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PREFACE 

This report is published to provide coastal engineers with a basic 
analytical procedure in the evaluation of certain floating breakwater 
types as structures for protecting particular sites against wind waves. 
TI1e work was carried out under the coastal construction program of the 
U.S. Army Coastal Engineering Research Center (CERC). 

This report was prepared by Dr. Bruce H. Adee, Assistant Professor 
of Mechanical Engineering, Mr. Derald R. Christensen, Research Engineer, 
and Dr. Eugene P. Richey, Professor of Civil Engineering, of the Ocean 
Engineering Research Laboratory, University of Washington, Seattle, 
Washington, under CERC Contract No. DACW72-74-C-0012. 

Special appreciation is extended to the port of Friday Harbor, 
Washington, for the use of the floating breakwater for the field assess-
ment part of the study. Mr. Robert Hovey, Port Engineer, and Mr. Jack 
Fairweather, Port Superintendent, provided generous assistance with the 
numerous logistics problems in the installation and maintenance of the 
measuring equipment. The sensor monitoring and recording package was 
adapted from a design developed in a con~emporary project sponsored by 
the University of Washington Sea Grant Pi'logram for moni taring two other 
floating breakwaters of a different type. Data from these two sites 
were used for comparative purposes in the analyses of the Friday Harbor 
breakwater. 

Dr. D. Lee Harris, Chief, Oceanography Branch, was the CERC contract 
monitor for the report under the general supervision of Mr. R.P. Savage, 
Chief, Research Division. 

Comments on this publication are invited. 

Approved for publication in accordance with Pub lie Law 166, 79th 
Congress, approved 31 July 1945, as supplemented by Public Law 172, 88th 
Congress, approved 7 November 1963. 

Colonel, Corps of Engineers 
Commander and Director 
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) 
UNITS OF MEASUREMENT 

U.S. customary units of measurement used in this report can be converted to metric (SI) 
units as follows: 

Multiply 

inches 

square inches 

cubic inches 

feet 

square feet 

cubic feet 

yards 

square yards 

cubic yards 

miles 

square miles 

acres 

foot-pounds 

ounces 

pounds 

ton, long 

ton, short 

degrees (angle) 

Fahrenheit degrees 

hy 

25.4 

2.54 

6.452 

16.39 

30.48 

0.3048 

0.0929 

0.0283 

0.9144 

0.836 

0.7646 

1.6093 

259.0 

0.4047 

1.3558 

28.35 

453.6 

0.4536 

1.0160 

0.9072 

0.1745 

5/9 

To obtain 

millimeters 

centimeters 

square centimeters 

cubic centimeters 

centimeters 

meters 

square meters 

cubic meters 

meters 

square meters 

cubic meters 

kilometers 

hectares 

hectares 

newton meters 

grams 

grams 

kilograms 

metric tons 

metric tons 

radians 

Celsius degrees or Kclvins1 

1 To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use fonnula: C = (5/9) (F - 32). 
To obtain Kelvin (K) readings, use forumla: K = (5/9) (F- 32) + 273.15. 
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Al ,A2 

al 

B 

co 
cT 
Fj (t) 

KHij 

m·. lJ 
+ 
n 

P(x,y,t) 
+ 
r 

ol,o2 

n (x, t) 

ni(x,t) 
nT(x,t) 

Aij 

~ij 

p 

w 

SYMBOLS AND DEFINITIONS 

Amplitudes of two incident waves 
Amplitude of sway, heave, or roll motion for i = 1,2,3 
Characteristic beam of breakwater 
Body contour 
Transmission coefficient 
Sway, heave, or roll exciting forces or moment for j = 1,2,3 
Hydrostatic restoring-force coefficient for force in the jth 
direction due.to motion in the ith direction 
Similar to KHij but due to the mooring system 
Wave numbers of two incident waves 
Incident wavelength 
Mass or moment of inertial when i = j, 0 when i 1 j 
Unit interior normal to body surface 
Pressure 
Vector from center of gravity to a point on the body surface 
Sway, heave, or roll motion; speed or acceleration 
Phase angle 
Phase angles for two incident waves 
Free-surface elevation 
Wave surface elevation for incident wave 
Wave surface elevation for transmitted wave 
Damping coefficient for force in the jth direction related to 
velocity in the ith direction 
Added-mass or inertial-force coefficient for force in the 
jth direction related to acceleration in the ith direction 
Fluid density 
Velocity potential 
Frequency 
Frequencies for two incident waves 
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FLOATING BREAKWATER FIELD ASSESSMENT PROGRAM, 
FRIDAY HARBOR, WASHINGTON 

by 
B.H. Adee, E.P. Richey, 

and D.R. Christensen 

I. INTRODUCTION 

Floating structures for use in the attenuation of water waves were 
introduced by Joly (1905). Little was done with the concept until the 
Bombardon floating breakwater was deployed to form a harbor during the 
Normandy invasion of World War II. The use of mobile harbors for po-
tential military applications provided the incentive for extensive work 
during the postwar years. Representative articles from this period 
include those by Minikin (1948) who discussed floating breakwaters in 
general terms, Carr (1951) who used basic mechanics to predict trans-
mission characteristics, and the review of the performance of the Born-
Bardon by Lochner, Faber, and Penny (1948). In 1957, the Naval Civil En-
gineering Laboratory, Port Hueneme, California, began a concerted ex-
ploration of the existing knowledge of transportable units that could 
serve as breakwaters or piers. Results of the study are summarized in 
Naval Civil Engineering Laboratory (1961), which was an invaluable 
state-of-the-art assessment with particular emphasis on military uses 
under the rather severe site criteria of an incident wave with a 15-foot 
height, 13-second period, minimum water depth of 40 feet, inshore trans-
mitted wave. height of 4 feet, and tidal range of 12 feet. A sequel to 
the earlier study (Naval Civil Engineering Laboratory, 1971) surveyed 
concepts for "transportable" breakwaters, including over 60 in the 
"floating" category. Although no breakwater system was disclosed which 
would meet the stringent military site criteria and transportability 
requirement, these state-of-the-art reviews sparked renewed interest in 
the floating breakwater for nonmilitary applications. A review of de-
velopments in floating breakwaters was summarized by Richey and Nece 
(1974); Seymour (1974) introduced a new and innovative concept for wave 
attenuation using a system of tethered floats which may have application 
over a wide range of wave conditions. 

Continually increasing pleasure boat ownership has nearly exhausted 
the available supply of moorage space in many areas. The need for addi-
tional moorage space in conjunction with escalating construction costs 
and more stringent environmental restrictions require careful scrutiny 
of alternatives to the traditional fixed breakwater and excavation tech-
niques employed in marina construction. Productive time in weather-
dependent, waterborne activities such as construction, logging, and cargo 
handling could be increased if protective floating, transportable break-
waters were used. Other uses in the control of shoreline erosion and 
in the emerging mariculture industry may also be found. 
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The information on the performance of floating breakwaters, i.e., 
their wave attenuating characteristics, mooring line forces, and motions, 
is contained pr~marily in reports of laboratory scalamodel tests with 
monochromatic incident waves; the few exceptions are the early analytical 
work by Carr (1951) and the occasional piece of information from a full-
scale test like that performed by Harris (1974). There is a need for a 
fundamental analytical procedure to predict the performance characteris-
tics of floating breakwaters with arbitrary cross section when exposed 
to a given incident wave. This procedure could be used to systematically 
compare performance information available in the literature, to examine 
new design proposals, and either eliminate or reduce and systematize 
auxiliary experimental studies. 

The development of the predictive procedure was the primary thrust 
of the project with the concommitant field assessment of a full-scale 
floating breakwater in operation at Friday Harbor, Washington (Fig. 1). 
The analytical model developed from the two-dimensional, linearized so-
lutions of the hydrodynamical equations formulated in terms of a boun-
dary-value problem for the velocity potential. The model was refined 
progressively by comparisons with results already reported in the li-
terature, by auxiliary laboratory tests, and by the results from the Fri-
day Harbor field program, where measurements of incident and transmitted, 
waves, mooring line forces, and accelerat-ion in sway, heave, and roll 
were measured over a 6-month period. 

IO 



Figure 1. Aerial view of Friday Harbor breakwater. 



I -

II. THEORETICAL ANALYSIS 

In the analysis of complex systems such as floating breakwaters, 
there is a great need for model-scale experiments to predict their per-
formance and provide data for the application of rational engineering 
design principles. Full-scale measurements are also extremely valuable 
in verifying scaling relationships and in providing confidence that the 
data obtained from smaller scale experiments are reasonable. 

When one considers the myriad possible breakwater configurations 
which have been proposed to date and the different conditions which pre-
vail at each potential breakwater site, the number of required model 
tests and the attendant expense are very large. To avoid this expense 

·and also to permit parametric studies aimed at obtaining optimum break-
water configurations, a theoretical model was developed. The goal was 
to theoretically predict the performance which could be measured in la-
boratory studies or at prototype installations. 

The initial restriction imposed on the theoretical model was to 
consider only two-dimensional conditions. Under this restriction the 
breakwater is assumed to be very long in one direction with long-crested 
waves approaching so that their crests are parallel to the long axis of 
the breakwater. At most breakwaters where the wave climate results from 
wind-generated waves, this condition would rarely be approached. How-
ever, experiments performed using a boat wake to generate incident waves 
on the beam and at an angle to a breakwater indicate larger breakwater 
motions and larger transmitted waves when the incident wave·crests 
approach parallel to the long axis of the breakwater (Stramandi, 1975). 
As a design tool, a two-dimensional theory provides information on the 
worst conditions which might be expected to occur. In addition, the 
extensive two-dimensional wave-channel experiments provide the data need-
ed to test the theoretical model. · 

Throughout the development of the theoretical model, every attempt 
was made to orient the model toward providing a useful tool applicable 
to realistic problems. To perform the calculations the user need only 
know the incident wave frequencies of interest, the contour of the 
breakwater cross section (catamaran- or trimaran-type cross sections are 
permitted), and the physical properties of the breakwater (these include 
mass, mass moment of inertia, and the static restoring-force coeffi-
cients). 

The approach used here has been to employ the techniques which naval 
architects have developed to deal with ship motion problems, Mathema-
tically, the hydrodynamic equations are formulated in terms of a- boun-
dary value problem for the velocity potential. Solution of this complete 
problem is presently impossible because the free-surface boundary condi-
tion is nonlinear. An approximate solution may be obtained if restric-
tions are imposed on the boundary value problem, and the procedure of 
linearization is applied. The restrictions limit the applicability of 
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the solution to cases of small incident wave amplitude and small motion 
response of the breakwater. 

When using the linearized theory which is presented here, one must 
be well aware of the limits of applicability which are imposed on the 
results in order to permit the formulation of a tractable mathematical 
problem. Care must also be exercised because these restrictions may 
exclude phenomena which occur in nature from appearing in the mathemati-
cal analysis. For instance, field observations clearly demonstrate 
the occurrence of mooring line force oscillations at periods greater than 
those which could be attributed directly to wind-generated wave exci-
tation. Using a linearized approach, these long-period oscillations 
would not appear in the analysis. A theoretical model which includes 
nonlinear behavior of the system is required if these long-period os-
cillations are to be included. 

A possible nonlinear mechanism for the transfer of wave energy to 
lower frequencies has been postulated and is presented to supplement the 
linear analysis. 

1. Linear Theoretical Model. 

The problems involved in theore~ically predicting the performance of 
a two-dimensional floating breakwater are illustrated in Figure 2. Here 
an incident wave approaches the breakwater on the beam. A part of the 
energy contained in the incident wave is refl~cted, part passes beneath 
the breakwater, and some is lost through dissipation. Another part of 
the incident wave energy excites the motions of the breakwater. These 
motions are restrained by the mooring system. The oscillating break-
water in turn generates waves which travel away from the breakwater in 
the directions of the reflected and transmitted waves. The total trans-
mitted wave is the sum of the component which passes beneath the break-
water and the components generated by the breakwater motions. The total 
reflected wave is composed similarly. 

In completing the calculations, the information which is of most 
interest to the designer includes: 

(a) Total transmitted and reflected waves including their 
components. 

(b) Wave forces on the breakwater. 

(c) Motions of the breakwater. 

(d) Forces on the mooring lines. 

For the two-dimensional breakwater, definitions for the motions are 
shown in Figure 2. Sway is defined as the oscillation perpendicular to 
the long axis, or along the x-coordinate axis. Heave is the vertical 
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motion of the breakwater along the y~coordinate axis, and roll is the 
rotation about the long axis or the z-coordinate direction, 

As long as the problem is linear, computing the performance of a 
floating breakwater may be separated into three parts: 

(a) Formulate equations of motion, 

Calculate hydrostatic forces and moments. 

Evaluate hydrodynamic coefficients in equations of motion . 

Compute exciting forces on breakwater. 

Solve for the motions and motion-generated waves. 

Compute forces in the mooring lines. 

(b) Solve for the waves diffracted by a rigidly restrained 
breakwater. 

(c) Sum components to obtain total reflected and total trans-
mitted waves. 

When combined, these parts of the calculation provide complete 
performance data for a two-dimensional breakwater. 

a. Breakwater Motions. In deriving the equations of motion, 

Newton's law is used. 

here: 

m .. a. = L forces; 
l.J l. 

= motion of the breakwater in sway, heave, and roll for 

(1) 

a. 
l. i = 1,2,3, respectively. The dot above indicates differen-

tiation with respect to time. 

m .. =mass or mass moment of inertia when i = j and zero when if j . 
l.J 

Expanding this equation to include the various forces in the summa-· 
tion yields: 

m .. a. = FJ. (inertial) + FJ. (wave damping) 
l.J l. 

+ F j (friction) + F j (hydrostatic) + F j (moori;ng) 

+ F. (wave exciting) 
J 
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The inertial force (oi added,.,mass force) ari.ses when the breakwater acce-
lerates, which also accelerates ·the fluid around it. The motion-gene .. 
rated waves are moving away from thebreakwate:r and result in the wave ... 
damping term. A term representing the forces due to viscosity is in .. 
eluded, but these forces are neglected·in the analysis. Experience in 
ship motion analysis (Salvesen, 1970) has shown this to be acceptable 
for all motions but roll, where damping may make a more significant con-
tribution than for sway and heave moti9ns. At present, the main reason 
for neglecting the frictional forces is th~t they lead to nonlinear 
terms in the equations of motion, which make their solution far more 
complex. Hydrostatic forces arise because of changes in the displaced 
volume of the breakwater when it moves. In this analysis the mooring 
forces are modeled as simple springs with their contribution to the 
damping and inertial forces considered small in comparison to simila.r 
terms resulting from the breakwater motion. The wave exciting force 
results from the incident waves striking the breakwater. 

If we neglect the nonlinear terms and assume that the flu1d is in-
viscid, then the equations of motion describing the coupled sway, heave, 
and roll motions of the breakwater are of the form: 

3 
E {(m .. + ll· .) a. + A. •• a; + (KHij + KM .. ) a.} = F. (t) (2) i=l ~J ~J ~ ~J ... . ~J ~ J 

for j = 1,2,3. 
The symbols are defined as follows: 

]l • • 
~J 

A. •• 
~J 

KH .. 
~J 

KM .. 
1J 

F. 
J 

= added-mass coefficient with the llij ai representing the 
added-mass force or moment in the jth direction due to 
acceleration in the ith direction, 

= damping-force coefficient relating damping force or moment 
in the jth direction to velocity in the ith direction. 

= hydrostatic spring constant relating the resto~ing force or 
moment in the jth direction to displacement in the ith 
direction. 

= simiiar to KHij but due to the mooring system. 

=exciting force or moment.in the jth direction, 

In order to solve these equations, the physical mass and moment of iner ... 
tia, added mass and damping coefficients, static spring constants, and 
the exciting forces must all be known. Mass and moment of inertia are 
computed directly from the specifications of the breakwater section, The 
KH ij are derived directly from hydrostatic considerations in Appendix A, 
while approximate values for KMij are obtained by using a discretized 
approximation for the' mooring line as described in Appendix B. Potential 
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theory and the principle of linear superposition permit derivations for 
the hydrodynamic coeffici,ents and forcing function l-lij ~. A~j and Fj (t). 

Steady~state solutions of the form! 

a.(t) =a. sin (wt + oi) fori= 1,2,3 
1 1 

(3) 

are assumed. Substitution of the assumed solution (eq, 3) into the 
equations of motion (eq. 2) yields a set of linear algebraic equations 
which may be solved for the unknown amplitudes and phase angles ai and 
oi. Transfer functions, Hi, are then defined by the ai and oi since 
the incident waves are assumed to be sinusoidal. 

b. Hydrodynamic Coefficients and Waves. Potential theory is em~ 
ployed in computing the reflected and transmitted waves, ~ydro-
dynamic coefficients and the exciting forces. Under the assumptions of 
small incident waves, small breakwater motions and an inviscid fluid, 
the velocity potentials may be found.and the problem subdi.vided usi.ng 
the principle of linear superposi.tion. The total velocity potential: 

~ - ¢ + ¢ . + ~(i) for i = 1 2 3 (4) 
~total - incident d1ffracted ~ motion ' ' 

is the sum of the incident wave potential, the diffracted wave poten-
tial and the potential resulting from forced sway, heave, and roll mo-
tions. 

The incident wave potential is well known and may be expressed 
directly. Obtaining the diffracted wave and breakwater motion poten-
tials requires the solution of boundary value problems. These problems 
and their solutions are described in. Appendix c. Appendix D provides 
the computer program used to calculate breakwater performance, 

When the velocity potentials have been obtained, the free-surface 
elevation at any position is found using the linearized free~surface 
boundary condition: 

n(x,t) = -

Here: 

n(x, t) 

g 

cpt (x, 0, t) 

1 g ¢t (x,O,t). 

= free-surface elevation measured from stillwater 
level (y = 0), 

= acceleration of gravity, 

(5) 

= derivative of the velocity potential with respect to 
time evaluated at y = 0. 
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11 total (x,t) = l 
.g {¢t incident (x,O,t) + ¢t diffracted (x,O,t) 

(i) 
+ ¢t motion (x,O,t)}. (6) 

The fluctuating component of pressure in the fluid and on the breakwater 
hull surface may be computed using Bernoulli's equation: 

P(x,y,t) =- p ¢t (x,y,t). 

By computing pressures on the hull surface and integrating 
the contour, the forces on the breakwater may be computed. 
per unit length acting on the breakwater is then: 

F(t) = Jc P ~ ds. 
0 

In this case, 

F(t) = force on the breakwater, 
+ 

(7) 

these around 
The force 

(8) 

n = unit interior normal vector on the hull surface, 

C
0 

= contour of breakwater cross section. 

The rolling moment is: 

M(t) = + + P r x n ds, (9) 

where, 
+ r = the vector from the center of gravity to a point on the surface. 

To compute the exciting forces on the breakwater in linear theory, the 
pressure due to the incident and diffracted waves is integrated over the 
hull surface. These forces and moments become: 

F1(t) = {- PI [¢t diffracted(s,t)] 
+ 7 . 'd (s,t) + ¢t n ds} • 1' 1nc1 ent 

co 

{ - pIc [¢t 
+ --r F2 (t) = incident (s,t) + ¢t diffracted(s,t)] n ds} J ' 

0 

F3(t) = { - PIc [ ¢t incident 
+ + . (s,t) + ¢t diffracted (s 't)] rxn ds} • k · 

0 (10) 

Hydrodynamic coefficients are found using the potential resulting 
from forced oscillation of the breakwater. In this case the pressure 

18 



integrated over the surface has a component in phase with acceleration 
and a component in phase with velocity, The component in phase with 
acceleration is normally referred to as the added mass, while the compo-
nent in phase with velocity is the damping. 

The hydrodynamic coefficients shown in this section are derived in 
greater detail in Appendix C. 

c. ~1ooring Forces. At the time the spring constants for the mooring 
lines are computed, mooring force coefficients are also calculated. These 
are: 

= change in mooring line force per unit displacement in 
sway, heave, or roll when i = 1, 2, or 3, respectively. 

The forces in the mooring lines may then be computed once the motions 
have been found. 

3 
Mooring Force = L 

i=l 

The description of the linear system is now complete. The block diagram 
in Figure 3 shows the relationships among the calculations which are 
required. 

2. Nonlinear Theoretical Model. 

Measurements taken at the Tenakee, Alaska, floating breakwater be-
fore this research program was begun indicated the presence of a long-
period oscillatory motion of the breakwater. These long-period motions 
were manifested most clearly in the measured mooring line forces. Look-
ing at these, one can visually observe an oscillation with a period of 
about 60 seconds superimposed over the expected shorter period oscilla-
tions. Figure 4 shows the results of a spectral analysis of the seaward 
mooring line data after a low-pass filter has been applied (the tech-
nique for performing the spectral analysis is given in Section III of 
this report) . 

The linear theoretical model permits the system to respond only at 
the frequency of the incident wave. In order to explain the presence of 
these long-period oscillations, nonlinearities must be included in the 
analysis. To perform a mathematically complete analysis including all 
nonlinear effects is beyond the pre~ent state of the art. However, in 
the case of the floating breakwater, one can show that if two incident 
waves are considered and second-order terms are retained, then an excit-
ing force is present at the difference between the frequencies of the 
incident waves. The complete derivation in Appendix E shows that the 
nonlinear pressure may be expressed as: 
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P(t) p 
{wl 

2 2 2klt 2 2 2k2y 
:::; - 2 A1·e + w2 A2 e 

2w1w2A1A2e 
(kl+k2)y 

[(kl - k2)x - cos 

- (w1 - w2)t + o1 - o 2] } ' (11) 

where, 

p :::; fluid. density, 

wl,w2 :::; incident wave frequencies, 

Al,A2 :::; incident wave amplitudes, 2 2 

kl,k2 incident 
wl w2 

:::; wave numbers == -- -g-, g ' 

81,82 :::; incident wave phase angles. 

Combining this pressure with the pressure obtained from the linear theory 
and integrating over the hull would provide additional exciting-force 
terms at zero frequency and at the difference frequency. Carrying the 
nonlinear exciting-force terms back through the linear response analysis 
should provide a quasi-linear approach. While there is no reason to 
expect this to provide .exact correlation with measured data, the quasi-
linear approach would at least permit the natural phenomena to enter into 
the mathematical analysis. 

One would expect terms to appear in the second-order pressure (eq. 
11) at twice the incident wave frequency and at the sum of the inci-
dent wave frequencies. Terms at twice each of the incident wave fre-
quencies can be derived by applying the trigonometric relationships to 
the terms at zero frequency. While a term at the sum of the incident 
wave frequencies does not appear in the second-order incident wave po-
tential, this term may result when the second-ol'der potentials repre-
senting diffraction or forced oscillation in calm water are included. 

A great deal more effort is required in this area to complete the 
analysis. There is also one other area where a nonlinear, or quasi-
linear, analysis should be investigated. This is in .the roll-damping· 
coefficient. Here, viscous effects seem to be important, and while the 
problem has not been dealt with within the present study, investigators 
have included a.term proportional to velocity squared in the equation 
for roll motion. 

3. Results. 

The computer program given in Appendix'D has been developed to 

22 



calculate the values of hydrodynamic coefficients, breakwater motions, 
and the wave field. Input variables include: 

(a) The body contour, C0 , represented by a series of points on 
the contour. 

(b) The physical properties of the body: mass, mass moment of 
inertia, and position of the center of gravity. 

(c) The mooring system spring constants. 

(d) The hydrostatic restoring spring constants. 

(e) The incident wave frequency, w. 

In this program the exciting forces and moments appearing in the equa~ 
tions of motion and the fixed-body parts of the transmitted and reflect-
ed waves are found by computing the forces, moments, and waves which 
result when a rigidly fixed body is struck by a sinusoidal incident wave 
of frequency w. Motions are found by computing the steady-state solu-
tion to the three equations of motion. The hydrodynamic coefficients 
and the waves generated by the body motions are found by computing the 
forces, moments, and waves which result when the body is forced to os-
cillate in stillwater in pure sway, pure heave, or pure roll. 

The physical properties used in the performance calculations for 
the various breakwaters are collected in Appendix F . 

. a. Wave Transmission. To assess the performance of a floating 
breakwater, one quantity which is commonly used is the transmission 
coefficient. This is simply the transmitted wave amplitude divided by 
the incident wave amplitude, inTCx,t) l!lni(x,t)l for monochromatic inci-
dent waves. 

(1) Proposed Oak Harbor Breakwater. At one time the Corps of 
Engineers was considering a marina and floating breakwater at Oak Har-
bor, Washington. Model experiments were carried out by Davidson (1971) 
to determine transmission characteristics and mooring forces. The break-
water itself had a catamaran-type cross section. A comparison between 
the theoretically predicted and experimentally measured transmission 
coefficient is shown in Figure 5. This figure as well as the others 
plotted in this section and Section IV were drawn using a CALCOMP plot-
ter. The plotting program uses a parabolic fit to determine additional 
points between the given data. Varying numbers of data points were used 
to describe each curve depending on its behavior. Data points were 
closely spaced in regions where the theoretical predictions indicated 
large changes in curvature. Wavelength is calculated in all the figures 
using the relationship between wavelength and period for waves in deep 
water. 

In this case, the results compare reasonably well except for the 
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predicted dip in transmission just above a B/L (beam/wavelength) of 
0.2. There is also some difference at higher B/L ratios. 

The theory predicts that the part of the transmitted wave which 
would result where the body is rigidly fixed is almost 1 for a B/L less 
than 0.1 and drops rapidly at higher B/L ratios to the point where it is 
of little consequence beyond 0.2. Waves generated by the breakwater mo-
tions play an increasing role for B/L ratios above 0.15. Heave motion 
is the major contributor to the transmitted wave iri the very narrow band 
of B/L between 0.15 and 0.18 with a predicted heave resonance at a B/L 
of about 0.18. The dip occurs because the waves generated by heave and 
sway motions are almost 180° out of phase and cancel each other out. At 
B/L ratios above 0.25, sway motion assumes an increasingly dominant role. 
Roll motions are small throughout and generate only very small waves. 

(2) Rectangular Breakwater. A breakwater of rectangular 
cross section with the same beam and draft as the proposed Oak Harbor 
breakwater was tested at the University of Washington by Nece and Richey 
(1972). Results for the water depth of 29.5 feet are shown in Figure 
6. 

Again the agreement is reasonable. Further experiments with this 
model have confirmed the existence of the trough at a B/L of 0.2. How-
ever, this phenomenon can be observed only for very small wave heights. 
For practical purposes, the dip may be smoothed over considerably. The 
major discrepancy is at the high B/L ratios where the theory shows con-
siderably greater transmission than is actuall_y measured in the model 
tests. Since the transmitted wave is almost totally a result of sway 
motion, the problem must lie in the wave predicted by this motion. 

Over the entire range of wavelengths of interest, the predicted 
results follow the pattern previously discussed for the proposed Oak 
Harbor breakwater. The transmitted wave is almost completely a result 
of fixed-body transmission followed by regions of heave resonance, heave 
and sway cancellation, and finally, sway wave generation as the B/L 
increases. 

It is interesting to note that there is very little difference be-
tween the open-well breakwater and the closed rectangle of the same 
overall dimensions. 

(3) Rectangular Breakwater Tested by Sutko and Haden. In 
some recent experiments Sutko and Haden (1974) have examined the effect 
that restricting breakwater motions has on the transmission coefficient. 
They used a rectangular breakwater model with a beam-to-draft ratio of 
1.5. Plexig~as end assemblies were used to restrict the breakwater 
motions. 

Figure 7 shows the transmission coefficient when the breakwater is 
restricted to sway motions only. Here, the transmitted wave contains a 
component resulting from the fixed-body transmission and· a component 
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resulting from the wave generated by the sway motion. At very low B/L 
ratios the fixed-body transmission is the more important component. At 
a B/L of about 0.1 both the fixed-body transmission and the sway-generat-
ed wave are of equal importance. At B/L ratios higher than 0.215, the 
wave generated by sway motion dominates. The agreement between theory 
and experiment is quite reasonable for this case. 

A comparison when the breakwater is restricted to heave motion only 
is shown in Figure 8. There is clearly a discrepancy in this case be-
tween measured and theoretically predicted transmission coefficient near 
the B/L ratio of 0.13. As a matter of fact, the theory predicts a heave 
resonance in this region which does not seem to be supported by the mea-
sured data. 

In examining the mechanism used to restrain the breakwater motion, 
it seemed possible that this apparatus was introducing damping into the 
system. To test this supposition, transmission coefficients were com-
puted with the calculated hydrodynamic damping increased by an arbitrary 
amount. The major effect of increasing the damping was to decrease the 
transmission near the heave resonance region. With damping at three 
times the hydrodynamic value, the results were quite close to the experi-
mental measurements. Increasing the damping beyond this had very lit-
tle additional effect on the predicted transmission coefficient. The 
scatter which appears in the experimental data in this region is a 
further indication that some nonrepeatable effect may be influencing 
the experimental results. So long as the additional damping is included 
in the theoretical calculations, the results compare well with experi-
mental measurements. 

Figure 9 shows a comparison between model measurements when the 
model is unrestrained except by a horizontal mooring cable and the 
theoretically predicted results without mooring restraints. The theo-
retical results are characteristic of the rectangular breakwater with 
the dip in trans1nission near a B/L equal to 0.2. The pattern of inter-
actions between motion-generated waves and fixed-body transmission is 
similar to the previous description. The agreement between these re-
sults indicates that the theoretical model may also yield the correct 
results when the model is free to heave only. At least further experi-
mental investigation is warranted. 

(4) Alaska-Type Breakwater. The State of Alaska has embarked 
on an ambitious program for constructing moorages using floating break-
waters. As part of a Sea Grant project the University of Washington has 
been studying the performance of this type breakwater. A theoretically 
predicted transmission coefficient and the transmission coefficient mea-
sured in model tests are shown in Figure 10. The model tests were con-
ducted using very small incident waves (wave heights on the order of 0.2 
to 0.3 feet at prototype scale). Results for larger wave slopes were 
not included in the figure but do show the same trends ~ith lower values 
of transmission coefficient. Theoretical predictions without added 
damping and with double the hydrodynamic damping are shown in Figure 10. 
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Clearly the increased damping makes a significant difference in the 
results. 

Some insight into the performance of this breakwater may be gained 
by following the theoretical results as a function of B/L. At very low 
B/L,the fixed-body transmission dominates. The trough at a B/L of 0.4 
comes mainly from the interaction of the roll-generated wave and the 
fixed-body transmission. For the next peak at B/L. of 0.5 the roll-

. generated wave dominates as the roll resonant frequency is encountered. 
The next trough at B/L of 0.65 is a result 'of all three motion-generated 
waves interacting with the fixed-body transmission making only a rela-
tively small contribution to the transmitted wave. The following peak 
at B/L of 0.7 results from interactions among the motion-generated waves 
which are of about equal magnitude. At a B/L of 0.86 the heave-generated 
wave dominates again, but as B/L increases beyond this the effect of 
heave and roll are rapidly decreasing while sway motion is becoming the 
dominant wave-generating mechanism. In the region of B/L between 0.4 
and 1.0, changing the physical properties of the breakwater can have 
a marked effect in shifting the peaks and troughs by altering the heave 
and roll resonant frequencies. 

Experience with linear ship motion theory has shown that the worst 
agreement between predicted and measured motions occurs when rolling mo-
tions are considered (Salvesen, 1970). This discrepancy is often over-
come by arbitrarily increasing the computed roll damping to compensate 
for the viscous damping which is neglected. As .indicated in Figure 10, 
when damping is added the theory gives a better prediction where roll 
motion plays a significant role. This places a significant restriction 
on the theory requiring careful monitoring of predicted roll motion. 
Where the theory predicts large roll motion, additional damping will be 
required to obtain results comparable to measurements. 

Figure 11 shows the predicted fixed-body transmission coefficient 
and the results of model tests. Agreement is quite close except at B/L 
of 0.78. The peak in predicted transmission may be due to a resonance 
of the waves within the well of the catamaran breakwater. There is 
another peak near B/L of 1.4 indicating the presence of higher harmonic 
resonances as well. Model tests show at least a slight hump in this 
region suggesting that the theoretical prediction clearly overestimates 
the effect of this phenomena, but that this probably is occurring in 
real life. 

For the data measured in the field, the transmission coefficient is 
defined as the square root of the transmitted wave spectral density 
divided by the incident wave spectral density. Figure 12 shows the . 
transmission coefficient derived from the data obtained at the Tenakee,· 
Alaska breakwater. The theoretically predicted transmission coefficient 
with the computed hydrodynamic damping doubled is also shown for com-
parison. Details of the technique used in the spectral analysis of the 
field data may be found in Section III. 
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It should be noted that the model for the Alaska-type breakwater 
was not built to the correct scale to represent the prototype. Further 
investigation of the physical properties of the prototype after the 
model tests were complete revealed that it was heavier than originally 
predicted. The physical properties used in making the theoretical cal~ 
culations are correct for all the comparisons made in this report. How~ 
ever, care must be exercised in comparing the model test results and the 
field measurements directly. The physical properties for all the break~ 
waters discussed in this section are in Appendix F. 

The first trough in the transmission coefficient curve results be-
cause the wave generated by roll tends to cancel the fixed-body trans~ 
mission. The sway-generated wave is small but cancels a little bit of 
the heave-generated wave. The total transmitted wave is then almost in 
phase with the heave-generated wave at a slightly reduced amplitude, 
Complex interactions among the components of the transmitted wave con-
tinue to result in oscillations of the transmission coefficient up 
through a B/L of 0.9. At values of B/L above this, the transmitted wave 
is primarily a result of sway motion except for the peak at B/L equal 
to 1.4 which results from an increase in the fixed-body transmission. 
Considering the complexity of the breakwater response, the agreement 
should be considered to be reasonably good. 

(5) Friday Harbor Breakwater. The computed transmission 
coefficient for the Friday Harbor breakwater is shown in Figure 13. As 
in the case of the Alaska breakwater calculations, the computations of 
wave-damping coefficients have been arbitrarily doubled to reduce the 
excessive calculated motions in the region of resonant motions. In this 
figure the spacing of data points varies. More points are used to spe-
cify the curve in regions of rapid change so that the plotted result 
accurately represents the theoretical prediction. 

· In Figure 13, the first trough in transmission coefficient at about 
B/L = 0.5 results from heave- and roll-generated waves canceling the 
fixed-body wave transmission. This transmission coefficient is well be-
low the transmission coefficient which would be obtained with the break-
water rigidly restrained and only fixed-body transmission waves passing 
through. As B/L increases, there is a peak at about 0. 7. At this point 
the heave-generated wave has almost vanished, and the fixed-body trans-
mission is also small. The larger transmission coefficient is primarily 
the result of a roll-generateq wave with a smaller component resulting 
from sway motion. The next trough at a B/L of 0.9 occurs as the heave 
motion-generated wave increases and cancels the roll and sway motion-
generated components. The fixed-body transmission is very small at B/L 
of 0.9. As B/L increases beyond 0.9 the transmitted wave is almost 
totally the result of sway motion of the breakwater. 

At larger B/L ratios there are several oscillations in the 
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transmission coefficient curve, In this region one must be careful of 
the analysis because there are certain "irregular frequencies" or "John" 
frequencies where the approach adopted here breaks down mathematically 
(John, 1950). These are described with reference to the integral equa-
tion technique by Frank (1967). It is extremely difficult to predict 
where the first of these irregular frequencies will occur when the 
breakwater cross section is as complicated as the Friday Harbor break-
water. If this cross section were rectangular with the same exterior 
dimensions as the Friday Harbor breakwater, then the first irregular 
frequency would occur at B/L ~ 1.7. In practice, one may watch for this 
mathematical phenomenon by checking the determinant of the matrix invert-
ed to solve the system of equations. In fact, this does decrease in the 
region of B/L of 1.7 but does not indicate a singular matrix for the 
calculation in this region of B/L. Since this is beyond the frequency 
range of primary interest, it is best to simply view the results at B/L 
greater than 1.,7 with extreme caution. The oscillations in the trans-
mission coefficient in this region of B/L are probably the result of 
these irregular frequencies. 

b. Breakwater Motions. In the wave channel experiments perform-
ed to date, there has been no attempt to compute the breakwater motions. 
While the transmission coefficient is the primary measure of breakwater 
performance, the motions may be very important to the designer, parti-
cularly if boats are to be tied to the breakwater. For the theoretical 
analysis, this is a critical intermediate step where extensive experi-
mental measurements used for comparison \vould be invaluable. 

Friday Harbor Breakwater. The theoretically predicted 
motions of the Friday Harbor breakwater are shown in Figures 14, 15, and 
16. The motion response is almost the same as one would expect from an 
uncoupled spring, mass, dashpot linear system. The only unusual 
behavior is the null response in heave at B/L of about 0. 75. This null 
occurs at a point where there is a phase shift in the "added-mass" force, 
a phenomenon which has been observed in experiments with catamaran-type 
cross sections (Lee, Jones,and Bedel, 1971), and is a result of resonant 
wave conditions within the open well of the catamaran. 

c. Mooring Line Forces. In recent years a great deal of effort 
has been expended in understanding and predicting mooring line perfor-
mance, particularly for moored ships and drilling rigs (e.g., American 
Society of Civil Engineers, 1971). M1ile many of these analysis techni-
ques could be applied to the moorings of floating breakwaters, this has 
not been done to date. TI1ere are also very few model-scale experiments 
in which mooring forces have been measured and only a few cases where 
good field data are available. 

Two techniques for calculating the spring constants for mooring 
lines have been used. At first the catenary equations were applied to 
find the change in force per unit displacement. While this approach 
leads to a fairly simple algorithm for the calculation, there are a few 
problems. In several cases spring constants were needed when the mooring 
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line was too taut to allow it to become tangent to the bottom at the 
anchor. If this condition occurs, or as it is approached, the catenary 
equations no longer apply. For many full-scale installations, a combi-
nation chain and synthetic line anchor cable is used. This combination 
anchor cable presents problems in attempting to use the catenary equa-
tions. 

Comparisons between the mooring line 'forces calculated using the 
catenary equations to predict spring constants showed poor agreement 
with measured results (Adee, 1975). While the general trends were re-
produced, an increase in the predicted spring constants of about a factor 
of 4 would have been required to bring the· theoretical prediction into 
agreement with the measured results. 

To overcome the problems encountered in using the catenary equa-
tions, a system based on discretization of the mooring line and static 
equilibrium was developed. This method is described in Appendix B. 

(1) Proposed Oak Harbor Breakwater. One of the few model 
tests in which mooring line forces were measured was performed by David-
son (1971) for the floating breakwater proposed for Oak Harbor, Washing-
ton. The model configuration with properties scaled to the prototype 
is included in Appendix F. The shape of this breakwater is basically an 
inverted bathtub with foam flotation. 

Applying the theory to predict the mooring line force in the seaward 
anchor line at a water depth of 29.5 feet, one obtains the results shown in 
Figure 17. The mooring-force coefficient is defined as the amplitude 
of the force oscillation divided by incident wave amplitude times the 
weight per unit length of the breakwater. In this figure, the large 
range of the experimental results is directly related to incident wave 
amplitude. The smaller incident wave amplitudes generally produce lower 
measured mooring line forces per unit amplitude except at the beam to 
wavelength ratio of 0.49. Since the linear theory is mathematically cor-
rect only in the limit as wave amplitude tends to zero, one would expect 
the best correlation between theoretically predicted and measured results 
for small amplitude incident waves. The results shown in Figure 17 are 
consistent with this expectation. However, the very large difference in 
mooring line forces as incident wave amplitude increases indicates a 
highly nonlinear response. 

A potential explanation for the nonlinear response observed in 
these experiments results from the condition of the mooring lines at the 
29.5-foot water depth used for the model tests. Under these conditions, 
the mooring lines no longer maintain a catenary shape. When the initial 
tension in the mooring lines is increased to this level, they respond 
with very large changes in mooring line force for very small displacements 
of the breakwater. Consequently, small deviations in the planned posi-
tioning of the anchors will lead to large changes in forces in the moor-
ing line. This condition clearly should be avoided in prototype instal-
lations where very large mooring line forces are to be avoided. 
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A second possible explanation of the nonlinearity results when the 
"drift force" on the breakwater is considered, If one carries the hydro-
dynamic analysis to second order, there are terms at zero frequency 
which yield a force on the breakwater in the direction in which the in-
cident waves are traveling. This force has the same effect as increas-
ing the initial tension in the mooring line and is proportional to wave 
amplitude squared. Increasing the initial tension tends to increase 
the spring constants of the mooring lines leading to larger oscillating 
forces as well. 

(2) Alaska-Type Breakwater. Mooring-force coefficients 
theoretically predicted and measured for the Tenakee, Alaska,breakwater 
are shown in Figure 18. For the field data the mooring-force coefficient 
is obtained by taking the square root of the mooring-force spectral 
density divided by the incident wave spectral density and then dividing 
by the weight per unit length of the breakwater. Again,as with the Oak 
Harbor model experiments,there is good agreement, especially in predict-
ing the peak in the curve near B/L of 0.65. 

One important aspect of the mooring line problem which should not 
be overlooked is a comparison between the model-scale results and the 
field measurements. For the Alaska-type breakwater, all the measured 
results indicate the amplitude of oscillation in mooring line force is 
in the order of hundreds of pounds, not thousands of pounds, as was pre-
dicted for the Oak Harbor breakwater in the model-scale tests. 

When the mooring line tension data recorded at Tenakee are plotted 
as a function of time as in Figure 19, one observes that there clearly 
are oscillations associated with the incident waves. However, there are 
also low-frequency oscillations which are of greater magnitude. A com-
plete explanation of the origin of these low-frequency forces has not 
been developed. However, one possible explanation is that these forces 
are a result of breakwater oscillation at the sway resonant frequency. 
Since the spring constant for sway motion is very small, one would ex-
pect a long natural period. Theoretically predicted sway motion response 
for the breakwater is plotted in Figure 20. Predicted natural periods 
are 64~ 37, and 29 seconds for tidal conditions of mean lower low water 
(MLLW), +10 and +20 feet, respectively. By applying a high-pass filter 
to the field data, one obtains the spectrum of force oscillation shown in 
Figure 4. Here, a peak is at a period of about 53 seconds (tide height 
= +7 feet). The predicted sway natural frequency is at 45 seconds when 
the tide height is +7 feet, which indicates that this explanation is 
plausible. 

(3) Friday Harbor Breakwater. The predicted performance of a 
seaward mooring line on the Friday Harbor breakwater is shown in Figure 
21 for a tide height of +5.33 feet. The Friday Harbor mooring lines are 
different than those at the other breakwaters. They are composed of a 
section of chain attached to the breakwater, followed by a length of 
nylon rope and, finally, another section of chains at the bottom. This 
particular tidal condition was chosen because it is the condition during 
record FH 7-8 used later for comparison. 
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Figure 19. Recorded time series, Tenakee, Alaska 
(record TK7-23). 
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' Low-frequency predicted sway motion and resonance are shown in 
Figure 22 for MLLW, +5,33 feet, +10 feet, and +lS feet tide heights. 
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III. FIELD DATA 

1. Layout. 

The site of the floating breakwater instrumented in this study is 
located at Friday Harbor, Washington, on San Juan Island, just east of 
Victoria, British Columbia (Fig. 23). The breakwater is 25 feet wide, 
904 feet long, anchored in approximately 40 feet of water, and was in-

. stalled in October 1972. The structure is made of Polyolefin flotation 
tanks linked together by a matrix of large wooden timbers. It is laid 
out in an expanded L-shape, the inside angle being 115°, with the short-
er leg (227 ft.) directed toward shore and the longer leg (627 ft.) 
toward magnetic north. The site itself is protected on three sides 
by San Juan and Brown Islands off the harbor entrance. This leaves an 
·o.25-mile-wide channel into the harbor with a northeasterly fetch of 
about 1.7 nautical miles. Southeasterly winds can also generate waves 
of importance parallel to the shorter leg where the fetch is about 1 
nautical mile. 

2. Instrumentation. 

The shorter leg was instrumented in this study for two reasons: 
(a) the most frequent winds are out of the southeast, and (b) barges were 
to be tied.to the longer leg during the winter months for added protec-
tion. However, the wave gages are positioned to give the proper inci-
dent and transmitted wave data for all relative wfnd directions (Figs. 
24 and 25) . 

Four types of time-dependent data which are basic to describing 
the r.esponse of the breakwater were collected: (a) wind velocity and 
direction; (b) wave heights at key locations; (c) anchor cable forces; 
and (d) directional acceleration and angular motions of the breakwater. 
The locations of the measuring sensors are shmvn on Figure 25. Signals 
from the sensors were carried by underwater cable to the recording system 
which was located in a small building mounted near the center of the 
short leg. 

3. Wind Data. 

Windspeed and diTection were measured by Weather Measure Corpora-
tion's Wl21 sensor. Some additional circuitry was required to record 
the windspeed, and the sensor was recalibrated to this circuit. The 
sensor was mounted on the breakwater at the intersection of the two legs 
at 20 feet above the water surface. 

4. Waves. 

Wave characteristics were measured at four locations with the second 
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transmitted gage being used as a backup. Two spar buoys instrumented 
to measure wave elevation were located outboard of the breakvmter and 
positioned so that one measured the incident wave field, and the other 
measured the incident plus reflected wave field, Two stationary gages 
were attached to pilings behind the breakwater to measure transmitted 
wave height. All four gages were of the resistance type. The spar 
buoys were used outside the breakwater to help reduce navigation hazards 
and because of the costs and logistics of placing stationary piling at 
these locations. 

The buoys were made of two sections of PVC pipe, the lower section 
being 6 inches in diameter and 15 feet long, and the upper section of 
3-inch diameter and 12 feet in length with the upper 8 feet wound with. 
a resistance wire. Four feet were exposed above the water surface, and 
a 2.5-foot-diameter disc was attached to the bottom to damp vertical 
motions. The natural periods in heave and roll, respectively, are 18 
and 14 seconds, well above the anticipated maximum wave period of about 
4 seconds. See Appendix J for a complete description of the wave staff 
and buoy designs. 

5. Cable Forces. 

Anchor cable forces were measured using a bonded strain gage-type 
load cell that was placed in the anchor chains beneath the water surface. 
These cells and the associated electronics were designed and built for 
this project. They have an overall system accuracy of 0.75 percent of 
the designed or rated total load cell capacity over a temperature range 
of 10° Celsius (design load 12,500 pounds), These load cells employ a four-
arm wheatstone bridge circuit which has two strain gages in each leg of 
the bridge and are self-temperature compensating. The units are 0-ring 
sealed and wired directly to the bridge amplifier circuitry mounted in. 
the recording package. 

6. Motion Package. 

Breakwater accelerations were measured using three Kistler servo-
accelerometers (Model 303T). One accelerometer, oriented horizontally, 
was mounted at the center of the breakwater to measure the sway accelera-
tion. The other two were oriented vertically and mounted at opposite 
outboard edges of the breakwater to measure the vertical accelerations. 
The heave acceleration was obtained by taking the average of the signals 
from the two outboard accelerometers; the roll acceleration was obtained 
by taking the difference of these two signals and dividing by the distance 
between them. The accelerometer locations are indicated in Figure 25. 

7. Data Acquisition System. 

TI1e data recording and electronic package was built around the Sea 
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Data Corporation's Series 610 four-track incremental digital cassette 
tape recorder. The complete package, which included all the electronic 
circuitry for the individual transducers plus the tape recorder, was 
housed in a watertight, 6-inch-diameter PVC cylinder 5 feet in length. 
The system was designed to be operated manually or in a completely 
automated mode, thus requiring only periodic tape changes (Fig. 26). 

In its automatic mode, the system was activated when the windspeed 
reached or exceeded a preset value and stayed there for at least 1 min-
ute. At this point, a single 17-minute sample of all the inputs was 
taken. Each 68 minutes following this, another 17-minute sample was 
recorded if the wind was still above its preset value; if not, the system 
was shutdown until the windspeed increased. Each 17-minute record con-
sisted of 2,048 samples, taken at 0.5-second intervals, of all 13 chan-
nels plus a clock channel. Twenty-five of these records could be record-
ed on a single cassette tape. 

8. Data Processing and Analysis. 

The initial step in the data handling was to transfer the data from 
the individual cassettes to seven-track magnetic tape by means of the 
Sea Data reader. These tapes were then converted to a computer compatir 
ble format on the University of Washington's CDC 6400 computer. The 
histograms for all records plus the basic statistics, i.e., the m1n1mum, 
maximum, mean values and standard deviations as well as the transmissjion 
coefficients based on these standard deviations, were then computed and 
tabulated (App. G). A digital filter, with a cutoff frequency of 0.05 
hertz (Gold and Radar, 1969) was applied to the transmitted wave data 
prior to these tabulations to remove tidal drift. The transmission 
coefficients given in these summary sheets are a ratio of the standard 
deviations for the transmitted and the incident wave gages. 

In the initial conversion, the data were checked for reader errors. 
These points were smoothed using a linear interpolation between the pre-
ceding and the following good data points. Following this, the data were 
checked for extreme values. Data points departing from the mean by more 
than five standard deviations were smoothed in the same manner as were 
the reader errors. In no case did the number of errors.warrant elimina-
tion of a complete record (greater than six bad points). Record FH 11-1, 
however, had bad data for channels 3, 4, 5, 7, and 8. This record was 
run manually while calibrations were being made, and the affected chan-
nels were not connected properly at this time. The final edited data 
were then stored on magnetic tape. 

The autospectra for all the wave data for all records were computed 
with a more complete analysis of the force and acceleration data applied 
to the more desirable events. 

Digital filtering techniques were used prior to spectral analysis 
on all the wave and force data. The procedures used follow ·those given 
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by Gold and Radar (1969), The f~rst step in the development of this 
filter function is to assume an ideal filter response function. 

{: ' 0 < lfl < f 
FR. (f) - - c = 

' f < lfl < f c - n (12) 

r· 0 < lfl < f 
Fh (f) - ' c = 

f < lfl < f 1 ' c - - n 

where fc is the cutoff frequency, f~ the Nyquist frequency,and FR.(f) 
and Fh (f) are the ideal low-pass and high-pass filter response functions. 

The ideal filter response function is then Fourier-transformed to 
the time domain, giving the impulse response function, which is trun-
cated by using an appropriate window function and transformed back to 
the frequency domain giving a complex frequency response function. The 
number of points used in representing the filter function is allowed to 
vary and the resulting convolution with the original time series is 
accomplished by using the overlap-add method of convolving smaller ser-
ies with larger ones. This allows for more economical filtering proce1 
dures. 

This gives three variables ·to choose from in the final filter func-
tion design: the length or number of points used in the filter, the1 

type of window used to truncate the impulse response function,and the 
number of points to be truncated. 

This procedure is analogous to spectral estimation techniques except 
for the truncation of the impulse response function. The larger the 
number of points used in the filter function, the better the estimate. 
The smoother the window function, the broader the transition band. In 
addition, the ripple or Gibb's phenomena is reduced. Generally speaking, 
the more points that are truncated (set to zero) the better the result-
ing approximation. ·In practice, the actual number is determined experi-
mentally by comparing results for different truncation values. This 
results in setting approximately 20 percent of the impulse response func-
tion to zero. The hanning window function was used with 128 points in 
the filter response function and 38 points being set to zero in the im-
pulse response function. That is: 

h(nAt) = w(nAt) h(nAt) 
and 

1 2 (1 + cos n-1 
1T 45)' 1 < n < 45 

w(nAt) = 0 45 < n < 83 (13) 

1 128-n) 2 (1 - cos 1T 45 , 83 ~ n ~ 128, 
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where h(n~t) is the impulse response function and w(n~t) is the hanning 
window function. The final filter response function is defined as: 

F(f ) = ~ 8(n~t)e-j2Tinfn~t, 
n n 

where j = ;:[and ~tis the constant time interval between samples. 

The transition band or the frequency increment traversed by the 
cutoff of the filter function can be approximated by: 

10 
7\ = 128- = 0. 078 

and the maximum stopband attenuation for the hanning window is 55 de-
cibels. These values can only be achieved through proper filter design. 
The actual values for the filters used are X =0.08and a maximum atten-
uation of greater than 55 decibels. The ripples in the passband for each 
filter used were below 0.01 percent. These values could be improved on 
by increasing the number of points used for the filter response function 
estimate. Also the stopband attenuation could be improved, at the ex-
pense of a wider transition band for a given size filter function by 
using the Blackman window function. However, the accuracy of the filter 
response functions used exceeds that of the measurements and is suffi-
cient for this application. 

After initial processing and prior to all spectral calculations a 
tapered cosine data window was applied to the first and last 10 percent 
of the data to reduce spillover of spectral energy to adjacent frequency 
points. For data stretching from n = 1 to n = N, the formulas for the 
data window are: 

1 (1 n-1 for 1 < n < O.lN 2 - COS TI o·.1N) 

w(n~t) 1 for O.lN < n < 0.9N (14) 

1 N-n for 0.9N 2 (1- cos TI O.lN) < n < N. 

The data were then transformed directly using fast Fourier transformation 
procedures and smoothed by averaging adjacent raw spectral components. 
Initial sampling was performed at 0.5-second intervals with 2,048 samples 
per record, and 20 adjacent points averaged together in the autosp~ctral 
calculations to get the final smoothed spectral estimates. This gives a 
frequency resolution of 0.0195 hertz with 40 degrees of freedom per spec-
tral estimate. 

All of the wave data was high-pass filtered, using the filtering 
techniques previously outlined with a cutoff frequency of 0.05 hertz. 
This was done to remove the tidal influence on the transmit5ed wave 
staffs and to eliminate any possilbe buoy motion in the incident wave re-
cords. Also the anchor cable force data were separated into a low-and 
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high frequency signal using the same filtering procedures. For the 
high-frequency case this was done to remove the influence of the large 
low-frequency spikes in the spectra. A high-pass filter with a cutoff 
frequency of 0.1 hertz was used. 

For a closer look at the low-frequency information in the anchor 
cable force data, a new time series was generated from the original re-
cord by sampling every eighth data point. To reduce aliasing of the 
higher frequency energy in the original signal, each record was low-pass 
filtered prior to this sampling using the filtering techniques previous-
ly outlined with a cutoff frequency of·0.2 hertz. The sampling of every 
eighth point of the original time series gives a sampling interval of 
4 seconds, a Nyquist frequency of 0.125 hertz and a record length of 
256 points or 1,024 seconds. Five raw spectral points were averaged 
together to give the final smoothed spectral estimates. This results 
in a frequency resolution of 0.0049 hertz with 10 degrees of freedom per 
spectral estimate. 

A .total of 95 records was recorded at the site from 1330 hours on 
30 December to 3 May 1975. There were no known equipment failures or 
breakdowns except for one of the load cells going off scale at low tide 
on the first tape (FH 7, NW load cell channel 3). A complete summary of 1 

these events is given in Appendix G. Also, Figure 25 gives the relative 
locations of the individual transducers. 

\ 
The wind direction in all cases is referred to the long leg, which 

has a north-south compass bearing (magnetic-declination in this area is 
23° east). There are two wind-direction windows of interest. For the 
long leg, the directions are approximately 50° to 95°; for the short leg, 
130° to 160° (Figs. 24 and 25). 

Two storm events were chosen for presentation and further analysis. 
These events cover records FH 7-6 through FH 7-12 and FH 11-8 through 
FH 11-14 (Apps. G and H). They were chosen because of their directions 
relative to the short and long legs, respectively, and because of their 
duration and magnitude. Both events lasted for over 7 hours with maxi-
mum windspeeds in excess of 35 miles per hour, with all the mean wind 
direction within or close to the desired wind-direction windows. Appen-
dix H gives the pertinent wave spectra and transmission curves for the 
above two events. 

The average overall response or transmission curves for the events 
within each wind-direction window and for all the recorded data, are 
given in Figure 27. These plots were obtained by averaging the square root 
of the ratio of the transmitted to the incident wave spectras for the 
records indicated ~or each curve. Therefore, they have the same frequen~ 
cy resolution of 0.0195 hertz. 

A puzzling feature in all the transmission response curves calculat-
ed from field data is the rise at lower frequency to a value near one and 
then dropping off 'again. This can partially be attributed to a lack of 

58 



I-z w 
u 
lL 
lL w 
0 u 
z 
0 

(1'1 (/) 
<.0 (/) 

~ 
(/) 
z 
<( 
0:: 
I-
0 w 
t9 
<( 
0:: w 
> <( 

0 
0 • -
0 
CX) . 
0 

0 co . 
0 

0 
"I#' . 
0 

2 . 
0 

/\J\ 
I ' 

•'\ I t"-·~ I J I ,\. .. 
I I \ I I \ \ 

I I ~ 

I / ~,' 

~= 4.87f 2 
L . 

0.076 0.304 

ALL 95 RECORDS 

50°-95°WIND DIRECTION (IO RECORDS) 

130°-l60° WIND DIRECTION ( 7 RECORDS) 

0.685 1.22 1.90 2.74 3.73 
BEAM/WAVELENGTH 

..... / --
4.87 

0 q 
0~------~.--------r--------~--------~----------~------~--------,-------~ 

0.00 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.00 
FREQUENCY (Hz) 

Figure 27. Average transmission curves for Friday Harbor breakwater. 



energy in the incident wave spectra at lower frequencies. This possi-
bility can be backed up in part by data from two similar projects under-
taken in the past 2 years on a styrofoam-filled concrete-type break-
water (Christensen and Richey, 1974). The first is located in relative-
ly sheltered water while the second breakwater is located near the open 
ocean where swell becomes an influence and results in a much broader 
spread of spectral energy over the frequency band in question. The first 
breakwater showed similar response curves to Friday Harbor while the 
second tended to approach one near the lower frequencies and stay there 
(see App. H., Figs. H-10 and H-11). 

All of the anchor cable data showed a very dominant amount of ener-
gy at lower frequencies. Appendix I shows the results of the low-fre-
quency analysis for three of the anchor cable force signals for record 
FH 7-8. The autospectra for the force gages show several large peaks in 
this lower frequency band (App. I, Figs. I-1, I-2, and I-3). The exact 
location of these peaks varies for different records, but in all records 
analyzed, the dominant amount of energy in the force spectra was con-
tained in this lower frequency band of approximately 0.015 to 0.05 hertz. 
In most cases, however, a relatively dominant peak appeared in the 56-
to 63-second-period range. The anchor forces measur:ed were .all quite low; 
the largest range was only 628 pounds. The cables are spaced at 50-foot 
intervals. 

The phase and coherency spectra for three of the force gages for re-
cord FH 7-8 are given in Appendix I (Figs. I-4 through I-7). They sh,ow 
a strong linear relationship between the gages on the same side of th·e 
breakwater and for the opposing gages. The forces in the two anchor 
lines on the same side were in phase; the two opposing were 180° out 
of phase. This indicates that the sway or roll motions are dominant in 
this frequency range. The accelerations at these lower frequenCies were 
too small to be recorded and could not be used to help confirm which 
motion was involved. However, in the overall frequency range (0 to 1.0 
hertz) the variances for sway and heave were two orders of magnitude 
greater than roll, which indicates that sway would have to be the domi-
nant motion involved here. 

The analysis of the complete frequency range for the force data for 
FH 7-8 is· shown in Appendix J (Figs. J-2 through J-8). · The data were 
high-pass filtered (fc = 0.1) for these spectra. A comparison of the 
variances computed for the high- and low-frequency sections of the force 
spectra showed that over 90 percent of the energy in all cases analyzed 
was contained in the lower frequencies. A summary of the force data, 
without any filtering, for all the data collected in this experiment is 
given in a table. 

The autospectra for the force gages (FH 7-8) are relatively spread 
out (see App. J, Figs. J-2, J-3, and J-4), with the outside force gages 
showing a greater response to the lower frequency incident wave energy 
than the inside gages. However, the outside and the opposing gages show 
relatively high coherency, with the outside gages being in phase and the 
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Table. Summary of anchor cable force statistics. 
Standard deviations Maximum values Variations, max. to min, 

(pounds) (pounds) (pounds) 
NW sw NE SE NW sw NE SE NW sw NE SE 

. FH7 - 1 9.155 9o811 7.016 6.077 39.096 30.896 31.920 l7o51t5 60.000 64.000 lt8o000 36.31t0 
FH7 - 2 24.055 51.877 14.026 30.339 57.895 161.51t9 42.344 96.340 136.000 272 .ooo 80.ooo 176.960 
FH7 3 16.689 65.078 13.839 38.205 75.580 325.976 66.357 193.091 88.ooo 500.000 120.000 278.080 
FH7 - " .ooo 89.072 llto051 55.777 75.580 ltlt5.255 lt3oO't5 278.098 88.000 628.000 84.000 390.260 
FH7 - 5 2.os1 97.282 16.930 61.033 15.646 333.143 47.802 221.935 16.000 51)0.000 108.000 350.760 
FH7 - 6 ·18.688 50.922 11.194 27.538 40.508 15bolt87 23.366 90.272 76.000 252.000 ·60.000 137.460 
FH7 - 7 10ob57 82.997 11t.872 't6o791 51.649 259.791 50.953 lb2.782 56.000 472.000 100.000 27'to920 
FH7 - 8 1.003 86.332 13.652 48.2l't 7o8't4 291.2.35 37.668 173.781) 8.ooo 't9b.OOO 8o.ooo 290.720 
FH7 - 9 1o128 80.256 12olt71 lt7.'tll 7. 793 362.348 31t.'t56 197.821 8 .. ooo 51tO.OOO 68.000 301to940 
FH7 -10 5.188 131.584 19.011 82.181t. 26.399 397.52't 48.775 283.358 28.ooo 636.000 96.000 uo.800 
FH7 -11 20.866 86.769 15.340 52.033 88.545 305.942 lt3o058 195.538 108.000 520.000 88.ooo 306.520 
FH7 -12 31to38't 62.609 19.570 38.895 72.790 306.050 41o58't 191.569 172.000 421t.OOO 128.000 262.280 
FH7 -13 20.978 39.61t6 llt .. 't'tl 26.267 lt6o319 199.03't 39.261 130.1t31 H8.ooo 30'to000 100.000 257.5't0 
FH7 -lit 21.201 't0o827 12 •. 53't 21t.107 66.110 173.650 37.3't9 Hb.288 1 ""· 000 260.000 88.ooo 172.220 
FH7 -15 24.710 5'to314 14.292 ·31.875 108.727 195.614 57o30't 109o't71 176.000 344.000 96.000 188.020 
FH7 -16 6o606 82.334 15.615 49.1t0't 33.703 328.021 4'to489 193.378 36.000 516.000 92.000 300.200 
FH7 -J.7 .ooo 71.200 9.615 36.055 33.703 224.199 38.805 118.011 36.000 372.000 64.000 192.760 
FH7 -18 .ooo 't7.4'tl 7.591t 21.81t9 33.703 162.227 20o866 93.127 36.000 28o.ooo lt8.000 137.'t60 
FH7 -19 21o8't0 ltl.588 llt.847 20.752 51t.065 157.809 35.505 .78.933 10't.OOO 340.000 104.000 l45 .360 
FH7 -20 2o534 16.865 20.600 lloll2 23.655 216.094 98.244 69.665 2'ta000 232.000 116.000 105o860 
FH8 - 1 23.966 10.425 16.21t6 10. 7't8 24.963 49.370 80.237 So72't 132.000 64.000 9!>.000 50.460 

en FH8 - 2 24.306 66o't79 9.749 31.996 55.198 300.522 2'to714 1~i't.788 132.000 lt20.000 52.000 211.720 
FH8 - 3 19.813 99.539 11.029 53.237 50.882 322.562 29.327 172.246 108.000 .. 521t.OOO 60.000 267.020 
FHB - It 22.521 1'tlo 836 13.626 76.751 lt8.645 660.252 26.833 382.881 120.000.S60o000 72.000 't77o160 
FH8 5 17.970 67.053 8.112 32.891 41t.309 223.080 20.041 119.696 100.000.348.000 4't.OOO 175.380 
FH8 - b 22.001 53.054 11.192 24.'t74 67.313 231.113 33.520 :121.875 1Z't.OOO 336.000 68.000 16'to3ZO 
FH9 - 1 18.·110 50.773 9.177 27.526 51r.ooe 187.160 28.923. 99.722 121t.OOO 292.000 60.000 153.260 
FH9 - 2 13.179 23.756 10. 't32 15.784 36.082 72.692 35.365 't7.053 76.000 136.000 6't.OOO 88.480 
FH9 - 3 lito 533 36.725 8.396 19.000 36.962 132.153 25.851 81o35't 88.ooo 216.ooo 56.000 121.660 
FH9 - It 19.735 50.283 7.926 23.14't 't8.880 159.877 21o5'tl 79.507 108.000 272.000 lt4.ooo 131.140 
FH9 - 5 17.808 45.376 7. 7Zit 22.556 55o1't't 142.958 18.757 70.823 112.000 28'to000 'tO.OOO 116.920 
FH9 - 6 21.681 51.506 10.536 27.655 51t.692 173.777 28.025 91.162 12'to000 292.000 56.000 150.100 
FH9 - 1 19.17't 38.806 10.916 20.378 45.00't 99.019 29.555 52.121 96.000 188.000 60.000 101.120 
FH9 - 8 19.020 't0.774 13.595 25.726 lt5.1t30 l't1o364 32.545 92o01t3 108.000 221t.OOO 76.000 150.100 
FH9 - 9 13.796 30.255 8o91t2 17.901 39.755 111.779 2!>.357 73.252 8o.ooo l8o.ooo 60.000 112.180 
FH9 -10 16.768 42.001 10.096 2'to075 57.927 l't2o372 29.720 82.578 108.000.256.000 60.000 135.880 
FH9 -11 21.662 56.483 9.620 32.725 55.551 198.810 27.283 105.899 120.000 340.000 52.000 176.960 
FH9 -12 18.393 73.711 8a't38 38.399 61olt89 242o31t9 20.758 129.846 124o000 't36o000 52.000 214.8 80 
FH9 -13 16.287 62.127 7.077 29.598 'tlo47't 222.018 16.948 119.112 96.000 336.000 4't.OOO 173.800 
FH9 -lit 17.753 76.333 8.323 38.727 'tl.791 292.927 23.927 lltZ.OZ't 108.000 456.000 52.000 232.260 
FH9 -15. 26.975 68o't63 llo023 33.782 65.956 212.446 22.986 114o6't2 124.000 352.000 52.000 176.960 
FH9 -16 18.338 31.378 . 16.039 21.074 38.091 98.716 35.680 64.331 96.000 16'to000 8o.ooo 107.lt't0 
FH9 -17 20.233 38.920 16.823 25.211 't9o889 121.439 43.842 7"6.554 112.000 zoo.ooo 96.000 129.560 
FH9 -18· 2l.l't8 55.706 u.o8o 32.035 47.555 Z't0.43lt 27o't5't l't8.562 136o000 3't0o000 64.000 202.2't0 
FH9 -19 21.lt72 50.908 6.997 26.'t91t 62o't51t 16't. 061t 26o2't7 9't.187 120.000 288.000 tt8.ooo 156.1t20 
FH9 -zo 16.001 33.91t8 6.131 llto763 40.317 130.4't2 l'to502 61.505 100.000 200.000 36.000 88.480 
FH9 -21 11to681t 32.971 6o9'tl 15o069 39ol't0 92.387 21.002 3 7 olt99 84.000 176.000 40.000 69.520 
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Table. Summary_of anchor cable force statistics (continued). 
St~ndard devi~tions Haximum v~lues Variations~- max. to m;in, 
NW 

(pounds) 
NE ~oundst (pounds) SW SE NW S\ N SE_ -- NW l~W.ooo· ttJ!~o·o 1~%.6oo FH9 -22 1~.200- 32~S6o·· 8.1ttlt 17-.917 ~t3 ;·288 169~-508 · z2~45-8 57.980 88.000 

FH9 -23 Zlt.902 62.139 14.784 36.615 59.439 237.321 45o5't8 150.064 1't8.ooo 384.000 92.000 230.680 
FH9 -24 21.917 5't.967 13.017 32.035 56o't63 222.087 32.201 H6o193 14't.OOO 356.000 76.000 200.660 
FH9 ~25 18.5't5 lt6.3't2 10.659 27.186 61.652 135.638 36.108 80.267 108.000 268.000 64.000 151.680 
FH10- 1 3.957 5.271 3o182 3.632 10.237 10.7lt6 9.290 9.151 3't.166 30.532 Z't.797 26.861 
FH10- 2 Zlt.7't2 50.725 15.561 22.265 9ft o83't 168.7't2 67.~76 73.97lt i86.ooo 280.000 115.555 12lto820 
FH10- 3 21.037 61.37~ 11.987 36.717 52.322 197.755 5~.176 129o1~8 120.000 ~04.000. 88.000 279.660 
FH10- ~ 27.303 78.380 11.272 42.955 93o12ft 389.259 Ho285 208.183 200.000 560.000 84.000 292.300 
FH11- 2 22olt9~ 65.805 13.598 37o8U 56.107 202.384 37.065 123.866 124.000 360.000 74.000 212.000 
FHll- 3 22.328 56.817 7.509 28.550 ~8.012 189.991 17.951 109.7lt4 108.000 301t.OOO ltZ,OOO 160.000 
FHll- It Zlto406 53.350 14.372 33.~~8 63.307 182.538 ~0.7lt3 122.528 H2,000 294.000 86.000 190.000 
FHll- 5 22.882 59,094 10.775 32.883 58.27lt 271.120 28.511 1Ho525 150.000 lt04o000 60.000 202.000 
FHll- 6 21to05~ 63.906 8,~67 30.352 54.022 246.ltlt9 27.250 117.612 122.000 386o000 56.000 186.000 
FHll- 7 23.151 66.~32 8.~36 29.896 69.535 201.553 21.213 82.841 1H.OOO 366.000 44.000 llt6.000 
FHll- 8 28.009 68.262 13.612 37.728 63.996 251t, 21tlt 33.133 121to0llt 164.000 396,000 7lt.OOO 196.000 
FHll- 9 3fto270 93,910 16.206 53.663 75.529 333,183 ~O.J. 72 205.589 176.000 526,000 86.000 30~.000 
FHll-10 28.525 77.068 14.~29 lt6.228 76,095 25ft. 25~ 45.259 156.353 162.000 430.000 8~.000 262-.000 
FHll-11 30.270 77,31t2 17.305 ~8.061 79.208 236,058 53.389 147.266 168.000 42~.000 96.000 262.000 
FH11-12 35olt51. 87.205 20.977 53.710 1H.203 290.567 72.657 187.~79 228.000 490.000 136.000 310.000 
FHll-13 3~o9H 68,1tlt6 22.771 41t.982 109.038 235.lt70 80.708 163.276 214.000 lt30,000 lltBoOOO 282.000 

(j) FHll-H 39.062 81to688 22.362 50,lt37 110.991 309.132 59.975 153.687 232,000 522,000 118.000 Z71to000 
N FH12- 1 13.971 21.351t 9,562 u.H3 62.201 99,1H ltlto326 lt8,563 102.000 He .ooo 64.000 n.ooo 

FH12- 2 9.098 19.909 5.368 11o137 21o490 64.585 14.199 3lto845 46.000 108,000 30.000 56.000 
FH12- 3 18.660 35,685 10.805 22.129 40'.248 138.962 3lt .3 95 85.847 106.000 208.000 7~.000 128.000 
FH12- ~ 22.653 lt3.195 H.695 26.162 58.226 178.015 45,1t67 103.876 142.000 296,000 91t,OOO. 170,000 
FH12- 5 19.137 39.018 11.795 25.009 50.916 153,].39 31.666 87.1t06 126.000 248,000 68.000 llt6.000 
FH12- 6 llto011 26,321t 7. 753 15.326 ~6.851 107.505 27.827 55.02~ 100.000 180,000 50,000 100.000 
FH12- 7 19.667 36.519 11.697 22.201 50.51t7 150.864 35o3't6 98.391 128.000 236,000 82.000 158.000 
FH12- 8 26.255 53.094 14.696 32.887 72.426 196.275 40.011 129.161 156.000 326,000 91t.OOO 20it.OOO 
FH12- 9 23.~6'2 ltlto187 13.576 29.269 lt9 .645 143o't06 32.260 100.631 122.000 226,000 12.000 154.000 
FH12-10 36.376 77.993 19.146 't5.590 100.799 296.819 54.695 170.487 224.000 472.000 114.000 262.000 
FH12-ll 29.763 83.770 17.150 48.104 c95o243 256.215 57.197 145.1t47 196.000 50it,OOO 104.000 278.000 
FH12-12 25.076 69.811 12.~88 u. 639 67.139 250.153 38.582 168.483 150.000 440.000 78.000 276.000 
FH12~13 24.012 66.572 9.373 36.446 55.361 183,38~ 20.981 102.581 120.000 308.000 50.000 166.000 
FH12-H 21.781 54.227 7.195 24.182 58.399 184.949 21.444 88.238 124.000 294,000 44.000 140.000 
FH12-15 't0ol26 51.751 39.879 20.837 136.208 110.201 139.250' 49.158 216.000 268~000 206.000 108.000 
FH12-16 51.112 54.756 26.527 16.088 233.839 218,919 109.241 80.787 3~6.000 356,000 166.000 124.000 
FH1Z-17 22.067 52.260 11.290 26.120 49.~97 161.298 29.337 83.695 110 .• 000 258.000 66.000 136.000 
FH12-18 19.434 47.133 9.794 23.689 43.586 186,820 25.805 d2o68~ 112.000 278.000 56.000 132.000 
FH13- 1 28.223 74.717 9.6~~ 29.630 107.602 340.358 '31.808 133.561 '208.945 411t.OOO 70.000 200.000 
FH13- 2 25o606 73.194 10.99~ 30.246 57.596 307.876 2lt.964 132.105 134.000 4ftlt,OOO :62.000 182.000 
FH13- 3 30.135 . 78.112 13.818 37.252 79.256 289,31t2 36.656 134.101 170.000 't58.000 .. 76.000 212.000 
FH13- It 35o103 96.943 17.090 53.806 7l.Oit9 306.891 U,425 199.855 166.000 478.000 .92.000 29(),000 
FH13- 5 24.136 47.125 12.540 27.668 76.648 186,446 36.807 107.207 158.000 310,000 .78,000 176o000 
FHl3- 6 24.2~0 40.460 13.459 24.938 56.828 142.378 36.660 11 .on 124.000 21tO,OOO 72.000 140 .. 000 
FH13- 7 40.252 111.057 17.216 58.518 91.917 346.205 48.480 198.638 210.000 578.000 98.000 316.000 
FH13- 8 38.769 114.883 16.219 61.259 83.843 460.616 42.063 207.326 198.000 684.000 86.000 338.000 



outside leading the inside gage by approximately 180° over the fre-
·quency range of 0.25 to 0.37 hertz. This indicates that the forces are 
relatively uninfluenced by waves above approximately 0.37 hertz. This 
frequency range is also where the transmission curves rise to near 
unity. This agrees with the low-frequency analysis and suggests that 
the response is similar over the complete frequency range below 0.37 
hertz. 

The acceleration force, autospectral and cross-spectral analysis 
results, are also given in Appendix J for the higher frequency range for 
record FH 7-8. No dominant features were observed in the motion spectra. 
Their peak values and spread of energy with frequency appear to follow 
the general character of the incident wave spectra in all records ana-
lyzed. This implies that any natural frequencies in each of the motions 
is outside the range of significant incident wave energy. The cross-
spectral analysis shows a high coherency and zero phase shift between 
the heave and roll accelerations. In both the sway and roll, and the 
sway and heave accelerations, the sway acceleration leads by approxima-
tely 180° over the range of significant incident wave energy and then 
tapers to near-zero phase shift at higher frequencies. Also, the cohe-
rency is high enough over the incident wave energy band to imply near 
linearity between all three motions. 

These conclusions are based on positive sway being outward from the 
short leg (south), heave positive up, and the positive roll to be clock-
wise around a positive axis pointing westerly toward shore. 
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IV. COMPARISON OF THEORY WITH FIELD DATA FOR FRIDAY HARBOR BREAKWATER 

Although the Friday Harbor br~akwater has a very complex geometry 
and does· not respond as a rigid body to the incident wave excitation, it 
is important to draw some comparisons between the theoretical prediction 
of performance and the field measurements. In seeking a "typical event" 
from the enor~ous quantity of data gathered, the goal was to find a case 
where the wind was reasonably close to being on ~he beam of the short 
leg of the breakwater. 

The one striking item which emerges from the data is the similarity 
of a•ll the transmission coefficients examined. These c~rves seem iden-
tical no matter what the wind direction. This was not expected because 
there were barges tied to the breakwater along the entire long leg, while 
there were none along the shorter leg. A further investigation of the 
reasons for the similarity is certainly warranted. 

The record selected for comparison with the theory was FH 7-8. 
Figure G-3 in Appendix G shows the incident and transmitted wave· spectra 
and transmission coefficient. This record is also listed in the statis-
tical summaries of Appendix F. The spectral analysis using a high-pa~s 
filter was performed as described in Section III. 

A comparison of the theoretically predicted and measured trans-
mission coefficient is shown in Figure 28. So long as the calculated 
hydrodynamic damping is doubled in the theoretical analysis, the results 
are quite good. As described in Section II, the peak in the transmission 
curve at a frequency of 0. 95 hertz probably results from the "irregular 
frequency" phenomenon which occurs in this mathematical formulation. 

Comparisons of sway, heave, and roll acceleration predictions with 
measurements are shown in Figures 29, 30, and 31, respectively. Here, 
the acceleration response has been nondimensionalized by multiplying by 
the beam or beam squared, as appropriate, and dividing by the accelera-
tion of gravity times the incident wave amplitude. 

In the case of sway acceleration, the theory overpredicts the values 
throughout the entire frequency range. The peak at 0. 5 hertz appears in 
the correct location, but the measured values would need to be doubled 
to bring the curves into better agreement. 

~ For heave acceleration the curves appear to be in closer agreement, 
at least above the frequency of 0.4 hertz. Below 0.4 hertz there seems 
to be little correlation. 

Roll acceleration seems to show the worst agreement of all. Here 
again, the predicted accelerations are considerably higher than the mea-
sured values. 

There are several possible explanations for the discrepancy between 
predicted and measured accelerations. In the field, even if the wind 
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were blowing directly on the beam of the breakwater, one would not 
find the condition of long-crested waves impinging directly on the beam 
of the breahmter. As a result, the breakwater is not excited uniformly 
along its entire length. Therefore, the breakwater itself provides 
restraint against motions which are excited in a local area. The con-
struction of this particular breakwater is also quite flexible., which 
allows for considerable internal damping of the wave-excited motions. 
The barges tied to the long leg also serve to restrain the motion and 
provide additional damping. 

There is a strong need, in this case, to provide laboratory data 
on the breakwater motions, which could be further correlated with the 
theory and the measured motions. 

If one looks at the measured accelerations by themselves, a consi-
derable resemblance in all three degrees of freedom appears. Further, 
if these accelerations are viewed along with the incident wave spectrum, 
considerable similarity appears again, suggesting that further investi-
ga~ion of the measurement scheme would also be welcome. 

The final comparison to be made is between the theoretically pre-
dicted and measured mooring-force coefficient. The theoretical predic-
tion and measured data for the seaward mooring line is shown in Figure 
32. The correlation appears to be quite good in this case. 

In looking at the time series of force on the mooring lines and 
the windspeed, one can observe a definite correlation' between the wind 
gusts and increases in the mooring force. This is probably a result of 
the large barges tied to the structure which act almost as sails. lf 
this is the case, the increase in tension caused by the mean wind on the 
barges needs to be accounted for. No attempt has been made to do this. 

The most common method of presenting the spectral data obtained in 
the field uses a frequency scale rather than the nondimensional beam/ 
wavelength scale used in Section II. In this section the comparisons 
are made using a frequency scale. For the Friday Harbor breakwater 
(beam = 25 feet) the conversion is: 

B _ 2nBf2 = 4 . 87 f2 
I - g 

assuming deepwater waves. 
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V. CONCLUSIONS 

Results for the predicted transmission coefficients were in good 
agreement with laboratory and field data, and they showed how the in-
fluence of fixed-body transmission, and of sway, heave, and roll motions 
on the transmission coefficient changed with increasing values of the 
beam to wavelength ratio. 

The curves predicting the mooring line forces as a function of the 
beam to wavelength ratio (or of incident wave frequency) followed those 
for the measured responses. Care must be exercised in the analysis of 
mooring· line forces because there is strong evidence of nonlinear be-
havior. 

An extreme storm event did not occur during the sampling season at 
Friday Harbor, nor during two winter sampling periods on the Alaskan 
breakwaters; however, the anchor forces measured were about an order of 
magnitude less than anticipated. 

The barges tied to the long leg of the breakwater did not noticeably 
affect the transmission coefficients above a frequency of about 0.3 
hertz, since the curves for all incident directions were approximately 
coincident above that mean frequency. Below the frequency of 0.3 hertz, 
it appears that the barges may have reduced .the transmitted energy 
somewhat. 

The extension of the theoretical model to include second-order terms 
showed the presence of addi tiona! exciting-force te:>:ms at zero frequency 
and at the difference frequency of the incident waves. Additional work 
on the basic theoretical model is needed to incorporate these terms into 
the calculations for mooring forces. The most appropriate means of veri-
fying the role of the second-order terms may be in a model basin, where 
breakwaters of. simple cross section. and incident wave spectra having 
only two or three components could be employed under controlled condi-
tions. 
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APPENDIX A 

HYDROSTATIC RESTORING FORCES AND SPRING CONSTANTS 

Hydrostatic restoring forces and spring constants are computed for 
the two-dimensional analysis under the following assumptions: 

(a) The body rotates about the origin of the coordinate system 
and all forces and moments are computed about that point. 

(b) The body has vertical sides in the region of its waterplane. 

(c) All motions are small. 

1. Sway Motion. 

In the horizontal plane the body is in neutral equi~ibrium. There-
fore, there are no hydrostatic restoring forces.and 

KHll = KH12 = KH13 = 0. (A-1) 

2. Heave Motion. 

Vertical displacement of the body results in a change in the buoy-
ant volume of the body and consequently a change in the buoyant force on 
the body. Since this force must be perpendicular t& the waterline, 
there is no change in the horizontal force as a result of vertical dis-
placement and 

KH21 = 0. (A-2) 

If one considers a small vertical displacement, 8y, there is a resulting 
change in volume: 

8V = 8yAw (for 8y +upwards). 

Here, A is the waterplane area. The vertical force then is: w 

or 

(A-3) 

In this equation xa and Xb denote the sides of the body as shown in the 
Figure in this appendix. Since the vertical force may be regarded as act-
ing at the centroid of the waterplane area, Xc, the moment may be expressed. 
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M = K oy = - pgA x oy. 23 w c 
Substituting for x and A yields: c w 

1 
KH23 = - _pgAwxc = - pgAw 2 [xa 

3. Roll Motion. 

1 2 2 
= 2 pg[xa - xb ] · (A-4) 

The analysis of roll motion-induced forces and moments is compli-
cated by the fact that the body is assumed to rotate about the origin 
of the coordinate system and not the centroid of the waterplane. 

The problem is illustrated in the figure. Here, line 2, the water-
line after rotation through and angle oe must pass through the inter-
section of the y' coordinate axis and the initial waterline. Equations 
for lines 1 and 2 may then be obtained. 

Line 1: y = c. 

Line 2: y = mx + b. 

The slope of line 2 is: 

m = ~y = - tan oe. 
~X 

Line 2 must also pass through the point P so that: 

and 

X = + C tan 06 p 

yp = c. 

These equations yield the relationship: 

b = c(l + tan2oe). 

. . 

To find the force acting on the body as a result of the rotation, 
the net lost or gained volume is needed. 

W=r 
X a 

=r X a 

(mx + b - c) dx 

2 
((- X tan 06 + c(l + tan 06) - c) dx 
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= - ! [x 2 - x 2] tan 68 + c[xb - xa] tan268. 2 b a 
By applying the "small angle" approximation and neglecting terms of the 
order of 682. Then, 

6V ::: ! [x 2 - 2] 68 2 a xb 

and the force is: 

F _ 1 [ 2 2]~ 8 - 2 pg xa - xb u • 

The x and y components of the force are: 

F ~ 8 _ 1 [ 2 2] Fx = cos u - 2 pg xa - xb 68 cos 68 

and 

F . ~ 8 _ 1 [ 2 2 Fy = s1n u - 2 pg xa - xb ]68 sin 68. 

Again applying the small angle approximation one finds: 

Fx:::} pg[xa2- xb2]68 

and 

Fy =: 0. 

TI1e hydrostatic spring constants coupling roll to sway and heave are 
then: 

(A-5) 

and 
- 1 2 2 KH32- 2 Pg[xa - xb ]. (A-6) 

To obtain the moment induced by roll motion compute: 

~1oment of Gained Volume 

Moment of Lost Volume 

and 

Moment of Original Volume = Wyb 68. 

In this formula, 

W = weight per unit length 
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and 

yb = distance the center of buoyancy is below the 
center of gravity. 

The total moment then is: 

M = ~ (x 3 - x 3)68 + Wyb 68, 3 b a 

and the spring constant becomes: 

KH33 = ~g (xb3 - xa3) + Wyb. (A-7) 

Expressed in traditional naval architecture terminology, this reduces 
to: 

KH33 = WGM, 

where 

GM = metacentric height. 

4. Collected Results. 

KHll = KH12 = KH13 = KH21 = KH31 = O 

KH22 = Pg[xb - xa] 
1 2 2 

= KH32 =·2 Pg[xa - xb 1 
- pg [ 3 2 KH33 - ~ xb - xa ] + Wyb 
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APPENDIX B 

1--lOORING ANALYSIS 

l. Purpose of the Progra~. 

Computer program BRKMOOR computes the forces and moments imparted 
by a pair of mooring cables on a floating breakwater section. BRKMOOR 
also computes the changes in the mooring cable tensions and the spring-
constant values for the moorings as the breakwater moves in sway, heave, 
or roll. 

2. Program Description. 

Program BRKHOOR is written primarily in FORTRAN IV although FORTRAN 
II print statements are used. 

The program consists of the main program BRKMOOR and the subrou-
tines LINEZ, CHAIN, NYLON, EQULIB, SPRING, and LTERPS. 

BR~IDOR calculates the forces in a mooring cable by using a discre-
tized approximation to the cable. The cable.is divided into the number 
of segments specified in the input data. Each segment may be of a diff-
erent material or size. Each segment is in turn divided into a specified 
number of sections. The cable is considered to be made of these sections 
with the weight of each section concentrated at the ,.node at the bottom 
of the section. Connecting each node is a straight but elastic section. 

The main part of the program specifies 15 different angles at the 
attachment, ranging from nearly vertical to nearly straight to the 
farthest reasonable anchor position. A first guess at a top tension is 
made. 

LINEZ then sums down the cable computing forces and coordinates of 
each node starting with the initial angle and initial tension, The po-
sition of the end of the cable is compared with the specified water depth 
at the anchor. The initial tension is adjusted and the summation repeated 
until the cable ends at the proper depth. Control then returns to the 
main program. 

LINEZ calls the subroutines NYLON or CHAIN to compute the strain of 
the cable section of the appropriate material. If other materials are 
used new subroutines should be written for strain computation, along 
with the appropriate calling expression in LINEZ. 

At each angle the cable forces at the attachment and the anchor 
position are stored in arrays. EQULIB then computes the breakwater 
equilibrium position for the specified conditions. 

SPRING is called by EQULIB. SPRING computes the change in mooring 
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cable tensions with breakwater displacement in sway, heave, and roll 
and the spring constants of the moorings on the breakwater. 

LTERPS is a line~r interpolation subroutine which computes the 
slop, ~ , and the interpolated value of Y for a given X and an array 
of X vs~ Y values. LTERPS is called by EQULIB and SPRING. 

3. Type of Computer and Peripherals. 

BRKMOOR was written for use on the CDC 6400 computer. It uses about 
40,0008 words of memory. No peripherals other than the card reader and 
line printer are required. 

4. Input Data. 

The input to BRKMOOR is as follows: 

Card #1- Title card, Format (8Al0). 
80 alphanumeric characters max. 

Card #2- Breakwater geometry card,Format (SFlO.O). 
YCG = Vertical location of breakwater CG relative to 

water surface. 
XCAB(l) = x coordinate of cable #1 attachment to break-

water (the CG is at X = 0 and cable #1 is de-
fined as the cable with its anchor in the +x 
direction). 

YCAB(l) = y coordinate of cable #1 attachment to breakwater.: 
XCAB(2) = x coordinate of cable #2 attachment to 

breakwater. 
YCAB(2) = y coordinate of cable #1 attachment to breakwater. 

Card #3- Number of desired conditions Format (12). 
(Also number of condition cards to follow) 

Card #4- Condition cards, Format (4Fl0.0). 
(One card for each condition) 
FEXT = Force applied to the breakwater not due to moor-

ings in x direction (could be due to wave action, 
tide, wind, etc. force in pounds). 

SEP =Anchor separation in horizontal direction (feet). 
TENSl =Nominal tension in cable #1 (lb.). 
TENS2 =Nominal tension in cable #2 (lb.). 
It should be noted that only the following condition 
combinations are possible:· 

SEP 
SEP+FEXT 
TENSl 
TENSl+FEXT 
TENS2 
TENS2+FEXT 
TENSl+TENS2 
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Card #5- Tide Card,Format (Il 1 9X,5Fl0,0). 
NTIDE =Number of tide values to follow (max= 5). 
TIDE = Tide position in feet relative to that at which 

the anchor depths are given. 
Card #6 - Cable #1 Parameters, Format (I2,8X,2Fl0.0). 

NSEG = Number of different segments (types of cable ma-
terials) from which the cable is constructed. 

DEPTH= Depth of water at the anchor (feet). 
BSLOPE = Slope of bottom in region of anchor (feet/feet). 

Card #7 - Cable segment properties Format (I5,5X,2FlO.O,AlO,FlO.O). 
One card for each of the number of segments listed in card 
6 parameter NSEG. 
NSECT = Number of sections into which it is desired to 

divide the cable segment. 
ALSEG = The length of this cable segment. 
WPF = Weight per foot in water of the cable material in 

this segment. 
MATL = Material name (as the program now stands this 

must be CHAIN or NYLON (Name must begin in column 
31). 

DIAM = Diameter of the nylon rope or of the chain link 
in inches. 

Card #8 and #9 - Same as cards #6 and #7 only as applies to cable. 
#2. 

Table B-1 illustrates the input cards for a test case. All the 
read statements for the program are in the main program along with com-
ments and explanations of input requirements. 

I 

5. Mathematical Procedures and Program Limitations. 

The basic cable computations which take place in LINE2 require some 
explanation. As was stated previously, the weight of each cable section 
is co~sidered to be concentrated at the bottom of the section. In order 
to find the shape of the cable, summations of forces are computed for 
static equilibrium at each node. At each node we know the tension in 
the cable section above the node as well as the angle of that section 
with the horizontal. Figure B-1 illustrates the cable about the ith 
node. 

If the angle ~· is taken to be the angle from the horizontal, then 
the angle ~i+l can Ee computed as follows: 

T· sin~· + W· -1 ~ ~ 1 

where 

~i+l = tan [ T· cos ~ · ] (B-1) 
~ 1 

Ti = tension in section i, 

w. = weight of section i concentrated at node i. 
1 
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TEST CASE -- ~1EASUREO CHAIN TEST 3/11/76 
o. 1. o. '-lo o. 
06 
o. 58.02 

58o21 
36. 
42. 

!4. 
36. 30o 

1 
01 7.167 
00030 29.33 .722 CHAIN .25 
01 7.167 
00030 29.33 .722 CHAIN .25 

Table B-1. Example input for program BRKMOOR. 
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Cable Section i 

T. 

Figure B- 1, 

T. 1 1+ 

i 

Node i+l 

Cable sections about node 1 and free 
body diagram of node i. 

This new angle is then used to compute the tension in the next 
section: 

T · cos ¢. 1 1 

cos ¢. 1 l.+ 

(B-2) 

LINE2 computes the angle and tension of each section starting from 
the top. At each section the angle is compared with the slope of the 
bottom. When the angle ¢ is parallel or more positive than the bottom 
then ¢ is set to the slope of the bottom. 

The x and y coordinates of each node are computed. 

X. 1 = X. + LEXT. cos¢i+l 
~+ 1 1+1 

(B-3) 

Y. 1 = Y. + LEXT. l sin¢. 1 1+ 1 1+ ' 1+ 
(B-4) 

where x. = x coordinate of node i 1 
y. = y coordinate of node i 1 

LEXT = length of section when under tension. 
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At the last node the Y-coordinate is compared with the depth of 
the anchor. If there is a difference the initial tension value is ad-
justed. Guesses at the first and second tensions are made. From then 
011 a secant (Lliscrete form of Newton Raphso11) iteration method is used 
to compute the subsequent initial tension values. An error of 
O.OOOl*depth is allowed. In most cases 4 or 5 iterations yield the 
desired accurucr. Sonll' importallt values arc printed for each iteration 
to aid in troubleshooting. 

1\'ithin EQULIB and SPRING interpolation is required to find the va-
lues of tension forces and x coordinates \•;hich are between the points 
computed by BRK~lOOR and LINE2. The linear interpolation routing LTERPS 
was chosen over higher-order interpolation schemes because of the asymp-
totic nature of the tension versus X values. If values are requesteJ be-
yond the ends of the computer arrays, they can be extrapolated, but a 
warning message will be printed by EQUILIB. 

An iterative procedure is required withi11 EQULIB if the anchor 
separation condition is selected. Again the secant iteration method 
is used. EQULIB prints out values at each interation which can aid in 
troubleshooting but which can normally be ignored. 

Subroutine CI!AIN computes the strain in a chain using the basic 
elastic properties of a steel bar with a total area equal to the area of 
both parts of the links, and a factor of 6 to allow for the deformation 
characteristics of the links. This factor of 6 came from a finite ele-
ment computation. 

Subroutine NYLONcomputes the strain in a nylon rope using a poKer-
function fit of the form: 

8 
r:: = AX 

where r:: = Strain, 
A = 0.02052, 
8 = 0.2237, 

X T = 
02, 

T = Tension (pound), 
D = Diameter of rope (inches) · 

This function was determined using a least-squares power-function 
fit of experimental data provided by Sampson Cordage Works for their 
2-in-1 nylon braided rope. 

An experimental verification test was conducted as a check of the 
progran1. A chain was suspended from a spring scale. Measurements were 
made of the length of the chain, its weight and the tension in two 
geometrical configurations. The program gave computed values of 
the tension very close to those measured. 
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6. Flow Chart. 

Figure B-2 illustrates the flow chart of BRKMOOR and its subrou-
tines. 

7. Program Comments and Glossary of Terms. 

The program listing contains many comments which aid in following 
the logic of the program. The important variable names are explained as 
well as the input requirements. 

8. Run Time and Memory Size. 

BRKMOOR requires about 40 seconds on the CDC 6400 to compile and 
compute results for one value of the tide parameter. Each additional 
tide value requires about 30 seconds additional time. These values are 
for cables divided into 50 sections each. Time should be somewhat pro-
portional to the total number of cable sections. The number of test 
conditions has much less effect on time than does the tide. As stated 
previ0usly, a central memory of about 40,000 octal is required. 

9. Run and Card Deck Setup Procedures and Special Operation 
Ins true tions. 

In order to run the FORTRAN source program deck on the University 
of Washington CDC 6400, the following deck is required: 

BMOOR, T40. 
ACCOUNT 
FORTRAN. 
LGO (LC=6000) 

7/8/9 
. FORTRAN DECK 

7/8/9 
DATA DECK 

6/7/8/9 

10. Sample Output Data. 

Job card 
(Account no., password) 

LC = line count value; depends on how many 
tides and conditions are run 

Example output from program BRKMOOR is shown in Table B-2; a listing 
of program BRKMOOR is shown in Table B-3. 
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FIND NOMINAL 
LENGTH OF 

CABLE 

COMPUTE 
INITIAL 

CABLE ANGLE 
AT ATTACHMENT 

MAKE FIRST 
GUESS AT 

CABLE TENSION 

COMPUTE 
NOMINAL AND 

PERTURBED 
HATER DEPTH 

LOAD ARRAYS 
WITH FORCES 

AT ATTACHMENT 
VS X 

NO 

PRINT 
ARRAYS 

FORCES VS X 

COMPUTE 
STRAIN 

GIVEN TENSION 
& CHAIN SIZE 

COMPUTE 
STRAIN 
USING B 

r. = A * X 
GIVEN ROPE 

SIZE AND 
TENSION 

Figure B-2. Flow chart for program BRKMOOR. 
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LOOP THROUGH 
EACH CABLE 

SEGMENT 

COMPUTE LENGTH ....__---' 
OF SEGMENT 

UNDER TENSION t--------l 

COMPUTE X & Y 
COORDINATES 

OF EACH NODE 

PRINT FORCES 
& COORDINATES 

ALONG THE CABLE 

CABLE PARALLEL 
TO BOTTOM & 
ASSUMED TO 

REST ON BOTTOM 

Figure B-2. Continued 

87 



FIND DIFFERENCE 
BETWEEN COMPUTED 

AND GIVEN 
SEPARATION 

Figure B-2. Continued 
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NO 

RETURN 



GIVEN X AND Fx 1----+f 

COMPUTE DFXDX 

COMPUTE 
T, DTDX 
Fy DFYDX 

CALCULATE 
FORCES & MOMENTS 

ON BRKWTR 

CALCULATE 
SPRING CONSTANTS 
DUE TO MOORINGS 

PRINT 
FORCES, MOMENTS, 
SPRING CONSTANTS 

RETURN 

Figure B-2. Continued 

89 

LOOP THROUGH 
ARRAY OF 

X . l 

COMPUTE 
SLOPE BETWEEN 

ADJACENT POINTS 

INTERPOLATE 
TO FIND 
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IN THE FOLLOWING TABLES - X RElo TO CG, y RHo TO WATFP SURFACE 

TEST CASE -- "EASURED CHAIN TEST 3/ll/76 

MOOR INC: LINE NUP-1BER• 1 TIDE• -.ooo 
y X TOP TENSION FORCE X FORCEY 

-7.H:7 24.605 5.202 .430 -5.184 
-7.167 25.294 5oB02 .956 -5.722 .. 
-7.167 25.693 6o4C7 1.574 -6.211· 
-7.167 26.387 7.158 2.326 -6.770 
-7.167 26.804 flolOl 3.257 -7.417 
-7.167 27o174 9o276 4.419 -8.158 
-7.167 27.507 10.776 5oiJ99 -9.019 
-7.167 27.814 12.704 7.809 -10.021 
-7.167 28.099 15.254 10.338 -11.216 
-7.167 28.366 18.714 13.777 -12.664 
-7.167 28.619 Z3o557 18.601 -14.454 
-7.167 28.859 30.675 25.695 -16.755 
-7.167 29.089 41.694 36.687 -19.809 
-7.167 29.290 61.608 56.444 -24.69(1 
-7.167 29.410 121.346 114.814 -39.276 
-7.239 24.544 5o251 .434 -5.233 
-7.239 25.258 5ofl48 .963 -5.768 
-7.239 2 5. 83 9 6o494 1o59~ -6.295 
-7.239 26.346 7o240 2o353 -6.847 
-7.239 26.769 8.190 3.292 -7.499 
-7.239 27.142 9.380 4.468 -8.248 
-7.239 27.477 10.900 5.967 -9.122 
-7.239 27.790 12o833 7oBB8 -10.122 
-7.239 2flo077 15.417 10.449 -11.336 
-7.239 28.347 18.906 13.919 -12.795 
-7.239 28.602 23.805 18.797 -14.606 
-7.239 28.844 31.005 25.971 -16.935 
-7.239 29.077 42.115 37.05(1 -20.010 
-7.239 29.277 62.505 57.266 -25.050 
-7.2~9 29.395 125.036 118.305 -40.470 
-7.095 24.658 5.160 .426 -5.142 
-7.095 25.328 5.757 .948 -5.67P 
-7.095 25.945 6o327 1o555 -6.133 
-7.095 26.427 7o080 2.301 -6.696 
-7.095 26.839 Bo016 3.223 -7.339 
-7 .·095 27.205 9o179 4.372 -8.071 
-7.095 27.536 10.657 5.833 -8.918 
-7.095 27.837 12.578 7. 732 -9.922 
-7.095 28.122 15.085 10.224 -11.092 
-7.095 28.386 18o508 13.626 -12.525 
-7.09~ 28.636 23o314 18.410 -14.305 
-7.0<l5 28.674 30.353 25.425 -16.579 
-7.095 29.102 41.256 36.302 -19.601 
-7.095 29.303 60.738 55.647 -24.341 
-7.095 2<lo426 117.675 111.530 -38.152 

Table B-2. Example output from program BRKMOOR. 
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TEST CASE -- MEASURED CHAIN TEST 3/11/76 

HOOPING LINE NUMBER• 2 TIDE• -.ooo 
y X TOP TENSION FOPCElC FORCEY 

-7.H7 -24.605 5.202 -.430 -5.184 
-7.167 -25.294 5.802 -.95f. -5.722 
-7.167 -25.893 6.407 -1.574 -6.211 
-7.167 -26.387 7.158 -2.326 -6.770 
-7.167 -26.804 8o1C1 -3.2!i7 -7.417 
-7.167 -27.174 9.278 -4.419 -8.158 
-7.167 -27.507 10.776 -5.899 -9.019 
-7.167 -27.814 12.704 -7.809 -10.021 
-7.167 -28.099 15.254 -10.338 -11.216 
-7.167 -28.366 18.714 -13.777 -12.664 
-7.167 -28.619 23.557 -18.601 -14.454 
-7.167 -28.859 30.675 -25.695 -16.755 
-7.H7 -29.089 41.694 -36.687 -19.809 
-7.167 -29.290 61.608 -56.444 -24.690 
-7.167 -29.410 121.346 -114.814 -39.276 
-7.239 -24.544 5o251 -.434 -5.233 
-7.239 -25.258 5. 8_48 -.963 -5.768 
-7.239 -25.839 6.494 -1.595 -6.295 
-7.239 -26.346 7.240 -2.353 -6.847 
-i.239 -26.769 8o190 -3.2Q2 -7.499 
-7.239 -27.142 9.3eo -4.468 -8.248 
-7.239 -27.477 10.900 -5.967 -9.122 
-7.239 -27.790 12.833 -7.8£16 -10.122 
-7.239 -28.077 15.417 -10.449 -11.336 
-7.239 -28.347 l8o906 -13.919 -12.795 
-7.239 -28.602 23.805 -18.797 -14.~06 
-7.239 -28.£144 31.005 -25.971 -16.935 
-7.239 -29.077 42.115 -37.058 -2o.o1o 
-7.239 -29.277 62.505 ~-!j7. 26t; -25.050 
-7.239 -29.395 125.036 -118.305 -40.470 
-7.095 -24.658 5.160 -·426 -5 ol42 
-7.095 -25.328 5. 757 -.948 -5.678 
-7.095 -25.945 6.327 -1.555 -6.133 
-7.095 -26.427 7.080 -2.301 -6.696 
-7.095 -26.839 Bo016 -3.223 -7.339 
-7.095 -27.205 9al79 -4.372 -8.071 
-7.095 -27.536 10.657 -5.833 -8.918 
-7.095 -27.837 12..578 -1.n2 -9.922 
-7.095 -28 .1z-2 15.085 -10.224 -11.092 
-7.095 -28.386 18.508 -13.626 -12.525 
-7.095 -28o636 23.314 -18.410 -14.305 
-7.095 -28.87-4 30o353 -25.425 -16.579 
-7.095 -29.102 41.256 -36.302 -19.601 
-7.095 -29.303 60.738 -55.647 -2-4.341 
-7.095 -29.426 117.875 -111.530 -38.152 

Table B-2. Continued 
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TEST CASE -- ~EASUPED CHAIN TEST 3/11/76 

FOR THE cm.DITIONS --
TIDE • -.oo 
EXTERNALLY APPLIED HORIZONTAL 
HOPIZO~TAL ANCHOR SEPERATION, 
NOMINAL TENSION IN CABLE 1 • 
NOMINAL TENSION IN CABLE Z • 

FORCE, FEXT• oOOOLBo 
SEP• 58o020FEET 

-.ooo LB. 
-.ooc LB. 

CABLE r-.o. FX FY )C y DFXOX 

1 32.933 -18.766 29o0ll -,7.167 -4.781E+Ol z -32.933 -18.766 -29.011 -7.167 -4.781E+Ol 

CABLE NO. DTDX DTDY DTDR 

1 -lto7919E+01 lo4Z03E+Ol 1.4203f+Ol 
z 4o7919E+Ol 1olt203E+01 -1.42031::+01 

FORCES AND MO~ENTS ON BREAKWATER AT ECULISRIU~ OUE TC MOORING LINES 
FS• .oooo 
Fl-l• -37.5323 
MF<• oOOOO 

SPRING CONSTANTS SWAY DIRECTION 
K~ll • 9o5610CE+01 
Kt'12 • .o 
K~l3 •-2.65637E+01 

SPRING CONSTANTS HEAVE DIRECTION 
Kl"21 • oO 
K~Z2 • l.02676E+01 
Kf'23 • oO 

SPRING CONSTANTS ROLL DIRECTION 
K~31 • -Z.69150E+01 
Kf'32 • oO 
Kf'33 • loOZ676E+01 

Table B-2. Continued 

DFXDY DFYO)( DFYOY TENSION 

lo328E+Ol 1o346E+Ol -5ol34E+OO 3o793E+01 
-1.328f+01 -1.346E+Ol -5.134E+OO 3o793E+01 



BHDORUD ll/1/llllllllllllll/llllllllllllllll/lll/llllllllllll/11/llllll//ll/11 

~UNT VERSlCN FEB 74 B 13104 04/09/76 

PRDG~AM FRKMDDRIINPUT,OUTPUT,PUNCH,TAPf5•!NPUT,TAPE6•GUTPUTI 
c 
C PROGRAM BRKMOOR COMPUTES THE FORCES AND SPRING CONSTANTS THAT A PAIR 
C OF MOORING CABLES IMPART ON A FLOATING BREAKWATER SECTION 
c 
C*********************************************************************** C INPUT 
C FJR~T CARD--TITLE - 60 ALPHA~IJ~ERIC CHARACTERS 
C BREAKWATER GF.OMETPY--
C NUMREP OF TEST CONDITIONS 
C TF~T CONDITIONS--ONE CARD FOR EACH SET 
C TIDE CAPD--~UMBER OF TIDE CONDITIONS AND THE CONDITIONS 
C FOR FIRST CABLE--NUMBER OF SEGMENTS ANCHOR OEDTH AND BOTTOM SLOPE 
C , FOR EACH OF ABOVE CABLE SEGMENTS --CAPO WJTH SEGMENT P~OPERTIES 
C REPEAT --NUMBER OF SEGMENTS AND THEIR FRnFERTIES FOR S~COND CABLE 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• c I 

3 COMHON/O~E/NSEGIZI,NSECTC2,51,WSECTC2,51, MATLC2,51,DIA~C2,5), 
2 ALSECTI2,5l 

3 COMMON/T~O/WYC2,31,EXCZ,3,20I,FXC2,!,~0I.FYC2,3,ZOI,TENSC2,3,zOI, 
2 FEXTI9l,SEPI91,TENS1191,TENSZI91,NANGLE,NCOND,TITLEI81 

3 C~HM~N/F~UR/YCG,XCABI21tYCABI2l,TTOEI51,ITIDF 
3 DIMENSION WPFC2,51,ALSEGC2,5l, OFPTHI21,BSLOPEI21,AL~OMIZI 
3 PI•3o1415926535 

C•**READ A TITLE CARD-- 60 CHARACTERS MAY 
5 READ 3,TITLE 

12 3 FORHATIBAlOI 
12 PRINT 16,TITLE 
20 16 FORMATI1Hl,5X,BA10///l 

c•++READ AND ECHO THE BREAKWATER GEOMfTRY 
20 2 READ 5,YCG,XCABI1l,YCABI1l,XCABC21,YCABI2l. 

C YCG•Y C~OROINATE OF CG RELATIVE TO ~ATEP SURFACE 
42 5 FORHATC5F10.0I 
42 OUTPUT,YCG,XCABill,YCABCll,XCABI21,YCA~I21 

C XCABIII•X COORD OF CABLE I ATTACHMENT RELATIVE TO CG 
C YCABIII•Y COORD OF CABLE J ATlACHHE~T RELATIVE TO WATER SURFACF 
C NOTE--CABLE NUMBER 1 IS THE CABLE WITH ITS ANCHOR IN THE +X DIR~CTION 
c•**INPUT THE ~UMBER OF DESIRED CONDITION CARDS MAX NUMBER•9 

72 PEAD 10,NCOND 
100 10 FORMATII2l 

c••+READ AND ECHO DESIRED CONDITIONS 
100 DO 17 ICOND•1,NCOND 
102 READ 15rFEXTIICONDI,SEPIICDNDI,TENSliTCONOI,TENS21ICONDI 
121 15 FORMAT(4F10o0l 
121 17 OUTPUT, FEXTIICONDl,SEPIIC~NDl,TENS11TCONDI,TENS21ICONDI 

C FEXT•EXTERNALLY APPLIED FORCE !HORIZONTAL DIRECTIO~I LB. 
C SEP •ANCHOR SEPERATION IN THE X DIRECTION ~T. 
C TENS1•TENSION I~ CABLE 1 LB. 
c TENSZ•TENSION IN CABLE 2 LBo 
C INPUT SF.P, OR TENSl OR TENS2 CR BOTH TFNSl ANO TENSZ 
c••*READ AND ECHn TIDE CONDITIONS 
C NTIOE•NUMBF.R OF TIDE CONDITIONS MAX•5 
C TIOE•TIOE POSITION RELATIVE TC NOMINAL DEPTH ~EASUREMENTS FT. 

151 READ zo, NTIDE,CTIDEIII,I•l,NTIDEI 
166 20 FORMATCI1,9X,5F10o01 

Table B-3. Listing of program BRKMOOR. 

93 



PUNT VEnSICN ~EB 74 B 

166 OUTPUT,~TIDEtTIDE 
C LOOP THROUGH THE TWO CABLES 

201 DO 65 I•l•2 
C4+*INPUT THE CABLf PROPERTIES AND BOTTO~ DEPTH AN~ SLOPE 

203 READ 22,NSEGIII,DEPTHiti,BSLOPE(l) 
217 22 FORHATII2,aX,2F10oOI 

C NSEG• NUMBER OF CABLE SEGMENTS OR MATERIALS 
C DEPTH• OEPTH OF THE WATER AT THE ANCHOR FT. 
C BSLOPE• SLOPE OF THE BOTTO~ 1FT RISE/FTI 

217 PRINT 25 
223 25 FOR~~TI///5X,•I NUMBER SECTIONS SEG~ENT LFNGTH WT PER FOOT* 

2 4X* MATERIAL OIAMETER*II 
223 NS•N~EGII) 
226 DO 30 J•l,NS 

c•••FOR EACH CABLE SEGMENT TNPUT 
C N~ECTIII• Nl'~BER OF SECTIONS INTO WHICH CARLF SFGMENT I IS DIVIDED 
C ALSEGIII•LENGTH OF CABLE ~EGMENT I FTo 
C WPFII)• WfiGHT PER FOOT IN WATER OF CABlE SEGMENT J LB/FT 
C ~ATL•~ATERIAL OF CABLE SEGMENT EJTHEP NYLON CR CHAIN 
C MUST BE LEFT JUSTIFIED IN DATA FI~LD 
C DIAM•DIAMETE~ OF ROPE OR CHAIN LIN~ INCHES 

230 READ 40,NSECTCI,JI tALSEGII,J>,WPFCI,JI, ~ATLII,JitDIAMIItJI 
264 40 F~R~ATII5,5X,2FlOoO,A10,FlOoOI 
264 30 PRINT 50,J,NSECTII,JI,ALSFGIJ,JI 1 ~PFII,JI, MATLII,JI,OIAMIJ,J) 
326 !0 FORMATIX,I5,eX,I5,8X,F10o2,4X,FlOo21QX,AlO, 5X,F6o31 

c•••FINO THE NOMINAL LENGTH OF THE CABLE, LENGTH AND ~EIGHT OF SECTIONS 
326 ALNOMII)•Oo 
331 no 60 J•l,NS 
332 ALNOMIII•ALNOM(~)+ALSFGCI,JI 
343 AL~ECTII,JI•ALSEGII,JI/NSECTCI,JI 
357 fO WSECTCI,Jl•wPFII,JI•ALSECTII,J> 
375 f5 CONTINUF 
377 BSLOPEI21•-BSLOPEI21 

C•+*LOOP T~POU~H THE TIDE POSITIONS 
403 DO 400 ITIDE•l,NTIDE 

c••*LOOP T~ROUGH THE CABLES 
405 DO 150 1•1,2 
406 PRINT 70 
411 70 FORMATI1~1,5X+NOTE--IN THE FOLLOwiNG TABLES X AND Y ~~E MEASURED 

ZRELATIVE TO THE CABLE ATTACHMENT4//) 
C D•Y DIRECTION SEPFRATION B~TWEEN ANCHOR ANO ATTACH~ENT 

411 D•DEPTH(li+TIOEIITIDEI+YCABII) 
c•••COMPUTf INITIAL ANGLES TO 8~ USED 
C NANGLE•~UMBEP OF ANGLES USED ·MAX•2n 

421 NANGLE•l5 · 
423 PHIMIN•ASINID/ALNOMIIII 
431 OELPHI•IPIIZ.-PHIMIN)/FLOATINANGL~+1) 
443 PHIONE•-PJIZ. 

C~••COMPUTE A FIRST GUESS FOR THE INITIAL TF~SIO~ FOR STEEPEST ANGLE 
444 ALSU~•Oo 
445 TZERO•Oo 
446 DAF•D+IALNOMIII-DI*BSLOPEII) 
456 NS•NSEGIII 
461 on qo J•t,Ns 
463 NSS•NSECTII,J) 
470 DO qo K•l,NSS 

Table B-3. Continued 
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471 
477 
502 
515 

515 
517 
521 
522 

524 
525 
541 

541 

543 
545 

546 
551 
55~ 
5t:l 
565 
575 
627 
642 
660 
674 
703 

712 

716. 
720 
724 

724 
726 
733 
733 
744 

744 
746 
747 

1013 
1013 
1020 
1023 
1023 
1025 

ALSU~•ALSUM+ALSECT(I,Jl 
IFCALSU~ .GT. DAFl GO TO 95 

90 TZeRO•TZERO+WSECT(I,Jl 
C)5 CONTINUE 

C CrMPUTE THE NO~INAL AND PERTURBED DEPTHS 
DREF•D 
DELD•DREF/100. 
DPLUS•DR EF+D EL D 
DMINUS•OPFF-OELD 

C***LOOP THROUGH THE INITIAL ANGLES 
DO 100 K•1,NANGLE 
PRINT 97,I,K,NANGLE,TIDEIITIDEl 

~7 FORMATI/X+CABLE NUMBER *I1* INITIAL ANGLE NO. *IZ* OF *12 
2 * TIDE • +F5o2/l 

PHIONE•PHIONE+DELPHt 
C***LDOP THROUGH THE NOMINAL DEPlH AND PEPTURBED DEPTHS 

DO 100 J•h 3 
I P R JtJT•O 

C*~******TO SKIP THE PRINTING OF EACH CATIN~PY - INSERT A GO TO 1111 
IFIJ oEOo 1l IPRINT•1 

1111 IFIJ oEOo 1l D•OReF 
IFIJ .eo. 2l D•DPLUS 
IFIJ ,eo. 3) D•OMINUS 
WY(J,Jl•YCABCil-D 
OUTPUT,J,K,O,YCAB!Il,WY(I,Jl~PHIONE 

CALL LINF21I,PHJONE,TZERO,r,BSLCPEI!l,X,Y,FORCEX,FORCEY,lPRINTl 
EX(J,J,Kl•XCABIIl-X+(-ll**l 
FX(I,J,Kl•FORCEX+I-(-1l**Il 
FYII,J,Kl•FORCEY 
TENS(I,J,Kl•TZERO 

C WYII,Jl•Y COORD OF THE ANCHOR TO NO. 1 CABLE--WATER SURFACE•ORIGIN 
C EX(J,J,Kl•X COCRD OF ANCHOR RELATIVE TO C~ OF BPtAKWATfR 
C TENS•TENSION AT ATTACHMENT 
C FX•FORCE AT ATlACH~ENT IN X DIRECTION 
C FY•FORCE AT ATTACHMENT IN Y OIRECTIGN 

100 CONTINUE 
C FNO OF CABLE LOOP 

150 CONTINUE 
PRINT 102 

102 FORMATI1H1,5X*IN THE FOLLOwiNG TARLES - X RFLo TO CG, Y RFLo TO WA 
ZTER SURF/lCE*//l 

DO 160 1•1,2 
PRINT 103,TITLE 

103 FORM/lT( 5X,8Al0 ) 
PRINT 105,I,TIOECITIDEl 

105 FORMATI///5X*MOORING LINE NUMBER• *I1,* TYOE•*F6o3// 
2 10X,+Y*l4X,1HX,8X,+TOP TENSiON+7X+FORCEX+7X*FGRCEY+/) 

DO 120 J•1,3 . 
DO 120 K•l,NANGLE 
PRINT 110,WYII,Jl,EXII,J,Kl,TENS!t,J,K),FXIT,J,Kl,FYII1 J,Kl 

110 FORMATC5X,51F11o3,4X)l 
120 CONTINUE 

PRINT 125 
125 FOR11ATUH1l 
160 CONTINUE 

CALL EOULIB 

Table B-3. Continued 
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C END OF TIDE LOOP 
1026 400 CONTINUE 
1031 STOP 
1033 END 

Table B-3. Continued 
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SUBROUTINE LINEZCK,PHIONErTZERO,DEPTHrBSLOPE,x,y,FORCEX,FORCEY,IPl 
15 COHHON/ONE/NSEGCZlrNSECT(Z,5lrWSECTC2,5), ~ATLC2,5l,DIAHCZ,5), 

2 ALSECTC2,5) 
C**THE INPUT TO SUBROUTINE LINE 
C PHIONE•INITIAL ANGLE OF CABLE 
C TZERO•INITIAL GUESS OF TENSION AT TOP OF CABLE 
C**SUBROUTINE LINE COMPUTES 
C TZERO• TENSION AT CABLE TOP 
C FOPCEX•FORCE IN X DIRECTIO~ AT CABLE TOP 
C FORCEY•FORCE IN Y DIRECTION AT CABLE TOP 
C X•HORIZONTAL SEPERATION BfTWEEN TOP AND BOTTOM OF CABLE 
C Y•VERTICAL SEPERATION BETWEEN TOP AND BOTTOM OF CABLE 
C***GO DOWN THE CABLE SECTION BY SECTION COMPUTE TENSIQN,ANGLEr 
C EXTENDED LENGTH,X AND Y COORDINATES 

15 PI•3el41~9 
16 NITER•O 
17 MNITER•25 
21 NOTE•O 
22 T•TZERO 
23 152 NITER•NITER+l 
Z5 IFCIP .Ec. 0) GO TO 153 
27 IFCNOTE eEC. 0) GO TO 153 
31 PRINT 155 
35 155 FORHATC//5X*I J X Y TF.NSIO~ LSECT* 

Z 6X,*LEXT PHI-DEGREES FCRCEY FCRCEX*/) 
35 153 Y•O. 
37 X•Oe 
43 PHI•PHIONE 
~4 NSS•NSEGCK) 
47 158 DO ZOO I•l,NSS 
51 NS•NSECTCK,Il 
56 DO ZOO J•l,NS 
57 PHIO•PHI*180./PI 
61 IFCHATLCK,Il eEC. 5HNYLON lGO TO 165 
67 IFCMATLCKri) .EQ. 5HCHAIN )GO TO 160 
75 160 CALL CHAINCOIAH(K,Il,T,STRAINl 

105 GO TO 170 
111 165 CALL NYLONCDIAHCK,Il,T,STRAINl 
121 170 ALEXT•ALSECTCK,II+Cle+STRAINl 
134 X•X+ALEXT+COSCPHI) . 
145 Y•Y+ALEXT•SINCPHII 
152 TCOS•T•CDSCPHII 
156 TSIN•T•SINCPHil 
16Z IFCIP eEQ. Ol GO TO 185 
170 IFCNOTE .EQ. 0) GO TO 1B5 
172 PRINT 1BQ,I,JrXrY•TrALSECTCK,Il,ALfXTrPHTOrTSINrTCOS 
231 180 FORHATCX,2I5r8F10.3l 
231 185 IFli .ec. NSS .AND, J ,eo. NSl GO TO 200 
247 SLOPE•CTSlN+WSECTC~,Ill/TCOS 
257 IFCSLOPf oGE. BSLOPE) SLOPE•BSLOPF 
262 PHI•ATANCSLOPEl 
266 T•TCOS/COSIPHil 
271 200 CONTINUE 
302 FORCEX•TZERO•COSCPHIONEl 
311 FORCEY•TZERG*SINCPHIONE) 

Table B-3. Continued 
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320 OUTPUT,NITEP,y,x,TZERO 
c•••THE SECOND GUESS OF INITIAL TENSION IS CC~PUTED 

350 I~CNITER oGTo 11 GO TO 220 
353 TZOLD•TZERO 
354 TZERO•TZERO•ABSCDEPTH/Yl 
365 YOLD•Y 
367 T•TZERO 
370 GO TO 152 

c•••THE SUBSEQUENT INITIAL TENSIONS ARE COMPUTED U!ING ~ECANT !TERATIC 
370 220 PELER•ABSC1o+Y/DEPTHl 
402 IFCNOTE .eo. 11 GO TO 300 
405 IF(NITER .G~. M~ITER oOR. ~ELER .L~ •• 0001 l ~OTE•l 
424 OEROLD•DEPTH+YOLD 
426 DEPR•OEPTH+~ 
430 . T•TZOLD-DEROLD+(TZERO-TZOLCl/(OE~R-OFROLOl 
437 IF(T oLEo Ool T•TZER0/2o 
443 YOLD•Y 
445 TZOLD•TZERO 
446 TZERO•T 
447 GO TO 152 
447 300 RETUPN 
450 END 

JNT VEPSICN FER 74 B 13104 04/C<l/76 

6 
7 

11 

14 
15 
21 
22 

c 

SUBROUTINE CHAIN(Q,T,STRAI~l 
PI•3.14159 
E•30.E6 
AREA•D•D+PI/2o . 

C•ELONGATJON FACTOR -- C•6 FCR OVAL CHAIN 
C•6o 
STPAIN•C+T/fAPEA+El 
RFTURN 
END 

UNT VERSICN FE~ 74 B 13104 04/0<l/76 

6 
10 
12 
13 
20 
21 

SUBROUTINE NYLONCO,T,STRAINl 
X•TICD•Dl 
A•.02052 
B•e2237 
STRAIN•A•X>~<+B 
RETUPN 
END 

Table B-3. Continued 
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SUBROUTI~E EOULIB 
2 COMMON/TWO/~YC2,3J,EXC2,3,20J,FXC2,3,2CJ,FYC2,3,20I,TEN5(2,3,201, 

2 FEXTC9J,SEPC9J,TENS1C9J,TENS2C9J,NANGLE,NCONO,TITLEC81 
2 COM~ON/THREE/XC2J,FCZI 
2 DIMENSION SEPDIFC3),FOC31 

C****EOULI~ FI~DS THE BREAKWATER EQUILIBRIUM PO~ITTDN 
C***LOOP THRDUGT THE TEST CONDITIONS 

2 DO 100 IC•1,NCOND 
4 TFCSEPCICI oNE. 0.1 GO TO 20 
7 IFCTENS1CICI oNEoOoiGO TO 10 

13 IFCTENSZCICI .NEoOoiGO TO 12 
17 PRINT 155 
23 155 FORHATC/IX•~o INITIAL CONDITIONS SPECIFIEP•I 
23 GO TO 1CO 

C*•*FOR THE CASES WHERE INITIAL TENSION TS GIVEN THE FOLLOwiNG IS USED 
2~ 10 T•TENS1CICI 
27 I•1 
31 J•2 
32 GO TO 14 
33 l2 T•TENS2CICI 
36 I•Z 
40 J•l 
41 14 OUTPUT,J,NANGLE,T 
57 IFCT oGEo TENSCI,1,111 GO TO 18 
70 PRINT 16 
7~ GO TO 100 
75 18 IFCT .GE. TENSCI,1,NANGLEII PRINT 17 

111 16 FORHATC//5X*GIVEN TENSION CLOSE TO OP LESS T~AN WEIGHT OF VERTICAL 
2 MOORING LINE*/5)*NO FURTHER EVALUATION ATTF~PTEO *Ill 

111 17 FORMATC//5X*GIVEN TENSION TOO GREAT FOP EVALUATION wiTHOUT* 
Z *EXTRAPOLATION+/5X*USE RE5ULTS WITH CAUTION*//) 

111 CALL LTERPS CI,1,NANGLE,TE~S,EX•T•XCIJ,DUMMYJ 
123 OUTPUT,XCII,T 
137 CALL LTEPPS CI,1,NANGLE,TENS,FX,T,FCIJ,DUM~YI 
151 OUTPUT,FCII 
162 IFCI .Eo. 1 eAND. TENSZCICI oNE. 01 GO TO 12 
177 IFCTENSlCICI oNE. 0 .ANO. TENS2CICI oNE. 01 GO TO 40 
21~ FCJI•-FCII-FEXTCICI 
22~ OUTPUT,FCJI 
234 CALL LTERPS (J,l,NANGLE,FX,EX,FCJJ,)(JJ,OUMMYI 
250 OUTPUT,XCJI 

C NOTE-- FCII•X DIRECTION FORCE ON CABLE I • XCII•X COO~C OF ANCHOR 
261 GO TO 40 

c••tFOR THE CASE W~ERE ANCHOR SEPERATIO~ IS GIVEN 
C MAKE A FIRST A~D SECOND GUESS AT FORCE 

262 20 TA•CNANGLE+1J/2 
270 EPS•5EPliCI*o0001 
274 DO 30 II•1,2 
275 XC11•EX(1,1,IAI 
305 FC11•FXC1,1,IAI 
315 OUTPUT,Flli,II,FEXTCICI,SEPCICJ,IA 
344 FOliii•FCll 
351 FC2)•-F(li-FEXTCICI 
361 OUTPUT,Fl21 
371 CALL LTE~PS C2,l,NANGLE,FX,EX,FC2J,XC2J,DUMMYI 

Table B-3. Continued 
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405 ASEP•XIll-XI21 
413 SEPDIFIIIl•SEPIICl-ASEP 
421 OUTPUT,IItiAtXI1l,XIZl,Fili,FI21,SEPIICl,ASEP,SEPDIFIIll 
466 IFIABSISEPDIFIIIII .GT. EP~l GO TO 24 
476 GO TO 40 
477 24 IFISfPDIFIIIl oGEo Ool GO TO 26 
503 IA•l 
505 GO TO 30 
505 26 IA•NANGLE 
507 30 CONTINUE 

C***USE SECANT INTERPOLATION FOR THE SUBSF.OUENT FORCE TRIALS 
511 MN•20 
513 DO 34 K•l,~N 
514 FOI3l•FOill-SfPDIFill+IFOIZl-FOilll/ISFPDIFIZl-SfPDIFillJ 
540 IFIFOI3l .LE. 0.1 F013l•FOIZI/Z. . 
552 F11l•FOI31 
557 FIZI•-Fill-FEXTIICI 
567 DO 32 1•1,2 
570 32 CALL LTERPS IItl,NANGLE,FX,EXtFIII,XIIltDUMMYI 
605 ASEP•XIll-XIZI 
613 SEPDIF13l•SEPIICI-ASEP 
621 OUTPUT,K,XI1ltXI2ltFill,FI2l,ASEP,SEPDIFI31 
657 IFIABSISFPDIFI311 oLEo EPSI GO TO 3P 
667 IFIK .eo, MNI GO TO 36 
672 FOill•FOIZl 
677 FOI2l•F0131 
704 SEPDIFill•SEPDIFIZl 
711 SEPDIFIZI•SEPDIFI31 
716 34 CONTINUE 
720 36 PRINT 37 
724 37 FORMATI/5X*HAX NUHBER OF ITE~ATIONS PEACHED*/1 
724 38 DO 39 I•lt2 . 
726 IFIABSIFIIII oGTo ABSIFXII,1,NANGLF.lll PRINT 42 
750 39 IFIABSIFIIll .LT. ABSIFXIIt1,1111 PRINT 43 
775 42 FORHATI//5X*ANCHOR SEPERATION TOO GREAT FOR EVALUATION'WITHOUT EXT 

2RAPOLATING--USE RESULTS WITH CAUTION+//) 
775 43 FORHATI//5X+ANCHOR SEPERATION TOO LITTLE FOR EVALUATION WITHOUT EX 

2TRAPOLATION--USE RESULTS WITH CAUTION*//) 
775 40 CALl SPPINGIICI 
777 100 CONTINUE 

lOOZ RETURN 
1002 END 

Table B-3. Continued 
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SUBROUTINE SPRINGCIC) 
6 COMMON/TWO/WYC2,3),EXC2,3,20),FXCZ,3,20I,FYCZ,3,ZOI,TENS(2,3,20), 

Z FEXTC9),SEPC91,TENS1191,TENS2(9),NANGLE,NCOND,TITLEC81 
6 CO~MON/THREE/XC21,FC21 
6 COHHON/FOUR /YC G, XCAB ( Z I, YCAB ( 2'1, TTOE C 5.1, !TIDE 
6 DIMENSION DFXOX(21,DFYDXC21,DFXOYC21,DFYDYCZI,DC3),FXXC2,3), 

Z FYXC2,3),FVC2),QTDXC21,DTOYC21,DTDRC21,TCZ,31 
6 ~EAL KM11,KM12,KM13,KM21,KMZZ,KM23,K~31,KH32,KM33 

C•***SUBROUTINE SPRING COMPUTES THE BREAKWATER SPRING CONSTANTS 
C***COMPUTE THE SPRING CONSTANTS FOR EACH CABLE 
C HORIZONTAL FORCE AT EOUILISRIUM•FCII FOR CABLE I 
C VERT FORCE AT EQUILIBRIUM•FVCII FOR CABLE I 

6 DO 14 I•1,2 
7 DO 12 J•1,3 

10 CALL LTERPS CI,J,NANGLE,EX,FX,XCII,FXXCI,JI,OFI 
27 IFIJ .eo. 11 DFXDXCII•-OF 
35 CALL LTERPS CI,J,NANGLE,EX,TENS,XC!I,TII,JI,DTI 
54 IFIJ .eo. 11 DTDXIII•-OT 
62 12 CALL LTERPS II,J,NANGLE,EX,FY,XCI),FYXCI,JI,OIJI) 

107 DTDYCII•CTII,31-TCI,211/CWYCI,zi-WYCJ,3)) 
133 DFYDXCII•-DCll 
140 FVCII•FYXCI,ll 
1~7 OFYDYIII•IFYXCI,21-FYXII,311/CWY(J,ZI-WYCI,311*C-l.l 
174 DFXDYCII•CFXX(I,zi-FXXCI,31)/(WYC!,ZI-WYCI,31)*C-1el 
221 14 CONTINUE 
223 PRINT 16,TITLE 
230 1f FORMATC1H1,BA101 
230 PRINT 15,TIDECITIDEI,FEXTI!CI,SEPIIti,TENSlCICI,TENS2CICl 
261 15 FORMATC///X*FDR THE CONDITIONS --*/ 

1 5X+TIDE • *F5.2/ 
2 5X+EXTfRNALLY APPLIED HOPIZONTAL FORCE, FEXT• +F1Ce3*LB.*/ 
3 5X+HORIZONTAL ANCHOR SEPERATION, SEP• *Fl0.3*FEET*/ 
4 5X+NOMINAL TENSION IN CABLE 1 •*F10.3* LB~*/ 
5 5X*NOMJNAL TENSION IN CABLE 2 •*F10.3* LB.+//1 

261 PRINT 18 
265 18 FORMATC/5X+CABLE NO. FX+lOX+FY•l1X,lHX,11X•Y•QX+DFXDX+7X, 

2 *DFXDY•7X•DFYOX+7X*DFYOY*•5X,•TENStON+//) 
265 DO 20 I•l,2 
270 20 PRINT 25, I,Flii,FVIII,XCII,WY(I,ll,DFXOXCil,DFYDXIII,OFXDYCI), 

2 DFYDYCII,TCI,ll 
337 25 FORMATCQX,Il,4C2X,Fl0.31,5CX,Ello311 

c•++NOW CALCULATE FORCES AND SP~ING CO~ST~NTS FOR THE BREAKWATER 
C S•SWAY ~OTION +X DIRECTION FE~T 
C H•HE~VE MOTION +Y DIRECTION 
C R•ROLL MOTION COUNTERCLOCKWISE QAOI~NS 
C FS•FORCES CAUSING SWAY DUE TO THE MOnRtNG LINES 
C FH•FORCES CAUSING HEAVE DUF. TO ~OORING LINFS 
C EMR•MOMENTS CAUSING ROLL OUE TO MOORINf LINES 
C CHANGE YC~B TO BE DIST TO CG IN Y DIRFCTION 

337 YCABC11•YCABC11-YCG 
345 YCABC21•YCAB(2l-YCG 
352 FS•FCll+F(ZI 
360 FH•FVCli+FVC21 
365· EHR•FVC11*XCABl11+FVl2l+XCABl21-FCJI•YCARCli-FC21*YCABC21 

c•++CALCULATE CHANGE IN TENSIONS WITH BRF.~KW~TER MOTIONS 

Table B-3. Continued 
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413 
414 
432 
435 
435 
440 
461 

c 
461 
471 
500 

c 
530 
537 
546 

c 
576 

626 

656 

756 
767 

767 
1001 

1001 
1013 

1013 
1025 

1025 
1031 
1031 
1032 

DO 26 I•1•2 
26 DTDRlii•QTDYIII+XCABIII-OTDXCII+YCABCII 

PRINT 27 
27 FORHATC//5X*CABLE NO. DTDX*BX*DTDY+BX*DTDR*//1 

oo ze I•I,z 
26 PRINT 29,I,DTDXIII,DTDYIII,DTORIII 
29 FDRHATC9X,I1,3CXE11e411 

SPRING CONSTANTS SWAY DIRECTION 
KH11•1DFXDXC11+0FXOXCZII*I-1ol 
K~12•COFYDXI11+0FYDXI211*1-1el 
KH13•1DFYDXI11*XCA8(1l+OFYDX(ZI*XCA~(21-0FXOX(11*YCAB(li-OFXOXIZI* 

2 YCABCZII*I-lel 
SPRING CONSTANTS HEAVE 

KM2l•IDFXDYCll+DFXDYI211*1-l.l 
KH22•CDFYDYC11+0FYOYI211*1-lel 
KH23•1DFYDYCli*XCAB(li+OFYDYCZI*XCAB(21 

2 -DFXDYill*YCABili-DFXOYC2l*YCAB(Zll*l-lol 
SPRING CONSTANTS POLL DIRECTION . 

~~31•(DFXDYC11*XCABili+OFXDYCZI*XCABC21-DFXOXI11*YCABC1l 
2 -DFXDXIZI*YCABIZII+C-1.1 
KM3Z•CDFYDYCli*XCABili+DFYDYI2l*XCA~(21 

2 -DFYDX1li*YCABC11-DFYDXIZI*YCABC211*1-1ol 
KH33•(XCA~(11**2*DFYOY(li+XCAB(Zl**2*DFYOYI21 

~ +YCAB111**2*DFXOXI11+YCABC21**2*0FXDXC21 
3 -XCABI11+YCABC1l*IDFYDXI11+0FXOYI11) 
4 -XCA8CZI+YCABCZI*IDFYOXC21+DFXOY(2)1)*(-1el 

PRINT 30,FS,FH,EHR 
30 FORHATC///5X+FORCES AND MOMENTS ON BREAKWATFR AT EQULIBRIUM DUE * 

2 *TO MOORING LINES*/10X*FS• *FlZo4/10X*FH• *Fl2.4/10X*HR• *F12o41 
PRINT 32,KH11,KH1Z,KH13 

32 FOR~ATI//5X*SPRING CONSTA~TS SWAY OIRECTION+/10X*KH11 • *El2.5/ 
2 10X*K~l2 • *El2e5/10X*KM13 •*E12.5) 

PRINT 34,KH2l,KM22,KM23 
34 FORMATC/5X*SPRING CONSTANTS HEAVE OIRECTION*/10X*KH21 • *El2.5/ 

2 10X*KH22 • +El2o5/10X*KM23 •*El2o5l. 
PRINT 36,KH3l,KH32,KM33 

36 FORMAT(/5X*SPRING CONSTANTS ROLL DTRECTTON*/10X*KM31 • *El2e5/ 
2 10X*KH32 • *El2.5/10X*KH33 •*El2.5//l 

PRINT 38 
38 FORMAT(lH11 

RETURN 
END 

Table B-3. Continued 
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13 
13 
15 
16 
20 
27 
55 
60 

111 
131 
132 
134 
136 
167 
176 
176 

10 
20 

30 

SURROUTINf l TERPS (J,J,N,x,v,xx,yv,DYOXI 
DIHENSIP.~ XI2,3,20I,YI2,3,201 
NI"O•N-1 
DO 10 K•l,NMQ 
L•K+l 
JFIXX .EO. XIJ,J,LII GO TO 30 
IFIABSIXXI .LT. ABSIXII,J,LIII GO TO 20 
CONTINUE 
DYDX•IYII,J,LI-YII,J,K)l/IXII,J,Ll-XIJ,J,Kll 
YY•YIJ,J,KI+IXX-XII,J,Kli*DYDX 
RETURN 
IFIL .eo. Nl GO TO 20 
M•L+l 
DYDX•(Y(J,J,MI-YII,J,KII/(X(I,J,Ml-XIJ,J,KII 
YY•Y(J,J,L) 
RETURN 
F.ND 

Table B-3. Continued 
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APPENDIX C 

LINEAR HYDRODYNAMIC COEFFICIENTS 

The linear theoretical model used in solving the floating break-
water problem has been discussed extensively by Frank (1967). He de-
veloped the approach to solving the boundary value problem which has 
come to be known as the "Frank close-fit method". The reader is re-
ferred to the original reference for a complete presentation of the 
method. 

In this approach, the classical linear boundary value problem 
requires that Laplace's equation be satisfied throughout the fluid do-
main: 

2 V ~(x,y,t) = 0 for y < 0. (C-1) 

TI1e free-surface boundary condition is applied on the undisturbed free 
surface: 

~tt(x,O,t) + g~y = 0 for y = 0. (C-2) 

The body-surface boundary condition requires that no fluid flow through 
the body surface: 

V~(x,y, t) · 
+ = V. (s) 

1 

+ n(s). (C-3) 

The bottom boundary condition for infinite depth is of the form: 

lim 
y+-oo ~Y (x, y, t) = 0. (C-4) 

In addition there is a radiation condition specifying that the waves 
travel away from the body. 

Because the problem is assumed to be linear, the velocity potential 
may be decomposed and several boundary value problems considered. If 
this is done the total potential becomes: 

~ = ~1 + ~2 + ~3 + ~4 + ~s· (C-5) 

Here, 

~1 = potential representing pure sway motion in calm water, 

~2 = potential representing pure heave motion in calm water, 

~3 = potential representing pure roll motion in calm water, 
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~4 = potential representing the waves diffracted by a fixed 
body, 

~S = incident wave potential. 

Another velocity potential may be defined: 

~ 6 = potential for total fixed-body problem, 

so that 

Using this decomposition of the velocity potential, the boundary 
value problems may be expressed as: 

2 V ~i(x,y,t) = 0 for y < 0, 

~- (x,O,t) + g<I>. = 0 for y = 0, 
1 tt 1 y 
lim 

~- (x,y,t) o, (C-6) = y+ _co 1 y 
and 

rij c + + 
v~ . . = V. (s) n(s) for i = 1,2,3 

1 1 
0 

or 
v~ . 

1 
. rile = 0 for i = 4,6. 

0 

These boundary value problems are solved directly using the Frank n1ethod 
which distributes singularities over the hull surface. These singulari-
ties satisfy the radiation condition, Laplace's equation, the free-
surface boundary condition and the bottom boundary condition. To satis-
fy the body boundary condition requires the formulation of a set of 
linear equations whose solution reveals the strength of each singularity 
distributed on the body. 

Once the velocity potential is found the pressure may be found from 
Berno~lli's equation: 

P(x,y,t) =- p~t(x,y,t). (C-7) 

The force on the body surface is: 

F = fc P(s) ~(s) ds, (C-8) 

0 
and the moment is: 
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M = fc ++ P (s) [rxn] ds. (C-9) 

0 

The added-mass and damping coefficients are found by considering 
the cases i = 1,2,3. The forces and moments computed using these po-
tentials may be separated into components in phase with acceleration 
and velocity. The component in phase with acceleration yields the 
added-mass coefficients and the component in phase with velocity yields 
the damping coefficients. Exciting forces and moments are computed 
when the case i = 6 is considered. 

Special Symbols for Appendix C. 
+ n(s) = unit interior normal vector to the body surface 

s = indicates arc length along body contour 

co = body contour 

P(s) = pressure on body surface 
+ 
V(s) = velocity of body surface 

~ = total velocity potential 
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APPENDIX D 

FLOATING BREAKWATER ANALYSIS 

1. Purpose of the Program. 

Computer program BRK2D performs a performance analysis for two-
dimensional floating breakwaters of arbitrary cross section. This ana-
lysis includes predictions of the hydrodynamic coefficients, the dyna-
mics and mooring line forces. 

2. Program Description. 

Program BRK2D is written using both FORTRAN II and FORTRAN IV 
statements. 

The program consists of the main program BRK2D and the subroutines 
COEFF, COMP, PHYSCL, POTOUT, DYNAMC, MORTEN, CPV, LNEQF. 

The subroutines COEFF and COMP calculate the quantities needed to 
formulate the linear equations for the velocity potential. COMP calls 
on LNEQF to solve these linear simultaneous equations. 

Subroutine PHYSCL calculates the physi~al quantities including ad-
ded-mass and damping coefficients and surface elevations per unit ampli-
tude of motion. 

CPV is a subroutine which evaluates the<-Cauchy principal value 
integral in the Green function. 

LNEQF is a packaged subroutine to solve simultaneous linear equa-
tions using the Gaussian reduction method, 

3. Type of Computer and Peripherals. 

BRK2D was written for use on the CDC 6400 computer, It uses about 
550008 words of memory. No peripherals other than the card reader, line 
printer and card punch are required. 

4. Input Data. 

The first cards in the data deck are label cards for the output. 
These are shown in the example input in Table D-1 for the example ~nd 
are not included here. Following these cards, the input for BRK2D is: 

Card #1 - Title card, Format (8Al0). 
80 alphanumeric characters. 

Card #2- Logical control card, Format (5110,615). 
N = Number of straight line segments used to fit the hull. 
NW = Number of points on the free surface where wave 

height is to be computed. 
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NWAVEL = Number of wavelengths at which computations are 
to be performed. 

ISYM = 1 for symmetric section. 
= Anything else for non-symmetric section. 

!SKIP = 1 Do not solve equations of motion, 
2 Do not solve potential problem (read in 

coefficients from data), 
= Anything else solve potential problem and equa-

tions of motion. 
LC = Number of body segments which represent spaces be-

tween multiple hull configurations (1 to 5). 
JC = Designates the segment number for segments repre-

senting spaces between multiple hulls. 
Card #3- Parameter card, Format (SF10.3,3Al0). 

AREA = Crossectional area of immersed body. 
B = Characteristic beam as specified by BTITLE. 
D = Distance below free surface to origin of users 

coordinate system (all motions are referred to that 
point). 

ROE = Fluid density. 
GEE = Acceleration of gravity. 
BTITLE = Specifies B. 

Card #4- Beam/wavelength specification, Format (10F8.5). 
BOL = Beam/wavelength ratios for computation (up to 10 

different ratios may be used). 
Card #5 - Offset cards, Format (2Fl0.3). 

There must be N+l cards giving the offset points. In the 
version of the program used here, N must be less than or 
equal to 23 because of dimension statements. 
R(l,I) = X-coordinate of offset point. 
R(2,I) = Y-coordinate of offset point. 

Card #6- Hydrostatic spring constants, Format (9F8.3). 
This is read in subroutine DYNAMC. 
RKHYD (1,1) = KH11· 
RKHYD (1,2) = KH12· 
RKHYD (1,3) = KH13· 
RKHYD (2,1) = KH 21 . 
RKHYD (2,2) = KH 22 . 
RKHYD (2,3) = KH23 . 
RKHYD (3,1) = KH31· 
RKHYD (3,2) = KH32· 
RKHYD (3,3) = KH33· 

Card #7- Physical properties, Format (6Fl0.3,3F5.2,IS). 
This is read in subroutine DYNAMC. 
AREA = Crossectional area. 
B = Characteristic beam. 
XG = X-coordinate of the center of gravity. 
YG = Y-coordinate of the center of gravity. 
RMASS = Mass per unit length of breakwater. 
RINERT = Mass moment of inertia per unit length of 

breakwater. 
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DAMP(l) = Added damping in sway. In the equations of 
motion sway damping will be l+DAMP(l) times the 
computed hydrodynamic damping. 

DAMP(2) = Added damping in heave. 
DAMP(3) = Added damping in roll. 
NPUNCH = 0, punch data cards containing computed trans-

mission coefficient, motion response and mooring-
force coefficient. 

= Anything else, do not punch data cards. 
Card #8- Mooring spring constants, Format (9F8.3). 

This is read in subroutine DYNAMC. 
RKMOR(l,l) = KM11· 
RKMOR(l,2) = KM12. 
RKMOR(l,3) = KM13 . 
RKMOR(2,1) = KM21· 
RKMOR(2,2) = KM22 . 
RKMOR(2,3) = KM23 . 
RKMOR(3,1) = KM31· 
RKMOR(3,2) = KM32· 
RKMOR(3,3) = KM33· 

Card #9- Mooring-line response parameters, Format (6Fl0.2). 
This card is read in subroutine MORTEN. 
DELT(l,l) = ~F/~a 1 for shoreward mooring line. This is 

the change in mooring line force per unit 
displacement in sway. 

DELT(l,2) = ~F/~a2 for shareware mooring line. 
DELT(l,3) = ~F/~a 3 for seaward mooring line. 
DELT(2,1) = ~F/~a 1 for seaward mooring line 
DELT(2,2) = ~F/~a 2 for seaward mooring line. 
DELT(2,3) = ~F/~a 3 for seaward mooring line. 

Note: The last 3 cards (#7, #8, and #9) provide the information 
needed for the dynamic analysis. If it is desirable to 
perform calculations varying the data, these cards may be 
repeated with different input data. There is a limit of 
25 different sets of data. In the example data shown in 
Table D-1, there are 3 different conditions used. 

5. Mathematical Procedures and Program Limitations. 

The mathematics has been described in the report and Appendix C. 
The main limitations are that at most 23 offset points may be used 

to describe the shape. This has been found to be very adequate for the 
confiiurations considered thus far. Little change in the results occurs 
when more than 15 points are used. Computer time increases about as 
the square of the number of points. 

A listing of the program is given in Table D-2. 

6. Flow Chart. 

A flow chart is given in a figure of this appendix. 
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MUll/OM 
I'IU13/(011*61 

'MUZZ/CM 
I'IU3l/(011*BI 
MU33/(0M*B*BI 
LAI'IBD4ll/CO 
LAM~OAU/100*81 
LAI'IBOA22/00 
LAI"BOA31/!0D*BI 
LAM60,33/!0D*B*BI 
~X/OF 

MZ/!JF*BI 
GEN BY SWAY/SWAY 
GEN BY ROLL/ROLL(~AOI*B 
INCIDENT/ETA 
TRANS Bf FXD ~DY/ETA 

Ml.lll/OM 
'11)21/01" 
MU23/(0MBI 
MU32/(CM*BI 

LAMBOA12/QD 
LAMB0•21/QO 
LAMBOA23/(00*BI 
LAMBOA32/(00+RI 

FY/OF 

GEN qy HEAVE/HEAVE 
REFLECTED BY FXD BDY/CTA 
REFLECTED + INCIOENT/ET~ 

BEAM/~AVaL~NGTH DIMEMSIO~AL FREOU~~Cr - HZ 
ADDED MASS OM • AREAtROF. DAMPING 00 • AREA*P1E*W 
WAVE FOlCES OF•AREA*ROE*EHtw2PHASE REL TO ETA AT X•O - rn:r; 
PHASE HL TO BODY MOTION - OEGW.WE FIELD - AMPLITIJD~ H TTrf<i 
POSITION - X/WAVELENGTH OIM~NSTONAL POSITinN - X 
SwAt AMPLITUDE/ETA HEAVE AMPLITUDE/ETA 
~OLL AMPLITUOE!RAOI+B/ETA 
GEN 61 RESULTANT SWAY/Ell 
GtN BY RESULTANT ROLL/ETA 
TOTAL R~FLECTED/ETA 
MOTION RESPONSE 

GEN ~y ~ESULTANT H~AV~/~TA 

TOTAL T~ANSMITTED/ETA 

OAK HARBOR BRtAKWATER - CORPS OF ENGlNEERS TESTS 
23 0 10 0 t 1? 

12.6 10.0 o.o 
17 MAY 197'3 

.1 .159290 .180 .216311 

0 
lo9905 

.250 
32o2FIJLL BI'AM 

.zao ,:nn~FI .371 
-5.o u.o 
-5.0 -1.25 
-5.0 -2.51) 
-5.0 -3.75 
-'),0 -~.(.0 

-4.563 -5.oo· 
-4.583 -3.75 
-3.223 -3.75 
-3.223 -2.~0 
-3,223· -.1.2~ 
-4.563 -1.25 
-4.563 o.oo 

4.583 o.oo 
4.51:!3 -1·2~ 
3.~23 -1·2' 
3.223 -2.50 
3.223 -3.75 
4,::l83 -3,75 
4.583 -5,CJ 

5.0 -5.00 
5.0 -3.75 
;,o -2.50 
5.0 -1.2~ 
7.0 o.o 

o,o· u.o o.~ o.o 64.5 o.o 
Ho6 10,0 OoO -2,34 25o 1 
o. o. o, 0, o. o. 
l2ob lC,(i 'JeO -2,3't 2'iol 

llbeB -5,24 l66o2 -5,732 1Je2l -3,372 }59,9 
-1376, ~10.6 -1607. 1172. 260.9 171~. 

118.8 
-l376, 

12e6 10eli 0,0 -2,34 25o1 
-5,24 166,2 -5,732 l~o2l -3.372 15q,9 

~10,6 -1607. 1172. 260,9 1713. 

621. 
z.OI:I3 

o.o 1165. 
c. IJ, 

o, o, 
o. J. 
2P.l.~ 

1' l' 
2!ileA 

(), 

o. 

1 ' 

Table D-1. Example input for program BRK2D (Oak Harbor 
breakwater). 
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BRK20HU /lll/11111/llllllllll/ll/1/lll/l/111/111111111111/l/1111111111/lll/lli 

RUNT VERSION FEB 74 B 17:12 04/23/76 

PROGRAM ~RK?O IINPUTtOUTP~T,PUNCHtTAPE~•TNPIJT,TAP~6•Q0TPUTI 
C***LATt~T REVISION ***** 27 AUGUST 197~ 
C***PROGRAM BRKZD CO~PUTE~ THE FIRST-8RO~Q ~c~P~NSF. OF AN OSCILLATING 
C CYLINDER ON OR "lEAR THE FREE SIJRFAr:E OF AN f')EAL FLUI'J OF 
C INFINITE .DEPTH 

3 COMMON RilZIZ5t251tRK56125t251, POTI25•~51t 40WI25,251,FF(25o61, 
lFII25t61, RII25,25l, RJC25t25), RK(~5,4l, ~LIZ5,4), 
2RMU(3,3,10lt RLAMI3t3,10), FB(3,101t ~~LF~(~•lOlt HWRI2~,6tl0lt 
3 DELWI25•6•l01 ' XDLC25,1LI 

3 COMMON/ONE/X(251,YI25ltXq(251,YBC251t~NG!251tDELC251,VVI251 
l,FEIN(251, CJTM(~~), RNOR~(25,3l, Jr:C51 

3 COMMON/ONEZ/CC3125l,SS31l~l 
3 COMMON /TWO/ NtNNW, NwAVELt ISYMt ~~~to, "lr:, P!EtGAM~AtM,TK,TP 
3 COMMON/THREE/ WAVELilOI, WN(101t R1LC111,TL. 
3 COMMON/SIX/XNI5l,CNI51 
3 COMMON /SEiiE'H AREA• R, Dt ROE, GEF, RTTTLEI3l• TJTLEIRI 
3 COMMON I ~IGHT/LBLMU(3,3,3l, LBLAM(~,3.~), L9LF8(3,3),L~L4~q(7,~1, 

lLBLI10,31• DEGI3•lvl 
3 COMMON /NINE/ LBL~AQI3t31, LBLHWRI~·31• LRL~(5,31 
3 COMMON/TENIOELTI2t3l,~OR(2,10ltPH~S(~,tOI,F1RNDI2•lOI•PHt)n(2,JOI 
3 REAL K 
3 DATA ~N/,263560319718,lo4l34J305Q1~7,3,~9~42~77l04l, 

1 7.0~5810005859tl2.640HU084427~/ 
3 DATA CN/,5217556105S3,,3966668llOR3,,07594244Q6~17• 

1 .oo361L77~o7912,.oooo2336997?39/ 
3 PIE•ATAN210,,-2.l 
7 TPz2,*PIE 

1~ GAMMAa0.~7721566 

C***BFGIN READING INPUT DATA AND PRINTI~G EC~1 CHECK 
12 3000 FORMAT (6A10l 

C*****kEAD LABLES FO~ PRI~T OUT 
lZ PEAD 3000, IIIL6LMUII,J,Llt L ~ 1,31, J z 1.~1, I = 1•31 
36 READ 30QQ, (((LBLAHIItJ,Llt L • l•3lt J z 1•~1• T • 1t31 
63 READ 3000, IILRLFB(J,Ll• L ~ 1•11• {. lt3l 

103 READ 3000, ((LBLH:.oiB(J,L), L w l•~l, J 1·,71 
123 READ 30th), (( LllL(J,llt L ~ lt11• J a 1tl01 
143 READ 3COQ, ICLBLRARIJ,Llt L • lt31, J • lt31 
163 READ 3000, (ILRLH~R(J,Llt L a lt3l• J • 1.~1 
203 READ 3000, IL8LRil.Ll• L • lt31 
220 i<EAO 20• TITLE 
l26 20 FORMAT 18Alvl 
226 PR!NT 30• TITLE 
234 30 FORMAT 1141, 9Atn///l 
234 HAD 50, N, NW, NWAVEt, TSY"1, ISK!P, I.Ct J~ 
256 ·50 FORMAT (5!10, 61~1 

C N • NUMBER 0~ STRAIGHT LINE SFG~5NTS T8 9f USED Tn FTT 
C THE HULL. • ••• NJTE. THEPE "1IIST ~F N+l OFFSE.T PQ!t-JTS 
C NW • NUMqER OF POINTS JN FR~F SURF~r:E WYE~E WAVE HEIG4T 'S 
C TO q~ COMPUTED, THIS IS l~ AOJTTION TO THE COMPUTITtn~ n~ 
C WAVt HEIGHT 4oJ WAVELENGTHS ON F.JTHtR SIDE OF THt ROOY 
C WHICH lS PE~FQ~MED A0TuMATIC~LLY 
C NWAVEL = ~UM~ER OF WAVELE~GTHS AT wHICH COMPUTATIQ~S APF Tn 
C ~E PERFQP~EO 
C ISY~ • 1 FOR SYMMETQlC SECTI~N 
C s A~YTrliNG FLSE fOR NON-~V~MFTPTC ~tCTION 

Table D-2. Listing of program BRK2D 
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c 
c 
c 
c 
c 

!SKIP • 1 on ~UT SOLVE EcUATTn~~ )~ ~oTION 
;, Z Oll NJT SULVt POTENTUL D~IJRLP1 !READ IN COI=I=c:;l 
a AN~THtNG ELSE SJLVE ~'=nQ COEI=~Tr.tENTS AND DYN~MJCA 

·~UMBER. OF '3 1JOY Sf.G'1ENTS \oiHICi-1 <?EP~C:SENT FREE SU~FACF. RETWFF.I 
CATAMAAQAN HULS. SEGMENT N~MqFR.~ SPECIFIED RY JCI5 

Z5~ H~~ • N~ + 2 
2oJ NC ~ N - LC 
26Z N~l = 25 - N - ~ 
264 IF !Nw .LT. Ol N~ = ~ 
267 IF !Nw ,GT. NWll NW • N~l 
273 PRINT 60, N, fllw, NOIW!:L• ISY"', ISKTD, L':, .JC 
315 60 FORMAT llJX+NUMBER ~F SEGMENTS •*• T41f 

1 10X+NUM8ER OF FR.EE-SURFACE STATTnN~ a+, I4// 
2 lOX+NUMBER •lF wAVELENGTo-iS •*• 'T4f/ 
3 lOX*ISYM =*•i4// lOX*ISKIP =*• T\ff 
4 10X*NC • *15• *JC •* 515 /I 

315 F<E:AD 7(;, ARt:A, H, o, ROE, GEE• 113TtTLC:!fl, T = 1,31 
342 70 FORMAT (5Flu,3, 3Al01 

C AREA • CROSS~CTinNAL AREA OF ~M'1~Q~E~ ~1DY 
C B = C~ARACTfRlSTIC LFNGTH AS ~~ECI~'JF.D qy BTITLE 
C u • ryrSTANCE 13ENEATH SUR.FACE ~F ~~~r,TN 1F US~RS COOR~IN~TE 
C SYSTFM 1+1. ALL MUTIJNS REF~~E~ TO T~AT POt~T A~D BODY 
C SHAPE SPECIFIED IN THAT SYSTE~ 
C ~OE • FLUI~ OEN~JTY 
C GFE = ACCf.LEQATlON OF GRAVITY 

342 PRINT 60, AKEA,Bo IHITLEI[l, I • lt·31o n, ~~E. GEe 
367 80 FORMAT(lOX *AREA = t, Fl0o3 1/, t~X *~ • +r-11.3 o5X, 3Al0 

2 //lOX *D • * Flll.3 //lOX *FLUID ryr;'~"TTY •• F10.5// 
3 lUX*ACC~L~~ATIO~ QF GRAVITY •*• Fl).]/1 

3o7 !FCISKIP .EJ. 21 GO TO 303 
372 RtAD lCOo IBOLCllt ! • l• NWAVtll 
406 100 FORMAT (10F8,51 

C 90L • BE.~/~AVFLENGT~ RAT£0 FOR ~~~PUTATTO~S 
41)6 OJ 60(' I = 1. "l',o/AVEL 
4!J bOO ~AVELill • ~/BDLIII 

C WAV~LIII • DIMf~SfONAL WAV~L~~GTY 1F TN~IDENT WAVES 
417 PRINT lluo ('l'JL(!I, I "lt NwAVEll 
433 llJ FO~MAT 110X*fl~AM/WAVELENGTH RATIO~ 1~'= T~CtryF~T~AVFS*/112~X10Ctl.~ 

111 
C*****lNlTIALlZE QUTPUT VAKlA~ltS 

433 DO 113 IL • lolJ 
435 i/NI lll • 0.0 
437 BOL(lll = v,0 
442 DO 114 I = lt3 
444 FBIIt!Ll • O.J 
45J DELFHiltlLI • ~.u 
455 00 114 J = lt3 
456 RI1U!l, J, lll • u.O 
465 RLAM([, J, Ill = o.o 
474 114 CONTINUE 
500 DO 112 I ~ 1, 25 
501 XOL!l,lll • 0,0 
505 DO 112 J = l16 
507 HWBiltJtlLI a 0.0 
516 DELWIItJ,ILI •0.0 
;25 112 CONTINUt 

Table D-2. Continued 

112 



RUNT Vt~SIO~ ~cB 74 B 17:12 04/23176 

531 ll~ CONTINUE 
C•****COMPUTE (8/WA,~ll A~D NONDI~ENSI1NAL WAV~ N~. 

533 DO 115 IL = l• N~AVEL . 
534 BULIILI • RI«AVEL<ILI 
541 115 WNIILI• TP * ~I ~AVEL(ILI 

C***READ IN OF~SETS 0~ CYLINDER 
551 NUP • N + 1 
jj3 NUPP = NUP + Z 
55; NTOP 2 NUPP + Nw - 1 
557 Nl = N + 1 + NW 
561 PEAO l30o (Rllloii•~[(?.oii,Iml,NUPl 
603 130 FOKMAT 12F10,51 

C Rllloll,RI(2,II c DI~ENSIONAL x, Y Cn~P~INATE Or Q~F~F.T 

C POINTS, RESPtCTIVELY 
6 j 3 I F It-HI • L T, 11 G :J T 0 1'3 5 

C***RcAD IN ADDITIONAL POl"llS ON T~E FRFf S'JR~A!~~ WHERE WAiiE H!=tGI1T<; 
C ARE TO BE COMPUTED. l«U STaRAGE Ln~ATtnN~ ~UST BE LEFT BLANK 
C ' FOR THE P05ITIOi 4 w~VELENGTHS FROM THE ~onv 

606 READ 130, (Rl(l,ll•Rli2,Il,I•NUPP,~TnP) 
C RIIl•ll,Rl(2,II • COORDINATE~ nc PQT~TS ON FREE ~URF~r.E W4FOF. 
C WA~t HEIG11T IS TO BE COMPUTED. T~f~ I~ TRUE FOR I .GT, ~ + ~ 
C***NON-DIMENSIO~ALIZE OF~SETS ' 

631 DO l8v I 2 NUPP,NTOP 
633 WIII • Ql(ltli/R 
642 iBJ YIII • -l.~E-08 
647 185 CONTlNUF 
647 DD 1~0 l • l•NUP 
651 XBIII • RI(l,\1/B 
660 l~u YBIII = Rt(~,IIfq c... COMPUTE MIOPJINT,ANGL~ A~D LENGTH ~F ~T~ATGYT-LINE ~EGMfNT(. 

C+****AND COMPONENTS OF NO~AAL TO 60DY 
671 JF • 0 
b72 DO 200 J 2 ],N 
674 X(JI•Oa5*(~8(JI+X8(Jtlll 
705 Y(JI•Oa5*1Y~IJI+Y~(J+lll 
717 Tl=YRIJ+ll-YBIJI 
725 T2•XBIJ+ll-XS(JI 
732 A~G(JI•ATAN21TltT21 
740 CC31JI•COSIA~GIJII 
747 S~31JI•SINIANGIJII 
756 V~IJI 2 XIJI+CC31JI+YIJI*SS31JI 
772 CEL(J I • SORTIT2**2 + Tl**ll 

1007 RNORMIJ ,11 2 -SS1(JI 
1015 RNC~M(J .~1 • CC31JI 
1023 RNOQM(J ,31 • VVIJI 
1031 ZJO CONTINO~ 
1034 PRINT 30, TlTLt 
1~41 PRINT Z~0 
10'5 250 ~ORMAT ltUX*CYLINDE~ GEO~ETQY+///tQr•nt~~~~~~~AL CF~SETS*• 

1 llX+NQN-OlMEN~I8NAL OFFSETS+, ~X+MTnPOT~TS OF SEG~F~T~*/1 
2 6X+t+, 16X+W+, 9X*Y*• lqlC*X*• tl'(*Y+, 1QY•x+, Qlt'+'(+, 
3 lBX*SLOPE+, 4X*LE~GTH+/I 

lll45 pr,.INT 270, II,Rllldl•~l(2,li•XtHTl,YR(tl,XITloYif),A\IGillo 
1 Dfliilol•l,Nl 

1113 270 ~UPMAT (X, !6• 4110X2Fl0.311 
1113 NL 2 N + 1 

Table D-2. Continued 

113 



~UNT VE~~tO~ FtB 74 a 17112 1)4/23176 

!115 
1143 
1147 
114 7 
1147 
un 
1204 
12(14 
1210 

1213 
,2H 
!222 
1233 

1242 
1243 

1245 
1247 

1252 
1253 
12~4 
1261 
1265 

1271 
1300 
1307 
1312 

1316 
1317 
1320 
1326 
1335 
1344 
1353 
1356 
1370 
1403 
1414 
1424 
1427 
1431 
1436 
1440 
1441 

. 1460 

PlilNT 270• NL, RIIltNLlt fd(ZtNLl• l(q('.JL), Yl!(NLI 
PRINT' 2131 

281 FORMAT (//lOX, *?USITIONS FQ~ wAVE 4ETG4T CALCUL6Tl8~S*/) 
2tl0 FOI<MAT ( //) 

IF I"'W .LT. ll GJ TIJ ?.9'> 
PIIINT 271• II,Rll1tUt~II2t!ltXI!ItY(T),T•NIJPP,NTOPl 

271 FO~MAT(X,l6t 2110X, 2Fl0.3ll 
PPINT ?.80 

zqo M • N + Nw + 2 
C*"'***TRANSFER TO CUORDINATf SYSTEI'I IN J:Qt:F. <;IJIH'At:C: 

o o 2 e 5 1 • 1 , ~~ 
YRill ~ YR(ll - D/B 

2d5 Ylll • YIIl - 0/B 
YRINUPl • Y~INUP) - uiB 

C COMPUTE FACTOi<S OF I AND K INDEPENDANT ']~ ~RFfl'IENCY 
·CALL COcFF 

YSURF • ~l.Ol-08 * B 
C... START FREOUE~CY ITt~ATin~. 

00 301 ll • lt NwAVtl 
K • wNIILl 

C ALL POTENTIALS INITIALIZED TO ZER~. 
C*****FECI,Jl • NONDIMENSIONAL A~?LlTUD~ 11= PnT~NTTAL AT P~[NT T DUE T~ 
C*****MODE J. (ASSOSIATED wiT~ CO~IWTl lo FT!I,Jl t) SIMILAR TO FC:!I,Jl 
C*****BUT ASSOSIATEO WITrl SI~IWTl. J s 1,~.~,4,5,6 I~PLY RF.SPECTTVFLY 
C*****S~Ay, HEAVE, ROLLt DIF~ACTEO, INCTDENT AN~ OTFRACTED + T~~TDF~T 

DO 1 1•1,25 
DO l J • lt6 
HII.Jl"O• 
Fl(I,J)sO. 

1 CONTINUE 
Ctt+AOP POINTS TO TrlE OFFSET ARRAY FOUR WAVELeNGTH~ FROM T~E ORTGJN 
C ON lHE FREE SURFACF. 

X(N+ll • 4.0 * WAVF.Lilll/8 
X(N+2l ,. -4.0 * ~AV:LI!Ll/8 
Y(N+ll = YSURF 
YIN+2) • !'SURF 

C***CJ~PUTE INCIDENT ~AV~ POTENTIALS A~D ~1~MAL VELOCITIF~ 
DO 4C2 1 ., lt'1 
00404 IC • 1,5 

404 IFII .Eo. JCI1Cll Gu TO 402 
El' • EXPIK'~<YIT)) 

CKX = COSIK*XIIll 
SKX • SIN(K*XIIll 
lF(l eGTo Nl GO T1 4~3 
FEIN(!) • EY+(SS31Il+SKX + CC31ll*~~X) 
FlJ~(Il •-EY*IS53(ll*CKX- CC31I>+:KXl 

403 FE(l,5l ,. EY*CKX*Ile/Kl 
Flll,5l • EY*SKX*Il.IK) 

4Cl CONTINUf: 
AK " K/B 
WRF • )QRTIGtE+AKl 
WF- " WRF/TP 
~T • l.OiwF 
PRINT 300• K, wRF, ~F, WT, wAVELITll 

300 FORMAT lilt* WAVE NUMi3EQ • K "*• I=Q.5, '5'ltCT~CIILAP. FQEOUP-ICY .... , 
1 F9e5• 5X*F~EOUE~CI' =*• F9.~, '5l(*PFRT10 •-+, Fl~e5• 

Table D-2. Continued 
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2 5XtWA~lLENGTH •+, Fl~.4l 

1460 TK=2.a/K 
C F1KST-OROER POTENTIALS ON CYLlNDE~ A~~ ~!Q~T CAlCULATED. 

1462 CALL COM~!Kl 
c... FI~ST-ORDER PHYSICAL QUANTITIES AQ~ CAL~Ul~T~~. 

1464 CALL PHrSCL!Kl 
1466 301 CONTINUE 
1471 1J09 FC~MAT !10F~.5l 
1471 ISKIP1 • 2 

C**+**PUNCH RESULTS JF POTE~TIAL SQLUTtnN ~N ~AQD~ 
1472 PIJNCH u, TITLE· 
1500 PUt-.CH 50t Nt ~w, NW.•l.VFL, tSYM, ISI(TPl, LC, J~ 
1522 PUNCH 71h ARt:'At fl• •D• RfiE, GEEt IHTTLE 
1542 PUNC~ 1009, ~~~!ILI,ll • 1•101, ~~~LilLI• TL • 1,1~1 
1564 DO 310 I s 1t3 
1566 PUNCrl lv\19 • (F'3tlllll• IL • l,H·l• !D~L~"!TtiLl, lL "' lol\ll 
1613 DO 310 J z t,3 
1615 310 PUNCH 1u09t tRMU<I•J•ILl• lL• lo101, (QLAMtl~J,ILl• IL 1,101 
1652 DO 320 I = 1,NN~ 
1654 PUNCH 1009, !XOL(I,lLltll • lt101 
167J DO 320 J "' 1,6 
1672 320 PUNCH 10C9t PH18(1JJdL), IL = 1o10l .tOr:LW!IoJ,YL), ll"' 1,]01 
1730 303 CONTINUE 
1730 116 CONTI~UE 
1730 tALL DYNA~C 
1731 302 CONTINUE 
1731 ~TOP 
1733 tNu 

Table D-2. Continued 
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S~BROUTINE DY~A~C 
2 COMMON Rll2!25,251,~~56!25t251t POTI25o,51, YOW!25,25l•FFC25•61, 

1FICZ5,61, RIC25•25), RJC25,251t RKf?.5,41o RLC25,41t 
2R~U(3,3,10lo QLAM(3,3,10I, FBC3,10lo ~ELFPC3o10lo HWBC25,6ol01o 
3 DELWCZ5o6,10l , XOLC25t101 

2 COMMON/ONE/XC25l•YC251,XBC251,YBJ2~l,AN~C~~IoOEL!251,VVC2SI 
l•FE1NC251• FIINC25lo RNORMC25,31• JCC51 

Z CDMMO~ /TWO/ N,NNWo NWAVEL• ISYM• T~KTPo NCo PIE,GA~~AtM,TK,TP 
2 COMMON/THREE/ wAVELClOI, '1/1'1(10), BDLC.-·.TL 
Z CO~MON/FriUR/RARC3t10ltOELR(3,10lt HWR(25,3,111o OELWRC25,3,10), 

Z HWT~25,lOI,OEL~TC2S,lOI,RKHY0(3,3l, R~~nRC3,3lo RKTq(3t3lt 
3 XG, YG, RMASS, RINERT, DAMPC3l 

2 COMMON /SEVEN/ AREA• a, D, ROE, G~E, qTITLEC31, iiTLE(R) 
2 COHMON/TEN/OELTC2,3l,FOR(2,lOI,P4AS(?,t1J,FORN0(2,10l,PHA~0(2,10l 
Z OLMENSION AC6,61, C!61, ERASEf6) 
2 IF C tSKIP oNE. 21 GO TO 100 

C*****READ POTENTIAL COEFS IF ISKlP = 2 
5 READ 1009, CWNCILI,Il • 1•101, (q~L!T.Ll, TL • 1,101 

27 1009 FORMAT!10F8,31 
27 DO 110 I = 1,3 
31 READ 1009, !FB!Idll• Il" 11101, (!')FlFIHToTLJ, Il = 1o101 
56 DO 110 J • 1,3 
60 110 READ 1~09, !RMUII,J,IL), Il• l,lQ), IRLA~<i,J,ILI, IL = 1,1~1 

115· DO 120 1 = 1 ' NNW 
117 READ 1009,!XOL(I, Ill• ll " 1,101 
133 DO 120 J • 1•6 
135 120 READ li,,JQ, !HWB(I,Jdll• IL "1,11'll oiO~='LWII,Joillo Il • ltlOI 
173 100 CONTINUE 

C*****OUTPUT POTENTIAL COEFS 
173 CALL POTOUT 
174 IF!!SKIP ,t;O, 11 GO TO l4C. 

C*****REAO OIMENSIO~AL JYOROSTATIC SPRING C~NSTANT~ 
177 RfAO lUOd,((RKHtOIIoJI,Jc1,3l,I=l•~l 

C***~*START LOOPING THROUGrl DIFFERENT OYNA~IC CONFTG~RATIONS 
217 DO 140 Kl = 1•5v . 
221 PEAD 1010, AREA• B, XG, YG, RMASSo OJ~ERT,n~~PI11o0A~P(2),DAMPI~), 

1 NPUNCrl 
253 401\.1 FORMAT (6FI.0.3, 3F5.z, I'il 
253 IF CEQF,51 121• 122 
25~ 121 STOP 
260 122 CONTINUE 
260 OU 5 K2 • 1.3 
262 5 IFCDAMPCK?I ,Eo. -C,vl DAMPCK2l " l'),ll 

C XG,YG = COORDIN4TcS OF THE CENT~Q ~F GPAVITY OF THE BODY 
C ,,, •• NOTE. MOMENTS AND MO~~~T~ OF TNERTIA ARE CO~PUTFD 
C ABOUT THE CENTER OF GRAVITY 
C DAMP ADDS CORRECTION FQR VISCOU~ ryp N1NLTNEAR DAMPING 
C*****REAO DIMENSIONAL MOO~ING SPRI~G C~NSTANTS 

272 READ 10Q8,((RKMORCioJ),J•1•3l,Ic1,31 
312 1008 FORMAT (9FB,31 

C*****NONOIMENTIDNALIZE SPRING CONSTANTS ,~A~~, ~n~NNT ~F INERTTA 
C*****A~D CG CDORU!NATES 

312 Q • AREA* ROE* GEE/B 
31.6 DO 130 I • ld 
317 DO 130 J • 1t3 

Table D-2. Continued 

116 



RUNT VERSION FEB· 74 B 17112 04/23176 

320 
331 
346 
372 
402 
406 
412 
413 

415 
416 

421 
445 
471 

531 
552 
576 
623 
633 
643 
6'52 
654 
655 
666 

705 
723 
736 
753 
711 
773 

774 
1005 

1006 
1032 
1047 
1050 
1051 
1052 

1054 
107Z 
1111 
1132 
1155 

1163 
1204 
12.25 

IFIRKHORIItJl ,eo, -o,Ol RKHORIItJl • ~.0 
RKTBII,JI• IRKHYOIIrJl + RKHORil•JlliO 

130 IFII.EQ, 3 ,OR. J ,EO, 3lRKTBIItJI •R'<niidi/B 
~KTBI3,3l • RKTB(3,3l/~ 
PMASSB • RMAS$/(A~EA*~OF.l 
RINERB • RINERT/IAREA+ROE*B*BI 
XGB = XG/i3 
YGil • YG/B 

C*****START wAVELENGT~ LOOP 
DO 150 IL • ltlO 
IF Ill ,GT, NWAVELl GO TO 160 

C*****SET VALUES IN NO~DIME~TIONALIZED ALGE~RATC tOUATIONS OF MOTT~N 
Alllll • RKHI:i.rll - WNIILI .f IR"'A~~q + 11MU(l,1,tUI 
AIZ,Zl• ~KTBIZtZl - WNIILl * IR"'ASSR + ~~Ucz,z,ILll 
Al3,3l• RKTBI3t31 -YGB+RMASSB -WNITLI + I~TNERB + RMUI3t3tTll + 

1 IXGB**2 +YGB**21 * RMASSBI 
A(1,21 • RKTBI1t2i - ~NIILI * RMUI1•~•ILl 
A(l,31 • RKT811t31 - WNI!ll t IRMUilt3tiLI -YGB+RMASSBl 
A(2,3l RKTBI2t3l - WNIILl + IRMUI!t3tlll +XGBtRMASSq) 
Al2•11 • AlltZl 
A(3,1l • A(l,3) 
AC3,ZI = Al2t3l 
DO 20 I = lo3 
00 10 J = 1t3 

.AII+3, J+3l • AII,Jl 
AII,J+3l •RLAM(l,J,ILl+SORTIWNIIlll. 

C ADO CORRECTION FOR VISCOUS DAMPING . 
IF II oEOo Jl AII,J+3l • 11,0 + DA"1PCtli*AII,J+3l 

10 AII+3,Jl • - ACI,J+3l 
CIIl • FBiltiLI* SINCDELFBCI,Illl 

20 Cli+3l • FBIItiLl * COSIDELF6(I,ILII 
SCALE :a 1. 
NN • 6 

C*****SOLVE ALGEBRAIC EOS OF MOTION, Blllo ~~~), Bl3l • A~PLITUOFS 
C*****OF COSI~Tlt 5141• 915lt 9161 • AMPLITUDE~ OF STNIWTl FOR SWAY, HEA 
C*****AND ROLL AT CENTER FO USERS COOROIN~TE ~VST~~. 

ll • LNEQFI6tNN,l,A,CtSCALE•ERASEI ~ 
DO 30 I a 1,3 

C*****AMPLITUDE ANO PHASE OF RESPONSE 
PARII,ILl = SORTICIIlt+z + Cll+3lt•Zl 

30 DELRlltiLl • AT~N2lClii,CII+3ll 
DO 4u I • 1, NNW 
AW • O, 
Bit.' • ·0, 

90 DO 50 J • lt3 
C*****PESULTANT WAVE ~MPLITUDE AND PH~SF F~R ~WAY, HEAVt ROLLo 

HwRiltJ,ILl • HwBII•J•lll * RAR(J,Tll 
OELWRII•J•Ill a OELWiltJtlll + DELRIJt!Ll 
AW • AW + ~WRII•J• Ill * SINlDELWRIT,J,Tlll 

50 BW :a SW + HWRII,J,ILl * COSIDELwRit,J,ILI l 
IFIXOLlltiLl.LT, 0.1 GO TO 70 

C*****TOTAL QEFLtCTED WAVE (~ECTOR AOOITT~Nl 
A~ a AW + ~WB(f,6,1Ll * SINIOELw!T,~.Tlll 
BW • BW + HWBII,6,ILl * CDS(DELWCI.~,Tlll 
GO TO 45 

C**~**TOTAL TRA~SMITTED WAVEIVECTOR ADDITT~Nl 
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1225 7t AW • A~ + ~~BII•4•ILI + SIN!DELW!Tt4•Tll l 
1246 Aw • Bh + nwB!It4,ILI + COS!DELW!To4,Tlll 
1267 45 .HWT!Itlll•SORT!AW++2 + BW++21 
1307 DELwT!I,ILI•ATAN2!4w,~~l 
1317 40 CONTINUE 
1321 GO TO 150 

C+++++SET OUTPUTS FOR lL .GT. NWAVEL 
1322 16u oo 17v r • 1•3 
1324 RAR!I.ILl • (),0 
1330 170 DELR!l,Ill • 0.~ 
1337 DO 180 I z 1,2~ 
1340 HWTI r, Ill s 0.0 
1344 DELWT! l• Ill • Ool) 
1351 DO 180 J • 1,3 
1352 HWR(ItJdll • OoO 
1361 18v DELWRil•J•lLl • 0.0 
1374 150 CONTINU~ 

C++•++ O~T PUT DYNAMIC RESULTS 
1376 CALL OYNOUT 
1377 N~OR • 0 
1400 DO 139 lP • 1,3 
1402 DO 139 IQ s 1t3 
1403 IF !RKMOR!IPdQI ,EO. \,,Ol GO TO 1'39 
1410 NMOR • ~MQR + 1 
1412 139 CONTI~UE 
1416 lF !NMOR oNE. Ol CALL MORTEN 
1421 IF !NPUNC~ oNEo Ol GO TO 140 
1423 PUNCH 2000 
1427 20v0 FORMAT (+1111111ll1+1 
1427 PUNCH 2~05, !80L!TOl,~WT!1,IOl,RA~!1,tOI,~AQ(?,IQl,RAR(3,TOlo 

1 ro = l,to> 
1466 2005 FORMAT 15Fl0.41 
1466 PUNCH 2000 
1472 PUNCH 2010, (~0L(IOI,FJRND(1,JQI,~OQNn!~,TOloi0•1,JOI 

1517 2010 FORMAT !Fl~o4t2El0o41 
1517 140 CONTINUE 
1521 RETUR~ 
1522 END 
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2 

2 
2 
2 

22 

22 
Zb 
32 
34 
37 
37 
45 
53 
53 
53 
70 

70 
72 

103 
114 
126 
154 
203 
215 
225 
236 
246 

250 

306 

306 
310 
311 

SUBROUTINE MORTEN 
C***SUBROUTINE MORTeN COMPuTeS FORCES I~ T4E MOORT~G LINES 

COMMDN/FDU~IRARC3,101tDELR13tlU), 4WRI25,~,t~l, DELWRC2~,3,10l, 
2 HWTI2~tlOitOELWTI25tlOI,RKrlYOC3,~l, Q~~0~(3,3l, QKTBC3,3), 
3 XG, YG, R~ASS, RINERTt DAHPC3l 

COMMON /S~~EN/ AREA, d, Q, ROt• GFf, ~TITLc131, TITLEC81 
COMMON/TEN/DELTC2,3),FQR(2,10I,PHA~I2tl~l,F~RNDC2,lOI,oHt~DC2,101 
READ 10, CCDELTCI,JI,J•lt3l,I•l,21 

10 FORMAT C6Fl0o2l 
C DELTCltlltl•lt3 • CrlANGE IN FORCE tN ~4QRCWAP.D MOORING LINE 
C PER UNIT OISPLA~EM~NT TN SWAY, HEAVE AND ROLL 
C DELTC2,IIti•lt3 = CHANGE IN FQPrE t~ ~~AWARD MOORING LINE 
C PER UNIT OISPLACFMFNT T~ ~WAY• HEAVF AND ROLL 

CAB • l.OICROE*GEE*ARf~l 
CONS • 180.0/ACOSC-l.OI 
DO 100 J " 1•2 
PRINT 20 

20 FORMAT C////20X*MOORING LINE MODEL RESVLT~*Il 
IF CJ .EO. ll PRINT 18 
IF CJ .Eo. 2l PRINT LQ 

16 FORMAT C30X*SHOREWARD MOORING LINE*Il 
19 FORMAT C30X*SEAWARO MOORING LINE*Il 

PRINT 30, CDELTCJ,Kl,~=lt3l 
3~ FORMAT (+ CHANGe I~ FORCE PER UNIT DTSPLA~EMENT IN SWAY, 4EAVE+ 

1 + AND ROLL, RtSPECTIVELY •*• ~~1~.4//l 
C***COMPUTE FORCES IN MOORING LINES AND P4A~= 

DO 50 I • l•lv 
AA • RAR(!,Tl*DELTCJ,ll •a • RARC2,Il*OELTCJ,2l 
AC • RARI3tll+DELT(J,3l/B 
TS • AA+StNIDELRCl,Ill + AS*SINIDEl~!2oTll + AC*5TNIDELR!3tTll 
TC • AA*COSIDELRClolll + AB+COSIDELRCZ,Tll + AC*COSCOELRI3•Tll 
FORCJ,Il • SORTITS*TS t TC*TCI 
PHAS(J,Il • ATAN21TC,TSl 
FORNDCJ,Il a CAB*FORCJ,ll 
PHASDCJ,Il • CONS+PHA~(J,Il 

50 CONTINUE 
C***PRINT R:SULTS 

PRINT 80t (FORCJtil•!•l•lvl,(PHAS~(J,Tl,t•l,lOl, 
1. CFORNDCJ,II,I•l,lOl 

60 FORMAT (3X+MOORI~G LlNc RESPONSE+/5~•~0~C~ &~PllTUDE/ETA+, lt~. 
1 l~El0,3/~X*PHAS~ REL TO ETA AT ~·1 - D~~ •, 10Fl0.4// 
2 5X30HFORC£ AMPLiTJOE/RJE+G*A~~A*ET~, 10~10.3) 

lvO CONTINUE 
RETURN 
END 
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c 
c z 

2 

2 
2 
2 
0 

10 
13 
26 
34 
41 
45 
53 
66 

101 
105 
lll 
112 
120 
124 
131 
144 
157 
163 

c 
167 
201 
214 
227 b 
232 
235 
237 
241 
243 
245 

307 

351 
353 
354 
3;6 
357 
361 
362 
364 

SUBROUTINE COEFF 
THIS SUBRuUTtNE CALCULATES THE PARTS 0~ IITtJl ANO KlltJl 
WHICH ARE INOEPt:NOENT OF F~EQUENCY NtiMSER Ko 
COMMON Rll2125,251,RK~6125,25l, POT(~~~~~lt YOWI25,25ltFf(?.5t6lt 

1FII25,61t RII25,25lt RJI25,25lt QK(~~t4lt QLI25t4l, 
2RMUI3t3t10l, RLAMI3t3tlOl, FB(3,10l, 0ELFBI3tl0lt HWRI25t6ol01t 
3 OEL~I25t~tl01 , XOLI25,10l 
COMMON/ONE/XI25l,YI~51,XBI25l,YBI?~l.ANGI'51,0ELI25l oVVI251 

ltFEINI251t FIINI25lt RNORMI25,31t JCI5l 
COMMON /TWO/ N1NNWt NWAVELt tSYMt T~~yp, NCt PIEtGAMMA,M,TKtTP 
COMMON/ONE2/CC3125l,SS31251 
NZ • N/2 
DO .1. I • lt M 
IF I I • G T • N I GO TO 7 
IFIISYM .E~. 1 oANDo I oGTo NZI GO TO 7 
Xll • XIII - XBI1l 
Yl1•Yiti-Y~Ill ' 
X21 • Xll + XR!ll 
Y2l•Yill+Y•3111 
PPl•ALOGIX11**2+Y11**21 
POl•ALOGIXll**Z+Y21**2l 
TPl=ATANZIYlltXlll 
TOl•ATAN21Y2loXlll 
DO 1 J • t,N 
Xl2•XIIJ-XBIJ+ll 
Yl2•YIII-YRIJ+ll 
Y22•YIII+Y81J+ll 
PP2•ALOGIX12**2+Y12**21 
P02•ALOG(Xl2**2+YZ2**21 
TPZ•ATANZIYlZtXlll 
TQ2•ATAN21Y22tX121 

CORRECTION FOR DISCONTINUITY IN AT~N2 ~T PTE 
IFIXll .GT. O. oOR. Xl2 .GT. 0.1 GQ TO 6 
IFttP2 .Gr. o •• AND. TPl .LT. o.l rot ~ TPl + TP 
lFITPZ oLTo Oo oANO. TPl .GT. Ool TPl • TP\- TP 
C3 "' CC31JI 
S3=SS31Jl 
Al•PIE 
1FII-JJZ,3o2 

2 Al,.TP1-TP2 
3,A2•T02-T~l 
A5•C3*(-X~(J+li+XB(Jl-Xl2*0•5*PP2+Xlt+Q,5tPDl 

l+Yl2*TP2-Yll*TPli+S3*1YBIJl-Y81J+11-Xl2•TPZ 
l-Yl2*0o5+PP2+Xll*TPl+Yll*0•5*PPll 
A6•C3+(-X8(J+li+X~(Jl-Xl2*0•5*P02+Xtl+0.5•PQ1 
l+Y22+T02-Y21*TOll-S3+1-YBIJI+YB(J+li-Xl~*TO?. 
1-Y22+0o5*P02+Xll*TOl+Y2l*C•5+PQll 

4 )(ll•Xl2 
Yll•Yl2 
Y2l•Y22 
PPl•PP2 
POl•POZ 
TPl•TP2 
TOl•TQ2 
Rll21ItJI • Al - A2 

Tahle D-2. Continued 

120 



COEFF 

PUNT VERSIGN FEB 74 9 15119 0311~/71;, 

372 RK;&(l,Jl • A3 - A6 
377 GO TO 1 
400 7 DO 200 L • l,~ 
402 R!l2ll>Ll • ~.C 
407 200 RK56li>Ll • Q,Q 
416 1 CONTINUE 
423 RETU~~ 
424 END 
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c 
c 
c 

6 

6 

6 
~ 
6 
6 
6 

12 
l3 
14 
21 6 
27 
31 4 
37 
42 
~5 8 
63 ' 
66 
74 

107 
113 
124 
126 
127 
131 
132 
135 
143 
147 
163 
167 
172 
175 
206 
211 13 
217 
lll 
225 
243 
266 5 
300 
303 
314 3 
322 
334 
342 
344 

SUBROUTINE CQMP(Kl 
THIS SUBROUTINE COMPUTES THE COEF~TCIE~TS ~~PENDENT 0~ K 
AND CALLS QN LNEQF TO SOLVE THE SIMULTA~F8US EQUATIONS 
FOR THE VELOCITY POTE~TIAlS FE!I,JJl A~~ ~I!!,JJ),FOR FEZ 
COMMON RI12125o25l,RK56!25,25l, PnTIZ~.~~~. YOW(7.5,25l,FEI~5,~l, 

1FII25,61• RII25,25), RJ(25,25l• 0K(?5o4), qL(25,4), 
2RMU(3,3,10I, RLAMI3•3•101, ~B(3,10Io OELF~!3tlOI, ~W~I25•6•10l• 
3 DELW(25,6,101 , XOLI25,101 
COM~ON/ONE/X!25l,Y!25J,XB(251,YBI?5l,ANGI~5l,OFL(2~l,VV125l 
},FEIN!2~), FIINI25lo PNORM!25,3), JCI5l 
COMMON/ONE2/CC31251•S~3125l 
COMMON /TWO/ N,NNW, NwAVEL• ISYM, !~KIP, Nr, PIE•GAMMA,M,TK,TP 
DIMENSION A!5~.5Ql,S!50,~l,ERASEI51l 
REAL K 
NZ .. NIZ 
DO 1 I•l,M 
DO 6 12• 1,4 
RKII.IZl • 0.0 

RL(I,I2l z 0,0 
DO 4 IC • 1•5 
IF I I .Eo. JCIICll GO TO 1 
IFIISYM .NE. 11 GO TO 8 
IF!I oGT. N2 oANO. J oLE. Nl GU TO Q 

Xll • XIII - X911l 
X21 "Xll +XBill 
Y2l•YIIl+Y8!1l 
P01•ALOGIX11++2+VZl**~l 
TOl•~TANZIYll,Xlll 
CALL CPVIXlltY2I,E21tCll•Sll,A9ll•A1~lloKl 
CZl•Cll 
SZl•Sll 
Af,l2lzA911 
A102l•Al011 
DO 7 Jal,N 
.X12•XIll-X61J+ll 
Y22zYI I I +YR I J+l l 
PQ2•ALOGIX12**2+V22**2) 
T02•ATAN21Y22tX12l 
~3•SS31Jl 
C3zCC31Jl 
CALL CPVIX12,Y22tE22,Cl2,S12•A912tA10l~•Kl 
DO 13 IC " 1,, 
IFIJ .eo. JCIICll GO TO 41 

'A3 .. Al0ll-A1012 
A4•E2l*Sll-EZZ*Sl2 
A7sS3+10.5+1POl-P02l+A912-A9lll+C3*1TQl-TQ?.+Al011-A1012l 
A8=E21*SINIK+X11-AhGIJll-f22+SIN!K*X12-hNGCJl I 
RIII•Jl • z. * A3 + RllZII,Jl 
IF II .NE, Jl GO TO 3 
RliitJl • RIII,Jl - TP 
RJ I I• Jl ,. -TP*A4 
POT(l,Jl .. TK+A7 + RK561I,Jl 
HDWII,Jl • -TK+PIE+A~ 
DO 10 L • 1•3 
RKII•Ll • RKII,Ll + POTII,Jl + RN1Q~(JoLl 
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36~ 10 Rlll•Ll • Rlll•Ll + HOwCI,JI * RNOQM(J,L) 
410 RK(l,41 • RKtl,41 - FEIN!JI+POT!I,JI + ~ItN!JI*HOWII•JI 
436 RL(I,41 • ~L(I,41 - FEINIJI+HOWIItJI - FIT~IJI+POTII,JI 

4~3 41 1FIJ-NIZ•7•7 
466 2 Xll•~lZ 
470 Y2l•Y22 
471 POl•POZ 
473 TOl•TQZ 
474 A91l•A912 
476 ~lull•AlOlZ 
477 Cll•C12 
501 Sll=SlZ 
502 f21•E22 
504 7 CONTINUE 
507 GO TO 1 
5~7 9 IS • ~ - 1 + 1 
512 UO 12 l a 1,3 
513 RKII•LI • ~K(JS,LI * 1-l.OI**L 
527 12 Rlll•LI = RLIIS,LI+t-loOI**L 
545 DO 11 J • l,N 
546 DO l6 IC • 1,5 
547 16 IF (J .Eo. JCIICII GQ TO 11 
555 JS • N - J + 1 
560 RICI,JI • RIIIS, JSI 
570 RJ!l,JI = RJ!IS,JSI 
601 RK(I,41 • RK(J,41 - FEINIJI*POTII~•JSI + ~TJN(JI*HOWIJS,J~I 
627 RLII,41 • RL(I,41 - FliNIJI*HOW(I~,J~l - FTI~IJI*POTIIStJSI 
655 11 CONTINUE 
660 1 CONTINUE 
663 12 • J 
664 32 CO 22 I•ltN 
666 DO 14 IC • 1,5 
667 14 JF(l oEO. JCilCII GO TO 22 
675 12 • 12 + 1 
6 77 II • 12 + NC 
701 DO 31 L • 1,4 
7u2 Bll2•LI • RKII•LI 
712 31 BIII,LI • Rlll,LI 
725 J2 • u 
726 DO 22 J•ltN 
730 DO 15 IC • 1,5 
731 15 IF (J oEO. JCIICI I GO. TO 22 
737 J2 • J2 + 1 
741 JN • J2 + NC 
743 All2• J21 • Rl!I,JI 
754 AII2•JNI • - RJ(J,JI 
765 AIII•JZI • RJ(I,JI 
776 AIII•JNI • ~ICI,JI 

1007 22 CONTINUE 
1014 SCALEal. 
1015 NN • 2*NC 
1017 LL•LNEOFI5~•NN,4,A,~,SCALE,ERASEI 
1030 PRiNT 27,SCALE 
103; 27 ~ORMAT(//,5X•*DETER~INANT= *•1PE12o41 
1035 12 • 0 
103~ 00 Zb I • l•N 
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1041 
1042 
1050 
105~ 
lu54 
1055 
1065 
1100 
1103 
1104 

17 

35 
26 
29 

DO 17 IC ,. },5 
IFCI .EY. JC<ICII 
12 .. 12 + 1 
II • 12 + NC 
DO 35 L • 1.4 
FE<I•LI • BCI2,LI 
Fl(l,LJ • B<II•LI 
CONTINUE 
RETUR'-1 
END 

G:J TO 2o 

Table D-2. Continued 

124 



RUNT VE~SION FEB 74 9 17:12 04/23/7"J 

6 

6 

6 
0 
6 
6 
6 

1 
23 
42 
47 
53 
55 
56 
57 
60 
61 
63 

66 
70 

104 
123 

126 
136 
145 

146 
166 
20() 
205 
207 
211 
213 

214 
215 
216 
l24 
255 
306 
311 
326 

344 
361 

SUBROUTINE PHYSCL!Kl 
COMMON RI12125,25l,RK56!25o25l, POT!~5•!5), ~OWI2~o25l,FE!25,~), 

1FII25,6l, RI!25o25lo ~J(25o25l, R~(!~.4), QL125,41 1 
2RMUI3•3•10l• RLAM(3,3,10l, F8(3,1~), OEL~q!3tlOI, HWBI2~•6•10), 
3 DELW!25,6,101 , XOL!Z5,10l . 
Cu~MON/ONE/X(251,YI251,XBI251oYB!251,ANr,(25ltDELI25l•VV!25l 

1,FEINI25l, FIINI251, RNORMI25,3l, JCI5) 
COMMON /TWO/ N,NNWo NWAVEL, ISYM, tSKIP, NC, PIEoGAM~A,MtT~,T~ 
COMMON/THREE/ WAVEL!lOI, WNI101, BOL!lOloTL 
COMMON /SEVEN/ AREA, ~, o, ROE, GEE, ~TTTLE!3), TITLE!~l 
REAL K 
DO 3 I = ltN 

C*****MODE 6 a INCIDENT + DIFRACTED POTENTtAl~ 
FE!I,61 • FE!I,4l + FE!I,51 

3 FI!Io6l • FI(l)41 + FI!I,51 
FACM • 18**21/AREA 
FACL • FACM+SORTIKI 
FACF • FACM * K 
DO 1 L " 1,3 
DOl l'lJ. " 1. 6 
RA • Q,O 
RM = Q,O 
IF!Ml ,EO, 41 GO TO 1 
IFIM1 .Eo, 51 GO TO l 

C*****INTIGRATE PRESSURE COMPONENTS OVER A~nY 
DO 5 I = l•N 
RM • RM + FE!I,Mll * RNORM!I,Ll. * DEL!Tl 

5 RA • RA + FI!I,Hll * R~OR~(I,Ll • OEL!tl 
IF!Ml oGT. 4) GO TO ~ 

C*~***ADDED HASS AND DAMPING IN Ol~ECTION l DUE TO MOTION Ml AT 
C****~WAVELENGTH JL. 

RMU!L,Ml, lll • R~*FACM 
RLAM(L,Ml, Ill • RA*FACL 
GO TO 1 

C*****WAVE FORCE AMPLITUDE AND PHASE IN Dt~E:TI,N ~1 DUE TO 
C*****lNCIDENT wAVE AT WAVELENGTH IL 

8 F91L• Ill '" SORTIRM*+2 + RA**2l * I=ACF 
DELFB!L,Ill • ATANZI-RA,RMl 

1 CONTINUE 
IW • N + 1 
IMAX • N + NNW 
DO 30 I • IW,IMAX 
DO 6 L • 1,4 

C+*•**COMPUTE POTENTIAL AT FREE SURFACE PQI~T~ U~t~G GREENS THEORUM 
DO 4 J " lr N 
DO 10 IC " 1,5 

10 JFIJ .eo. JCIICil GO TO 4 
FEII•LI • FE!I,Ll + FEIJ,LI+RI!I,Jl -~!!J,Ll*RJCI,JI 
FICI,LI • Fl(l,Ll + FE!J,LI*RJ!I,Jl +Ft!J,Ll*RI!I,Jl 

4 CONTlNUE 
FE!l•Ll • IFECI,Ll - RK(I,Lil/TP 

6 Fl(l,Ll • !FIII•ll - RL(I,Lli/TP 
C*****MOOE 6 • INCIOfNT + DIFRACTED POTF.NTIAL~ 

FFII16l " FE(I,4) + FE!I,51 
Fl(I,61 • FI!Io4) + Fl(I,51 
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375 II • I - N 
C*****NON DIMENTIONALIZE F~EE SURFACE PO~TT!1N WT.TY WAVELENGTH 

377 XOLCII,ILI • XCI) * B/ WAVEL!ILI 
410 DO 2 Ml z 1,6 

C*****WAVE AMPLITUDE AND PHASE AT POINT It OU~ TO MODE Ml hT WAVELENGTH 
412 HWBCII,Ml,ILI c SORTCFECI,Mli**Z + FT(t,Mll*•21 * K 
443 2 DELWIII,Ml,ILI a ATAN2!-FlCI,Ml), ~EII•~lll 
470 30 CONTINUE 
~72 7 RETURN 
473 END 
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SUBROuTINE PUTOUT 
Z COMMON RI1ZC25•25l,RK5b(25,25l, POT(~7,?5l, 40W(25,25l,FE!25,6l, 

1FIC2~,6), Rl(25,25l, RJ(25,25l, RK(~5,4), QL(25 1 4) 1 
2RMU(3,3,10), RLAM(3,3tlO), F8(3,1~), O~LF~(3,10l, HW8!25 1 6,tDl 1 
3 DELWC25t6,10l , XOL!25,10l 

2 COMMON /TWO/ N,NN\.J, NWAVH, ISYM, !C::I(t!), ~~~ PIF.,GAMMA 1 M1 TK,TP 
2 COMMON/THREE/ wAVEL!lOl, wN!lO), ~QL(l~l,IL 
2 COMMON /SEVEN/ AREA, 8, o, ROE, GF~, qTITLFC3), TITLE!8l 
2 COMMON I EIGHT/LBLMU(3,3,3l• LBLAMI3,3,~l, LqLF8(3,3l,L~LHWA(7 1 31 1 

1LBLC10,3), OEG!3,lUI 
2 1001 FORMAT(//3X, 3AlO, I (5Xt 3A10, 10F1,e41l 
2 1002 FORMAT (//3Xt 3A10, I (5Xt 31.10, 10F10o4 15X, 3A10• 10Fl0.4/l l 
2 1003 FORMAT! 5X, 3AlQ, l0Fl0o4 I 5X, 3&.1'), lOF10.4 /l 
2 1004 FORMAT( //3X, 3Altll 2X• 10Fl0.4/ 3X• 3ll.O, v:, 101=10.41 
2 PRINT 20uO, BTITLE 

10 2000 FORMAT !1Hl, 20Xt *NONOIMENSlONAL POTENTIAL COEFFICIENT~* Ill ?~~ 
1 * W a SORT(G/8)1 1/2 K G/B* / 25X*A a *1 3A10 / 
1 25X*G • ACCELERATION OF GRAVITY*f 
1 25X>tROE = MASS OENSITY OF FL!ITO*I 
225X *ETA • tNCtOENT wAVE AMPLITUDE */?.5X,*WAVEL • INCIDENT 8R GENE · 
3RATED WAVE LENGTH*//) 

10 . DO q IL • 1•10 
12 9 OEG(~,Ill a ~ORTC!GEE*BOLIILll /(TP*~ll 
3~ PRINT 10Q4,(LBL(l,Kl,K = 1,3), (BOLIILl• tl • 1•101, 

l CLBL(2,Kl, K • 1,3), !DEG(l,ILl, IL • 1tl0) 
77 PRINT 1001, CLBL(3,K),K• 1,3), (((L9L~U(I,J,Kl,K• 11 3) 1 

1CRMucr,J,IL>• IL • 1.1a1, J K 1,3,, r • 1,31 
150 PRINT 1C01 ,(LBL(4,Kl,K • 1,3), (((.lllLA'1(!,J,K),K • 1,'3), 

l!RLAM(I,J,ILl, lL• 1,101, J = 1,31• T • 1t~l 
221 DO l I • 1, 3 
223 on 1 IL • 1.1o 
224 1 OEG(I,lll a 57.298 * DELFB!ltiLl 
241 PRINT 1002, (LBL(5,Kl, K K 1,3), ((L~L~~(J,K)~K; 1J3li 

l(FB!l,ILl,IL • 1•101, CLBLC~,K), K • 1t3lt!DEG(I,ILl•IL•ltlOl 
2 , I • 1,3) 

324 DO 2 ! • l,NNW 
326 DO 8 IL a 1,10 
327 DEG(l,lll • 0.0 
334 IF<IL oGT. "'wAVEL l GO TO 8 
337 DEG(l,Ill •XOL({,ILl*BISOLCILl 
353 6 CONTINUE 
355 PRINT 1C02, (LBL(A,K), K • 1,3), (lqL(9,Kl, K • 1 1 31, 

1 CXOL(I,Ill• lL • 1,101, CL~L(lOtKI, K•t•~ 1, (0EGC1,ILl,TL•1 1 10l 
436 DO 3 J • 1,'3 
440 DO 3 IL • 1,10 
441 3 DEG(J,ILl • ~7.298 * DELW!l•J,ILl 
460 PRINT 1~03, CCLBLHWB(J,K), K • 1,~), ~~~B!T,J,ILl• Il • lolCI, 

1 CL8L(7,Kl, K = 1.:1), !OEG(J,JL), tl • t,lOlt J "' 1,3) 
534 IF CXOL!Idl .LT •. O.l GO TO 4 
542 DO 5 IL • ·1•10 
544 5 DEG(l,ILl • 57.zqa * OELW!I,6,Ill 
:161 PRINT 1003, !LBLHwBC7,K), K•l,3h CHW~(l,6tlll 1 IL • 1. 1 1Cil, 

1 !LBL!6,Kl,K•l,3lt COEG!l,ILlt IL • 1,1~1 

632 . GO TO 2 
633 4 DO 7 J = lt3 

Table D-2. Continued 
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635 
636 
655 

732 
735 
735 

7 

2 

DO 7 IL • l• 10 
DEGIJ,Ill • 57.298 • DELWII,J+3• Tl l 
PRINT 1~~3,CILBLHwBIJ,K), K • 1,31, 14~RIT,Jtlll, IL • 1,101, 

11LBL16,Kl, K•1,3l, IDEGIJ-3,Ill• Tl • 1•10), J& 4t6l 
CONTINUE 
RETURN 
END 

Table D-2. Continued 
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RUNT VE~SlJN FEB 74 B 17:12 04/23/76 

FUNCTION lNEQF(M,N,Nl,A,S,QTRMNT,ZI 
Coo SOLVES SlHULTANE~US LINEAR EQUATION~ BV r.AU~STAN REDUCTION, 
C•• FORTRAN IV EQUIVALENT QF LNEOS. 

12 REAL A(M,~IoB(~o~l ,z(MioOTQMNT,R~A~,q~cxr,w,onv 
1~ NMl•N-1 
14 DO 40 J•1oNM1 
15 J1•J+l 

Coo FIND ELEMENT OF COL Jo ROWS J-N, WHT~4 HAS ~AX A~SOlUTE VALUF. 
17 LMAX•J 
20 RMAX=ABSl,(J,JII 
34 DO 8 K•Jl1N 
36 RNEXT•ABS(A(K,JII 
52 IF (RMAX .GE, RNEXTI GO TO 6 
55 RMAX•RNEXT 
51 L~AXEK 
60 ~ CONTINUE 
63 IF lLMAX oNE. Jl GO TO 10 

c •• MAX ELEMENT IN COLUMN IS ON DIAGONAL 
65 lF IA(J,J)) 20,94,20 

Coo MAX EltMENT IS NOT UN DIAGONAL. EXCHA~GF QQWS J AND LMAX, 
73 10 DO 12 l•J•N 
75 w•A(J,LI 

102 A(J,Ll•A(L~A~,LI 
113 12 AlLMAX,ll•W 
124 DO 14 L•l,~l 
125 W=BlJoLI 
132 B(J,Ll•B(LMAX,LI 
143 14 BllMAX,LI=~ 
154 OTRMNT • -OTR~NT 

c •• ZERO COLUMN J BtL04 T~E DIAGONAL. 
155 20 ZIJI•l./A(J,JI 
165 00 30 K•JloN 
167 IF (A(K,JII 22,30,22 
175 22 W•-Z(Jl*A<K•JI 
205 DO 24 L•Jl,~ 
207 24 AIK,LI•W*AIJoLI+AIKoLl 
230 00-26 L•1•Nl 
2~1 2b BlKoLl•W*B(J,LI•B<K,LI 
252 30 CONTINUE 
255 40 CONTINUE 
257 lF (A(N,Nll 42,~4,42 
265 42. ZlNl•loiA(N,NI 

c •• OBTAIN SOLUTION ~y tiACK SUBSTITUTION. 
275 DO 50 L•l,Nl 
277 50 B(N,Ll•Z!~I*BlN,LI 
315 DO 60 K•l,NMl 
316 J•N-K 
317 J1•J+l 
321 DO 56 l•l,Nl 
322 ~-o. 
323 DO 56 t~J1,N 
325 56 ~•A(J,Il*BII,LI+W 
342 58 BIJ,LI•!R(J,LI-wl*ZlJI 
362 60 CONTINUE 

Table D-2. Continued 
LNEOF 
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Coo EVALUATE DETERMINANT. 
364 lF IOTRMNTl 70•74,70 
366 70 DO 72 J•ltN 
370 72 OTRMNT•OTPMNT*A(J,J) 
377 74 L~EOFzl 
401 RfTURN 

c •• SINGULAR MATRIX, SET ERROR FLAG. 
401 94 LNEOF • 2 
403 OTRMNT•O. 
404 RETURN 
405 END 

Table D-2. Continued 
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RUNT VERSION FEB 74 B 171!2 04/23/76 

SUBROUTINE CPV!x,y,e,c1,Sl,A9,Al0•~1 
C •••• CAUCHY PRINCIPAL VALUE INTEGRAL. 

13 COMMO~ /TwO/ N,NNw, ~W4VEL, ISYM, T5~tP, NC, PIE,GAMM4,M,T~,TP 
13 COMMON/SIX/XN!51,CN!51 
13 REAL K 
13 IF <Y .CEo 0.01 Y • -1oOE-06 
15 TT•ATAN2(1,Xl 
24 TH•PIE/2o+TT 

C ••••• FOR NEGATIVE X,CORRECTION TO RANGE OF ATA~2. 
27 IF<XoLToOolTH•T~+TP 
32 AA•~•Y 
34 E=EXP(AAl 
43 BB•K*X 
45 C1~COS<BBI 
54 S1•SIN<BAl 
63 RcK*SORT<X•*2+Y*•Zl 

102 SUMl•O. 
103 SUM2•0o 
104 IF!R.GEo10oiGO TO 13 
107 SUM11•0. 
110 SUMZ2•0o 
11! FAC•l.O 
113 SUMlC=1. 
114 SUM2C•l. 
115 SDLTH•Do 
116 CDLTH•O. 
117 ASSIGN 3 TO LOC 
120 IF!XotO.O,IASSIGN 8 TO LOC 
122 PL•l.O 
124 DO l LcL,lOO 
125 OL•L 
126 FAC•FAC*OL 
130 RL•R•RL 
132 OLFAC•FAC*UL 
133 DLTH•OL*TH 
135 Al=RL/DLFAC 
137 IF!ABS!CDLTrll.LE.l.E-07lGO TO Z 
151 SUMlC•ABS!ll/SUMll 
157 IF!SUMlC.LEoloE-051GO TO 7 
L65 Z COLTH•COS!OLTHI 
171 SUM11•Al•CDLTH 
172 SUMl•SUMl+SUMll 
174 7 GO TO LOC,(3,~l 
203 6 SUM2C•O. 
204 GO TO 5 
205 3 IF!ABS!SOLTHloLEoloF.-07lGn TO 4 
217 SUMZC•ASS!Al/SUM?.l 
225 IF!SUMZCoLE.t.E-05)GO TO 5 
233 4 SDLTH=SIN!DLTHI 
237 SUMZZ•Al*SDLTH 
240 SUM2•SUMZ+SUM22 
242 5 IF<SU~lCoLEoloE-Uj,ANO.SUMZC.LE.loE-051~0 Tn 6 
261 1 CONTINUE 
263 6 C=GAMMA+ALJGIRI+SUMl 

c ••••• OlSCONTINUITY 0~ 2PIE IF X NEGATIVE TN ~! FIJ~CTION. 

Table D-2. Continued 
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Z11 
300 
302 
306 
313 

314 
316 
321 
330 
333 
337 
340 
343 
347 
353 
354 

c ••• 
13 

IFIXoLT.OolTH•TH-TP 
S•TH+SUM2 
A9•E*ICl*C+Sl*Sl 
Alv•~*I-Cl*)+Sl*Cl 
GO TO 9 
LAGUERRE OU~DRATURE-FIVE 
DO 14 Jal,5 
A•XNIIl+AA 
TERM•CNIIl/IA*A+8B*BBl 
SUMl=TERM*A+SUMl 

14 SUMZ•TERM+SUM2 
F"lo 
IF(XolToOolF•-1. 
A9•F*PIE*Sl+E-S~Ml 
Al0•-F*PIE*Cl*E+BB+SUM2 

9 RETURN 
END 

POINT. 

Table D-2. Continued 
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RU~T VERSION FEB 74 9 171 H 04/2.3176 

SUBROUTINE DYNQUT 
2. COMMON RI12125,25),RK5612.5,25l, POTI25,~51, ~OWI25,25l,FF.I2~,6l, 

1FIIZ5,6), RII25,~5), RJI25,25), RKI?~o4), RLI25,41, 
2RMUI3,3,10l, RLA~(3,3,10), FBI3,10lt OFLF~I3ol0), HW9125,6,JOl, 
3 DELWI25,6,10) , XOLI25tl0l 

2 COMMON /TwO/ NtNN~, NWAVEL, ISYM, ISKTPo NC, PIEoGAMMA,M 1 TK,TP 
2 COMMON/THREE/ WAVElllOI, wNilOl, snLilOloTL 
2 COMMON/FOU~/R4~13,1JI,OELRI3,1Ul, HWRI?5,3,]~), DELWRI25,3,101, 

2 HWTI25,10l,DELWTI25,10),RKHVDI313lt R<~ORI3,3), RKTBI3o3lo 
3 XG, YG, RMASS, RINER.T, DAMPI3l 

2 COMMON /SEVFN/ ARF.Ao s, D, ROE, GEE• 9TITLEI31, TITLE(Pl 
2 CuHMON /NtN~/ ~BLRARI3,3l, LBLHWRI5,~), lqlR(5,3l . 
~ COMMON I EIGHT/LBLMU(3,3,3l, LBLA~I3•~•3lt l~LF8(3,3),LBLHWBI7o3lt 

1LBLI10,3), ~~GI3,101 
2 1001 FORMATI//3~, 3AlO, I 15X, 3A10, 10Fl0o41l 
2 11.)02 FORMAT I/13X, 3AlO, I 15X, 3AlO, 101=10.4 15Xo 3UO, 10F10,41) l 
2 1003 FORMAT! 5X, 3AlO, 1JF1ilolt I 5X, 3410• UF10o4 II 
2 1004 FORMAT! 1/H, 3Atu, zx, l0Fl0o41 ~l(, lUOt 2ll, 10FlC.41 
2 PRINT 2000, AREA, ~, XG, YG, RMASS, ~I~~RT,OAMP11l,DAMPI2J,QAMPI~l 

33 ZOJO FOR~ATI14l, 20X*DYNAMIC MODEL RESULTS*/!+ AR~A•+Fl0,3o5X+R 2 *rlo.l, 
1 5X *XG•+Flv.3o5~+VG•*Fl0.3,5X+MA~~·*F,~o3o5X+I~ERTIA•*Fl0.31/ 
3+ ADDITIONAL DAMPING •oDED- IN SWAY-*~6.?.* LAMDAll tN ~F.AVF-
3+F6o2+ LA~DA22 IN ROLL-+F6o2+ LA~DA33* Ill 

33 PRINT 200l,IIRKHYOIItJI,J•l,3l,I•lo3lt IIRKMQR(J,JI, J•l,3lti•l,31 
67 2001 FORMAT!+ SPRING CONSTA~TS K't Kl? ~13 ~?.1 

l K22 K23 K3l K32 K33*1 
2+ HYOROSTATIC+7X,9Fl0o3 I + MOORING+llXoQC10o3///l 

67 009IL•l•l0 
71 9 DEG!l,ILI • SQRTIIGEE*BOLIILll /(TP+Sll 

111 PRINT 1v04,CLBL(l,KI,K = 1.3), IB'llllllt tL = ldO), 
1 ILBL(2,Kl, K • 1,31, IDEGil,ILl• Tl • 1,1~1 

156 00 1 J = 1.3 
160 DO 1 ll • lo10 
161 1 DEGII.XLl • 57oi!<l8 + DHRIIdll 
176 PRINT 1002,1LRLR!l,Kit K • 1t3l,IILBL~AQ(T,KI, K • 1 1 3) 1 

1 IRAKII,ILI,lL 2 1,1Jl, ILBLI6,K),K • lt3l, IOEGII,ILI,IL•lt101 1 t 
2 • 1t 31 

2.61 DO 2 1 • t,NNW 
263 DO 8 IL • 1.10 
264 8 DEGiltiLI •XOLII,ILI+BIBOLIILI 
301 P~lNT l~Oz, ILBL(B,KI, K • 1,3), ll~l(Q,K), ~ • 1•3), 

l IXOLIIdll, Il • ltll)l, ILBLilO,KI, K•t,3 ), IDFGil.Ill,IL=l 1 11)1 
362 DO 3 J • 1,3 
364 DO 3 Il • 1•10 
365 3 u~GIJ,Ill • ~7.298 +OELWRII,J,Ill 
404 PRlNT 1J03, llldLHWRIJ,KI, K • 1,3), IH~RIT,J 1 ILI~ IL • ],101, 

1 ILBL(6,Kl, K • 1•31, IDEGIJ,Illt Il • ltlOl, J • 11 31 
460 IF IXOLil•ll oLT. (),) GO TO 4 
46~ uo 5 Il • 1•10 
470 DEGIZ,ILI • ~7.2~8 + DELWTII,Ill 
501 5 OtG(l,lll a 57.Z1B * OELWII,6,ILI 
516 PRINT 1003, ILBLHW~(7,Klt K•1,3), IYW~IT,~,ILJ, ll • ltlOlt 

l ILBL(6,KI,K•1•3l, IDEGiltlll, Il • t.l~l 
567 PPINT 1003, ILBLH~RI4,Kl,K•l,3), IHWT(I,Illotl • 1,1~1, 

1 IL6L(6,Kl, K = 1,3), IDEGIZ,ILI, Tl • ,,lOl 

Table D-2. Continued 
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637 
640 
642 
655 
670 

1005 
1010 
1010 

4 

7 

2 

GO TO Z 
00 1 IL • 1,11 

OEGCl,ILI • 57,298 * DELWCI,4,ILI 
OEGCZ,lll • 57,29d * DELWTCI,ILI 
PRINT 10u3, CLBLHwB(4,KI,K • 1,31, C4~qcy,4,ILI,IL• 1.101• 

1(LBL(6,K), K • l•3lr lOEGClriLI, JL • lr1"l,CL9L4WR(~,KI,K•1•31, 
2CHWTCI,1L), IL • l,lO),(L~LC6,KI,K • l•~loCOFGC2,ILI•IL•l•l01 

CONTINUE . 
RETURN 
END 

Table D-2. Continued 
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READ LABELS 
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POTENTIALS 

PUNCH 
POTENTIAL 

COEFFICIENTS 

Figure. Flow chart for program BRK2D. 
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7. Program Comments and Glossary of. Terms. 
' . 

The program listing contains many comments which aid in following 
the logic of the program. Descriptions of variables also appear where 
they are read into the program. 

8. Run Time and Memory Size. 

BRK2D requires about 70 seconds of central processor time on the 
CDC 6400 computer to compile and compute results for 10 different beam 
wavelength ratios. A central memory of about 55,000 octal is required. 

9. Run and Card Deck Setup Procedures and Special Operation Instruc-
tions. 

In order to run the FORTRAN source program deck on the University 
of Washington CDC 6400, the following deck is required: 

BRK2D,CM55000,Tl00. 
ACCOUNT 
FORTRAN 
LGO(LC=6000) 
7/8/9 

FORTRAN DECK 
7/8/9 

DATA DECK 
6/7/8/9 

10. Sample Output Data. 

Job card 
(Account No., password) 

LC = line count value 

Table D-3 is the output for the Oak Harbor breakwater. The input 
is given in Table D-1. 

136 



OlK ~lRSQR S~EAKW~TER - :O~P< JF tNGl~lEP$ TESTS 

NUMBER OF SEGMENTS • 23 

NUMSE~ OF FREE-SU~FACE STATIONS • 0 

NUM~ER OF -AVELENGTHS • lJ 

ISYH • (I 

I SKIP . 0 

NC . lJC . 12 -o -a -o 
AKEl ~ 12.6CO 

B . lOoOC.O FULL ~EV 

0 . .oc.o 
FLUID OPISITY • 

ACCELERATIGN OF G~AVITY = 32.200 

-c 

~ElM/WAVELENGTH ~ATlOS OF lNCIOE~TWAVES 

.lOCOJ 

17 ~AY H7~ 

• ~1681 .31?21 .37l~J .487H 

Table D-3. Example output for program BRK2D (Oak Harbor breakwater) 



17 ~·· 1975 

~Yll~il~R GEr:tfo4r=Tt!Y 

Ol·~E>jSitl~AL JFFStTS ~~~-ni•E~<I1NAL 'JFFS<TS ~ro•or~n 0~ SEG•E~TS 

y y y y y ~LVc lfN(,TH 

1 -5.000 .ooo -.115:'1f'\ • (>()( -.~o~ -,10o3 -1.>71 .125 
2 -5.000 -1.250 -,510 -.12~· -.~co -.l~ti -L,57L .l.Z~ 

3 -~.ouo -2.'>JJ -,lr:"'~ -.25(• -,')QIJ -.3D -1.,/1 ,1?5 
4 -s.oou -3.750 -,1510 -. 3 J~. -.500 -.438 -.~..~71 .125 
5 -5,(10u -:J.~\,)(1 -,'))(.'1 -.50(, -.479 -.530 .vvj .042 
6 -4,5H -5.000 -.45 8 -.500 -.45~ -,43d :.. 511 .125 
7 -'t.563 -3.75() -,4'ifl -. 375 -.390 -.375 ,(,0~ .l,t. 
8 -3.223 -3,7-jC -.~?? -. 375 -.~£2 -.313 1. '> ll .125 
Q -3.223 -2.~VJ -.)~2 -.2% -.122 -,liB 1. >71 .12=>· 

10 -3.223 -l.ljv -.~!2 -.125 -,3Q') -.12? 3.142 • 136 
ll -4.583 -1.250 -.478 -.1 ~5 -.458 -.063 1.!171 • 12~ 
12 -4.583 .JJ1 -,4C~:q ,I),JfJ ,0('(1 .ooo .uvv ,Ql7 
13 4,583 .~JO ,41158 .coo ,4'5d -,•)63 -1.571 .12~ 

l't .... 5q3 -l.l)J ,41Sq -.H5 .39\1 -.125 3.142 ,136 
15 ~.22:3 -1.250 .1?2 -.IZ5 .~22 -.ltl8 -.&.,571 .127 
16 3.223 -2.5J·j • "3 ~ 2 -.25( ,':\2~ - •• [j -1.571 .1?~ 

17 3.223 -3.750 • 3?2 -.175 .~., ... -.375 e\IU•) .L3b 
18 4,583 -J.7jv ,4C:09 -. 375 ,45i3 -.43~ -l.~7i ell!" 
B 4,5H -;.~.;o ,4'H~ -.5Jf ,41~ -,,,JJ .oo) ell42 
ZiJ 5.CCO -5,U1U ,ti~l) -.500 • ~OJ -,43 j 1.:;,71 .12> 
21 5. Q•J.) -3.7?0 ,'5'10 -.375 ,5{..') -.313 1.:>71 .l?~ 

UJ 2Z s .uo.J -7.,5JO 
23 5,0CQ -l.Z~J CX) 24 5.uoo .~au 

.500 -.2?0 ,')QO -.18~ 1. ~71 • Ll? 

.s~o -.12:0 .~tJO -.0~3 1.'>71 .1<> 

.~00 ,CI'lC 

PDS!TIG~S FOf< WAVe HEIG>H CALCULAT!O~S 

W4~E w~~~K . K . ,62d32 CIRCULAR FREOUE'<CY . 1,4.,~~., FREOUP'CY . • ?.~E.~ 13 Pf R I•JO . 4,4i73~ "'4VELE"GTH . 1·10, uO(IO 

DEl ···~lNANT• 37.1372<+14 

WAVE NU~BER . K . l.uv085 CI<C<.ILA~ FR=OUENCY . r,n521 FRC)UENr:Y . •. 2>l571 Pf<lQD . 3,50CCO ,.A¥'1;-L~~GTH . 5?.. 7786 

DETE~MINANT• l9o6121C+l4 

WAVE NU~aEK . ~ . 1.13097 CIO(CULA.R F~ECUE~CY . 1.9133~ FR!EOUEN~v . .30?72 PEU JO . ~.Z'I25C ._,.,'VElc<'iGlli . s:-. ~' ";f 

DETERMINANT• 4o.245uE+14 

wAV: 'IU~qER . K . 1.36226 CIOCJLAR <REOUf:NCY . ?,CQ4Jn FQEOU~~oCY . ,33333 Pl~l-JO . 3.ouoou NAI/Llt:N.GT!-1 . -~.1231 

OEHRIIINANT• 15.09V7i:+l? 

Table D-3. Continued 



WAVE ~u~aeR . K . t.~7uB:l CIRCUUR FREOUE~CV • ?,24899 FU~UENCY . ,35794 PPIOD . 2.H378 4lo/t:LENGT:-t . 4(•, 0100 

DETER~INA>n• 30.555~'0+15 

WAVE NU'IBER . I( . 1.75929 CIRCULAR FREOU.,NCV . ~- 3'1\lll FRE'JUE~CV • .~78°1 P E 0.1 DO . 2.63957 oAVELE~GTH . 3~.1143 

OETERMII'IANT• 45.3555E+l5 

WAVE NU'I~E'I. • K . 1,96166 CIRCULAR Fi~EOUE~CV . ~.51327 FREJUE~CY . .4~COL PEUOD . 2.5COJO •AVHENGTrl . 32.0299 

DETER'11~ANT• 54.4151E+l5 

\lAVE NU'IBE~ • !( . 2.33101> ClkCULAR HEOUE~CV • 2. 7oo7t FQEOUE~~v ~ .4361)4 PtRIOD . 2.29337 dVEU~GT~ . Z6.Y~4~ 

DETERMII'I4NT• 32.QOBZE+l5 

(JJ l>IAVE NU'IHR . K . 2o6954~ CIRCULAR FRtOUENCY . 2.94~09 ~R':QU~NCY • .4~ee9 PERltJD . 2.l3272 JA~E~EN~TH . 21,3100 

<0 
DETER'IINANT• 12.9867E+l4 

WAVE NU'13tR . K . 3.C65V-1 CI~CULAR FREOUE~CV . 3.141~9 FR E ~UFN~Y . .5~000 Pt'<.IOD . z.ooooo 'oiAVELi:~GT:i . 20.4902 

DETEQMINA'IT• 19.1494E+l6 

Table D-3. Continued 



~O~DI1E~SIONAL POTENTIAL COE~~Ir.I~~T~ 

II • SwRTCG/81, 112 • G/B 
S • FULL SEAM 
G • ACCELERATION OF GRAVITY 
~OE • ~ASS DF~SITY OF FLUI? 
ETA • I~CIOENT WAiE lMPLIT~?E 
WAVEL • I~CIDENT OR GENEPATEO WAVE LENGTH 

SE~M/WAVELENGTH .1000 .1593 .1800 ,216A .2500 .2800 .n22 .371\J .4290 .4678 
DI~ENSIONAL FREQUENCY - >H .2264 • ~9 57 ,3037 ,3333 ,3579 ,3788 .4000 .4360 ,H89 ,5000 

ADDEO >lASS OM • AREA*RuE 
MUll/Oil 1. 370J 5.9465 5.4755 4.9561 4,8480 5.0504 5.6805 9,7945 -53.1777 -4. 1133 
MU1l/O>I .oooo ,000) .oooo .coco .o~oo .oooo .(,~00 .ooo,; -.oo"o -,(iO~~ 
IIUU/IC>I*BI 1.23'15 ,91'~ .soB • 6315 .5123 .4185 .3137 -,0480 4. 7716 ,9614 
IIU21/0II ,O·JOO -.oDoo -.oooo ,coco -.oooo -.ocoo -.oooo -,OLOO .oooo .v~oc: 
MU22/CII 1.586~ .4459 .2ne • 3495 ,4699 ,5476 .6100 .6927 .7546 ,8097 
IIU23/I 011*8 I -.oooo -.0001 .oooo ,OCOl' .coco .uoco .oooo .ocoo -.oooo -,()(100 
MU31/I C>I•B I 1.2046 • 8~83 • 7692 • 5920 ,4636 ,3578 .2328 -.2308 6.05~.:; .L,U25 
MU32/IQM81 .oooo ,,~o~ .oouo -,oooo .oooo -.OuOO -,ouoo ,(iOOC .oooo .ococ 
~U31/I OM*B*BI ,4844 • 4377 • 4!01 .3959 ,3821 .3750 .3727 ,3917 -,0644 .2917 

DAMPING 00 • •REHRDE*W 
LA~BOUl/QD 2.0190 3,7931 4.028~ 4,0948 3,n10 3.6660 3.2$121 lo98i3 3~,51Zit 5. 5l65 
Llii80Al2/QO .o .. co ,:.lOOQ ,001)0 .ocno ,ooro .oooo .(10~0 -.ocoo .OCCCJ ,JOOC 
LAI180Al3/l OD*B I ,3504 ,f-78? .7279 .7~50 .7407 • 7113 .6676 .5239 .1058 .6507 
LAHSOAZl/CD ,C.vOO -,O,OJ -.oooo -,cooc -.ooco -.ocou -,ocoo .oooo -.oooo -.oooo 
LAI1SOA22/QD .1;98 1. 3091 • 7819 ,3464 .2tl12 .1342 .0915 oL486 .0268 ,,)441 

~ LAI18D.l23/IOO*SI ,OCICIO -.o~.,, -.oooo -,:lO.,I) -,I)OC'C' -,;)COO -.eeoc, ·-.ucoo -.oooo -,OOJC 
0 LAMaOA31/I OD*B I .3491 .6786 .7295 .7594 .7482 • 7224 ,6842 .5629 -. 7141 ,6002 

LlMaOA32/I OD*B I .oooo ;o~oJ .oooo .oooo ,00(10 .uoou ,OuO\J .oooo -.oooo .oooo 
Lli18DA33/IOD*B*BI ,0606 .1!H .1318 .1400 .1411 .1402 .1392 .1489 -.OulQ oil7~8 

WAVE FORCES OF•AREA*ROE*ET.l*W2 
FX/QF 4,4250 5,414~ 5, 4209 5. 2373 4.'1733 4.7161 4,4149 3.6704 s.H74 4.2934 
P·USE REL TO ETA AT X•il - OEG 72.8793 60.~041 5~. 8750 5~.1117 59.6297 62.2586 66.il442 75.1616 86.5835 9Z. H58 

FY/OF 1.2106 3.1791 2,4019 1.5443 t,H56 ,9150 .7381 ,5158 ,366~ .2555 
PHASE REL TO ETA AT X•!l - DEG 1~9.0771 ao,0067 69,60Z5 5~.9553 57.<>583 59,5246 bl.4899 69,875Z 7'1.1007 90,8790 

'IZ/(OF*BI .7530 ,0455 .9536 ,9325 .~'163 .65~6 ,azzz .7784 .1632 .5379 
P'lASE REL TO ETA u X•O - OEG 72.5953 60.0131 57,8515 56.61~0 "57.65C1 59.794lt 62.9679 69,9328 93.0317 92,4742 

WAVE FIELD - A~PLITUDE RATIOS 
POSITION - X/WAVELENGT~ 4,0000 4,0'"' 4,0000 4,0000 4.0000 4.0000 4.0000 4.0000 4.0()00 4,0.110 
OI~ENSIONAL POSITION - X 4QO,OCOO 251.1143 ZZZ.2222 18 ~. 402~ 160.000., 142.8571 1Z8o1H7 107.8167 93.2401 81.~966 

GEN BY SWAY/SWAY .3~97 ,6q,3 .768~ .~919 ,9729 1.0247 1.0543 .9433 4,4957 1.~878 

PHASE ~EL TO BODY MOTION - OEG 162.8661 150, 1~ qs 148.7587 147,8852 140,?450 151.6560 155.0695 162.2626 -175.4311 -175.9364 

GEN SY HcAVE/HE.VE .cnq .3838 • 3258 .2490 .212(! .1880 .;.688 .1399 .1154 ,0919 
P~ASc REL TO SOOY HOllO~ - DEG 79.2908 -.'3~8Z -1 "· 5930 -29.7700 -30.25~1 -28.1815 -24.6664 -16,4918 -7,ZH5 2,7097 
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GEN BY ROLL/ROLLIRADl*6 .0607 .HH .1339 oH44 oH'i!5 .1988 .2144 .2494 .0121 .2zn 
P-iASE I!.EL TO BODY ~OTlOr-1 - OEG 162.B661 150,7288 148.7588 147.88~3 149.2451 151.6562 155o0697 162.2624 -175.4425 -175.~3~6 

TRArlS BY FXO BOY/ETA .9870 .43~? .1626 .0349 o04Z6 .0448 .:!429 .1)38b .1027 .0399 
PHASE REL TO ETA AT X•U - OEG -26.3043 -111. 898~ -124.4512 -63. 897B -22.2265 -16.4142 -17.2571 -31.5947 53.43Z7 -4,dlJZ 

WAVE FIELD - AMPLITUDE RATIOS 
POSITIO~ - X/WAVELENGTH -4.0000 -4.000, -4.0000 -4.0C.OO -4.0000 -4.0000 -4.0COO -4.0000 •4.0000 -4,0v00 
DIKE~SIO~AL POSITIO~ - X -400.0000 -251,1143 -22~.2222 -184,4925 -1~0.0000 -142.8571 -lZBoll97 -Lil7,Blb7 -93.2401 -81.9966 

GEH BY SWAY/SWAY .3497 ,,R03 .7688 .891Cl .9729 1.0247 1.:1543 .9433 4.4957 1,B37~ 

PHASE REL TO SOOY MOTION - DEG -17.1409 -29. Z7~~ -31.2483 -32.121~ -30.7620 -28.3509 -24.9375 -17.7444 4.575d 4,0706 

GEN BY HEAVE/HEAVE ,0929 .3~'P: .3258 • 2499 o21ZO o1886 .168B .1399 .1154 ,)919 
PHASE REL TO BODY MOTION - OEG 79.290e -.~~13' -19,5930 -29,770n -~0.2551 -2Bol8l5 -24.>664 -1oo49ld -7.2745 2.7097 

GEN BY ROLL/ROLLIRADl*S .0607 .1?IS .1389 ,H44 ol535 ol988 o2144 o2494 .0121 .2227 
PHAS~ ~EL TO BODY ~OTION - OEG -17.1409 -29,Z7R~ -31.2482 -32,1217 -30.7619 -26.3507 -24.9373 -17.7445 4.5644 4.0701 

REFLECTED BY FXO 90Y/ETA .1190 .~163 .9230 ,94Q1 ,9529 o9543 .9551 ,95~6 .9576 d5BZ 
P•USE REL TO ETA AT X•O - OEG ~3. 7635 149, 077!' 1Z~ol707 117.3206 118,2930 122o8550 129.8B06 145.6B56 170.5966 -174.6329 

INC IOENT /ETA loCOCO 1o000l lo 0000 1,0000 1.0000 loOOOO 1.oooo l.OCOO 1.0000 1o0000 
P>iASE REL TO ETA AT X•O - OEG -.oooo -.oooo -.oooo -.oooo -.oooo -.OC!JO -.ocoo -.t.0\10 -.oooo -.oooo 

~ REfLECTE!J + INCIDENT/ETA loC580 ·'15~ ,64H l,OHS 1,0024 o9356 o6292 .5783 .1660 .0977 
PHlSE REL TO ETA AT X•O - DEG 5o7907 54.456l <9.3719 56,2053 5~.83?4 58.96~9 62.1264 6b.54ZO 70,5~03 -62.1498 
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DYNA~IC MODEL RESULTS 

AREA• 12.6u0 8• 10.000 XG• .ooo yr;. -2.340 MASS• 25.100 INERTIA• 621.ouo 

ADDITIONAL DAMPING ADDED- IN SWAY- .oo LAMDAll I~ 'lEAVE- .oo LA~OA27. IN ROLL- .co LA~DA33 

SPRING CO>ISUNTS Kll ~12 ~13 ~?1 K22 K?3 01 K32 K33 
HYDROSTATIC .uo~ .ooo .coo .ODO 64.500 .coo .coo .ooo 1165.000 
MOORING .ooo .ooo .coo .ana .coo .ooo .coo ,!.OC ,.JI)O 

SE4~/wAVELENGTH .1000 o15 QJ .1800 .216~ .2500 .2800 • 3122 o37lil .~290 ,4878 
DIMENSIONAL FREQUENCY - liZ oZZ6~ • '857 .3037 .3333 o357Q .3788 ,4000 ,4360 .468Q ,5000 

MOTION RESPONSE 
Sw4Y AHPLITUOE/ETA ,7219 o6490 o5957 .5043 o422Q .3499 .2122 .1327 .con .l3Q1 
P'lASE REL TO ETA AT X•O - DEG -90.2310 -Q0,4540 -qo, 5725 -QO, 7e27 -qo.n13 -91.1~65 -n. 3Z9l -91.5455 -35.8354 85.65(15 

HEAVE AMPLITUDE/ETA 1o4444 2.175~ 2. 3789 1.3~31 .H7~ oH32 .3122 .1638 ,0931 .11538 
PrlASE REL TO ETA AT X•O - DEG -2.2345 -27,35H -54,96C7 -9Q, 8204 -112.5778 -115.2004 -114.4117 -108.7607 -100.2661 -ss,82<l6 

RJLL AMPLITUDEIRADl*S/cTA .4747 .?050 .2613 .3337 .3871 .4308 .4746 .5503 .6670 • 7232 
PHASE REL TO ET4 AT X•O - OEG -90.0Q05 -9~.8~Q3 -<~O,s8Q2 -91.11865 -Ql,3080 -91. 5l86 -n.H96 -92.2407 -91,6298 -93,9513 

wAVE FIELD - AMPLITUDE RATIOS 
POSITION - X/~AVELENGT~ 4,0000 4,0):, 4.0000 4.0000 4o0000 4.0000 4.0000 4.0000 4.0000 4.0000 

-'> 
DIMENSIONAL POSITION - X 400.0000 251,1H3 222.2222 184,4Q2S 160o00C(! 142.8571 128.1197 107,8167 Q3,2401 81,9966 

1'\) GEN BY RESULTANT SWAY/ETA .2sz~ ,Ht5 .lt579 .~498 .4!15 o3586 .2870 .1251 o004Q .2626 
P~ASE REL TO ETA AT X•O - OEG 72.6350 60.264~ 58,1863 57.1025 ~e.2637 6u,'t9Q~ 63.7403 70.7171 -211. 266~ -90,2859 

GEN BY RESULTA~T HEAVE/ETA .1341 oR34Q .7750 .3456 .1585 .0892 ,;)527 .0229 .0107 .~049 
PHASE REL TO ETA AT X•O - DEG 77.0563 -27.7620 -74.5537 -uq, 5<>o4 -l42o8329 -143,3619 -139.0781 -125.2126 -107,5406 -s6.1ln 
GEN BY RESULTANT ROLl/ETA .o2sa ,0249 ,0363 .0549 .ono .0856 o1018 ol373 ,0081 .1611· 
P~ASE REL TO ETA AT X•O - DEG 72,7756 59,A7Q5 57,9696 56.7988 57.Ql7l 60.1376 63.3201 7o,0217 -267.0723 -26Q,8661 

TUNS BY FXO SOY/ETA ,9870 • 43 8Z .1626 .0349 ,04?6 o\1448 ,0429 oll386 .1027 .J39Q 
PHASE REL TO ETA AT X•O - DEG -26.3;)43 -lllo ~Q8~ -124,4512 -63,8Q78 -2?.2265 -1f.o4142 -17.2571 -31.5947 53,4327 -4,o102 

TOTAL UANSMITTEO/ETA .9995 .~965 .5946 ol43B o34ZO .3728 .3477 .2345 .0986 .1<64 
PHASE REL TO ETA AT X•O - OEG -2.1888 -25.8277 -~'1.8773 61.0959 6(1. 7136 59.2666 60,_,CZ7 62,6052 57,1886 -70.7104 

wAVE FIELD - AMPLITUDE RATIOS 
POSITION - X/WAVELENGTH -4,0000 -4 .000) -4.0000 -4,0000 -4.0000 -4.0000 -4.00DO -4.0000 -4.0000 -4,oOCO 
DIMENSIONAL POSITION - X -400,0000 -Z5lolH3 -nz. 2222 -184,4925 -VCI,OOOII -142,8571 -128.1197 -10-7,8167 -Q3,2401 -s1.9Qo6 

GEN SY RESULTANT SWAY/ETA .zs2~ o441~ .4579 .4~98 .4115 .3586 .2870 o125l oOC4Q oZ626 
PHASE REL TO ETA AT ~·O - DEG -107.371Q -llQ. 7~~~ -l2l.~u7 -12~.qo45 -121.7433 -119.5075 -uo. 2666 -109.2899 -31.2595 89,7210 

GEN BY RESULTANT tiHVE/ETA ol34l .~~4~ .7750 • 3456 .1585 .0892 .0527 .u229 .01(,7 .0049 
PHASE REL TO ETA AT ~·0 - ~EG 77oli563 -27.7620 -74.5537 -tzq, 5Q04 -142.8329 -143.3B1Q -13'1.0781 -125.2726 -107.5406 -86,1118 

G&N BY RESULTANT ROLl/ETA .0288 .nz4~ .0363 .0~49 .0710 ,QR~f> .1018 .1373 ,0081 .1611 
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PHASE REL TO ETA AT X•O - DEG -107.2314 -12"J.1~7!t -122,1374 -123,2C~2 -122.0~QQ -119.8~93 -115.686'1 -109.9853 -87,0653 -8'1.~~11 

REFUCTEO BY FXO BOY /ETA oll90 .st~~ o'1Z30 ,9491 ,9529 .9543 ,9551 ,9546 .9~76 .15~2 
P'iAS€ REL TO ETA H X•O - OEG 63.71>35 14Q,077J 12•.1707 117 .320~ Jti?.?.Q~O l22o85Su ll~.SOC6 145.68:.6 l7 .. 1o ~Qb6 -1n.onq 

TJTlL REFLECHD/ETA oC310 .4~11 • 71>47 ,9427 ,8963 o6859 ,89bl .9306 ,95.H d524 
P~lSE REL TO ETA AT X•O - OEG -q2.2593 -117.2714 -144,7~76 l7Jo6416 158,1~71 155.87~7 1;7,0076 l6lo98~2 171.8175 179.3934 

Table D-3. Continued 



OYNA~IC ~006L ~ESULTS 

AREA• lZob:IO s• 10.000 XG• .o~' YG• -2.340 11'5!• Z~o100 I~EHU• 621.0(10 

ADDITIO~AL DA~PING ADDED- I~ $WAY- .o\1 LA~DAI t I~ "':lYE- ,00 llMCilZZ IN ROLL- .oo Ll~Ol33 

• SPRING CONSTANTS Kll KlZ Kl3 ~H KZZ K'3 K31 K32 K33 
HYDROSTATIC .ooo .ooo .ooo .o~o 64.~00 .~o, .ooo oJOC 1165.~~0 
MOOR LNG ll8,d00 -~.240 166.200 -5,n? 10.210 -3.3 72 1~9.900 Zo063 281.800 

SEAM/WAVELENGTH o100..J ,\,91 .1800 o216~ • 2500 .z~o>J • 3122 .37lu ,4290 • 48 78 
OI~ENSIIJNAL FREQUENCY - HZ .2264 • 2857 • 3037 .3313 .3579 • 3788 ,4000 ,4360 .468'1 ,5000 

MOTION RESPONSE 
SwAY l~PllTUDEIETA ,8185 • •o~5 • 7043 .5776 ,481'1 .39~5 ,Ho41 .1442 .oo2~ .136& 
PHHE REL TO ETA lT X•l - DEG -~2.8642 -87.266? -~7.2183 -86.1074 -86,74~0 -87.7094 -s8,B!J30 -90.~~95 -71.1733 85.8405 

HEAVE l~PLITUOE/ETA 1.6748 z.~1A) ?,4'1'19 1.513(1 .7948 ,4'134 , 3212 .166'1 .0~~4 .05~5 
P'iA$E REL TO ETA AT X•O - OEG 2.0115 -zz. AZ65 -49,0771) -98.0382 -1H,70H -11~. 78 ~6 -115,0728 -1C.9.17ll -100.3317 _,,,9394 

ROll A~PLITUOECRAOI*SIETA 1,H87 • tt 17 .2186 .32\9 .3922 .lt499 ,5035 .5018 .6917 • 7l5Z 
PHASE REL TO ETA AT X•O - OEG -95,3538 -21.0Ht -71.8097 -as. 112~ -~6.5531 -87.4561 -e~.b553 -'I0.857to -~1.2293 -93,7687 

WAVE FIELD - AMPLITUDE RATIOS 
POSJTIO~ - ~/WAVELENGTH 4oCOOO ~.!'OM ~.ocoo ~o.ocon ~o,noco 4,ococ ... oc.oo 4.0~0J 4.0t()0 4.0000 
OIIIENSIONAL PtJSITION - X 41Ju.o~oo 251.1143 2U.2222 184.49~5 1~0.0000 HZ, 6571 12a,1197 107.6167 93.2401 dl.9966 

~ GEN 6Y RESULTANT SloAYIETA .286Z ,H87 .5414 .51~? ,4688 .<to 53 • 3206 .1360 ,con .25~3 
~ P~ASE REl. TO ETA AT t•O - OEG ~·J,OJ19 63.4~2~ '>1.5404 61.777• 6?.4990 63,9466 66.2665 7l.7v31 -Z4o.b044 -9::J.vQ5Q 

GEN 8Y RfSULTANT HEAVE/ETA .1555 ,85H ,8145 .3781 ,16F5 ,;)S30 ,\1542 .0234 .Ol.i.ll .ou5Z 
P~HE REl TO fTl AT X•O - OEG 81.31)23 -2~.?.?.47 -6",6701 -127, 80A2 -142,9603 -143,9711 -13~. 7392 -125.6629 -1J7,6J62 -!1~.lZ9t-

GEN BY RESULTANT ROLL/ETA .0879 .on~ .0304 .0529 ,0720 .08~~ ,!080 ,1451 .0083 .1!>93 
P'iASE REl TO ETA AT X•O - DEG 67.5123 120.712" 76,9491 62.1128 ~Z.69?.r 64,2(,01 66,414<t 7l.. 4051 -26?.6719 -269.7055 

TUNS 8Y FXD BDY/fTA ,9870 • t.3 8! .1626 ,034<> .042'> .0448 ,0429 .038o .1027 .J3~9 

PrlASE REL TO ETA AT X•O - DEG -26.3.)43 -111. 9<>9• -124,4512 -63,SQB -22.2265 -16.4142 -).7.2571 -31.5947 !i3.4327 -4,81C2 

TOUl T~ANSHITTEO/ET4 .9949 .s·~~ ,6083 .17•4 • 393.7 .4200 ,3852 .2519 .1038 .1144 
P~lSE REL TO ETA U X•O - DEG 4,5843 -15, 7H6 -3<>.5304 73.0441 H.9oq 6~.9223 63,5C57 o4.55'l 58,7840 -70.1!149 

WAY~ FIELD - AMPLITUDE RATIOS 
POSITION - X/WAVELENGT!i -4,C..JOII -4.101)~ -4,0000 -4.00(10 -4.0Jt''l -4,0000 -4,0000 -4,0~00 -4,0000 -4,0000 
OIHENSIO'IAL POSITION - X -400,0000 -251.1143 -?.2~. 2222 -1B't.4Q~5 -t60,0?0':: -142.9571 -lzg,u97 -1'J7,el07 --1~.24-j. -34.-tq66 

GEN BY RESULTA~T SWAY lETA .2~62 .~487 • 5414 .515? .4688 • 4J53 ,3206 .B60 .UC91 .25'33 
PHASE REL TO ETA AT X•O - OEG -too.Jvso -11~.c;44~ -11•,4666 -ll'lo22'?2 -117.50~0 -ll6,0603 -113.7405 -11)8.3039 -~6.5974 d9,.1ll0 

GEN BY RESULTUIT HEAVE/ETA .1555 .'l51? • 8145 .1781 .1~~~ .09~0 .o>H ,OZ34 .Ull\.1 .=.-J~Z. 

P~ASE R<:L TO ETA AT X•'l - OEG 81.3023 -z~.n47 -~~.6701 -127.808~ -142,96~3 -H3.97ll -139.7392 -125.'>62~ -107.6062 -8~.2296 

GE>I ~y RESULTANT ROLL lETA .0~79 . ~~ ~~ .0304 .. OI5?Q .ono .:Jd95 ,]080 .]451 .Q,)!jl • ]';93 
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PHASE REL TO ETA AT X•O - O~G -llZo4946 -50.~94? 

REFLECTED BY FXD BOY/ETA ollqo ,8163 
P'IASE REL TO ETA AT X•O - Oi:G 63.7635 149. 077) 

TOTU REFLECTED/ETA o1029 • 4451 
PHASE REL TO ETA AT )(•(I - OEG -94,Cl'o2 -110. 308S 

~CORING LINE MOOEL RESULTS 

SrlOR~~ARu ~DORING lt~• 

-11'3.0579 -117.8941 -ll7o3H'l -115.8069 -113.5926 -106.6019 

.9Z30 • 94<11 ,9529 ,9543 .~~51 .9546 
1 ~~.1707 117.3206 118.2930 U2.8550 129,8806 14~.6636 

.7619 ,9367 ,8745 ,8645 ,8807 o9Z6l 
-135.0236 177.32?5 162.86f.2 159,5332 159,7122 16'..1800 

C~ANGE IN Fa~CE PER UNIT DISPLACEMENT IN SWAY, HEAVE A~D Q~LL• RESPECTIVELY •-1376,000~ 410.6000-16~7.000C 

"DORING liHE RESPONSE 

-66.6649 -89,6985 

,9576 ,95~2 

17u.5966 -174.0329 

,9527 ,9528 
172.2029 179, :;ooz 

FORCE -MPLITUOE/ETA 1,487E•03 1.0~~E+01 6,545E+02 Z,712E+02 4,557E+CZ 4,481E+02 3,856E+OZ Zo279E+OZ 7,544E+01 9o646E+01 
P~ASE REL TO ETA AT X•O - DEG 22.5037 45.~~05 6Q,8Z03 -32.2325 -21.5524 -l4.623e -9,9398 -4,8284 -~.2163 -176.61•! 

~OORI~G LINE ~QOEl .RESULTS 

SEAWARD ~OO~ING LINE 

CHANGE I~ FORCE PER U~IT OISPLACE~ENT IN S~AY, HEAVE A~O RnlLo RESPECTIVELY • 1172.0000 280,9000 1713.COCO 

MOORING LINE RESPO~SE 
FORCE AMPLITUDE/ETA 1.311E+03 1,35~E+03 1.482E+03 1,151£+03 B.~84E+C2 6.66~E+~2 5.251E+02 3.135E+02 1,472E+02 Zo216E+01 
PHASE REL TO ETA AT X•O - OEG 154,4105 151.~~42 15Q,7943 -179,5353 -176,5792 -17t,7023 -176od630 -176,6128 -177,4416 10.1138 
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DYNA~IC MODEL RESULTS 

AREl• 12.600 8• 10,00•) XG• .oo~ YG• -2.340 MAS S• 25.100 INERTIA• 621.000 

ADDITIONAL DAMPING ADDEO- IN SIIAY- 1.00 LliiOUl IN HEAVE- 1.00 llMOA22 IN ROLL- t.ov LA~OA33 

SPRING CONSTANTS Kll K12 1<13 ~?I ~2z KZ3 K31 K32 K33 
HYOROSUTlC ,.)00 .OilO .oc.o .c~o 6~o50Ci ,0,0 .ooo ,OOJ 1165.000 
HOORI~G lld, BOO -5,Zlt>l 166.200 -5,7~2 10.210 -3.372 159,900 2,1)63 2Blo800 

BE AII/IIAVEL~ NGTH .1000 .1~93 .1800 ,2168 .zsoo .zeoo .3122 .3710 .4290 o4878 
Ot~ENSIONlL FREQUeNCY - MZ .2264 o2857 o3037 ,3B3 ,35H o378B .4000 .4360 .4689 ,5J0('1 

MOTION RES PONS!: 
S<IAY AHPLITUDt/ETA ,5857 ,4Hl .4106 • 3716 .3400 .3057 .2587 ol387 .0019 oll19 
P'ilSE REL TO EH AT X•O - OEG -34,6025 -56.3210 -57,5115 -59.6797 -62.4719 -66.2453 -71.6435 -84,5311 -78.6415 o1.0574 

HElVE liiPLITIJOE/ETA lo5999 l.-1799 1.3829 l. 2511 ,7660 .4916 .3222 .1671 .0954 ,0561 
P>iASi: REL TO ETA AT X•O - iJEG 11,0451 -12.5409 -35,9320 .-AJ,3707 -1.33.0333 -UC,355u -lll. 9992 -1o7,8azo -99.6718 -89;2259 

RO~L AMPLITUOElR4Dl*81ETA Z,452S 1. 3~78 1.1093 .805~ .6~~8 .5281 .4912 ,5468 .6908 ,6026 
PrllSE REL TO ETA lT X•O - OEG -61,0343 -100.1090 -112.0633 -113.1534 -109,7176 -102.3773 -92.2317 -at. 7364 -90.7043 -9<!.0733 

~AVE FIELD - A~PLITUOE RATIOS 
POSITION - X/wAvELENGTrl 4,C.;)00 4.0000 4.0000 4.0000 4.0000 4o0COO 4.0000 4.0000 4.0000 4.0000 

~ DIHENSIJNAL POSITION - X 400.0000 251.1143 n2.2222 184.4925 161).0000 142.8571 128.1197 107.816 7 93.2401 81.9966 

0'> GEN BY RESUL HNT SiiAY /Ell .204B .:?Q3Q .31;7 ,3315 .130~ o3l32 .2728 .1308 .o~e~ .2112 
PHASE RH TO ETA AT X•O - OEG 78,2636 94,4078 91, Zlt7Z 8~.2055 86.7731 85.4107 83.4260 77.7315 -254,0727 -114.8790 

GEN BY RESULTANT HEAVt:/!:TA .1436 .452• .4506 .3111 .1629 .0927 .0544 ,0234 .OllO .0052 
P~ASE REL TO ETA AT ~·0 - OEG 90.3359 -12,93n -55,5251 -llO.l407 -133.28~4 -138.5365 -136.66~6 -124.3738 -106,9463 -86,5162 

GEN BY RESULTANT ROLL/Ell .l't89 ol6M .1541 .13:'4 .1148 .1050 o1053 .1364 .0083 .1342 
P>iASt REL TO ETA AT X•O - OEG 101.8316 41.6189 3~.6955 34,7319 19,5275 49.2799 62.8379 au.~261 -266.1468 -274.0l'Jl 

T~ANS BY FXO BOY/ETA ,9870 ,41qz .1626 ,0149 ,0426 .0448 .0429 ,C3B6 .1027 ,J399 
PrlASE REL TO ETA AT Y.O - OEG -26.3043 -111.9988 -124,4512 -63, A97S -22.22~5 -1eo4l42 -17.2571 -31.5947 53,4327 -4,8102 

TOTAL TR4NS~HTED/i:TA • 8970 ,393~ .2964 .os•7 .2709 .3248 .3248 .2336 .1044 ,0771 
PHASE REL TO ETA AT X•O - OEG 3,6729 -15. 37~?- -1<>,2820 71.7761 82,5810 78,0A74 75.6150 72.5741 5ij,l883 -120.7664 

WAVE FIELD - AMPLITUDE RATIOS 
PJSITION - X/WAVELENGTH -4,0QOC -4.000, -4.0000 -4,0000 -4,0000 -4.oooc. -4.0000 -4,000il -'t,QOOO -4,oCOO 
DIMENSIONAL POSITION - X -4ou.oooo -251.1143 -222.2222 -1q4.4Q25 -160,00(,0 -142,8571 -128.1197 -l07,8H7 -93. 2401 -81.9966 

GEN SY RESULTANT SWAY/Ell .204~ .2919 .3157 • 3315 ,330A .3132 .27213 .1308 ,0086 .2HZ 
PHASE REL TO ETA AT X•O - OEG -101.7434 -a5,1)Qq~ -~B,7597 -91,801~ -q3,2339 -94,5963 -9~.5810 -lliZ,2755 -7<t.Oo57 65.1280 

GEN BY RESULTANT HEAVE IE TA .1496 ,452q .4506 .3131 .1629 .0927 .0544 .0234 .ouo .CJ5Z 
PYlSE ~EL TO ETA AT X•O - DEG 90.3359 -12.93 Ql -5~.5251 -110.14)7 -133.28B4 -13~.5365 -13o.o656 -l24.373B -106,9463 -86,5162 

GEN BY ~ESIJL HNT ROLL/ETA .1489 .1~~4 .1541 ,13?4 .1146 .1050 .1G53 .1364 .OOB3 .1342 
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PHASE REL TO Ell lT X•O - Oi:G -78.1752 -13~. 3' 6' 

REFLECTED BY FXD BOY /ETA oll90 • 8163 
PHASE REL TO Ell AT X•O - ilEG 63.7635 149.077J-

TOTAL ~EFLECTEO/EH .0996 .3707 
PliASE REL TO ETA u X•O - DEG -b5o9434 -166.~R66 

MOORING LINE MODEL RESULTS 

SM~REwARO ~QORING L!~F 

-143.3115 -145o275~ -140o47q4 -13(. 7280 -117.1690 -99.4b09 

.n3o .9491 .9529 .9543 .9551 .9546 
12~.1707 117.3206 uq.zq~o 1Z2o8551l 12~.6806 H5.6656 

• 4353 .6777 .7417 • 7047 .8026 ob697 
-172d573 167.864'- H4.6n5 152.6944 1~5.6557 163.2463 

CHANGE !~ FORCE PER UNIT DISPLACE~ENT !~ SWAY, HElVE l~D ~OLL• RESPECTIVELY •-1376.00Qil 410.6000-1607.0000 

HODRI~G LINE RESPONSE 

-so ol399 -94.0u32 

o957b .9582 
H0.5966 -174oRHQ 

.9536 oH52 
172.2152 -177.7925 

FORCE A~PLITUDi/ETA lo328Et03 bo348E+02 3o609E+02 1.3Z4F+~Z 3oZ4ZE+OZ 3o559E+?Z 3o342E+OZ Zol79E+u! 7.524E+01 bo660E+01 
P~ASE REL TO tTA AT (•?- OE~ 16.5361 10.Rl63 35.8873 -66.3177 -51.4041 -38.4782 -2Bi33Bl -13.7767 -4.3807 -135.;9~~ 

FORCE ~MPLITUOE/ROE*G*lREA*ETA lo644E+OO 7.8~~E-Ol 4o716E-Ol 1o63QF-Ol 4o015E-Ol 4.407E-Ol 4.138E-Ol 2.69dE-Ol 9o317E-02 lo07ZE-Ol 

MOORING L!No MOJEL ~ESULTS 

SEAWARD MOORING LINE 

CHANGE IN FORCE PER UNIT DISPLACEME~T IN SWAYo HFlVf A~D RnLLo RESPECTIVELY • 117ZoOOJ~ 260.9000 1713oCOG~ 

MOORI~G L!~E RESPONSE 
FORCE AMPLITUuE/ETA lol97E+v3 6o884E+O? Qo52•E+02 8.790E+~Z 6.718E+C2 5.5!1E+02 4o595E+02 Z.995E+02 l.471E+02 4.9Z9E+Ol 
P~ASE REL TO ETA AT ~·O- OEG 143.6852 143.56?4 14~.2263 1~5.1962 171.403' l7lo9765 l72.7C51 177.21~1 -177oB560 93.7362 

FORCE AMPLITUOt/~OE*G*lREA+ETA 1.483E+OO l.lOOE+O~ 1.18,E+OO l.096E+OO 8.3!QE-~l 6.e24E-Ol 5o690E-Ol 3o7J9E-ul l.~ZlE-01 6olv3E-02 

Table D-3. Continued 



APPENDIX E 

DERIVATION OF PRESSURE TO SECOND ORDER 
FOR ~WO PROGRESSIVE WAVES AT DIFFERENT FREQUENCIES 

Consider the problem of the nonlinear interactions of waves at two 
distinct frequencies traveling in the same direction. The complete 
boundary value problem is well known. 

The Laplace equation, 

(E-1) 

applies throughout the fluid below the free surface. 

The boundary condition, 

3¢ 3¢ 1 g ay + 2V¢ · Vat+ 2 V¢ · V (V¢·V¢) ~ 0, (E- 2) 

must be satis·fied on the free surface, y = n. The boundary condition on 
the bottom is : 

lim ~ = 0 (E-3) y+-co ay 
for an infinitely deep fluid. In addition a radiation condition re-
quiring the generated waves to travel away from the body is needed to 
ensure uniqueness of the solution. 

In this formulation the x axis lies in the direction of incident 
wave propagation. 

The difficulty in solving this boundary value problem stems from the 
nonlinearity of the free-surface boundary condition. 

In order to "linearize" the free-surface boundary condition, expand 
the velocity potential, ¢, in a Taylor series about the undisturbed free 
surface: 

¢(x, n, t) = ¢(x,O,t) 

n [a¢Cx,y, t)] 1 2 [a¢(x,y, t)] 3 + +- n + O(n ) . 
ay y=O 2 ay y=O 

(E-4) 

Also expand n and ¢ in power series: 

n(x,t) = sn(l)(x,t) + s 2n( 2)(x,t) + O(s 3), 

¢(x, y, t) = s¢(l)(x,y,t) + s 2¢(Z)(x,y,t) + O(s 3). (E-5) 
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Substituing the expansion for <P into the free-surface boundary con-
dition: 

[1 
( 1) 

[~1. ~+~~][~{a¢ 7 
ax J ay ~ ax 1 + 

<3¢(1) ~ 
ay J} 

Cl<j>(l) 7 Cl<j>(l) ~ 
[ d ax 1 + ay J} + 

2 <3¢( 2) 7 
e { ax 1 + 

on y = n. 

(E-6) 

Now use the Taylor expansion 
e3 in the boundary condition: 

for <P(x, n, t) and neg! ect terms of or-
der 

a2¢ (l) (x o t) (1) d ' ' + en (x, t) 
at2 

acp (l) (1) 
+ ge{ + en (x,t) ay 

2 a¢(!) a2cp(l) 
+ Ze [ ax atax 

Grouping terms by order: 

First Order e: 

a29 (1) a¢ (1) 
-.:...,--- + g ay = 0 on y = 0. 

at2 

2 Second Order e : 

on y = 0. 
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a29 (2) 

at2 

a <P (.?.) 
ay 

(E-7) 

(E-8) 

(E-9) 



Using the dynamic boundary condition on the free surface, one finds: 
. 1 ' a¢ 1 n(x,t) = - g {at+ 2 V¢·V¢} on y = n. 

Substituting the expansions into this equation yields: 
(1) 2 (2) 3 1 a¢ 1 En (x,t) + E n + O(E ) = --{at+ 2 V¢·V¢} 

g y=O 

- ~~ {~ + l V¢·V¢} + O(n2). 
g ay at 2 y=O 

Substituting for ¢, the right-hand side becomes: 
a¢ (2) 

at 
2 

+£__ 
2 

a¢(1) 2 a¢(1) 2 
[ C ax ) + C ay ) ]} 

3 ' ' 
+ O(E ), on y = 0. 

First Order E: 

n (l) (x, t) = 1 a¢Cl)(x,O,t) 
- g at 

2 Second Order E : 

(E-10) 

(E-ll) 

'(E-12) 

I 

n (2) (x, t) 
a¢(l) 1 a¢(l) 2 a¢(l) 2 

+ at } - 2g { C ax ) + C ay ) } 

or 

on y = 0 

n( 2)(x,t) = 
a¢ (1) 2 

+ C ay ) } on y = 0. 

Cl¢( 2) 1 a¢(l) 2 
+ at }- 2g { C ax ) 

(E-13) 

Using the first-order relationship above in the second-order boun-
dary condition on the free surface (E-9), one finds: 

32¢ (2) a¢ (2) = 1 a¢(1) d ()2¢(1) Cl¢ (1) 
+ g +- - { + g ay } 

at2 ay g at ay at2 

a¢ (1) a2¢ (1) 
- 2 

a+Cl) a2¢(1) (E-14) - 2 ax at ay ayat ax 
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1. First-Order Solution of the Boundary Value Problem. 

This solution results from the superposition of the velocity paten~ 
tials for individual waves: 

(1) gAl k 
<P (x,y,t) = w;_- e ly cos (k1x- w1t + o1) 

gA2 k 
+ w;- e 2Y cos (k2x- w2t + 82). (E-15) 

Check the solution: 

V2<jl(l) = 0. 

Lim a¢ (l) 
___,_,,.--- ~ 0 because of exponential function. y ~ _"" ay 

32¢(1) 3¢(1) k y 

3
t2 + g ay - - gw1A1e 1 cos (k1x- w1t + 81) 

k y gw 2A2e 2 cos (k2x - w2t + 82) 

k t + g {w1A1e 1 cos(k1x- w1t + 81) 

k y + w2A2e 2 cos(k2x- w2t + 82)} = 0. 

Therefore, this is a solution. 

Surface elevation then becomes: 
(1) . 

n(l)(x t) = _! 3¢ (x,O,t) = 
' g at 

(E-16) 

To prepare for the second-order solution, construct the right-hand 
side of the free-surface boundary condition (E-14): 
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Since this condition is homogeneous, the first-order potential is 
the solution to the second-order problem. 

2. Second-Order Results. 

The free-surface elevation will 
order are included: 

be modified when terms of second 

(2) 1 Cl" (1) Cl2" (1) 1 Cl" (1) 2 Cl" (1) 2 
11 (x,t) = 2 {-'-:'~'a:--t- ay'f'at}- 2g {('~'ax) + C 'f'.ay) } I 

g y=O 
1 = + 2 {gAl sin(klx wlt + ol) + gA2 sin(k2x w2t + 62)} X 
g 

{A1 w1
2 sin(k1x- w1t + o1) + A2 w2

2 sin(k2x- w2t + o2)} 

1 2 
- 2g {[- w1A1 sin(k1x- w1t + o1) - w2A2 sin(k2x- w2t + o2)] 

2 
+ [w1A1 cos (k1x- w1t + o1) + w2A2 cos(k2x- w2t + o2)] } 

or 

gn (2) (x, t) 2 2 sin2(klx- wlt + ol) = wl ~1 

2 
+ wl AlA2 sin(k2x .., w2t + 62) sin(k1x - w1t + 0 1) 

2 
+ w2 AlA2 sin(k1x - w1t + ol) sin(k2x - w2t + 62) 

2A 2 . 2(k + w2 2 Sln 2x - w2t + 62) 
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2 2 . 2 . 
+ w2 A2 s~n (k2x - w2t + o2) 

2 2 2 
+ w1 A1 cos (k1x1 - w1t + o1) 

+ 2w1w2A1A2 cos(k1x- w1t + o1)cos(k2x- w2t + o2) 

2 2 2 
+ w2 A2 cos (k 2x- w2t + o2). 

Using the trigonometric relationships: 

Combining further: 

gn ( 2) (x, t) = -

(E-18) 

which is the final form for the second-order term for free-surface ele-
vation. 
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Now, turn to the equation for pressure which is necessary to com-
pute dtc force on the body. 

Take the pressure to be zero at the free surface. Then Bernoulli's 
equation may be written: 

aq> 1 P = - P at- z pV¢•\1¢ - pgy. (E-19) 

Substituting the expansion for¢: 

a¢Cl) 2 a¢( 2) 1 2 a (l) 2 
p{s at + s -- +- [s' (~--) at 2 ax p - -

2 . (1) 2 3 
+ s ( ~-) ] + gy} + 0 ( s ) . ay 

Since ¢( 2) = 0, 
equation by order: 

we can drop this term and proceed to separate the 

p(l) = a¢ (1) 
- P at - pgy (E-20) 

and '1.1,(1) 2 (1) 2 
PC 2) = - I [( T,-) + C a <PaY ) J • (E-21) 

., 
Substituting the velocity potential into the equation, one finds: 

P(l) = - pg{A1ekly sin(k1x - w
1

t + 81) 

+ A2ek2y sin(k2x - w2t + 82) + y} (E-22) 

for the first order, and 

pC 2) = -I { [- w1A1ekly sin(k1x - w1t + 81) 

k y 2 
w2A2e 2 sin(k2x- w2t + 82)] 

for the second order. Note that this is identical to part of the 
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equation for surface elevation. The second-order pressure may be reduced 
to: 

P(2) = _ ~ { 2A 2 2k1y 2A 2 2k2-2 wl 1 e + w2 2 e 

which indicates that the second-order pressure is composed of a component 
independent of time and at the "difference frequency". 

This is surprising since the equation for the free-surface elevation 
~q. 18) includes terms at twice the incident wave frequencies and at the 
sum of these two frequencies. Using trigonometric relationships the 
first two terms in equation (E-23) could be expanded to yield terms at 
twice the incident wave frequency. A term at the sum of the two inci-
dent wave frequencies may appear in the pressure computed using the 
velocity potentials representing wave diffraction or forced oscillation. 
It might also appear if the present analysis were carried to the third 
order. The derivation included here was intended to reveal the presence 
of a low-frequency component in the exciting force and has not been used 
to determine the other velocity potentials or carried beyond the second 
order. 

3. List of Special Symbols for Appendix E. 

g 

x,y 

. 01' 02 

n (x, t) 

Hx,y,t) 

wl ,w2 

= Wave amplitudes 

= Acceleration of gravity 
2 2 wl W2 = Wave numbers, ---, ---, respectively g g 

= Cartesian coordinates (x-directed parallel to the 
direction of wave propagation, y-directed vertically 
upward) 

= Wave phase angles 

= Free-surface elevation 

= Velocity potential 

= Wave circular frequencies 
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APPENDIX F 

PHYSICAL' PROPERTIES OF SEVERAL FLOATING BREAKWATERS 

1. Proposed Oak Harbor Floating Breakwater (Davidson, 1971). 

a. Physical Properties. 

m = mass per unit length = 25.1 slug/ft 

I = mass moment of inertia = 621 slug-ft2/ft 

X = x-coordinate of g (on centerline) 

Yg = y-coordinate of 

KH 22 = 64.5 lb/ft/ft 

KH33 = 1,165 ft-lb/ft 

All other KH •. = 0 1J 

center of gravity = 0.0 ft. 

center of gravity = -2. 34 ft (below WL) 

b. Mooring Line Tension Response (change per unit displacement). 

-= 
/::,X 

1,170 lb/ft 

t:,T - = 281 lb/ft t:,y 

t:,T r;e = 1,710 lb 

c. Computed Mooring Spring Constants (depth = 29.5 feet) 

KM11 = 119 lb/ft/ft 

KM12 = -5.24 lb/ft/ft 

KM13 = 166 lb/ft 

KM21 = -5.73 lb/ft/ft 

KM22 = 10.2 lb/ft/ft 

KM23 = -3.37 lb/ft 

KM31 = 160 lb/ft 

KM32 = 2,06 lb/ft 
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KM33 = 282. ft-lb/ft 

Rectangular Breakwater Tested by Nece and Richey (1972). 

Physical Properties (at prototype scale). The cross section is a 
rectangle of beam 10 feet and draft 5 feet. 

m = 100 slugs/ft 
2 

I = 2,740 slug-ft /ft 

X = 0.0 ft (on centerline) g 

Yg = -1.0 ft (below WL) 

KH22 = 640 lb/ft/ft 

KH33 = 5,340 ft-lb/ft 

All other KH .. = 0 l.J 

All KM .. = 0. l.J 

Rectangular Breakwater Tested by Sutko and Haden (1974) . 

Physical Properties of Model. The cross section is a rectangle 
of beam 0.333 feet and draft 0.222 feet. 

m = 0.143 slug/ft 

0.023 2 
I = slug-ft /ft 

X = 0.0 ft (on centerline) 
g 

Yg = -0.123 ft (below WL) 

KH22 = 20.7 lb/ft/ft 

KH33 = 0.244 ft-lb/ft 

All other KH .. = 0 l.J 

All KM .. = 0 l.J 

Alaska-Type Breakwater. 

a. PhysicaL Properties. 

m = 62.3 slug/ft 
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I = 4,234 slug-ft/ft 

X = 0.0 ft g 

Yg = -1.3 ft (below WL) 

KH 22 = 528 lb/ft/ft 

Kl-!33 = 32,885 ft-lb/ft 

All other KH .. = 0 
l.J 

b. Mooring Line Tension Response ( chang'e per unit displacement). 

liT 
llx = 
liT -= fly 

97. 0 lb/ft 

90.5 lb/ft 

liT r;e = -572 lb 

c. Computed Hooring Spring Constants (tide = +7 .0 feet). 

KMll = 3.0 lb/ft/ft 

KM12 = 0.245 lb/ft/ft 

KM13 = -9.23 lb/ft 

KM21 = 0.302 lb/ft/ft 

KM22 = 1.91 lb/ft/ft 

KM23 = -2.68 lb/ft 

KM31 = -9.52 lb/ft 

KM32 = -2.82 lb/ft 

KM33 = 88.9 ft-lb/ft 

5. Friday Harbor Breakwater. 

a. Physical Properties. 

m = 61.02 slugs/ft 

I = 4,160 slugs-ft3 /ft 
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x = 0.0 ft (on centerline) 
g 

y =-0.49 ft (below WL) g 

DI 22 = 884 lb/ft/ft 

KH33 = 55,610 ft-lb/ft 

All other KH .. = 0 lJ 
b. Mooring Line Tension Response. 

t.T 222 lb/ft t.x 
6T 25.0 lb/ft -= 6y 

t.T 657 1b -= t.e 
c. Computed Mooring Spring Constants (tide = +5.33 feet). 

Kfv111 = 6.46 1b/ft/ft 

KM 12 = 0.510 lb/ft/ft 

Kfv113 = 18.5 ft~lb/ft/ft 

Kfv121 = 0.510 1b/ft/ft 

Kfv122 = 0.390 lb/ft/ft 

10 .. 123 = 1.71 ft-lb/ft/ft 

J(jl131 = 18.6 1b/ft 

Kfv132 = 1.71 1b/ft 

Kfv133 = 64.6 ft-1b/ft 
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APPENDIX G 

DATA SUMMARY SHEETS FOR FRIDAY HARBOR 
FLOATING BREAKWATER (WINTER 1975) 

Appendix G contains a summary of all the data recorded at the Fri-
day Harbor breakwater during the winter season of 1975. Seven tapes were 
recorded during this period, with a total of 95 records. The tapes are 
numbered in sequence from FI-17-1 through FI-113:-8. The date of each tape 
is given along .with the pertinent statistical data for each record in 
the tapes. The number of days and hours given for each record begins 
with the day and hour given for that particular tape. 

All minimum and maximum values are measured from zero mean. The 
transmitted wave data were digitally high-pass filtered (cutoff fre-
quency was 0,05 hertz) before these calculations to remove tidal draft. 
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SUMMARY OF STATISTICAL DATA FOR FRIDAY HARBOR FLOATING BREAKWATER CFH7- 1330- 121301741 
CMAX. AND MIN. VALUES MEASURED FROK ZERO HEANl 

SAMPLING PERIOD • 500 11S 
NUMBER OF SAI1PLES • 2047 

RECo TI11E TRANS. 
NOo IN COEFo 

DAYS WIND WIND LOAD CELLS WAVE GAGES ACCELEROMETERS 
AND SP. OIR. NW sw NE SE TRAN 1 TRAN 2· INC. REF. HoVER. HOR. S.VER. 
HOURS 

11PH DEG. LBS LBS L BS LBS FT. FT. FT. FT. CFT/SECISECl 

MAX, 2.a 58.1 39.10 30.90 31.92 17.55 .113 .110 .297 .209 • 219 .1J5 .266 
1 0 .45 MIN. · -2.1 -57.4 -2o.9o -33.10 -16.08 -18.79 -.137 -.133 -.317 -.226 -.159 -.109 -.242 

0 11EAN 2ol 109.9 • 00 981.12 856.26 959.38 6.938 7.226 4.118 4.539 13.121 13.399 13.102 
STOEV 1.06 27.87 . 9.1~5 9.811 7.016 6.077 .0385 .0367 .0848 • 0505 • 0445 o021B .0571t 

MAX, Sol 60.7 57.90 161.55 42.34 96.3't o167 .181 .742 .695 .317 .. 289 .408 
2 2 .35 MIN. -11.2 -65.3 -78.10 -110.45 -37.66 -o0.62 -.176 -.296 -.487 -.457 -.334 -.246 -.523 

20 11EAN 1'to1 180.3 .oo J.l81. 83 930.07 U37Q.02 7.630 7.509 't.058 4.643 13.483 13.698 13.044 
· STDEV 3.62 llt.27 24.055 51.877 14.026 . 30 •. B9 .0534 .0558 .1519 .1622 .• ()869 .0666 oll27 

MAX, 13.2 93.2 75.58 325.98 66.36 193.09 .135 .128 .766 oB06 .386 · o268 .500 
3 2 .27 11IN .. -7.7 -95.8 -12.42 -174·.02 -53.64 -84.99 -.153 -.162 -.540 -.577 -.307 -.299 -.HO 

0') 21 11EAN 17.6 178.5 55.01 J.l61.24 8 67.82 1025.22 5. 990 5.834 4.034 4.634 13.268 13. 68b 13.03:5 
STDEV 3.27 19.63 16.689 65.078 13.839 38.205 .0444 .0469 .1626 .1842 .0788 .0734 .1.156 

rux, 11.8 51.7 ·75.58 445.25 43.05 2'78<10 .205 .205 .823 .997 .334 .273 .507 
3 .39 11IN. -9.7-116.3 -12.42 -182.75 -40.95 -112.16 -.196. -.176 -.559 -.539 -.338 -.347 -.593 
0 11EAN 21.6 178.7 1.63 1075.80 759.38 1027.13 5.174 4.994 4.080 4.648 13.431 13.54 8 13.029 

STDEV 3.93 24.09 .ooo 89.07Z 14.051 5';).777 .0663 .oo73 .17i5 .2035 .0920 .0806 .1317 

11AX, 14.1 61.9 15.65 333.14 47.80 221.93 .183 .204 .778 .831 .206 • 20't .423 
5 3 .34 11IN. -9.6 -95.6 -.35 -226.86 -60.20 -128.83 -.172 -.156 -.502 -.500 -.256 -.181' -.423 

1 11EAN 20.5 189.5 3.08 1069.49 719.23 952.o1 5.093 4.908 4.150 4.609 13.227 13.681 13.028 
STOEV 3.91 19.78 2.057 97.282 16.930 61.033 .0567 .0598 .1687 .1721 .0701 .0626 .i032 

11AX, 8.2 57.2 40.51 156.49 23.37 9Uo27 .093 .137 .802 .856 .342 .297 .571 
6 5 .19 11IN. -5.6 -68.~ -35.49 -95.51 -36.63 -47.19 -.113 -.107 -.452 -.501 -.330 -.249 -.41tlt 

9 11EAN 16.2 172.9 120.45 990.'l2 874.81 904.88 5.526 5.300 4.024 4.635 13.463 13.743 12.965 
STDEV 2.89 14.72 18.688 50.922 11.194 27.538 .ll328 .0334 .1743 .179? .0986 .07't3 .1170 



SUMMARY OF STATlSTICAL DATA FOR FRIDAY HARBu~ FLOATING BREAK~ATER IFH7 - 1330 - 12/30/74) 
CMAXo AND MIN, VALU!i:S MEASURED FROM ZERO MEAN! 

SAMPLING PERIOD • !100 MS 
NUMBER OF SAMPLES . 2047 

R EC, TIME TRANS, 
NO, IN COEF, 

DAYS WIND WIND LOAD CELLS WAVE GAGE<; AC<.ELEROMETERS 
AND SP, DIR, NW sw NE SE TUN 1 TRAN 2 INC. Rt:F. N,IJER. HOR. S • VERo 
HOIJRS 

MPH DEG. 1.BS LBS LBS LBS FT. FT, ~=r. FT. CFT/SEC/SECl 
I 

HAX, 12.7 70.3 51.65 2!1'1.79 50.95 162.70 o134 .181 1.047 1o1d2 .768 • 731 1o587 
7 5 • 18 MIN • -8.1-150.2 -4.35 -212.21 -49.05 -11.:.14 -.138 -.140 -.643 -.917 -.828 -.917 -1.290 

10 HEAN 22.9 150.2 .oo 1181.21 810.04 .1.104.56 5.670 5,452 4.035 4.668 13.223-13.720 12.965 
STOt:V 3.50 37.11 10.657 82.997 14.872 4bo791 .• 0395 .0422 .~216 .2427 .2034 .1959 .3221 

HAX, 6.8 27.0 7.84 291.23 37.67 173.19 .157 .137 .1.188 1.457 .769 .660 1.925 
8 5 .16 HI No -6.1 -67.5 -.16 -2(14.77 -42.33 -116.9;S -.186 -.199 -.732 -.847 -.743 -.667 -1.797 

11 HEAN 22.8 160.9 • 00 1143.02 733.83 .Ll41.23 5.440 5.220 4.047 4.674 13.387 13.910 12.964 
STDEV 2.89 14.06 1.003 8bo33.2 13.652 4ii.214 ,0411 .0446 .2521 • 2939 .B84 .1875 .3902 

MAX, 12.4 47.8 7.79 3o2.35 34.46 197.62 .161 .142 .961 .1.il43 .498 .542 .747 
9 5 .20 HI No -a.1-109.7 -.2! -177.65 -.33. 54 -107.12 -.159 -.170 -.550 -.596 -.636 -. 357 -.860 

0') 12 HEAN 22.3 161.4 .oo 1094.26 80'to04 1087.o9 :1.279 5.062 4-.044 4.655 13.274 13.822 12.957 
1\) STDEV 3.27 23.39 1.128 80.25o 12.471 47.4l.L .0428 .0433 • 2111 .2186 .1412 .1118 .. 1840 

HAX, 11.5 62.5 26.40 397 ;52 48.77 283.36 • 248 .221 o9b2 1.086 .474 .401 .662 
10 5 o2't HI No -8.4-126.5 -1.60 -238.48 -47.23 -127.'14 --.167 -.170 -.626 -.604 -.471 -.380 -.776 

13 HEAN 22.5 167.7 .oo 1196.93 732.6 7 1176.63 5.514 5.305 4.094 4.687 13.221 13.836 12.959 
STDEV 4.83 24.85 5oi88 131.584 19.011 82.184 .• 0481 .0510 .2037 .2414 .1242 .1006 .1763 

11AX, 13.4 58.3 86.55 305.94 43.06 195.54 .163 .14.8 •. 904 .931 o322 ,306 .656 
11 5 • 26 I'! IN • -11.0 -88.7 -19.45 -21lt.06 -44.94 -110.9d -.183 -.155 -.504 -.529 -.308 -. 272 -.444 

14 HEAN 20.3 17lo6 .oo 1143.02 808.64 .llU2. 61 a • .L96 6.015 4.102 4.689 13.257 13.76 7 12.965 
STDEV 4.24 17.36 20.866 86.769 15.340 52.033 .0483 ,0486 .1891 .2138 .1000 .0821 .13<\4 

HAX, 13.1 54.1 72.79 306.05 41.58 191.57 .189 .186 .636 .603 .280 .266 .318 
12 5. .44 HIN. -7.1 -82.4 -99.21 -117.95 -86.42 -70.71 -.169 -.163 -.439 -.549 -.245 -.1o2 -.27<\ 

15 HEAN 17.7 i75.7 175.31 1036.93 826.09 1015.94 7.~64 7,108 4.062 4.683 13.227 13.729 12.965 
STDEV ~.84 16.70 34.384 62.609 19.570 38od.95 .0639 .0638 .1440 .1499 .0708 .0608 .0940 



SU~~ARY OF STATISTICAL DATA FOR FRIDAY HARBOR ~LOATING BReAKWATER (FH7 - 1330 - 12/30/74) 
(~AXo AND HlNo VALUES MEASURED FROM ZERO MEAN) 

SAMPLING PERIOD • 500 HS 
NUPIBER OF SAPIPLES • 2047 

RECo TIPIE TRANS. 
NO. IN COEFo 

DAYS III NO WIND LOAD CELLS WAVE GAGES ACCELEROMETERS 
AND SP. DIRo Nil sw NE SE TRAN 1 TRAN 2 IN·c o REF. NoVERo HOR. SoVER. 
HOURS 

HPH DEG. LBS LBS LBS LI:IS FT. FTo FT. FT • CFT/SEC/SEC) 

rux, 8.5 43.2 46.32 J-99.03 39.26 130.43 o1ll o117 .663 .733 o270 .276 .454 
13 7 .21 IUNo -6.3 -bloB -101.68 -104.97 -60.74 -127.11 -.122 -.128 -.437 -.496 -.276 -.248 -.477 

21 "EAN 17.5 156.1 287.7't 1299.86 983.14 l3U!Io05 ~.195 9.069 4.060 4.656 13.440 13.836 12.913 
STDEV 2o21 13.55 20.978 39.646 14.441 26o267 .0320 o0335 .1494 .1655 .0790 .0737 .1114 

rux, 6.7 41.6 66.11 173.65 37.35 .1.16.29 .150 .151 .768 .864 .420 .365 • 795 
14 7 o30 "I No -5.5 -84.4 -77.89 -86.35 -50.65 -!15.93 -. 378 -.434 -.512 -.544 -.420 -.320 -.728 

22 "EAN 18.3 147.0 200.76 1209.813 8 44.27 118 5. 52 8.77.6 8.652 4.160 4.730 13.316 13.779 12.910 
STDEV 2.41 18.08 21o2U1 4Uo827 12.534 24.107 .0493 .0520 .1&70 .1955 .1123 .• 1027 .1617 

lUX, Bo1 54.2 108.73 195.61 57.30 109.47 .183 .231 .747 .669 .373 • 288 .'456 
m 15 8 .44 MIN. -4.4-103.3 -67.27 -J.48o39 -38.70 -78.55 -.205 -.223 -.456 -.457 -.383 -.322 -.390 
(JJ 0 ltEAN 18.9 124.3 • uo 1192.50 822.80 1022~38 7.214 7.056 7 •. 027 4.643 13.274 13.617 12.911 

STDEV 2.05 27.92 24.710 54.314 14.292 31o87:J .u714 .0759 .1630 .1816 .1051 .0865 .1330 

lUX, 1Zo6 39.2 33.70 328.02 44.49 193.3!1 .213 .233 • 845 .877 .455 .396 .627 
16 8 • 51 It IN • -7.0 -86.8 -2.30 -187.98 -47.51 -106.82 -.233 -.233 -.461 -.454 -.553" -.ltl7 -.727 

1 ltEAN 20.5 149.1 .oo 1084.30 801.94 1u1o.oo 5.437 5.227 4.057 4.640 13.228 13.868 12.909 
STDEV 3.39 18.73 6.606 82.334 15.615 49.404 .0868 .0903 .1713 .1993 .1205 .1025 .1574 

lUX, 9.2 34.8 33.70 224;20 38.81 118.01 .197 o171 • 666 .659 .398 .334 o5lt7 
17 8 .44 It I No -6.8 -59.7 -2.30 -147.80 -2!io19 -74.7':1 -.206 -.zoe -.435 -.519 -.421 -.372 -.552 

3 ltEAN 20.0 164.1 .oo 1082.30 748.74 918.50 3.663 3. 397 4.006 4.602 13.368 13.649. 12.905 
STDEV 2.99 12.01 .ooo 71.200 9.615 36.055 .0692 .0717 .1587 .1730 .0909 .0795 .1218 

HAX, 8.3 56.8 33.70 162.23 20.87 93.1::1 .177 .139 .634 .612 .199 .195 .210 
18 8 .31 HI No -7.2 -79.7 -2.30 -117.71 -27.13 -4'to33 -.123 -.115 -.390 -.412 -.179 -.158 -.297 

It HEAN llt.5 183.5 .ou 913.56 721.19 697.64 2.339 2.040 4.013 4.547 13.342 13.626 12.903 
STDEV 3.26 15.83 .ooo 47.441 7.594 21.84~ .0429 .0434 .lltOl .1333 .0462 .0400 .0715 



SUMMARY OF STATISTICAL DATA FOR FRIDAY HARBOR FLOATING aREAKWATER CFH7 - 1330 - 12/30174) 
(MAX. AND MIN. VALUES MEASURED FR0'1 ZERO MEAN) 

SAMPLING PERIOD • ~00 HS 
NUMBER OF SAMPLES • 2047 

RECo TIME TRAtlS. 
NO. IN COEF. 

DAYS- WIND WIND LOAII CELL<; WAVE GAGES ACCELEROMETERS 
AND SP. DIR. NW sw NE SE TRAN 1 TRAN 2 INC • REF. HoliER. HOR. SoVERo 
HOURS 

MPH DE Go L BS LBS L BS LBS FT. FT. FT. FT. IFT/SEC/SECI 

MAX, 9.1 51.0 54.07 157.81 35.50 78.93 .262 .234 .61t4 .6b0 .283 .241 olt88 
19 8 .ss HINo -6.7 -61t.5 -49.93 -182ol9 -68.50 -66.43 -.176 -.179 -.405 -.41t0 -.305 -.209 -.527 

8 MEAN 14.7 179.4 117.10 956.60 848.57 78'1.7b 5.050 4.829 4o105 4.677 13.361 13.744 12.879 
STDEV 3o01 13.88 21.840 41o588 14.847 20.752 .0837 o0845 .1515 o1669 .0908 .0640 .• 1067 

rux, 1.4 38.4 23.6b 216.09 98.24 t>9.67 .083 .380 .179 • .L62 .184 .111 .177 
20 0 olt6 11 IN • -1.8-21t5o1 -.34 -15.91 -17.76 -36.19 -.070 -.14oJ -.128 -.171 . -.488 -.061 -.21t6. 

en 0 MEAN 2.9 245.1 .oo 799.~3 787.14 !>81.92 1.881 1ob19 3.880 4.511 13.546 13o820 12.939 
~ 

STDEV o64 57o29 2o534 16.865 20.600 lloll2 .017.0 ·03.0.:1 .0369 o0475 oll52 oOH3 .o..su 



SUMMARY OF STATISTICAL DATA fOR FRIDAY HARoOR FLOATING ~REAK~ATER IFHB- 2400- 1/8/751 
(MAX • AHD HINo VALUES HEASURE·D FROM ZERO HEANl 

SAMPLING PERIOD • 500 HS 
HUMBER OF SAMPLES • 2047 

REC. TIHE TRANS. 
NO. IN COEF. 

DAYS WIND WIND LOAD CELLS \#AVE GAGES ACCELEROMETERS 
AND SP. DIRo NW sw NE SE HAN 1 TRAN 2 INC • REF. N.IJER. HORo SeVERo 
HOURS 

HPH DEG. L BS LBS LBS LBS FTo FT. FT. FT • CFT/SEC/SECl 

HAX, loB 32.9 Z'to96 49.37 80.24 8.72 .113 .109 ol4o .078 .250 .069 .181 
1 0 .19 HI No -2.1-325.1 -107.04 -14.63 -15. 7o -4~.74 -.109 -.099 -.110 -.o7o -.087 -.081 -.073 

0 PIE AN 2.4 325.1 5099.u4 761.01 794.73 46't6o2't 4.054 'tol94 4.116 'to492 U.347 13o't10 12.932 
STDEV .79 65.65 23.966 1Uo't25 16.246 lOo 7't8 .0075 .0073 .0407 .0235 .0963 .0446 .0535 

MAX, 8.9 37.3 55.20 300.52 24.71 .1.54.79 .102 .086 .&07 .751 .357 .311 .363 
2 2 • 17 HIN • -6.8 -66.7 -7o.BO -119.48 -27.29 -56.93 -.199 -.183 -.366 -.580 -.316 -.283 -.399 

18 MEAN 18.0 157.3 676.80 911.50 695.29 920.16 2.412 2.611 4.091 'to536 13.209 13.527 12.835 
STDEV 3.12 15.1t7 2't.306 66.479 9.749 31.996 .0236 .0235 .1361 .1536 .1107 ·o0815 o0950 

en PIA X, 10.6 38 o1 50.88 322.56 29.33 172.2!1 .097 .106 .701 .879 o358 • 391 .619 
01 3 2 .17 It I No -6.4 -70.8 -57.12 -201.44 -30.6.7 -9'to77 -.093 -.097 -.451 -.606 -.484 -.288 -~565 

-19 HEAN 20.2 165.3 625.12 917.44 666.67 987~93 • 579 .a26 4.049 'to433 13.209 .1.3. 532 12.833 
STDEV 3.17 13.98 19.813 99.539 11.028 !13.237 .0266 .0269 .1607 .2025 .1411 .1017 .1393 

MAX, 13.6 48.1. 48.64 660.25 26.83 382.88 .130 .094 .634 .903 .359 .374 oft 53 
It 2 .19 MIN. -10.5 -72.3 -71.36 -199.75 -45.17 -94.26 -.090 -.092 -.416 -.556 -.315. -.305 -.393 

20 MEAN 20.1 177.5 607.36 859.75 657.17 9.1.0.68 -.555 -.252 3.936 4.334 13.208 13.549 12.829 
STDEV 4.75 14.76 22.521 141.836 13.626 76.751 .0277 .0256 .1428 .1856 .1157 .0867 .1096 

PIA X, 8.9 35.9 ft4.31 223.88 20.04 .1.19.70 .078 .061 .576 .54tl .362 .186 o284 
5 2 ol6 MINe -6.5 -77.9 -55.69 -124.12 -23.96 -55.68 -.062 -.060 -.448 -.476. -.311 -.15ft -.223 

22 HEAN 17.1 171.8 623.69 808.12 675.96 812.97 -.073 .219 3.942 4.405 13.206 13.568 12.829 
STDEV 2.95 15.10 17.970 67.053 ' 8.112 32.891 .0196 .0186 .1237 .1343 .1006 .0680 o073ft 

PIA X, 11.7 103.1 67.31 231.71 33.52 121.87 .174 .159 .618 .733 .372 .571 o79't 
6 2 o24 PI I No -a.2 -94o0. -5bo69 -10lto29 -34.48 -42.45 -.245 -.239 -.534 -.650 -.470 -.532 -.890 

23 ME.AN l5o6 191.5 704.69 804.29 726.48 779.40 2.223 2o't27 4.105 4.426 13.201 13.522 12.826 
STOEV 3.08 20.09 22.001 53.054 11.192 24.474 .0400 .0367 . .1676 .~853 ol.398 ol2l2 . o181t8 



SUMMARY OF STATISTICAL OATA FOR FRIDAY HARBO~ FLOATING 8REAK~ATER CFH9 - 2~00 - 1/8/751 
(MAX. AND MIN. VALUES MEASURED FROI1 ZERO MEANl 

SAI1PLING PERIOD • 500 MS 
NUI1BER OF SA11PLES • 2047 

REC. TI11E TRANS. 
NOo IN COEF. 

DlYS WIND WIND LOAO CELLS \lAVE GAGES ACCELEROMETERS 
AND SPo DIRo Nil sw NE SE TRAN 1 TRAN 2 INC. REF • N.VER. HORo S.VERo 
HOURS 

HPH DEG. L8S- L8S L8S- LSS FTo FT. FT. FT. CFTISEC/SECl 

11AX, 9.0 55.8 51.01 .1.87.16 28.92 99.72 .136 .13~ .637 .688 .~27 ol78 .278 
1 13 o18 11INo -7.7 -71.2 -72.99 -10~.8~ -31.08 -53.5~ -.134 -.1~2 -.361 -.387 -.2~6 -.162 -.31~ 

23 11EAN 16.7 191.3 832.60 935.5~ 758.91 820.28 5.236 5.378 ~.03~ 5.033 13.171t 13.831 12o831t 
STDEV 3.49 l't. 9 2 18.110 50.773 9.177 27.526 .02~5 .02~6 .1348 .1455 .1042 .0650 .0821t 

11AX, 7.1 52o9 3bo08 72.69 3:>. 36 47.05 .069 .062 .622 .569 o471 .286 .lt~8 
2 21 • 15 11IN • -5.7-148.4 -39.92 -63.31 -28.64 -41.43 -.o8o -.071 -.376 -.378 -.371 -.308 -.398 

7 MEAN 16o3 1ft6o4 1031.91 1215.33 896.63 1292.<,1(1 9.180 9.141 lto204 5.152 13.321 13.892 12.919 
STDEV 2.37 40.81 13.179 23.756 10.432 15.784 .0207 .0197 .1364 .1379 .1301 .0907 .1158 

MAX, 6.1 148o8 36.96 132.15 25.85 81.35 .073 .063 .632 .571 .311 .2u1 o280 
3 21 • 15 MIN • -5.7 -lt4o2 -51.04 -83.85 -30.15 -~0.31 -.059 -.075 -.366 -.402 -.194 -.224 -.313 

10 HEAN 15.7 lt4o2 855.13 1027.85 782.20 10180.04 Oo147 6.223. 4.040 5.023 13.316 13.89.3 12.918 
0> STDEV 2.64 lt4.11t 14.533 36.725 8.396 19.000 .0202 .019l. .1358 .13-66 .1077 .071.1 .0836 0') 

I1AX1 6.9- 194.1 4&.86 159.88 21.54 79.51 .058 .057 .692 .691 • 312 .274 .286 
~ 21 .12 MIN. -8.5 -36o9 -59.12 -112.12 -22.46 -51.63 -.0_69 -.063 -.383 -.461 -.362 -.235 -.306 

11 11EAN 17.8 36.9 767.12 1012.12 730.46 9:>8.72 4.489 4.634 4.108 5.005 13.316 13.904 12.912 
STDEV 2.94 45.71 19.735 50.283 7o926 2~.144 .0176 .0174 .l't29 .1657 .1036 .0753 .0850 

11AX, 6.7 167.7 55.14 -142.96 18.76 70.62 .094 .085 1.:>54 .641 .294 .270 .289 
5 21 o10 HI No -5.9 -23.7 -56.86 -141.04 -21o 24 -'t6o10 -.071 -.063 -.533 -.357 -.211 -.239 -.303 

14 MEAN 17.7 23.7 7 88. 86 100~.04 737.24. 96~.70 4.703 4.841 4.207 "~ 979 13.325 13.90 8 12.909 
STDEV 2.57 34.64 17.806 45.376 7.724 22.556 .0205 _.0190 .2137 .1405 .1021 .0753 .079!5 

MAX, . 7. 5 172.1 54.69 173.78 28.03 91.16 .o8o .064 .735 .604 o297 .264 oft 59 
6 21 .15 MIN. -6.7 -24.2 -69.31 -118.22 -27.97 -58.94 -. 095 -.085 -.468 -.420 -.311 -.330 -.387 

15 HEAN 19.5 24o2 813.31 1062.22 747.97 1045.21 5.441 5.553 4.091 5.015 13.324 13.911t 12-.908 
STDEV 3.13 38.1t2 21.681 51.506 10.536 27.655 .0225 .0225 .1540 .1765 .1166 .0881 .1058 



SUMMARY OF STATISTICAL DATA FOR FRIDAY HAitBOR ~LOATING 8REAK~ATER (FH9- 2400- ~/8/7!1) 

(MAX. AND MIN. VALUES MEASURED FROM ZERO MEAN) 
SAMPLING PERIOD • 500 MS 
HUMBER OF SAMPLES • 2047 

REC. TIME TRANS. 
NO. IN COEF. 

DAYS WIND WIND LOAD CELLS WAVt: liAGES ACCELEROKETERS 
AND SP. DIR. NW sw NE SE TRAN 1 TRAN 2 INC. REF. NellER. HOR. S.VER. 
HOURS 

I'IPH DEG. LBS LBS LBS LBS FT. FT. FT. FT. IFT/SEC/SECl 

MAX1 7.9 165.3 45.UO 99.02 29.56 52.12 .087 .106 .769 .781 .477 .441 .51t2 
7 21 • 14 MIN • -5.3 -31.1 -51.00 -!!8.98 -30.44 -49.00 -.077 -.078 -.511 -.499 -.534 -.408 -.474 

16 MEAN 17.2 31.1 895.00 1072.98 798.44 10:~8.05 6.728 6.7a4 4o083 5.066 13.318 13.907 12.910 
STDEV 2.65 41.20 19.17't 38.806 10.916 20.378 .uZ42 .0236 .1680 .1849 .1527 .1186 .1530 

MAX, 10.0 169.6 45.43 14!.36 3.i:. 55 92.04 .112 .099 .944 .866 .646 .441 .713 
8 21 • 16 MIN • -6.7 -23.1t -62.57 -82.6't -43.45 -5b.Oo -.097 -.133 -.592 -.618 -.533 -.408 -.725 

17 MEAN 18.6 23.4 931l. 57 1164.64 827.45 1170.98 7.614 7.642 4.291 5.162 13.317 13.907 12.908 
STDEV 3.08 35.43 l9.02u 40.774 13.595 2!1.726 .0303 .• 0301 .1949 .2155 .1575 .1246 .1770 

MAX, 6.5 163.9 38.76 111.78 26.36 73.25 .087 .096 .ao5 .726 .473 • 361 .543 
(J) 9 21 .16 HIH. -5.4 -20.9 -41.24 -68.22 -33.64 -38.93 -.098 -.084 -.450 -.554 -.537 -.lt88 -.61t1 ..... 18 MEAN 17.3 20.9 929.24 1168.22 817.64 1138.55 7.364 7.408 4.098 5.072 13.320 13.902 12.908 

STDEV 2.48 33.17 13.796 30.255 8o942 17.901 .0262 .0242 .1631 .1744 o1443 .1134 .H40 

HAX1 :i.9 162.8 57.93 142.37 29.72 82.58 .104 .094 .695 .914 .639 • 444 .878 
10 21 • 17 KIN • -6.0 -25.3 -50.07 -113.63 -30.28 -53.30 -.096 -.10!1 -.5n8 -.571 -.539 -.575 -.81ft 

19 HEAN 18.2 25.3 870.87 1073.65 782.28 !086.94 6.436 6.510 4.054 5.039 13.321 13.904 12.911 
STDEV 2.29 37.61 16.768 42.001 ' 10.086 24.075 .0293 .0305 .1716 .2082 .1683 .1454 .2101 

HAX1 6.9 143.6 55.!15 198.81 27.28 105.90 .111 .138 • 909 1.104 .814 .603 1.048 
11 21 • 19 KIN • -5.7 -16.5 -64.45 -141.19 -24.72 -71.06 -.120 -.107 -.474 -.688 -.870 -.671 -1..067 

21 MEAN 21.7 17.2 772.45 1093.19 724.72 1107.90 4.855 4.993 4.096 5.052 13.317 13.915 12.910 
STDEV 2.69 28.57 21.662 5b.483 9.ol0 32.725 .0349 .0358 .1 829 .2278 .1860 .1.549 .2169 

HAXI 8.2 111.7 61.49 242.35 20.76 129.85 .115 .098 .926 .863 .647 .438 .708 
12 21 .16 KIN. -10.7 -12.1 -62.51 -193.65 -31.24 -85.03 -.118 -.099 -.585 -.750 -.532 -.496 -.646 

22 MEAN 22.3 13.9 714.51 1017.65 699.24 1015.28 3.187 3.383 4.131 4.987 13.317 13.910 12.912 
STDEV 3.37 20.24 18.393 73.711 8.438 38.399 .0309 .0306 .1899 .2173 .1530 .1281 .1737 



SUMMARY OF STATISTICAL DATA FOR FRIDAY HARBOR FLOATING BREAK•ATER IFH9 - 2400 - 1/B/75) 
(I'IAXo AND MIN. VALUES MEASURED FROI1 ZERO MEAN) 

SAMPLING PERIOD • 500 I'IS 
NUI'IBER OF SAMPLES • 2047 

REC. TIME TRANS. 
NO. IN COEF. 

DAYS WINO WINO LOAD CElLS WAVE' GAGES ACCELEPOI'IETERS 
AND SP. DlR. Nil sw NE ~E TRAN 1 TRAN Z INC • REF. N.VER. HOR. S.VER. 
HOURS 

MPH DE Go LBS LBS LBS LB::~ FT. FT. FT. FT. CFT /SEC/SEC) 

. I'IAX, 9.0 110.6 41.47 222.02 16.95 119.11 • 090 .101 .725 .94~ .474 • 359 .627 
13 21 • 16 KIN • -6.7 -11.5 -54.53 -113.~8 -27.o5· -54.69 -.100 -.100 -.478 -.536 -.536 -.320 -.473 

23 I'IEAN 20.2 13.0 702.53 929.98 687.05 &98.45 2.111 2.348 4.024 4.952 13.319 13.904 '12.909 
STDEV 2.77 20.10 16.287 62.127 7.077 29.59d .0269 .oz5~ .1707 .1959 .1262 .1071 .1322 

I'IAX, 10.6 158.9 41.79 292.93 23.93 142.02 .116 .09!) .900 .746 .47!1 .356 .539 
14 21 .15 KINo -6.4 -19.3 -66.21 -1b3.07 -2a. 01 -90.2't -.089 -.092 ·-.610 -.687 -.3o7 -.323 -.561 

24 I'IEAN 21.2 19.3 698.21 967.07 6ao.o7 9!12.44 2.240 2.473 4.054 4.951 13.319 13.907 12.912 
STDEV 3.59 33.11 17.7 53 76.333 8~323 38.121 .0281 .0282 .1822 .1940 .1358 .1112 .1399 

I'IAX, 7.9 47.9 65.96 212.45 22.99 114.64 .073 .102 .756 .697 .473 .271 .370 
0'> 15 22 .i6 I'll No .-7.5 -4.9 -!18.04 -13Yo55 -29.01 -62.32 -.113 -.103 -.447 -.455 -.369 -.238 -.391 
CD 1 I'IEAN 20.1· 6.6 742.04 947.55 709.01 921.77 3.034 3.242 4.054 4.973 13.320 13.907 12.912 

STOEV 3.27 8.58 26.975 66.463 llo023 33.782 .0258 .0260 .1579 .1685 .1125 .• 0824 .0997 

I'IAX, 8.6 170.7 38.09 98.72 35.68 64.33 .074 .064 .456 o559 .306 • 280 .452 
16 22 .15 11INo -6.2 -25.6 -57.91 -65.28 -44.32 -43.11 -.081 -.056 -.363 -.388 -.368 -.314 -.394 

7 11EAN 14.2 25.6 1105.91 1241.28 936.32 1305.14 ~.807 9.745. 4 .113. 5.060 13.319 13.898 12.915 
STDEV 3.12 47.24 18.338 u.:H8 16.039 21.07't .0182 .0181 .1228 .1336 .1086 .0791 .1032 

11AX, 8.3 189.4 49.89 121.44 43.84 76.55 .o8o .062 .629 • 703 .302 .264 .279 
17 22 .16 11INo -6.4 -18.5 -62.11 -78.56' -52.16 -5~.01 -.079 -.076 -.369 -.500 -.372 -.245 -.313 

B 11EAN 17.4 18.5 1074.11 1266.56 904.16 13!18.19 9. 711 9.656 4.095 5.044 13.321 13.914 12.918 
STDEV 3.14 38.72 2o.233 36.920 16.823 25.271 .0213 .0206 .1298 .1511 o1143 .0757 .0920 

11AX, 10.5 187.0 47.56 24u.43 27.45 148.56 .064 .069 .631 .644 o't7Z .257 .370 
18 Z.2 .15 KIN. -8.1 -25.8 -68.44 -99.57 -36.55 -53o6d -.083 -.090 -.393 -.431 -.202 -.338 -.307 

10 11EAN 18.4 25.8 880.44 1067.57 756.55 1047.o~ 6o175 6.272 4.093 5.027 13.320 13.922 12.912 
STDEV 3.32 43.71 21o148 55.706 11.060 32.03!1 .020& .0209 .1412 .1585 .1090 .0785 .0927 



SUMMARY OF STATISTICAL UATA FOR FRIDAY HARBOR FLOATING BR~AK~ATtR !FH9- 2400 - 1/B/751 
CMAXo AND 111Ho VALUES MEASURED FROH ZERO HEANI 

SAHPLI~G PERIOD • 500 HS 
HUMBER OF SAMPLES • 21)47 

REC. TIME TRANS. 
HOo IN COEFo 

DAYS WIND !liND LOAD CELLS WAVE GAGES ACCELEROMETERS 
AND SPo DIR. N~ sw NE SE TKAt• 1 TRAN 2 INC • REF. HoVER. HORo S.YER. 
HOURS 

HPH DEG. LBS LBS LBS L8S FT. FT. FT • FT. !FT/SEC/SECI 

lUX, 7.8 148.8 62.45 164.06 26.25 94oJ.9 .077 .075 • 779 .693 olt88 .342 olt60 
19 22 .14 KINo -6.3 -14.6 -57.55 -123.94 -21.75 -62.23 -.07it -.083 -.398 -.485 -.35ft -.252 -.lt70 

13 11EAN 18.8 15.7 813.55 999.94 729.75 953.55 4.658 4.816 4~07Z 5.003 13.312 13.921 12.907 
STDEY 2.77 28.91 21.472 50.908 8.997 26o49lt o\1227 .0220 .1583 .1758 .1145 o0856 .1067 

MAX, 7.3 173.6 lttlo32 130.4lt 14.50 61.50 .048 .053 .553 .524 .315 .182 .205 
20 22 .lit HW. -7.4 -16.1 -59.68 -69.56 -21.50 -26.98 -.053 -.058 -.318 -.346 -.BO -.243 -.218 

14 MEAN l!ioS 16.3 819.b8 92lo56 733.50 856.29 4.129 4.298 4.017 fto967 13.315 13.912 12.908 
STDEV 2.87 36.97 16.001 33.948 6.131 l4o7b~ .0169 .0158 oll.81 .1200 .0960 o061tl o0711 

en MAX, 6o2 170.3 CD 39.llt ~2.39 21.00 37.50 .070 .067 • 434 .583 .~oo .261 .zoo 
21 22 ol5 111No -5.4 -26o0 -44.86 -83.61 -l9o00 -32.02 -.057 -.059 -.334 -.339 -.205 -. 248 -.307 

16 MEAN 16.3 26o0 860.86 971.61 755.00 921o06 :~.o22 5.165 4o033 4.960 13.322 13.917 12o913 
STDEV 2.33 It0. 57 14.684 32.971 6.9lt1 15.069 .0166 .0157 .1082 .1203 .0874 .067Z .06U 

MAX, bo8 171.5 lt3o29 109.51 22.46 57.98 .096 .o8v .690 .743 .634 .429 .538 
22 22 • 15 MIN • -6.1 -23.2 -ltlto 71 -110.49 -25o54 -52ot>2 -.094 -.069 -.411 -.6llt -. 376. -. 250 -.lt78 

17 MEAN 17o9 23.2 90ft. 71 1058.49 785o51t 1049.22 6.298 6.388 lto058 5.055 13.323 13.919 12.913 
STDEV 2olt7 40.66 lito ZOO 32.860 8ol44 17.977 otl240 .0228 ol588 .1750 .1368 o0874 oll69 

lUX, 11.5 139.6 59olt4 237.32 45.55 150.06 .093 .106 .861 lo029 .632 o423 o537 
23 22 .15 HI No -8.7 -81.5 -88.56 -146.68 -46.45 -80.62 -.104 -.092 -.444 -.737 -.715 -.426 -.732 

18 HEAN 20o3 81.5 924.56 1130.88 ' 790.45 ll't4.09 7.105 7.168 lto143 5.102 13.324 13.926 12.915 
STDEV 3.32 65.59 24.902 62.139 14.784 36.615 .0282 .0299 .1943 .2164 olft93 oll34 .1532 

HAX1 9.7 57.9 56.46 222.09 32.20 136.19 .103 .• 123 .90ft lol26 .629 .432 o960 
Zit 22 .15 HI No -7.0-159.9 -87.54 -133.91 -43.80 -64.47 -.118 -.128 -.606 -.922 -. 718 -.587 -.90.1. 

19 MEAN 18o9 159.9 939o51t 1125.91 795,80 1151.21 7.261 7.309 lto101 5.108 13.326 ;3.916 12.915 
STDEV 3o4b 41.48 21.917 54.967 13.017 32.035 .0341 .0360 .2233 .2373 .1563 ol303 .202ft 



-.J 
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SUMMARY OF STATISTICAL DATA FOR FRIDAY HAR~OR FLOATING BREAKWATER 
IMAXo AND KINo VALUES MEASURED FROM ZERO MEAN! 

SAMPLING PERIOD • ~00 MS 
NUMBER OF SAMPLES • 20~7 

RECo TIME 
NO, IN 

DAYS 
AND 
HOURS 

25 22 
20 

TRANS. 
COEFo 

o11 
MAX, 
MIN. 
MEAN 
STOEV 

WIND WIND 
SP. DIRo 

MPH DE Go 

7.6 3lo9 
-6.8-103.4 
20.0 160.3 
2.1t1 20.23 

LOAD CELLS 
Nil Sll NE 

LBS LBS LBS 

61.65 135.6~ 36.11 
-~6.35 -132.36 -27.89 
918.35 l.l..i:Oo 36 ·783.89 
18.545 't6.342 10.659 

SE 

LoS 

80.27 
-71o't1 

1.1.~0.79 
27.186 

IFH9 - 2400 - 1/8/751 

WAVE GAGES ACCELEROMETERS 
TRAN 1 TRAN 2 INC. REF. HoVER. HOR. S.YERo 

FT. FT. FT. FT •. IFTISEC/SECI 

.078 o101 .733 .9~7 .795 • 775 1.210 
-.060 -.088 -.598 -.589 -.552 -.838 -1.159 
6o93lt 6.990 4.093 5.082 13.327 13.913 12o9U 
.0215 o023't •. 1992 • 2211!.. o207Q .198ft .2.826 



SUHMARY OF STATISTlCAL .DATA FOR FRIDAY HARBOR FLOATING BREAKWATER IFH10 - 1345- 2/9/751 
(M.Uo AND MIN. VALUES MEASURED FROM ZERG MEAN I 

SAMPLING PERIOD • 500 MS 
NUMBER OF SAMPLES • 2047 

REC. TIME TRANS. 
HOo IN COEFo 

DAYS WIND III NO LOAD CELLS WAVE GAGES ACCELEROMETERS 
AND SP. DIR. Nil Sll NE Si::: TRAN 1 TRAN 2 INC. REF. N.VER. HOR. SeVERo 
HOURS 

MPH DEG. L BS L BS LBS LSS FT. FT. FT. FT. I FT /SEC/SEC I 

MAX, 3.9 54.4 10.24 lu~75 9.29 9.15 .on .075 .155 .115 .156 .159 .165 
1 0 • 52 MIN • -2.2-176.6 -23.93 -19.79 -15.51 -17.71 -.157 -.154 -.152 -.130 -.349 -.197 -.089 

0 MEAN 3.5 184.9 1132.65 llOo.29 930.21 103!i.99 a.611 8.653 3.980 4.965 13.310 13.848 12.948 
STDEV .86 37.62 3.957 5.211 3.182 3.632 .0174 .0148 .0333 o0266 .0778 .0417 o01tlt3 

MAX, 9.1 63.6 94.83 168.74 67.48 73.97 .497 .558 .835 .753 .560 oltl5 o539 
2 2 .25 MIN. -13.7 -99.7 -91ol.7 -111.26 -48.08 -50.85 -.301 -.213 -.547 -.527 -.450 -.519 -.561 

11 MEAN 15.0 188.0 995.47 951.26 816.33 848.72 5.722 5.834 4.425 5.378 13.441t 13.933 12.998 
STDEV 3.72 19.53 2lt.742 -50.725 15.561 22.265 .0485 .0460 .1912 .1939 o1360 .1119 .ueo 

-..j MAX• 8o9 47o9 52. 32· 197.75 54o1r:l 129.15 .137 •128 .799 .907 .448 o3Zb .suo 
3 5 • 24 MIN • -6.5 -61.0 -o7.68 -206.25· -33.82 -J.!i0.51 -.380 -.329 -.379 -.501 -.·394 -.351 -.431 

19 MEAN 1lto8 181.0 892.12 1102.25 789.82 1161.04 6.747 6.819 lto078 5.045 13.416 13.935 13.035 
STDEV 2.54 12.26 21.037 61.374 11.987 3o. 111 .0386 .0398 .1621 o188lt .1355 .• 0974 oll39 

PIA X, · 11o8 45.3 93.12 389.26 43.28 208..1.8 .124 .113 • 717 .880 olt53 .239 .420 
4 5 o23 MIN. -7.4 -o3.6 -1oo.88 -170.74 -40.72 -84.12 -.112 -.113 -.358 -.604 -.389 -.z:ro -.3ltZ 

21 MEAN 16.4 178.2 739.13 1039.06 791.55 973.00 4.355 4.606 3.981 4o969 13.414 13.939 13.032 
STDEV 3.30 12.02 27.303 78.380 11.272 42.955 .0350 • 03 6.3 .1519 o2l91t .1165 .oa~ .10.U. 



SUKHARY OF STATI$TICAL DATA FOR FRIDAY HARBOR FLOATING BREAKWATER IFH11 - 0900 - 3/1/75) 
(MAX. AND HIN. VALUES MEASURED FROH ZERO HEAN) 

SAMPLING PERIUD • 500 MS 
NU"BER OF ~AMPLES • 2047 

REC. TIHE TRANS. 
NOo IN COEF. 

DAYS WIND III NO LOAO CELLS \#AVE GAGES ACCELEROMETERS 
AND SP. OIRo Nlt sw NE SE TRAN 1 TRAN Z INC. REF. No VER< HOR. S.VERo 
HOURS 

HPH DEG. LBS LBS LBS LBS FT. FT. FT • FT. 1FT /SEC/SEC) 

KAX, 2.4 128.3 432!io99 8340.80 120.04 19.8o 1.604 7.637 .274 .309 .135 .087 ol66 
1 0 5o09 KINo -3.1 -53.2 -36.01 -71.09 -22.68 -56.34 -5.417-25.254 -.213 -.213 -.314 -.339 -.292 

0 MEAN 3.1 139.2 1669.67 2.1.56.21 962.04 l082.5d 7. 584 4.338 3.993 5.063 5o066 5.259 5.069 
STOEV 1.30 28.78 187.585 361.436 BollS 7.520 .2352 1.0975 .0462 .0441 .0283 .0269 .0306 

lUX, 8.9 55.4 56 ell 202.38 37.07 123otl7 .055 .064 .831 1.049 o6ll olt59 .953 
2 0 .10 IH~l. -5.8-150.8 -67.89 -157.62 -36.93 -88.13 -.125 -.llt6 -.296 -.615 -.596 -.lt90 -. 7!6 

25 HEAN 19.0 150.6 903.8'1 ll29. 62 808.9j 1124.13 o.992 7.209 3.868 4.960 5.201 5.405 5o198 

-.I 
STDEV 3.36 42.43 22.494 65.805 13.598 37.841 .0169 .017.7 .• 1680 .2166 .1235 .1094 .1107 

1\) MAX, 8.9 98.0 48.01 .1.89.99 17.95 109.74 .068 .091 .563 .628 .230 o365 .345 
3 4 .16 I'IIHa -7.8-105.0 -59.99. -114.01 -24.05 -50.26 -.084 -.079 -.306 -.293 -.274 - •. 279 -.36. 

16 MEAN 19.6 105.0 721.99 1002.01 716.05. 1046.26 4.111 4.540 4.135 5.119 5.21t7 5.364 5o2ll0 
STDEV 2.90 62.24 22.328 56.817 7o509 2a.sso .0227 .0236 .1399 .1339 .0677 .083~ .0871t 

lUX, 12.3 103.8 63.31 162.54 40.74 122.53 .148 o147 .770 .759 .422 .420 ob29 
4 7 • 25 !UN • -8.o-us.7 -78.69 -111.46 -45.26 -67.47 -.150 -.128 -.254 -.368 -.452 -.427 -.757 

12 MEAN 1Bo2 ll5o7 920.69 1125.4(? 827.26 1137.47 7.047 8o100 4.107 !!.219 5.290 5.377 5o252 
STDEV 3.98 55.66 24.406 53.350 14.372 33.448 oOitOO .Oit06 ol620 .1781 .1337 olll3 .1605 

HAX, 8.9 148.9 5!!.27 271.12 28.51 134.52 .119 .118 .553 .662 .425 .516 o6:J~ 
5 7 • 26 IHN • -7.5 -52o4 -91.73 -J.32o88 -:H.49 -67.48 -.176 -.155 -.240 -.393 ~.482 -.331 -.549 

H MEAN 20.3 52.4 797.73 1032.68 755.49 1067.41:! 5.684 6.04.1. 4.043 5ol68 5.287 5.382 5.246 
STDEV 3.12 lt8.10 22.882 59.094 10.775 32.883 .0354 .0366 .1364 oJ.753 o1217 .100.7 oU96 

MAX, 12.6 l51o0 54.02 246.45 27.25 117~61 .123 .121 .594 .694 .435 .309 .407 
6 7 .25 MIN. -7.3 -38.6 -67.98 -.1.39.55 -28.75 -68.39 -.169 -.149 -.251 -.330 -.372 -.267 -.471 

15 11EAN ,21.1 38.6 727.98 965.55 724.75 1054.39 4.167 1to596 4o002 5.106 5.277 5.366 5.237. 
STDEV 3.61 41.15 2<4.054 63.906 8.467 30.352 .0343 .0332 .1395 o151t9 .0986 .0937 .1172 



SUHHARY OF STATISTICAL DATA FOR FRIDAY HAR801( FLOATING SREAK~ATER !FH11 - 090u - 3/1/751-
!IU.X. AND MINe VALUES MEASURED FROM ZERO MEAN! 

SAMPLING PERIOD • 500 11S 
NUMBER OF SAMPLES • 20~7 

REC. TII1E TRANS. 
NO. IN COEF • 

DAYS WIND WINO LOAu CELLS WAVE GAGES ACCELEROMETERS 
AND SP. DIR. NW sw NE SE HAN 1 HAN 2 INC. REF. N.VER. HO~ • s.vER. 
HOURS 

HPH DEG. LBS LBS L8S LBS FT. FT. FT. FT. !FT/SEC/SECI 

HAX, 12.0 103.7 b9.5~ 2u ... 55 21.21 t12. tl4 .118 .084 .643 .734 .386 .333 .427 
7 7 • 23 HIN. -9.2 -13.4 -64.46 -164.45 -22.. 79 -63 • ..1.6 -.116 -.101 -.2u2 -.341 -.320 -.371:1 -.418 

16 HEAN 19.4 15.4 688.46 898.45 710.79 1u29.16 l..907 3.413 3.953 5e065 5 .25.9 5. 396 5.218 
STDEV 3.58 18.97 23.151 !16.432 be43b 2.9.896 .0311 .0279 .1338 .1495 .0956 .oe88 .1092 

11AX, 10.6 198.4 6'to00 254.2.4 33.13 124.1)1 .118 .116 .728 .728 .432 .375 .666 
8 9 .Z.3 HIN. -10.9 -47.4 -1oo.oo -141.76 -40.87 -71.99 -.119 -.122 -.270 -.398 -.543 -.405 -.585 

5 HEAH 18.9 47.4 803.99 1U2.3.79 762.86 107&.0..1. 5.602 5.977 4.020 5.123 5.314 5.388 5.248 
STDEV 4.14 48.68 28.u09 68.262 13.612 37.728 .0347 .0341 .1539 o16lt8 .U53 .09&5 .1368 

HAX, 11.5 172.1 75.!13 333.18 40.17 205.59 .127 .192 .90b .781 .433 • 362 .699 
-.J 9 9 • 22 11IN • -8.7 -50.7 -100.47 -192.82 -45.83 -9tl.41 -.153 -.143 -.323 -.396 -.lt07 -.384 -.68& 
(JJ 7 HEAN 22.9 50.7 786.47 11)88.82 749.83 1122.41 ::>.745 6.118 4.101 5.120 5.312 5.1t01 5.249 

STDEV 4.16' 48.49 34.270 93.910 16.206 53.663 .0401 .0409 .1823 .1583 .1316 .lOU .1't't5 

HAX, ..1.0.0 173.3 76.09 254.25 45.26 156.35 .195 .184 .852 .857 .469 .3b1 .631 
10 9 .25 HIN. -8.o -lt6.1 -85.91 -17!1.75 -3l:S. 74 -105.o5 -.14d -.172 -.325 -.371 -.472 -.38ft -.754 

8 MEAN 23.4 46.1 8!18.75 .Ult5. 72 774.2lt 1147.39 6.072 6. 385 4.101 5.171 5.311 5.402 5.250 
STDEV 3.59 44.60 21:1.525 77.068 14.429 46.228 .0432 .0442 .1709 .1821 o1212 .1104 .1518 

HAX, 10.9 i12.1 79.21 236.06 53.39 147.27 .645 .598 .824 .948 .600 .528 .934 
11 9 .36 HIN. -7.4 -90.8 -88.79 -187.94 -42.61 -114.73 -.259 -.233 -.328 -.435 -.543 -.387 -.655 

9 HEAN 23.8 90.8 912.49 1206.49 800.65 1217.61 7.101 7.388 4.079 5.158 5.314 5.4u4 5.251 
STDEV 3.19 59.15 30.270 17.342 17.305 48.061 .0630 .0&25 .1744 .1911 o14blt .1324 .1894 

HAX1 10.7 112.9 114.20 2.90.57 72. b6 11:17.'t8 .640 .&32 1.006 1.195 .835 .914 1.61t8 
12 9 .40 HIN. -8.6 -91.7 -113.80 -199.43 -63.34 -122.52 -.3&4 -.2&6 -.350 -.495 -.912 -1.052· -1.461 

10 MEAN 2:o~.o 91.7 930.52 1234.76 8 27.45 120b.8l a.ou 8.353 4.050 5.193 5.314 5.392 5.249 
STDEV 4.32 55.19 35.451 87.205 20.977 53.710 .0857 .0812 .2137 .2437 .2267 .2238 .3575 



SUMMARY OF STATISTICAL DATA FOR FRIDAY HARBOR FLOATING BREAK~ATER IFH11 - 0900- 3/1/751 
IKAX. AND KIN. VALUES MEASURED FROH ZERO HEANJ 

SAMPLING PERIOD • 500 KS 
NUK!ER OF SAMPLES • 20~7 

REC. TIME TRANS. 
NO. IN COEF. 

DAYS IHND WIND LOAD CELLS WAVE GAGI'S ACCHEROKETERS 
AND SPo DIR. NW sw NE SE TRAN 1 TUN 2 INC. REF. N.VER. HORo S.VER. 
HOURS 

11PH DEG. LBS LBS LBS LBS FT. FT • FT. FT. IFTISEC/SEC) 

MAX, 13.1 128.1 109.04 235.47 so. 71 163.28 .~51 .364 .985 1.191 • 700 • 837 1.~7~ 

13 9 • ~1 IIIN • -7.5 -79.8 -10~.96 -194.53 -67.29 -118. 7Z. -.389 -.393 -.398 -.525 -.812 -.892 -1.568 
11 11EAN 21.9 79.8 981.86 1241.07 903.97 ·un. 33 do837 8.995 ~.122 5.248 5.314 5.367 5.255 

STDEV ~.03 54.05 34.9!1~ 68.<t46 22.771 44.982 .1015 .1081 .2449 .2493 .2242 .2045 .3181 

MAX, 14.4 177.1 110.99 309.13 59.98 153.69 .307 .272 1.097 1.172 .BOb .985 1o5lt2 
lit 9 .40 11IN. -11.9 -57.2 -121.01 -212.87 -58.02 -120.31 -.317 -.349 -.388 -.544 -.a~o -1.049 -1.331 

-..I 12 11EAN 21.6 57.2 970.40 1215.72 862.61 12.!.4.26 8.609 a. 708 4.113 5.2~1 5.309 5.353 5.253 
~ STDEV 4.70 51.46 39.062 84.688 22.362 50 .. 437 .0892 .09Z.O .22lt4.- .256~ .o2097 .2117 ..lll!a 



SU~"ARY OF STATISTICAL DATA FOR FRIDAY HARBuR FLOATING BREAKwATER IFH12 - 2230 - 3/20/751 
(KAXo AND MIN. VALUES. MEASURED FROM ZERO MEAN) 

SAMPLING PERIOD • 500 KS 
HUMBER OF SAMPLES • 2047 

REC. TIKE TRANS. 
NO. IN COEF. 

DAYS· WIND WIND LOAD CELLS WAVE GAGES ACCELEftO"ETERS 
AND SPo DIRo Nil Sll Nt SE TRAN 1 TRAN 2 INC • REFo HoVER. HOR. SeVERo 
HOURS 

KPH DEG. LBS LBS LBS LBS FT. FT. FTo FT o . lFT/SEC/SEC) 

MAX, 8.4 litO eO 62ol0 99.1:1 44.33 48.56 • 074 .069 .496 • 501 .215 .193 .zoe 
1 0 o17 KINo -5.7 -99.2 -39.80 -48.85 -19.67 -23.44 -.083 -.076 -.272 -.241 -.222 -.14·6 -.197 

0 MEAN 12.8 99.2 871.85 937.28 832.65 1007.,7 5.990 5.305 4.201 5.220 5.329 5.333 5.234 
STDEV 2.62 69.47 13.971 21.354 9o562 11.443 o0179 .0194· .1084 .1173 .0585 o0503 .0653 

KAX, 9.1 135.4 21.49 b4o59 14.20 34.85 .057 .046 .545 .488 .189 .183 .261 
2 0 .14 KINe -7.3-115.4 -24.51 -43.41 -15.80 -21 • .1.5 -.051 -.056 -.275 -.229 -.214 -.156 -.31ft 

0 KEAH u.s 115.4 884.5i 949.42 827.80- 1013.15 6. 513 6.799 4.179 5.183 5.321 5.343 5.215 
STDEV 2.76 65.96 9.098 19.909 s. 3o8 11.137 .0159 .0156 .1130 .1069 .0545 • 0508. .0681 

-..J HAX' 8.6 9"4. 7 40.25 138.96 34.40 &5.85 .112 .144 .636 .780 .483 .462 .782 
01 3 0 .21 KINo -6.2-104.9 -b5o15 -69.04 -39.60 -42.15 -.093 -.114 -.260 -.321 -.525 -.352 -.87ft 

1 KEAN 18.1 104.9 923.75 1111.04 843.60 1114.15 7.924 8.157 4.036 5.172 5.330 5.369 5o23lt 
STDEV 2.73 60.15 18.660 3!1.685 10.805 22.129 .0301 .0327 .1449 .1649 .1431 .1226 .1788 

MAX, 13.1 95.2 58.23 178.02 45.47 103.88 • .1.56 .163 .827 .955 .615 .631 1e360 
0 .24 IHN • -7.1-104.5 -83.77 -117.98 -48.53 -66.12 -.147 -.194 -.350 -.401 -.661 -.691 -1.175 
2 MEAN 21.3 104.5 941.77 1179.99 850. 53 1158o12 8.542 8.746 4o152 5.227 5o332 5.369 5.231 

STDEV 3.26 58.38 22.653 43.195 14.695 26.162 • 0460 .0484 .1957 .2147 .1900 .1898 oZ938 
' 

MAXI 7.6 151.9 50.92 153.14 31.67 87.41 .093 .122 .738 .796 .484 .364 .71t8 
5 0 .19 IHNe -6.5 -34.6. -75.08 -94.86 -3o.33 -58.59 -.102 -.094 -.286 -.330 -.491 -.517 -.705 

3 "EAH 20.6 34.6 935.08 1174.86 84&.33 1156.59 8.516 a. 718 4.087 5.207 5.329 5.365 5.235 
STDEV Zo93 41.42 19.137 39.018 11.795 25.009 .0288 .0280 .1513 .1705 .1370 o1097 .1568 

KAX1 7.2 115.9 46.85 107.50 27.83 55.02 .086 .114 .-6&8 .813 • 319 .272 .51t9 
6 0 • 19 KIN • -4.7 -14.4 -53.15 -72.50 -22.17 -44.96 -.oeo -.094 -.279 -.339 -.353 -.270 -.431 

7 MEAN 18.8 16.2 911.15 1116.50 83&.17 1120.?8 7.988 8.207 4.107 5.216 5.326 5.355 5o231 
STDEV 2.13 22.31 14.011. 2b.324 7.753 15.326 .0264 .0270 .1363 .1646 .1143 .0971 .1315 



SUHHARY OF STATISTICAL DATA FOR FRIDAY HMlBOR FLOATihG BREAKIIATER (FH12 - 2230 - 3/20/751 
(HAXo AND HINo VALUES HEASURED FROH ZERLI HEANI 

SAMPLING PERIOD • 500 HS 
NUHBER OF SAHPLES • 20~7 

RECo TIHE TRANS • 
NOo IN COEFo 

DAYS WIND WIND LOAD CELLS WAVE GAGES ACCELEROPIETERS 
AND SP. DIRo NW sw NE SE TRAN 1 TRAN 2 INC. REF. HoVER. HORo s.veR. 
HOURS 

HPH DEG. LBS LBS LBS LBS FT. FT. FT. FT. (FT/SEC/SECI 

HAX, 10.2 138o0 50.55 150.86 35.35 98.39 .073 .079 .532 .703 .287 .339 • 381 
7 0 • 17 HIN • -6.9 -17.1 -77. ~5 -85.1~ -46.65 -59.61 -.069 -.o8o -.236 -.270 -.28~ -.272 -.a2s 

9 HEAN 18.~ 18.2 931.~!1 1107.14 8~0.65 1117.61 a.087 8.306 ~.115 5.223 5.324 5.357 5.229 
STDEV 3.20 27.26 19oo67 3o.519 11.697 22.201 o0221 .0226 .• 1285 .. .1431 .0876 oOB.l6 ol0Z5 

HAX, 10.~ 11~.0 72.~3 196.27 ~0.01 129.16 o125 .120 .703 .833 .~22 o457 .757 
8 0 • 20 IHN • -7.6 -16.3 -83.57 -129.73 -53.99 -7'to&~ -.098' -.099 -.270 -.319 -.552 -.390 -.663 

10 HEAN 22.1 16.8 907.57 1159.72 823.99 11!12.8~ a.22~ 8.~39 ~.1~8 5.2~8 5.323 5.373 5o226 
STDEV 3.33 22o59 26.255 53.09~ 14.696 32.887 .0288 .0285 .1~47 .1750 .1282 .1153 ol603 

....., tux, 9.0 108.0 ~9.65 1~3.41 32.26 100o63 .. 105 .115 .671 .7~1 .324 .334 ·.554 Ol 9 0 o20 HIN. -6.1 -88o3 -72.35 -82.59. -39.74 -53o37 -.103 -.096 -.251 -.309 -.416 -.344 -.426 
11 HEAN 19.2 88o3 936.3!1 1138.59 841.74 1.L33o37 8.376 8.581 4.105 5.237 5.321 5o361 5.226 

STDEV 3.48 61.75 23.462 44.187 13.576 29.269 .0282 .0306 .1395 .1522 .1040 .0886 .1147 

HAX, 11.1 140.5 100.80 296.82 54.69 170.49 .129 .148 .844 .993 . o573 .550 .841 
10 0 .22 HINo· -9.5 -17.9 -123.20 -175.18 -59.31 -91.51 -.127 -.142 -.283 -.338 -.603 -.636 -.849 

13 HEAN 21t.5 16o8 893.20 1187.18 809.31 1177.51 a.147 8o365 4.085 5.216 5.607 5.382 5o210 
STOEV 3.94 28.18 36.376 77.993 19o146 45.59.:1 ~0376 .0349 .1709 ·o2003 .1388 .1285 .1790 

P1AX1 11.5 146.0 95.21t 256.21 57.20 14,o45 .20<t .2~6 .909 .922 .789 1oll2 1o832 
11 0 .27 IUNo -12.9 -53.6 -100.76 -247.79 -46.80 -132.55 -.178 -.219 -.3~0 -.409 -.959 -1.160 -1.616 

14 HEAN . 27 • 1 53o6 810.76 1205.79 112 .eo 1192.55 7.398 7.656 4o097 5.158 5o292 5.396 5o203 
STDEV 4o37 52.33 29~763 83.1.70 17.150 48.104 .0569 .0599 .2077 .2283 .2~2~ .2613 o4486 

rux, 10.8 103.5 67.14 250.15 38.58 168.48 .171 .198 .860 .960 .72~ .896 1.747 
12 0 .26 HINo -8.5 -13.6 -82.86 -189.85 -39.42 -107.52 -.150 -.180 -.318 -.397 -.e22 -1.036 -1.6.b7 

15 I'IEAN 25.2 14.9 770.86 1121.85 751.42 11~1.52 6.172 6.508 4o068 5o146 5.291 5o375 5o.181 
STDEV 3.95 19.45 25.076 69.811 12.488 41.639 .Qit92 .0527 .1874 .Z182 .2228 oZ191 .3833 



SUHMARY OF STATISTICAL DATA FOR FRIDAY HARBOI< FLOATING BKEAKWATER lFH12 - 2230 - 3/20/751 
(I!AXo AND IHNo 'iALUES MEASURED FROI1 ZERO I'IEAI'O 

SAHPLIHG PERIOD • 500 HS 
NUMBER OF SAMPLES • 2047 

REC • TIME TRAHS • 
NO. IH COEF. 

DAYS WIND WIND LOAD CELLS WAVe GAGE~ ACCELEROMETERS 
AND SP. D!R. NW sw HE SE TRAN 1 TRAN 2 INC. . REF. HaVER. HORo s.vER • 
HOURS 

11PH DE Go L3S LBS LBS LEIS FT. FT. FT. FT. ( FTISEC/SE~) 

nAX> 12.0 63.8 55.36 183.38 20.98 102 • .:>tl .136 .122 .638 .843 .466 .467 .803 
13 0 .23 MIN. -7.3 -8.0 -64.64 -124.62 -29.02 -6.!1a42 -.109 -.118 -.233 -.309 -.475 -.448 -.718 

16 MEAN 20.8 9.5 726.64 960.62 727.02 10ft5.42 4.630 :io04b 3.958 5.065 5.280 5o364 5.180 
STDcV 4.36 11.27 24.012 &6.572 9.373 3&.446 • 0326 .v364 .141& .1707 .1370 .1225 .1779 

MAX, 10.4 bfto4 !>8.4Q 184.95 21.44 88.24 .095 .094 .625 .622 .404 .339 o60lt 
l't 0 o20 11IH. -8.5 -a.2 -65.60 -10~.05 -22.56 -51.76 -.085 -.102 -.194 -.300 -.lt02 -.305 -.5lt5 

17 11EAN 20.1 9o3 693.60 . 867.05 704.5o 1007.7& 3.202 3 •. 672 3.945 5.050 5.271t 5.356 5ol76 
STDEV 3o75 12.01 21.781 51.227 7.195 24.182 .0264 o0291 .1316 .1453 .1061 .0896 .1237 

11AX, 13.9 ao.8 136.21 110.20 139.25 49.16 .135 .131 .367 .397 .278 .169 .190 
-.J 15 6 .36 11I~. -11.5-318.5 -79.79 -157.80 -66.75 -58.84 -.116 -.126 -.273 -.243 -.260 -.170 -.216 -.J lit HEAH 20.2 318.5 1011.89 651. 69 964.82 ~60.82 7.768 7.985 4.254 5.274 5o401 5o 357 5.218 

STDEV 5 •. 06103.60 lt0.126 5!.751 39.879 20.637 .0371 .0357 .1018 .0852 .0579 .0486 .0585 

114X, 13.5 110.9 233.84 218.92 109.24 60.79 .504 .'t68 .293 .286 .177 .182 .103 
1~ 6 .63 11IH· -2o.a-29o.o -112.16 -137.08 -56.76 -43.21 -.181 -.155 -.142 -.149 -.192 -.157 -.188 

18 HE All zo.o 2c;o.o 833.51 642.61' 795.57 919.64 2.661 3.097 3.922 5.054 5.328 5.338 ~.152 
STDEV 4.62107.69 51.112 54.756 26.527 16.08!1 .0389 ~0338 .0613 ,0657 .O:j39 • vttH .0550 

HAX, Bo7 109a1 49.!10 161.30 2~.34 83.70 .114 .092 .529 .615 o239 .166 .284 
17 10 .20 MINe -7.7-143.4 -o0.50 -96.70 -36.66 -52.30 -.093 -.077 -.214 -.255 -.265 -.187 -.257 

6 KEAN 15.7 143.4 782.50 1040.70 788. 6& 101 a • .H 6.362 6.644 4.143 5.185 5.406 5.408 f).226 
STDEV 3.35 59.27 22.067 52.260 11.290 26.120 .0232 .0245 .1189 .1312 .0678 .0557 .0783 

rux, 8.1 120.5 43.59 lb6a82 25.81 82.6!3 .089 .089 .349 .525 .171 e153 o183 
18 10 .23 HIN. -;.1-143.5 -6B.It1 -9!.18 -30.19 -49.32 -.081 -.075 -.1&3 -.217 -.198 -.152 -.256 

a MEAH 15.7 143.5 778.4! 1027.18 784.19 1071.32 o.106 6.399 4.094 5.145 5.406 5.407 5.225 
STOEV 2o64 5;),90 19.434 47 .l33 9.794 23.689 .0208 .0242 .OB'l~ .1136 .0441 .0~67 .05115 



SUHHARY OF STATISTICAL DATA FOR FRIDAY HARBOR fLOATING BREAKwAT~R IFH13- 2230- 3/20/751 
IHAX. AND HIN. VALUES HEASURED FROH ZERO I'IEANI 

SAHPLING PERIOD • 500 HS 
NUMBER OF SAHPLES • 2047 

REC. TillE TRANS. 
NO. IN COEF. 

DAYS ttiND WINO LOAD CELLS WAVE GAGES ACCELEROIIETERS 
AND SP. DIR. Nw sw NE SE HAN 1 TRAN 2 INC. REF. N.V,:R. HOR. S.VER. 
HOURS 

HPH DEG. LdS LBS L BS LBS FT. FT. FT. FT. IFT/SEC/SECI 

HAX, 9.7 59.3 107.oo 340.36 3j,.81 133.56 .170 .209 .675 .812 .429 .578 .799 
1 23 • 37 HIN • -12.4-130.4 -101.3lt -133.64 -38.19 -66olt4 -.377 -.255 -.272 -.36b -.479 -.507 -.790 

23 HEAN 20.8 111.0 70!>.89 lllt1.38 79lt .16 1147.37 3.519 lto586 4.177 5.243 5.516 5.490 5.015 
STDEV 3.36 26.69 28.223 7't. 717 9o64't 29.630 .0497 .Olt91 .1359 .1803 .13't6 .1251 .1997 

HAX, 12.8 76.lt 57.60 307.88 24.96 132.10 .12lt .118 .500 .651 .386 • 353 .441 
2 2lt • 35 HIN • -9.0-136.5 -76.lt0 -.1.36.12 -37.0lt -49.~0 -.113 -.113 -.166 -.322 -.387 -.291 -.40lt 

6 HEAN 20.6 136.5 476.lt0 ·8B8.J.2 727.04 985.90 2.434 3.055 4.122 5.173 5.49't 5.477 5.001 
STDEV 4.10 lt9.30 25.606 73.19lt ·10. 99lt 30.246 .036., .03lt6 .1088 ,1428" .1093 .09.Lc .1298 

II AX, 9.2 76.1 79.26 289.34 36.66" 134.10 .191 .176 .745 .936 .624 .sao .912 
-.J 3 24 • 32 I'IIN • -7.2-136.8 -90.74 -1bo.66 -39.3lt -77.90 -.178 -.147 -.279 -.446 -.620 -.951 -.61t2 
(X) 7 HE: AN 20o.7 136o8 520.74 1042.66 -743.34 1063.90 4.157 4.686 4.236 5.246 5.492 5.1t93 5.003 

STDEV 3.69 lt6.94 30.135 78.112 13.818 37.2!12 o051t9 - .0515 .1707 .2079 .1816 .1923 .19l't 

HAX, 11.3 86.0 71.05 306.8<,1 41.42 199.86 .250. .250 .932 1.105 .793 1.001 1.119 
4 Zit • 30 HIN • -8.3-121.9 -94.95 -171.11 -so. 5 a -96.14 -. 228 -.211 -.348 -.559 -.820 -.999 -.808 

8 HEAN 22.4 121.9 571!.95 11!>7.11 770.58 .1.124.14 :1.926 6.3bl 4.303 5.360 s.to9o 5o506 s.ooo 
STDEV 3.83 49.11 35.103 96.943 17.090 53.806 .0645 .0641 .2117 .2435 • 2229 .2187 o23lt9 

HAX, 9.0 127.2 76.65 186.45 36.81 107.21 .183 .173 .694. .923 .525 .684 .570 
5 24 .32 HIH. -8.1 -80.7 -81.35 -123.5!1 -41.19 -68.79 -.159 . -.192 -.253 -.433 -.lt83 -.672 -.512 

9 HEAN 19.9 80.7 685 • ., 1171.55 823.19 lloO. 79 7 •. 735 8o070 4.260 5.361 5 .. 490 5.485 5.007 
STDEV 3.03 48.88 24.136 4 7 .J.2!1 12.540 2.7.668 .0504 .Oit57 .1575 .1972 • llt05 .• 14~2 .1571t 

HAX, 6.7 56.5 !16.83 142.38 36.66 77.08 .171 o165 .754 .972 .595 • 919 .577 
6 24 .32 HI No -5.5-151.4 -67.17 -97.62 -35.34 -62.'10:: -.165 -.165 -.244 -.462 -.715 -.912 -.6lt0 

10 HEAN 19.6 151.4 787.17 1245.62 873.34 1204.92 9.161 9.407 4.200 5.338 :..487 5.486 5.000 
STDEV 2.67 36.45 24.240 40.460 13.459 24.93 8 .0507 .0476 .1600 .2124 .1767 • .1.960 .1822 



SUMMARY OF STATISTICAL DATA FOR FRIDAY HARBOR FLOATING BREAK~ATER CFH13 - ~230 - 3/20/751 
I MAX. AND MIN. VALUES ~EASURED FROM ZERO HEANI 

SAMPLING PERIOD • 500 HS 
NUMBER OF SAHPLES • 20~7 

REC. TIHE TRANS. 
NO. IN COEFo 

DAYS \liND !:liND LuAD CELLS WAVE GAGE<; AC~ELEROMETERS 
AND SP, DIR. Nil sw NE SE lRAN 1 TRAN 2 INC. REF. N.vt:R. HOR. S.VER. 
HOURS 

11PH DEG. L BS LBS LBS LBS FT. FT. FT • FT. CFT/SEC/SECI 

HAX, 13.8 125.5 91.92 3~6.20 ~8. ~8 198.64 .198 .218 .811 .656 .38b • ~ltb .551 
7 2~ .32 HIN. -10.3-123.b -llt!.08 -231.80 -~9.52 -ll7.3b -.1b7 -.183 -.Zb't -.39~ -.~54 -.571 -.~b3 

17 HEAN 22.8 123.b 59b.09 1135.77 767.51 .1.137.36 6.385 6.800 <t.271 5.272 5.~9~ 5.486 }o026 
STDEV 4.74 49o67 40.252 111.057 17.216 58.518 .0551 .0572 .1696 .1708 .1153 .1147 .1383 

rux, 10.4 111.9 83.84 460.62 42.06 207.33 .089 .082 • 765 .891 <863 1.370 1.140 
8 Zit .14 IHNo -10.1-125.7 -114.16 -223.38 -43.94 -130.67 -.073 -.079 -.259 -.415 -.918 -1.308 -1.192 

...., 18 HEAN 24.9 125.7 5~8 • .1.6 1.1.9~.38 741.94 1168.67 5.945 6o388 4.240 5.267 5.486 5.512 5.0.1.0 
<.0 STDEV 4.00 48.06 38.769 1!4.863 16.219 61.259 .0235 .0234 .1644 .2069 .2075 .2559 .2450 



APPENDIX H 

INCIDENT AND TRANSMITTED WAVE SPECTRAL PLOTS 

Appendix H contains the incident and transmitted wave spectral 
plots along with the corresponding transmission response curve for 11 
representative records. The data for the first nine were recorded at 
Friday Harbor, Washington, during the winter of 1975. Figures H-11 and 
H-·12 Here computed from similar data collected in Alaska during the 
winters of 1974 and 1975. 

The original time series were high-pass filtered at a cutoff fre-
quency of 0.05 hertz to remove tidal drift. Each series consisted of 
2,048 data samples and were sampled at a period of 0.5 second for the 
Friday Harbor data and 0.44 second for the Alaska data, 

The standard deviations and corresponding overall transmission 
coefficients for each of the Friday Harbor ·plots are given in Appendix 
G, 
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APPENDIX I 

LOW-FREQUENCY SPECTRAL ANALYSIS OF FORCE DAT~ 

Appendix I contains the low-frequency autospectral and cross-spec-
tral plots for record FH7-8. The data were recorded at Friday Harbor, 
Washington, on 6 January 1975 at G030 hours. 

The original time series were low-pass filtered at a cutoff fre-
quency of 0.2 hertz and every eighth data point used to generate a new 
time series. This gives 256 points with a sampling period of 4 seconds. 
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Figure I-1. Southwest force spectra (FH7-8). 
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APPENDIX J 

HIGH-FREQUENCY SPECTRAL ANALYSIS OF FORCE AND MOTION DATA 

Appendix J contains the incident wave spectral plot along with the 
autospectral and cross-spectral plots for the force and motion data for 
record FH7-8. The data was recorded at Friday Harbor, Washington,on 6 
January 1975 at 0030 hours. 

The incident wave spectra was unfiltered, All the force and motion 
spectral data were digitally high-pass filtered at a cutoff frequency o£ 
0.1 hertz. The autospectral data is plotted as a percent of the vari-
ance, i.e.,the total area under the spectra. Wave heights, forces, and 
motions were measured in feet, pounds, and feet per second square, re-
spectively. 

All spectra were computed from 2,048 data,points sampled at 0.5-
second intervals. 
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Figure J-1. Incident wave spectra (FH7-8). 
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1. Wave Staff Design. 

APPENDIX K 
WAVE MEASUREMENT 

A block diagram of the wave staff and associated electronic cir-
cuits is shown below: 

Square 
Wave 

Oscillator 

Bilateral iin 
Current 
Source 

Wave 
Staff Buffer 

Precisian ~ AC Detector e 
& Variable 0 

Gain 
lunplifier 

The wave staff itself consists of a length'of PVC tubing which is 
spirally wound with a resistance wire, such that when it is immersed 
in seawater, the electrical resistance varies in di~ect proportion to 
the length of the exposed staff. 

The electronic circuits driving the wave staff consist of a fixed 
frequency square wave oscillator (having a precisely controlled output 
amplitude) driving a precision bilateral current source with an output 11 
current directly proportional to the input/voltage. Thus, the wave 
staff is driven by a current source of constant magnitude, but one which 
changes direction with each one-half cycle of the square wave oscilla-
tor. The output of the wave staff then is a square wave voltage with a 
magnitude (peak to peak) that is directly proportional to the length of 
the exposed wave staff. This output is fed to a high input impedance 
voltage follower circuit which serves as a buffer between the wave staff 
and the ac detector circuit. The precision ac detector circuit uses 
two operational amplifiers in conjunction with two diodes to form a 
precision full-wave rectifier circuit that is capable of operating at 
very low input voltages. Ordinary diode detector circuits cannot 
operate on ac signals of peak magnitude less than the forward voltage 
drop of the diodes and produce large conversion errors unless the sig-
nal magnitude is large with respect to the diode voltage drop. A gain 
control has been incorporated in the detector circuit so that full-scale 
output can be set at any positive value up to +10 volts with a wave 
staff resistance of 300. ohms up to 3,000 ohms. 

Alternating current is used to drive the wave staff to avoid botl1 
the corrosion effects that would occur if direct current were used and 
the de offset which occurs as a result of the use of dissimilar metals 
in a conducting solution. The latter is eliminated by use of ac coup-
ling in the output from the wave staff. 

Bench tests of the wave staff electronic circuits were made using 
a l,OOO~hm variable precision resistor in place of the wave staff. The 
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circuit was adjusted to produce an output range of 0 to 10 volts with 
the resistor varied from 0 to 1,000 ohms. Linearity was determined to 
be 0.1 percent of full scale over this range. 

Tests were also made to determine the effect of temperature on 
sensitivity and zero drift. A decrease in sensitivity was noted with 
decreasing temperature of about 0.03 percent of reading per °Celsius over 
the temperature range of 0 to 24°Celsius. A zero drift of 2 millivolts 
was also noted over the same temperature range. A +10 percent change in 
supply voltage from the nominal ~15 volts produced no observable change 
in output. If we assume an operating temperature range of +5°Celsius, 
the maximum error in the wave staff electronics due to the combined ef-
fects of nonlinearity and sensitivity variations with temperature is 
+0.2 percent of reading. Since the primary interest is in a dynamic mea-
surement of waves, the zero drift noted will have negligible effect on 
the experiment since temperature variations of any appreciable magnitude 
will only occur over long periods of time compared to the wave periods. 

Further calibration tests were conducted using actual wave staffs 
of l-inch diameter and 20-foot lengths, and 3.5-inch diameter and 8-foot 
lengths at.various depths of immersion in saltwater. These tests were 
conducted from a dock at Shilshole Bay on Puget Sound. Because of 
ripples and waves on the water of the order of 1 inch (peak-to-valley) 
it was difficult to obtain a highly precise measurement. The output 
was recorded on a strip chart recorder and it was therefore possible to 
average these variations to some degree. The readout resolution of the 
strip chart (and accuracy) is about ~1/4 of a minor division. Full 
scale across the chart is 50 minor divisions and, thus, the resolution 
is about 0.5 percent of full scale. Some nonlin;arity is noted near fUll 
immersion (see calibration curve). Some offset was expected because of 
the finite resistance of the saltwater path in the ground return which 
is not taken into account during initial calibration of the wave staff 
unit. The in:itial calibration is made with the wave staff on the dock 
where full scale and zero are set by making actual contact between the 
ground wire and the wave staff resistance element at the corresponding 
ends. However, measurements were made of the resistance of the salt-
water path to ground in the same location where the wave staffs were 
immersed and the value of resistance measured (on the order of 10 ohms) 
does not account for the offset observed at full immersion. In addition, 
the offset should occur at all readings and it does not. Therefore, it 
is believed that the nonlinearity observed is a result of some other 
phenomenon as yet undetermined. Both units produced highest accuracy 
near center scale with decreasing accuracy toward either end. Overall 
accuracy including end points is about ~3 percent. If the range of oper-
ation is reduced so as not to use the last 1 foot on each end of the 
wave staff, the accuracy is improved to about ~1 percent. 

The output from the wave staff electronic circuit is fed directly 
into a voltage to frequency converter; the frequency output is then 
counted and stored on separat~ storage registers, once every 50 milli-
seconds. If an 8-bit register is used for the wave staff measurement, 
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the maximum count that can be stored is 255; therefore, the sample time 
must be on the order of 25.5 milliseconds (maximum count divided by maxi-
mum frequency output from voltage to frequency converter). The wave 
buoys use an 8-bit register with a 32.5-millisecond sample time 
while the wave staffs use a 16-bit register with a 250-millisecond sam-
ple time. 

The error due to gain instability and nonlinearity of the voltage 
to frequency converter is of such low magnitude that it can be neglected 
and the overall accuracy of the recording is essentially the same as 
given for the wave staff unit by itself (i.e., between +1 and +3 percent 
depending on the range of operation on wave staff). - -

2. Spar Buoy Design. 

Spar buoys were used at two of the sites because of their advantage 
in handling and transport and because they mini~ized the placement diffi-
culties due to navigational hazards, water depth, and tidal conditions. 
The spar buoys were made of two PVC pipes coupled together near the cen-
ter of the buoy. The lower section is a 15 foot by 6 inch pipe filled 
with styrofoam. The top section is 12 feet by 3 inches wherein the upper 
8 feet is wound with a resistance wire which measures wave elevation. 
The wave staff electronics are mounted inside the top section, above the 
waterline, with the remainder being filled with a wood core to add stiff-
ness. The buoys also have a 2.5-foot diameter damping plate mounted 
on the bottom and are anchored using a dual point mooring system with 
the anchor lines attached at the center of drag on the buoy to prevent 
it from being pulled underwater in strong currents. One of these buoys 
was tested in the Puget Sound just north of Seattle. Its performance 
exceeded expectations both in terms of minimized response to the waves 
and accuracy of wave height measurement. Figure K-1 gives a sample of 
the output from the buoy's wave staff in saltwater for a plus and minus 
1 foot excitation of the buoy in heave. This was accomplished by push-
ing the buoy up and down by hand. Some distortion results from this 
approach which shows up in the output of the accelerometer mounted at 
the center of the response of the buoy in heave and roll in calm water. 
The natural periods for heave and roll taken from these plots are approxi-
mately 18 and 14 seconds, respectively. These are well out of the range 
of the 3-to-4-second wave periods expected at the site. Visual obser-
vations of the buoy in waves in excess of 1.5 feet indicated no ob-
servable heave or roll motion, but some yaw about the anchor line caused 
by the current and wind. This motion resulted in less than a 1 foot 
variation from the buoy's horizontal position in calm water and appeared 
to have periods in excess of 30 to 60 seconds. For comparative mea-
surements, the buoy was located about 30 feet from an existing four-gage 
array of l-inch diameter Oceanographic Services, Inc. resistance wire 
wave staffs. A comparison of simultaneous output from the two wave 
staffs (buoy mounted and stationary) is shown in Figure K-4. The auto-
spectras computed from data obtained from one of the stationary wave 
staffs and from the spar buoy, in a 25-miles per hour storm with 
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maximum wave heights in excess of 1.5 feet arc shown in Figure K-5. 
These spectra were computed from simultaneous records of 20 minutes in 
length. 
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