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We present experimental results of a group of focused waves propagating over a

submerged barrier positioned in various locations on the bottom of a flume. The study

investigates the effect of the relative distance between the fixed focusing position and

different barrier installation positions on the characteristics of the wave group. The

surface elevation and skewness are observed to approach a crest just on top of the

barrier’s rear. It can be also suggested that the presence of the barrier may affect

the evolution of the wave group for approximately two times of the barrier length, as

indicated by the frequency component distribution. In the time domain, a small tail

with mildly higher energy is generally observed when the gauge is fixed at the front

surface of the barrier. It suggests that long waves at lower frequencies propagate

at higher speeds, while short waves at higher frequencies are intercepted due to the

barrier.
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I. INTRODUCTION

Rogue waves, also known as freak waves, are characterized by abnormally large wave

heights, occurring unpredictably at various times and locations1,2. The mechanisms driving

the generation of rogue waves are complicated3, with factors such as alterations in the

topography, wave-current interaction, and wind-wave interaction, which can potentially lead

to wave energy focusing, resulting in the occurrence of rogue waves due to reflection or

refraction phenomena4,5. In addition, when waves propagate from deep to shallow water,

bottom non-uniformity can also provoke significantly increased probability of rogue waves

generation6.

In the field of marine engineering, the investigation of rogue waves is crucial due to the

considerable energy they carry, posing threats to ocean structures7. This concern is partic-

ularly relevant in the context of the growing development of floating offshore wind turbines

globally, necessitating comprehensive studies on the interaction between rogue waves and

structures. Various methods have been commonly employed in the study of rogue waves,

including physical experiments, numerical simulations, ,and theoretical investigations8–10.

For instance, McAllister et al. 11 recreated the Draupner wave’s characteristics in a circular

wave tank, observing that large crossing angles between wave systems were crucial for ac-

curately reproducing its scaled crest and total wave height. Fernandez and Sriram 12 used a

Self Correcting Method (SCM) to generate accurate focused wave by optimizing the wave

maker’s motion, validated by physical experiments. High order spectral (HOS) methods

have been introduced to calculate the probability of abnormal waves occurrence under dif-

ferent conditions13–16. Moreover, artificial intelligence had been applied to the study of rogue

waves.

The interaction between ocean structures or topography and waves or currents has gar-

nered significant attention. The literature on wave-structure interaction expands beyond

rogue waves. Analytical investigation has delved into diverse scenarios based on linearized

assumptions, encompassing the study of the interaction between free surface waves and

elastic structures17, and the coupling of hydroelastic waves with rigid structures18,19. These

investigations collectively contribute to a comprehensive understanding of the intricate dy-

namics between waves and structures in various environmental scenarios. In addition, nu-

merical simulation is widely adopted in the study of non-linear wave-structure interaction,
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as demonstrated by the work of Peng et al. 20 and Shi and Zhu 21 . In the realm of solitory

waves, earlier studies, exemplified by Mei and Black 22 , simplified structures and topogra-

phy. Based on that, advanced techniques, such as those employed by Chang, Hsu, and Liu 23 ,

conducted experiments and numerical simulations to study the interaction between solitary

waves and submerged rectangular obstacles. Ghafari et al. 24 introduced two obstacles into

a wave tank under solitary waves, revealing the presence of a clockwise vortex between the

obstacles and the occurrence of wave breaking when the waves propagated between them,

as observed through Particle Image Velocimetry (PIV). Li et al. 25 investigated the wave

propagation atop ADTs in intermediate water depth by modeling the system based on the

second-order theory. They claimed that the second-order free waves caused by the ADTs

played an important role in the generation of the rogue wave. Geng, Liu, and Dias 26 placed

a horizontal plate underwater to find that the shape of the solitary wave propagating by the

plate was modified and focused at the end of the plate. Brossard et al. 27 conducted experi-

mental studies in a wave tank to examine the decomposition of monochromatic waves on a

submerged plate, revealing that the submerged plate is a more effective barrier for first and

second-order wave characteristics. Chang 28 studied the generation and evolution of vortices

around submerged rectangular obstacles under elliptical waves experimentally and numeri-

cally. It showed that the wave period influenced the vortex strength significantly. In addition

to considering the extreme waves in the environmental input, the resonant waves29–31 whose

spectrum constantly evolves during the propagation process may also produce a large load

on the structure.

In contrast to previous research, our study investigates the effect of the relative distance

between the wave focusing position and barrier on the focused wave characteristics. The

paper is organized as follows: In Sec. II, the experimental setup is described. In Sec. III we

investigate the characteristics of the focused waves, including the surface elevation, skewness

and kurtosis, frequency distribution, and the energy distribution in the time domain. Finally,

the conclusions are summarized in Sec. IV.
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FIG. 1. Schematic of the experimental setup including wavemaker, wave gauges, barrier, and

dissipative beaches.

II. DESCRIPTION OF THE EXPERIMENTS

A. Experimental Setup

The experiments were carried out in the laboratory at the China University of Geo-

sciences, and the experimental setup is shown in Fig. 1. A wave flume, with L = 50m in

length, B = 1m in width, and D = 1.5m in height, was filled with water to a depth of

d = 1.0m. On one side of the wave flume, a piston-type wavemaker was installed, while the

opposite side featured of a relaxation zone containing wave-absorbing sponges. A wooden

cuboid barrier, with dimensions hb = 0.8m in height, b = 0.5m in length and lb = 1m in

width (as same as the width of the wave flume), was firmly placed on the bottom of the wave

flume. Partially filled with lead weight for stability during experiments, the barrier could

be moved along the longitudinal direction of the flume to accommodate various scenarios.

Wave trains with frequencies ranging from 0.75Hz to 1.25Hz were generated as incident

waves. To concentrate them into a focused wave group at a specific location, a constant

amplitude distribution was employed. We selected wave groups focused at the fixed position

Lf = 16.0m and time Tf = 30s, each with one of five different focused amplitudes Af as

input. Throughout the experiments, we kept the wave group’s focused position constant,

systematically adjusting the barrier’s position xb in 0.5m increments within the range from

15.5m to 19m.

The water surface elevation was simultaneously measured using seven capacitive wave

gauges, each operating at a sampling frequency of 20Hz. These gauges were strategically

positioned at various positions xg along the flume, corresponding to distances from the
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TABLE I. Experimental parameters (d=1.0m)

Case No. Af (m) xb(m)

A1-A8 0.03

B1-B8 0.04

C1-C8 0.05 15.5, 16.0, 16.5, 17.0, 17.5, 18.0, 18.5, 19.0

D1-D8 0.06

E1-E8 0.07

wavemaker’s resting position as follows: 15.5m(#1), 16.0m(#2), 16.5m(#3), 17.5m(#4),

18.0m(#5), 18.5m(#6), 19.0m(#7). To ensure accuracy, three experiments were conducted

for each scenarios, and the data were averaged. The key parameters for the main set of the

experiments are detailed in table I , each assigned a specific case ID to identify different

conditions.

III. EXPERIMENTAL RESULTS

A. Surface Elevation

To examine the impact of the prescribed wave amplitude on surface elevation, a series

of experiments were performed with five wave amplitudes, namely, 0.03m, 0.04m, 0.05m,

0.06m, and 0.07m. With the barrier fixed at a consistent position on the bottom, it was

observed that the maximum elevation ηmax for each specified amplitude Af reached a crest at

the focused position Lf and subsequently decreased. However, it then approached another

crest at the rear of the barrier before decreasing again. Taking xb = 16.5m as an example

in Fig. 2, it is evident that the maximum elevation ηmax measured by this gauge is smaller

than that by the gauges in front of and behind it.

Given the consistent trend in free surface elevation at different designed focused am-

plitudes, the focus shifted to examining the effect of barrier position. In the following

investigation, identical incident wave trains with Af = 0.05m as the designed amplitude

propagated over the barrier installed at various positions ranging from 15.5m to19m, as

listed in cases C1-C8 in Table I. The dimensionless maximum surface elevation ηmax/Af

is depicted in Fig. 3. For all cases except case C2 with xb = 16m, it reaches a maximum
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15.5 16.0 16.5 17.0 17.5 18.0 18.5 19.0
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0.05

0.06

0.07

0.08

FIG. 2. Dimensionless surface elevation ηmax/d measured by 7 gauges versus designed amplitude

Af with a barrier located at xb = 16.5m. Grey region denotes the barrier position, while black

dashed lines show the designed focused position.

value at xf = 16m, the designated focused place, before decreasing significantly with the

longitudinal coordinate.

Notably, the dimensionless maximum elevation measured by the gauge just at the rear

of the barrier is greater than the data measured by both the gauges after it and at the front

of the barrier, resulting in a crest in the data. This discrepancy is the principal cause of the

shift in the maximum value in case C2.

Fig. 3 also reveals that the dimensionless maximum wave heightHmax/Af follows a similar

trend. The data measured by the gauge at the rear of the barrier also reaches a crest.

However, the difference between Hmax/Af and ηmax/Hmax at the front and the rear of the

barrier are approximately the same. This illustrates that the variation of the trough can

be ignored, and the non-linearity of the wave group becomes stronger during this process.

To further illustrate this phenomenon, the asymmetric coefficients ηmax/Hmax versus cases

are shown in Fig. 3. For all cases, this coefficient reaches or is closed to a crest at the rear

of the barrier, consistent with the earlier conclusion. It is worth noting that for case C2

with xb = xf = 16m, the asymmetric coefficient is even mildly enhanced, indicating that the

non-linearity of the wave group continues to grow for at least twice the length of the barrier
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FIG. 3. The left column shows evolution of dimensionless maximum surface elevation and dimen-

sionless wave height versus different barrier position with Af = 0.05m; The right column the ratio

of them. Grey region denotes the barrier position, while black dashed lines show the designed

focused position.

after propagating over it.
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B. Skewness and Kurtosis

15.5 16.0 16.5 17.0 17.5 18.0 18.5 19.0
-0.5

 0.0

 0.5

 1.0

 1.5

 2.0

 2.5

(a)

15.5 16.0 16.5 17.0 17.5 18.0 18.5 19.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

(b)

FIG. 4. Evolution of skewness (a) with a fixed barrier positionxb = 16.5m. (b) with a fixed designed

focus amplitude Af = 0.05m.The barrier is represented by the grey area, and the designated focused

position is marked by a black vertical dotted line.

To study the statistical characteristics of the group of focused waves, skewness and kurto-

sis are calculated to assess their distribution and behavior. Skewness represents wave profile

asymmetry around the vertical axis, while kurtosis denotes the probability of rogue wave

occurrence.
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(b)

FIG. 5. Evolution of kurtosis: (a) with a fixed barrier position xb = 16.5m. (b) with a fixed

designated focus amplitude Af = 0.05m. The barrier is represented by the grey area, and the

designated focused position is marked by a black vertical dotted line.

The skewness of the free surface elevation is given by:

µ3 =
〈(η − 〈η〉)3〉

σ3
(1)

and the Kurtosis of the free surface elevation is defined as:
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µ4 =
〈(η − 〈η〉)4〉

σ4
(2)

where〈·〉 is the averaging operator, and σ2 = 〈(η − 〈η〉)2〉 for η being the surface elevation.

The evolution of skewness is shown in Fig. 4. For different Af in the range from 0.03m

to 0.07m with the barrier placed at xb=16.5m, the skewness reaches its minimum just at xg

= 16.5m, then peaked at the next gauge. This suggests that the wave packet consistently

tended to the right, given that the skewness remained greater than 0. To investigate the

effect of the barrier position on skewness, cases C1-C8 with a fixed Af=0.05m are shown in

Fig 4(a). It is evident that the skewness peaks at the gauge on top of the rear of the barrier.

Fig.5 shows the evolution of kurtosis. When the barrier is installed at xb=16.5m, the

value descends along the flume for different Af in the range from 0.03m to 0.07m as shown

in Fig5(b). It first decreases at xg = 16.5m, and then recovers at the next gauge, to form a

mild crest in the curve. If we fix Af=0.05m and move the barrier in the range from 15.5m to

18.5m at a step of 0.5m, the trough exists at the gauge behind the barrier. The observation

that the skewness and the kurtosis increases when the wave packet passed the barrier aligns

with the conclusion drawn from the surface elevation, suggesting modulation during this

progress.

C. The Frequency Components

To delve deeper into the harmonic and super-harmonic components of the surface eleva-

tion with the barrier installed at different positions, the data is segregated using the Fast

Fourier Transform (FFT) method into different orders. Taking case C3 with xb = 16.5m

as an example, the energy spectra are presented in Fig. 6(a). It can be observed from the

curves for all seven gauges that the energy concentrated in the main range of 0.75Hz-1.25Hz

averagely. However, the energy in the main range decreases while the energy of second-

order increases mildly along the direction of propagation. Notably, the energy near three

times this range is approximately three orders of magnitude smaller than the main range,

suggesting that three-order effects may be neglected in such circumstance.

From the super-harmonic part, there is a plateau near 1.5Hz and then a gap near 1.7Hz

for the gauges 1-3 in front of the barrier. However, just behind the barrier, at gauge 4,

the super-harmonic energy differs significantly from gauge 1-3, aligning with the variation
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10-10

10-8

10-6

10-4 (b)

FIG. 6. Energy spectra of surface elevation versus frequency: (a) at different gauge positions for

case C3 with xb = 16.5m (b) at gauge 3 for case C1-C8. Here, Af = 0.05m.

of the maximum elevation. A gap occurs in the energy spectra curve near 1.5Hz instead

of the plateau, while a larger crest rises at approximately 2Hz. After the barrier, the crest

decreases, and the energy tends to distribute evenly mildly.

To illustrate the effect of the barrier bottom, the energy spectra for cases C1-C8 measured

by gauge 3 are provided in Fig 6(b). For all these eight cases, the wave groups are designed

to focus to a fixed amplitude at the same position, while the barrier is installed at different

places. It can be observed that for case C1 and C2, the wave group has already passed the
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FIG. 7. Wavelet transform analysis of time series of free surface elevation when xb=16.5m and

Af=0.05m.

barrier, and the energy in the second-order range is significantly larger than other cases. If

we move the barrier to the position under gauge 3, as in case C3, the second-order energy

decreases remarkably, and an energy gap occurs at approximately 1.8Hz. For case C4-C8,

considering the wave group focused at a certain distance away from the barrier, there is no

obvious difference between them. This result also suggests that the effect of the barrier may

persist for approximately two times the barrier length.

D. Wavelet Analysis

To perform a more in-depth investigation into the mechanism of energy transfer among

different frequencies, we employ wavelet transform (WT) technique to study the energy

distribution of waves in the time domain.

For the case with barrier positioned 16.5m away from the wave maker and the focused

amplitude Af designed to be 0.05m, there is an area of energy focusing in the frequency from

0.5Hz to 2Hz during the time interval 20s-30s, as shown in Fig. 7. For the data measured by

the four gauges around the focused place, the concentration of wave energy occurs primarily

in the range from 0.75Hz to 1.25Hz, which is the designated frequency region. It then

extends to 0.5Hz-4Hz; however, most of the energy still remains in the range of the first-
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FIG. 8. Wavelet transform analysis of time series of free surface elevation when the barrier and

the gauge are at the same position xb = xg with Af=0.05m.

order frequency. It is obvious that the energy concentration region inclines to the right

gradually in propagation, especially after the barrier, which suggests that the long waves at

lower frequency propagate at a higher speed than the short waves at higher frequency due

to the barrier. Therefore, a long tail at the frequency in the range from 1Hz to 2Hz appears

at Gauge 3 and lasts from 32s to 37s, which has not been observed at the adjacent gauges 2

and 4. It suggests that the waves at higher frequency are intercepted although the barrier

is emerged in water.

Additional cases shown in Fig. 8 demonstrate that the small area of higher energy gen-

erally exists when the gauge and the front of the barrier are fixed at the same place. In

addition, the length of these areas appears to decrease mildly with the displacement away

from the focused place, likely due to energy dissipation along the flume.
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IV. CONCLUSION

An experimental investigation was conducted to assess the impact of the relative distance

between the fixed focusing position and various positions of the installed barrier on the

characteristics of the wave group. Throughout the experimental campaign, we performed 40

cases under 8 carrier positions. Our key findings indicate that, among the seven gauges, the

surface elevation reaches a crest at the rear of the barrier. This observation suggests that the

effect of the barrier may endure for approximately twice its length, which is supported by the

distribution of frequency components. In addition, the observation that the skewness and

the kurtosis increase as the wave packet passes the barrier suggests modulation during this

progress. In the time domain, the results demonstrate that long waves at lower frequencies

exhibit higher propagation speeds, while short waves at higher frequencies are intercepted

due to the presence of the barrier.
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