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Crown heights of seawalls should be designed to suppress overtopping discharge to a per-
missible level. The permissible level is determined from viewpoints of the structure types
of coastal seawalls and hinterland use. It is usually difficult to design the crown heights
of seawalls, especially in the present time where climate change due to global warming
is expected. This study analyzes climate change effects such as sea level rise (SLR) and
increase of waves and surges on the failure probability of seawalls under various conditions
of crown height, toe depth and slope by using a Level III reliability analysis. It was found
that the difference of SLR trends (fast, medium or low) has less impact on overtopping
rates than the differences in wave height change for a seawall at a target location.

Keywords: Climate change; wave overtopping; reliability analysis; failure probability.

1. Introduction

It is reported that the atmosphere and the oceans have warmed, the amounts of
snow and ice have diminished and sea levels have risen as a result of global climate

This is an open access article published by World Scientific Publishing and distributed under the terms of
the Creative Commons Attribution (CC BY) 4.0 License, which permits use, distribution and reproduction
in any medium, provided the original author(s) and source are credited.
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change. IPCC [2014] projects more than a meter of sea level rise (SLR) at the end
of this century in some parts of the world. With this, and with increasing stormy
weather, coastal disasters are expected to be severe in future. We have experienced
extreme tropical cyclones in recent years. In this context, research on coastal hazard
evaluation and coastal defense structure design under climate change has become
extremely important and timely [Mase et al., 2013a; Mori et al., 2013]. Under cli-
mate change conditions, researches on coastal defense structure design have become
extremely important since many coastal structures in Japan were constructed in
the latter half of the 1950s for given design parameters of wave heights and periods,
storm surge heights and sea level. The structures themselves became obsolete and
the external forces become larger.

The future wave climate projections have been conducted by a few researchers
[e.g. Hemer et al., 2006]. These studies have shown an increase in wave height due
to increased wind speeds associated with mid-latitude storms in many regions of the
mid-latitude oceans. Zhang et al. [2004] and Wang and Swail [2006] made statistical
projections of global wave height from the empirical relationships between sea level
pressure and significant wave height. In this context, climate change effects on safety
performance of coastal structures should be considered in the design, maintenance
and reconstruction of the coastal defense structures.

Coastal external forces that affect the failure of coastal structures are the sea
levels, storm surges and high waves. By considering these parameters’ change due
to climate change, Mase et al. [2013a] analyzed a stability of composite breakwater
covered with wave-dissipating blocks. In the present study, the failure probability of
seawalls due to wave overtopping is analyzed. Crown heights of seawalls should be
designed to suppress overtopping discharge into a permissible level. The permissible
level is determined from viewpoints of the structure types of coastal seawalls and
hinterland use. Since environmental coastal forces such as sea level, wave and storm
surge have probabilistic nature, it is usually difficult to design the crown height,
especially under the present time where climate change due to global warming is
expected. This study analyzes climate change effects such as SLR and increase of
wave and surge heights on failure probability of seawalls due to wave overtopping
by using a Level III reliability analysis.

The random wave overtopping of seawalls can be estimated from design diagrams
[e.g. Goda et al., 1975; Tamada et al., 2002] or by using various formulae [e.g. CEM
by U.S. Army Corps of Engineers, 2002; TAW, 2002; EurOtop, 2007; Goda, 2009].
In most of the prediction models, input wave conditions are specified at offshore, at
the toe of the foreshore slope, and at the toe of the structure itself. However, when
a structure is built in very shallow water or on land, the wave height at its toe is
not easy to define. Mase et al. [2013b] proposed the prediction model linking wave
runup and overtopping on seawalls built on land and in very shallow water. This
model is used in the present study for evaluating the failure probability of seawalls.
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Section 2 in this paper gives a description of reliability analysis and failure func-
tions related to wave overtopping. In Sec. 3, target analyzed conditions of topogra-
phy, seawall, wave height, period, sea level and so on are described. Section 4 shows
the failure probabilities of seawalls from the present to future, and Sec. 5 describes
discussion and conclusions.

2. Reliability Analysis and Failure Functions Related to Wave
Overtopping

2.1. Reliability analysis

Reliability analysis quantifies the probability of occurrence of a particular failure
mode represented by the failure function Z = f(X1, . . . ,XN ) where Xi are the ran-
dom variables with a probability density function involved in the concerned problem.
The failure function, Z, is generally a nonlinear function of the random variables.
The probability of failure, Pf , is then written as follows:

Pf = P (Z ≤ 0) =
∫∫

Z≤0
· · ·

∫
f(X1, . . . ,XN )dX1 · · · dXN . (1)

The above equation is the mathematical basis for probabilistic analysis. The
above integrations cannot be performed analytically and have to be approximated in
some way. They are classified on the basis of the types of calculations performed and
of the approximations made [see, e.g. Thoft-Christensen and Baker, 1982; Melchers,
1999; Reeve, 2009]. In general, three common levels are defined, in order of decreasing
accuracy, as follows:

(1) Level III: Full distribution approach
This method provides an exact probabilistic analysis for whole variables by

using full joint probability density functions including the correlations among
the variables.

(2) Level II: Semi-probabilistic approach
Approximation methods that the correlated and non-normal variables are

transformed into uncorrelated and normal variables are employed. Reliability
indices are used as measures of the structure safety. Nonlinear failure functions
are approximated using a tangent hyper plane at some point. If linearization
is performed about the expected mean values of the variables, the method is
known as the first-order mean value approach, FOMVA. If the failure function
is linearized about the point in the failure surface having the highest joint prob-
ability density, the method is called a first-order reliability method, FORM.

(3) Level I: Limit state approach
This approach is based on the use of characteristic values and partial load and

resistance factors. The factors represent the ratio of load at failure to permissible
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working load. This allows a desired margin between the characteristic values of
resistance and working load. Level I approach does not describe the reliability
(or the failure probability) of the design.

In the present study, the Level III approach is used to estimate the failure prob-
ability of seawall due to wave overtopping with a Monte Carlo simulation technique.

2.2. Failure functions

Permissible wave overtopping discharges are determined for functional and struc-
tural safety, and structure types of seawalls and hinterland use, although there
are several pathways to final collapse of seawalls and coastal flooding. For seawall
overtopping, the failure means that the specified permissible overtopping rate is
exceeded. Acceptable probabilities of failure per year are often between 0.01% and
1% but can be higher when considering functional safety alone. These acceptable
probabilities are better determined by comparing them with other kinds of risks and
the acceptable probability of failure depends on the consequences of failure.

Structural damages of seawalls are, for example, parapet collapse, upper surface
fracturing, slope armoring breakage, toe scouring and rear ground scouring. All fail-
ure modes must be identified and examined as the possible risks of seawall damage.
Negligence of an important failure mode will bias the estimation of the safety of
the structure. Since, however, it is not generally known how to quantify such failure
modes (failure functions), the present study takes up two failure modes as shown in
Fig. 1. Figure 1(a) shows the failure mode where the overtopping discharge exceeds
a permissible level. Figure 1(b) is the failure mode where overtopping waves break
the upper concrete plate where a void is assumed to be present under the concrete
plate.

The failure function corresponding to Fig. 1(a) is written as

Z = qa − q, (2)

where qa is the permissible overtopping discharge (m3/s/m), and q the value esti-
mated from the prediction formula of Mase et al. [2013a], which is an extended
version of Hedges and Reis [2004], as

q√
gH3

0

=


0.018

(
Rmax

H0

) 3
2
{

1 −
(

Rc

H0

)/(
Rmax

H0

)}6.240

, for 0 ≤ Rc ≤ Rmax,

0, for Rmax < Rc,

(3)

Rmax = 1.54H0{2.99 − 2.73 exp(−0.57 tan β/
√

H0/L0)}, (4)

when using (Rmax)99%,100 (the value not exceeded in 99% of the cases assuming a
Rayleigh distribution) where tan β is the imaginary slope and H0 offshore wave
height.
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q
permissible overtopping

(a)

Pv

hollow

overtopping pressure

(b)

Fig. 1. Failure of seawall by excess overtopping and pressure.

The failure function corresponding to Fig. 1(b) is given by

Z = σy − M(Pv, B)
Zd

, (5)

where σy is the tensile yield strength (N/mm2),M(Pv , B) is the bending moment
(kN · m) determined from overtopping wave pressure and length of the hole, Zd

the section modulus (m3). For the value of σy, 0.67 N/m is employed according to
“Specifications for Highway Bridges” by the Japan Road Association [2005]. The
value of Zd is set to 0.0417 m3 under the conditions of unit width 1.0 m and concrete
thickness 0.5 m.

The wave pressure of overtopping wave was formulated as follows. Imai et al.
[2010] investigated wave pressures of overtopping waves on road of seawall in which
the relations between offshore wave heights, overtopping discharges and wave pres-
sures are shown. From the figures, the relation between the overtopping discharges
and wave pressures was re-arranged as shown in Fig. 2. Although the dimensions
of vertical and horizontal axes are different, the line represents the upper trend of
experimental results. The present study employs the following equation:

pv = 10,830q, (6)

where the dimension of pv is kN/m2.
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Fig. 2. Relation between overtopping discharge and wave pressure.

3. Target Conditions

3.1. Conditions of seawall

For evaluation of climate change effects on seawall failure, the target seawall is set
considering a real seawall installed on the coast of Kochi Prefecture, Japan, facing
the Pacific Ocean which is exposed to extreme waves [Shimura et al., 2011]. Figure 3
shows the seawall at the site.

From the National Association of Sea Coast [2008], the configuration of a seawall
is that the crown height is T.P. (Tokyo Peil) +10 m, the front slope is 1:0.5 built on
a sandy beach of 1/20 slope. This configuration is taken as a basic one. In addition,
in order to know how much the failure probabilities change depending on the seawall

Fig. 3. Photo of seawall at a coast of Kochi, Japan.
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Fig. 4. Target analyzed conditions of seawall and foreshore beach.

conditions, the following values of the key variables are changed: the crown heights
of T.P. +13.90m, 11.95m, 10.00 m, 8.05 m; the seawall slope, cot α, as 0.5 and 3.0;
the toe depth, ds, as T.P. +5.45m, 2.20m,−1.05m,−4.30m and foreshore slope,
cot β, 50, 20 and 10. Figure 4 summarizes the calculation conditions of seawall size
and beach slope.

3.2. Setting of external forces — Sea conditions

The SLR is a component of climate change and is important for human activity
near the coastal zone. Global sea level increased by 1.8 mm/year from 1961–2003
and 3.1 mm/year from 1993–2003 [IPCC, 2007], and IPCC AR4 indicates that the
projected minimum and maximum SLR at the end of 21st century are 0.18–0.59 m
depending on different scenarios and general circulation model output, and the cor-
responding figures from IPCC AR5 are 0.26–0.98 m. Mori et al. [2013] summarized
the SLR by arranging all available CMIP3 models for A2, A1B and B2 scenario
around Japan. Figure 5 shows the SLR trend in Japan region obtained from CMIP3
for the A1B scenario. The mean SLR trend around Japan is slightly different from
the global trend. The mean (GCM model ensemble) trend is denoted as SL-M, the
large one with one standard deviation added shown by SL-L and the small one with
one standard deviation subtracted as SL-S. These three SLR trend were adopted in
the analysis.

The future wave heights with 50 years return period, estimated from wave sim-
ulations from 2075 to 2100 will increase by 1.23 times compared to the present
offshore wave heights around Kochi Prefecture [Shimura et al., 2011]. According to
the projection, the present design wave height of 13.0 m is multiplied by 1.23 in 87.5
years time as shown in Fig. 6 together with two other lines representing plus and
minus one standard deviation to the mean trend mean trend [Shimura et al., 2011].
The highest trend line is denoted as WA-L, the mean trend as WA-M and the lower
trend as WA-S. The linear increase in wave height was assumed since the near future
wave simulation was not carried out.
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Fig. 5. Trend of SLR.
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Fig. 6. Trend of wave height.

The Weibull distribution is employed as the offshore wave height distribution of
which shape parameter κ is 1.4 and scale parameter is given by

A = 0.0526t + 13; for WA-L (7)

A = 0.0343t + 13; for WA-M (8)

A = 0.0160t + 13; for WA-S (9)
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so that the 50 years return wave heights from the Weibull distribution match the
trend lines in Fig. 6. The 100 years return wave height is used as the upper limit to
prevent abnormally large wave height.

Reeve [1998] used a functional relationship, of the form T = aHb, to link wave
height and period explicitly in a Level II analysis of wave overtopping of sea defenses.
The rationale behind this is a putative scaling law such that waves retain a constant
steepness as their severity increases. If these were exactly the case then b = 0.5 is the
constant for linear waves. Goda [2003] proposed an averaged relationship between
the significant wave height and period as follows:

Ts ≈ 3.3H0.63
s . (10)

Since the design wave at Kochi coast is Ts = 15.5 s for a wave height Hs = 13.0 m,
the above equation was modified to

Ts ≈ 3.08H0.63
s . (11)

The distribution of wave periods is taken as a normal distribution with a mean of Ts

from Eq. (11) and the standard deviation of 0.05Ts for a given Hs from the Weibull
distribution.

For the distribution of tides, a triangle distribution with the maximum level
of T.P.+0.72 m, minimum level of T.P.−1.07 m and mode of T.P. +0.25 m was
employed from the observation at Kochi Port.

The surge height, η, is related to the wave height Hs; the distribution of η is given
by a normal distribution with a mean value of µ = 0.1Hs and standard deviation of
σ = 0.1µ. The upper and lower limits are set as (µ+2σ) and (µ−2σ). Although the
relation between surge and wave heights are not well known, the present method
followed Goda and Takagi [2000] and Suh et al. [2012] where the surge height is
assumed to be 10% of the deepwater significant wave height. In addition, the assumed
surge heights are distributed using normal distribution in this study.

3.3. Calculation of reliability

Probabilities of failure were estimated by sampling values of the key variables accord-
ing to the distributions specified above and performing Monte Carlo simulations of
10,000 realizations in order to estimate the probabilities of failure (the rate that the
failure function becomes zero and negative) for each specific case.

4. Computed Failure Probabilities

4.1. Failure of seawall by large overtopping

Figure 7 shows a change of failure probability a year interval from the present into
the future for the seawall with the current design crown height (hc/hd = 1.0) built
on land (ds/Hs = −0.25) of foreshore slope (cot β = 20); figure (a) is the case of
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Fig. 7. Failure probability trend of seawall with the present crown height built on land over 1/20
foreshore beach: (a) steep slope seawall and (b) gentle slope seawall.

steep slope seawall (cot α = 0.5) and figure (b) gentle slope seawall (cot α = 3.0).
It is seen from these figures that the effect of different SLR changes of SL-L, SL-M
and SL-S is small compared to the effect of difference in wave height change as WA-
L, WA-M and WA-S, although, of course, the larger the SLR trend is, the larger
the failure probability is. The SLR is often said to be a threat to coastal disasters.
However, the increase in wave heights induces much severe problems for stability of
coastal structures.
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Fig. 8. Failure probability trend of seawall build in sea over 1/20 foreshore beach: (a) steep slope
seawall and (b) gentle slope seawall.

When the seawall is installed in sea (ds/Hs = 0.5), the failure probabilities are
one order larger than those built on land as seen in Fig. 8. These results also show
that the effect of different sea level changes is small compared to the effect of changes
in wave height, since the difference in range is at most 0.3 m but difference in wave
height about 4 m. The difference in the failure probabilities due to seawall slope is
pronounced compared to Fig. 7 in the case seawalls set in sea.

Estimations of failure probabilities were carried out for all conditions of seawall
and external forces by changing the crown height, toe depth, seawall slope and
foreshore slope. Figure 9 shows the change of failure probability for the steep sloped
seawall with the present crown height from the present to near future after 20 years
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Fig. 9. Change of failure probability for steep slope seawall with the present crown height 20 years
later under the conditions of large SLR trend and large wave height change trend.

under the conditions of the large SLR trend SL-L and large wave height trend WA-L.
It is generally seen that the steeper the foreshore slope becomes, the larger the failure
probability increases. When the foreshore slope is 1/10, the increase of the failure
probability due to the difference of toe depth ds/Hs is not remarkable; however for
gentler foreshore slope such as cot β = 20 and 50, it becomes larger according to the
toe depth ds/Hs.

Figure 10 shows the failure probability against the normalized crown height of
steep seawall (plotted by black symbols and lines) and gentle seawall (red symbols
and lines), installed at the shore line ds/Hs = 0 on 1/20 foreshore beach, for present,
50 and 100 years later. Similarly to Fig. 10, Fig. 11 displays the failure probability
against the normalized toe depth of steep seawall (black symbols and lines) and
gentle seawall (red symbols and lines), with the present crown height hc/hd = 1.0,
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Fig. 10. Failure probability against the normalized crown height for present, 50, 100 years later.
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Fig. 11. Failure probability against the normalized toe depth for present, 20, 50, 100 years later.

for present, 20, 50 and 100 years hence. It is seen from these figures that the failure
probabilities for each period do not change against the crown height so much; how-
ever, those against the toe depth change remarkably. When the seawalls are installed
on land (when ds/Hs < 0), the change of the failure probabilities from the present
to future is small as shown in Fig. 11.

4.2. Failure of seawall by overtopping pressure

As a failure mode comes from the upper surface fracturing by overtopping, Fig. 12
shows the time history of failure probability of steep seawall with the present design
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Fig. 12. Failure probability trend of steep slope seawall with the present crown height over 1/20
foreshore beach: (a) seawall on land and (b) seawall in sea.
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Fig. 12. (Continued)
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Fig. 13. Failure probability against the hole width for present, 20, 50, 100 years later.

crown height installed on 1/20 foreshore beach under the condition having a 1.0 m
hole; figure (a) is for the seawall built on land, and figure (b) for the seawall built in
sea. As in Figs. 7 and 8, the effect of different SLR change trends is small compared
to the effect of changes in wave height, and the failure probability becomes large
when the toe depth is large. Figure 13 shows the change of the failure probability of
steep seawall, with the present design crown height on 1/20 foreshore slope beach,
against the hole width. The failure probability becomes constant for a hole width
due to the occurrence probability of wave overtopping.

Figures 14 and 15 show the failure probabilities against the normalized crown
height and normalized toe depth, respectively, of steep seawall (in black) and gentle
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Fig. 14. (Color online) Failure probability against the normalized crown height hole width for
present, 20, 50, 100 years later.
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Fig. 15. (Color online) Failure probability against the normalized toe depth for present, 20, 50, 100
years later.

seawall (in red) for present time, 20, 50 and 100 years later where foreshore slope is
1/20 in the case of 1.0 m hole width. The change rate of failure probability of seawall
with gentle slope seawall is smaller even if the toe depth becomes larger compared
to Fig. 11.

5. Discussion and Conclusions

There are several pathways that can lead to the failure of seawalls as shown in
Fig. 16 where the probability of each path occurring is shown as p1–p4. Using a
permissible wave overtopping does not reflect the actual process of damage progres-
sion but employs a representative value of overtopping discharge. That is, it provides
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Fig. 16. Failure pathways for seawalls.

a snapshot of the risk at a particular time, assuming the integrity of the seawall is
unchanged. Including time varying seawall integrity adds significant complexity to
the problem [Hedges and Reeve, 2011]. The present study estimated the failure
probability of p4 in Fig. 16. The analysis considering the upper surface fracturing
corresponds to the first pathway from crown damage to crown collapse and lowering
in which the failure probability is given by multiplication of p1p

′
1p

′′
1. A final failure

probability may be represented by

Pf = {(p1 × p′1 × p′′1), or (p2 × p′2 × p′′2), or (p3 × p′3 × p′′3), or p4}. (12)

The present study only estimated the failure probability of p1, but not p′1 and p′′1
since these are not clear. The failure probabilities due to the landward slope damage
and landward toe scour require additional variables and were not calculated in this
study due to their complexity.

The present study analyzed the effects of climate change on the failure prob-
abilities of seawalls where sea level, waves and surges are changed toward future,
by using a Level III reliability analysis method. The target conditions were setup
by considering the prevailing conditions at a seawall installed in the Kochi Prefec-
ture, Japan. It was found that different SLR trends represented by the mean (GCM
model ensemble) trend, the large one as the mean trend plus the standard deviation
and the small one as the mean trend minus standard deviation did not have a large
impact on the failure probabilities of seawalls; however, the effect of differences in
wave height trend is more remarkable.

One of the adaptation methods of upgrading seawalls for climate change (global
warming) is to modify the structure so as to keep the present safety level. For
example, referring to Figs. 10 and 11, the failure probability (or conversely, the
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safety level) in future can be estimated for a given condition of crown height, toe
depth and seawall slope by employing the reliability calculations; from which, the
upgrading seawall crown height can be obtained so as to keep the present safety
level.
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