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Abstract: In order to protect fragile shoreline and coastal assets during extreme storms, a combined
floating breakwater-windbreak has been proposed to reduce both wind and wave energies in the
sheltered area. The 1 km-long breakwater has a porous hull with internal tubes to allow free passage
of water; thereby further dissipating wave energy. The deck of the structure is designed to have
a slope of 25 degrees facing the upstream side, and arrays of cylindrical tubes are placed on the
sloping deck to form a windbreak. A reduced-scale (1:50) model test was carried out in a wave flume
to examine wave sheltering performance under significant wave heights Hs = 3.0 m to 7.5 m and
peak wave periods Tp = 9.4 s to 14 s sea states. Both regular and random wave conditions with
different wave heights were considered. It is found that transmission coefficients ranging from 0.4
to 0.6 can be achieved under tested wave conditions. Porous breakwater hull increases the wave
dissipation coefficients and is effective in reducing the wave reflection at the upstream side. The wave
run-up length is dependent on the Iribarren number if the reduction induced by vertical freeboard
is considered. Based on experimental data, empirical formulae have been proposed to predict the
wave run-up responses in regular waves, probability of non-zero wave run-up occurrence, modified
Weibull distribution of the wave run-up peaks and extreme wave run-up in random waves.

Keywords: porous breakwater; model test; wave run-up; wave reflection; wave transmission

1. Introduction

Breakwaters have been employed to protect coastlines and coastal assets from strong
waves. In recent years, novel concepts of breakwaters such as floating breakwaters [1],
Bragg breakwaters [2] and flexible membrane-type breakwater [3] have been proposed to
improve the performance of breakwaters. Windbreaks have been built onshore to protect
buildings from extreme winds. However, the two barrier structures of breakwater and
windbreak have never been used together to shield fragile coastlines and coastal structures
that have to contend with both extreme wave and wind loads in severe storms. This
prompted Wang et al. [4] to propose a novel concept of placing a windbreak on the deck of
a breakwater to create a sheltered area from both wind and waves as shown in Figure 1.
The design comprises a rectangular breakwater with a triangular windbreak on its deck
as shown in Figure 2. The windbreak part of the structure, which is designed based on
the optimal performance of the windbreak, determines the deck slope and the freeboard.
From the perspective of the breakwater, it should be able to withstand the impact load
of the wave run-up. It is important to predict the maximum wave run-up length and the
frequency of the wave run-up occurrence under random sea states, so that the deck area
under wave impact can be designed accordingly. Besides, the freeboard height should
be sufficient to avoid wave overtopping during severe storms. Previous studies have
shown that for gentle slopes, empirical equations have been used to estimate the wave
run-up heights. The well-known Hunt formula [5] suggests that the wave run-up height
is proportional to the Iribarren number ξ = tan α√

H/L0
, in which α is the beach slope, H the

wave height, and L0 the shallow water wavelength. Other formulae with similar forms
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but with slightly different regression coefficients may be found in references [6–11]. The
proposed empirical formulae are only applicable for mild slopes or small wave heights,
such as H/L = 0.05 or 0.07 in reference [7], ξop < 3.2 in reference [8], ξop < 2.0 in
reference [9], in which ξop is the deep water Iribarren number. For random wave conditions,
a common extreme wave run-up with 2% exceedance level is commonly selected as a
typical parameter in references [7–9]. In addition to the extreme wave run-up heights, the
distribution of random wave run-up heights under random wave conditions has also been
studied. Most commonly used distribution functions are Gaussian [12], Rayleigh [12–14]
and Weibull [15–17] distributions. In particular, the Weibull distribution has been found to
be a satisficing model for the description of other random wave responses, such as the air
gap height studied in references [18,19].
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Studies on steep slopes reveal nonlinear relationships between wave run-up param-
eters and the Iribarren number, e.g., in references [17,20]. For example, a wave power
harvesting device known as OWEC (overtopping wave energy converter) has been studied
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in references [14,21–23]. This type of system includes a steep slope to minimize wave break-
ing on the slope, and a low crest freeboard. These studies of wave rum-ups on steep slopes
have revealed nonlinear relationships between wave run-up and the Iribarren number. In
addition, modified empirical formulae have been proposed for non-conventional coastal
structures other than the conventional beaches and rubble mound breakwaters, so that the
effects of modified structural designs may be taken into consideration. For example, Park
and Cox [24] introduced a modified Iribarren number to predict the storm surge on the
slope of a berm.

The empirical formulae in previous studies cannot be directly applied to the designed
breakwater-windbreak structure since they do not include a vertical freeboard. In this
study, reduced scale model tests have been performed in the wave flume of the Hydraulics
Lab in the University of Queensland. Based on the experimental data, this paper aims at
proposing modified Iribarren number-based empirical formulae that include the influence
of freeboard. Following a similar approach as in [24], the current study first attempts
to apply the existing empirical formulae directly to investigate their applicability. Next,
modified formulae are proposed to consider the influence of the freeboard on the wave
run-ups based on experimental data.

The rest of the paper is arranged as follows: Section 2 describes the novel design of
the breakwater-windbreak structure; Section 3 introduces the model test setup; Section 4
presents a summary of test data post-processing procedure; Section 5 presents the calculated
wave reflection, transmission and dissipation coefficients as a validation of the breakwater
concept; Section 6 discusses the wave run-up response on the steep slope with a vertical
freeboard, and presents modified formulae on the description and prediction of wave
run-up lengths on the slope.

2. Concept of Floating Breakwater-Windbreak

The novel concept of a combined breakwater-windbreak structure will be discussed
briefly while more details on the design can be found in reference [4]. The structure is
designed to protect its downstream area from extreme wind and wave actions. The hull
is designed to be in the shape of arches in the plan view, so that the concrete breakwater
is kept in compression under incoming waves. The angle of each arch is 84 degrees.
The breakwater is designed to be porous by installing internal tubes inside the structure;
thereby allowing water to freely enter and exit from the openings on the vertical walls of
the breakwater. Two designs of the internal tubes are proposed and tested as shown in
Figure 2. The first design involves curved L-shape tubes with their openings on the front
wall and connected to the hollow tubes on the deck that serve as the windbreak. The second
design involves straight tubes through the breakwater; thereby allowing the water to enter
from the front wall and to exit through the openings of the back wall. The diameter of each
tube is 2.5 m, resulting in an overall porosity of 8.4%. Numerical studies have shown that
both designs have the advantages of lower wave loads due to the porous hull [25,26] under
regular wave conditions.

The windbreak comprises alternately arranged array of tubes on a triangular shaped
deck from a cross-section view as shown in Figure 2. In Figure 2, the top two sketches show
the sectional view of the structure, while the lower two sketches show the sectional view of
the part of structure under the sloping deck that acts as the breakwater. As the windbreak
efficiency is primarily decided by its projected area perpendicular to the direction of the
coming wind, the triangular shaped deck is better than the rectangular shaped deck with
the same projected area but half volume; thereby reducing the weight and material cost
of the structure. Detailed parametric studies have been performed to ensure the wind
sheltering performance of the windbreak with current design parameters [4,27].

3. Experimental Setup and Test Matrix

Experimental studies as described herein are dedicated to two purposes: the validation
of the breakwater concept especially the influence of the internal tubes on the breakwater
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performance, and the wave run-up response under regular and random waves. The wave
data of a selected site in the Gold Coast of Australia is used as the design sea states:
Hs = 3.0 m, Tp = 9.3 s–14 s in 1-year return period, and Hs = 7.5 m, Tp = 14.0 s in 100-year
return period.

The experiments were carried out in the wave flume of the Hydraulics Lab in the Uni-
versity of Queensland, Australia. The wave flume measures 24 m long× 1 m wide × 1 m deep.
A model scale of 1:50 was adopted with a constant water depth of 0.60 m (30.0 m in full
scale), so that the tested wave conditions are in the range of Hs = 0.06 m to 0.15 m, Tp = 1.33 s
to 1.98 s. The model was placed at the mid-point of the flume between the wave paddle
and the absorptive beach at the other end. It was kept stationary by bolting it to rigid
frames that were clamped to the wave flume as well as supported at the bottom by small
wooden boxes filled with sand as shown in Figure 3a. The size of the sand boxes is less than
10% when compared with the shortest tested wavelength so that the boxes do not induce
significant wave diffraction. In the experiment, the model was raised vertically and fixed at
different levels with the view to investigate the influence of different drafts and freeboard
heights. A total of 7 wave gauges were employed in the test. Three wave gauges numbered
#2 to #4 were placed at the upstream and two wave gauges #5 and #6 at the downstream to
measure the incident wave height and the transmitted wave height, respectively. These
measurements allow one to determine the wave reflection and transmission coefficients.
Wave gauge WG1 was placed near the structure to measure the wave elevation immediately
before wave run-up. The wave gauge was not placed directly in front of the model wall
to avoid the impact of water running back down from the tilted deck or water exiting
the tubes which will lead to inaccurate measurements of the wave elevation. In addition,
wave gauge WG7 was placed on the tilted deck and calibrated to measure the wave run-up
length on the deck. The positions of all wave gauges are shown in Figure 3a.
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Three different models were tested in the experiment: two porous breakwater models
as shown in Figure 2, and one model without any porosity (physically modelled by blocking
the tube openings). The tubes are made from acrylic or PVC and installed as shown in
Figure 4. Besides the designed draft d = 0.27 m, deeper drafts of d = 0.32 m, 0.37 m and
0.42 m were also tested to investigate the breakwater performance with various freeboards
that influence the wave run-up. The uppermost layer of tube in the 3-tube section and
4-tube section is 0.075 m and 0.025 m below still water level, respectively. The centre-to-
centre distance between two adjacent tube layers are 0.1 m. When the structure is moved to
a different elevation, the draft d and the freeboard height dFB change accordingly. Three
wave heights of H = 0.06 m, 0.10 m and 0.15 m were considered in the regular wave
tests. These three wave heights were adopted as significant wave heights with peak wave
periods Tp = 1.33 s and Tp = 1.98 s. An active wave absorption scheme is adopted in wave
generation to reduce the effect of re-reflection in the upstream area. Table 1 presents the
geometry and dimensions of the model in reduced scale and Table 2 shows the values
of test parameters. The main dimensions and notations of the breakwater are shown in
Figure 3b, in which the width, depth, draft and freeboard are denoted as B, D, d and
dFB, respectively. In particular, R denotes the wave run-up distance along the deck. The
wave run-up length R can be easily converted to wave run-up height, a commonly used
parameter in the literature, by trigonometric relationships. In this paper, we use L instead
of the vertical wave run-up height mainly because the length R along the deck directly
affects the deck structural design.
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Parameter Quantity

Length (Lb) 0.9 m
Width (B) 0.9 m

Model Depth (D) 0.44 m
Draft (d) 0.27–0.42 m

Freeboard height (dFB) 0.17–0.02 m
Mass (without Tubes) 67.91 kg
Deck tilting angle α 25 deg

Deck height 0.3 m
Tube diameter 0.05 m
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Table 2. Model Test Parameters.

Model Test Parameters

Regular Wave Tests
Wave height H = 0.06 m, 0.10 m, 0.15 m

Wave period T = 0.6 s to 3.0 s
Draft d = 0.42 m, 0.37 m, 0.32 m, 0.27 m

Random Wave Tests
Significant wave height Hs = 0.06 m, 0.10 m, 0.15 m

Peak wave period Tp = 1.33 s, 1.98 s
Internal Tube Setup No tubes, straight tubes and curved tubes

4. Test Data Processing

For reflection and transmission coefficients in regular wave tests, the two-point method
developed by Suzuki and Goda [28] is adopted to separate the incoming and reflection
wave components in the recorded time series. For the coefficients in random wave tests,
the three-point least square method proposed by Mansard and Funke [29] is used to
separate the incident and reflected wave spectrums. Frequency-dependent reflection and
transmission functions Kr(ω) and Kt(ω) can be calculated from:

Kr(ω) =

√
Sr(ω)

Si(ω)
(1)

Kt(ω) =

√
St(ω)

Si(ω)
(2)

where Si(ω), Sr(ω) and St(ω) are the incoming, reflected and transmitted wave spectra,
respectively. The dissipation coefficient Kd(ω) can be readily computed since the square
sum of the three coefficients is equal to 1.0. In the experiment, the wave run-up length
is measured by placing the wave gauge WG7 along the surface of the sloping deck. The
wave gauge measures the wave run-up distance along the deck by measuring its average
submerged volume. As shown in Figure 5, the recorded wave run-up height is not fully
sinusoidal because the wave run-up length is always positive. This leads to inaccurate
amplitudes and noises when the test data was processed by the standard FFT. As shown in
Figure 5a,b, higher order noise is shown in the FFT result. When comparing the 1st order
wave amplitude derived from FFT and the measured data by reconstructing the time series
based on wave amplitude and period derived from FFT, it can be seen that the FFT result
is lower than the measured data. To minimize this effect, the original test data is further
processed by fitting it to a second order Fourier series. A weighted nonlinear regression is
performed to find the coefficients a1, a2, ϕ1, ϕ2

b = (a0, a1, a2, ϕ1, ϕ2) = argmin
N

∑
i=1

wi[yi − f (ti, b)]2 (3)

where b is the array containing all regression parameters, wi is the weight function, f (ti, b)
is the applied regression function assumed as a second-order Fourier series given by

f (t, b ) = a0 +
2

∑
i=1

ai cos(ωiti + ϕi) (4)

and the weight function

wi =

{
1, wave run-up

0.001, otherwise
(5)

is used to exclude the zeroes and wave run-down data from the data fitting, so that a
function that accurately describes the wave run-up process can be obtained. As shown
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in Figure 5a, the wave amplitude derived from the nonlinear regression analysis is closer
to the measured data when it is reconstructed into time series. This process is used to
determine the frequency-dependent wave run-up length from experimental data under
regular wave conditions.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 5. Example of processing wave run-up data in regular waves, (a) comparison of FFT results 
and regression results; (b) high frequency noise and reduced peak in FFT. 

5. Experimental Results of Breakwater Efficiency 
Figures 6–8 show the wave reflection coefficients Kr, wave transmission coefficients 

Kt and wave dissipation coefficients Kd under linear waves as calculated from the 
measured wave elevations. Results under regular wave conditions with wave height H = 
0.06 m and random wave with Hs = 0.06 m and Tp = 1.98 s are indicated by symbols and 
line types, respectively. The figures show that the results of regular and random waves 
are in good agreement except for the wave periods that range from T = 0.6 s to 1.0 s that 
are not covered by the narrow banded JONSWAP spectrum as applied in random wave 
tests. As a result, the calculated Kr and Kt are more impacted by random noises in the test, 
leading to fluctuations in the results. The results of random waves in that wave period 
range are therefore not accurate and regular wave test results should be used in further 
applications. For the same reason, the dissipation coefficients are not calculated in this 
range for random waves. In addition, the figures show that the draft has only a small 
influence on the breakwater performances. An increase of wave reflection for long wave 
periods ranging from T = 2.0 s to 3.0 s can be seen from Figure 6a,d, but only an average 
of 20% increase is achieved by changing the draft from d = 0.27 m to 0.42 m, while the 
model is 55% heavier. It is not an economic choice to build a breakwater all the way down 
to the seabed, and hence the rationale for using a floating breakwater. 

 

Figure 5. Example of processing wave run-up data in regular waves, (a) comparison of FFT results
and regression results; (b) high frequency noise and reduced peak in FFT.

5. Experimental Results of Breakwater Efficiency

Figures 6–8 show the wave reflection coefficients Kr, wave transmission coefficients Kt
and wave dissipation coefficients Kd under linear waves as calculated from the measured
wave elevations. Results under regular wave conditions with wave height H = 0.06 m
and random wave with Hs = 0.06 m and Tp = 1.98 s are indicated by symbols and line
types, respectively. The figures show that the results of regular and random waves are
in good agreement except for the wave periods that range from T = 0.6 s to 1.0 s that
are not covered by the narrow banded JONSWAP spectrum as applied in random wave
tests. As a result, the calculated Kr and Kt are more impacted by random noises in the test,
leading to fluctuations in the results. The results of random waves in that wave period
range are therefore not accurate and regular wave test results should be used in further
applications. For the same reason, the dissipation coefficients are not calculated in this
range for random waves. In addition, the figures show that the draft has only a small
influence on the breakwater performances. An increase of wave reflection for long wave
periods ranging from T = 2.0 s to 3.0 s can be seen from Figure 6a,d, but only an average of
20% increase is achieved by changing the draft from d = 0.27 m to 0.42 m, while the model
is 55% heavier. It is not an economic choice to build a breakwater all the way down to the
seabed, and hence the rationale for using a floating breakwater.

With regard to different tube settings, Figure 6 shows that both the straight tubes and
curved tubes are able to reduce the wave reflection coefficients while the wave transmission
coefficients are not being negatively influenced. In fact, the wave transmission coefficients
are also reduced in most test cases, even if the straight tubes allow the water free passage
to the downstream side. The wave dissipation coefficients of the porous breakwaters are
consequently higher. In addition, the results show that the curved tubes induce a smaller
reflection coefficient at most wave periods and drafts. In summary, the breakwater with
curved tubes is a more efficient concept for a low-reflection breakwater.
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Figure 9 shows the average reflection and transmission coefficients for all tested
random wave conditions with various significant wave heights Hs, wave periods Tp and
drafts d. Wave conditions No. 1–No. 11 (see Table 3) are short waves with Tp = 1.33 s, while
the others are long waves with Tp = 1.98 s. In shorter waves, the average transmission
coefficient is less than 0.5, while in long waves a Kt from 0.4 to 0.6 can be achieved. By
comparing the results of different models, it is clear that the reflection coefficient is reduced
by the porous breakwater but the transmission coefficients are only slightly affected. These
observations are identical with those obtained from regular wave tests. The regular and
random wave tests both confirm a lower reflection induced by porous breakwaters, and
the curved tubes are found to be more effective.
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Table 3. Random wave conditions in Figure 9.

Wave Condition No. Tp (s) dFB (m) Hs(m)

1

1.33

0.02
0.06

2 0.10

3

0.07

0.06

4 0.10

5 0.15

6

0.12

0.06

7 0.10

8 0.15

9

0.17

0.06

10 0.10

11 0.15

12

1.98

0.02
0.06

13 0.10

14

0.07
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15 0.10

16 0.15

17
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0.06

18 0.10

19 0.15
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The reduced scale model test is subjected to potential scaling effects. Referring to [30],
the relative significance of flow resistance can be separated into three components: inertial,
turbulent and linear force. Additionally, flow regime can be determined accordingly. From
the detailed calculation in [31], it is found that both the current model test and the full-scale
scenario it simulates have the same flow regime (identified as ‘coarse gravel’ in [30]), and
therefore the scaling effect is minimized.

6. Analysis of Wave Run-Up on Sloping Deck
6.1. Analysis of Regular Wave Test Results

As the first step, following similar practices as in [20], the wave run-up distance R mea-
sured for cases with different combinations of dFB and H is plotted with non-dimensional
parameter R/L0 versus Iribarren number ξ0 calculated by using deep water wave length L0
in Figure 10. The measured dimensionless wave run-up lengths under various dFB and H
are highly scattered and cannot be fitted into a single polynomial curve. This indicates that
the wave run-up is highly sensitive to independent parameters dFB and H. Only when the
freeboard dFB is small when compared with the incident wave height (2 cm freeboard with
0.10 m incoming wave height and 7 cm freeboard with 0.15 m wave height), the relationship
between R and ξ0 can be fitted by a second-order polynomial. When the freeboard is
higher, it is observed that the wave run-up height is reduced as compared to the cases with
close-to-zero freeboard. In view of this observation, we propose to modify the empirical
formula in previous studies by adding a correction term that reflects the reduction of wave
run-up due to vertical freeboard in the following form:

Rmod
L0

=
R0 + ∆R

L0
= C0 + C1ξ0 + C2ξ2

0 (6)

where the modified run-up length Rmod comprises R0, the wave run-up length without
freeboard effect, and ∆R, the reduced run-up length due to freeboard effect. ∆R is close to
0 when the freeboard is negligible, and Equation (6) reduces to the same form as found in
the literature.
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The effective application of Equation (6) then requires an empirical formula of ∆R.
To further investigate the dependency of wave run-up on freeboard dFB and wave height
H, Figure 11 plots the relationship between wave run-up RAO (the wave run-up length
normalized by the incident wave height) R/H and the dFB at fixed wave heights H = 0.10 m
and H = 0.15 m. The results show that R and ∆R are sensitive to wave height H and wave
period T. For any given T, R/H decreases approximately linearly with the increase of dFB.



J. Mar. Sci. Eng. 2022, 10, 1896 11 of 18

Based on the experimental data obtained herein, a linear relationship is proposed to fit the
data (R/H, dFB) for each combination of H and T:

R
H

= B0 + B1(T)dFB (7)
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It is noticed that the frequency dependent slope of each data group, B1, can be calcu-
lated by either experimental or numerical approach. The intersection of the linear fitting
function and X-axis is the largest freeboard height that allows wave run-up to take place.
It can be numerically obtained by calculating the maximum wave run-up on the vertical
wall of an assumed structure with the same hull but with a very large freeboard. The
intersection with Y-axis is R0, the wave run-up height without freeboard. Both scenarios
can be simply numerically simulated, and the linear fitting functions in Figure 11 can be
determined by these two intersection points without model test data. Consequently, it
is possible to apply Equations (6) and (7) when the experimental data is not sufficient to
derive the empirical parameters. It should be noted that the proposed linear relationship
does not necessarily hold for all wave periods and wave heights, and alternative calibrated
equation can be proposed if more experimental data is collected that shows a nonlinear
relationship between wave run-up RAO and freeboard height.

In view of Equations (6) and (7), it is proposed that the normalized wave run-up
height with non-zero freeboard is related to the Iribarren number by a second-order
polynomial, i.e.,

Rmod
L0

=
R0 + dFBB1(T)H

L0
= C0 + C1ξ0 + C2ξ2

0 (8)

By multiplying both sides of the equation with L0/H, Equation (8) shows that the
wave run-up RAO R/H is related to the fourth order of the Iribarren number. The equation
is kept in the above form so that a lower order polynomial can be fitted and plotted for
ease of view. Referring to [19,20], a nonlinear relationship between R/H and the Iribarren
number usually shows up when the sloping deck is steep and the resultant ξ0 is relatively
large, which is the case of this study.

As shown in Figure 10, the influence of the freeboard can be neglected if its height
is smaller when compared with the incident wave height. In the present model test, a
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freeboard of up to 0.02 m and 0.07 m may be neglected under incident wave heights of
0.10 m and 0.15 m, respectively. These freeboard heights can be used as a reference value,
so that freeboards lower than these aforementioned values may be neglected. Otherwise,
the run-up length has to be modified with a freeboard correction term calculated with
a relative freeboard height with respect to these reference freeboard heights instead of
absolute freeboard heights. Equation (8) may also be written as:

R′mod
L0

=
R0 + ∆dFBB1(T)H

L0
= C0 + C1ξ0 + C2ξ2

0 (9)

where ∆dFB is the freeboard increment as compared to negligible freeboard height. By
applying Equations (8) and (9), the scattered data with various freeboards, wave heights
and wave periods in Figure 10 has been summarized and fitted into a single function as
in Figure 12. Figure 12a–f show the fitted results with the compensation term calculated
by both relative and absolute freeboard heights, and all regression parameters and R-
square values are summarized in Table 4. While tube settings should theoretically have
some influence on wave run-up as it changes the upstream wave elevation close to the
breakwater front wall, it is not observed in present experimental data. Instead, Figure 12
shows that similar regression curves may be obtained for all tube settings, but the data is
more scattered with the presence of tubes. Further test data will be needed to establish a
clear relationship between tube settings and wave run-up.
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Figure 12. Relationship between modified normalized run-up and Iribarren number, using curve
fit with Equation (8): (a) Blocked tubes; (b) Straight tubes; (c) Curved tubes and with Equation (9):
(d) Blocked tubes; (e) Straight tubes; (f) Curved tubes.

Table 4. Regression Coefficients of Curve Fitting in Figure 12.

Fitted Curve No. C0 C1 C2 R-Square

a 0.0056 −0.0570 0.1606 0.88
b 0.0049 −0.0510 0.1505 0.77
c 0.0059 −0.0599 0.1677 0.82
d 0.0095 −0.0940 0.2551 0.77
e 0.0061 −0.0646 0.1945 0.69
f 0.0080 −0.0801 0.2192 0.75

6.2. Analysis of Random Wave Test Results

The analysis in Section 6.1 shows that the influence of the tubes does not qualitatively
change the behaviour of the wave run up. As a result, the following analysis of the random
wave test data will only focus on test results on the breakwater with no tubes, since data
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for porous breakwaters can be analysed by using the same approach to yield empirical
formulae with similar forms but different parameters. Table 5 shows the 12 out of 22 random
wave tests selected from Table 3. In these cases, the significant wave heights are sufficiently
higher than freeboard and frequent wave run-ups are observed and recorded. The wave
conditions are renumbered in Table 5. The maximum wave run-up reduces with respect
to freeboard height under incident wave with Tp = 1.33 s, but it remains constant for tests
with Tp = 1.98 s. The maximum wave run-up height is at approximately 0.45 m, which
implies that at most 70% of the deck area is under wave impact during extreme storms. No
wave overtopping was discovered in the tested wave conditions.

Table 5. Parameters of selected tested random wave conditions.

Wave Condition No. D
(m)

Hs
(m)

Tp
(s)

Rmax
(m)

1 0.02 0.10 1.33 0.320
2 0.02 0.10 1.98 0.447
3 0.07 0.10 1.33 0.209
4 0.07 0.10 1.98 0.369
5 0.07 0.15 1.33 0.413
6 0.07 0.15 1.98 0.445
7 0.12 0.10 1.33 0.118
8 0.12 0.10 1.98 0.222
9 0.12 0.15 1.33 0.217

10 0.12 0.15 1.98 0.421
11 0.17 0.15 1.33 0.177
12 0.17 0.15 1.98 0.405

The wave run-up records are compared with the measured wave elevation at the
proximity of the breakwater wall (wave gauge WG1 in Figure 3a). Without the freeboard, it
is considered that all the wave peaks occurred at the toe of the slope will eventually travel
up to the slope and induce a wave run-up peak. With a freeboard, however, the smaller
wave peaks will be blocked by the vertical freeboard. As a result, the number of measured
wave run-up peaks Nr, defined as the local maxima between two zero-upcrossing points,
is always lower than the number of wave crests Nw measured near the front wall of the
breakwater. With an increased freeboard height, fewer wave run-up peaks are measured
in the same time range. A wave run-up probability Prun-up is thus defined by Nr/Nw. For
example, 204 wave run-up peaks and 274 wave crests are recorded in Test No. 1, which
is interpreted as a 74% of wave run-up probability. The wave force induced by the wave
run-up and resulting greenwater impact on the sloping deck will be considered as an
accidental loading in the breakwater structure design.

As discussed in Section 6.1, the wave run-up only occurs when the wave height
near the front wall exceeds the freeboard. Taking the wave height amplification near the
structure into consideration, the following approximate relationship is proposed to estimate
the probability of wave run-up occurrence:

P(run-up) =
Nr

Nw
≈ P(H0 >

dFB
Ca

) (10)

where Ca is an amplification factor related to wave amplification near the structure, and H0
is the incident wave height from far field. As the incident wave height following a JON-
SWAP spectrum is Rayleigh distributed, the probability of exceedance can be analytically
calculated, and no measurement is required. While wave elevation amplification near the
breakwater wall is known to be strongly frequency-dependent, a constant amplification fac-
tor is used in Equation (10) for simplification. For this study, a constant Ca = 1.4 for all wave
periods is selected. Figure 13 plots the estimated wave run-up probability P(H0 > 0.7 dFB)
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and recorded run-up probability P(run-up). The results show that the selected empirical Ca
yields a conservative estimation of wave run-up probability.
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Equation (10) describes the probability of a non-zero wave run-up under a certain sea
state. The probability distribution of the non-zero peak wave run-up length is discussed
next. Attempts to fit the wave run-up peaks into a Rayleigh distribution and a Weibull
distribution are made. Like the studies of regular wave test data in Section 6.1, we introduce
the reduced wave run-up length ∆R to the empirical formulae to account for the freeboard
effect. The resultant probability distribution function (PDF) or cumulative distribution
function (CDF) consequently shift to the left-hand side and cover an area of negative X-axis.
Physically, the negative part of the curve means that the wave run-up remains in the height
of the vertical front wall and does not reach the bottom of the sloping deck. Since the zero
reference of wave run-up in this study is at the bottom of the deck, the run-up is considered
‘negative’. As a result, the peak value distribution should be written in the form of CDFs
shifted to the left:

F(R, ∆R, σ) = 1− e−
(R+∆R)2

2σ2 (Rayleigh) (11)

F(R, ∆R, a, b) = 1− e−
(R+∆R)

a
b

(Weibull) (12)

where ∆R, a and b are the regression parameters to be decided.
As the wave run-up probability can be calculated from experimental data, ∆R can be

determined by:
1− F(0, ∆R, a, b) = P(run-up) (13)

where P(run-up) is given by Equation (10).
The peak value distribution of four wave conditions selected from Table 5 is presented

in the form of CDFs in Figure 14. Other results are not shown to avoid repetition. The
selected wave conditions represent various levels of wave run-up occurrence at 75%, 55%,
30% and 10%, respectively, and the plots are arranged according to wave run-up occurrence
in a descending order. The negative wave run-up lengths R correspond to waves that do
not reach the deck and are plotted in dashed lines to show that they are not physical wave
run-up data. The results indicate that a two-parameter Weibull distribution is suitable to
describe the random peak value distribution of wave run-up. Once the PDF or CDF are
calculated, it is simple to obtain the probability of exceedance at any exceedance level.
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Finally, we explore the application of modified empirical formula of beach wave run-
up to estimate the run-up extremes under random wave conditions. In previous literature,
the 2% exceedance level of wave run-up height z2% is found empirically to be proportional
to Iribarren number, with one example of proposed formula as given in [8]:

z2%

Hs
= Cpξp (14)

in which Hs is the significant wave height and ξp the Iribarren number calculated with
shallow water assumption and peak wave period. Similarly, a segmented linear model was
proposed by Van Gent [10]. This model is expressed as

z2%

Hs
= c0ξ, ξ ≤ p (15)

z2%

Hs
= c1 − c2ξ, ξ ≥ p (16)

p =
0.5c1

c0
(17)

c2 =
0.25c2

1
c0

(18)

where c0, c1, c2 are all empirical parameters. Alternative forms of linear equations calculated
with root mean square wave height Hrms instead of Hs and/or mean zero-crossing period
Tz instead of Tp have also been proposed before. With a determined probability distribution
function, the above statistical parameters are linearly related, and the difference induced
by the applied statistical parameters would only change the regression coefficients. As a
result, similar linear regression equations in the aforementioned references are not listed
here. Further, nonlinear regression models trying to relate z2% and ξp is also proposed. For
example, in [16], the model is described by

z2%

Hs
= aξp

b (19)
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as a power function with empirical parameters a and b, or [19]:

zn%

Hm0
= C0 + C1

Hm0

gT2
p
+ C2

(
Hm0

gT2
p

)2

(20)

as a second-order polynomial with respect to H/L0, where L0 is the shallow water wave
length. Consequently, the above second order equation is equivalent to a fourth order
relationship with Iribarren number. In the foregoing equations, the wave run-up height is
defined as the vertical distance from the mean water level to the highest point of run-up.
Referring to [8], the applicable range of Equation (14) is restricted to mild slopes with
ξp < 2. The experimental data in this study is mostly above the high limit, with ξp inside a
range of [1.9, 3.0].

Like in Section 6.1, a correction term is added to the originally measured wave run-up
distance. The extreme waver run-up length R′2% is calculated not by the number of run-ups
Nr, but by the number of waves Nw near the structure. Among the four abovementioned
empirical formula, Equations (14) and (20) are found to be the most suitable for the obtained
experimental data. The modified formula is given by:

R′2% + k(Hs)∆dHs

Hs
= C0ξp + C1 (21)

R′2% + k(Hs)∆dHs

Hs
= C0 + C1

Hs

gT2
p
+ C2

(
Hs

gT2
p

)2

(22)

in which R′2% is the wave run-up length calculated with the total number of waves, and k
is the average of all frequency-dependent slopes in Figure 11a,b, ξp is the Iribarren number
calculated using Tp. The results of regression analysis by using the formulae given in
Equations (21) and (22) are presented in Figure 15. In Equation (21), the Iribarren number
can be calculated with either the deep water wavelength or intermediate water wavelength,
and both result in a fit with similar quality, but with slightly different regression coefficients.
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7. Conclusions

Experimental studies have been carried out for a newly designed breakwater-windbreak
structure for two main purposes: (1) to evaluate the performance of the breakwater, with a
focus on investigating the effect of internal tubes (L-shaped or straight); and (2) to study the
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wave run-up behaviour on a sloping deck with a non-zero freeboard. A series of empirical
formulae was proposed to calculate wave run-up length based on existing studies and
findings of the current experimental data. With these empirical equations, it is possible
to estimate the wave run-up in any given regular and random sea states for the designed
structure.

The following conclusions may be drawn from this study:

(1) The breakwater is proved to provide a calm sea state for the operations of protected
coastal and offshore structures in the sheltered area. The random wave test results
show an average wave transmission coefficient of about 0.5, which means only one
fourth of the wave energy is transferred to the downstream side. In addition, the tubes
installed inside the breakwater hull can reduce the wave reflection at the upstream
side; thereby creating a less rough sea at the front of the breakwater. From higher
wave dissipation coefficients obtained, it can be concluded that the mechanism of
internal water tubes is mainly that of a viscous effect, and no obvious side effects
(e.g., increasing wave height in the downstream) have been observed. In addition, the
L-shaped tubes are more efficient in reducing wave reflection.

(2) It is found that both the regular and random wave run-up data can be treated in tradi-
tional empirical methods, on the condition that the reduced wave run-up on the deck
due to positive freeboard heights is considered. After adding the correction term, sev-
eral empirical equations in existing literature estimating the wave run-up on smooth
slopes or beaches have been found applicable. The corrected terms are found to be
sensitive to wave heights and periods, and the relationship among these parameters
can be established by using either experimental data or numerical simulation.

(3) Under random wave condition, it is found that the possibility of a non-zero wave
run-up on the deck is related to the incoming wave exceeding a certain freeboard limit.
This is consistent with the behaviour of wave run-up under regular wave condition,
which suggests that the wave run-up could be forecasted by accurately predicting
the wave elevation near the breakwater. After taking the imaginary negative wave
run-ups into consideration, the peak value distribution of the wave run-up data
follows the Weibull distribution. Its extreme value follows the empirical equations
proposed by Van der Meer [8] and Ahrens [19] and can be estimated accordingly.
Once the possibility of occurrence, probability distribution and extreme value are
all known, stochastic analysis with any target function can be performed and an
optimized freeboard can be decided.

From the experimental observations, highly nonlinear wave surface elevation has been
observed. Considering the large cost of time and computation resources required for CFD
studies, empirical methods as proposed herein based on experimental data would be more
applicable in similar problems, as a primary estimation of wave run-up length. This paper
also provides a general approach of considering the effect of freeboard on wave run-up
behaviour, which can be used for the analysis of other coastal and offshore structures and
is not limited to the specific breakwater structure in this paper.
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