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CHAPTER T

INTRODUCTION

The present study investigates the response of a porous walled break-
water to random, wind generated, deep water waves, with the particular
focus on the characteristics of waves reflecting from it. As shown in the
sketch below, the porous wall breskwater is an L-shaped device which, when
appended to a solid wall, forms a chamber with a porous front wall, a solid
back wall and a solid but removable bottom. When attached to a barrier,
such as a floating bridge, the chamber operates as an energy loss system
reducing reflected wave energy while also reducing the structural loads on

the barrier.
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Incident waves impacting the device produce a pressure differential across
the porous wall. A portion of the incident energy is reflected and the
remainder enters the pores where the potential energy associated with wave

height is converted to kinetic energy in the form of jets passing through



sharp edged orifices. Inside the chamber, the kinetic

energy of the Jjets is dissipated through turbulent mixing and diffusion.
When the level inside the chamber is sufficient to overcome the incoming
momentum, the process reverses and again energy is lost through the non-
conservative mixing and diffusion process. A laboratory and analytical
model study had demonstrated that the system, when exposed to monochromatic
waves, acted as a linear damped oscillator or resonator with a maximum
efficiency at one discrete frequency, with the efficiency decreasing con-
tinuously on both sides of the dominant frequency. The laws for scaling
breakwater performance under the monochromatic wave input to the prototype
subjected to a random incident wave system are not well defined, so a
field study was undertaken to obtain data for a critical assessment of the
full-scale breaskwater.

To monitor the efficiency of the full-scale breakwater, two stations
are established to measure the sum of the incident and reflected wave
heights. One station is in front of the breakwater and the second, or re-
mote station, in front of the solid reflector (vertical pontoon wall) away
from the influence of the breakwater. ©Small amplitude wave theory demon-
strates that wave energy is related to the square of the wave height and
that the sub-surface pressure fluctuations are functions of the surface dis-
turbances. Over a period of time, the total incident energy of both sta-
tions will be the same. For the ratio of wave length to pontoon width under
investigation, no waves are transmitted under the floating bridge. Thus,
any difference in energy between the two stations can be attributed to a
difference in reflected wave energy. Spectral analysis allows the super-

position of waves of different frequencies to describe wave



height in a random sea. The energy is proportional to the squares of these
superimposed components., Using spectral analysis, the random wave (sub-
surface pressure) records are analyzed and the time average total energy
density at the remote station is compared with the total energy in front of
the breakwater. The breakwater is also instrumented with force gauges to
ascertain the maximum resultant force exerted by waves on the porous walls.
Porous walled resonating chambers can be tuned to create maximum energy
dissipation at dominant incident wave conditions, resulting in a reduction of
reflected waves and at the same time, reducing the loads on the floating structure.
Though the initial objectives and theory presume to acquire a quantitative
evaluation of the amount of energy dissipated by the chamber, the analysis
demonstrates a dependence of the time averaged energy density, for coexisting
incident and reflected ﬁave system, upon the product of the wave amplitudes,
the physical distance to the barrier, and the phase angle. The chamber
alters the phase angle during reflection. This results in the distance to
the two measuring stations being effectively different in front of the break-
water and at the solid wall and thereby negating the desired comparison.

Fortunately, the other objectives are independent of this problem.

Background and Literature Review

General:

Breakwaters have long been used to protect coastlines and vessels with-
in harbors and marinas from storm damage. Traditionally they are constructed
of rubble piled to a sufficient height and width to minimize the transmission
of energy over or through the structure. Due to its relatively low cost and
high efficiency, most shallow water installations still incorporate variations

on the rubble mound concept including various interlocking concrete components.



The complex wave-rubble breskwater interaction in shallow water remains
the topic of many recent publications.

The amphibious assaults and vessel damage repair requirements during
the Second World War introduced the need for temporary and portable break-
waters. Hudsoﬁl)conducted model tests on portable concrete caissons for use
during the beach landings on D-Day. At the same time, the use of temporary
floating breakwaters to reduce transmitted wave energy was investigated by
Minikin(e).

In each of the preceding cases the breakwaters were used to reduce trans-
mitted energy and the amount of reflected or dissipated energy was of little
consequence. Most investigations dealt exclusively with devices placed in
relatively shallow water where the characteristics of the incident waves were
affected by the sloping bottom.

As water depth increases, rubble breakwaters become impractical. An
early device used in deep water was the pneumatic breakwater which incorporated
a submerged pipe emitting compressed air producing currents that reduce the
transmission of wave energy through turbulent mixing and partial or complete

(3)

breaking. Patented by Philip Brahser in 1907, and in use in Dover, England
for protection of boats since 1904, this device was the subject of several

investigations during the 1950's.

Another device using the principle of an opposing current is the
hydraulic breskwater, introduced in the mid 1950's. Nece, Richey, and Rao(h)
investigated the use of the hydraulic breakwater to reduce the height of waves

in deep water. Analytical work by Garrison(S) has demonstrated that a rigid

lNOTE: Superscripted numbers refer to number in reference section.



plate with zero draft reflects ninety percent of the wave energy incident
upon it for wave length to bridge width ratios of 2.4:1. Ordinarily a
breskwater is used to reduce transmitied energy. However, there are certain
structural installations, such as piers, floating bridges, bulkheads, etc.,
where waves reflecting from the structure can be a concern if they should
impinge on a site or shoreline sensitive to a new, or changed wave climate.
A mechanism that would increase the losses in the reflection process would
not only reduce the site interaction problem but at the same time could
reduce the loadings on the structure and anchor system and thereby effect
savings in construction and maintenance costs. The hydraulic breakwsater
lends itself well to this application. The submerged pipe can be run along
the structure with the water jet aimed away from it. Unfortunately, the
efficiency of these devices is quite low(h) and the power requirements are
high. Other types of deep water energy reduction devices have been studied
which require no power to drive them. Various types of floating breskwaters
have been tested, including surface and subsurface rafts of various size,
complexity and porosity. Investigations concentrate on reflection transmis-
sion, and energy dissipation through wave interference, forced instability
of waves, and turbulent action and energy dissipation by porous and deformable
surface membranes, as well as the breakwater motions and forces on the
anchor cables.

Two energy attenuation concepts which can be attached directly to a
floating platform and require no power to drive them are horizontal hollow

(6)

cylinders and porous walled chambers. In 1964, Lawson and Kirkham reported
on various model studies including stacks of horizontal hollow cylinders to
absorb waves within a rectangular ship mooring basin. The cylinders were

placed longitudinally in stacks at the end of the basin, and were qualitatively



reported to show promise for reducing reflected waves. In 1968, Bourodimos
and Ippenfzzported on horizontal open tubes aligned with the direction of
the wave travel. Tests of floating and fixed arrasys of tubes of wvarious
lengths were shown to attenuate periodic wave energy by de-tuning the
energy through currents induced within the tubes and by generating turbulence
at both ends of the tubes. Unfortunately this interesting concept is
primarily studied with relation to reducing transmitted energy. Pegk energy
dissipation was shown to occur for pipe lengths of approximately half of the
design wave length. Application in a random wave system was not discussed.
Possible applications of this device to floating bridges would require that
the array of tubes be held some distance away from the solid structure.
Research would have to be conducted on the interaction between the reflection
wall of the bridge and the array. An alternative use would be to attach
the tubes directly to the bridge forming an array of closed pipes of different
lengths. This concept may also function as a de~tuning device but its
efficiency would undoubtedly be much less than the open tube concept.
Even if the open tube concept could be cantilevered
from a reflecting surface of the bridge and still function well, pressures
exerted on the horizontal surfaces of the tubes would result in large forces
which would be exaggerated by the cantilever distance resulting in very large
moments being transmitted to the bridge. Thus this design would reduce the
reflected wave problem at the expense of additional structural loading on
the bridge.

The porous walled breakwater, on the other hand, readily lends itself
to incorporation in a floating bridge structure comprised of a porous wall
set parallel to the solid wall of a floating bridge to form a chamber. The

porous walled breskwater dissipates wave energy through turbulence and



diffusion mixing of the jets passing through the porous wall. This dis-
sipation process reduces the reflected wave energy without transmitting the
energy to the structure, which, combined with its ease of incorporation,
Justifies careful consideration of this device for application to floating
bridge structures. The subject of this investigation is the extension of the
knowledge about ﬁorous walled breakwaters, as based upon linear and mono-
chromatic theory and model studies, to the full-scale wind/wave case, with

emphasis on the reflected wave components.

Evolution of Porous Walled Breakwaters:

Studies relating to the effects of porosity on rubble breakwaters have
been conducted for years primarily to define the effects of porosity on wave

(8)

transmission and breakwater structural stability. In 1961, Jarlan intro-
duced a porous walled breakwater similar to that being considered in this
investigation. A chamber was created by a porous front and solid back wall
and a solid bottom. Jarlan presented experimental data for a fixed break-
water in shallow water but did not relate the importance of the various
breakwater parameters. In 1965, Jarlan(g) applied acoustic theory to analyze
the effects of holes in a vertical concrete breakwater which absorbed wave
energy by dissipation in voids behind the porous wall. His major concern was
with the construction of dikes and protection against shoreline erosion.

From his shallow water studies and analytical work, Jarlan concluded that the
wave chamber and wall porosity affect the efficiency of the breakwater but the
width of the chamber was unimportant and the device was not frequency selective.

In 1966, Marks(lo)

investigated a mobile porous walled breskwater for
fixed or floating application in shallow water. In comparing this device to
a solid caisson-type structure he recorded approximately 50% less total force

on the porous walled breakwater. Sloping the porous face 30° produced a six



fold increase in vertical forces. Interested primarily in bottom scouring
and forces, Marks drew no conclusions about the wave reflections.

(11)

In 1968, a joint study by Marks and Jarlan reviewed the effects of
irregular wave trains on model porous walled breakwaters fixed to pilings and
set on a shallow bottom. Their major concern was with force reduction and
breakwater effects on scouring the bottom. The back wall was perforated as
well as the front and a perforated interior wall was added to further reduce
the forces on the structure. The interior wall was shown to be less effective
than the perforated back wall. No information was given on wave reflection.
Incidentally, an artificial island in the North Sea is presently being built
(12,13) with a protective outer ring wall of the perforated "Jarlan" type.

The concept of resonating chambers is discussed by James(lh) as
rectangular cavities built into rubble breskwaters. Applying to shallow
water and harbor entrances the optimum resonator geometry was shown to depend
on harbor entrance width., Though the paper does not apply directly to the
present investigation it does illustrate the importance of viewing chambers
as frequency selective devices. Another demonstration of frequency selection
occurs with doubie_curtain wall chambers, which are composed of two solid
vertical walls where the front wall is set slightly below still water level.

(15)

Tonaka demonstrated that the transmission coefficient for this device peaks at

one frequency (the resonant frequency) and falls off with increasing or

decreasing frequency. Tonaka did not record the characteristics of the

(16)

reflected waves. Ricey and Sollitt observed that the reflection co-

efficient of the double curtain wall devices obtains a minimum at the same
resonant frequency that the maximum for the transmission coefficient occurs.
The frequency sensitivity of the reflected wave energy has also beeen

(17)

demonstrated for rubble type permeable breaskwaters where the reflection



coefficient decays as a damped oscillation with increasing wave frequency.

The porous walled breakwater was shown by Richey and Sollitt(l6) to have
similar optimum performance st a natural frequency. The natural frequency
was shown to depend on the chamber characteristics of porosity, width, depth,
and pore geometry as well as wave length and steepness. Results of model
studies in single frequency waves suggest that the optimum porous walled
device has the following characteristics:

Vertical porous wall.

Porosity: A uniform porosity, m”, between .2 and .3.

Chamber depth: Efficiency increases as depth increases to a
depth of one half wave length.

Pore geometry: Circular holes provide an effective length of
fluid mass accelerated through the pores to be
equal to four-thirds the pore diameters(IS).

Chamber width: Design variable.

Chamber width 1s selected as the method of tuning the breakwater to the
dominant wave conditions at the location where the structuré is to be used. |
Theory and model studies show that the chamber width controls the resonant
frequency of the breakwater. The relationship between chamber width and
incident wave length is dependent on all other breakwater parameters.

(19)

Burrows demonstrated that the forces on a porous wall (porosity = .196)

in front of & solid wall were as little as 65% of the force calculated for a

solid plate submerged to the same depth.

Objectives

The present investigation extends the model work of Richey and

(16)

Sollitt by testing a full-scale porous walled breakwater subjected to
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wind generated random waves. The chamber width is varied with and with-

out the solid chamber bottom to test the efficiency of the breakwater in

an attenuating reflected wave energy over a wide range of wind speeds for
each configuration. The force upon the porous wall is measured for each

configuration.

The program initially focused on two aspects of the design extension,
namely, the forecast for the breakwater‘performance and the omission of the
bottom from the chamber. The forecast involved conventional modeling laws,
and also the assumption that the reflection coefficient was a linear func-
tion of wave frequency, even though the analysis had shown it to be non-
linear and to depend upon other wave parameters as well. A key question is
whether the breakwater responds in random wind-wave exposure in a manner
similar to its performance as a linear damped resonator in model studies
exposed to monochromatic waves. The extent to which scale factors relate
the model and full-scale hardware will be analyzed.

Laboratory experimental data showed that if the chamber bottom were
left off, the main effect was to shift the optimum performance toward the
shorter wave lengths with only a nominal reduction in reflection coefficient.
A second objective is therefore to check these laboratory results in random
wave systems; the omission of the chamber bottom would simplify some field
installations considerably.

A basic test section designed to accomplish the two objectives above
would also contribute additional data of importance to the project as a
whole and to the general subject of wave-structure interaction such as:

1. Data on the actual wave spectrum in Lake Washington as g function

of wind speed and duration.
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2. Extend the value of existing experimental and theoretical work
by providing experimental links between the systems.

3. TForce measurements to be compared with other prototype data and
model results.

4, The reduction in wave overtopping onto the bridge roadway, a
phenomenon not amenable to model analyses.

5. A measure of the scale effects between model and prototype.

Test Apparatus

A breakwater (Figure 1) section 38 feet long and having the cross section
illustrated in Figure 2 is used for the basic full-scale test unit. A 3.3
foot, central portion of the vertical porous wall is mounted so that force
data can be obtained from strain gages on cantilever beam which support the
test panel. The width of the unit can be set at 3,5, or T feet, but is set

at 5 feet initially; the bottom is removable.

Specific Application:

The effects of random, wind-generated, deep water wave systems on a
porous walled breakwater are investigated by appending the full-scale proto-
type to the south side of Evergreen Point Floating Bridge traversing Lake
Washington to join Seattle and Bellevue, Washington (Figure 3). The break-
water, attached near the midspan, has been exposed for a period of two years
to the various wave conditions developed over a 2.8 mile effective fetch by
dominant wind from the southern sector.

The sixty foot bridge pontoon width is sufficiently large compared with
wave lengths present that transmitted‘wave energy is eliminated for all wind
conditions. Thus, any incident energy produced over the fetch and not dis-

sipated by wave breaking--or losses at the bridge becomes a reflected wave
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system proceeding from the bridge. The floating pontoon span, 7580 feet
long, traverses the typically 200 foot deep lake, 12° off from an east-
west crossing. Thus, a southerly wind produces a progressive wave system
which reflects from the vertical pontoon walls and proceeds toward the
western shore at an approximate angle of 24°. For some wind conditions
reflected waves impinge on the western shore 4,000 feet south of the bridge
Wind roses show winds from the southerly sector to be dominant in
frequency and magnitude followed by those from the north. Winds from the
east or west seldom occur and are of short duration. Previous investiga-

(20)

tions have shown that steady eight to twelve mph, winds are required to

form a significant reflected wave system. Wave breaking exists when wind

conditions exceed 25-30 mph. Wave systems produced by winds in excess of 30

mph contain sufficient energy upon impact with the solid pontoon wall that
runup overtops the guard rail eleven feet above still water level.

The overtopping water is windblown onto the windshields of traffic on
the four lane, 50 mph roadway. Wind driven wave peaks resulting from wind
conditions above 40 mph contain sufficient momentum to cross all four lanes
of traffic. Though wind conditions in excess of 40-45 mph are rare, winds
are high as 60 mph, gusting to 75 mph, have been recorded during the test

period (March 26, 1971).

Design Constraints

To creste a reasonable scope for the investigation and minimize the

expenditure, the prototype breakwater was made of a length sufficient only

to eliminate end-effects on a central force-instrument panel and at a pressure

monitoring station in front of the breakwater. The presence of a high

traffic density roadway immediately adjoining the test sight required that the

(20

)
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units be constructed in a modular form and transported for attachment to

the bridge without modifications to the pontoon assembly. This was accom-
plished using a straightforward steel and wood modular construction,
assembled at the University of Washington and transported to the bridge by
barge where they were appended to the bridge using hooks over the guard rail
and held rigidly in place by cables running under the bridge to the guard
rail on the opposite side. It was necessary that the breakwater be capable
of withstanding exposure to wind and wave conditions produced by 60 mile an
hour winds, and remain operational for an unspecified period of months. Thus,
the structure was carefully designed to provide an appropriate tradeoff be-

tween strength and economy.



CHAPTER II

THEORY, APPLICATION, AND PREDICTION

Overview

Wind blowing over a body of water imparts energy to the surface pro-
ducing a random wave system. If the resulting progressive wave system
impacts a barrier, conservation of energy requires that the energy either
be transmitted, dissipated, or reflected. If the wind speed is sufficiently
high instability will occur and some energy will be dissipated through the
turbulence losses associated with wave breaking. Once reflected, the wave
train traveling against the wind contains significant amounts of energy which
are slowly consumed by viscous shear. Previous investigations(zo) have shown
impingement of reflected waves on the shoreline LOOO feet from the bridge
(25% of the fetch length).

The bridge pontoons form a semi-immersed, rectangular floating breakwater
with a width nearly equal to the longest incident wave length. This elimi-
nates any significant transmission of energy to the lee side of the bridge.
The use of solid vertical walls on the pontoons results in a nearly perfect
reflection barrier. Thus, almost all of the energy imparted by the wind to
the incident wave train is reflected and proceeds upwind. A reduction of
reflected wave energy can most efficiently be accomplished by converting
energy to non-conservative forms using a breakwater device at or near the
barrier. The condition of deep water which necessitates the construction of
a floating bridge also restricts the type of breakwater which can logically
be incorporated for increasing losses.

The porous walled resonating chamber being investigated lends itself

readily to incorporation with a floating structure. The device converts the
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potential energy of the incident wave into kinetic energy as jets of water
passing through sharp edged orifices where non-conservative turbulent mixing
and diffusion dissipate a portion of the energy. An advantage of this loss
mechanism, besides requiring no power to drive it, is that the energy does
not affect the structure. The result is a device that reduces the reflected
waves while reducing the loading on the structure. The load reduction can
result in structural design and operating cost reductions.

The measurement of the efficiency of the porous walled chamber is a
problem. Small amplitude wave theory demonstrates that the average total
energy per unit surface is proportional to the square of the wave height.
Though the wave heights in a wind generated sea surface are quite complex,
they can be treated as a linear summation of sinusoidal waves of various
amplitudes, frequencies, and phase angles. A wave height sensor is mounted
in front of the chamber to measure the combined field of incident and reflected
waves. The net force experienced by the porous wall is monitored at the
center of the structure. A second (remote) station in front of the solid
veftical bridge wall and away from the influence of the breakwater is used
to establish the wave height without the chamber.

Surface piercing gages, available gt the outset of the investigation,
were found to lack the resolution necessary to function in fresh water. Small
amplitude wave theory also establishes the sub-surface pressure fluctuations
as a unigque function of the surface waves. Therefore, sub-surface pressure
transducers are used to monitor the vertical pressure at a constant depth in
front of the chamber and at the remote station. The pressure is proportional
to the wave height which, in turn, is proportional to the square root of the

total energy.
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In principle, the efficiency of a given chamber configuration is
established by analyzing the pressure fluctuations due to the sum of the
incident and reflected waves in front of the breakwater and at the remote
station away from the influence of the breakwater. For all conditions of
interest, at the particular test site studied, transmitted energy is zero(go).
Over a period of minutes the total incident wave energy at the two stations,
separated by 150 feet, is the same., Thus any difference in the total energy
monitored at the two stations can be attributed to a change in the reflected
wave energy.

Over the period of minutes during which a record is taken, the wind
generated waves are approximately stationary Gaussian random processes with
zero averages. As such, the relevant statistical properties are contained
in the autocovariance function and the power spectrum. The exact computation
of the spectrum would require a record of infinite length. The acquisition
of analog records twenty to sixty minutes in length allows calculation of
spectral estimates for digitized sections of the data using the window

closing technique of Jenkins and Watts(zl).

Small Amplitude Wave Theory

A classical and basic simplified description of wave motion is deseribed
by small amplitude wave theory. Small amplitude or linear wave theory is

(22) and Ippen(23). The

developed in detail in numerous texts, i.e., Lamb
theory, based on mathematical potential flow analyéis of an ideal fluid,
provides a useful treatment of wave motion and forces for real waves of
finite height. The theory is not applicable in conditions where there is

wave breaking. Sinusoidal wave profiles predicted from the theory provide an

equal distance from the still water level to the crest of the trough. In



actuality, the crest is somewhat higher than the trough. The fundamental
relationship between the wave period, T, wave length, L, and the wave speed,

C, for the sinusoidal wave is

In general, the theory relates the wave speed to wave length and depth,

d, by

P = vam 228 :
but -, = C2
Therefore, combining the above equations yields

L=§-‘E—2- tann ST 3

Thus, for a known water depth each wave period corresponds to a unigque wave
length. For depths greater than one-half of the wave length, the hyperbolic
tangent function approaches unity, making the wave speed independent of depth.

Yor deep water conditions, the basic relationship between wave velocity and

wave length is
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Substituting the square root of Equation 4 1into the fundamental relation-

ship, speed equals length divided by period gives

-8 _ 8T _
C =37 o 5.12T 5

This can also be rewritten as
L = 5.12T2 6

A tgble demonstrating the relationship between the various deep water
parameters relevant to the present investigation is shown in Figures 4 and
>.

Conservation of energy requires that energy transmitted by wind and the
progressive wave system incident to the vertical wall on the floating bridge
must either be transmitted, reflected or dissipated through losses. Though
the losses due to breaking of the waves cannot be accounted for by small
amplitude wave theory, the linear theory will provide a relationship between
wave height and energy. The average potential energy density, PE, of a
single frequency progressive wave per unit area of sea surface (energy
 density) is due to the displacement of the water surface and is shown by
linear theory to be equal to

2

B = 2 ap = Y&
PE = fz— 7 0% at = I T

where a is the wave amplitude and y is the specific weight of water.
The kinetic energy,KE, of the water particles per unit area of sea surface

averaged over a wave length is equal to



19
— a2 Yrnl, = a2
KE = lﬂ_ e ~ lﬂ" 8
Thus, the average energy per unit area of sea surface for a progressive wave
contains equal contributions from the kinetic and potential energy. The

resulting average energy density is

- _ oyt _ oy
E =53 9

For the case of a complex surface the superposition of linear components

provides the result that

H.2 10

19

MB

=_X
E=3
J

Loss Mechanism of a Porous Walled Breakwater

As progressive incident waves strike the porous wall, the difference in
head between the incident wave and the water inside the chamber creates a
pressure differential across the porous wall. Some of the wave energy is
reflected from the wall and the remainder enters the pores, or square-edged
orifices. Potential energy of the incident wave height is converted to the
kinetic energy of jets passing through the orifices (Figures 6 and 7). As
the jets mix with the fluid inside the chamber, the kinetic energy is lost due
to non-conservative turbulent mixing and diffusion. When the level inside
the chamber is sufficient to overcome incoming momentum, the process reverses
and the jets exiting the chamber again have kinetic energy converted to losses
through further turbulent mixing and diffusion. The outgoing energy results

in the generation of another reflected wave.
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Measurement of Wave Height

Initial attempts to measure the wave height with a fixed surface pierc-
ing gage showed insufficient resolution in fresh water with the equipment
available at the beginning of the test. An alternate method was chosen using
sub-surface pressure transducers. The sub-surface pressure fluctuations can
be shown to be a direct function of the surface waves. ©Small amplitude wave

theory shows that the pressure beneath the surface is equal to
2
cosh(iﬂ(d +7)

P = v[n - 2] 11
cosh(%l a)

For our investigation, d = 200 ft., Z = - 5 ft. (Z up defined as positive).
Therefore the variables are L and n. Contributions of the hyperbolic cosine
terms for wave lengths of 20 and 4O ft. are shown as follows:

coshfgﬂi;gil

20
b= 208 T on(e00) -992 12
20 .
L = 40: cosh 2"(105) = .993 .
Thus, the primary variable is
n=£2I' Sin(?JTT"x - ot) 13

Therefore, time dependent pressure fluctuations are directly related to wave
height'and, through equation 10,can be used to obtain the wave energy.

The above is shown for a single harmonic, while the actual sea state contains
many components which are treated by linear superposition during analysis.

The pressure is shown to be a unique function of the wave height and in turn

the energy differences at the two measuring stations, one in front of the
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breakwater, the other away from the influence of the breaskwater are derived
from the spectral analysis of the squared pressure fluctuations. The pres-
sure sensors were at the same depth (five feet) beneath the water surface

and the concern was with the difference in energy between stations, so the
conversion from pressure at depth to equivalent wave height need not be per-
formed. The - yz contribution to the pressure (equation 11) due to hydrostatic
pressure on the transducer is 2.16 p.s.i. The output signal of the data
acquisition amplifier establishes the 2.16 psi a zero output to allow the

entire recorded data signal to be wave induced pressure fluctuations.

Wave Reflection; Reflection Coefficient and Energy Dissipation

In the laboratory experiment on the porous walled breakwater (16) waves
of a single frequency (Monochromatic) were used, so the reflection coefficient
R, defined as the ratio of reflected wave height (Hr) to the incident wave
height (Hi) can be obtained from
R=H/H = %ﬁai‘—i—;]-rril—ri 14

ax min
wherein Nnax and Nin are the maximum and minimum amplitudes of a wave
envelope developed by traversing a height gage through the standing wave
which developed in front of the model breakwater. The technique inherent in
the statement of Eq. 1L can be applied when only two components are present,
so it cannot be used to reduce a random wave field to its components.

The premise assumed in planning the full-scale experiment was that the
energies in a composite wave system could be expressed as proportional to sum
of the squares of the wave heights (Eq. 10) of the individual waves composing
the system, and that pressure (height) measurements at two stations, one

(designated «) at a depth of 5 feet and a horizontal distance of 7 feet in
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front of the vertical wall of the bridge and another (designated B.W.) the
same depth and distance in front of the porous breakwater could be analyzed
to determine the difference in.energy between the two locations. Practically
no energy is transmitted by the Evergreen Point Bridge at any of the wave
frequencies encountered on Lake Washington; the vertical plane wall of the
bridge is nearly a perfect reflector until wave breaking and overtopping
occur, so the difference between the energies at the two stations is
attributable to the energy dissipation introduced by the breskwater. By
locating the two gages ldentically with respect to depth and distance from
the walls of concern, the need for correcting the pressure data to surface
heights and accounting for secondary effects to the two locations can be
eliminated by focussing on the differences in energy between the two locationms,

i.e.:
E =R, +E 15
E..=E, + E 16
1 iy

The energy at B W should be equal to or less than that at the remote

station (). The reflection process from the vertical wall is an efficient

one, so, until breaking and overtopping develop, Ei = Eroo and

and E =2 Ei 1T
E =E __-[E ]/ 18
Tou BwW 2

E is the energy in the wave system reflected from the porous wall.

TBW
The average energy densities, Em and EBW’ can be determined from

spectral analyses of the pressure data from the two gages, the energy in
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reflected system computed from Eq. 18, and the effectiveness of the break-

water as a ratio of Er /Em.
BW

In the lab study(16) , the reflection coefficient R = Hr/Hi’ as
determined from model data, was used to predict energy spectrum for the
reflected wave, and then the energy loss due to the breakwater was found as
the difference between the predicted incident and reflected spectra.

The energy dissipation due to porous breakwater is a very basic notion,
and can be used alone to compare the relative effectiveness of different
Breakwater geometries and incident wave conditions. Although, the reflection
coefficient is a convenient concept, and was used in the lab study to predict
the energy loss dissipation by the breakwater, it cannot be found directly
from the pressure data at the two sites. It can be predicted, by computing
an incident height-frequency curve from the pressure data at station «,
and predicting a reflected height-frequency curve by using the computed

energy E_ . by the method used to predict the reflected wave spectrum in

BW
(16, p. 58). It should be pointed out again, that the concern is to evaluate
the energy reduction accomplished by the breakwater--the reflection coefficient
is a convenience term.

The reflection coefficient has been shown by dimensional reasoning

(ref. 16, p. 35) to depend upon the set of variables
R = f(m, Hi/L, b/h, h/L, &b/mLh) 19

wherein m is the porosity, L is the wave length, b the breakwater width,
h its depth, and § the effective pore length. A key question is whether
the breakwater responds in the random wind wave exposure in a manner similar

to its performance as a linear, damped oscillator in the model basin where



24

the input waves were monochromatic. The measures of its response will be
the sensitivity of the reflection coefficient (or energy loss) to the terms
in Eq. 19, particularly to the last term. An alternative form for this term
is de/wg, where g is the wave angular frequency and w2 = mgh/8b, the break-
water width is changed and measurements are taken over a range of input wave
conditions so the wave parameters containing wave height and length (or
frequency) will vary. The bottom of the breakwater is removed for another
set of conditions. Though no theoretical analysis of performance was made in
(16) with the bottom out, the empirical data from the lab experiment provides
a basis for a similarity comparison between the model and the prototype.

The reflection coefficient can be related to the amount of énergy dis-
sipated during the reflection process. Conservation of energy requires
that

Ei = Er + E, + dissipation losses 20

t

For the present investigation the transmitted energy is zero. Thus the
amount of potential and kinetic energy dissipated (converted) to non-

conservative energy such as turbulence or heat is

E_ = Digsipation losses = E, -~ E 21
D i r

2
From small amplitude theory E = l%_

E=l[Hi2—H2] 22

As a ratio of the energy not recovered during reflection to the available

incident energy the
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EF [Hi2 - Hr2]
Energy dissipation ratio =~EI)= 2' 23
i R
% energy dissipated = (1 - R2) 100 2L

The percentage of energy dissipation represents the efficiency of a device

in converting incident energy into non-conservative forms and thereby reducing
the reflected wave energy. For example, perfect reflection (R = 1) results

in zero dissipation during reflection, while the total elimination of reflected

waves (R = 0) corresponds to a 100% energy dissipation (see Figure 8).

Method of Evaluating Energy Dissipation
To evaluate the effectiveness of the full-scale porous walled breakwater

in reducing reflected wave energy from a solid vertical barrier, two stations
are established to measure the sum of the incident and reflected wave height.
The presence of a continuous floating structure at the test site eliminates
transmitted wave energy, and also negates the possibility of obtaining
incident or reflected wave signals individually. Thus, the method proposed
at the outset of the investigation for determining the reflected energy reduc-
tion by the breakwater exposed to random incident waves requires the following
steps.
1) Time histories of the summations of the random waves are simultaneously

acquired over periods of at least twenty minutes at each station, one

in front of the breakwater and the second an equal distance in front

of the solid reflector (bridge pontoon wall) away from the influence

of the breakwater (See Figure 1).
2) ©Small amplitude wave theory demonstrates that the energy in a progressive

wave is proportional to the square of the wave height and that the wave



heights of waves progréssing in opposite direction add linearly.

Under the linear assumption a random wave can be described by the super-
position of a Fourier series of sinusoidal waves of different frequencies
and associated amplitudes. Using spectral analysis the time average
total energy density, calculated from the variance, is obtained at each
station.

3) Over a period of minutes the incident energy at the two statiomsis the
same, Thus, any difference in the average total energy density at the
two locations must be due to a difference in reflected wave energy.

Following this line of reasoning the wave height at the fixed station in

front of the solid vertical wall (», denoting the conditions without a break-

water) is the superposition of the incident (i) and reflected (r) components

n(t)_ = n(t)i_ + nlt)r_ =

H.
L J _ :
[J 5 cos ( 2nfjt + ¢j)]Lw + [

ok

E cos (+ erf, t + ¢k)]roo 25

where ¢i and ¢k are the phase angles associated with the various random

components likewise the wave height in front of the breakwater (BW ) are

n(t)BW = n(t)iBw + n(t)rBW

r iy r
= [j 5 cos (- 2ﬂfjt + ¢j)]i + [k e cos(+ onf,t + ¢k)]'BW 26

BW
The average energy content in a random wave is found from spectral analysis

: . . 2 . . .
to be proportional to the variance, o . The variance for a series of cosine

waves of different frequencies,f, and amplitudes, a., equals 02 = § L a,2

2 73 °

Thus, recalling equation 10, the average energy density of the incident and

reflected waves in front of the solid wall and in front of the breakwéter
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can be expressed by the specific weight,y, times the respective variances.

The average total energy density in front of the breakwater,

2 vt + o2 )

E.__ = vo = - 27
BW BW 1BW rBW

and the corresponding average total energy density in front of the solid

wall is

- 2 2 2
= = o+
E =vyo_=y (ci°° er) 28

The variance is obtained over a sufficient period of time (5.6 minutes) that

the average incident energy to the two locations is the same, i.e.,

2
Yo = Y012 = Yo.e. Therefore,

i BW i
= 2 2
Eow = Ygu = Y(oi + o ) and 29

BW

= 2 2 2
E, = vyo, = Y(oi + . ). 30

[e2]

Subtracting equation 29 from 30 results in the average energy density dif-

ference at the two statlions due to the presence of the breakwater
31

This amount of energy decrease cannot be expressed as a percentage of the
incident energy because Yozi cannot be obtained independently. Though the
wave spectra for the incident wave alone cannot be measured, the method
described by (16, pg. 58) provides a means of predicting a reflected height-
frequency curve. Alternatively, the energy can be ratioed +to the average

total energy density in front of the solid wall, ozm. This ratio is defined

as attenuation
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Average Reflected Wave Energy Decrease Due to the Breakwater

ATTENUATION =
Average Total Energy without the Breakwater
_= = 2 2
= Ee = Epy v(o, - ogy)
ﬁco ‘Y0'°2°
2
9 By
+. ATTENUATION = 1 - - 32
(o}

Example of Reduction in Energy by a Linear Damped Oscillator. 'The
oscillator, or resonator, can only affect the amplitude and phase of the
incident wave not the frequency. The complex wind generated incident wave
can be decomposed into a number of sinusoidal waves each having a differenf
frequency, random phase, and an associated wave height. For this illustra-
tion the incident wave has a peak frequency of .3, that is .3 is the
frequency of the component wave assigned the greatest wave height. Suppose,
for exaﬁple, the square of the non-dimensional incident and reflected wave
height vs. frequency distribution in front of the breakwater is that shown

in the figure below.

1.0 —~
N / \\
/ \ /-IMC)UENT
¥.6
55} /////— \\\
3 el IR
T // RELECTED \k
2 e =gy \\
M—
S a2 3 4B 6

FREQUENCY, CYCLES /SEC



The breakwater, operating as a resonator reduced the amplitude of the
incident wave at every frequency below .6. The maximum reduction occurred
at £ = .27. The peak reflected energy occurred at .35. The knowledge that
the system models as a linear resonator provides the information that the
difference in reflected wave height at the frequencies .27 and .35 is solely
due to a selective reduction in the incident wave height by the breakwater
for the two distinect frequencies, None of the reduction in wave height at f
= .27 was accomplished by the reassignment of incident wave height at that
frequency to reflected wave height at a different frequency.

The reflection coefficient for this example would be the ratio of Hr/Hi for

each increment of frequency.
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Expected Conditions at Test Site

The model studies of the porous wall breakwster subjected to mono-
chromatic waves by Richey and Sollitt (16) produced the following results.
The chamber is frequency dependent upon the wave frequency and steepness
as well as the chamber characteristics of porosity, depth, pore geometry
and chamber width. The chamber was shown to act as a linear damped

oscillator or resonator, having a natural frequency

w = [mgh 33
sb

where m is the effective porosity, h - the chamber depth, § - the effective
core length,taken as 1.3 times the diameter of the orifice, and b is the
chamber width.

The ratio of the model chamber depth to the full-scale requirement of
6.4 feet provides a scale ratio of 1:12. Figure 9 shows the model experimental
reflection coefficient for a breakwaster that would scale to a four foot
chamber width, have a geometric porosity of .196 using one foot diameter
holes uniformly spaced on two foot centers, and include a solid bottom.
Figure 10 presents the corresponding experimental reflection coefficient for
a chamber with the only variable change being an increase in geometric
porosity to .333. Comparison of the two figures indicates that the minimum
reflection coefficient is shifted to higher wave numbers as the porosity
increases and the range of wave numbers over which the chamber is effective
increases. The theony(16) predicts a decreasing reflection coefficient
with increasing porosity up to an optimum porosity, and the experimentsl
results indicate that the optimum occurs between .2 and .3 (16, Figure 3).
Based on the model results for the full-scale investigation m' is chosen as

.293, produced by one foot diameter holes uniformly spaced on eighteen inch

centers.
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Figure 11 displays the shift in minimum reflection coefficient with
variations in chamber widths for the model chamber with .196 geometric
porosity. From the discussion above, the minimum reflection coefficient
corresponding to each chamber width should be shifted to higher wave numbers
(smaller wave lengths) for the prototype due to the increased porosity.

Removal of the bottom from the breakwater shifts the occurrence of the
minimum reflection coefficient to higher wave numbers and produces a higher
minimum reflection coefficient as shown in Figure 12.

Having established an appropriate prototype porosity the variable remain-
ing to tune the breakwater is the chamber width. For maximum energy dis-
sipation the chamber width must be chosen to produce a minimum reflection
coefficient near the frequency for which the wave energy at the test site is

a maximum. The natural frequency can be determined from equation 33.

b = 2L 3L
2
Sw
Experimental results indicate the maximum energy dissipation occurs near

2,2
o /w =

1l.2. Thus
_mgh(1.2) _ 1.2mgh _ 1.2mh[,
b == 2 - 2 = 2718 35
So s(art)

where m is the geometric porosity times an appropriaste jet discharge co-
efficient(l6)(25) of approximately .7T7. The prototype chamber width can

thus be expressed as a function of incident wave length

- 1.2(.77)(.293)(6.4)(L)

b 21 (4/3)

= .,207L 36

or as a function of wave frequency

_ 1.2(77)(.293)(32.174)(6.4) _ 1.06/f2
16./3Tr2 £2

b 37
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where the wave length or frequency should correspond to the maximum energy
condition at the test site.

The calculated effective fetch for the test sight on the Evergreen Point
Floating Bridge is 2.8 miles (calculation Figure 13). An annual wind rose
for the area, Figure 14, indicates that winds from the southerly section are
dominant in frequency and magnitude. Maximum wind speeds and duration ex-
pected are approximated by Figure 15. Previous investigations(zo) have
shown that steady eight to twelve mph winds are necessary to create a
significant reflected wave system. Thirteen to thirty mph winds often occur.
Forty mph storms lasting up to five hours occur at the test site during the
winter. The short duration maximum recorded during the two years test period
was 60 mph gusting to 75 mph. The significant wave height and frequency as
a function of the windspeed at the test site is shown in Figure 15 (predicted
by the method presented in (24).

Though the breakwater must be capable of withstanding the extreme wave
conditions, the chamber width is selected to produce maximum energy dissipa-
tion for wave conditions which produce the maximum total reflected energy.
Windspeeds of 8-12 mph are required to produce a noticeable reflected wave
system(zo); thus, even though Figure 14 shows that the majority of the time
incident winds speeds are below 12 mph, it is of no value to tune the chamber
to these conditions. As shown in Figure 16, the increase in wave height
at the test site is approximately linear with increasing windspeed. Since
energy is proportional to the square of the wave height, a dramatic increase
in reflected energy occurs with increasing windspeed. Though the reflected
energy during a given period of time is much greater at higher windspeeds,
the total length of time each condition exists during the year rapidly
decreases for windspeeds above twenty mph. Wave breaking begins to help

dissipate energy at the test site for wind speeds in excess of 25-30 mph.
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This range of uncertainty, both in the frequency corresponding to the
optimum performence of a given chamber width and the windspeed which pro-
duces the most total energy at the test site during the year, suggests that
a range of chamber widths be tested. Figure 16 is used to establish the
relationship between windspeed and the significant frequency (at the test
site) and Figure L4 to relate this frequency to the corresponding dominant
wave length. This wave length can then be related to the desired chamber
width through equation 34 for the resonant frequency and equation Eq. 36 for
laboratory predicted optimum performance. Choosing chamber widths that
correspond with a wind range of 12 to 25 mph results in a reasonable choice of
chamber widths being five and seven feet. The test apparatus is built to
also allow a three foot width in case the full-scale device reacts to a
frequency lower than predicted. A table demonstrating the predicted

characteristics is shown below.

Approximate
Chamber Predicted Natural Windspeed at Approximate
Width Frequency of, w Test Site Frequency Corresponding]
(feet) (eq. 34) (HZ) Associated with| Predicted Windspeed
with w (mph) from eq. 36 (mph)
3 545 12 .63 <10
5 435 15-20 L8 15
T .365 20-25 .38 22
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Summary of Prototype Breaskwater Specifications

Porous walled resonating chamber.

® Porous vertical front wall: porosity (m) = .293

e Solid vertical back wall (bridge pontoon wall)

® Solid, removable chamber bottom

® So0lid end plates (to establish two dimensionality with
the minimum chamber length)

e Chamber depth: 6.4 feet

e Pore geometry: one foot diameter round sharp edge orifices
uniformly spaced on 18" centers.

e Chamber width: design variable: 3, 5 and T feet.

Forces

The forces exerted on a solid vertical wall by the various wave forms
have been the subject of numerous investigations and as a result are reason-
ably predictable.

Existing methods can be used to calculate the approximate maximum force
exerted on the solid wall of the fioating bridge pontoon. On the other hand,
literature examining the maximum forces oniporous wall in front ofdsolid wall
exposed to random deep water waves is very limited. A laboratory investiga-
tion by Burrows (19) indicated that the force on a vertical porous wall used
to form a chamber in front of a solid vertical reflecting wall was less than
the force exerted on a solid wall immersed to the same depth. For a porosity,
n”, of .196 and a depth of immersion scaled to the present investigation a

reduction in force of 65% was obtained relative to the theoretical value for

a solid plate extending to the same depth. Burrows further predicts a full

scale force of 236#/lineal foot of wall due t0 a three foot wave height with
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a three second period for a chamber configuration similar to the present
investigation except for the porosity. Assuming a linear relationship be-
tweeh the force and the area of the porous wall, the ratio between Burrows
porosity and that of the present investigation would suggest an expected
force of 205 pounds on the solid wall of the full-scale breskwater at a wind-
speed of about L0 mph.

(13) use a porosity,

The porous walled caissons investigated by Jarlan
m”, of approximately .3. For the system, including porous front wall and
solid back wall, Jarlan demonstrates a seventy percent reduction in force

(10)

relative to that acting on a solid wall alone. Marks also measured the

forces exerted on both Wall;f§;rous walled chamber. Being concerned with
much longer wave lengths and shallow water conditions, the scale of the
chamber is ten times that of the present test. Making the scale conversion
the chamber would correspond to a 3.4~ wide chamber at the present test site
designed for a forty-four foot wave with a three second period and a 1.5 foot
wave height. With a porosity, m”, of about .25, Marks recorded a 69% reduc-
tion in the sum of the horizontal forces on the porous and solid wall relative
to the force on the same size solid wall alone.

The present investigation makes no attempt to develop an analytic pre-
diction for the wave forces against a porous wall. Rather, the maximum forces
on the porous wall and the frequency distribution of the force for the matrix
of wind generated Wave‘conditions and chamber configurstions are obtained ex-
perimentally. Establishment of the force reduction obtained by incorporating

the breakwater could allow substantial reduction in the design load require-

ments and maintenance costs of a floéting structure.
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Experimental Force Evaluation

The chamber created by the porous walled breskwater includes a porous
front wall and solid back wall. Because the device was appended to an
existing floating bridge the back chamber wall was formed by the bridge
pontoon. The force against the back wall is not measured but can be
calculated, because the major component of water movement inside the chamber
is the level change due to the influx and emptying of the chamber. Runup and
the shock pressure due to breaking waves are non-existent at the back of the
chamber. Thus the maximum force on the solid chamber wall can be calculated
simply as the hydrostatic force due to the maximum level within the chamber.

The wave system in front of the breakwater and the level within the
chamber result in forces against the porous wall. As detailed in the next
chapter, central 3.3 feet of the porous wall form an instrumented test
section allowing the acquisiton of the representative maximum force free from
end effects and provides a porosity representative of the entire porous wall.
The use of a short test section also assures the force is not averaged by
the limited crest length of the waves.

The vertical force on the thin porous wall is assumed to be insignificant.
For use primarily as a design input for fatigure loading the frequency dis-
tribution of the force is acquired using the same spectral analysis program
used to analyze the wave data. Though the resulting spectral amplitudes are
not an expression of pounds of force, the plots indicated the frequency at
which the peak force occurs and provide information regarding secondary peaks,
if any.

The portions of the prototype breakwater subjected to the most force are
the chamber end plates. These solid walls, required to provide two dimension-

ality within a reasonable length for the experiment, are subjected to a
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maximum pressure differential near the pontoon when a wave outside the
chamber is overtopping the guardrail at the same time the chamber level is
low. This effect is amplified when the waves crests are not parallel to
the bridge as evidenced by wave runup onto the roadway near one side of the
chamber for wind conditions too low to produce overtopping anywhere else
along the bridge. The forces exerted on these panels were not measured be-
cause permanent breakwater would likely span the entire length of the

structure and have porous end plates to reduce the loading.



CHAPTER ITIT

APPARATUS AND INSTRUMENTATION

General Description of Equipment

The experiment required construction of a full-scale porous walled
breakwater and the associated instrumentation to monitor the forces upon the
breakwater and wave characteristics in front of and inside the attenuator as
well as those beyond its region of influence. The apparatus, assembled at
the University of Washington, C. W. Harris Hydraulic Laboratory, is attached
to the south side of the second Lake Washington Floating Bridge near the
center of the lake (400 feet west of the drawspan).

The breakwater, shown in Figures 17-20, is a chamber created by the solid
wall of the bridge, a removable solid bottom, and a movable, porous vertical
wall. The water can pass into and out of the chamber through uniformly spaced,
round holes (orifices). The chamber extends three feet above and 6.4' below
still water level, the dimensions of the chamber are maintained by securing
the bottom and porous wall panels to steel superstructure attached to the
side of the bridge. The characteristics of the breakwater are determined by
evaluating the différence between the sea state (pressures) immediately in
front of the breakwater and at a remote location along the bridge where the
breakwater does not influence the sea state. The breakwater is of sufficient
length, thirty-eight feet, only to eliminate end effects on the limited region
where force and pressure measurements are obtained. The chamber is enclosed
on each end by solid end panels attached to the steel superstructure. The
apparatus is constructed to allow chamber widths, b, of three, five, and

seven feet and can be tested with or without the bottom panels.
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The central 3.3 feet of the porous wall is held in position at the
top and bottom by pairs of cantilever beams. The output of strain gages
attached to the beams are monitored to establish the resultant horizontal
force "felt" by the porous wall. Two tripods house pressure transducers
which are used to measure the pressure five feet below S.W.L. One tripod
extends seven feet nine inches out from the side of the bridge 150 feet east
of the breskwater to monitor the pressure due to waves away from the influence
of the breakwater. The second tripod is attached to a porous wall and measures
the pressures due to waves seven feet nine inches in front of the breakwater.
The outputs of each of the calibrated pressure and force sensors are amplified
and recorded onto analog tape for periods of at least twenty minutes per run.
The various components of the apparatus are treated in detail in the following

sections.

The Breakwater

Steel Superstructure (Figure 21):

Two modules of steel trusses and cross bracing attach to the bridge
using hooks over the bridge railing eleven feet above S.W.L. to sustain
loading down and away from the bridge. Seven feet below S.W.L. horizontal
extensions of the trusses extend underneath the bridge to prevent upward
motion. From the center truss extension of each module T75' cables run under
the bridge to the north side where they are attached to hooks over the north
bridge railiﬁg. Turnbuckles are used to hold the modules rigidly against
the bridge. ©Steel bracing welded between the modules maintain the required
spacing for the test section. The modules contain all the installation hard-
ware required to create three, five, or seven foot wide enclosed chambers.
Overall dimensions of the superstructure are: height = 19 feet, width = 8

feet, and length = 38 feet.
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Porous Walls (Figure 22):

Four porous walls, each eight feet long, ten feet high and seven inches
thick are set into slots at the base of steel trusses and bolted to truss
crossmembers at the top. Each wall contains thirty, one-foot-diameter holes
spaced on eighteen inch centers. Each hole is lined with sheet metal to pro-
vide a seven-inch-long sharp-edged orifice. The ratio of the geometric area
summation of all holes to the total wall frontal area (porosity) is .293. The
walls are of wooden construction incorporating 3/4 inch plywood sandwiched
over two-by-sixes to transmit loads vertically to pairs of 2%-inch angle iron
edges at the top and bottom. The angle iron transmits the forces horizontally
to the trusses and in turn to the bridge. Seven feet of porous wall extend be-
low and three feet above still water level., One row or orifices is above
S.W.L., one row has centers coincident with the S.W.L., and the remaining four

rows are uniformly spaced beneath the S.W.L.

Test Section:

| A 3.3 foot wide by ten foot high wall with the same thickness and porosity
as the porous walls is suspended between the two steel modules. Constructed
in a manner identicél to the porous walls, the resultant forces on the wall
are transmitted vertically by the sandwiched wood construction to horizontal
angle iron edges at the top and bottom. The angle iron is rigidly mounted to
3"X3"X16" inch sections of mild steel each with machined sections of steel
extending 12 inches from each end to form cantilever beams (Figure 23). A
two inch diameter steel cylinder is welded to the free end of each beam. The
cylinder is placed into receptacles on the steel superstructure which allow
free rotation while minimizing horizontal motion. The machined surfaces on
each beam are fitted with strain gages. Thus, the resultant force on the test

section is transmitted through upper and lower instrumented cantilevered beams
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of precise dimension. The test section is always placed at the sume

chamber width as the rigid porous walls. The dimension of the chamber is
sufficient to insure that the forces registercd on the test section are
representative of the maximum value which would occur for a chamber extending
the length of the bridge; i.e., end effects are not felt by the test section.
The calculated force cofresponds to an infinite crest length, and thus is

greater than the average wvalue that would occur on a long wall.

Chamber Bottom (Fig. 2Uu)

A solid removable bottom is provided for the chamber. The bottom is
divided intc sections of corresponding dimension to the three chamber widths
and may also be removed completely. The panels are of sandwiched wooden con-
struction incorporating %—inch plywood over 2 x 8's on twelve inch centers.
The bottoms are held in place on top of the lower steel truss I-beams by
welded studs. A diver can remove a section of bottom by removing nuts and
an angle iron retainer allowing the section to float to the surface. Due to
bottom thickness, the depth from S.W.L. to the bottom of the chamber is 6.4
feet while the corresponding distance to the bottom of the porous wall is
seven feet, The porosity of the chamber is calculated based on the 6.4 foot
‘chamber depth. The uniformity of hole locations also takes into account the

physical chamber depth of 6.h4 feet.

End Panels: 1

To provide reasonable economics the length of the prototype breakwater
is only sulficient to reasonably assure two-dimcnsional flow charactefistics
at the test section and preséure gages and thus the chamber must be solidly

closed at both ends. The end panels are of wooden 3/4" plywood sandwich



“4c

construction with the loads being carried by vertical 2 x 8's on two foot
centers to the top and bottom where the panels are bolted securely to plates
. welded to the steel truss I-beams on the superstructures. Each end panel
extends from seven feet below S.W.L. to three feet above S.W.L. and is
divided into three sections to allow end panels which are flush with the
front of the breakwater for each chamber width. Due to the extreme forces
created by wave runup the end panels nearest the bridge must be much stronger
than the others. The additional problem of wave runup propagsting along the
bridge, was not accounted for in the original analysis and failure of these
panels on two occasions resulted. The final configuration required doubled

2 x 8's on twelve inch centers sandwiched by sheets of 3/L4 inch plywood.

Miscellaneous:

Due to the eleven foot distance from the bridge railing to S.W.L. a
ladder and work platform were installed. The platform is three feet gbove
still water level and directly behind the test section. From the platform,
adjustments and inspection of the test section locator receptacles are
possible.

A 14 foot A-Frame (Fig. 25) built from 2%‘inch pipe is used in conjunction
with winches to provide a self-sufficient means of changing chamber widths.
The base of the frame fits into specified locations on adjoining pairs of
trusses. The vertex of the frame is thus centered over a porous panel. Using
one winch from the porous wall to the vertex and a second from the vertex to

the module cross-members on the bridge railing, any needed combination of

height and distance from the bridge is possible.

Sensor and Instrumentation Enclosures

Pressure Sensor Tripod in Front of Breakwater:

The sea state is monitored using pressure transducers. To allow
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measurement of the summation of incident and reflected waves over a wide
range of wave height the pressure transducers were placed five feet below
the still water level. The transducers were mounted seven feet nine inches
away from the nearest surface to avoid affecting the pressure records by the
jet velocity from the breakwater pores or wave runup. To aveid pressure
readings due to instrument motion it was necessary to build rigid mounting
devices.

Atripod constructed of 2.5 inch galvanized pipe is bolted to and extends
from the porous panel beside the test section (recall Figure 18). The trans-
ducer is housed within a machined, water-tight plug which, in turn, screws
into the vertex of the tripod. A 1/U inch inside diameter pipe extends
horizontally from the transducer diaphragm, through the plug and horizontally
away from the assembly for twelve inches, where it terminates in a 1/4 inch
ID., 90o elbow with the opening facing upward. The end result is a rigid,
water-tight pressure sensing device exposed to the vertical pressures existing
at a location seven feet nine inches in front of the porous wall and five feet
below S.W.L. Because it is attached directly to one of the porous walls, the
distance between the chamber and pressure measuring station is constant regard-
less of breakwater chamber width. One leg of the tripod is water-tight to
allow passage of wiring from the transducers to the surface without sealing

problems or danger of debris fouling in the wires.

Remote Pressure Sensor Tripod: (Figure 18)
In order to monitor the sea state at a control station beyond the
influence of the breakwater another transducer measures the pressure seven

feet nine inches out from the bridge, 150 feet east of the breakwater and
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five feet beneath S.W.L. The transducer mounting including the 1/L4 inch

pipe and 90o elbow extension are identical to those used in front of the
breakwater. 2.5 inch pipe is used to form a hook over the guard rail,

extends eighteen feet from the rail to the bottom of the bridge, where it
connects to a cable from a hook over the opposite guard rail. A turn-

buckle attached to the cable is used to place sufficient tension in the

cable to hold the pipe rigidly against the bridge. A horizontal 2.5 inch
pipe, containing the transducer, extends from a tee in the vertical member

to form a water-tight passage to allow wiring to be run from the transducer

to the roadway without exposure to debris or sealing problems. The horizontal

pipe is rigidly positioned by angle iron bracing.

Pressure Sensor Receptacle Inside Breakwater:

To monitor vertical pressure components within the chamber, a receptacle
was constructed of 2.5 inch galvanized pipe welded to a large flat base allow-
ing it to be placed on the floor of the chamber at the chamber centroid. The
transducer was fitted into a machined plug sealing the top of the pipe. From
the transducer diaphragm a 1/4 inch inside diameter plug extends to a point

five feet below the S.W.L.

Instrumentation Enclosure: (Figure 19)

The presence of a 50 mph freeway within three feet of a test set-up
presents a rather unique problem with regard to placement of power supplies,
amplifiers, and recording instrumentation near the weather. This problem is
circumvented by centering the breakwater over one of the bridge pontoon
access panels. Wiring from the various pressure and force sensors are

routed over the guard-rail and through the access panel into the bridge pontoon.
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Due to the common presence of a few inches of water within the pontoon,
scaffolding was erected to form a safe working platform. Extreme humidity
and condensation within the pontoon further required that a sealed box be
built on top of scaffolding to provide a controlled environment for the
various instruments. The box, constructed of plywood, contains the required
electrical outlets and is of sufficient size to enclose and protect all of
the instrumentation. The front cover of the box opens up to form a protec~
tive cover from road debris during data acquisiton, and is weather stripped
to provide a water-tight seal when closed. A U0 watt light remains on to

provide heat and eliminate moisture inside the box.

Instrumentation for Data Acquisition (Figure 26)

Force Sensors:

The resultant horizontal force on the porous walls of the breakwater
due to the differences between the pressures exerted on the inner and outer
surfaces are monitored by sets of strain gages affixed to cantilever beams
at the top and bottom of the test section. As shown in Fig. 27 a net force
toward the bridge causes the strain gages on the front of the beam to be in
compression while the gages on the back of the cantilevers are placed in
tension. The four gages form a bridge such that the change in resistance due
to the tension and compression on the strain gages result in a positive
voltage output for the net force toward the bridge. Similarly, a net force
away from the bridge results in a negative signal. The output, linear over
the entire range of interest, is the same for both beams and periodic
calibrations during the test have substantiated repeatability. The beams are
constructed of one by three inch 44,000 psi. hot rolled steel machined to

close tolerances in the region of the strain gages. The use of two-inch
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round cylinders at the end of each beam provides an accurate method of

maintaining precisely twelve inch long cantilever beams.

Pressure Sensors:

The resultent pressure fluctuations due to the incident and reflected
surface waves are measured five feet below the still water level by pressure
transducers. Three similar transducers are used, one each inside and in
front of the porous walled chamber and the other as a control station in
front of the solid bridge wall away from the influence of the breakwater.
Inside the breskwater the transducer was mounted vertically at the chamber
centroid. The others monitored pressure fluctuations at a 1/4" diameter,
upward facing circular opening 93 inches (seven feet nine inches) in front
of the porous wall of the breskwater and at the same distance in front of
the solid bridge wall.

Initially Viatran Model 218 transducers were incorporated to monitor
pressure fluctuations over zero to five psig. range. An integral amplifier
produced & five volt maximum output signal which eliminated the need for a
separate carrier amplifier. A 2/1 and 4/1 reduction in signal before sub-
mittal to the 1.4 volt maximum P.I. tape recorder allowed two ranges of
voltage yielding better resolution on low wind condition records. Un-
fortunately, the individually shielded six strand wiring, including a 28
volt supply and self-contained calibration circuit, between the transducer
and the instrumentation enclosure had sufficient capacitance that the two
hundred feet of wiring required for the remote gage resulted in occasional
erratic output signals.

To increase the output signal relisbility the Viatran unit with self-

contained amplifiers were replaced by Viatran PTB 101 transducers having a



L7

millivolt output signal with a 0-15 psi range. The transducer linearity
is within * 0.75% F.S., hysterisis less than 0.25%, and repeatability with-

in 0.1%.

Power Supply:

Electricity is supplied to the floating portion of the bridge from
the eastern shore to operate various functions including lights and the
drawspan mechanisms. The nearest outlets available for test instrumentation
are two hundred feet from the instrumentation enclosure and the same circuit
supplies a series of lights within the pontoon. The losses within the
wiring and the variation in circuit load creates a variation in voltage be-
yond the acceptable range of the test instrumentation. Therefore, a trans-
former and voltage regulator are placed into the supply line to provide a
constant 117 volts to the data acquisition instrumentation. The voltage
regulator is a Superior Electric Co. Stabiline 1 KVA. maximum unit which
produces 110-120 volts, 60 cycle, from an allowable input range of 95-135
volts, 60 cycle.

The associated transformer is a General Radio Variac Adjustable Trans-
former, Type 100, set to maintain 117 volts. Because of an initial 50 volt
ground variation, the incoming ground line is now common to all instruments

and metal structures.

Amplifier:

A six channel Honeywell carrier amplifier is used to amplify the milli-
volt strain gage and pressure transducer outputs from millivolts to a
maximum of 1.4 volts for input to the Precision Instrument (P.I.) tape

recorder. Each channel"
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incorporates variasble capacitance and resistance potentiometers which
allows zeroing of output signal for steady state input signals. Thus, the
millivolt output of the pressure transducers due to a still water depth of
five feet (2.6 psi) can be zeroed out allowing the entire amplified signal
to be pressure fluctuations due to wave action.

Each channel includes a step variable attenuation switch. Calibrations
made over the applicable range for each setting_allow full-scale output from
smaller input values and thus increase the resolution for lower windspeed
conditions. Voltage and milliampere gages are visually monitored to confirm
that transient, temperature-induced, zero shifts, within the amplifier during

warmup, have been removed prior to data recording.

Tape Recorder

Analog data are recorded onto one inch tape using a fourteen channel
Precision Instrument reel to reel recorder. All data are recorded at 3.75
inches/second using the associated factory installed carrier frequency and
observing the 1.4 volt maeximum peak input requirement to assure a linear

input/output relationship.

Oscilloscope:

On-line pressure and force fluctuation, are monitored with a Hewlett-
Packerd 1224 twin sweep oscilloscope. Real time monitoring is used to
assure that sensors are operational and that sensor output appears reasonable
and peak values are observed to establish the appropriate amplifier attenua-

tion setting.

Anemometer:
The nominal windspeed and direction are acquired from existing instru-

mentation on top of the bridge tower (Z approximately forty feet) a few
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hundred feet from the breakwater. A hand-held Dwyer anemometer is used
to supplement the wind speed data from the tower gage. The Dwyer model con-

sistently provides readings five mph lower than the tower gage.

Junction Box and Calibration Voltage:

A junction box, indine between the amplifier and the tape recorder,
contains a monitoring switch allowing selection of channels for oscilloscope
viewing. The junction box also provides an easy means of disconnecting the
amplifier output and signal to allow a constant 1.35 volt calibration signal
to be put onto the tape prior to each data record. The calibration voltage
is supplied by mercury cells which provide a constant 1.35 volts until the

onset of rapid and noticeable deterioration, when a new cell is installed.

Data Reduction Instrumentation (Figure 28)

Ampex Tape Recorder

For convenience the P.I. recorder remains on the bridge and a fourteen
channel Ampex recorder is used for analog playback. Originally, the two
machines operated at different carrier frequencies (for the same tape speed).
The Ampex was modified to make the units compatible. The resulting con-
figuration allows the analog tape to be recorded and played back at 3.75
inches/second (Using the Ampex carrier frequency corresponding to the
factory installed frequency for 1~T7/8 inches/second). The ordering of
channels was opposite on the two machines (P.I. channel 1 = Ampex channel
14; 2 = 13; etc.). For convenience, the arbitrary factory numbering of
channels on the Ampex is reversed to allow data, originally recorded on
channel one, for example, to be referred to as channel 1 data throughout the

reduction and analysis.
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Low Pass Filters:

High frequency noise is eliminated from the signals of interest by
low pass filters. Analog force data passes through a one Hz filter which
begins to effect the data at .8 Hz. Analog pressure data, containing
pertinent information at frequencies to 1.5 Hz, is passed through a 2.5 Hz

filter.

Systron Donner:

The analog data both filtered and unfiltered is digitized on a
Systron Donner recorder/digitizer. The analog data is scanned at equal
time intervals to produce a discrete value for each channel at each time
increment. The sampling rate being used throughout the data reduction is
.328 second (sample frequency resolution .0030 cycles/second). The Systron
Donner unit digitizes data into records of 512 points each. The records are
taken in pairs of 512 point records immediately adjoining one another on the
analog tape. Digital values are automatically coded cnto magnetic computer

tape compatible with the CDC 6L0O.

€DC 6L00:
Digitized data is processed on the CDC 6L00 digital computer at the

University of Washington.

Cal-Comp Plotter
Final spectral plots, such as the figures shown in the appendices are

machine plotted using a Cal-Comp plotter.

Installation Technigue

Modular components of the porous wall breakwater were assembled on

the Oceanography Dock at the University of Washington (Figure 29).
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Following assembly the 2730 pound units were crane-lifted onto a barge

in the Lake Washington Ship Canal. The barge was towed to the south side

of the Evergreen Point Bridge where a crane, operated from the roadway, hung
the units onto a bridge guard railing. Cabies, attached to the bottom of
each module, were connected through turn-buckles to hooks over the bridge
railing on the north side of the pontoons. Sufficient tension was put into
the cables to assure a rigid attachment. A similar installation technique

was employed to mount the remote pressure transducer station.

Calibration Technigues

Strain Gages:

Prior to installation of the pairs of cantilever beams on the test
section, the linearity of the strain gage bridge output with applied force
was determined on:a calibrated press at ore Hall, University of Washington.
The outer ends of the beams were grounded and the load applied on the rigid
3x3x16 inch center section, as shown in Figures 30 and 31. The beams,
deflected in both directions, demonstrated repeatability within 0.6% for
range 0-3000 pounds with a maximum non-linearity of less than 1% (maximum
0.9% at 1200 pounds). The output for both pairs of beams was virtually
identical with scatter for both being within the same 0.6% bandwidth.

The stiffness of the 3x3x16 inch sections from which the cantilevers
extend was assessed by comparing the result of point loading at the center
and distribufing the load over the 3x16 inch surface. The maximum calibrated
output difference corresponded to 12 pounds in 3000 (0.4%). The increase in
stiffness due to the method of attachment to the test section assures that

the beams are truly cantilevers.
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Force Sensors:

Following attachment of the cantilever beams to the test section,
the entire assembly was installed into the receptacles provided between the
two rigid breakwater modules. Periodically, on calm days, a hydraulic ram
includingg calibrated pressure gauge, is placed between the bridge and the
test panel. With known pressures applied the amplifier output voltage can
be calibrated for various amplifier attenuation settings. Typical calibra-

tion curves are shown in Figures 32 and 33.

Pressure Transducer Calibration:

Pressure transducers were originally calibrated by recording the
amplifier outputs for various elevations of a water column within a clear
plastic hose (0 - 12 feet). Following installation into the fixed
receptacles, five feet below still water level, the amplifier was set to
produce zero output at the five foot depth. Plastic tubing connected to
the transducer inlet allows static water columns above SWL to be used to
calibrate the transducer outputs for various amplifier attenuation settings.
Periodically this technique is used to check transducer and amplifier output.
The linearity, originally demonstrated out of the water, is assumed to exist
for the distances between the gauge and still water level. The approximate
linearity is finally verified by removing the transducers from the fixed
receptacles and calibrating the amplifier output as a function transducer
distance below still water level in one foot increments from zero to eleven
feet below S.W.L. Calibration curves are shown as Figures 3L4-36, for each

of the transducers.
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Tape input/output calibration:

Prior to each data record the amplifier input to the tape recorder is
momentarily replaced by a constant 1.35 volt calibration signal from a
mercury cell. Inserted for each channel, the plus and minus signal pro-
vides the known input needed to calibrate the voltage output of the tape

playback.
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TEST PROCEDURES, DATA ACQUISITION AND PROCESSING

Test Reguirements

To adequately establish the performance of the porous walled breakwater
subjected to random wind conditions a range of data is required for reason-
ably steady wind conditions between eight and at least thirty-five m.p.h.

At each wind condition the assessment of performance requires an analog
record of force and pressure fluctuations for at least twenty minutes.
During the twenty minute record the wind produced wave system should

neither be building, declining nor changing direction. For a given break-
water configuration, a data set is complete when records meeting the above
criteria are acquired for windspeed increments of approximately five m.p.h.
Complete data sets are acquired for four breakwater configurations; five and

seven foot chamber widths each with and without a solid chamber bottom.

Data Acquisition

Prior to each record all equipment is warmed up for a period sufficient
to remove temperature induced signal transients. During this period the
windspeed and direction must remain substantially constant.

The t 1.35 volt calibration signal is recorded onto the analog tape and
the oscilloscope monitored to check that the pressure and force output
signals are reasonable and that the choice of amplifer attenuations produces
a peak output less than 1.4 volts. The attenuation and wind conditions are
logged and a minimum twenty minute record is recorded. The record is
aborted if the average wind increases, decreases or changes direction

noticeably or if an extraneous signal is monitored on the oscilloscope;
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i.e., saturated transducer output, amplifier mean voltage shift, or the

superposition of boat-created waves.

Data Processing

The analog data tapes containing continuous wave (pressure) and force
records are processed at the University of Washington. The procedure is
shown schematically in Figures 37 and 38.

Segments of the twenty to sixty minute analog pressure and force
records are converted to digital records containing 1024 discrete values
taken at equal (0.328 second) time increments resulting in a Nyquist
frequency of 1.52 Hz. Each digital record represents 5.6 minutes of analog
data satisfying the criteria that the total incident energy at the chamber
equals that at the solid wall (remote station) 150 feet away. Analog tapes
are played back on an Ampex recorder. The channel assignments of raw data

are always:

Channel # Sensor
1 top force gages
2 bottom force gages
3 pressure transducer away from the

influence of the breakwater (or
remote transducer)

L pressure transducer in front of porous
wall (near transducer)

5 Pressure transducer inside of chamber

The * 1.35 volt calibration signals recorded on the P.I. before each
data record is played back on the Ampex and on an ouput /input calibrétion

factor is acquired for each channel; individually.
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The output of the Ampex is branched for each channel. One branch
is directly input to the digitizer, the other branch‘goes through a low
pass filter and then into the digitizer. Thus, the digitizer receives ten
channels of input; 1-5 being raw analog data and 6-10 the corresponding
filtered analog data.

The filters are incorporated to eliminate noise which occurs at
frequencies above the Nyquist frequency (1.52 cycles/sec) and thus prevent
possible aliasing problems in the final spectral analysis. Care is taken
to avoid filtering data which are part of the phenomena being investigated.
Originally both one Hz. and 2.5 Hz. low pass filters were applied to the
early data. The resulting force data were identical indicating that all
pertinent data occurs at frequencies less than one Hz and hence the use of
a one Hz filter assured the eliminationof extraneous signals without a loss
of real information. The response function of the filter starts to drop off
at 0.8 Hz. Comparison of filtered and low noise unfiltered data also
indicates no significant error in force data using the one Hz. filter. Pres-
sure transducer data, on the other hand, indicate a significant amount of
energy existing at frequencies up to 1.5 Hz. For each of the pressure
channels the highfrequency equipment noise is removed without loss of
- desired data by incorporating a 2.5 Hz. filter.

The five unfiltered and five filtered channels of data are input to the
Systron Donner digitizer. The analog data is scanned to produce a discrete
value for each channel at equal time increments. The sampling rate used
throughout the data reduction is .328 sec. The Systron Donner digitizes
data into records of 512 points each. For most of the data reduction,
adjoining pairs of these records are used to create digital records of

102k (210) data points. The digital values are automatically recorded onto
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magnetic computer tape compatible with the CDC 6400.

Thus, segments of analog data records twenty to sixty minutes in
length are converted into digital records each corresponding to approximately
5.6 minutes (1024 points x .328 seconds/point) of the original record.
Comparison of the different digitized data lengths for the same data record
demonstrates that 1024 points provide sufficient duration to validate the
assumption that the total incident energy at the two pressure stations (150
feet apart) is the same. The relative lengths of the digitized and analog
records allow the reduction of at least three digitized records from each
analog case. Eventual comparison of the analyzed data at the beginning and
end of an analog record provides g check on the stationarity of the process.

The sampling rate and the use of low pass filters are sufficient to
assure that the energy belonging to sinusoids calculated to pass through
these equally spaced points will not belong to a high frequency wave being
assigned to a lower frequency (its alias).

The second step in data processing involves the conversion of the
digital tape to punched computer cards containing 10 digital values per card.
A Fortran program (HOOD5, undocumented) is used on the CDC 6400 computer to
make the conversion and calculate maximum, minimum and mean raw values for
each channel. The program printout lists the complete raw digital data and
the maximum, minum and mean values. Perusal of the printout allows
recognition of incomplete or erroneous data (the Systron Donner is subject
to occasional saturation which appears on the raw data printout as groups
of a constant value).

The Systron Donner digitizes groups of 512 data points, with a lag of

.6L0 seconds between records, a continuous 1024 point record is synthesized
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by averaging the last value in one 512 point record with the first value
on the 512 point record immediately following it. The average value is
punched on the card as a 513th point and the two records are placed to-
gether and input as one continuous record containing 1025 points for the

remainder of the data analysis.

Spectral Analysis

Digitized records which appear to be complete and correct are re-
submitted to the CDC 6400 in puched card form. Though bulky, the inter-
mediate step of card production allows analysis of any record or individual
channel merely by selective stacking of groups of cards. The data is
reduced using the lag product method of spectral analysis. The computer
program used is the Numerical Spectral Analysis Program (NSAP). The pro-
cedure is basically that given by Jenkins and Watts (21).

The original digital data is first shifted to a zero mean value. The
P.I./Ampex correction factor to account for any amplitude differences between
the originally recorded data and the playback values, and the scale calibra-
tion factors for the sensors based on the slope of the linear feet of water
vs. millivolt or pounds of force vs. millivolt curves are combined to give a
. final scale factor for use on the data. The calibration is applied to the
zero mean raw data and a listing of discrete calibrated data points is
printed out along with the associated calculated maximum, minimum and mean
values, as well as the variance.

A numerical DC filter subroutine is applied to the data to eliminate
erroneous energy contributions introduced during the initial data recording

by slight, temperature induced, amplifier and transducer transients. These

transients occurred over a period of minutes and would be interpreted during

spectral analysis as an apparent DC shift in the data.
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The autovariance function for the first 57 lags of 1024 data points
is calculated, listed, and plotted. The variance of zero lag product value
is listed. A factor of two is introduced into the program so that the
variance, proportional to the total energy per unit horizontal area at the
sensor for the period of the record, automatically becomes the mean-square
of differences of all possible pairs of values.

The Tukey window is applied to the autocovariance function and the
A.C.V.F. is transformed. Smoothed spectral estimates are then calculated
and plotted for 20, 40, 50, 60 and 80 lags. For each case the variance
(area) and peak spectral ordinate value and frequency are tabulated.
Histograms for ten divisions of data points are also calcul@ted and pre-
sented for each record.

Careful perusal of the spectral estimate plots allows the selection of
the number of lags required to minimize both the bias and the instability.
The smoothed spectral estimate plot for the minimum bias and instability,
typically 50 lags, was then placed on magnetic tape for use to create final
Cal-comp plots. For convenience and uniformity in presentation the
ordinates on Cal-Comp plots are non-dimensionalized (normalized) by the
variance creating a plot with unit area under the curve. The plot scales
are held constant for all plots and thus allow easy overlay of curves. The
ordinate has a range of normalized smoothed spectral estimate values from O
to 9.6 while the abscissa includes frequencies from zero to 1.5 cycles/sec. ,

approximately the Nyquist frequency.



CHAPTER V
ANALYSIS

The premise upon which the full scale test was based assumes the
following:

1) Virtually no energy is transmitted to the lee side of
the bridge. Therefore, the incident wave energy must
be either reflected by the bridge 6r dissipated (converted
to a non-conservative form of energy).

2) Linear wave theory can be used to relate energy to wave
height and sub-surface pressures.

3) Time histories of the summations of incident and reflected
random wave heights, taken simultaneously in fromt of the
breakwater and at a station away from the influence of the
breakwater, can be analyzed using spectral analysis to
yield the average total energy at the two locations.

4) Over a period of minutes the average incident energy is
the same at the two locations.

5) Therefore, differences between the calculated average
total energy at the two stations are due to differences
in the average reflected wave energy. This difference
must be caused by energy dissipation at the breakwater.

To conveniently relate the amount of dissipation occuring for
different wave conditions and breakwater configurations, the term
attenuation was introduced. Attenuation proports to ratio the energy
dissipated by the chamber to the sum of the incident and reflected

energy in front of the solid bridge pontoon (remote station). Incorporating
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spectral analysis (equations 26-32) the attenuation is given by the
difference in variance at the two locations divided by the variance at
the remote station, Attn = 1 - GZBW/O o

The vertical wall of the bridge pontoon (remote station) is nearly
a perfect reflector below windspeeds causing wave breaking and overtopping.
Thus, the denominator in the attenuation should represent almost twice
the incident wave energy. Under these conditions, the expected range
of values for attenuation is between 0 (no energy dissipation) and .5
(total dissipation of incident energy, no reflection). Early in the
course of data reduction attenuation values beyond the expected range
appeared. Immediately suspecting a calibration error, the instrumentation
was recalibrated and program calibration inputs checked. Finding no
discrepancies, but still suspecting a measurement error, the transducers
and amplifiers were changed completely. New data continued to produce
unexpected attenuation values. The use of sub-surface pressure transducers
to monitor surface fluctuations was examined as a source of error.
Higher order pressure terms, not accounted for by the small amplitude
analysis, were shown to be too small to contribute the amount of discrepancy
being observed. The influence of the jets (exiting the breakwater pores)
on the pressure readings was demonstrated to produce less than a one
percent error in calculated energy. Consultation with other reséarchers
in the fieid failed to provide a plausible solution.

Having reasonably established the validity of the data records it
is necessary to assume that either the attenuation values being observed

are real, or there is an error in the assumptions, or an error in the

method used to reduce the data to acquire the attenuation. Negative
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attenuation values are calculated from some data records suggesting
that there is more energy in front of the breakwater than at the remote
location. Negative attenuations are calculated at windspeeds below
that required for wave breaking or overtopping, suggesting the creation
of energy by the chamber. This creation being physically impossible
allows one to safely assume that attenuation, as calculated, does not
represent the desired ratio of energies as defined in equation 32.

The inconsistency is introduced by the assumption that the average
energy calculated from spectral analysis of the time history of the sum
of the incident and reflected wave heights is the same as the sum of
the average energies calculated for the incident and reflected waves
individually. At this time, the author cannot quantitatively evaluate
the extent of this difference and therefore cannot calculate the amount
of energy dissipated by the breakwater as originally intended.

The following sections enumerate the subtle error in the original
assumptions and demonstrate, as presently understood, the complex nature
of the difference between attenuation and the actual energy dissipation.
Methods which may serve to relate the two quantities are suggested but
not presently pursued. The attenuation is recorded for the various
wind/wave conditions and chamber configurations in the appendices in
hope that the author or another investigator will relate the quantity
to actual energy dissipation at a future date. Fortunately, other

objectives of the investigation are independent of this problem.

Evaluation of the Attenuation of a Monochromatic Wave Using Wave
Envelope Traverses

An initial appreciation for the problem of evaluating the energy
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can be obtained by examining a monochromatic incident wave and the associated
monochromatics reflected wave. The incident wave surface can be represented

by

ni = ai sin(kx - ot + ei) 39

and the reflected wave surface can be represented by

n. = a. sin(kx + ot + er) 40

Richey and Sollitt (16, p. 41-45) demonstrate that the incident and
reflected wave height, Hi and Hr’ can be obtained directly for
superimposed monochromatic waves by traversing the envelope of the resulting
standing wave. Linear wave theory relates the energy to the square of
the wave height and therefore, for this case the reduction in energy
during reflection is

2

- = Yl -
Ey Er 8(Hi Hr) 41

To calculate the attenuation for the above case, the wave character-
istics in front of the breakwater and in front of a vertical solid
reflecting barrier must be known. Throughout the present investigation
the transmitted wave energy 1s virtually zero. Also, the breakwater
responds as a linear resonator only acting upon the phase and amplitude
of a wave and not affecting the frequency during reflection. Thus,

incident and reflected wave heights for a monochromatic wave system can be
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obtained by traversing the standing wave in front of the breakwater

to give H, and H . Similarly, the wave heights in front of the
“BW TBW

solid barrier can be obtained and designated H, and Hr . The

[=-] ©o

i

calculation of attenuation requires that the average incident conditions

at both locations be the same; thus, H = H, =H,.
i i i
BW ®
I -%
Attenuation = —fL:;—lﬂi 42
E
0
From equation 9, E = X(H% + H2 ) and E.. = X(H? + H2 ). Therefore
© 841 by BW 81 T
o BW
Hi - Hi
Attenuation = zw ZBW 43
H, + H
i T
o =]
H
“Bw
Recalling the reflection coefficient, R = T in front of the
i
breakwater and defining the reflection coefficient at the solid wall
as S, where
H
roo
S = — 44
Hi
and substituting R and S into the attenuation, yields
2 2
Attenuation = EL—;:¥5§ 45
1+ S8

The solid wall is nearly a perfect reflector until wave breaking occurs.

Assuming a perfect reflector, Hr = Hi or S =1, Therefore, for the
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approximation of perfect reflection at the solid wall for monochromatic
waves
1 - R2

Attenuation = — 46

The range of values expected for attenuation under these conditions
is between zero, when no dissipation occurs at the breakwater, and .5

when all the incident energy is dissipated by the chamber.

Evaluation of the Attenuation of a Monochromatic Wave Monitored at a
Fixed Location

For comparison, the same monochromatic wave system analyzed in the
last section will be re-evaluated with the constraint that data must be
acquired at a fixed location. As in equation 39, the incident wave

surface is represented by

n = a; sin(kx - ot + ei)

For convenience, the fixed measuring station is established so that the

initial phase angle, ei = 0. Therefore,

n = a; sin(kx - ot) 47
The reflected wave surface is
= i + ot +
n. = a sin (kx ot er) 48

where Gr is, for this case, the phase angle between the incident and
reflected wave and is equivalent to o1 where 71 1is the time lag. Thus,

by superposition, the resulting surface is
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= + = -
n n n.=ay sin(kx - ot) + a sin(kx + ot + er) 49

-sin ot; therefore

]

sin - ot

np = ES?i + a_ cos er) sin kx + a_ sin er cos kxl’cos ot 50
—_—
A(x)
+ [(~a, +a_cos 0 ) cos kx -~ a_ sin 6_ sin kx] sin ot
w 1 T T T T ;
—
B(x)

Ippen (23, p. 58) points out that this is not a progressive wave and

that the average potential energy per unit surface area is a function

of x.
PEG) = TIA% (o) + B2 ()]
= J:{[(a +a cos 0 ) sin kx + a_ sin 9 _ cos kx]2 51
4‘& i r r r r
. 2
+ [(—ai + ar cos er) cos kx - a_ sin Gr sin kx]7}
expanding
= _ X2 502 2 2 2 .2
PE(x) 4[ai sin” kx + 2aiar cos er sin” kx + a_ cos Sr sin” kx

+ 2a.,a sin kx sin 6 _ cos kx + 2a2 cos & sin kx sin 6_ cos kx
ir r r r r

+ a2 sin2 ) cos2 kx + ai cos2 kx + ai cos2 Gr cos2 kx

2 . .
- 2a.a cos B8 cos kx + 2a.a cos kx sin 6 _ sin kx
T T ir r

2a

H N B

cos 8 sin & sin kx cos kx + a2 sin2 ¢ sinzkx]
T T T T

52
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combining terms and making use of trigonometric identities the time

average potential energy per unit surface area at x becomes

PE(x) =

i
I
~~
()
+
o
1
N
[
o

. cos(er + 2kx))

PE(x)

i
r—*r-<
o

7~~~
e
N
+
j=of

- 0
ZHiHr cos ( . + 2kx))

The average total energy density at x, being twice the sum of the

constituent potential energies, is

= _ Yq2 2
E(x) = 8(Hi +H_ - 2HH cos(6_ + 2kx))
It is noted that if the time average potential energy density

at x, equation 53, is integrated over x for one wave period and

averaged,

L
== _ Y 2 2 _
PE = Tor of (Hi + Hr 2HiHr cos(er + 2kx))dx

the resulting average potential energy is

= Y_ (2 2
E 16(Hi + Hr)

and the associated average total, being twice the sum of the components

by linear wave theory, equals

Y (132 2
= +
E S(Hi Hr)

53

54

55

56

57
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It is this result that was assumed throughout the development of the
theory. Thus, if the wave system is traversed, as done in the laboratory
studies, the assessment of the average energy is directly proportional

to the sum of the squares of the wave heights which are easily obtained
from traverse data by equation 14.

The effect of a fixed measuring location on the calculated average
energy of a monochromatic wave system in front of the solid bridge wall
can be calculated from examination of equation 54. By setting x =0
at the measuring station the energy varies as the cosine of the phase
angle between the incident and reflected wave, which, in turn, is a
function of the ratio between the wave length and twice the distance,

D, to the barrier. Ippen (23, p. 49) points out that though an imperfect
reflection can be represented by the superposition of a standing wave

and a progressive wave, the resulting surface is itself a "standing wave"
because the resulting wave envelope is stationary. Thus, the average
total energy per unit surface area monitored at a fixed point is a
function of not only the incident and reflected wave heights, but also
the location of the measuring station and the phase angle between the
incident and reflected wave. Small amplitude wave theory can be
incorporated to define the time required for an incident wave fo travel
from the fixed measuring location, be reflected at the solid wall, and
return to the measuring station as a reflected wave. By setting x = 0
at the measuring station, the phase angle becomes that which is required
by the wave of frequency o= %E =¢§%§l to travel a distance 2D. Thus,

at a given measuring station, each wave frequency jroduces a constant

phase relationship between the incident wave and that reflected from a
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solid barrier.

The phase relationship between the incident wave and that reflected

from a porous walled breakwater is complicated by the fact that a portion

of the wave is reflected at the porous wall and the remainder is operated

on by the chamber, resulting in a different phase angle.

Attenuation can be calculated from the surface fluctuations at the

same distance in front of a solid wall and a perous walled breakwater.

From equation 32 attenuation equals the difference in the average total

energies at the two locations divided by the average total energy at

the

the

and

the

solid wall.

Substituting the energy from equation 54 using subscripts © at
station in front of the solid wall, and BW in front of the breakwater,
requiring that the incident wave be the same at the two locations,

attenuation (ATTN) becomes

o BW Yl 2
= = - + -_ +
ATTN B {8[Hi Hr°° 2HiHroo cos(erco 2kx) ]
- %{Hi + Hi - 2H.H_ cos(6  + 2kx) ]} /{-g[Hi 58
BW e\ BW
+ H2 - 2H.H cos(® + 2kx)]}
r_ i'r T,
2 2
H - H - 2H,[H_ cos(®_ + 2kx) - H cos (6 + 2kx)]
r r ir r r r
d BW et BW BW
ATTN 5 2
H, + H - 2H,H <cos(8 + 2kx)
H H
"B TBwW
again employing the reflection coefficient, R = i il , 1in front
i i
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Hruo
of the breakwater and S =g for the reflection coefficient at the
i

solid wall the attenuation becomes

82 - R2 + 2R cos(er + 2kx) - 28 cos(er + 2kx)

BW o 60
1+ 82 + 2S5 cos(G; + 2kx)

(e

ATTIN =

Comparison of equation 60 with 45 demonstrates that the value of the
attenuation can be different if the surface fluctuations are monitored
at a fixed point rather than obtained by the wave height traverses of

the wave envelope.

Random Waves

Random waves can be represented by the summation of a series of
sinusoidal waves each with their own amplitude, frequency, and initial
phase angle. In front of a solid wall an incident and reflected wave
exists for each frequency. Thus, by superposition, the resulting surface
is,

. = + = 1 -
Np ny n, §(aij 81n(ij cjt + eij)) 61

+ z(a sin(k,x+o.t +6 .))
j r, i j T
3 3
At each frequency the contribution to the average energy at a fixed unit
surface area could be described by equation 54 except for the further
constraint that in a random system the incident phase angle cannot be

set to zero. Thus, the attenuation calculated from the random fluctuation
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The analysis demonstrates that the resulting energy spectra are influenced
not only by the incident and reflected amplitudes but also a function

of the cosine of the frequency and time delay. The analysis provides

a method of separating the incident and reflected spectra. The similarity
between this result and that found for equation 54 suggests that the
transformations required for Cepstrum Analysis may provide a clearer

interpretation of the present experimental data.

Case Example and Attenuation Interpretation

On February 27, 1972 (Run Number 3, 53, g, shown as the last run
in Appendix I) a data record was acquired for 35-40 mph winds gusting
to 50 mph out of the SSW. The chamber with a solid bottom had a width
of seven feet. During the 20 minute record, an observer stood on the
working platform, three feet above the still water level. During the
same period the water level within the chamber was never greater
than three feet above S.W.L. The record log during this observation
stated, "the chamber is obviously functioning very well for this wind
condition. Waves are passing well overhead on both sides of the chamber
along the bridge and yet none of the incident waves are going over the
three foot high breakwater porous wall. Another effect which is definitely
clear is that the breakwater would completely eliminate the wave runup
onto the roadway for this wave condition. There is still a significant
amount of wind-blown spray but no wave overtopping.'" Following digitizing
and spectral analysis of this wave record, the attenuation was shown
as minus 10.7%. The initial impression from such a result would be

that the chamber created rather than attenuated energy. Even aside
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from the observed situation, a linear damped oscillator is incapable

of altering the frequency of waves impending upon it. Therefore, another
explanation is necessary. Careful analysis shows that the term involving
the product of the reflected and incident wave heights is an expression
which, if the two terms are well correlated, results in a very strong
positive or negative influence upon the attenuation. Therefore, the
attenuation cannot be used as calculated to judge the performance of

the breakwater. It is important to note that the peak frequency occurring
in front of the breakwater and at the remote = station were the same
for the record under investigation. We can thus conclude that the
chamber was operating at its natural frequency and that the actual
conversion by the chamber to non-conservative energy was nearly a maximum
as indicated by model tests and as observed during the record. The
corresponding model results demonstrated an 80% reduction in incident
energy for the condition scaling to the record in question. Thus, the
difference between the 10% increase in wave energy during reflection
shown by the attenuation and the 80% reduction in wave energy in the
laboratory are due, at least partially, to this product term. It is
therefore necessary to use the random wave data to establish and sub-
stantiate the model frequencies for the various conditions. At the

same time the frequencies of interest at the test site can be established.
Therefore, the efficiency of any given full-scale breakwater condition
cannot presently be quantified except by linking it back to the equivalent

model data.

Selection of Nyquist Frequency

Figure 39 is a representative spectral plot chosen from Appendix II.
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of the surface at a fixed point involves not only the Fourier components
of the incident and reflected wave heights but also terms due to the
product of the incident and reflected waves and the associated random
phase angles.

The recorded signal is only nT(t). Fourier analysis of this signal
provides component wave heights and phase angles as though ny were a

single series of sinusoidal waves. Spectral analysis computes a variance

for the series of sinusoidal waves so that the variance is the average

N

sum of the squares of each component amplitude (02 = § a?) and the

average energy is 702. The fact that Np includes both incident and
reflected components each including the summation of a series of sinusoids
with random phase angles may well mean that analysis of the Nop signal
results in a different calculated average energy than the sum of the
energies calculated for ny and n_ individually, if they could be
obtained.

The introduction of extraneous terms or the elimination of existing

ones is even more likely during spectral analysis of the in front

N
of the breakwater due to the additional phase relationship introduced
between the random incident and reflected wave components by the
fluctuation of the chamber.

At this place in time the author can only express caution that the
variance calculated from the surface fluctuations of superimposed random

incident and reflected waves does not directly relate the average total

energy of the wave system.

Alternatives

The present study does not resolve the apparent discrepancy between
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the average total energy and that calculated from the variance obtained
from spectral analysis of the surface fluctuations at a fixed location.
Though they are not pursued at this time, two alternative methods of
data analysis show promise as a means to separate the incident and
reflected wave energy.

(26) presents a method of

A recent paper by Thornton and Calhoun
separating the incident and reflected wave energy spectra using in-line
pressure transducefs. To obtain the required records, in the present
experiment, two additional transducers were mounted five feet further
away from the porous wall and the solid wall. Thus, for the final few
data records, pressure fluctuations at a constant depth were obtained
at two distances in front of the breakwater and at a matching set of
distances in front of the solid pontoon wall. At this time, only a
sample data reduction has been accomplished. The results show promise.
Due to the limited length of the prototype breakwater, diffraction from
beyond the chamber could be affecting the surface fluctuation at the
gage furthest in front of the breakwater.

It should be noted that if this process works it will only separate
incident and reflected spectra for that portion of the investigation
using the extra transducers. It is possible, however, that the under-
standing acquired for those records could provide a basis for better
evaluating the remainder of the data.

A second method of evaluating the data could be adapted from an
extension of spectral analysis originated by Tukey called Power Cepstrum
(27). Though intended for an entirely different subject, it assumes

a model where the monitored signal is the sum of an incident random

process and an attenuated reflected process with a time delay.
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The plot presents a distribution for a five foot chamber with a solid
bottom exposed to a 20-25 mph wind/wave condition. The remote spectra
shows a peak frequéncy at approximately .4Hz and a distinct secondary
peak at .75Hz. If the Nyquist frequency was chosen incorrectly for the
data, i.e., too low, the secondary peak could represent data folded

to .75Hz from a frequency above the Hyquist frequency. Figure 39 was
obtained from a digital record of 1024 points at equal .328 second
intervals; resulting in a 1.52Hz Nyquist frequency. Thus, the secondary
peak could represent data that should be assigned to 2.29Hz (1.52 +
(1.52 - .75)).

Figure 40 is the spectra for the same breakwater geometry exposed
to a 35 mph wind/wave condition. Notice that both the primary and
secondary peaks are shifted to a lower frequency. If aliasing had
occured the second peak would have shifted toward the Nyquist frequency.
Therefore, it is concluded that the aliasing is not a problem and the

Nyquist frequency was properly chosen for the data processing.



CHAPTER VI
RESULTS

Scope

The data, taken simultaneously at a fixed location in front of a
porous walled breakwater and at a remote station away from the influence
of the breakwater, for a matrix of wind conditions and chamber configur-
ations is reduced, using spectral analysis and the resulting spectral
plots and calculations are presented. The eautions detailed in the
analysis are incorporated and care is taken to interpret the spectra
and attenuation results in a manner which separates definite results
from less distinct interpretations. The original objective of energy
evaluation is not met as quantitatively as would have been possible
. with a complete separation of the incident and reflected wave components
and an assessment of the effects of the chamber on the "effective"
distance to the fixed measuring stations. The analyzed data do provide a
positive link between the monochromatic wave model studies and the
full-scale random wave investigation. In particular, the porous walled
breakwater is frequency selective when exposed to wind generated waves;
and the natural frequency corresponds to that of a linear damped oscillator
as linearly scaled from dimensional analysis of the model studies. The

maximum resultant forces exerted on the porous wall are also presented.

Reduction of Wave Runup

The guard rail on the Evergreen Point Bridge is eleven feet above
the still water level. Wind conditions in excess of 35 mph produce waves

with sufficient energy to runup and overtop the guard rail, wureating
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a potential hazard to traffic on the bridge (figures 41 and 42).

When the same waves impact the porous wall of the breakwater much of

the energy goes into turbulent jets passing through the wall into the
chamber. For extreme conditions, i.e., winds greater than 40-45 mph,
waves overtop the three foot high porous wall and break into the chamber.
For the highest observed windspeed of 45 mph, gusting to 55, the maximum
wave runup on the back wall of the chamber was four feet and the chamber
pumped completely full only once during the forty-five minute observation
period. The wind-carried spray from breaking waves a distance from the
bridge, is also diminished slightly due to the decrease in reflected
wave height.

It can be safely concluded that the application of a resonating
chamber with a porous wall five to seven feet in front of the pontoon
and extending three feet above S.W.L. would completely eliminate wave
runup onto the roadway of the Evergreen Point Floating Bridge. With
proper scaling comparable runup reductions could be incorporated into

other deep water structures.

Frequency Selective Device

Laboratory studies (16) demonstrated that the porous walled breakwater
behaves as a linear damped oscillator when exposed to monochromatic waves.
As resonators the models dissipated a maximum energy near the natural
frequency of the chamber. Theory demonstrates that the natural frequency
can be adjusted by varying the chamber width. In particular, the ratio
of the resonant frequencies for breakwater configurations of varying
widths equals the square root of the chamber width. One of the major

objectives of full-scale investigation was to determine the breakwater
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response to random wind generated waves. The full-scale breakwater is
shown in operation in figure 43.

Figure 44 demonstrates that the full-scale breakwater is frequency
selective when subjected to random waves, If the chamber were not
frequency selective the peak frequencies at the two stations over the
record periods of approximately six minutes should approximate a one to
one correspondence at all wind speeds. As indicated in the figure, the
peak frequency in front of the chamber tends toward a central frequency.
The location where a line passing through the data crosses the one to
one coreespondence is the "érossover" frequency. The shift in the
"crossover' frequency for the two chamber widths is seen to correspond
with the square root of the chamber width; a response predicted by theory
for the natural frequency of a linear resonator. The value of the
crossover frequency for each chamber width corresponds to the theoretical
natural frequency for a linear resonator. The crossover frequency of
the five and seven foot, solid bottom, chambers correspond to the peak
frequency of incident waves produced by 15-20 and 25-35 mph wind conditions,
respectively. The expected crossover frequency for a chamber width of
three feet would occur for windspeeds of 10-15 mph. The association
of maximum energy dissipation with the natural frequency from laboratory
tests and the correspondence of the natural and crossover frequencies
were sufficient information to eliminate testing of the three foot chamber
width. That is, no matter how effective a three foot chamber is at
reducing waves in the 10-15 mph range, if the dominant incident energy
at the test site occurs for 25-30 mph winds, a seven foot chamber width

would provide a better tuned chamber. The peak frequency inside the
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chamber is shown in figures 45 and 46.

Effect of Removing the Chamber Bottom

The removal of the bottom from the breakwater chamber results in
a shift of the crossover frequency to a lower value (figure 47). Removing
the bottom from a five foot wide chamber produced a crossover frequency
shift from .43 cycle/second to approximately .39 cycles/second, which
corresponds to a change from matching the peak incident wave frequency
produced by a 20 mph wind to that produced by a 25 mph wind. Theory
dictates that the resonant frequency is inversely proportional to the
chamber depth. Therefore, removing the bottom results in an apparent

decrease in chamber depth.

Forcess Magnitude and Frequency

The virtual elimination of wave runup by the porous walled chamber
greatly reduces the forces exerted on the solid vertical wall (existing
bridge pontoon). With the chamber installed, the maximum force on the
solid wall is due principally to the hydrostatic pressure of the water
when the chamber is full. For maximum observed wind conditions of 40-
45 mph with higher gusts, the chamber never completely pumped to its
full height, three feet above still water level. Secondary disturbances
superimposed upon the level of the chamber produce an occasional additional
height at the wall of at most 1.5 feet. Along the remainder of the
bridge for the same windspeed, pontoon walls were subjected to forces
due to wave runup containing sufficient energy to overtop the guard

rail eleven feet above S.W.L.
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By allowing water to pass through the porous front wall of the
chamber, it is also subjected to less force than would be exerted on
a comparable solid wall. The measured maximum resultant force on the
porous wall was 118 pounds per linear foot of wall, measured during
“a 35-40 mph (gusting to 50) wind condition, and thus was an even greater
reduction in force than predicted. Actual finite wave crest lengths
would further reduce the average force per unit length acting on a
long wall.

The peak frequency of the force is shown in figure 48 to be more
nearly related to the chamber crossover frequency than the incident
wave frequency. As shown throughout the appendices, the distribution
of force with frequency contains only one significant peak which occurs

between .35 and .6 cycles/second.

Attenuation

The variance of a record of progressive random wave heights, ob-
tained from spectral analysis, is directly proportional to the average
energy per unit surface area (average energy density). Throughout the
present study, the signals recorded at two stations, one in front of
the breakwater and a second or remote station near by, but away from
the influence of the breakwater, were the sum of incident and reflected
waves.

The method of data reduction involved computing the variance of
the sum of the incident and reflected waves at the two stations. The
resulting variances, taken as the sum of average incident and reflected
energy densities, were computed over a sufficiently long time period

to assure that the incident energy at both stations was the same. Also,
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knowing that no energy was transmitted beyond the test site, the differences
between the variances were attributed to the average energy dissipation
of the reflected waves by the chamber. This difference between the
variance at the two stations ratioed to the variance at the remote
station was defined as Attenuation (equation 32) and taken to be the
average energy density dissipated by the breakwater as a ratio of the
average total energy density in front of the solid reflecting barrier.

Attenuation, calculated in this manner, is displayed throughout
the appendices for a matrix of chamber configurations and wind speeds.
However, the range of calculated Attenuation values did not correspond
with visual observation nor reasonable physical expectations. The analysis
in Chapter Five demonstrates a discrepancy between the variance and
the average energy density. When incident and reflected waves coexist,
a "standing' wave envelope results. The time average energy per unit
surface area of an incident-reflected wave system measured at a fixed
location may differ from the time average energy per unit surface area
of the incident-reflected wave system.

This apparent contradiction in terms is due to the fact that
actual average energy of a wave is the sum of the time averaged energy
of the wave at each point averaged over a wave length. For a progressive
wave this average can be obtained at a fixed location. The presence
of both incident and imperfectly reflected waves results in a standing
wave envelope. As such the time average energy density is not averaged
over a wave length. The resulting difference in calculated energy, for
each component wave frequency, is shown in equation 54 to be related to
the product of the amplitudes of a phase angle between the incident and

reflected wave. For waves reflected from the solid wall, the phase
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angle is simply related to the distance between the fixed measuring
station and the barrier. In front of the breakwater, the expression
is complicated by the effect of the breakwater. The porous walled break-
water, a linear resonator, does not affect the frequency of a wave
during reflection, but does affect the amplitude and, unlike a solid
wall, the phase angle. Due to the alteration in phase angle, the cal-
culated average energy density at the two locations, both the same physical
dimension from a wall, can be based on different portions of the
standing wave envelope. Thus, even though the physical distance between
the two measuring stations and the respective barriers is a constant,
they are effectively at different locations. Therefore, energy cal-
culations based on data acquired during the present field test cannot
be used directly to analyse the amount of energy dissipated by the
breakwater.

Possible alternative methods of analysis are suggested in the
analysis section. Attenuation, as calculated, is included in the
hope that future work will allow a method of relating the calculated
spectra and variances to the actual average energy density. The at-
tenuation calculated for various wind conditions is summarized in figures
49 and 50. The occurence of a negative attenuation corresponding to
frequencies near the predicted natural frequency demonstrate the strong
influence of the chamber on shifting the phase angle of the wave during
reflection at frequencies near resonance. The calculation of an apparent
energy increase in front of the chamber near the resonant frequency
can be noted throughout the appendices. It must be remembered that this
value is due to the effects enumerated in the analysis and is not

representative of the average energy density at that frequency.



CHAPTER VII
CONCLUSION AND RECOMMENDATIONS
Conclusion

The porous walled breakwater behaves as a linear damped oscillator,
or resonator, when exposed to random wind generated waves. The cross-
over frequency of the system occurs at the frequency predicted by theory
to be the natural frequency of a linear resonator and the frequency
response of the full-scale device exposed to random waves scales properly
from the results of models exposed to monochromatic waves. The model
resonators produce a maximum reduction in reflected wave energy near
the natural frequency. If the full-scale chambers correspondingly
dissipate the maximum energy near the natural frequency, the five and seven
foot chamber widths investigated produce a maximum energy dissipation
for random waves resulting from 15-20 and 25-35 mph storm conditions,
respectively.

The runup and overtopping onto the roadway are completely eliminated
by the porous walled chamber with an associated reduction in force
exerted on the pontoon wall. The magnitude of the force on the porous
wall is less than predicted and its frequency distribution appears to
correspond well with the peak frequency recorded in front of the break-
water.

It is concluded that the porous wall resonating chamber, a device
which can easily be appended to an existing structure or incorporated
into a new structure, does reduce the reflected wave energy and the
force exerted on the structure without requiring any power to drive it.

Though observation verifies that the breakwater works well, the



84

amount of energy dissipated by the chamber cannot be quantified at this
time. As enumerated in the analysis, the time average energy density

of co-existing incident and reflected waves at a given point is not

only a function of the wave heights, as is the case for progressive
waves, but is also a function of the distance to the barrier, the product
of the incident and reflected amplitudes, and the random phase angle.

For a constant physical distance to a barrier, the change in phase

angle during reflection caused by the breakwater produces an effectively
different distance to the porous wall than to a solid wall. Thus, the
energy density calculated during this investigation at two fixed statioms,
one in front of the breakwater and another in front of a solid wall
cannot be directly compared. However, the performance of the chamber
exposed to random wind generated waves is like that of the models in
monochromatic wave systems in several respects. The effect of changing
the chamber width; the match with predicted resonant frequencies; the
result of removing the chamber bottom; and the observed attenuation at
the resonant frequency, are consistant between model and full-scale
results. Therefore, it 1s concluded that the two systems are indeed

hydrauiically similar.

Recommendations

The porous walled resonating chamber provides many benefits for
application to floating structures. The units are light wieght, require
no power, and can be pre-fabricated and appended to existing structures

or can be an integral and structural part of new structures. For
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applications to existing floating bridges the porous walled chamber

could be easily incorporated into cantilevered lanes on existing pontoons,
while at the same time reducing the structural loads upon the pontoons

by the wave action. Dimensions can be selected from the parameters
developed in the study. A seven foot chamber width with a solid chamber
bottom is recommended for an exposure like the one at the Evergreen

Point Bridge. In a permanent installation large spill ports should be
provided above the top of the porous wall to allow spillage of
exceptionally large waves into the chamber. Occasional perforations
between compartments would equalize loads on supports.

The amplification of the force on solid end panels noted during
this investigation can be eliminated in a permanent full length
installation by using porous end plates. The mass tramsport into the
chamber results in an accumulation of surface debris. A permanent
installation should allow for easy removal of this debris.

Academically, the possible alternative data analysis methods
suggested should be pursued to provide a means of quantifying the energy

dissipated by the breakwater.



36

HST — —
{uosyuod WON IN0 .6 ,7) (semneaq JO Juoy W 6 ,L)
: (€62" = Alsosnd . ¥3IONASNVYL (s1oved p *dky)
YIONASNVYEL $10}Ue5 G'] UO SOlOY , NOILO3S s~ (£°C o Y _
WNSSINd 107083 5°1 u.o) 1531 39804 3uNSSIUd / ———— 8 —_

* MITA JUOIy ‘I918BMYBIIG PITTEBM Snoxod

A

8€

*L H4NHId

K

)
— y ———

210Ny ﬁ STIVA SNOYOd

N as

/

)1o[e15)

RNoYeletele
200000
OPOOO

OPOOOO
SHPOOO

OB®0LQ
OPOOO

ODOOO®

OJOXO)

/

11

(o0) NOILVYLS 3¥NSSIUd
3J10N3Y

4
[Z

s il

=3 €

e
v

/N FUNLINULSUILNS

H3ilvmivang

1331S

NOOLNOd
390144 ONILVO 14

“TM'S



37

*U003UO0g 9FPTIg FUTIBOTL O] POYOBIIY JI91rBmMYBaIg JO V-V UOT409G-SSOI)

Iavo Pl

«¢ JHNDIA

MOOH

3J1avo
N/A/ A/ ~ \\/.\ ,W/\/,‘.V,, /, /,wU/, ~M (S
a1044v0s

H3IONASNVYYL
JUNSSIUd

- NS

JUNSOTINI NOILYLININNULSNI

TIVA SNOHOd

2
;
*
’
’

" N
—_ N v AN .

~ NN
N,.._,l,,/,/,/,,,

$S300VY

NOOLNOd 390akig ONLLYOd
NOO LNOd

FYNLONYLSYIANS
13318

H3lvmiv3ug



h13

st LAKE/CITY

T

&

&

“lneteny
P S A
= XY

wY

[ ROJLEVELT

s i
viewifioge, » !
Ao W 2 | et
Air Station
N o

HTON

=l

R,

SR
<

= S$

(IR P

o

MRV E ¥

)

linaguar ¢

v}’ TYPICAL
=" ‘ E:Pl H = m BABNEY POINT
P

e

GRIAGWSY
X w |TnCuSON EAPRESSEXT .

2w

S rershe ou
FEEESS0
- o | ‘\
e
b -
: F ] ‘ %

Joeiyten

TICSON

3

GROAT POINT

on 116

W& WILBJRT




89

DEEP WATER WAVE SPEED AND LENGTH AS A FUNCTION OF WAVE PERIOD OR
FREQUENCY (SMALL AMPLITUDE THEORY)
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FIGURE 4. .
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e LS TAV IV T

Deep Water Wave Length Versus Freqguency.

FIGURE 5.



Figures & & 7 Breakwater Operation.
{Incident wave energy converted to kinetic energy [jets]
and dissipated through turbulent mixing and diffusion.)
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o oz 4D &3 . 80 100
% Energy Dissipation During Reflection

FIGURE 8 . Relationship Between Energy Dissipation

and Keflection Coefficient.
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FIGURE 13, COMPUTATION OF EFFECTIVE. FETCH

SOUTHERLY WIRD
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ANNUAL SURFACE WIND ROSE
SAND POINT N.AS,
(LOCATED 2.5 MILES NORTH OF
TEST SITE, REFER TO FiG. 3 )

1949 - 1964

LEGEND

PERCENTAGE SCALE PERCENTAGE OF CALMS

o 12
I

o |

3 -7 KNOTS
E | [ 8-i2 KNOTS
Lilil =/ 13-20 xuoTS

21 - 30 KNOTS

FIGURE 14 . APPROXIMATE ANNUAL WIND ROSE FOR TESTSITE
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% TEST SECTION CANTILEVER BEAM ASSEMBLY RECEPTACLES

Figure 7 Breakwater Module Installed on the

e

Evergreen Point Floating Bridge.

Seven foot chamber width shown.
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Figure 21 Steel Superstructure. One Module Shown.
Removable bottom panel being installed.

Figure 2Z porous Wall
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Figure 2% Steel Superstructure. One Module Shown.
Removable bottom panel being installed.

Figure 22 Porous Wall
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——Rigid Breakwater Module

—Cantilever beam assmebly

— Strain gages

—lest Section

- Strain gages

Figure 23 Test Section and Cantilever Beam Assemblies

Figure 24 Removable Chamber Bottom Installed on one Module.
{(One porous wall panel removed; hook and turnbucklie in foreground).



Figure 25 A-Frame; Allowing Self-contained
Chamber Width Variatiomns.
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DATA ACOUISITION INSTRUMENTATION DIAG
TREPLY POWER

INCOMING VOLTALGE

we LVT VOLT
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AMPLIFIER OUTPUT
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FIGURE 2&. DATA, ACOQUMISITION INSTRUMENTATION DIAGRAM
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Figure 28 Data Reduction Instrumentation
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Figure 30 Cantilever Beam Calibration:
Known Force Input vs. Strain Gauge Output.

Figure 31! Close~up of Cantilever Beam Assembly.
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FIGURE. 32. FORCE CALIBRATION CURVE. (iof2)
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wgpaam“r?@m e
| CANTILEVER ASSEMBLY) | |

CIGURE 33, FORCE CALIBRATION CURVE. (2of 2}
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FIGURE 24, REMOTE () TRANSDUCER CALIBRATION CURVE.
(CHANNEL. ¥ 3)



115

FIGURE 35, CALIBRATION CURVE. FOR TRAMNSDUCER 18 FRONT
OFf BREAKWATER {(CHANNEL®4)
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FIGURE 36, CALBRATION CURVE FOR TRANSDUCER
INSIDE. CHAMBER {(CHANNEL #5)
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@ pREQUENCY FOR SUPERPOSITION OF INCIDENT AND
REFLECTED WAVES (FIXED MONITORING STATIONS)
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FIGURE 39. SPECTRAL PLOT FOR NYQUIST FREQUENCY EXAMPLE
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= JTHED SPECTRAL ESTIMATE VERSUS
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w FREQUENCY FOR SUPERPOSITION OF INCIDENT ARD
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FIGURE 40, SPECTRAL PLOT FOR NY.QUIST FREQUENCY EXANPLE
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Figure 4! Wave Run-up Overtopping Guardrail (11! above S.W.L.)

Figure A2.30-35 M.p.h. Wind Condition.
Note dry roadway behind breakwater.



PIGURE 43 Breakwater Operation. Inergy Conversion
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To Non-Conservatiive
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dth on Peak Fregquency;

i

Effect of Chamber W

FIGURE 44.

guencies,

Data and Predicted Crossover Fre



123

LEAICY. AT REMOTE. STATION .

CIGURE 45 , PEAK FREQLUEMNCY DISTRIBLTION INSIDE. OF FIVE FOOT
WIDE CHAMBER WITH SOLID BOTTOM
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EMCY AT REMOTE STATION

TIGURE 46, PEAK FREQUERNCY DISTRIBLUTION INSIDE DEVEN FOOT
WIDE CHAMBER WiTH SOLID BOTTOM
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Effect of Bottom Removal on Peak Frequency.

FIGURE 47.
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FIGURE. 48, DPEAK FREGIENCY DISTRIBUTION OF FORCE.
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FigLRE 49, 2% ATTERNUATION VS, PEAK FREQUENCY MONITORED
AT THE. REMOTE. STATION FOR CHAMBER WIDTH
ESnJAL TO FIVE FEET
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FIGURE 50, o4 ATTEMNLATION VS. PEAK FREQUERNCY MONITORED
AT THE REMOTE STATION FOR CHAMBER WIDTH
EQUAL TO SEVEN FEET,
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Note:

Appendices I through IV of this report, pages 132-236,containing
tabulations and CalComp plots of representative records of
various chamber widths and wind conditions, have not been
included in the main report. Copies have been filed with

the State of Washington, Washington State Highway Commission,

Department of Highways, Olympia, Washington.



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


