wall, should be decreased to reduce the cost as much as possible
without reducing the performance of the breakwater.

From the aforementioned example, the proposed framework can
be applied to rubble mound breakwaters of different types. Other
coastal structures suffer the same failure modes, and so also could
be optimized by means of the framework. The solution of this study
can provide economical design recommendations for different
coastal structures guaranteeing the reliability of the structure.

Appendix. Reliability Index

Because they are easy to carry out and are customarily used in the
reliability analysis method, the formulas of Minguez et al. (2013)
were used here. The reliability index /3, for the modes of failure is

expressed as
B; = min \/H?> + T? 4+ 1 (27)
H.Tn

For overtopping failure, 3, is subject to

= A, (1= en) (28)
I, =tana/\/H/L (29)
L =T+/g(Dy;+n) (30)

F.=R, (31)

where the reliability index is calculated using Eq. (27), and
Egs. (28)—(31) are the constraints related to overtopping failure;
H, T, and 1 = random variables (Table 2); R, = wave run-up; A,
and B, = coefficients depending on the armor units to calculate the
wave run-up; /, = [ribarren’s number; tan « = slope angle; L = wave
length; D,,, = water level; and F, = freeboard.

For armor instability failure, 3, is subject to

W = ~,,R®,H> (32)
O, = A (1, —1,)e ) (33)
s
0.177  0.034
A, = 02566 — ——— 4 ——_ (35)
tanc  (tan @)
412 .
B, = —0.0201 — 123, 0053 (36)
tana  (tan )
L>1, (37)
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I, =tana/+/H/L (38)
I, =2.656tana (39)

where Egs. (32)—(39) are the constraints associated with armor
instability failure; W = weight of armor pieces; ,, = water unit
weight; R = dimensionless constant; ®, = stability function; A,
and B, depend on tan «v in terms of approximate experimental re-
lations, i.e., Egs. (35) and (36); I, = Iribarren’s number for shallow
water conditions; and ~y, = rubble mound unit weight.

For crown wall sliding failure, (3. is subject to

pe(Wy —F,) =F, (40)
Wi =wveye — er’YW (4])
1
F”:E)\Psoe (42)
Fh = (SO —A(,)PSO + (Wf +A(r))‘PSﬂ (43)
1,22 (44)
Ps, = av,So (45)
A

So=H[1-2¢ 46
S

R 2
a=2C; (Fu cos a> (47)

b

A =0.8exp —10.9z (48)
ve =pd+s(e—p) (49)
Cy =1+ (tanc)'? (50)

where Eqs. (40)—(50) are the constraints related to crown wall slid-
ing failure; . = friction coefficient; W, = actual crown weight;
F, = total vertical force because of water pressure; F;, = total hori-
zontal force because of water pressure; 7y, = concrete unit weight;
W = submerged height of crown wall; e = crown wall width; Py =
wave water pressure; S, = wave height due to run-up; A, = berm
level; v = random nondimensional variable; C = experimental ran-
dom coefficient; and d = sea-side berm width.

Acknowledgments

The authors gratefully acknowledge the financial support from the
National Natural Science Foundation of China (11172079 and
11572099) and the Natural Science Foundation of Heilongjiang
Province of China (A2015002).

References
Burcharth, H. F. 1997. “Reliability-based design of coastal structures.” In

Advances in coastal and ocean engineering, edited by P. Liu, 145-196.
Singapore: World Scientific.

© ASCE

04020001-8

Castillo, C., R. Minguez, E. Castillo, and M. A. Losada. 2006. “An optimal
engineering design method with failure rate constraints and sensitivity
analysis. Application to composite breakwaters.” Coast. Eng. 53 (1):
1-25. https://doi.org/10.1016/j.coastaleng.2005.09.016.

Castillo, E., M. A. Losada, R. Minguez, C. Castillo, and A. Baquerizo.
2004. “Optimal engineering design method that combines safety factors
and failure probabilities: Application to rubble-mound breakwaters.”
J. Waterway, Port Coastal Ocean Eng. 130 (2): 77-88. https://doi.org
/10.1061/(ASCE)0733-950X(2004)130:2(77).

Chaudhary, B., H. Hazarika, L. Ishibashi, and A. Abdullah. 2017. “Sliding
and overturning stability of breakwater under combined effect of earth-
quake and tsunami.” Ocean Eng. 136 (May): 106-116. https://doi.org
/10.1016/j.oceaneng.2017.03.021.

Ditlevsen, O. D., and H. O. Madsen. 1996. Structural reliability methods.
Chichester, UK: Wiley.

Elsafti, H., and H. Oumeraci. 2017. “Analysis and classification of stepwise
failure of monolithic breakwaters.” Coast. Eng. 121 (Mar): 221-239.
https://doi.org/10.1016/j.coastaleng.2017.01.001.

Ergin, A., and C. E. Balas. 1997. “Failure mode response functions in
reliability-based design of rubble-mound breakwaters.” In Proc., 7th
Int. Offshore and Polar Engineering Conf., edited by J. S. Chung, C. H.
Kim, M. Olagnon, and S. Naito, 861-868. Golden, CO: International
Society of Offshore and Polar Engineers.

Esteban, M., H. Takagi, and T. Shibayama. 2018. “Modified heel pressure
formula to simulate tilting of a composite caisson breakwater.” Coast
Eng. J. 54 (4): 1250022. https://doi.org/10.1142/S0578563412500222.

Guanche, Y., P. Camus, R. Guanche, F. J. Mendez, and R. Medina. 2013.
“A simplified method to downscale wave dynamics on vertical
breakwaters.” Coast. Eng. 71 (Jan): 68-77. https://doi.org/10.1016/j
.coastaleng.2012.08.001.

Hoby, P. M., N. Sajikumar, and K. S. Sumam. 2015. “Probabilistic optimal
design of rubble-mound breakwater.” J. Waterway, Port Coastal Ocean
Eng. 141 (2): 06015002. https://doi.org/10.1061/(ASCE)WW.1943
-5460.0000297.

Jayaratne, M. P. R., B. Premaratne, A. Adewale, T. Mikami, S. Matsuba, T.
Shibayama, M. Esteban, and I. Nistor. 2016. “Failure mechanisms and
local scour at coastal structures induced by tsunami.” Coast Eng. J.
58 (4): 1640017. https://doi.org/10.1142/S0578563416400179.

Lee, G. N, I. K. Lee, and D. H. Kim. 2018. “Reliability analysis of the long
caisson breakwater considering to the wave force reduction parameter.”
Supplement, J. Coast. Res., 85 (S1) 1246—1250. https://doi.org/10.2112
/SI85-250.1.

Losada, M. A., and J. B. Herbich. 1990. “Recent developments in the
design of mound breakwaters.” In Vol. I of Handbook of coastal and
ocean engineering, edited by J. B. Herbich. Houston: Gulf.

Martin, F. L., M. A. Losada, and R. Medina. 1999. “Wave loads on rubble
mound breakwater crown walls.” Coast. Eng. 37 (2): 149-174. https://
doi.org/10.1016/S0378-3839(99)00019-8.

Minguez, R., and E. Castillo. 2009. “Reliability-based optimization in
engineering using decomposition techniques and forms.” Struct. Saf.
31 (3): 214-223. https://doi.org/10.1016/].strusafe.2008.06.014.

Minguez, R., A. J. Conejo, and E. Castillo. 2013. “Optimal engineering
design via Benders’ decomposition.” Ann. Oper. Res. 210 (1): 273-293.
https://doi.org/10.1007/s10479-011-0890-7.

Mitsui, J., A. Matsumoto, M. Hanzawa, and K. Nadaoka. 2016. “Estima-
tion method of armor stability against tsunami overtopping caisson
breakwater based on overflow depth.” Coast Eng. J. 58 (4): 1640019.
https://doi.org/10.1142/S0578563416400192.

Somervell, L. T., S. G. Thampi, and A. P. Shashikala. 2017. “A novel
approach for the optimal design of a vertical cellular breakwater based
on multi-objective optimization.” Coast Eng. J. 59 (4): 1750019. https://
doi.org/10.1142/S057856341750019X.

Wang, Y. C., Y. Z. Wang, Q. M. Li, and L. Z. Chen. 2016. “Application
of importance sampling method in sliding failure simulation of caisson
breakwaters.” China Ocean Eng. 30 (3): 469-482. https://doi.org/10
.1007/s13344-016-0029-3.

J. Waterway, Port, Coastal, Ocean Eng.

J. Waterway, Port, Coastal, Ocean Eng., 2020, 146(2): 04020001


https://doi.org/10.1016/j.coastaleng.2005.09.016
https://doi.org/10.1061/(ASCE)0733-950X(2004)130:2(77)
https://doi.org/10.1061/(ASCE)0733-950X(2004)130:2(77)
https://doi.org/10.1016/j.oceaneng.2017.03.021
https://doi.org/10.1016/j.oceaneng.2017.03.021
https://doi.org/10.1016/j.coastaleng.2017.01.001
https://doi.org/10.1142/S0578563412500222
https://doi.org/10.1016/j.coastaleng.2012.08.001
https://doi.org/10.1016/j.coastaleng.2012.08.001
https://doi.org/10.1061/(ASCE)WW.1943-5460.0000297
https://doi.org/10.1061/(ASCE)WW.1943-5460.0000297
https://doi.org/10.1142/S0578563416400179
https://doi.org/10.2112/SI85-250.1
https://doi.org/10.2112/SI85-250.1
https://doi.org/10.1016/S0378-3839(99)00019-8
https://doi.org/10.1016/S0378-3839(99)00019-8
https://doi.org/10.1016/j.strusafe.2008.06.014
https://doi.org/10.1007/s10479-011-0890-7
https://doi.org/10.1142/S0578563416400192
https://doi.org/10.1142/S057856341750019X
https://doi.org/10.1142/S057856341750019X
https://doi.org/10.1007/s13344-016-0029-3
https://doi.org/10.1007/s13344-016-0029-3

