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Abstract: In order to understand the extreme wave acting on the vertical breakwater, a series of
experiments were constructed in the wave tank to measure the variations of pressure on the front,
rear faces, and below the caisson due to overtopping waves. The front and backward horizontal
forces and the uplift forces were estimated by integrating the dynamic wave pressure distributions.
The COBRAS numerical model was also used to calculate the wave loads under various overtopping
waves. The measured wave pressures and wave forces were compared with the predictions of
numerical results and showed good agreement. It was found that the forces acting on the backward
side of the vertical structure induced by the wave overtopping should be considered. From the
experimental data, new semi-empirical equations for calculating the maximum wave forces are
proposed using a least squares approximation.

Keywords: vertical breakwater; experiment; overtopping wave

1. Introduction

Structural stability must be calculated when designing coastal structures or harbor
breakwaters against the extreme waves. Studies on perforated caisson breakwaters have
used theoretical, physical, and numerical models to investigate the horizontal force on
the seaward face and the uplifting forces at the bottom under the wave impact. Such
overtopping waves and their accompanying wave forces can induce various mechanisms
of structure failure that result in structural instability [1–4]. Such studies are of crucial
importance in coastal and harbor engineering.

The wave force on crown walls was studied by [5,6]. Ref. [7] theoretically modeled
the uplift force on a caisson and revised the Goda’s formula [8]. Ref. [9] developed a new
semi-empirical method, partially based on experimental measurements, to calculate the
wave loads on the wall for regular and irregular waves. Ref. [10] revised Takahashi’s for-
mula [8] by using experimental data. Extensive experimental studies have been conducted
to estimate the forces and pressures that are induced by tsunami bore and exerted on
structures [11–15]. However, few experiments have been performed to measure the wave
pressure on the back side of the vertical breakwater.

Several numerical studies investigated the overtopping wave or tsunami forces on a
vertical breakwater (e.g., [16–18]). Ref. [19] discussed the ocean wave impact on breakwater.
Ref. [20] investigated solitary waves propagating an impermeable trapezoidal breakwater
on a sloping seabed. Recently, the numerical model with Navier–Stokes equations and the
turbulence closure model were carried out to study more sophisticated wave–structure
interaction problem [21–24]. Ref. [25] used a numerical model and simplified equations to
calculate the wave force induced by monochromatic waves impinging on a caisson.
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These previous studies have provided valuable results that have elucidated the hori-
zontal and vertical loading on the seaward and bottom faces of different coastal structures.
However, these studies have rarely considered the horizontal force on the backward side
of a breakwater. At present, the formulas of [8,26] are used most often for caisson design.
Ref. [27] discuss the dynamic response of caisson breakwaters using a numerical model,
providing a comprehensive review of the historical failures. Ref. [3] provide a simple and
intuitive set of prediction formulae that have considered the quasi-static and impact forces,
and overturning moments. Ref. [28] describe methods to predict wave overtopping of shore-
line structures that recommend approaches for calculating mean overtopping discharges,
overtopping wave volumes, and the proportion of waves overtopping a seawall. However,
these cannot be used for calculating the maximum horizontal forces of overtopping waves
because they do not consider the force on the rear face of a vertical wall that produces zero
pressure on the landward side. For an overtopping wave acting on a caisson, wave forces
on its rear part appear to be a lower value following the impulse force on the seaward side.
The dynamic conditions are different from those where the force on the rear face is not
considered. To better evaluate the structural stability of overtopping waves, information
about the evaluation of pressure distribution and the horizontal forces acting on different
faces, especially the landward side, is required.

In the present study, a physical experiment was conducted to study the pressure
distributions of the structure and thereby obtain the total horizontal and uplift forces.
We also carried out a COBRAS model to simulate the horizontal wave forces on the rear
faces and the lifting forces of a caisson breakwater induced by the overtopping waves.
The numerical results simulated from the validated model were compared against the
experimental data and the semi-empirical formulas [26]. Asymptotic equations based
on the experimental data according to a least squares approximation are also derived in
this study.

2. Experimental Setup

A physical model of a wave flume at Taichung Harbor and Marine Technology Center
was used to study the dynamic wave pressure distributions and the wave forces at different
times on different sides, including the front, rear, and bottom faces of a vertical composite
breakwater, which is located at Suao port in Taiwan (Figure 1). The caisson had a width
and height of 25 m and 27.5 m. The flume had a length, width, and depth of 100, 1.5,
and 2 m, respectively, and it comprised a piston and an absorbing wave-maker, with the
coordinate origins setting at the wave-maker. The experiment was performed at a constant
water depth of 0.823 m. A wooden type of the caisson had a length, width, and height of
39.1, 150, and 43 cm, respectively, and the model scaling is 1:64, which was set-up on the
40 cm height platform. The specifications of the caisson were as follows: the mound height
is 7 cm, berm width is 6.3 cm, the crown-wall height is 5.5 cm, caisson width is 39.1 cm
and caisson height is 43 cm. The porosity of the bottom was 0.439. Eight wave gauges
for measuring the free-surface elevation were placed. The design wave conditions were
due to the breakwater of Suao port of 25, 50, and 100 year return period wave conditions.
Monochromatic waves with periods of 1.75–1.94 s were used, and their corresponding
wavelengths were 4.11–4.70 m and incident wave heights were 12.29–22.54 cm. Table 1
shows the input wave conditions, where CV denotes the coefficient of variation. The
test case was repeated five times for each wave parameter. The results demonstrate high
repeatability, and we take the averaged value of the experimental data.

The time series of free-surface elevation was measured at eight locations at a sampling
rate of 100 Hz to provide water wave propagation data. These sensors are denoted as WGx,
where x = 1–8 indicates the gauge number. WG1–WG3 were used to measure the initial
wave height, WG4 and WG5 were used to measure the wave heights in front of the caisson,
WG6 was located at the front face of the caisson and was used to measure the height of the
overtopping wave, and WG7 and WG8 were used to measure the local wave heights at the
rear face. The dynamic wave pressures were measured using 22 tiny pressure transducers
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on the vertical structure at the front (Pf1–Pf9), rear (Pb1–Pb8), and bottom (Pbo1–Pbo5)
faces of the caisson. Table 2 lists the positions of the pressure gauges shown in Figure 2.
The sampling frequency of the wave pressure transducers was 100 Hz.

The obtained forces were defined as (1) horizontal force on front face, Ff (seaward)
(2) horizontal force on the back side, Fb (backward); (3) Fbo(bottom) is the vertical force on
the bottom. The total force (Ft) acting on the caisson is calculated as the sum of Ff and Fb
shown in Figure 3. The wave-induced horizontal forces on the front and rear walls were
obtained from integrating the experimental wave pressure distributions along the front
and rear walls of a caisson breakwater, and the uplift forces were calculated by integrating
the pressure below the caisson.
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Table 1. Wave conditions used in experiment.

Case No. Wave Height
(cm)

Mean Wave
Height (cm) CV Wave Period (s) Mean Wave

Period (s) CV Water Depth
(cm)

1
22.45

22.54 1.08%
1.94

1.94 0.21%

82.3

22.35 1.94
22.81 1.93

2
21.34

21.17 0.86%
1.94

1.94 0.32%21.19 1.94
20.98 1.93

3
18.80

18.69 0.76%
1.94

1.94 0.21%18.53 1.94
18.74 1.94

4
15.29

15.43 1.47%
1.94

1.94 0.10%15.30 1.94
15.69 1.94

5
11.74

12.01 2.35%
1.94

1.94 0.21%11.98 1.94
12.30 1.93

6
22.29

22.41 1.54%
1.85

1.84 0.29%22.15 1.84
22.80 1.85

7
21.07

21.02 0.20%
1.84

1.85 0.44%21.00 1.85
21.00 1.85

8
18.43

18.38 0.96%
1.84

1.85 0.53%18.53 1.85
18.19 1.85

9
15.76

15.52 1.38%
1.86

1.85 0.49%15.43 1.84
15.36 1.85

10
12.27

12.37 2.08%
1.86

1.85 0.25%12.19 1.85
12.67 1.86

11
22.05

22.33 1.23%
1.75

1.75 0.13%22.60 1.75
22.35 1.75

12
21.02

20.87 0.62%
1.75

1.76 0.54%20.80 1.77
20.80 1.75

13
18.10

18.21 1.59%
1.75

1.76 0.50%18.53 1.77
17.98 1.76

14
15.44

15.50 0.77%
1.76

1.76 0.17%15.43 1.75
15.64 1.76

15
12.28

12.29 1.30%
1.77

1.76 0.26%12.14 1.76
12.46 1.76
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Table 2. Positions of pressure transducers.

Pressure Gauges Distance from the Origin Point (m)

Pf1 0.390
Pf2 0.350
Pf3 0.310
Pf4 0.270
Pf5 0.230
Pf6 0.190
Pf7 0.150
Pf8 0.110
Pf9 0.070

Pbo1 0.041
Pbo2 0.111
Pbo3 0.181
Pbo4 0.251
Pbo5 0.321
Pb1 0.335
Pb2 0.295
Pb3 0.255
Pb4 0.215
Pb5 0.175
Pb6 0.135
Pb7 0.095
Pb8 0.055

3. Numerical Simulation

In this study, we used the COBRAS numerical model, a depth- and time-resolving
two-dimensional vertical numerical model, to solve the RANS equations. Furthermore, we
used the k− ε turbulence closure model [22,29,30] to simulate the experiments and compare
the numerical results with experimental data. The RANS equations can be expressed as

∂ui
∂xi

= 0 (1)

∂〈ui〉
∂t

+
〈
uj
〉∂〈ui〉

∂xj
= −1

ρ

∂〈p〉
∂xi

+ gi +
1
ρ

∂τij

∂xj
−

∂
〈

u′ iu′ j
〉

∂xj
(2)

where i, j = 1, 2 for a two-dimensional flow; τij is the viscous stress; and ρ, p, and t denote the
water density, pressure, and time, respectively. The wave interaction with porous structures
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was introduced in [31]. The numerical flume shown in Figure 4 was implemented with the
experimental setup. The flow in the porous structure is described in the COBRAS model by
the Volume-Averaged Reynolds Averaged Navier–Stokes (VARANS) equations as

∂(nui)

∂xi
= 0 (3)

∂〈ui〉
∂t

+
〈
uj
〉∂〈ui〉

∂xj
= − 1

ρn
∂〈np〉

∂xi
+ gi −

1
ρn

∂

∂x3
(n〈ubiub3〉) + fpi (4)

where n represents a plane porosity that equals the ratio of the fluid area, 〈ubiub3〉 represents
a mean stress, and fpi represents the components of the mean force that the grains of the
porous media intersected by the plane of integration exerted on the fluid. The numerical
flume shown in Figure 4 was implemented with the experimental setup.
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4. Results and Discussion
4.1. Dynamic Wave Pressure

Figures 5–7 present a comparison of the simulated and measured time series of dy-
namic pressure at the front, rear and bottom faces of the caisson for a regular wave (wave
height H = 22 cm, wave period T = 1.94 s). The readings from nine pressure transducers
at the seaward face (Pf1–Pf9), seven pressure transducers at the landward face (Pb1–Pb7)
and five pressure transducers below the caisson (Pbo1–Pbo5) were compared. The dashed
line represents the numerical simulation, and the solid line represents the experimental
measurements. In general, the model makes accurate predictions of the dynamic wave
pressure at the front face of the caisson. However, it overestimated the dynamic wave
pressure at the rear and bottom faces at the average errors of approximately 10% and
20%, respectively. This was caused by the difference in the formation of the overtopping
wave jet and the porous medium below the caisson. The COBRAS model overestimated
pressure spikes at certain locations where an overtopping wave jet and high aeration region
were expected.
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Figure 7. The comparison between numerical model and laboratory measurement for the time series
of dynamic wave pressure on the bottom face.

Interestingly, the bottom wave pressure had a double-peak distribution at some di-
mensionless locations (x/B), as shown in Figure 8, under three wave steepness conditions
(H/L = 0.0383, 0.0425, and 0.0468), where x is the pressure gauge location with the original
point located at the rear side of the caisson. B is the bottom width of the caisson. The wave
steepness was positively associated with bottom wave pressure. When the wave steepness
increased, the double-peak distribution of the bottom wave pressure became more obvious.

The maximum wave pressures along the different faces of the caisson, as obtained from
the experiments, numerical simulations, and Goda’s formula [26], were plotted against
each other in Figures 9–11 for various dimensionless overtopping heights (h0/d), where h0
is the height of the overtopping wave that was measured by wave gauges WG06 and d is
the still water depth. The numerical simulation results exhibited good agreement with the
experimental data. It shows that Goda’s formula yielded estimates that were larger than
the experimental data. The results indicated that Goda’s formula overestimated predictions
of the maximum forces on the front and bottom faces in cases of large wave steepness and
overtopping waves. Previous studies have considered wave pressures on only the seaward
and bottom faces of the caisson. Information is scarce to consider the forces acting on the
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landward side of a breakwater. The experiment in this study shows that it is important to
calculate the total horizontal force. The experiment showed the occurrence of a horizontal
force on the backward side of a vertical structure for wave overtopping, and the COBRAS
model can predict the dynamic wave pressures on different faces of the breakwater.
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tained from experiments, numerical simulations, and Goda’s formula [26] for various dimensionless
overtopping heights (h0/d). (a) h0/d = 0.309; (b) h0/d = 0.2136; (c) h0/d = 0.2139; (d) h0/d = 0.1387;
(e) h0/d = 0.0711.
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Figure 10. The comparison of maximum wave pressure along the bottom face of caisson as obtained
from experiments, numerical simulations, and Goda’s formula [26] for various dimensionless over-
topping heights (h0/d). (a) h0/d = 0.309; (b) h0/d = 0.2636; (c) h0/d = 0.2139; (d) h0/d = 0.1387;
(e) h0/d = 0.0576.
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Figure 11. Comparison of maximum wave pressure along the landward (rear) face of caisson as
obtained from experiments and numerical simulations for various dimensionless overtopping heights
(h0/d). (a) h0/d = 0.309; (b) h0/d = 0.2636; (c) h0/d = 0.2139; (d) h0/d = 0.1387; (d) h0/d = 0.0711.

4.2. The Variation of Wave Force

The variation of wave force per unit width acting on the structure was obtained by
integrating the experimental data of dynamic pressure along the front, rear, and bottom
faces of the caisson breakwater. By integrating the wave-generated pressure distribution
along the wall, the horizontal and uplift forces are calculated to identify the extreme
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wave scenario with respect to the stability of the caisson breakwater. Figure 12 shows the
experimental time series of dimensionless horizontal wave forces at seaward and landward
faces and the uplift forces below the caisson (reference force F0 = ρgd2 = γd2) for the wave
heights of 22.54 and 12.01 cm and a wave period of 1.94 s. Figure 13 presents an enlarged
view of the maximum force in Figure 12. The figure details the phase differences between
the occurrence of maximum Ff on the seaward face, Fb on the rear face, and uplift force
Fbo. These phase differences of the three forces on the seaward, backward and bottom sides
varied with the wave height, and they disappeared for smaller waves. Interestingly, for a
larger wave height, the uplift force in Figure 13a exhibited a double-peak distribution owing
to the larger horizontal force (Fb) on the back side of the breakwater for overtopping waves.
By contrast, the backward force was smaller, and the uplift force in Figure 13b exhibited a
single-peak distribution for the smaller wave overtopping. Clearly, the maximum wave
force increased with incident wave height.
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Water 2022, 14, 657 15 of 18
Water 2022, 14, x FOR PEER REVIEW 16 of 19 
 

 

 

Figure 13. Enlarged view of maximum force in Figure 12: (a) H = 22.54 cm and T = 1.94 s and (b) H 

= 12.01 cm and T = 1.94 s. 

4.3. Simplified Equations for Calculating Horizontal Forces and Uplifting Force 

It is important to calculate the maximum horizontal forces on the front and backward 

parts and the vertical wave force below the caisson for the caisson breakwater design con-

sideration. From all of the experimental data for the maximum horizontal wave forces on 

the seaward side ( )
f m
F  and backward face ( )

b m
F  and the maximum lifting force (

( )
bo m
F ) at the bottom, the following dimensionless asymptotic formulae could be derived 

using a least-squares method: 

20 0
2

( )
0.671( ) +0.696( ) 0.14,f m

F h h

d dd  

(5) 

20 0
2

( )
0.115( ) +0.227( ) 0.049,bo m

F h h

d dd  

(6) 

20 0
2

( )
0.212( ) +0.221( ).b m

F h h

d dd  

(7) 

Equations (5)–(7) are plotted in Figure 14a–c, respectively, and are compared with the em-

pirical formula given by [32]. Notably,[32] only considered the horizontal force at the sea-

ward face. The comparison indicated that the formula given by [32] underestimated the 

experimental data. 

 

 

 

Figure 13. Enlarged view of maximum force in Figure 12: (a) H = 22.54 cm and T = 1.94 s and
(b) H = 12.01 cm and T = 1.94 s.

4.3. Simplified Equations for Calculating Horizontal Forces and Uplifting Force

It is important to calculate the maximum horizontal forces on the front and backward
parts and the vertical wave force below the caisson for the caisson breakwater design
consideration. From all of the experimental data for the maximum horizontal wave forces
on the seaward side

(
Ff

)
m

and backward face (Fb)m and the maximum lifting force ((Fbo)m)
at the bottom, the following dimensionless asymptotic formulae could be derived using a
least-squares method: (

Ff

)
m

γd2 = −0.671(
h0

d
)

2
+0.696(

h0

d
) + 0.14, (5)

(Fbo)m
γd2 = −0.115(

h0

d
)

2
+0.227(

h0

d
) + 0.049, (6)

(Fb)m
γd2 = −0.212(

h0

d
)

2
+0.221(

h0

d
). (7)

Equations (5)–(7) are plotted in Figure 14a–c, respectively, and are compared with the
empirical formula given by [32]. Notably, [32] only considered the horizontal force at the
seaward face. The comparison indicated that the formula given by [32] underestimated the
experimental data.
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5. Conclusions

In this study, we conducted a laboratory experiment to measure the wave pressure
distributions at the different sides of a caisson breakwater for the overtopping waves. We
also carried out a COBRAS model that solved the RANS equations with a k−ε turbulence
closure model. The numerical simulations were validated with the experimental data,
and satisfactory comparisons have demonstrated that it is suitable to simulate the total
wave forces induced by overtopping waves. The comparisons of the horizontal and uplift
wave forces and the dynamic pressure distribution on the front, rear, and bottom faces
of the caisson indicated that the COBRAS model can provide reliable results for waves
overtopping over a caisson breakwater. In the experimental data, the dynamic wave
pressure distributions at rear faces were different from zero. This phenomenon was also
observed in the numerical simulations. This is due to the impact of the overtopping wave
jet or the water level fluctuation induced by the overtopping flow. Our results indicated
that it is important to further consider the force on the backward face of the structure,
when its stability against overtopping waves is a concern. Three regressive equations,
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represented by Equations (5)–(7), were proposed based on least squares approximation.
These empirical equations could be used to calculate the horizontal and vertical forces on a
vertical structure as a guide for coastal engineering design.
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