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Abstract: Climate change has resulted in increased intensity and frequency of typhoons and storm
surges. Accordingly, attention has been paid to securing the breakwater’s stability to protect the
safety of the port. Herein, hydraulic model experiments were conducted to evaluate the hydraulic
performance of a vertical breakwater having a rear parapet. For comparison, cases in which the
parapet was placed on the seaside, the harborside, and at the center of the breakwater were considered.
Regular waves were used for convenient performance analysis. Five wave gauges and nine pressure
transducers were installed to secure physical data for hydraulic performance evaluation. Results
showed that a rear parapet can reduce the maximum wave force acting on the breakwater. Even though
impulsive pressure was generated, it did not affect the stability of the breakwater owing to the phase
difference between the maximum wave pressures acting on the caisson and parapet. By decreasing
the maximum wave force, the required self-weight that satisfies the safety factor of 1.2 was reduced
by up to 82.7%; the maximum bearing pressure was reduced by up to 47.6% compared with that
of the parapet located on the seaside. Thus, the rear parapet was found to be more suitable for
actual applications.

Keywords: vertical breakwater; rear-parapet; phase difference; wave force reduction; hydraulic
experiment

1. Introduction

Because of the increases in sea temperature and level due to global warming, typhoon intensities
and storm surge heights have increased in recent years [1–3]. Harbor cities and facilities are more
vulnerable to such events, making it necessary to establish countermeasures for harbors, including
hinterland cities. In particular, the Republic of Korea is surrounded by sea on three sides, and the
harbor is responsible for more than 99% of the import and export freight of the country. If a typhoon
causes damage to the harbor structure, additional damage may occur in the form of the disruption
of logistic activities as well as the recovery cost of the harbor structure. Recently, the reinforced
harbor structure was once again damaged by high waves because a large typhoon exceeded wave
height of the design [4–6]. To ensure the safety of the harbor from such environmental changes, it is
necessary to maintain the stability of the main breakwater installed at the harbor mouth to prevent
waves propagating from the open sea to the harbor. Various studies have been conducted to respond
effectively to wave overtopping by increasing the design wave height [7–10] and utilizing the wave
energy corresponding to wave overtopping [11].
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Increasing the design wave height increases the wave force acting on the breakwater and leads
to an increase in self-weight because the safety factor required by the design code must be satisfied.
Hence, the design stage must involve comprehensive consideration, since self-weight is directly related
to the bearing capacity of the rubble mound and the safety of the caisson bottom slab.

Recently, two methods have been applied to reinforce the breakwater in Korea. One is covering
the front of the caisson with wave-dissipating blocks to reduce the maximum wave force acting the
breakwater [12,13], and the other involves installing an additional caisson at the front or rear of the
existing caisson to improve the stability directly [6,14]. The former is not difficult to apply in situ,
but the existing and additional caissons must be integrated in the latter method, which has been a
major concern for design engineers. Both abovementioned reinforcing methods require enormous
budgets comparable to that of a new construction, so the reduction of the related costs is an important
concern. Therefore, reinforcement cost reduction was among the focuses of this study.

In a breakwater, a concrete cap is installed on the top of the caisson to ensure the necessary weight
for breakwater stability, and it is common to utilize a parapet to block overtopped waves effectively
without increasing the self-weight. In general, the parapet is placed on the seaside of the concrete cap.
In addition, it is somewhat advantageous in terms of the bearing capacity of the rubble mound to shift
the center of gravity of the concrete cap from the center of the breakwater to the seaside, which has
been the practice in the harbor design industry. However, this approach increases the maximum wave
force acting on the breakwater, since the maximum wave force acting on the parapet and the maximum
wave force acting on the lower part of the parapet occur simultaneously, which is disadvantageous
in terms of stability. When the parapet is placed on the harborside, a phase difference is induced
between the maximum wave pressures acting on the front of the breakwater and the parapet, which is
helpful in terms of the stability of the breakwater and the bearing capacity of the rubble mound.
In Japan, this method has been utilized to reduce the breakwater construction cost by reducing the
maximum wave force acting on the breakwater [15,16]. Although Yamamoto et al. [15] suggested that
the discharge of the wave overtopping could be increased and that the impulsive wave pressure could
be made to act on the parapet, it is worth considering placing the parapet on the harborside owing to
its low construction cost. When the parapet is designed as a wave-return wall, such as a flare or a
bullnose type, it can effectively counter the increased overtopping discharge [17–20] and could control
the impulsive wave pressure. The wave-return wall is expected to be utilized in reinforcing designs,
such as those in which the parapet height of the breakwater is increased by increasing the design wave
height, and it is also anticipated to bring about changes in perception regarding parapet positions.

In this study, to evaluate the hydraulic performance and stability of a vertical breakwater with a
rear parapet, a hydraulic model experiment was conducted in a two-dimensional wave channel of
Korea Institute of Ocean Science and Technology (KIOST). For three models with different installation
positions, the water depth, wave height, and period were changed to act as a regular wave, and the
wave pressure was measured at nine positions to investigate the features of hydraulic pressure, such as
its magnitude and phase difference, and to analyze the wave force acting on the breakwater. Five wave
probes were installed to measure the height of the surface elevations. From the measurement results,
the major design variable—specifically, the maximum wave pressure, maximum wave force, maximum
wave runup, and bearing pressure—were determined, and the required self-weights were calculated
using these quantities to compare and analyze the changes in these weights with changes in the
parapet position.

2. Experimental Setup and Analytical Methods

2.1. Wave Channel

The regular wave tests were conducted in a 2D wave channel with 50 m length, 1.2 m width,
and 1.6 m height, at KIOST in Busan, Republic of Korea, as shown in Figure 1. The wave channel depth
varies as the bottom slope ranges from 10 to 20 m on the left side but is constant at 1.25 m when the
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slope ranges from 20 to 50 m [21]. A piston-type wavemaker (Vazquez y Torres Ingenieria SL, Leganés,
Spain) is installed at the left side of the wave channel [22]. The maximum stroke of the wave paddle is
1.2 m, the possible wave period range is 1.0–7.5 s for a wave height of 20 cm, and the possible maximum
wave height is 55 cm in the wave period range of 1.7–3 s. The wavemaker can generate regular
waves (i.e., linear and nonlinear waves), irregular waves (i.e., Bretschneider-Mitsuyasu, JONSWAP,
TMA spectrum), and solitary waves by a wave generation software, AwaSys 7 [23,24]. AwaSys 7 can
also reduce the re-reflection of the waves at the wavemaker via an active reflection compensator [24,25].
Passive wave absorbers were installed to reduce the wave energy at both ends in the wave channel.
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Figure 1. Schematic of the experiments: (a) Lateral view; (b) Plan view of the wave channel with the
model structure and wave gauges (E01–E05, unit: m).

2.2. Installation of Breakwater Models and Wave Gauges

A model structure made of acrylic plates was installed 31 m from the wave paddle, and five
wave gauges (i.e., E01–E05) were installed as shown in Figure 1. E01–E03 were used to calculate the
reflection coefficient by using a method of separating the incident and reflected waves [26,27]. E04 and
E05 were fixed in front of the caisson and parapet, respectively, to measure the water surface elevation.
However, E05 was not installed when the parapet was located at the front.

2.3. Breakwater Models with Pressure Gauges

Figure 2a shows a diagram of the experimental model structure with the definitions of the relevant
quantities. For the convenience of analysis, no rubble mound was employed, and three different cases
were considered to examine the phase difference effect of the wave pressure with respect to the parapet
position (`p = 0, 20, and 40 cm). Here, `p is the parapet position from the front of the caisson to the
front of the parapet; the still water depth h is 40, 42.5, and 45 cm; hc is the onshore freeboard including
the parapet height; and hc

′ is the offshore freeboard excluding the parapet height. Figure 2b shows the
detailed dimensions of the model structures (i.e., Models 1, 2, and 3) with pressure gauges by applying
the scale ratio of 1/40 of the Froude similarity. The parapets of Models 1, 2, and 3 were placed on the
seaside, at the center of the breakwater, and on the harborside (`p = 0, 20, and 40 cm), respectively.
The parapet of Model 3 was defined as a rear-parapet vertical breakwater in this study. The parapet
was designed to be as high as possible to avoid wave overtopping. Nine pressure gauges (p01–p09)
were buried in the front of the model structure to ensure a level surface between the pressure gauges
and the vertical wall. p01–p06 were installed in front of the caisson including the concrete cap without
the parapet, and p07–p09 were installed in front of the parapet. The measuring positions of pressure
gauges p01–p09 were, sequentially, 3.25, 24.7, 30.2, 35.7, 41.2, 46.7, 52.25, 57.1, and 61.95 cm from the
bottom. The pressure gauge was equipped with a disk-type pressure transducer with a diameter of
10 mm (SSK Company, Tokyo, Japan; Model: P310) [22]. The data sampling rate was set to 600 Hz to
measure the wave pressure and water surface elevation.
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Figure 2. Schematics of the vertical breakwater with respect to parapet position: (a) Conceptual design;
(b) Model structures with pressure gauges (unit: cm).

2.4. Test Waves

Fifteen regular waves were selected by varying the wave height H, wave period T, and water
depth h with respect to the parapet positions, as listed in Table 1. The wave period ranged from 1.21
to 2.02 s, and the wave height ranged from 9.87 to 15.29 cm. The test waves were estimated without
the model structures at the desired locations. In the experiments with the model structures, the wave
generation time was set to 60 s in each case. The measured data were used to analyze the wave
forces acting on the caisson and parapet before the re-reflected waves reached the model structure.
Five waves per test condition were used to analyze the hydraulic characteristics after the measured
data reached a stable state.
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Table 1. Test conditions of regular waves.

h (cm) T (s) H (cm)

40.0

1.21 10.20
1.51 10.20
1.52 15.10
2.01 9.87
2.02 15.29

42.5

1.21 10.04
1.51 9.94
1.52 15.14
2.01 10.01
2.02 15.10

45.0

1.21 9.99
1.50 10.00
1.51 14.90
2.01 10.14
2.01 15.10

2.5. Wave Force Calculation

The wave force acting on the breakwater can be determined by integrating the wave pressure.
In this study, the horizontal wave force acting on the breakwater was evaluated by integrating the
wave pressure distribution using the measured pressure data (p01–p09) and the wave runups on the
fronts of the breakwater and parapet. Figure 3 shows the pressure distribution applied for the wave
force calculations. ph is the wave pressure at the still water level and was determined by linearly
extrapolating the two measured wave pressures below the still water level when ηc > 0. For example,
p04 and p05 were used for the water depths of 42.5 and 45 cm, and p03 and p04 were used for the water
depth of 40 cm. pb,c is the wave pressure at the bottom of the caisson and was calculated by linearly
extrapolating p01 and p02 for all the test cases. pb,p is the wave pressure at the bottom of the parapet and
was evaluated by linearly extrapolating one (p07) or two (p07 and p08) of the measured wave pressures
depending on ηp. pt,c is the wave pressure at the top of the caisson and was calculated by linearly
interpolating p06 and the zero-wave pressure, as shown in Figure 3b, when ηc > hc

′. pη is the wave
pressure at the water surface elevation when ηc < 0. pη was obtained by linearly extrapolating two
measured wave pressures (p01 and p02 or p02 and p03), depending on ηc. As shown in Figure 3c, if the
water surface is located below p04, the wave pressure data of p04 and p05 cannot be recorded. Thus,
the wave pressure linearly decreases from the water surface to the still water level. In accordance with
the water surface elevations of the caisson and parapet, the wave force is calculated by integrating the
measured and calculated wave pressures acting on the vertical breakwater.
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2.6. Required Self-Weight Calculation

The required self-weight of the breakwater can be calculated using the stability formula for sliding
and overturning with respect to the parapet position under large wave conditions and water depths
(H = 15.10 cm, T = 2.01 s, h = 45.0 cm; H = 15.10 cm, T = 2.02 s, h = 42.5 cm; H = 15.29 cm, T = 2.02 s,
h = 40.0 cm). The center of gravity of the caisson, including the concrete cap, was assumed to be located
at the center of the breakwater when the stability was evaluated. The stability formulae for sliding and
overturning are defined in Equations (1) and (2), respectively [28]:

SF,s =
µ(We −U)

F
(1)

SF,o =
Wetw −MU

MF
(2)

where SF,s (=1.2) is the safety factor for sliding, SF,o (=1.2) is the safety factor for overturning, µ (=0.6)
is the friction coefficient between the concrete caisson and the rubble mound, We (= W − B) is the
required self-weight of the breakwater excluding the buoyancy B, U is the uplift force acting on the
bottom of the caisson, tw is the horizontal distance from the heel of the caisson to the action point of the
self-weight and the buoyancy, F is the average total wave force calculated in the previous section, MU is
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the moment of the uplift force at the heel of the caisson, and MF is the moment of the average total
wave force acting on the breakwater at the heel of the caisson. According to the wave pressure formula
established by Goda [28], the uplift pressure pu acting at the front beneath the caisson is identical to
the wave pressure pb,c acting at the lowest position in front of the caisson if there is no rubble mound
beneath the caisson and the water depth is constant. Therefore, the uplift force U was calculated by
assuming that the uplift pressure exhibits a triangular distribution and that the uplift pressure acting
on the harborside is zero. The moment of the horizontal wave force MF was calculated using the wave
force and its action point for each measurement point, as shown in Figure 3.

2.7. Bearing Pressure Calculation

Generally, the stability of the rubble mound of a breakwater is assessed using the Bishop method.
In addition, the maximum bearing pressure generated in the rubble mound is designed not to exceed
the allowable bearing capacity in Korea. Therefore, the effects of the rear parapet on the bearing
pressure were investigated in this study. The maximum bearing pressure in the rubble mound ground
occurs at the edge of the breakwater base, which can be calculated as [28]

ph =
2(We −U)

3te
for te ≤

1
3

WB (3)

ph =
2(We −U)

WB

(
2−

3te

WB

)
for te >

1
3

WB (4)

pt =
2(We −U)

WB

( 3te

WB
− 1
)

for te >
1
3

WB (5)

where
te =

Wetw −MU −MF

We −U
(6)

In the above equations, ph is the bearing pressure acting on the heel of the caisson bottom, pt is
the bearing pressure acting on the toe of the caisson bottom, WB is the width of the caisson, and te is
the eccentricity of the ground reaction force (=We −U) from the heel beneath the caisson toward its
toe. The bearing pressure (Equation (3)) exhibits a triangular distribution at the bottom of the caisson
and becomes zero at 3te far from the heel of the caisson (pt = 0). The bearing pressures (Equations (4)
and (5)) were derived by assuming a trapezoidal distribution.

3. Experimental Results and Discussions

3.1. Runup, Reflection, and Pressure

Figure 4 shows the free surface profiles of Model 3 at a specific time when the wave height is
15.10 cm, wave period is 2.01 s, and water depth is 45.0 cm. ηc,max is the maximum height of the wave
runup from the still water level in front of the caisson, and ηp,max is the maximum height of the wave
runup from the top of the caisson in front of the parapet. When the incident wave is overtopped to the
offshore freeboard of the caisson, ηc,max is reached at 28.11 s. The overtopped water moves along the
upper surface of the concrete cap and then reaches the parapet. Thereafter, ηp,max is reached at 28.54 s.
In this case, a time difference of 0.43 s corresponding to 21.5% of the wave period occurs between the
times at which ηc,max and ηp,max are reached. In addition, the overtopped water almost does not reach
the parapet when the height of the wave runup is the maximum in front of the caisson, and the runup
height in front of the caisson decreases when the height of the wave runup is the maximum in front of
the parapet.

The reflection of the incident wave consists of reflections from the fronts of the caisson and the
parapet. In these experiments, both cases can be assumed to be fully reflection, but energy consumption
occurs significantly while the wave overtopped the offshore freeboard moves on the upper surface of
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the concrete cap, and it hits the parapet, and then it returns to the sea. Figure 4 demonstrates these
phenomena that cause energy dissipation, i.e., a wave breaking similar to a surging breaker at 28.11 s,
a wave splashing at 28.39 and 28.54 s, and a water falling with air bubbles at 28.87–29.21 s.
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Figure 5 shows the reflection coefficients Kr for three breakwater models. Those were obtained
by separating the reflected and incident waves from the surface fluctuation data measured by the
wave gauges E01–03 installed about 15 times the water depth away from the breakwater model [26,27].
Although there is a limitation that the separation technique of the incident and reflected waves is based
on linear theory, it is sufficient for comparison purposes. The reflection coefficients indicate that the
abovementioned energy dissipation effect, regarding Figure 4, was reflected. If the wave is severe,
the reflection coefficient decreases, and it reaches a maximum reduction of 27% compared with that
in the conventional case (`p/L = 0). The decrease of the reflection coefficient is important because it
helps reduce the maximum wave force acting on the breakwater.
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Figures 6–8 show the time series of the wave pressure at the top measurement point in front of the
caisson (pc = p06) and at the bottom measurement point in front of the parapet (pp = p07), as well as the
water surface elevations in front of the caisson (ηc = E04) and parapet (ηp = E05). The wave pressure
is nondimensionalized by the wave pressure for the incident wave height tested. w0 is the specific
weight of water. As the parapet position moves to the harborside, the phase difference between the
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maximum wave pressures acting in front of the caisson and parapet increases, whereas the maximum
wave pressure acting in front of the caisson decreases. There the maximum wave pressure increases
of decreases depending on the parapet position, wave period, and wave height. Comparison of
Figures 6 and 7, which present different wave heights in the same wave period, shows that the travel
time of the overtopped water toward the parapet is related to the wave height as well as the wave
period. Specifically, as shown in Figures 6c and 7c, the average travel times for the first peak of the
maximum wave pressure are different, i.e., 0.18 and 0.35 s, respectively, since the overtopping velocity
depends on the relative offshore freeboard h′c/H. In addition, the travel times for the maximum
water surface elevation and maximum wave pressure are different, as demonstrated by these figures.
For example, as shown in Figure 6c, the average travel times for the maximum water surface elevation
and maximum wave pressure are 0.40 and 0.18 s, respectively. Thus, the wave pressure acting on
the bottom in front of the parapet is not the maximum due to the double-peak pressure when the
water surface elevation is the maximum. In general, the pressure caused by the overtopped water has
two peaks [29,30]. Figures 6 and 7 show the typical pressure fluctuations. At the moment when the
overtopped water hits the parapet, an impact pressure occurs, followed by pressure fluctuation as the
water rises and then descends on the parapet shown in Figure 4.
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Figure 6. Time series of water surface elevations (ηc = E04 and ηp = E05) and wave pressures (pc = p06

and pp = p07) in front of the caisson and parapet: (a) Model 1; (b) Model 2; (c) Model 3 for a wave height
of 15.10 cm, wave period of 2.01 s, and water depth of 45.0 cm.

In general, a standing wave is induced in front of the vertical breakwater under non-wave
overtopping conditions. However, an impulsive wave pressure may be induced because of the
overtopped water when the parapet is on the harborside. This impulsive wave pressure was first
studied by Lundgren [31], who defined three types of impulsive wave pressures: ventilated, hammer,
and compression shocks. Thereafter, Takahashi et al. [32] categorized the impulsive wave pressures
into Wagner (ventilated and hammer shocks) and Bagnold (compression shock) types. The Wagner
type typically has a momentary single peak and acts on a specific part of the breakwater. On the other
hand, the Bagnold type not only exhibits vibrations after the single peak occurs, but also exhibits a
peak for the other parts of the breakwater at almost same the time. Based on the characteristics of the
impulsive wave pressure, the experimental results of this study indicate a Wagner-type impulsive
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wave pressure. If the rear-parapet is considered in the design stage, the stability of the parapet needs
to be ensured by considering the change in the thickness of the parapet or by placing the rebar at
a position at which the impulsive wave pressure acts on the parapet. The subsequent paragraph
provides a quantitative analysis of the wave pressure.Water 2020, 12, x FOR PEER REVIEW 11 of 21 
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Figure 8. Time series of water surface elevations (ηc = E04 and ηp = E05) and wave pressures (pc = p06

and pp = p07) in front of the caisson and parapet: (a) Model 1; (b) Model 2; (c) Model 3 for a wave height
of 9.99 cm, wave period of 1.21 s, and water depth of 45.0 cm.



Water 2020, 12, 2428 12 of 21

To examine the experimental results from the perspective of the characteristics of the rear-parapet
structure, the maximum wave pressures at the top of the offshore freeboard (pc,max = p06,max) and at the
bottom of the parapet (pp,max = p07,max) were compared with those in Figures 9–11. The x-axis represents
the relative parapet position `p/L nondimensionalized by the wavelength L of the incident wave.
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As shown in Figures 9, 10 and 11a, pc,max decreases as the water depth decreases, which is due
to the fact that the installation position of the pressure gauge is fixed near the top of the offshore
freeboard. That is, it can be said that these figures depict the common result that the hydraulic pressure
acting above the still water level decreases linearly. When the parapet is moved to the harborside,
pc,max decreases compared to when the parapet is located on the seaside. In other words, pc,max for the
parapet placed on the harborside (Model 3) or at the center of the breakwater (Model 2) is reduced by
up to approximately 16% compared to the case in which the parapet is placed on the seaside (Model
1, `p/L = 0). When the parapet is moved from the seaside to the harborside, a phase difference is
induced as the water particle reflected from the parapet placed on the seaside in the same phase moves
to the upper part of the caisson and is reflected from the parapet placed on the harborside or at the
center. In this process, as shown in Figure 4, energy dissipation occurs because of turbulence, such
as in the case of a perforated caisson with a wave chamber and perforated wall [33,34]. A significant
portion of the wave energy is also dissipated by wave breaking, splashing, and water falling with air
bubbles. In addition, the higher the crest, the greater the energy consumption, and the shorter the
period, the greater the energy consumption, under the same depth conditions.

Figures 9, 10 and 11b demonstrate that the nondimensionalized pp,max is sometimes greater than
1.0, particularly when the depth is 45 cm. pp,max being greater than 1.0 indicates the generation of
impulsive pressure [15,32,35,36], which should be avoided or seriously considered in the design stage.
Further, the lower the offshore freeboard height h′c, that is, the greater the wave overtopping, the greater
the wave pressure. The regions with pp,max > 1.0 (indicated by dashed circles in Figures 9b, 10b and 11b)
correspond to the case in which the offshore freeboard height h′c is less than 0.5 times the incident wave
height (H). In addition, when the parapet is located at the center of the breakwater (`p/L = 0.05–0.1),
it exhibits a greater wave pressure than when it is located on the harborside (`p/L > 0.1). It may
be understood that this characteristic is due to the difference in the speed at which the overtopped
water hits the parapet. In other words, if the movement of the water mass is assumed to be a long
wave propagating in the shallow water, the wave celerity is proportional to the square root of the
average depth. Hence, the wave celerity is slower when the average depth is lower than that in
the center. It is presumed that the wave pressure eventually became relatively small accordingly.
Although these results are limited in that they were obtained based on regular waves, the occurrence of
impulsive pressure can be avoided if the offshore freeboard is higher than the design wave by 0.5 times
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or more. Further, positioning the parapet as much as possible on the harborside helps increase the
breakwater stability.

Figure 12 shows the above result as a relative offshore freeboard, h′c/H. From the figure, it can be
seen that pc,max and pp,max decrease linearly as the relative offshore freeboard h′c/H increases. This is in
accordance with our expectation as it is unlikely that the incident wave overtops the concrete cap due to
the increase in the relative offshore freeboard. In Figures 9b, 10b and 11b, the impulsive wave pressure
is mentioned, and it has been discussed that it occurs when the relative offshore freeboard is less than
0.5. Figure 12b clearly supports this discussion. That is, when the relative offshore freeboard is 0.3 to 0.5,
the dimensionless pp,max is greater than 1.0. In this figure, the above results are observed for relatively
long-period waves under the same relative offshore freeboard condition. This means that a wave with
moderate steepness can generate higher pressure than a wave with greater steepness under the same
wave height condition. This was particularly noticeable in the rear parapets in Models 2 and 3.
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3.2. Wave Force

Figures 13–15 qualitatively show the wave forces calculated under the same conditions as those in
Figures 6–8, respectively. To investigate the effect of the parapet position on the stability of the vertical
breakwater, the wave forces were classified into three types based on the parapet position: the wave
force acting on the caisson Fc, wave force acting on the parapet Fp, and total wave force acting on
the vertical breakwater FT, which is the combination of Fc and Fp. For convenience, the calculated
wave forces were nondimensionalized by the average maximum total wave force of Model 1 (FT,s),
in which case the parapet is located on the seaside. The average maximum total wave force of Model
1 was determined by averaging the maximum wave force per wave period within the time range
(i.e., five maximum total wave forces) depicted in Figures 13–15. As shown, the wave force acting on
the caisson decreases when the parapet is located on the harborside and at the center of the breakwater
(Models 2 and 3). There are two reasons for the reduction: the reduction of reflected waves due to
adopting the rear parapet and the large phase difference of the wave force acting on the parapet.
The phase difference between the maximum wave forces acting on the caisson and parapet increases
when the parapet position `p is moved from the seaside to the harborside (Model 1→Model 2→Model 3).
In particular, the wave force acting on the parapet does not affect the maximum total wave force of
Model 3 because of the phase difference. In Figure 13b, which shows the results of the highest test
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condition for the wave height, wave period, and water depth in this experiment, the maximum total
wave force of Model 2 increases because of the wave force acting on the parapet due to the reduced
phase difference compared to Model 3; however, the maximum total wave force of Model 2 is lower
than that of Model 1 (i.e., the maximum total wave force of Model 2 is less than unity). In addition, the
wave force acting on the parapet Fp is less than the wave force acting on the caisson Fc even though the
parapet height is approximately 30% of the total height of the breakwater. These results demonstrate
that the reduction effect of the wave force acting on the breakwater can be improved by varying
the parapet position which, in turn, can improve the design stability and reinforcement of vertical
breakwaters as well as reduce the construction cost. As mentioned in the previous section, although
the impulsive wave pressure acts on the parapet, it does not affect the calculated wave forces, because
the water surface elevation in front of the parapet is not the maximum when the wave pressure acting
on the parapet is the maximum. Thus, local parapet reinforcement should be considered in the design
stage when the parapet position is moved to the harborside.

To analyze the wave force characteristics affecting the breakwater stability quantitatively, the
averaged maximum total wave forces acting on the vertical breakwater FT,max with respect to the
relative parapet position `p/L were determined, as listed in Table 2. To find the contribution of the
wave forces acting on the caisson and parapet to the maximum total wave force acting on the vertical
breakwater, the average wave forces acting on the caisson Fc and parapet Fp were also evaluated (and
listed in Table 2) when the average total wave force is maximum. All the average wave forces were
nondimensionalized by the average maximum total wave force of Model 1 FT,s under each wave
condition. In order to assess the contribution of Fp to FT,max, the contribution ratio is defined as Fp

divided by FT,max. All the wave forces were averaged as mentioned in the previous paragraph.
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Figure 13. Time series of dimensionless wave forces F/FT,s acting on the caisson Fc, parapet Fp,
and vertical breakwater FT: (a) Model 1; (b) Model 2; (c) Model 3 for a wave height of 15.10 cm,
wave period of 2.01 s, and water depth of 45.0 cm.
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Figure 14. Time series of dimensionless wave forces F/FT,s acting on the caisson Fc, parapet Fp,
and vertical breakwater FT: (a) Model 1; (b) Model 2; (c) Model 3 for a wave height of 10.14 cm,
wave period of 2.01 s, and water depth of 45.0 cm.
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and vertical breakwater FT: (a) Model 1; (b) Model 2; (c) Model 3 for a wave height of 9.99 cm,
wave period of 1.21 s, and water depth of 45.0 cm.
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Table 2. Average maximum wave forces with the contribution ratio of the wave force acting on
the parapet.

h
(cm)

H
(cm) T (s) h

′

c
H

Model `p

L
FT,max

FT,s

Fc

FT,s

Fp

FT,s

Contribution
Ratio (%)

40.0

10.20 1.21 0.9804
1
2
3

0
0.1021
0.2041

1.0
0.9748
0.9791

0.9899
0.9724
0.9747

0.0101
0.0024
0.0044

1.01
0.25
0.45

10.20 1.51 0.9804
1
2
3

0
0.0758
0.1516

1.0
0.9855
0.9841

0.9904
0.9835
0.9806

0.0096
0.0020
0.0035

0.96
0.20
0.36

15.10 1.52 0.6623
1
2
3

0
0.0752
0.1504

1.0
0.9149
0.9464

0.9541
0.9128
0.9438

0.0459
0.0021
0.0026

4.59
0.23
0.27

9.87 2.01 1.0132
1
2
3

0
0.0538
0.1076

1.0
0.9800
0.9827

0.9902
0.9790
0.9811

0.0098
0.0010
0.0017

0.98
0.10
0.17

15.29 2.02 0.6540
1
2
3

0
0.0535
0.1070

1.0
0.8831
0.9004

0.9295
0.8819
0.8991

0.0705
0.0012
0.0013

7.05
0.13
0.15

42.5

10.04 1.21 0.7470
1
2
3

0
0.1004
0.2007

1.0
0.9580
0.9459

0.9548
0.9553
0.9372

0.0452
0.0027
0.0087

4.52
0.28
0.92

9.94 1.51 0.7545
1
2
3

0
0.0742
0.1483

1.0
0.9341
0.9512

0.9628
0.9325
0.9458

0.0372
0.0016
0.0054

3.72
0.17
0.57

15.14 1.52 0.4954
1
2
3

0
0.0735
0.1471

1.0
0.8465
0.8897

0.8934
0.8191
0.8872

0.1066
0.0274
0.0025

10.66
3.23
0.28

10.01 2.01 0.7493
1
2
3

0
0.0524
0.1049

1.0
0.9360
0.9574

0.9696
0.9350
0.9553

0.0304
0.0010
0.0021

3.04
0.11
0.22

15.10 2.02 0.4967
1
2
3

00
.0521

0.1043

1.0
0.8450
0.8531

0.8914
0.8438
0.8518

0.1086
0.0013
0.0014

10.86
0.15
0.16

45.0

9.99 1.21 0.5005
1
2
3

0
0.0989
0.1978

1.0
0.8823
0.9036

0.9172
0.8796
0.8815

0.0828
0.0027
0.0221

8.28
0.31
2.45

10.00 1.50 0.50
1
2
3

0
0.0733
0.1466

1.0
0.8640
0.9107

0.9255
0.8622
0.9057

0.0745
0.0018
0.0050

7.45
0.21
0.55

14.90 1.51 0.3356
1
2
3

0
0.0727
0.1454

1.0
0.8332
0.8223

0.8593
0.6840
0.8187

0.1407
0.1492
0.0036

14.07
17.91
0.43

10.14 2.01 0.4931
1
2
3

0
0.0512
0.1024

1.0
0.8822
0.9016

0.9355
0.8812
0.8984

0.0645
0.0010
0.0033

6.45
0.11
0.36

15.10 2.01 0.3311
1
2
3

0
0.0512
0.1024

1.0
0.8812
0.7922

0.8596
0.7617
0.7900

0.1404
0.1196
0.0022

14.04
13.57
0.27

As listed in Table 2, the dimensionless wave force acting on the parapet Fp/FT,s tends to increase
when the relative offshore freeboard h′c/H decreases. There are some differences depending on the
incident wave conditions and parapet position; nevertheless, the average maximum total wave force
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FT,max for the parapet located on the harborside (Model 3) is reduced by up to 20.78% (H = 15.10 cm,
T = 2.01 s) compared to the average maximum total wave force for the parapet located on the seaside
(Model 1). In this case, the contribution ratio of the wave force acting on the parapet is negligible
(0.27%) because of the phase difference between the wave pressures. The reduction rate (20.78%) is
greater than the contribution ratio (14.04%) for the parapet located on the seaside such as in the case
of conventional breakwaters. The reduction rate is 6.78% larger, which can be seen as the effect of
reducing reflected waves due to introducing the rear parapet. In addition, the reduction rate of the
total wave force for the parapet located on the harborside is greater than the contribution ratio for the
parapet located on the seaside in all the test cases. For relative offshore freeboard values of 0.3311 and
0.3356, the contribution ratios for the parapet located on the seaside (Model 1) and at the center of the
vertical breakwater (Model 2) are the highest under the test conditions of this study; the contribution
ratios for the parapet located on the harborside (Model 3) are sufficiently low to be ignored because
of the phase difference between the wave pressures when the average total wave force is maximum.
These results indicate that the rear-parapet can be used as an alternative to reducing the maximum
wave force.

3.3. Required Self-Weight

Figure 16 presents the required self-weight calculated from Equations (1) and (2). The round,
triangular, and square markers indicate the required self-weights for water depths of 45.0, 42.5, and
40.0 cm, respectively. The y-axis represents the dimensionless required self-weight nondimensionalized
by the required self-weight We,s for the parapet located on the seaside (Model 1, `p/L = 0). From
Figure 15, it can be seen that the self-weight required to prevent sliding of the parapets located at
the center (Model 2, `p/L = 0.0512) and on the harborside (Model 3, `p/L = 0.1024) are respectively
reduced by approximately 11.1% and 17.7% for the depth of 45. 0 cm, 13.1% and 11.8% for the depth of
42.5 cm, and 10.1% and 7.4% for the depth of 40.0 cm, compared with that of Model 1. To summarize
the results, as the parapet is moved toward the harborside, the required self-weight decreases up to
82.3% of Model 1. When the parapet is located on the harborside (Model 3), the required self-weight
decreases due to a decrease in the relative offshore freeboard.
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3.4. Bearing Pressure

Table 3 lists the bearing pressures at the heel of the caisson with the eccentricity. The bearing
pressure at the heel was calculated using Equation (3) since the calculated eccentricities with respect to
the parapet position are lower than WB/3 (=16.67 cm). The bearing pressure for the parapet located on
the seaside (Model 1) tends to increase with increasing water depth. However, the bearing pressures
for the other parapet positions (Models 2 and 3) do not exhibit uniform tendencies with water depth
variation, since they depend on the relative offshore freeboard and phase difference between the wave
pressures. Thus, the bearing pressure can be reduced by moving the parapet position to the harborside.
For example, when the water depth is 45.0 cm, the bearing pressures for the parapet located on the
seaside, at the center, and on the harborside are 13.07, 12.09, and 6.85 kN/m2, respectively. In these
cases, the bearing pressures for the parapet located at the center and on the harborside are reduced
by approximately 7.5% and 47.6%, respectively, compared with that for the parapet located on the
seaside. Considering a scale of 1/40, the bearing pressures for the parapet located on the harborside
(Model 3) are 301.84, 289.95, and 273.86 kN/m2, which are lower than the allowable bearing pressure of
600 kN/m2 [34]. Thus, the width of the caisson, which was set to 20 m (50 cm for the model scale), can
be reduced in the test conditions of this study, and the rear-parapet vertical breakwater is more stable
than the other parapet breakwaters in terms of stability against the bearing pressure.

Table 3. Bearing pressure at the heel of the caisson.

h (cm) H (cm) T (s) Model `p/L te (cm) ph (kN/m2) for
Model Scale

ph (kN/m2) for
Real Scale

40.0 15.29 2.02

1 0 7.43 10.36 414.25

2 0.0535 9.18 7.40 296.00

3 0.1070 9.18 7.55 301.84

42.5 15.10 2.02

1 0 6.72 11.92 476.98

2 0.0521 9.40 7.21 288.25

3 0.1043 9.43 7.25 289.95

45.0 15.10 2.01

1 0 6.46 13.07 522.91

2 0.0512 6.16 12.09 483.52

3 0.1024 9.77 6.85 273.86

4. Conclusions

In this study, the effects of the installation position of a parapet on a vertical breakwater were
investigated through hydraulic experiments with regular waves in a wave channel. The main results
can be summarized as follows.

1. The introduction of a rear parapet can reduce the maximum wave force acting on a breakwater.
Up to 20.78% reduction is possible under the tested conditions. This reduction is feasible because
the wave energy reflected from the parapet is significantly attenuated by the wave breaking,
splashing, waterfall, etc., in addition to allowing the wave force acting on the parapet to move
with the phase difference by moving the parapet to the harborside.

2. Impulsive wave pressure, one of the problems experienced by rear parapets, can be mitigated by
increasing the height at the offshore freeboard h′c, and the more the parapet fits the inner side of
the port, the more advantageous. Under the experimental conditions, impulsive wave pressure
was not generated when the incident wave was 0.5 times or more, and the magnitude of the
impulsive wave pressure was significantly reduced when the breakwater was installed inside the
port rather than at the breakwater center.
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3. By applying a rear parapet, it is possible to increase the economic efficiency of a breakwater.
Under the experimental conditions, the required self-weight and maximum bearing pressure can
be reduced by up to 82.7% and 47.6% of the conventional values.

This study was performed by employing hydraulic experiment using regular waves in a
two-dimensional channel. To utilize these results in practice, it is necessary to verify and supplement
them through hydraulic experiments conducted on irregular waves. In particular, it is necessary to
confirm the occurrence of impulsive wave pressure reported previously [15] and, if its occurrence is
confirmed, it will also be necessary to develop mitigation measures.
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