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Hydrodynamic Characteristics of Pile-Supported Vertical Wall Breakwaters
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Abstract: This paper describes the hydrodynamic characteristics of a pile-supported
vertical wall breakwater, the upper part of which is a vertical wall and the lower part
consists of an array of vertical piles. For regular waves, using the eigenfunction
expansion method, a numerical model has been developed that can compute wave
transmission, reflection, and runup, and wave force acting on the breakwater. For
irregular waves, the regular wave model is repeatedly used for each frequency
component of the irregular wave spectrum. The wave period is determined according to
the frequency of the component wave, while the root-mean-squared wave height is used
for all the component waves to compute the energy dissipation between piles. To
examine the validity of the developed models, large-scale laboratory experiments have
been conducted for pile-supported vertical wall breakwaters with a constant spacing
between piles but various drafts of the upper vertical wall. Comparisons between
measurement and prediction show that the numerical model adequately reproduces most
of the important features of the experimental results for both regular and irregular waves.
The pile-supported vertical wall breakwater always gives smaller transmission and larger
reflection than a curtain wall breakwater with the same draft as that of the upper wall, or
a pile breakwater with the same porosity as that of the lower part, of the pile-supported

vertical wall breakwater.
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Introduction

Gravity-type breakwaters using rubble mound or vertical caissons have been widely used
to provide a calm basin for ships and to protect harbor facilities from rough seas. In
general, the width of these breakwaters increases with water depth, leaving a large
footprint and requiring a great amount of construction material especially when built in
deeper water. Often they block littoral drift and cause severe erosion or accretion in
neighboring beaches. In addition, they prevent the circulation of water and so deteriorate
the water quality within the harbor. In some places, they obstruct the passage of fishes
and bottom dwelling organisms. A solid soil foundation is also needed to support such
heavy structures.

In order to resolve the above-mentioned problems, porous (permeable) structures
have been introduced especially in small craft harbors. The simplest porous structure
may be a curtain wall breakwater (sometimes called wave screen or skirt breakwater),
which consists of a vertical wall extending from the water surface to some distance
above the seabed (Wiegel 1960; Kriebel and Bollmann 1996; Kriebel et al. 1998).
Recently Isaacson et al. (1998) proposed a slotted curtain wall breakwater. Another
simple porous structure may be an array of vertical piles, which is called a pile
breakwater in this study. The closely spaced piles induce energy dissipation due to the
viscous eddies formed by the flow through the gaps. To examine the wave scattering by
vertical piles, hydraulic model tests have been used (e.g., Hayashi et al. 1966; Kojima et
al. 1988; Uda et al. 1990; Kakuno and Liu 1993). Efforts towards developing analytical
models to calculate the reflection and transmission coefficients have also been made (e.g.,
Kakuno and Liu 1993; Hagiwara 1984; Bennett et al. 1992; Park et al. 2000).

In this paper, we deal with a pile-supported vertical wall breakwater, the upper part
of which is a vertical wall and the lower part consists of an array of vertical piles. For
short waves in which the wave motion is minimal in the lower part of the water column,
this breakwater would behave like a conventional curtain wall breakwater, while for
longer waves additional energy dissipation would occur due to flow separation around

the piles, giving less wave transmission than the conventional curtain wall breakwater. In



comparison with a pile breakwater, we expect somewhat smaller transmission for long
waves and much smaller transmission for short waves because the upper part of the
breakwater is blocked by a vertical wall. The purpose of the present paper is to develop a
numerical model to compute various hydrodynamic characteristics of a pile-supported
vertical wall breakwater, to describe the large-scale laboratory experiment performed to
assess the numerical model, and finally to compare the predictions of the model with the

experimental results.

Numerical Model

Boundary Value Problem

Let us consider the pile-supported vertical wall breakwater sketched in Fig. 1, in which
h = constant water depth in still water; d = height of the impermeable wall below the
still water level; b = thickness of the wall. A Cartesian coordinate system (x,z) is
defined with the positive x directing downwave from the crest line of the breakwater
and the vertical coordinate z being measured vertically upwards from the still water
line. The distance between the centers of two neighboring piles is denoted as 24 and
the width of an opening is 2a so that the porosity of the lower part of the breakwater at
x=0 isdefined as 7, =a/A. Aregular wave train with wave height /; is incident in
the positive x -direction. We divide the fluid domain into region 1 (x <0) and region 2
(x>0).

Assuming incompressible fluid and irrotational flow motion, the velocity potential
exists, which satisfies the Laplace equation. Linearizing the free-surface boundary
conditions, the following boundary value problem for the velocity potential ®(x,z,¢) is

obtained:
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where @ = wave angular frequency; and g = gravitational acceleration. Assuming

periodic motion in time ¢, we can assume the solution to the above problem as
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where i=+/—1; and the symbol Re represents the real part of a complex value. The
wave number & must satisfy the dispersion relationship, @’ = gk tanh(kh). The spatial
variation of the velocity potential ¢(x,z) should be determined in each region.

We assume that the length scale of the flow near the breakwater is of the order of the
wall thickness, which is much smaller than the far-field length scale of O(k™), so that
the wall has no thickness mathematically and the three-dimensional feature near the
breakwater does not significantly affect the two-dimensional far-field solutions. Then
¢,(x,z) and ¢,(x,z) must satisfy the following matching conditions at x =0:
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where the subscripts indicate the regions of the fluid domain. The first matching
condition describes that the horizontal velocities vanish on both sides of the upper
impermeable wall of the breakwater. The second one for the lower part of the breakwater
describes that the horizontal mass fluxes (or indirectly horizontal velocities) in the two
regions must be same at the breakwater and that the horizontal velocity at the opening is
proportional to the difference of velocity potentials, or the pressure difference, across the
breakwater. The proportional constant G, often called permeability parameter, is in
general complex. There are several ways to express the constant G (see Isaacson et al.
1998). In the present study, we adopt the method of Mei et al. (1974) and G is
expressed by
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where [ = energy dissipation coefficient derived by linearizing the nonlinear
convective acceleration term in the equation of motion; and ¢ = length of the jet
flowing through the gap between piles. The real part of the denominator in Eq. (7)
corresponds to the resistance of the barrier and the imaginary part is associated with the
phase difference between the velocity and the pressure due to inertial effects.

The linearized dissipation coefficient £ is given by Kim (1998) as
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where P=/(k; R=pk/w;and a =head loss coefficient. The preceding equation was
derived for a pile breakwater without a vertical wall. However, it could be used for a
pile-supported vertical wall breakwater because the mechanism of energy dissipation
between piles must be similar for these two breakwaters. A pile breakwater has energy
dissipation associated with the free surface, but it is assumed to be small compared with
the energy dissipation between piles. Rearrangement of Eq. (8) gives a quartic
polynomial of A, which can be solved by the eigenvalue method (e.g., Press et al. 1992).

Suh et al. (2002) showed that the jet length ¢ is related to the blockage coefficient
C by

(=2C )

Kakuno and Liu (1993) proposed the blockage coefficient as
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for rectangular piles. The head loss coefficient « could be given by the plate orifice
formula (Mei 1983):
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where C.= empirical contraction coefficient, for which Mei et al. (1974) suggested

using the formula:

C.=0.6+0.4r (12)

The above method to compute the permeability constant is advantageous compared
with other methods in that all the related parameters are known; i.e. incident wave height
and period and the geometrical parameters of the barrier. In the method of Isaacson et al.
(1998), for example, the values of friction and added mass coefficients are not known a
priori and they are estimated on the basis of a best fit between measurement and

prediction.
Eigenfunction Expansion Method
To solve the boundary value problem, Egs. (1) to (3), we use the eigenfunction expansion

method. We closely follow the method of Isaacson et al. (1998), in which the velocity

potential is expressed in a series of infinite number of solutions:

b=~ 3 A, cosLu, (h+2)]exp(u,x) (13)
by =6, + > 4, coslu, (h+ 2)]exp(~1, ) (14)

where ¢, =cosh[k(h+ z)]exp(ikx) is the incident wave potential. The wave numbers



i, are the solution of the dispersion relation, @” =—gu, tan(x, h), which has an

infinite discrete set of real roots + u, (m =1) for non-propagating evanescent waves
and a pair of imaginary roots u, = tik for propagating waves. We take u, =—ik so
that the propagating waves in Egs. (13) and (14) correspond to reflected and transmitted
waves, respectively. We also take the positive roots for m>1 so that the non-
propagating waves die out exponentially with the distance from the breakwater.

Now the solutions (13) and (14) satisfy the free surface boundary condition (2) and
the bottom boundary condition (3). Also, they automatically satisfy the requirement that
the horizontal velocities must be matched at the breakwater. In order to solve for the
unknown coefficients 4, ’s, we use the matching conditions at the breakwater. First, Eqgs.
(13) and (14) are substituted into Eq. (5) and (6), respectively. Multiplying each resulting
equation by cos[x, (h+z)], integrating with respect to z over the appropriate domain
of z (ie, z=-d to 0, or z=-h to —d), and finally adding them, we obtain a
matrix equation for 4, :

>.C,A4,=b, forn=0,12,,0 (15)
m=0

where
Cmn = /um‘fmn (_d70) + (/’lm - 2iG)fml’l (_h’_ d) (16)
b, =~ fo, (~d,0) + £y, (~h,— )] (17)

Sun(poq) = [ "coslp, (h+ 2)]cos[a, (h+ 2))dz

l{sm[(#m ) (h+2)] _sinl(u, —p,)(h + Z)]T formen  (18)
_J2 My + 1, My = H, )
4#[2 p,,(h+ z)+sin[2, (h+2)]]. for m=n

m

Note that the numerical model developed for a pile-supported vertical wall
breakwater in this study can be used for a pile breakwater just by setting d =0. It can

also be used for a curtain wall breakwater by changing the permeability parameter in Eq.



(7) to G=1/b, which was derived from the energy dissipation formula for a curtain

wall breakwater of Kriebel (2000).

Engineering Wave Properties

Once the wave potentials are calculated, we can obtain various engineering wave

properties. The reflection and transmission coefficients are given by

C, =|4|

and

C, =[1+ 4|

(19)

(20)

respectively. The energy loss coefficient, which is the portion of the incident wave

energy that is dissipated by the breakwater, is given by
C,=1-C>-C?

The wave runup on the upwave face of the breakwater is given by
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In the limiting case of a full-depth impermeable vertical wall (d >/ or r, - 0),
A,=0 for all m>1 and A4,=-1 so that C, =10, C,=00, and R, =H, as

expected.

Since the vertical distributions of wave pressure on both upwave and downwave

sides of the breakwater are known, the wave force can also be calculated. The maximum



horizontal wave force F, _ per unit width of the breakwater are given by

1
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where p = density of fluid. The second term on the right hand side represents the
second-order force contribution of the wave crest regions on the upwave and downwave

sides of the breakwater (Dean and Dalrymple, 1991). Without this term, in the limiting
case of a full-depth impermeable vertical wall (d > h or r, »>0), 4, =0 for all

m=>1 and A, =-1 so that the preceding equation becomes

Fn‘:ax = ngle (24)
k cosh(kh)

where the superscript s stands for the standing wave in front of an impermeable

vertical wall. In another limiting case of no breakwater (d -0 and r, > 1), F,

max

becomes zero as expected.
Extension to Irregular Waves

Using the above regular wave model, the reflection and transmission coefficients can be
calculated differently for each frequency component, i.e., C,(f) and C,(f) where

f = wave frequency. In the computation of the energy dissipation coefficient £ in Eq.
(8), the root-mean-squared (abbreviated as rms hereafter) wave height is used in place of
the incident wave height H,;, because the flow separation due to irregular waves and the
resulting energy dissipation are induced not by the individual component waves but by
the superposition of the component waves. The spectral densities of the reflected and

transmitted waves, respectively, are calculated for a particular frequency component by



C, ()8, (/) (25)

Spr(f)=

S, () =|C.(N S, () (26)

where S, ;(f) = incident wave energy density. The corresponding energy loss spectrum

is given by

S, = 1-1C,(NF -l (P 15, () @7)

The frequency-averaged reflection and transmission coefficients are then calculated
as (Goda, 2000)

—  |m
C, 0r (28)
mO,z
—  |m
C = | (29)
mO,z
where my;, mg,, and m,, = zeroth moments of the incident, reflected, and

transmitted wave spectra, respectively. Note that the reflection and transmission
coefficients calculated by the conventional method, as the ratio of the reflected and

transmitted rms wave heights to the incident one, are equivalent to the frequency-

averaged coefficients because the rms wave height is proportional to ,/m, . The

corresponding frequency-averaged energy loss coefficient is given by

10



C=—" (30)

where m,; = zeroth moment of energy loss spectrum.

The force spectrum, Sy (f), is calculated by

Se(N) =T (NS, () 31)

where T, (f) is the frequency-dependent transfer function between wave amplitude

and force amplitude, which can be computed by using the linear term in Eq. (23) as

1 &4, . o ~
TF—ngm;@{sm(umh) ro sin[u,, (h—d)]} (32)

The zero-moment force, F

"0 can then be determined as

- 1/2
Fao =4 [ Se (127 | (33)

Note that a factor of 2 instead of 4 was used in order to represent the force amplitude.

The dimensionless zero-moment force, F,

"0 18 defined as

FA' FmO

mo = s
FmO

(34)

In this expression, the normalizing quantity is the zero-moment force predicted on a full-

depth vertical wall based on linear wave theory as

11



s tanh(k /)
FmO = ngs k—P (35)

p

where H = significant wave height, and k, = wave number associated with the peak

frequency of the incident wave spectrum. The significant wave height is calculated by

H =c .mg; (36
K 1 0,

where ¢, = 3.83, 3.87, and 3.91 for the peak enhancement factor of the JONSWAP
spectrum y =1, 3.3, and 10, respectively. On the other hand, the spectral peak period is

calculated by
1
T,=—\/my;/m,; (37)
)
where m,; = second moment of the incident wave spectrum, and ¢, =0.71, 0.78, and

0.85 for y =1, 3.3, and 10, respectively (Goda, 2000).

Large-Scale Laboratory Experiment

Experiments were carried out in the large wave flume at the O.H. Hinsdale Wave
Research Laboratory of Oregon State University. Fig. 2 shows the arrangement of the
model breakwater and measuring instruments. The flume was 104-m long, 3.7-m wide,
and 4.6-m deep. It was equipped with a hinge-type wave generator at one end, and a 1/12
sloping beach at the other. A false floor with a 1/6 fore-slope was installed at the
elevation of 0.84 m from the bottom of the flume. The breakwater model was placed at a
distance of 37.3 m from the wave maker and 16.2 m from the beginning of the flat false
floor. Water surface displacements were measured with parallel-wire resistance-type

wave gauges. Four load cells were used to measure the wave force acting on the
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breakwater.

A rigid aluminum alloy frame, which shows black in Fig. 3, was used to contain the
breakwater model made of wood. A vertical support for the model structure was provided
by an overhead steel frame, which spanned the width of the wave flume. Steel cables
extending from the overhead frame were shackle-connected to the top member of the
load frame. The load frame was lifted slightly from the bottom so that the vertical load
was completely supported by the cables. To measure the horizontal force acting on the
breakwater, the load frame was attached to the sidewalls at four points (top and bottom
on each side of the flume) by load cells that were instrumented with strain gages, as
shown in Fig. 3. In this figure, two acoustic-Doppler velocimeters are also shown, which
were installed to measure the water particle velocities for another project; one behind a
gap and the other behind a pile.

All experiments were conducted at a water depth of 2.4 m on the false floor. Square
piles were used, with @ = 7.15 cm, 4 = 143 cm, and b = 14.3 cm, so that the
porosity of the lower perforated wall was 0.5. Three different drafts of the upper solid
wall were used; 48, 96, and 144 cm. The solid wall was high enough above the water

level to prevent wave overtopping.

Regular Wave Tests

Five different wave periods (T = 1.5, 2.0, 2.5, 3.0, 4.0 s) were used with specified wave
heights corresponding to a constant wave steepness, H /L =0.03. The measured values
of the incident wave heights and periods are given in Table 1, along with the
transmission and reflection coefficients, runup, and wave forces.

To measure the incident and reflected waves, three wave gauges were installed as
shown in Fig. 2. The free surface displacements measured at WG1 to WG3 were used to
separate the incident and reflected waves using the technique developed by Suh et al.
(2001). Wave measurements were made for 120 s at a sampling rate of 50 Hz
immediately after the initiation of wave generation. For the separation of incident and
reflected waves, the wave records should include the incident waves and the reflected
waves from the breakwater, but not the re-reflected waves from the wave paddle. By
examining the plotted wave records and using the approximate arrival time of the first

reflected wave, we selected a fraction of the wave records, with a length of several wave
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periods, including only the incident waves and the reflected waves from the breakwater.
This was then used for the separation of incident and reflected waves. The transmitted
waves were measured using one wave gage at WG4 in Fig. 2 assuming that the wave
reflection from the downwave beach is negligible. Previous observations indicated
reflection coefficients from the beach of 0.05 to 0.1 for the wave periods used in these

tests.
Irregular Wave Tests

Irregular waves were generated from JONSWAP spectra, having peak enhancement

factor of 3.3, although 1 and 10 were also used for the case of the draft of the upper wall

of 96 cm. Five different peak wave periods (Tp =1.5,2.0, 2.5, 3.0, 4.0 s) were used with

specified significant wave heights corresponding to a constant wave steepness,

H /L,=0.03, where L, = wavelength associated with the spectral peak period. This

resulted in a total of 25 test cases. The measured values of the incident significant wave
heights and peak periods are given in Tables 2, along with the measured and predicted
reflection and transmission coefficients and wave forces. In this table, the superscripts
m and p indicate measurement and prediction, respectively.

For irregular waves, measurements were made for 780 seconds at a sampling rate of
50 Hz immediately after the initiation of wave generation. For spectral analysis, we used
32,768 data after skipping the first 60 seconds. The time series was corrected by
applying a 10% cosine taper on both ends and was subject to spectral analysis. The raw
spectrum was running-averaged twice over 15 neighboring frequency bands, the total
number of degrees of freedom of the final estimates being 225.

The effects of wave steepness were examined in a separate set of tests for both
regular and irregular waves. In general, increasing wave steepness lead to a reduction in
wave reflection, transmission, runup, and force, and consequently an increase in the
energy loss at the breakwater. However, the effects of wave steepness were not so

significant that the results are not presented in this paper.

Comparison with Experimental Results
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In this section, the numerical results are compared with the experimental results. The
number of terms used in the eigenfunction expansion method was 50, which was found

to give accurate results over the range of values presented here.
Regular Waves

Fig. 4 compares the measured and predicted transmission, reflection, and energy loss
coefficients as functions of k% . In general, the numerical model adequately reproduces
most of the important features of the experimental results. The transmission and
reflection coefficients, respectively, decrease and increase with the relative water depth.
As the draft of the upper wall increases, the transmission coefficient decreases while the
reflection coefficient increases, as expected. Differences between the measured and
predicted results are most notable in the energy loss coefficients. Note that the measured
energy loss coefficient is calculated directly from the measured transmission and
reflection coefficients so that the scatter in the measured values is due in part to
experimental errors in measuring the transmitted and reflected waves. As the relative
water depth decreases, the predicted transmission coefficient increases to a certain
maximum value and then decreases as the relative depth further decreases. The opposite
trend is observed for the reflection coefficient. These trends for small k% are definitely
wrong because in the limit of long waves the breakwater is invisible to the waves so that
complete transmission of the waves should occur. One reason for these trends may be an
incorrect behavior of £ in Eq. (8) for long waves. As kh goes to zero, [ goes to
infinity, indicating complete dissipation of the long waves. It is difficult to define the
range of applicability of Eq. (8), though the results in Fig. 4 suggest that it may be
applicable for ki larger than 1.0. The experimental data were collected in the range of
kh larger than about 0.8. Therefore, the numerical results will be presented for the same
range hereafter.

Fig. 5 compares the measured and predicted wave runup on the upwave face of the
breakwater as functions of k4. The wave runup was normalized with respect to the

incident wave height. In Fig. 5(a), the measured runup is the maximum height of the

water level above the still water level at the breakwater, denoted as R;l) in this paper.
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The measured runup is in general larger than the model prediction probably due to the
nonlinear effects, which give more peaked wave crest and flatter trough than the linear
sinusoidal wave form. Since the numerical model used in this study is a linear model, it

may be more reasonable to use the wave runup defined as one half of the vertical
distance between the wave crest and the trough at the breakwater, denoted as R'* in

this paper. Fig. 5(b) shows a comparison using the second definition of wave runup and
shows that it gives better agreement with the predictions. The normalized runup for both
the measurements and predictions are greater than 1.0 for shorter waves even though the
lower part of the breakwater is perforated, which is known to be 1.0 for a full-depth
impermeable vertical wall. This is due to the inclusion of the evanescent waves. Without
these, the normalized runup would be always smaller than 1.0 and converge to 1.0 as kh
increases.

Fig. 6 compares the measured and predicted wave force acting on unit width of the

breakwater as functions of k% . The wave force was normalized with respect to that on a

full-depth impermeable vertical wall, F, ., given by Eq. (24). A reasonably good

m

agreement is shown between measurement and prediction, especially in the case of the
smallest d/h where the wave force is relatively small. Note that, differently from the
runup, the nonlinear effect was partially retrieved in the calculation of the wave force.
Careful examination of Figs. 4 to 6 shows that the disagreement between
measurement and prediction is prominent in the cases of the largest and the smallest 4/ .
In the case of the largest k%, the wave height is so small that a small measurement error
could easily be exaggerated. On the other hand, in the case of the smallest k%, the wave
propagates so fast that the small leading waves reflected from the breakwater could be
re-reflected from the wave paddle and arrive at the wave gauges before a steady wave
train is formed at the gauges. The group velocity of the wave of the period of 4 s in water
depth of 2.4 m is 3.56 m/s so that it takes about 5 wave periods for the first wave passing
the wave gauge to be reflected from the breakwater, re-reflected from the wave paddle,
and to arrive at the gauge. According to the measured wave profiles, it takes about 4
wave periods for the wave train to reach a steady state. Because the wave records for the
first 2 or 3 wave periods in the steady state were used for the separation of incident and

reflected waves, there is possibility for the wave records to be contaminated by the re-
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reflected waves from the wave paddle.
Irregular Waves

Figs. 7 to 9 compare the measured and predicted frequency-averaged transmission and
reflection coefficients and dimensionless zero-moment force, respectively. Reasonable
agreements are shown between measurement and prediction, though the numerical
model somewhat over-predicts them, especially at larger values. The transmission
coefficient decreases with d/#h, while the reflection coefficient and wave force increase
with d/h, as expected.

Fig. 10 compares the measured and predicted frequency-averaged transmission and

reflection coefficients and dimensionless zero-moment force as functions of kph. The

results in this figure and the following several figures differ somewhat from those in Figs.
7 to 9, in that the predicted values are determined from an idealized incident JONSWAP

spectrum rather than from a measured incident spectrum. This permits the predicted

results to be plotted as a smooth curve for a wide range of values of k,i. In the

calculation of the theoretical curves, y =3.3 was used. The variations with respect to
the relative water depth are quite similar to those of the regular waves in Figs. 4 and 6. In
general, the numerical model adequately reproduces most of the important features of the
experimental results. Again the numerical results show slight over-prediction as in Figs.
7t0 9.

Fig. 11 compares the measured and predicted frequency-averaged transmission and

reflection coefficients and dimensionless zero-moment force as functions of kph, for

different peak enhancement factors. In the calculation of the theoretical curves,
d/h=0.4 was used. Both measurement and prediction show that a broader spectrum
gives less transmission and more reflection in relatively shallow intermediate-depth
water, where a broad spectrum has more high-frequency energy than a narrow spectrum.
The reverse occurs in deeper water, where almost all high-frequency energy is reflected
and a broad spectrum has more low-frequency energy than a narrow spectrum. A broader

spectrum exerts less wave force in relatively deep intermediate-depth water and in deep
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water, where the high-frequency component waves of the broad spectrum exert the wave
force only on the upper part of the breakwater.

Now, selected comparisons of measured and predicted wave and force spectra are
given in Figs. 12 to 16. In each figure, the measured incident wave spectrum, normalized
by the peak energy density, is shown in the upper left panel. The remaining panels give
the measured (solid line) and predicted (dashed line) spectra for transmitted waves,
reflected waves, and wave forces. The transmitted and reflected wave spectra are
normalized by the peak energy density of the incident spectrum, while the force spectra

are normalized by the peak of the measured force spectrum. All spectra are plotted as a

function of the normalized frequency, [/ f,, where f,=1/T, is the peak frequency of

the incident wave spectrum.
Figs. 12 to 14 compare results for the broad, ordinary, and narrow wave spectra,

having the peak enhancement factors of 1, 3.3, and 10, respectively. The wave conditions

in Fig. 12 were 7, =2.70 sand H  =25.0 cm, and those in Fig. 13 were 7, =2.62s

and H; =24.1 cm, while conditions in Fig. 14 were T, =2.62 sand H, =27.3 cm.

All three of these tests used d// = 0.4. In all the cases shown, it is seen that the
predicted spectra are in generally good agreement with the measured spectra. As with the
frequency-averaged transmission and reflection coefficients and the dimensionless zero-
moment force shown in Figs. 7 to 9, the numerical model somewhat over-predicts wave
transmission, reflection and force, especially near the peak of the spectrum. The peak
frequency calculated by Eq. (37) is slightly smaller than the frequency corresponding to
the peak energy density because the measured incident wave spectrum somehow has less
energy density than the theoretical spectrum in the high frequency region.

For the experimental results presented in Table 2, the relative errors of the numerical
model were calculated by

P m

Error = AT x100% (38)
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where 4 denotes any experimental variable, i.e., C,, C., or F,,. Fig. 15 shows the

results for the case of d/h=0.2, y=3.3, T, =375s, and H;, =49.7 cm, for which

the average of the absolute values of the relative errors was the smallest as 7.2%, i.e., the
most error-free. The numerical model under-predicts the wave transmission throughout
the frequency, while it over- or under-predicts the wave reflection and force depending
on the frequency. As a whole, however, the numerical model predicts the frequency-

dependent nature of the wave characteristics quite well.

Fig. 16 shows the results for the case of d/h=0.4, y=10.0, T, =1.63 s, and

H_ =9.4 cm, for which the average of the absolute values of the relative errors was the
greatest as 36.5%. The predicted energy density of transmitted waves is very small
throughout the frequency, showing several spikes, but the agreement is excellent for the
wave reflection and force. In this case, the transmitted wave energy is so small that a
small measurement error could easily be exaggerated.

A pile-supported vertical wall breakwater permits less wave transmission than a
conventional curtain wall breakwater because additional energy dissipation occurs due to
flow separation around the piles. It also gives less transmission than a pile breakwater
because the upper part is blocked by a vertical wall. Fig. 17 shows a comparison of

frequency-averaged transmission, reflection, and energy loss coefficients among these

three types of breakwaters as functions of k,4. The computational conditions for the

pile-supported vertical wall breakwater were the same as the previous experimental
conditions, with d/h=0.4and y =3.3. For the curtain wall breakwater, just the piles
were removed, and the energy dissipation below the vertical wall was calculated using
the model of Kriebel (2000). For the pile breakwater, the upper wall was removed and
the piles were extended to the water surface. As expected, the difference between the
first two types of breakwater is small in deep water but it becomes prominent as
approaching shallow water. On the other hand, the difference between the pile-supported
vertical wall breakwater and the pile breakwater is small in shallow water but it is great
in deeper waters. The pile-supported vertical wall breakwater always gives smaller

transmission and larger reflection than the curtain wall breakwater or the pile breakwater,

19



and its capability of energy dissipation becomes superior to that of the curtain wall or

pile breakwater for longer waves.

Conclusions

Using the eigenfunction expansion method, a numerical model was developed that
predicts various hydrodynamic characteristics of a pile-supported vertical wall
breakwater. In order to examine the validity of the developed model, large-scale
laboratory experiments were undertaken that involved regular or irregular waves of
various wave characteristics impinging upon pile-supported vertical wall breakwaters
having a constant spacing between piles but various drafts of the upper wall.

Comparisons between measurement and prediction showed that the numerical model
was able to adequately reproduce most of the important features of the experimental
results. For regular waves, the transmission coefficient decreased with the relative water
depth, whereas the reflection coefficient and normalized wave force increased with the
relative depth. On the other hand, as the relative depth increased, the normalized runup
increased to a certain maximum value, and then decreased to unity as the relative depth
further increased. As the draft of the upper wall increased, the transmission coefficient
decreased, while the reflection coefficient and the normalized wave force increased, as
expected. For the wave runup, the value of k4 at which the maximum runup occurred
became smaller as the draft of the upper wall increased.

For irregular waves, the numerical model somewhat over-predicted the frequency-
averaged transmission and reflection coefficients and zero-moment wave force,
especially at larger values. The effects of the relative water depth, draft of the upper wall,
and peakedness of the spectrum on various frequency-averaged wave properties were
examined. The effects of spectral peakedness were minimal. The frequency-averaged
transmission coefficient decreased with the relative water depth, whereas the frequency-
averaged reflection coefficient and zero-moment wave force increased with the relative
depth. As the draft of the upper wall increased, the transmission coefficient decreased,
while the reflection coefficient and wave force increased, as expected. Selected
comparisons of measured and predicted wave and force spectra showed that the
predicted spectra were in generally good agreement with the measured spectra.

Finally it was shown that the pile-supported vertical wall breakwater always gives
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smaller transmission and larger reflection than a curtain wall breakwater or a pile
breakwater and its capability of energy dissipation is superior to that of the curtain wall
or pile breakwater for longer waves.

In the future, more investigations with different spacing between piles, different
shape of piles such as circular piles, and obliquely incident waves may be necessary. The
extension of the numerical model to a multiple-row pile-supported vertical wall

breakwater and the associated laboratory experiments may also be necessary.
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Table 1. Summary of Experimental Results for Regular Waves

O (2) @ (2)
i T Hi Ct Cr Ru Ru F max F max
h Hi H[ FSmax FSmax
(s) | (cm)

M @] G | @ |G| @© | O (8) 9)
0.2 | 1.48 9.51036 1093 | 1.07 | 1.06 0.83 0.80
021199 | 17.6 | 0.62 | 0.63 | 0.87 | 0.84 0.44 0.43
0.2 | 250 25.1 | 082|038 | 077 | 0.75 0.28 0.26
021299 | 322|081 | 023 | 075 | 0.68 0.23 0.20
0.2 | 401 | 470 | 0.88 | 0.14 | 0.84 | 0.70 0.21 0.17
04| 148 | 10.1 | 0.14 | 1.00 | 1.16 | 1.10 1.11 1.13
04| 198 | 16.7 | 0.27 | 0.93 | 1.15 | 1.12 0.83 0.82
0.4 | 251 ] 247|055 0.67 | 1.07 | 1.04 0.60 0.59
041|299 | 32.7 | 0.64 | 0.41 | 0.90 | 0.87 0.44 0.41
0.4 | 4.00 | 48.6 | 0.72 | 0.35 | 1.06 | 0.88 0.45 0.36
0.6 | 1.48 9.8 1016 | 1.00 | 1.16 | 1.09 1.00 1.16
0.6 | 1.98 | 16.7 | 0.11 | 099 | 1.12 | 1.04 0.90 0.92
0.6 | 251 | 259 | 0.28 | 0.83 | 1.03 | 0.98 0.77 0.76
0.6 | 299 | 324 | 044 | 0.65 | 0.97 | 0.93 0.66 0.62
0.6 | 3.99 | 41.1 | 0.55 | 0.49 | 1.01 | 0.88 0.61 0.52
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Table 2. Summary of Experimental Results for Irregular Waves

d 2 T, | H, | kh A, c' | ¢y | cm | Cr| EM | E?
h s Lp r r mo mo
(s) | (cm)

WA G| &HB G| © M 1 ® [ G 4o | dn | dz
02 33| 1.72 | 109 |3.24| 0.024 | 0.33 | 0.29 | 0.85 | 0.95 | 0.41 | 0.52
02| 331]218 | 19.7 210 0.027 | 0.54 | 0.56 | 0.70 | 0.80 | 0.31 | 0.39
02 33]259 244|158 0.025| 0.70 | 0.75 | 0.57 | 0.60 | 0.23 | 0.28
02] 33(296]| 38.6|1.29| 0.033 | 0.71 | 0.80 | 0.49 | 0.50 | 0.20 | 0.23
02| 33(375|49.7|0.93| 0031 0.75 | 0.86 | 0.38 | 0.37 | 0.15 | 0.16
04| 33|1.68| 95|3.43| 0.022| 0.18 | 0.15 | 0.92 | 0.99 | 0.57 | 0.66
04| 33|216]| 18.6|2.12| 0.026 | 0.28 | 0.27 | 0.87 | 0.95 | 0.50 | 0.61
04 ] 33]262|24.1|1.55| 0.025| 0.46 | 049 | 0.76 | 0.84 | 0.44 | 0.53
04| 33]3.09|353]1.20| 0.028 | 0.57 | 0.64 | 0.61 | 0.70 | 0.34 | 0.44
04| 33]3.86|49.6 090 | 0.030 | 0.63 | 0.76 | 0.52 | 0.53 | 0.28 | 0.33
0.6 33| 1.79| 11.6 | 3.04 | 0.023 | 0.12 | 0.09 | 0.90 | 1.00 | 0.59 | 0.70
0.6 | 33]238|21.0]180| 0.025| 0.12 | 0.16 | 0.91 | 0.98 | 0.54 | 0.65
0.6 | 33273 |27.1]145| 0.026 | 0.25 | 0.29 | 0.84 | 0.94 | 0.55 | 0.66
0.6 33]3.04 348|123 0.029 | 0.37 | 0.43 | 0.76 | 0.87 | 0.51 | 0.63
06| 33(3.62|49.8|0.97| 0032|045 | 0.57 | 0.67 | 0.74 | 0.44 | 0.54
04] 1.0]1.69| 921|339 0021 0.16 | 0.13 | 0.90 | 0.99 | 0.55 | 0.64
04| 1.0]221|17.2]2.04| 0.023 | 0.27 | 0.28 | 0.85 | 0.95 | 0.46 | 0.56
04| 1.0]270| 250|146 0.024 | 0.45 | 0.46 | 0.77 | 0.86 | 0.39 | 0.49
04| 1.0]3.13|33.1]1.19| 0.026 | 0.51 | 0.59 | 0.69 | 0.76 | 0.34 | 0.43
04| 1.0]392 473|088 | 0.028 | 0.60 | 0.73 | 0.54 | 0.58 | 0.28 | 0.34
0.4 10.0 | 1.63 | 94 |3.65| 0.023 | 0.21 | 0.11 | 0.93 | 0.99 | 0.63 | 0.72
0.4 ]10.0 212 | 184 |2.19| 0.027 | 0.28 | 0.26 | 0.88 | 0.96 | 0.52 | 0.65
0.4 ]10.0 | 262|273 |1.54| 0.028 | 0.50 | 0.52 | 0.73 | 0.82 | 0.45 | 0.55
0.4110.0 |3.01|33.2|1.25| 0.028 | 0.60 | 0.68 | 0.54 | 0.66 | 0.35 | 0.45
0.4]10.0 | 3.86 | 46.6 | 0.90 | 0.028 | 0.64 | 0.80 | 0.48 | 0.46 | 0.29 | 0.31
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Caption of figures

1. Definition sketch: (a) side view; (b) front view

2. Sketch of wave flume and experimental setup: (a) side view; (b) top view. WG = wave
gauge, RG = runup wave gauge, LC = load cell

3. Lee side view of breakwater model attached to sidewalls by four load cells

4. Comparison of predicted hydrodynamic coefficients with experimental results as
function of kA for various drafts of upper wall: (a) transmission coefficient; (b)
reflection coefficient; (c) energy loss coefficient. Predicted: (—) d/h=0.2, (- - -)
d/h=04, (- — - - ) d/h=0.6.Measured: (0) d/h=02,(m) d/h=04, (D)
d/h=0.6

5. Comparison of predicted runup with experimental results as function of k4 for
various drafts of upper wall: (a) runup = maximum height of water level above still
water level at breakwater; (b) runup = one half of vertical distance between wave crest
and trough at breakwater. Predicted: (—) d/h=0.2, (- - -) d/h=04, (...... )
d/h=0.6.Measured: (0) d/h=0.2,(0) d/h=04,(2) d/h=0.6

6. Comparison of predicted wave force with experimental results as function of k% for
various drafts of upper wall. Predicted: (—) d/h=0.2, (---) d/h=04, (...... )
d/h=0.6.Measured: (¢) d/h=0.2,(0) d/h=04,(A) d/h=0.6

7. Comparison of frequency-averaged transmission coefficient between measurement
and prediction

8. Comparison of frequency-averaged reflection coefficient between measurement and
prediction

9. Comparison of dimensionless zero-moment force between measurement and
prediction

10. Comparison of predicted hydrodynamic coefficients and wave force with

experimental results as function of &,z for various drafts of upper wall: (a)

frequency-averaged transmission coefficient; (b) frequency-averaged reflection
coefficient; (c¢) dimensionless zero-moment force. Predicted: (—) d/h=0.2, (- - -)
d/h=04, (...... ) d/h=0.6. Measured: (0) d/h=02, (0) d/h=04, (D)
d/h=0.6

11. Comparison of predicted hydrodynamic coefficients and wave force with
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experimental results as function of k.4 for various values of peak enhancement

factor: (a) frequency-averaged transmission coefficient; (b) frequency-averaged
reflection coefficient; (c) dimensionless zero-moment force. Predicted: (—) y =1.0,
(---) y=33,(..... ) y=10.0. Measured: (¢) y=1.0,(0) y=3.3,(4A) y=10.0

12. Measured (solid line) and predicted (dashed line) spectra for broad incident wave

spectrum with y =1.0, 7, =2.7 s, H, =250 cm, and d/h = 0.4: (a) incident

wave; (b) transmitted wave; (c) reflected wave; (d) wave force

13. Measured (solid line) and predicted (dashed line) spectra for ordinary incident wave

spectrum with y =3.3, T, =262s, HZ =241 cm, and d/h = 0.4: (a) incident

wave; (b) transmitted wave; (c) reflected wave; (d) wave force

14. Measured (solid line) and predicted (dashed line) spectra for narrow incident wave

spectrum with y =10.0, 7, =2.62s, H =273 cm, and d/h = 0.4: (a) incident

wave; (b) transmitted wave; (c) reflected wave; (d) wave force

15. Measured (solid line) and predicted (dashed line) spectra for case of smallest average

error of numerical model with d/h=0.2, y=3.3, T, =375s, and H, = 49.7

cm: (a) incident wave; (b) transmitted wave; (c) reflected wave; (d) wave force

16. Measured (solid line) and predicted (dashed line) spectra for case of greatest average

error of numerical model with d/h=04, y=10.0, T, =163s, and H, =94

cm: (a) incident wave; (b) transmitted wave; (c) reflected wave; (d) wave force

17. Comparison of hydrodynamic coefficients of various breakwaters as function of

k,h : (a) frequency-averaged transmission coefficient; (b) frequency-averaged

reflection coefficient; (c) frequency-averaged energy loss coefficient. (—) pile-
supported vertical wall breakwater, (- - -) curtain wall breakwater, (...... ) pile

breakwater
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Fig. 2 Sketch of wave flume and experimental setup: (a) side view; (b) top view. WG = wave gauge, RG = runup wave

gauge, LC = load cell
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Fig.3 Lee side view of breakwater model attached to sidewalls by four load cells
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Fig. 5 Comparison of predicted runup with experimental results as function of k%4 for
various drafts of upper wall: (a) runup = maximum height of water level above still water
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Fig. 10 Comparison of predicted hydrodynamic coefficients and wave force with

experimental results as function of k4 for various drafts of upper wall: (a) frequency-
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Fig. 12 Measured (solid line) and predicted (dashed line) spectra for broad incident wave

spectrum with y=1.0, 7, =2.7s, H, =25.0cm, and d/h =0.4: (a) incident wave;

(b) transmitted wave; (c) reflected wave; (d) wave force
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Fig. 13 Measured (solid line) and predicted (dashed line) spectra for ordinary incident

wave spectrum with y=33, T, = 2.62 s, H, = 24.1 cm, and d/h = 0.4: (a)

N

incident wave; (b) transmitted wave; (c) reflected wave; (d) wave force
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Fig. 14 Measured (solid line) and predicted (dashed line) spectra for narrow incident

wave spectrum with y=10.0, 7, = 2.62 s, H

N

=273 cm, and d/h = 0.4: (a)

incident wave; (b) transmitted wave; (c) reflected wave; (d) wave force
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Fig. 15 Measured (solid line) and predicted (dashed line) spectra for case of smallest

average error of numerical model with d/h=0.2, y=3.3, T, =3.75s, and H, =

49.7 cm: (a) incident wave; (b) transmitted wave; (c) reflected wave; (d) wave force
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Fig. 16 Measured (solid line) and predicted (dashed line) spectra for case of greatest

average error of numerical model with d/h=0.4, y=10.0, 7, =1.63 s, and H|

9.4 cm: (a) incident wave; (b) transmitted wave; (c) reflected wave; (d) wave force
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Fig. 17 Comparison of hydrodynamic coefficients of various breakwaters as function of

k,h: (a) frequency-averaged transmission coefficient; (b) frequency-averaged reflection

coefficient; (c¢) frequency-averaged energy loss coefficient. (——) pile-supported

vertical wall breakwater, (—— —) curtain wall breakwater, (...... ) pile breakwater
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