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Abstract: The maximum external force acting on a long continuous harbor structure can be reduced
by controlling the phase difference of forces acting longitudinally. This strategy can be used to increase
the structural stability of breakwaters consisting of caissons. Breakwaters have been developed using
interlocking caissons to effectively respond to the constant increase in wave height due to climate
change. In this study, we investigated the wave force characteristics and stability of a detached
breakwater consisting of open cell caissons interlocked via crushed stones. We performed wave
basin experiments and compared the results with analytical solutions of linear diffraction waves.
The results revealed that the maximum wave force acting on the front of the breakwater decreased as
the incident angle increased, reducing by as much as 79% for an incident angle of 30◦. Although the
variability of the maximum wave force for each caisson is large owing to the influence of the diffracted
waves, the maximum wave force acting on the entire detached breakwater was not significantly
affected by this variability. The analytical solutions based on linear wave theory agreed with the
experimental results, indicating that the findings can be applied to actual designs. The structural
stability of the breakwater was enhanced, even for low incident wave angles, compared to that of a
single integral structure, as the frictional resistance produced by the sliding structure increased due
to the shear resistance between the filled crushed stones and the rubble mound.

Keywords: long structure; interlocking caisson; open cell caisson; wave force reduction;
hydraulic experiment

1. Introduction

According to a report by the Intergovernmental Panel on Climate Change [1], the global mean sea
level is expected to rise by approximately 0.26 to 0.77 m by 2100 as a result of a global warming-induced
temperature rise of 1.5 ◦C. The number of intense typhoons is increasing as a result of global warming,
even though the total frequency of typhoons is decreasing [2,3]. Consequently, the height of the waves
is expected to increase, requiring the reinforcement of existing marine structures. Reinforced coastal
structures in Korea have incurred damages owing to the high waves caused by recent typhoons [4].
In particular, the Seogwipo Port in South Korea, for which reinforcement construction was underway,
was damaged by Typhoon Maemi in 2003. Although the reinforcement was completed in 2007,
the Seogwipo Port experienced considerable damages due to Typhoon Bolaven in 2012 [5]. The main
cause of these damages was that the heights of the waves generated by the typhoon were greater than
those of the waves considered in the design of the reinforcements. The change in wave heights over a
period of 10 years may be an effect of the increase in typhoon intensity as a result of climate change due
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to global warming. Interestingly, the duration of the storm waves was 10 h during Typhoon Bolaven.
Considering that the storm duration assumed in the design stage is just 3 h, the actual storm duration
was about three times longer.

Researchers have been developing new breakwater technologies that can actively cope with
environmental changes. Among the various methods used to produce breakwaters, the elongation of
the harbor structure has recently received considerable attention. As shown in Figure 1, the maximum
wave force acting on the breakwater can be reduced through consideration of the phase difference
of the hydrodynamic pressures by elongating the harbor structure when an oblique incident wave
approaches the breakwater, thereby improving the stability of the breakwater [6–10]. Takahashi and
Shimosako [8] and Burcharth and Liu [9] analytically showed that the maximum wave force decreases
when the wave obliquely enters the elongated structure. In addition, it is possible to substantially
reduce the effect of large wave pressure fluctuations in the longitudinal direction of the breakwater
caused by diffracted waves [11,12] by the elongation. Recently, research results have been reported that
an increase in wave pressure caused by the diffracted wave can be one of the reasons of destruction of
the conventional caisson breakwater [13], therefore the elongation has great implications.
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Figure 1. Design wave pressure for (a) conventional caisson and (b) long caisson breakwater, under an
oblique incident wave.

The construction of a long physical structure has always involved technical challenges,
e.g., inefficient responses to the uneven ground settlement and technical difficulties in manufacturing
and installation. However, in recent years, the interlocking of adjacent caissons has been proposed as
an effective method for the elongation of breakwaters [14]. Seo et al. [15] reported that the elongation
can be effectively performed by interlocking caissons with cross cables, and they found that the wave
dispersion increases and the maximum wave force acting on the breakwater decreases as the incident
angle of the wave increases. Park et al. [4,16] presented a stability evaluation equation for the sliding,
overturning, and rotation of an elongated breakwater by caisson interlocking.

Figure 2 shows schematics of typical interlocked caisson designs presented to date [4]. Currently,
no design has been applied to the actual harbor site. In Korea, the fourth method is receiving the
most attention, because the technology based on this method was certified by the Ministry of Oceans
and Fisheries and the quay to which this technology is applied is currently under construction in
Busan New Port for the first time in the world. Accordingly, the present study is concerned with the
technology applied to breakwaters.
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Figure 2. Schematics of caisson interlocking methods: (a) with protrusions and recesses; (b) with 
cross cables; (c) with key blocks; (d) with crushed stones. 
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a harbor structure that is elongated through caisson interlocking by simply inserting crushed stones 
into the open cells facing each other in the conventional caisson structure. Structures implemented 
through this method have the advantages of the existing caisson structure and elongation 
properties, thereby improving the structural stability in an economical way. In particular, the 
stability of sea structures is improved, where the load is concentrated in a specific caisson, making 
them capable of dealing with a variety of wave states. 
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model experiments. The breakwater model was constructed using 15 open cell caissons, wave 
forces acting on the breakwater were calculated, and its characteristics were analyzed using data 
measured from 14 wave gauges and 15 pressure gauges. In addition, a stability evaluation 
experiment for sliding was conducted on the breakwater with a critical weight for the design wave. 
To examine the effect of the incident wave angle, cases where the angles were 0°, 15°, and 30° were 

Figure 2. Schematics of caisson interlocking methods: (a) with protrusions and recesses; (b) with cross
cables; (c) with key blocks; (d) with crushed stones.

Figure 3 shows the schematics of harbor structures based on conventional and open cell caissons.
In the open cell caisson structure, the walls of two adjacent caissons are opened and flexibly interlocked
using crushed stones in two open cells facing each other. It is possible to realize a harbor structure
that is elongated through caisson interlocking by simply inserting crushed stones into the open cells
facing each other in the conventional caisson structure. Structures implemented through this method
have the advantages of the existing caisson structure and elongation properties, thereby improving
the structural stability in an economical way. In particular, the stability of sea structures is improved,
where the load is concentrated in a specific caisson, making them capable of dealing with a variety of
wave states.
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In this study, we investigated the wave force characteristics and stability of a breakwater that was
elongated by caisson interlocking with crushed stones through three-dimensional hydraulic model
experiments. The breakwater model was constructed using 15 open cell caissons, wave forces acting
on the breakwater were calculated, and its characteristics were analyzed using data measured from 14
wave gauges and 15 pressure gauges. In addition, a stability evaluation experiment for sliding was
conducted on the breakwater with a critical weight for the design wave. To examine the effect of the
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incident wave angle, cases where the angles were 0◦, 15◦, and 30◦ were considered. For comparison
purposes, experiments were also performed on breakwaters with non-interlocked caissons.

2. Experimental Setup and Analysis Methods

2.1. Experimental Setup

2.1.1. Wave Basin and Model Setup

The hydraulic experiment was conducted in a wave basin located at the Korea Institute of Ocean
Science and Technology in Ansan, Republic of Korea. The length, width, and height of the wave basin
are 32.5, 25.2, and 1.2 m, respectively, as shown in Figure 4. The wave basin was equipped with five
piston-type wave makers. Wave absorbers were placed at both sides of the wave basin, and a sloping
gravel beach was introduced around the wave basin to reduce the reflected wave energy.
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The model breakwater was installed 17 m away from the wave maker paddles. The breakwater
length is 7.2 m, and the installation water depth is 0.5 m. For the experiment examining the angle of
incidence, three models were considered in which the model breakwater was rotated by 0◦, 15◦, and 30◦

counterclockwise based on the center point (see Figure 4b). The water depth of 0.5 m was determined
to be the maximum possible water depth, considering the wave basin specifications and experimental
wave conditions. Considering that the water depth of the breakwater at the harbor entrance installed
in Korea is around 20 m, the scale of this experiment can be said to be 1:40. In general, the experiment
on the wave force acting on the caisson breakwater and its stability follows Froude’s similarity law [17].
Therefore, the measured water level, wave pressure, and wave force can be converted into prototype
values based on Froude’s similarity law. That is, the measured wave runup and wave pressure from
experiments can be converted into prototype values by multiplying them by 40, so the calculated wave
force is 403. Times, such as wave period, duration, and sampling time, can be converted by multiplying
by
√

40.
As shown in Figure 4b, 14 capacitance-type wave gauges (E1–E14) were installed to measure the

water surface fluctuations in the basin during the experiment; eight of these (E7–E14) were installed at
equal intervals in front of the breakwater.

2.1.2. Breakwater Model

Figure 5 shows the breakwater model used in the experiment. The breakwater model consists
of 15 caissons placed on a rubble mound, interlocked via crushed stones. The dimensions of the
breakwater model were determined by the aforementioned 1:40 scale. Figure 5b shows the dimensions
of the breakwater cross section, and Figure 5c and 5d show planar sections of the conventional and
open cell caissons, respectively. The length of the breakwater (Lb) is 7.2 m; the height of the mound was
0.14 m; the height of the caisson including the concrete cap is 0.52 m; and the height of the freeboard
(hc) is 0.16 m. The water depth (h) is set to 0.5 m, and the depth above the mound (hm) is 0.36 m.
The caissons were made of steel plates with a width (w) of 0.5 m and a length (Lw) of 0.48 m and were
simplified into one closed cell with two open cells on both sides for the convenience of the experiment.
The open cell was modeled using plates with a length, height, and thickness of 0.06, 0.5, and 0.003 m,
respectively. The closed cell was filled with lead bars to obtain the required weight. Two open cells
facing each other were filled with scaled crushed stones, according to Froude’s law. In the open cell
method, it is recommended to use rubble stones of 0.015~0.03 m3 [18] as filling stones. The weight of
the head caissons (#1, #15) at both ends was set to approximately 1.5 times that of the trunk caissons.
This reflects the design regulations in Korea, which recommends that the safety factor for the armor
blocks of the head caisson are designed to be 1.5 times higher than that of the trunk caisson [18]. This is
because securing the stability of the head caisson is believed to have great influence on the stability of
the entire breakwater. In the case of the interlocking caisson breakwater in this study, the stability of
the head caisson is even more important, so it was set as above.
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To measure the wave pressure acting on the breakwater and calculate the wave force, wave
pressure gauges were installed at the center of the front surface of each caisson on the free surface,
as shown in Figure 5a. The reason why the wave pressure gauge is installed on the free surface is
because the hydrodynamic pressure is largest there, theoretically. As such, the pressure distribution on
the breakwater surface can be approximately determined from the measured wave pressure on the free
surface by using the wave runup data and linear wave theory, as will be explained later in Section 2.2.2.
In addition, when performing the breakwater activity experiment, displacement gauges were installed
on the back of the 1st and 15th (heads) and 8th (center) caissons to measure their displacement.

The crushed stones that filled in the open cells facing each other were evaluated through a sieve
analysis. Figure 6 shows the photographs of crushed stones with different sizes. Samples A, B, and C
were classified through sieve analysis using 10 testing sieves (25, 19, 9.5 mm, #4 (4.75 mm), #10
(2 mm), #20 (0.85 mm), #40 (0.425 mm), #60 (0.25 mm), #100 (0.15 mm), and #200 (0.075 mm)). Table 1
summarizes the properties of the sample gravel classified according to the Unified Soil Classification
System (USCS). The D10 value, with respect to effective grain size De, corresponds to the proportion
of grains that are 10% finer than the given grain size. The values of D30, D50, and D60 are defined
in the same manner as D10. Cu and Cc denote the uniformity coefficient and coefficient of curvature,
respectively, and these coefficients were used to classify the sample gravel as having well-graded
(unevenly graded) or poorly graded (uniformly graded) grains. In this context, samples A and B
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corresponded to poorly graded gravel (GP), and sample C corresponded to poorly graded sand (SP).
In other words, each sample was uniformly graded as the samples had already been sorted by size
before conducting the sieve analysis test. Considering that the recommended size of the crushed stones
in the field is 0.015 to 0.03 m3 [18], A, B, and C correspond to the 1/20, 1/40, and 1/90 scales, respectively.
Sample B was used as the filler because it matched the 1/40 scale used in this study.
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Table 1. Properties of sample gravel.

Sample D10 (= De, mm) D30 (mm) D50 (mm) D60 (mm) Cu Cc USCS

A 10.359 13.383 16.408 17.920 1.730 0.965 GP
B 5.313 6.600 7.886 8.529 1.605 0.961 GP
C 2.308 2.972 3.636 3.969 1.720 0.946 SP

The breakwater deformation varies depending on the degree of compaction of crushed stones.
If the crushed stones are filled and compacted, then the void between the crushed stones decreases,
reducing the amount of deformation and increasing the shear resistance. However, because it is
not easy to compact crushed stones in the field, they were freely dropped in the open cells without
artificially compacting them in this experiment. In the stability evaluation, waves smaller than the
design waves were utilized beforehand, so the natural compaction effect occurring in the field could be
somewhat reproduced.

2.1.3. Test Waves

To simplify the analysis of the wave force characteristics, hydraulic experiments with regular waves
were conducted. The specifications of the experimental waves were set considering the characteristics
of the design waves with large non-linearity and the destruction test of the breakwater. Table 2 shows
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the test wave conditions. The actual test waves were made so that the target wave height in Table 2
was reproduced where the center of the breakwater would be (between wave gauges E10 and E11),
but without the breakwater present in the wave basin. The actual experimental wave height showed a
relative error of less than 2% compared to the target wave height, so it was judged to be sufficiently
suitable for the purpose of this experiment from an engineering design point of view. The values in
parentheses in Table 2 are the wave steepness, defined as the wave height (H) divided by the incident
wave length (L), which satisfies the dispersion relation. The test waves correspond to the third-order
Stokes wave or the stream function wave similar to general breakwater design wave conditions with
fairly large wave heights, as shown in Figure 7. The wave W06 (period: 2 s; wave height: 0.16 m) was
set as a design wave for determining the caisson self-weight during the sliding test of the breakwater.
The design caisson weight was determined as the weight needed for a safety factor of 1.0 when W06
is applied.

Table 2. Test wave conditions in the hydraulic experiment.

T (s)
H (m)

0.160 0.176 0.192 0.208 0.224

1.50 W01 (0.0566) W02 (0.0623)
1.75 W03 (0.0464) W04 (0.0510) W05 (0.0557)
2.00 W06 (0.0395) W07 (0.0434) W08 (0.0473) W09 (0.0513) W10 (0.0552)
2.25 W11 (0.0344) W12 (0.0378) W13 (0.0413) W14 (0.0447) W15 (0.0482)
2.50 W16 (0.0306) W17 (0.0336) W18 (0.0367) W19 (0.0397) W20 (0.0428)
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The wave generation time was set to 25 s. This is the shortest time for the experimental wave
reflected from the breakwater to return to the breakwater after being reflected from the wave paddle.
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2.2. Analysis Method

2.2.1. Data Acquisition and Analysis

During the experiment, a sampling rate of 600 Hz was set to measure water level fluctuations,
wave pressures, and displacements. In generating impulsive pressure by breaking waves, it should be
set to be 1 kHz or higher [20–22], but our sampling rate is sufficient to acquire data to qualitatively
confirm the occurrence of impulsive pressure in this experiment [23].

Data analysis was performed by selecting five consecutive waves determined to have stabilized
within the data read for 25 s, in which only the target experimental wave, wave reflected from the
breakwater, and diffraction wave were present.

2.2.2. Wave Force Calculation

The wave force acting on each caisson was determined using the data obtained from the wave
pressure gauges installed on each caisson at the still water level and the wave gauges installed on the
front surface of the caisson. Figure 8 shows the pressure distributions used in this study. In the first
case, the water level in front of the caisson is higher than the freeboard (Figure 8a). In the second case,
the water level is between the still water level and the freeboard (Figure 8b). In the third case, the water
level is below the still water level (Figure 8c). Considering the hydrodynamic pressure distribution in
the vertical direction, the pressures, pt1–pt4, can be determined as follows:

pt1 = pm

(
1−

hc

ηm

)
(1)

pt2 = pm
cosh k(h− hm)

cosh kh
(2)

pt3 = ρgηm (3)

pt4 = ρgηm
cosh k(h− hm)

cosh kh
(4)

where pm is the wave pressure measured from pressure gauges, p1 to p15 in Figure 5a; ηm is the wave
runup measured from wave gauges, E7 to E14 in Figure 4b; k is the wave number; ρ is the water
density; and g is the gravitational acceleration. For caissons without a wave gauge installed on the
front, ηm was determined by interpolating the measured data of the caissons on both sides.

Using the pressure distributions in Figure 8, the wave force per unit length was determined by
integrating vertically as follows:

F =
(pt1 + pm)

2
hc +

(pm + pt2)

2
hm for ηm > 0 and ηm > hc (5)

F =
pm

2
ηm +

(pm + pt2)

2
hm for ηm > 0 and ηm < hc (6)

F =
pt3

2
ηm +

(pt3 + pt4)

2
(hm + ηm) for ηm < 0 (7)

where F is the wave force per unit length at the center of the caisson. After determining the wave force
acting on each caisson by multiplying the width of each caisson with F, the total wave force acting on
the entire breakwater was determined by adding all the forces.
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2.2.3. Analytical Solution for Wave Forces

For comparison with the results of hydraulic experiments, an analytical solution for a detached
breakwater was derived using the solution of Penny and Price [24]. To formulate the related boundary
value problem, a coordinate system was introduced, and each variable was defined, as shown in
Figure 9, where h is the water depth, L is the previously defined wavelength, β is the angle of incidence,
and Lb is the length of the breakwater. A detached breakwater with a rubble mound was assumed to
have a very thin plate structure.Water 2020, 12, x FOR PEER REVIEW 11 of 22 

 

 
(a) 

 
(b) 

Figure 9. Sketch of how the detached breakwater was defined, (a) in plane and (b) side views, for an 
analytical approach. 

Assuming that the fluid is incompressible and the flow is irrotational, the continuity equation 
can be expressed as follows: 𝜕 𝛷𝜕𝑥 𝜕 𝛷𝜕𝑦 𝜕 𝛷𝜕𝑧 = 0 (8) 

where 𝛷 is the velocity potential. For small wave amplitudes, the dynamic boundary condition on 
the free surface can be expressed as follows: − 𝜕𝛷𝜕𝑡 𝑔𝜂 = 0     on 𝑧 = 0 (9) 

where 𝜂 is the water surface elevation. The kinematic boundary conditions to be satisfied on the 
free surface can be defined on the still water level as 𝜕𝜂𝜕𝑡 𝜕𝛷𝜕𝑧 = 0     on 𝑧 = 0 (10) 

Equations (9) and (10) can be combined to yield 𝜕 𝛷𝜕𝑡 𝑔 𝜕𝛷𝜕𝑧 = 0     on 𝑧 = 0 (11) 

The velocity potential, 𝛷, should satisfy no flux conditions on the bottom, such that 𝜕𝛷𝜕𝑧 = 0     on 𝑧 = −ℎ (12) 

Assuming a harmonic wave which is periodic in 𝑡, the velocity potential can be expressed as a 
complex-valued velocity potential, 𝜙, i.e., 𝛷 = Re 𝜙  (13) 

where Re 𝜙  is the real part of 𝜙. Using Equation (13), the solution of Equation (8) that satisfies the 
bottom boundary condition in Equation (12) can be obtained as 

Figure 9. Sketch of how the detached breakwater was defined, (a) in plane and (b) side views, for an
analytical approach.



Water 2020, 12, 2873 11 of 22

Assuming that the fluid is incompressible and the flow is irrotational, the continuity equation can
be expressed as follows:

∂2Φ
∂x2 +

∂2Φ
∂y2 +

∂2Φ
∂z2 = 0 (8)

where Φ is the velocity potential. For small wave amplitudes, the dynamic boundary condition on the
free surface can be expressed as follows:

−
∂Φ
∂t

+ gη = 0 on z = 0 (9)

where η is the water surface elevation. The kinematic boundary conditions to be satisfied on the free
surface can be defined on the still water level as

∂η

∂t
+
∂Φ
∂z

= 0 on z = 0 (10)

Equations (9) and (10) can be combined to yield

∂2Φ
∂t2 + g

∂Φ
∂z

= 0 on z = 0 (11)

The velocity potential, Φ, should satisfy no flux conditions on the bottom, such that

∂Φ
∂z

= 0 on z = −h (12)

Assuming a harmonic wave which is periodic in t, the velocity potential can be expressed as a
complex-valued velocity potential, φ, i.e.,

Φ = Re[φ] (13)

where Re[φ] is the real part of φ. Using Equation (13), the solution of Equation (8) that satisfies the
bottom boundary condition in Equation (12) can be obtained as

φ = G cosh[k(z + h)]F(x, y)eikct (14)

where F(x, y) is a complex-valued function satisfying

∂2F
∂x2 +

∂2F
∂y2 + k2F = 0 (15)

From Equation (11), the dispersion relationship can be derived as

ω2 = gktanh(kh), c =
ω
k

(16)

where ω is the angular frequency, k is the wavenumber, and c is the wave speed. The constant G in
Equation (14) can be defined as

G =
igai

ω cosh(kh)
(17)

where ai is the incident wave amplitude and g is the acceleration due to gravity. In front of the
breakwater, incident and reflected wave components exist along with the diffraction wave components
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from the incident and reflected waves. Following the approach developed in references [24] and [25],
the function F(x, y) from Equation (14) in front of the breakwater can be expressed as follows:

F(x, y) = e−ik(x sin β+y cos β) + Kre−ik(−x sin β+y cos β)

−bi, f 1(x, y)e−ik(x sin β+y cos β)
−Krbr, f 1(x, y)e−ik(−x sin β+y cos β)

−bi, f 2(x, y)e−ik(x sin β−y cos β)
−Krbr, f 2(x, y)e−ik(−x sinβ−y cos β)

(18)

where Kr is the reflection coefficient; bi, f (x, y) and br, f (x, y) are the relative amplitudes of the waves
diffracting from the incident and reflected waves, respectively, in front of the breakwater; and f1 and
f2 denote the components diffracting from the left (1 in Figure 9a) and right sides (2 in Figure 9a),
respectively. These diffraction components in front of the breakwater include the phase information in
their complex solution and can be calculated as follows [24], where y = 0:

bi, f 1(x, 0) = f
(
−ψ f 1

)
, br, f 1(x, 0) = f

(
−ψ′ f 1

)
,

bi, f 2(x, 0) = f
(
−ψ f 2

)
, br, f 2(x, 0) = f

(
−ψ′ f 2

) (19)

where

f (ψ) =
1
2
(1 + i)

∫ ψ

−∞

e
1
2 iπu2

du (20)

ψ f 1 = 2

√
k
(
x + Lb

2

)
π

sin
[1
2

(
β+

3π
2

)]
(21)

ψ′ f 1 = −2

√
k
(
x + Lb

2

)
π

sin
[1
2

(
−β+

5π
2

)]
(22)

ψ f 2 = 2

√
k
(
−x + Lb

2

)
π

sin
[1
2

(
−β+

3π
2

)]
(23)

ψ′ f 2 = −2

√
k
(
−x + Lb

2

)
π

sin
[1
2

(
β+

5π
2

)]
(24)

In Equations (20)–(24), y = 0, f (ψ) is a function containing a Fresnel integral, ψ is a parameter
that determines the integral section, ψ f 1 = ψ′ f 1, and ψ f 2 = ψ′ f 2. Therefore, the following parameters
can be used:

F1 = f
(
ψ f 1

)
= f

(
ψ′ f 1

)
, F2 = f

(
ψ f 2

)
= f

(
ψ′ f 2

)
(25)

Finally, the complex-valued velocity potential in front of the detached breakwater can be derived as

φ =
ig
ω

cosh[k(h + z)]
cosh(kh)

ai(1 + Kr)
[
(1−F1)e−ikx sin β

−F2eikx sin β
]
eiωt (26)

The complex-valued wave pressure excluding the static pressure in front of the breakwater can be
expressed as follows:

p = ρg
cosh[k(h + z)]

cosh(kh)
ai(1 + Kr)

[
(1−F1)e−ikx sin β

−F2eikx sin β
]
eiωt (27)

The complex-valued wave force per unit length acting on the structure can be calculated by
integrating the wave pressure in the z-direction as follows:

F = ρgh
tanh(kh)

kh
ai(1 + Kr)

[
(1−F1)e−ikx sin β

−F2eikx sin β
]
eiωt (28)
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Neglecting the diffraction, the complex-valued wave force per unit length, F0, of the
perpendicularly incident wave can be expressed as follows:

F0 = ρgh
tanh(kh)

kh
ai(1 + Kr)eiωt (29)

The relative maximum wave force per unit length of the breakwater when the diffracted waves
are considered for the case of normal incidence ignoring diffracted waves can be calculated as follows:

|F|
|F0|

=
∣∣∣(1−F1)e−ikx sin β

−F2eikx sin β
∣∣∣ (30)

The maximum total wave force acting on the entire length of the breakwater can be calculated by
integrating Equation (28) in the x-direction as follows:

Ft
max =

∣∣∣∣∣∣∣∣
∫ Lb

2

−
Lb
2

Fdx

∣∣∣∣∣∣∣∣ = ρghLb(1 + Kr)ai
tanh(kh)

kh
R (31)

where
R = |A + B + C| (32)

A =
1
Lb

∫ Lb
2

−
Lb
2

e−ikx sin βdx =
sin(kLb sin β)

kLb sin β
(33)

B = −
1
Lb

∫ Lb
2

−
Lb
2

F1e−ikx sin βdx (34)

C = −
1
Lb

∫ Lb
2

−
Lb
2

F2eikx sin βdx (35)

As explained above, the relative maximum wave force acting on the entire length of the breakwater
can be obtained as follows:

Ft
max

Ft
0,max

=

∣∣∣∣∣∣∫ Lb
2

−
Lb
2

Fdx

∣∣∣∣∣∣∣∣∣∣∣∣∫ Lb
2

−
Lb
2

F0dx

∣∣∣∣∣∣
= R (36)

The definition of the relative wave force in Equation (36) is the same as that for the wave force
reduction ratio when the waves are obliquely incident on the long breakwater suggested in reference [7].
This is different from the previous equations because B and C in Equations (34) and (35), which explain
the effects of diffracted waves, are included.

3. Results and Discussion

3.1. Maximum Wave Force Per Unit Length

Figures 10–12 show plots of the non-dimensionalized maximum wave force per unit length as
a function of the x-coordinate distance from the breakwater center with different wave periods and
incident angles. To examine the effect of the diffraction wave, the maximum wave force of only the
incident and reflected waves was used as a reference. This reference wave force is obtained analytically
using Equation (30). The influence of the diffraction wave was removed from the measured wave
force in the experimental value by integrating the wave force per unit length (Equations (5) and (6)
over the entire breakwater) and dividing it by the breakwater length. The rationale for this can be
understood by examining Figure 13a. The figure shows that the total wave force of the detached
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breakwater analytically obtained under the experimental wave conditions is close to 1.0, which means
that it is not significantly affected by the diffraction wave, especially when waves are incident normally
to the breakwater.
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Figure 10. Distribution of maximum wave forces per unit length on the front face of the detached
breakwater with T = 1.5 s: (a) β = 0◦; (b) β = 15◦; (c) β = 30◦. T, period; β, angle of incidence.
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Figure 11. Distribution of maximum wave forces per unit length on the front face of the detached
breakwater with T = 2.0 s: (a) β = 0◦; (b) β = 15◦; (c) β = 30◦.

Figures 10–12 also show that the experimental and calculated values of the maximum wave
force do not exactly match but have similar trends. In addition, the maximum wave force along the
detached breakwater fluctuates in the range of −30% to +50%, and the analytical solution is within the
range of −30% to +20%. This result suggests that the maximum wave force acting on the detached
breakwater is significantly affected by the diffraction wave. The effect of diffraction waves may not
have been considered in the Goda wave pressure formula [17], which is currently used in the design of
caisson breakwaters in Korea and Japan. This wave distribution does not appear to be related to the
snake-like destruction of the caisson breakwaters reported in Japan [26,27]. In particular, according to
the analytical solution, the wave force due to the diffraction wave acting on the inner side acts in the
direction opposite to that acting on the outer sea side, and the maximum wave force can be further
increased. Therefore, the diffraction effects should be considered, especially for designing conventional
detached breakwaters, which are not long structures.
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The normal wave incident on the breakwater reveals that the analytical solution is perfectly
symmetric, but the experimental results are not. The experimental results likely include certain
experimental errors. In general, the reflected waves at the boundary in the wave basin cannot be easily
controlled because it is impossible to completely prevent reflection from the absorption layers at the
basin boundary [28,29]. Spinneken and Swan [28] observed a contamination of the test area after a
short period of time due to the effect of reflections at the boundary of the three-dimensional (3D) wave
basin, and Stratigaki et al. [29] argued that the spatial variation of the wave height in the wave basin
can be attributed to the development of slightly varying reflections from the wave absorbing beach.
In these experiments, the reason for the asymmetry is that the incident wave heights were not constant
in the entire extension of the breakwater. From the video taken during the experiment, it was seen that
the wave height in the front of the breakwater from the right side was high based on the incident wave
direction. Therefore, it can be said that the calculated maximum wave force for each caisson due to
the measured wave pressure showed the same trend (Figures 10a, 11a and 12a). As for the cause of
the higher wave height on the right side, various factors mentioned above were considered, but in
this experiment, the unevenness of the bottom of the basin is expected to have the greatest influence.
In other words, it is presumed that the wave was concentrated on the right side of the breakwater due
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to refraction from the bottom surface, such as a shoal with a mild slope. Nevertheless, the diffraction
effects were observed relatively clearly in the experiments. It could be seen that the diffraction wave
has a considerable influence on the experimental results, considering that the maximum wave force
for each caisson of the breakwater fluctuates significantly along the breakwater and shows a similar
trend to the analytical solution. This is based on the linear analytical solution that the maximum wave
force acting on each point of the breakwater appears constant except for the components by diffraction
waves in Equations (34) and (35). The analytical solution is also based on the linear wave with a small
wave height, so it is impossible to accurately simulate the phenomenon at a relatively large wave
height as in the experiment. Therefore, to accurately evaluate the effects of diffraction waves on the
design wave action, more precise hydraulic experiments and numerical analyses based on non-linear
wave theory should be performed.
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3.2. Wave Force Acting on the Entire Breakwater

Figure 13a–c shows plots of the dimensionless maximum wave force acting on the entire detached
breakwater as a function of the length of the breakwater (Lb) relative to the incident wavelength (L)
at incident angles of 0◦, 15◦, and 30◦, respectively. Figure 13d shows a plot of the dimensionless
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maximum wave force acting on the entire detached breakwater as a function of the projected length
of the breakwater to the wave traveling direction (Lb sin β), relative to the incident wavelength (L).
To examine the effects of the incident angles and diffraction waves, the maximum wave force induced
by only the incident and reflected waves when the normal incident wave was used as a reference.
Equation (36) was used to analytically obtain the reference wave force. The maximum wave force,
including diffraction effects, was used with the normal incident wave in the breakwater because the
influence of the diffraction waves could not be excluded. As mentioned in Section 3.1, this argument is
based on the fact that the maximum wave force obtained from the analysis (Figure 13a) is almost 1.0
under experimental conditions.

Figure 13a shows that the maximum wave force acting on the entire detached breakwater is
not influenced by diffraction waves even though the maximum wave force per unit length greatly
fluctuates with the period of the diffraction wave shown in Figures 10–12. On the other hand, the angle
of incidence and length of the breakwater are greatly affected. As the angle of incidence increases,
it decreases. As the length of the breakwater increases, it increases when the projection length of
the breakwater to the wave traveling direction is within one wavelength of the incident wavelength.
This result is attributed to the wave pressure along the detached breakwater acting with a phase
difference. When the wave is inclined, the maximum wave force acting on each caisson is sequentially
applied, and the time difference increases as the incident angle increases. Therefore, the maximum
value of the sum of the wave forces acting on each caisson decreases.

This result indicates that a long breakwater can have a lower maximum wave force than a short
one, which is important from a design point of view. Particularly, in areas where design wave heights
are rising due to climate change, economical and high stability designs can be obtained by elongating
the breakwater. Most breakwaters are installed at normal incidence to the predominant waves, so the
effect can be considered insignificant. However, the actual storm conditions that affect the stability of
breakwaters is not the unidirectional wave condition considered during design, but the multidirectional
wave condition, so the wave force reduction effect due to the inclined incidence shown above can take
place. This effect is not observed with existing breakwater designs where caissons are independently
installed, nor when using interlocking caissons. In particular, with interlocking caissons, when waves
with heights greater than those of the design waves are concentrated in a specific caisson, adjacent
caissons can share the wave force and withstand it. The elongated structure has high internal stability
owing to this effect, which is difficult to consider in the design, but may be the best alternative to
withstand waves that vary significantly from the design height due to climate change.

3.3. Stability Against Sliding

To directly evaluate the effects of caisson interlocking, sliding experiments were conducted.
For comparison, a detached breakwater with non-interlocked caissons was also tested. The self-weight
of each caisson was determined using the Goda wave pressure formula [17] for the design conditions
of the W06 wave with a safety factor of 1.0. Table 3 presents the experimental model caisson weights.
To measure the sliding distance of the breakwater, three displacement gauges were installed at the
bottom of the head caissons (#1, #15) and center caisson (#8). The experimental waves were selected so
that the expected wave force sequentially increased among the test waves described in Table 2, and the
waves were applied in order until the sliding failure occurred.

Table 3. Weights of the conventional and open cell caissons for sliding tests.

Case
Conventional Caisson Open Cell Caisson

Head Trunk Head (Crushed Stones) Trunk (Crushed Stones)

Self-weight (kN) 1.80 1.20 1.89 (0.18) 0.96 (0.37)
Effective

self-weight (kN) 1.19 0.57 1.19 (0.12) 0.57 (0.25)
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Figure 14 shows the plot of the sliding distance (s) measured from the displacement gauge
installed in caisson #8 as a function of the non-dimensional wave force divided by the design wave
force (obtained by applying the Goda wave pressure distribution formula [17]). The Figure shows
that with the non-interlocked caissons, sliding starts near the design load. Furthermore, with the
interlocked open cell caissons, no sliding occurred even for acting loads greater than 35% and 48% in
the normal and inclined cases, respectively.
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Although the above results are reasonable, they are insufficient to explain the entire pattern of
breakwater destruction. The experimental video reveals that the failure behavior has a significant
correlation with the maximum wave force distribution for each caisson in the case of a conventional
caisson breakwater, as shown in Figure 11, which is not applicable in an open cell caisson breakwater.
In the case of a conventional caisson breakwater, the failure proceeded with a maximum wave force
distribution and a similar shape, especially for waves that enter normally to the breakwater. When the
applied load is 1.1 times that of the design wave, the #13 caisson with the greatest maximum wave force
among the 15 caissons was slid first, and it spread to adjacent caissons, leading to the final destruction
(Figure 15a). However, for the open cell caisson breakwater, the deformation of the breakwater did not
follow the shape of the maximum wave force distribution, even though the incident wave entered
normally to the breakwater but proceeded similarly to the deflection shape of a simply supported beam
subjected to a distributed load (Figure 15b). Similar tendencies were observed for the oblique incidence.Water 2020, 12, x FOR PEER REVIEW 20 of 22 
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Interestingly, the interlocking with simple crushed stones led to an increase in stability by more
than 35% even in the case of the normal incidence condition where no reduction effect of the maximum
wave force due to the phase difference of wave pressure can be expected. This result was not observed
in conventional caissons and was induced by the increase in frictional force due to the crushed stones
in the open cells facing each other and the weight of the head caisson, which is 1.5 times greater than
that of the trunk caisson.

Furthermore, with the open cell caisson, the breakwater deformation occurred around the caisson
when a load greater than the design load of the individual caisson was concentrated in a particular
caisson before the sliding failure occurred. This deformation occurred because the crushed stones that
filled in the open cells have voids. Therefore, when a large load was applied, the crushed stones located
at the sea side were compressed and deformed in the longitudinal direction of the breakwater. Filling
the voids with sufficiently compacted crushed stones or low-flow mortar may suppress deformation.

4. Conclusions

In this study, the wave force characteristics and stability of detached breakwaters based on open
cell caissons were investigated through hydraulic experiments in a wave basin and analytical solutions.
The main results are summarized as follows:

1. The wave force acting on the open cell caisson breakwater decreased as the relative length of
the breakwater and incident wave angle increased. The reduced force ratio was 0.210 when
the relative length of the breakwater (Lb sin β/L) was 0.887. These results demonstrate the
effectiveness of the force reduction of open cell caisson breakwaters. In some cases, the relative
wave force exceeded 1.0 due to diffraction, and the analytical solution predicted this phenomenon
well. Moreover, the diffraction effects were considerable for the conventional caisson breakwater
but negligible for the long-detached breakwater (Lb sin β/L > 0.2) involving open cell caissons.

2. When the incident wave was obliquely propagated along the long structure, the acting wave
force was reduced, owing to the phase difference of the wave pressures. The open cell caisson
breakwater was more stable than the conventional one for oblique and normal incident waves.
Specifically, at an incident wave angle of 0◦ (normal incidence), the open cell caisson breakwater
could withstand a relative wave force 35% higher than that tolerated by the conventional caisson
breakwater, owing to the frictional resistance force induced by the crushed stones in two open
cells facing each other.

3. The structures based on open cell caissons could experience excessive deformations before the
sliding failure occurred. To prevent this, the deformation of the crushed stones filled in the open
cells should be controlled by compacting the crushed stones or by using low-flow mortar to
reduce the void.

The results of this study were derived through hydraulic experiments on limited regular waves.
Thus, they should be verified and supplemented through more experimental studies in the future.
In particular, experiments using irregular waves should be conducted, and a more practical review is
needed from a design point of view. Although the results obtained in this study can be used for actual
design purposes, it is not easy to implement them practically, owing to the lack of design standards for
long structures and the concerns of safety-conscious engineers. This is specifically observed in highly
competitive turnkey projects being implemented in Korea. Thus, for utilizing the findings of this study
in designing breakwater structures, it is necessary to prepare related design standards and guidelines
for harbor engineers to follow.
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