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ABSTRACT 

The purpose of this study was to investigate the effect of the porosity of a submerged breakwater on wave 
fields, including snapshots of the wave, velocity profiles of the water over the structure, and the kinetic energy 
of the wave. Two-dimensional experiments were conducted for submerged trapezoidal breakwaters with 
impermeable and permeable layers in a two-dimensional wave tank. The flow fields obtained by the particle 
image velocimetry (PIV) technique are presented to understand the flow characteristics due to the waves’ 
interactions with the submerged impermeable and permeable breakwaters, and these characteristics showed 
that the vertical velocity dominant flow occurred under the crest of the wave. In addition, the kinetic energies 
were compared for different porosities and wave conditions. The comparisons of the wave flow fields and 
kinetic energy distributions showed that the different pattern of the dissipated kinetic energy was dependent on 
the porosity. The dissipation of kinetic energy also was observed to increase as the wave period increased. The 
comparisons indicated that greater amounts of energy were dissipated for longer wave periods.  
 
Keywords: Submerged breakwater; Velocity profile; Energy dissipation; Kinetic energy; Permeability. 

NOMENCLATURE 

KE kinetic energy 
η wave elevation 
u horizontal velocity component 
w vertical velocity component  
ds the z coordinate of the structure surface 
d water depth 

 

H wave height 
T wave period 
k Wave number 
A wave amplitude 
L wave length 

 
 

1. INTRODUCTION 

Breakwaters are constructed to protect coastal areas 
from waves. Among the various kinds of 
breakwaters, a submerged breakwater allows waves 
to transmit to the rear side. Although a submerged 
breakwater reduces the impacts of waves to a lesser 
extent than other types, it has the advantage of 
maintaining better water quality or a view of the 
landscape. It also provides a habitat for marine life 
and allows sediment to be transported onto the 

beaches. A submerged breakwater is usually built as 
a rubble stone mound type or an armour-unit one on 
the seabed. Since wave fields and energy 
transmission or dissipation can be influenced by the 
porosity of a submerged breakwater as well as its 
geometrical conditions, the porosity of breakwater 
materials is of importance in terms of the 
hydrodynamic behavior of the water flowing over 
the breakwater. 

Many studies of submerged breakwaters have 
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focused on wave deformation, wave energy 
dissipation, and wave forces due to the interactions 
of the wavers. The deformation of waves by 
submerged breakwaters has been examined with 
various wave parameters since the energy 
dissipation and transmission can be estimated from 
changes in the wave profile. Wave deformation 
related to transmission and reflection due to a 
submerged breakwater or a low-crested structure 
has been the subject of many experimental and 
numerical studies. For example, d'Angremond et 
al. (1996) examined the wave transmission 
coefficient for various structural shapes and wave 
parameters. Grilli et al. determined wave 
transmission and reflection coefficients 
experimentally, including the investigation of the 
breaking behavior of solitary waves over 
breakwaters (Grilli et al. 1994). Kramer et al. 
(2005) studied flow velocities inside and close to a 
permeable breakwater for the wave obliquity in a 
3D wave basin. Meer et al. (2000) investigated 
wave transmission over a low-crested dam with 
wave periods and spectral changes having 
influence on the design of the structure. Carevic et 
al. (2013) also studied the relationship between 
wave parameters, such as wave period and wave 
steepness, and wave profile measurements. Some 
experimental studies (Saitoh et al. 2001; Stansby et 
al. 2004) presented wave velocity fields over 
submerged breakwaters using various 
measurement techniques. Their approaches 
focused mainly on describing the flow patterns. 
Submerged breakwaters also have been 
investigated in various numerical studies (Hur et al. 
2008; Jeng 2003; Kawasaki 1999). Although 
numerical studies can provide detailed flow 
properties, the focus has been on pressure 
information because the other properties that have 
been estimated by numerical models have not been 
verified experimentally.  

Since a rubble mound breakwater consists of 
various layers of materials, the interactions with 
armour units or stones are important. The porous 
layers of a breakwater cause various hydrodynamic 
problems. Wave forces acting on armour stones 
were investigated by Rufin et al. (1996) from the 
stability perspective. The interaction between the 
seabed and a breakwater due to pore water pressure 
also has been investigated (Hur et al. 2008; Nago et 
al. 1993; Zen et al. 1990). Many numerical studies 
(Hur et al. 2008; Hur et al. 2010; Mizutani et al. 
1998; Yamamoto et al. 1978) have reported the 
quantified results of the integrated wave–structure–
seabed interaction problem. Wave overtopping and 
transformation through a low-crest breakwater also 
have attracted the interest of many researchers. 
Recently, Sierra et al. (2010) introduced an 
energetic wave propagation model that improved 
the simulations of wave transformation and wave 
overtopping of permeable coastal structures. Shao 
(2010) conducted incompressible smoothed 
particle hydrodynamics (SPH) modeling to 
simulate waves over porous media, which is a 
typical type of layer in a low-crested breakwater. 
Zou and Peng (2011) used the 2-D RANS-VOF 
model to study wave skewness and investigate 

wave nonlinearity over a submerged structure. 
Laboratory studies of the wave-structure-seabed 
interaction were conducted recently (Bierawski et 
al. 2003; Mizutani et al. 1998), but they were 
unable to provide detailed results of the problem 
due to difficulties encountered in measuring flow 
properties and pressures through pores.  

Wave deformation and energy dissipation by a 
submerged breakwater have been the primary topics 
of related studies. Since energy dissipation is 
estimated indirectly by using wave elevation data, 
deformations in the wave elevation resulted in 
changes of the potential energy. However, it is 
difficult to estimate the variations of kinetic energy 
from the incoming and transmitted wave elevation 
data. To investigate the variation of kinetic energy 
over a submerged breakwater in this study, the 
velocity fields under the wavy free surface were 
obtained using the PIV technique. Flow 
characteristics and kinetic energy distributions on the 
model structure were measured and computed over 
one wave period for each wave condition. In 
addition, impermeable and permeable structures 
were tested to determine the hydrodynamic effect of 
the porosity layer by comparing the velocity fields 
and the kinetic energy for different porosity 
conditions.  

2. MATERIALS AND METHODS  

The experiments were conducted in a two-
dimensional wave tank, which was 35.0 m long, 1.0 
m wide, and 1.2 m deep ( Fig. 1). Throughout the 
experiments, the water depths were kept constant at 
d = 0.50 m near the wavemaker and at d = 0.35 m 
in the vicinity of the measurement section. The 
glass-wall wave flume was equipped with a piston-
type wave maker and a sloped (1/2.1) wave 
absorber was installed at the other end of the tank 
to reduce wave reflection. Most absorbers in a 2D 
wave flume have slopes less than 1:5 (Khalilabadi 
et al. 2012).  

 

Fig. 1. Submerged breakwater model in the 
wave flume. 

 
A structure modeling a submerged breakwater was 
installed on the bottom at 21.5 m away from the 
wavemaker, as shown in Fig. 1. The two-
dimensional submerged breakwater model was 
trapezoidal-shaped and had a height of 0.35 m, a 
top length of 0.50 m, and a bottom length of 1.38 
m. The front slope of the model structure was 
1V:2H, and the rear slope was 1V:1.5H, which was 
scaled down from submerged breakwaters 
generally constructed along a coastal region. The 
impermeable breakwater model was made of wood 
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boards, and the permeable breakwater model was 
made with one of the armour units, tetrapod (TTP). 
The porosity of the permeable breakwater was 
determined from the armour unit, and it was 50%. 
Fig. 1 shows a schematic view of the breakwater 
model in the wave flume.  
 
Monochromatic waves were tested in the 
experiments to investigate the flow characteristics 
over the submerged breakwater. To understand the 
characteristics of the flow field for various wave 
periods, the experiments were conducted with three 
wave periods (T = 1.0, 1.3, and 1.6 s). Each wave 
period had different wave heights (H) for different 
wave steepness. Table 1 provides the wave 
conditions at the measurement site. To avoid the 
wave reflection effect and the initial transient waves, 
the PIV measurements were acquired after initially 
passing three waves and before the waves returned 
after being reflected from the absorbent beach at the 
end of the wave flume. 
 
Table 1 Wave conditions at the measurement site 

 
Water 
depth, 
d (m) 

Wave 
period, 
T (s) 

Wave 
length, 
L (m) 

Wave 
height, 
H (cm) 

Wave 
steepness 

kA 

Case 
1 

0.35 1.0 1.42 3.91 0.086 

Case 
2 

0.35 1.3 2.07 3.34 0.051 

Case 
3 

0.35 1.6 2.39 2.84 0.028 

 
The particle image velocimetry (PIV) technique 
was used to measure the velocity fields under the 
waves. The PIV system used in this study was set 
with a continuous laser and a high speed camera. 
The combination of the continuous laser and high 
speed camera made it feasible to obtain velocity 
maps that had better temporal resolution during a 
certain period compared with the PIV system that 
used a pulsed laser. The continuous diode laser we 
used (Blitz laser, Laser Animation Sollinger) had 
a maximum power of 8 W, a wave length of 532 
nm, and a diameter of 3 mm. Our high speed CCD 
camera (Motion Y5, Redlake) had a resolution of 
2,3521,728 pixels, a maximum framing rate of 
7,000 frames per second (fps), and a dynamic 
range of 8 bits. The seeding particles illuminated 
by the laser had a mean size of 56 μm. Velocity 
profiles were computed by the correlation method 
between successively-captured images that had a 
time difference, dt. Three fields of view (FOVs) 
were used to obtain wide velocity profiles over the 
submerged breakwater model, including the front 
slope, top, and rear slope, as shown in Fig. 2. The 
FOVs were composed to represent the entire flow 
field over the structure. The time difference, dt, 
between a pair of images for each FOV was set as 
4 ms to get an instantaneous maximum 
displacement less than a third of the interrogation 
areas, which gave a good correlation. The FOV 
information is presented in Table 2. The velocity 
maps  calculated from the image pairs were 
obtained every 0.02 s, which means that 50, 65, 

and 80 velocity maps were captured for each wave 
component of T = 1.0, 1.3, 1.6 s, respectively. The 
PIV system was synchronized with the 
wavemaker by using a triggering signal and a 
reference signal. In addition, the raw images for 
PIV also were used to extract a spatial wave 
profile at a given moment by conducting the image 
analysis by digitizing the water surface 
illuminated by a laser light sheet. 

 

 
Fig. 2. Breakwater model and fields of view for 

PIV measurements. 
 

Table 2 FOVs and spatial resolutions 

FOV 
FOV Size 

(mm2) 

Spatial 
Resolution 

(mm2) 

Time 
difference 

(ms) 

FOV 1 190260 3.523.52 

4 FOV 2 180250 3.333.33 

FOV 3 190260 3.523.52 

3. RESULTS 

3.1.   Wave Snapshot 

The spatial wave profiles for the wave and porosity 
conditions were examined. Figures 3 and 4 show 
the seven wave profiles of each wave condition, 
depending on the porosity condition. In this study, 
we selected the wave profiles for which the wave 
crest propagated over the tested region. Fig. 3 
shows that the wave profiles of the impermeable 
condition, and they indicate that the wave 
elevations did not increase significantly over the 
seaward slope irrespective of the wave conditions. 
Wave development was not observed until after the 
top of the structure. As the wave was propagating 
to the leeward side over the top, the wave elevation 
did not increase significantly. We observed the 
same pattern for the wave profiles at all wave 
conditions. For the impermeable condition, most of 
the wave profiles of all wave conditions appeared 
to be skewed. Since the structure reduced the water 
depth which caused wave shoaling, the wave field 
could be considered to be within the wave process 
to wave breaking. From the shapes of the wave 
profiles, wave breaking was not observed. 
However, since the wave elevations increased as 
they developed over the impermeable structure, it 
appeared that the waves were likely to be in the 
process of approaching wave breaking. Fig. 4 
shows the wave profiles over the permeable 
structure for the same wave conditions. The shape 
of the wave profile and wave elevation shows a 
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very different pattern from the impermeable 
condition. There was no clear skewness of the wave 
crest, and there was no significant increase in the 
wave elevation. The energy dissipation by the 
porous material of the structure could lead to the 
wave profiles. 

  

a) T = 1.0 s 

b) T = 1.3 s 

 
c) T = 1.6 s 

Fig. 3. Spatial wave profile over the 
impermeable structure. 

 

a) T = 1.0 s 

b) T = 1.3 s 

c) T = 1.6 s 
 

Fig. 4. Spatial wave profile over the permeable 
structure. 

3.2.   Flow Field 

The sequential velocity fields of the propagating 
wave over the permeable submerged breakwater are 
shown in Figs. 5 and 6. In the figures, five velocity 
fields, evenly chosen for all of the cases, are 
presented for the analysis of the wave flow field. The 
velocity profiles in the left and right columns 
represent the cases of the impermeable and 
permeable structures, respectively. The velocity 
maps present all of the velocity profiles obtained 
from the three fields of view (FOVs) shown in Fig. 
2. Note that the origin, (x, z) = (0, 0) is at the 
intersection of the middle of the structure and the still 
water level. For each wave condition, the velocity 
fields over the impermeable and permeable 
breakwaters at the corresponding phases were 
compared.  

Figure 5 presents the velocity fields of the case with 
T = 1.0 s and H = 3.94 cm, Case 1. The velocity 
fields of the impermeable condition had a larger 
magnitude than those of the permeable condition. 
The wave profile propagating across the 
breakwater was asymmetric, and the skewness of 
the wave profile of the impermeable condition was 
more notable than that of the permeable condition, 
which is also shown in Fig. 3. The propagation 
behavior of the wave crest with strong momentum 
appeared similar to the breaking wave, although the 
velocity of the front face was not horizontally 
dominant. Once a wave becomes skewed from the 
symmetrical profile of the linear theory, the wave 
starts to form a front face as if approaching wave 
breaking. In the wave process, when the wave crest 
reaches a certain level after increasing due to wave 
shoaling or wave focusing, its wave profile begins 
to form the front face. As the process continues, the 
front face of the wave over the still water level 
becomes steeper. When the front face becomes 
almost vertical, the zero up crossing point is located 
near the front face, which was similar to the flow 
fields shown from the impermeable condition in 
this study. In other words, the flow fields of the 
impermeable condition were of the phase before the 
wave breaking. From the velocity fields over the 
impermeable breakwater, it was observed that the 
vertical velocity components were dominant along 
the water column under the front face of the wave’s 
crest. Based on the linear wave theory, the vertical 
distribution of the vertical velocity components is 
expected to occur at the zero up crossing point. The 
vertical velocity distribution along the water 
column taking place around the steep front face of 
the wave also explains that the impermeable 
structure caused the flow fields close to wave 
breaking. In addition, the velocity vectors under the 
wave trough right before the wave front face, i.e., 
the vectors in front of the vertical velocity column, 
were found to be mainly horizontal and were 
observed to change suddenly to the vertical velocity 
column. The velocity pattern showing the sudden 
change in the direction also indicated that the front 
face of the wave was almost vertical. Since the 
profile of the front of the wave did not have a 
gradually-varying shape, the velocity direction did 
not change smoothly either. 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
g) 

 
h) 

 
i) 

 
j) 
Fig. 5. Wave velocity fields of Case 1 (T = 1.0 s): 

a) - e), the impermeable structure; f) - j), the 
permeable structure. 

 

Although the same wave condition was applied, the 
flow fields of the permeable condition appeared 
different from those over the permeable structure. 
The magnitudes of the overall velocities in the flow 
fields were small compared to the impermeable 
condition. Indeed, the porosity of the breakwater that 
absorbs the energy is expected to reduce the 
magnitudes of the velocity.  

Since the wave fields under the waves are 
determined mainly by the wave condition and 
wave phase, the directional pattern of the 
velocities over the permeable structure could look 
similar to that over an impermeable structure. 
However, differences in the magnitudes of the 
velocities clearly were observed by comparing the 
velocity fields at the corresponding wave phases. 
The wave profile of the permeable condition also 
appeared asymmetrical but less skewed than that 
of the impermeable condition, which also is 
confirmed in Figs. 3 and 4. The energy absorption 
by the porous media also reduced the elevation of 
the wave. The less steep wave profile did not cause 
a sudden change of the flow direction, unlike the 
impermeable condition. In the vicinity of the 
vertical velocity column, over which the zero up 
crossing points were located, the direction of the 
velocity vectors changed from horizontal to 
vertical. The relatively gently varying wave 
profile and velocity direction, which differed from 
those of the impermeable condition, show that the 
porosity hinders the development of the wave over 
the structure. 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
g) 

 
h) 

 
i) 

 
j) 
Fig. 6. Wave velocity fields of Case 2 (T = 1.3 s): 

a) - e), the impermeable structure; f) - j), the 
permeable structure. 

 

Figure. 6 shows the velocity fields of the case with T 
= 1.3 s and H = 3.34 cm, Case 2. The wave condition 
of the case was longer and less steep than Case 1(Fig. 
5). The characteristics of the flow patterns for both 
the impermeable and the permeable conditions were 
similar to the previous case.  

The recognizable difference from Case 1 is that the flow 
fields over the permeable structure appeared more 
stable, while the impermeable conditions of two cases 
did not show a significant difference. The pattern was 
similar in Case 3, which is presented in Fig. 7. Due to 
the shoaling and the structure interaction, the flow fields 
of the impermeable condition were unstable, as in Cases 
1 and 2. However, the stable flow pattern over the 
permeable structure took place more clearly in Case 3 
with a longer wave period. The relatively larger ratio of 
wave length to the structure’s width seemed to lead to a 
more stable pattern of the flow fields and, additionally, 
the porosity hindered the wave’s elevation from 
developing. Note that the wave condition of Case 3 
shown in Fig. 7 was T = 1.6 s and H = 2.84 cm. 

The waves tested over the impermeable structure in 
this study behaved at the wave phase close to wave 
breaking, while the mildly steep waves propagated 
over the permeable breakwater. The porous media of 
the breakwater structure absorbed the energy, which 
consequently led to less development of the waves, 
showing relatively stable motion with less 
momentum. The interesting finding from the flow 
fields of the tested waves is that the difference in the 
velocity magnitude between the impermeable and 
the permeable conditions tended to increase for the 
waves with a longer wave period.  
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
g) 

 
h) 

 
i) 

 
j) 
Fig. 7. Wave velocity fields of Case 3 (T = 1.6 s): 

a) - e), the impermeable structure; f) - j), the 
permeable structure. 

 

The more transmission of the wave energy expected 
for the longer wave period was likely to cause larger 
wave momentum, although more magnitude 
reduction of the velocity fields was observed for the 
permeable structure as the wave period increased. 
This could be explained in that the longer a wave 
period is, the more influential a bathymetry condition 
is. The influence was due to the motion of the water 
under the shallow water condition.  

The porosity of the structure seemed to play a role as 
a rough bed, and the influence was more significant 
for the cases with the longer wave period. The 
influence of the porosity on the longer waves are 
examined and discussed in the kinetic energy 
analysis in the following section 

3.3.  Kinetic Energy 

The kinematic energy of the wave fields over the 
submerged breakwater was calculated using the 
velocity profiles obtained by the PIV technique. The 
kinetic energy was integrated vertically from the top 
of structure to the free surface and averaged over one 
wave period for each condition as follows: KA = ( )

,                        (1) 

where KE is the mean kinetic energy, T is the wave 
period, η is the wave elevation, ds is the z coordinate 
of the structure surface, and u and w are the 
horizontal and vertical velocity components, 
respectively. Fig. 8 shows the spatially-averaged 
kinetic energy distribution with the kinetic energies 
resulting from every velocity vector for Case 1. The 
horizontal distribution of mean kinetic energy was 
spatially averaged for every 15 values, which had the 
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spatial interval of 0.052 m. Figs. 9 - 11 present the 
mean kinetic energy distribution of monochromatic 
waves having three different wave periods for the 
impermeable and permeable submerged 
breakwaters. The figures show the differences in the 
magnitudes of the mean kinetic energy and 
distributions depending on the existence of porosity. 
For the three different wave periods, the mean kinetic 
energy over the impermeable structure was larger 
than that over the permeable structure, and its 
distribution patterns were different for the porosity 
conditions. 

 

 
Fig. 8. Raw data and moving averaged data of 

kinetic energy. 
 

 
Fig. 9. Mean kinetic energy distribution of Case 

1 (T = 1.0 s). 
 
Figure. 9 shows the mean kinetic energy 
distributions of Case 1. In the distribution of the 
impermeable condition, there were two humps over 
the structure. The maximum mean kinetic energy 
was found near both corners of the top of the 
structure. The mean kinetic energy increased after 
the front corner (i.e., the seaward side) of the 
structure and then decreased moving downstream to 
the top. The increase of mean kinetic energy could 
be explained from wave transformation over a 
shallow water region. Theoretically, as waves 
approach a shallow water region, the wave speed 
decreases. If the energy flux is constant over the 
shallow water region, the potential energy increases. 
If the increase of wave height is not enough for 
increased potential energy, the kinetic energy is 
expected to increase. In this study, the wave height 

increase over the seaward slope of Case 1 was not 
large enough to contain the energy density increase 
and, consequently, the kinetic energy seemed to 
gradually increase. As the wave moved further 
downstream, the mean kinetic energy increased 
around the rear corner of the structure and decayed 
back over the leeward slope. However, the mean 
kinetic energy of the permeable condition tended to 
decay gradually with wave propagation from the 
seaward side to the leeward side of the structure for 
the reason of the porosity, although it had an 
approximately constant distribution over the top of 
the breakwater. The distinctive distribution patterns 
for both the impermeable and permeable conditions 
were observed from the other cases with the different 
wave periods and wave heights, as shown in Figs. 10 
and 11. The patterns that depended on the porosity 
appeared similar, although the increasing or 
decreasing rates of mean kinetic energy were varied, 
depending on the wave conditions. 

Although the main reason for the energy reduction or 
the dissimilar energy distributions could be found 
from the porosity conditions, other possible factors 
are discussed. For the impermeable condition, one of 
the other factors causing the distribution pattern of 
the mean kinetic energy could be wave reflection. 
Since the impermeable structure was able to partially 
absorb the wave’s energy only with the slope, wave 
reflection occurred over the seaward slope. The wave 
reflection likely magnified the energy increase over 
the seaward slope. The increase of wave energy is 
expected to cause the increase of wave height. If the 
wave reflection as well as the shoaling over the 
impermeable surface did not increase the wave 
height to correspond to the energy density increase, 
it is assumed that the residue of increased energy 
density transformed to the kinetic energy as 
mentioned above. During wave process to wave 
breaking, once a wave becomes skewed, its height 
does not increase significantly. In this study, the 
wave profile and the velocity field of the case 
appeared to approach wave breaking. The 
impermeable condition and wave reflection seemed 
to increase the kinetic energy rather than the 
potential energy. 

Unlike the impermeable condition, the mean kinetic 
energy distribution of the permeable condition 
showed a different pattern. Fig. 9 shows that the 
mean kinetic energy of the permeable condition 
decreased over the seaward slope of the structure. 
The kinetic energy increase is the predictable 
occurrence that the energy absorption by the 
permeable slope reduced the wave development and 
the wave reflection. In addition, the porous surface  
caused the  roughness to the flows.  The influence of 
porosity on kinetic energy also can be determined 
easily from the large difference in the magnitude of 
the mean kinetic energy between the impermeable 
and permeable conditions shown in Fig. 9. From the 
figures of the velocity fields, note that the water 
particle velocities under the less skewed wave crest 
of the permeable condition had smaller magnitudes 
than those under the more skewed wave crest of the 
impermeable condition at the corresponding wave 
phases. 
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Fig. 10. Mean kinetic energy distribution of Case 

2 (T = 1.3 s). 

 

 
Fig. 11. Mean kinetic energy distribution of Case 

3 (T = 1.6 s). 

 

 
Fig. 12. Mean kinetic energy ratio between the 

impermeable and permeable conditions. 
 

Another interesting observation near the front corner 
is that the mean kinetic energy reached a peak value 
at the location about 5 cm from the front corner for 
all the impermeable cases.  Although the water depth 
of the water changed at the front corner, the mean 
kinetic energy distribution changed its increasing 
pattern over the top after keep increasing. A possible 
reason that influenced the delayed pattern could be 
the rapidly varying shape of the structure. Since the 
kinetic energy of the wave fields determined by the 

water particle movement would not respond 
immediately to the bathymetry change, the flow field 
development may be extended after the front corner 
of the structure, especially with no porosity. 
Although the permeable condition also showed the 
delaying pattern of the mean kinetic energy, the 
mean kinetic energy varied gradually, and the change 
in the distribution was not as clear as it was for the 
impermeable condition. 

Over the top after the front slope, the mean kinetic 
energy of the impermeable condition showed a 
depression-shaped distribution. The mean kinetic 
energy decreased after the first peak point and then 
increased approaching the rear corner. The varying 
distribution of the mean kinetic energy seemed due 
to the energy conversion in which the kinetic energy 
was transformed into potential energy. Fig. 3 shows 
that, as the wave propagated over the top, the 
increasing wave height was observed, while the 
water depth was constant. Among possible factors 
that affected the flow field, no porosity might lead to 
a vigorous energy conversion. Unlike the 
impermeable conditions, the mean kinetic energy of 
the waves under the permeable condition was 
distributed almost constantly over the top of the 
structure. The distribution pattern could be caused by 
the less development of the waves over the porous 
media, since energy absorption by porous media 
hinders the development of waves.  

Near the leeward corner of the structure with the 
impermeable surface, the mean kinetic energy from 
the depression over the top was restored and showed 
an increasing distribution followed by a decrease 
over the leeward slope. The peak of mean kinetic 
energy near the leeward corner appeared very similar 
to that near the seaward corner. Two peaks in the 
mean kinetic energy distribution of the impermeable 
conditions over the top of the structure made a shape 
of two humps. Since wave motion is oscillatory, the 
causes for the energy peak at the seaward corner 
could also explain the peak at the corner. Unlike the 
front peak, however, the rear peak also was located 
almost at the rear corner. There was indeed a 
difference in the flow pattern due to the propagation 
direction between the two sides. An additional 
difference in the conditions between the corners was 
the slope, i.e., the leeward slope was 1:1.5, and the 
seaward slope was 1:2. The possible cause for the 
delay of the front peak kinetic energy, for which the 
slope and angular corner were discussed above, 
would also explain the different patterns in the 
locations. For the steeper slope, the horizontal 
movement was not likely dominant compared to the 
less steep slope. The pattern for the impermeable 
condition was observed in all of the impermeable 
cases, as shown in Figs. 9 - 11. As the wave period 
increased, the difference between the maximum and 
minimum magnitudes of the mean kinetic energy 
distribution over the breakwater became larger. 
However, the mean kinetic energy over the 
permeable structure decreased after showing an 
approximately constant magnitude over the top. 
Before the decreasing pattern over the rear slope, no 
increase was observed in the mean kinetic energy 
near the rear corner, unlike the impermeable 
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condition. The rear decrease of mean kinetic energy 
started from the top of the structure.  

The relative ratios of the mean kinetic energy 
between the impermeable and the permeable 
conditions for each wave condition are presented in 
Fig. 12, which shows that the mean kinetic energy 
was reduced more as the wave period increased. 
Since the flow velocities near the bottom relative to 
those around a free surface are large in a shallow 
water condition, the wave condition of the 
intermediate water depth close to the shallow water 
more likely would be affected by the bathymetry. 
The porosity of the structure, which also increases 
the roughness of the bottom, indeed reduced the 
kinetic energy to as greater extent for the longer 
wave conditions, which can be explained by the 
reduction ratios of the kinetic energy in Fig. 12.  The 
decrease of the mean kinetic energy ratio near the 
front corner is due to the first peak of the mean 
kinetic energy distributions of the impermeable 
condition, as presented in Figs. 9 - 11. In addition, 
even though there were fluctuations in the 
distributions, for all of the cases, more mean kinetic 
energy was dissipated over the rear slope than the 
other regions. 

4. CONCLUSIONS 

In this study, we conducted experiments using the 
PIV technique to investigate the influence of the 
porosity of a trapezoidal submerged breakwater on 
the velocity fields and kinetic energy. 
Monochromatic waves with different periods and 
heights were generated for both the impermeable and 
permeable structures. The velocity fields and mean 
kinetic energy were compared for the different 
porous conditions. Under the same wave and 
geometry conditions, the velocity fields of the 
impermeable condition were very similar to wave 
breaking flow fields. The free surface appeared to be 
asymmetric, and the front surface was very steep. 
The velocity fields over the impermeable breakwater 
structure also showed spatial velocity distributions 
focusing the wave front face. Unlike the 
impermeable condition, the flow fields over the 
permeable structure appeared to be relatively stable, 
which can was apparent from the less asymmetric 
waver profiles and smaller velocities. As the wave 
periods increased, the wave fields showing the wave-
breaking-like pattern were still observed from the 
impermeable conditions, although the wave height 
decreased. However, the stable appearance of the 
wave fields under the permeable conditions was 
more obvious as the wave period increased. From 
these observations, we can conclude that longer 
waves are more affected by porous media. 

The mean kinetic energy also was compared for the 
impermeable and permeable conditions. As 
expected, the kinetic energy was reduced under the 
permeable conditions for all wave conditions. For the 
impermeable condition, over the front slope, the 
mean kinetic energy increased approaching the top 
of the structure. The increase might be due to no 
additional increases in the height of the wave. As the 
depth gets shallower, no wave height increase 

indicates that the potential energy has decreased, 
which may cause an increase in the kinetic energy. 
Unlike the impermeable case, the mean kinetic 
energy decreased over the front slope, which might 
be due to the influence of the porosity of the 
permeable structure. The energy dissipation can be 
explained from the distribution. While the mean 
kinetic energy of the impermeable condition was 
distributed similarly, its magnitude increased as the 
wave period increased. However, the mean kinetic 
energy of the permeable condition decreased, 
showing a similar magnitude and distribution pattern 
for all wave conditions. The ratio of the mean kinetic 
energy for the impermeable to that of the permeable 
conditions showed the quantitative influence on 
energy dissipation. Since the mean kinetic energy 
distribution over the breakwater structure was 
similar for each porosity condition, the ratio 
distribution pattern also was similar. As the wave 
period increased, the magnitude of the mean kinetic 
energy was reduced. The comparisons indicated that 
more energy dissipation occurred for longer wave 
periods. In this study, since the longer wave period 
was set with the smaller wave height, the wave 
energy dissipation due to the permeable structure 
depending on the wave period was more clearly 
explained. 

Although this study presents an experimental 
approach for understanding wave flow fields and 
kinetic energy depending on the porosity conditions, 
the geometrical condition was fixed and the 
permeable and impermeable conditions were tested. 
Future studies with more experimental conditions, 
including wave parameters, geometry, and porosity, 
would be beneficial in supplementing our findings. 
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