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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 .
The w ork 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, Ass istan t Professor
of Mecha ni cal Eng ineering, Mr. Derald R. Christensen, Research Eng ineer ,
and Dr. Eugene P. Richey , Professor of Civi l Eng ineering , of the Ocean
Engi neer ing Research Laboratory , Un ivers ity of Was hington , Seatt le,
Washington , under CERC Contract No. DACW72-74-C.-0012.

Special appreciation is extended to the port of Friday Harbor,
Washington , for the ~ise of the floating breakwater for the field assess-
ment part of the study. Mr. Robert Hovey , Port Eng ineer, and Mr. Jack
Fa irweather , Por t Superin tendent , provided generous assistance with the
numerous logistics problems in the installation and maintenance of the
measuring equipment. The sensor monitoring and recordin~, package was
adap ted from a des ign developed in a contemporary project sponsore d by
the University of Washington Sea Grant Pi~ogram for moni toring two other
floating breakwaters of a different type. Data from these two sites
were isud for comparative purposes in the analyses of the Friday Harbor
breakwater.

Dr. D. lee Harris, Chief , Oceanography Bran ch , was the CERC contract
mon i tor for tiie 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 Public Law 166, 79th
Congress, approved 31 July 1945, as supplemen ted by Pub lic Law 172 , 88th
Congress , approved 7 November 1963.

~~~~~~ H. COUSINSV Colone l , Corps of Eng ineers
Commander and Direct
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

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

-m

~Iultiply by To obtain

ind Ies 25.4 millimeters

2.54 centimeters

square itiehes 6.452 ~~~ centimeters

cubic inches 16.39 cubic centimeters

feet 30.48 centimeters

0.3048 meters

square feet 0.0929 square meters

ciib~t feet 0.0283 cubic meters

yards 0.9144 meters

s1iiare sards 0.836 square meters

cubic ~ards 0.7646 cubic meters

miles 1.6093 kilometers

square miles 259.0 hectares

acres 0.4047 hectares

fOOt.I)OU!I(Is 1.3558 newton meters

ounces 28.35 grams

pounds 453.6 grams

0.4536 kilograms

ton, lon g 1.0160 metric tons

ton, short 0.9072 metric tons

degrees (angle) 0.1 745 radiams

Fahrenheit degrees 5/9 Celsius degrees or Kelvins’

‘To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use f ormula: C (5/9) (F — 32).
To obtain Kelvin (K) readings, use forumla: K ~(S/9) (F — 32) +273.15.
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SYMBOLS AND DEFINITIONS

Ampli tudes of two inc iden t waves

a1 Amp l itude of sway , heave , or roll motion for i = 1 ,2,3

B Charac teristic beam of breakwater
C0 Body contour
CT Transmission coefficient

F~ (t) Sway , he ave , or roll excit ing forces or momen t for j = 1 ,2,3

KH jj Hydrostatic restoring-force coefficient for force in the jth
direction due to motion in the ith direction

KMjj Similar to KHj.j hut due to the mooring system

k1,k2 Wave nunbers of two inc ident waves
L Inc ident wavelength
r nj j  Mass or moment of inertial when i = i, 0 when i �
n Unit interior normal to body surface

P(x ,y,t) Pressure
Vector from center of gravity to a point on the body surface

~~~ &j ,~i1 Sway, heave , or roll motion; speed or acceleration
Phase angle
Phase angles for two incident waves

ri (x ,t) Free-surface elevation

n1(x,t) Wave surface elevation for incident wave

n1(x,t) Wave surface elevation for transmitted wave

Damping coefficient for force in the jth direction related to
velocity in the ith direction

~ij  Added-mass or inertial-force coefficient for force in the
jth direction related to acceleration in the ith direction

p Fluid density
$ Velocity potential

w Frequency

w1, w2 Frequencies for two incident waves
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FLOATING BREAKWATER FIELD ASSESSMENT PROGRAM ,
FRIDAY HARBOR , WASHINGTON

by
B. Ii. Adee, E. P. Rich~y ,and D.R. Chriatenaen

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
Bombard on floa ting 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-
missi~n characteristics, and the review of the performance of the Born-
Bardon by Lochner , Faber, and Penny (1948). In 1957, the Naval Civi l 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 Eng ineering 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 breakwa ter sys tem was disclosed which
would meet the stringent military site criteria and transportability
requirement, these state-of-the-art reviews sparked renewed interest in
the floa ting 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 ava ilable supp ly 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-
dependen t, 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.

9



The information on the performance of floating breakwaters, i.e.,
their wave attenuating characteristics, mooring line forces, and motions ,
is contained primarily in reports of laboratory scale- model tests with
monochromatic incident waves; the few exceptions are the early anal ytical
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 breakwa ter in opera tion at Friday Harbor , Washington (F ig. 1).
The analytical model developed from the two-dimensional , linearized so-
lu tions 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-
t erature, by auxiliary labora tory tests, and by the results from the Fri-
day Harbor f i eld program , where measurements of incident and transmitted
waves, moor ing line forces , and acceleration in sway , heave , and roll
were measured over a 6-month period .

l0
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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 verif ying 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

a
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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 theoretically 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 reflected, 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) Wav e forces on the breakwater.

- 
(c) Motions of the breakwater .

Cd) 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

13 . -
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p1 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.

= E forces ; (1)

here :

= motion of the breakwater in sway, heave, and roll for
i = 1,2,3, respectively . The dot above indicates differen-
tiation with respect to time.

mjj = mass or mass moment of inertia when i = i and zero when i ~ i .
Expanding this equation to include the various forces in the sununa--

tion yields:

a
~3 ~ 

• F~ (inertial) + F~ (wave damping)

+ F~ (fr iction) + F~ (hydrostatic) + F~ (mooring)

+ F
3 

(wave excit ing)

15
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The inertial force (or added-mass force) arises when the breakwater acce-
lerates , which also accelerates the fluid around it. The motion-gene-
rated waves are moving away from the breakwater and result in the wave-
damping term. A term representing the forces due to viscosity is in-
cluded, 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 motiQns. At present, the main reason
for neglecting the frictional forces is that 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 similar
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 fluid is in-
viscid, then the equations of motion describing the coupled sway, heave,
and roll motions of the breakwater are of the form :

3
+ si..) a. + A. .  + (KH

J~J 
+ KM.~ ) 

~~~ 
= F~ (t) (2)

1— 
for j = 1,2,3.

The symbols are defined as follows:

= added-mass coefficient with the ~~ ~ representing the13 added-mass force or moment in the jth direction due to
acceleration in the ith direction.

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

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

KM13 similar to KHj3 but due to the mooring system.

F
3 

= 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~ j are derived directly from hydrostatic considerations in Appendix A ,
while approximate values for KMj~ are obtained by using a discretizedapproximation 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 coefficients and forcing function Piji ~~ and F3 (t) .

Steady-state solutions of the form~

= a1 sin (wt + Isi) for i = 1,2,3 (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 a1 and
S j .  Transfer functions, l-L

~
, are then defined by the a1 and ~~ since

the incident waves are assumed to be sinusoidal.

b. ~ydrodynamic Coefficients and Waves. Potential theory is em-
ployed in computing the reflected and transmitted waves, hydro-
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 subdivided using
the principle of linear superposition. The total velocity potential:

total - incident diffracted 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) - •~ (x,0,t). (5)

Her e:

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

g = acceleration of gravity,

•~~
(x , 0,t) = derivative of the velocity potential with respect to

time evaluated at y = 0.

IT



~total ~x ,t) = - 

~ ~~t inc ident (x ,O ,t) 4 
~~ diffracted (x ,O ,t)

+ 

~t~~~tion (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) = - 

~~ 
(x ,y,t). (7)

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

F(t) f P a d s .  (8)
0

In this case ,

F( t) = for ce on the breakwa ter ,

= unit interior normal vector on the hull surface ,

C0 = con tour of breakwa ter cross sec tion .

The rolling moment is:
1* 4 . 4 .

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

0
where ,

= 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) = 
~~t incident 

(s ,t) + 
~ diffrac ted (5~t)j ~ ds) • r,

F2(t) = - 

~ t incident (s ,t) + 

~ diffracted (5~t )jfl d 5} 
~~
,

F3(t) = - 
~
Jc ~~t incident 

(s ,t) + $
~ diffracted ,t)J rxn ds} • k.

0 (10)

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

I
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integrated over the surface has a component in phase wi th acceleration
and a component in phase with velocity . The component in phase with
accelerat ion Is normally referred to as the added mass, while the compo-
neilt in ihase with velocity is the damping.

The iydrod ynainic coeffi~ ients shown in this section are derived in
greater detail in Appendix C.

c. Moor ing 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 .

Mooring Force = ~ (~L~ a~ (t)i=l

The description of the linear systeiii is now complete. The block diagram
in rigure 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 m ooring l ine forces. Look-
ing at. these , one can visually observe an oscillat ion with a period of
about 60 seconds superimposed over the expected shorter period oscilla-
t ions. Figure 4 shows the resul ts of a spectral ana l ysis of the seaward
moor ing 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 l inear theore ti cal model permits the system to respond only at
the frequency of the inciden t wave. In order to explain the presence of
these long-period oscillations, nonl inearities must be included in the
analysis. To perform a mathematically complete analysis including all
nonlinear effects is beyond the present state of the art . However , in
the case of the floating breakwa ter , one can show tha t if two incid ent
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 13 shows that the
non linear pressure may be expressed as:

19

—a—



If

_ _  

I2 l—~~ O
~ ~~~~~~~~~~~~~~ 

0

I
,~~~ > LL. 

E0 —.. u.~~~)-
~~~~~~~ 

Z W  ~~~~~r _ —
~ ‘~~r ~~~~~ U) I ~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~ ~~~~~~~~I1_

Lii >...
.1-4

—
~~~~~~.-. U.U,.

z

20

___________ 

j 
~-—-- ~~~~~~~~~~~~~~ -



120000

100000 -

9-
(1~)

z~ 80000
Li

~~60000

C-)
Li0~

~ 40000

U)

20000 -

S I I I

0.01 0.02 0.03 0.04 0.05 0.06 0.07
FREQUENCY (Hz)

Figure 4. Filtered low-frequency seaward mooring line force ,
Tenakee, Alaska (record TK7-23) .

21 4  

~
-- ~ -



p 2 2 2k 1t 2 2 2k 2>’
P(t) = - 

~ ~~l 
A1 e + w

2 
A2 e

(k1+k2)y
- 2u1w 2A1A2e cos [ (k1 - k2)x

— (w1 
— w

2
) t  + 61 — 6 2 ]) , (11)

where,

p = fluid density,

= incident wave frequencies,

A1, A2 = incident wave amplitudes,2

k ,k = incident wave numbers = —, —,1 2  g g

61, 62 = inc ident wave phase ang les .

Comb ining th is 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-
den t wave frequencies . Terms at twice each of the incident wave fre-
quencies can be derived by applying the trigonometric rela tionships to
the terms at zero frequency. Wh ile a term at the sum of the incident
wave frequencies does not appear in the second-order in-:ident wave po-
tential , this term may result when the second-order pote~’tials 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
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calcuLi te the values of hydrodynamic coeff ic ien ts, 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 phys ica l 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 , u~.

In this program the exciting forces and moments app ear ing in the equa-
tions of motion and the fixed-body par ts of the transmitted and reflect-
ed waves are found by computing the forces , moments , and waves which
resul t  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 stiliwater in pure sway , pure heave , or pure r o l l .

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

- a.  Wave Transm ission. To assess the performance of a floating
breakwater , one quantity which is commonly used is the transmission
coef ficient. This is simply the transmitted wave ampli tude div ided by
the incident wave amplitude , rrç(x,t)I/~nj(x,t)I for monochromatic inci-
dent waves .

(1) Proposed Oak Harbor Breakwater. At one time the Corps of
Eng ineers was considering a mar ina 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 p lot-
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 thQ theoretical predictions indicated
large changes in curvature . Wavelength is calculated in all the figures
using the re l ationship between wave length and period for waves in deep
water.

In this cas e, 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/I. 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/I. 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/I. ratios above 0.15. Heave motion
is the major contributor to the transmitted wave in the very narrow band
of B/L between 0.15 and 0.18 with a predicted heave resonance at a B/I.
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/I. ratios where the theory shows con-
siderably greater transmission than is actually 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 exp~~fments Sutko andi 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. Plexiglas end assemblies were used to restrict~the breakwater
motions.

Fi gure 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
rat ios 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 ,iuite reasonable for this case.

A compariso n wh er~ 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 fac t, the theory predicts a heave
resonance in this reg ion which does not seen to be supported by the mea-
sured data.

In examining the mechanism used to restrain the breakwater mo tion ,
it seemed possible that this apparatus was introducing damping into the
system . To test this supposition , transmission coefficients were com-
puted with the calculated hydrod ynam ic damp ing 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
t imes 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 measuremen ts when the
model is unres trai ned 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 di p in transmission 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 with 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 nex t trough at B/I.. of 0.65 is a result of all three motion-generated
waves interacting with the fixed-body transmiss ion 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 abou t equal magni tude. 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 alL 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 (Salves en, 1970). This discrepancy is often over-
come by arbi trarily 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 coeEficient
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.

32



0

cJ

j~ 
0) 

~i/ c 5  :d
I

~~~~~~~

Cd

00
0 0 -

~~

I-C
0€

8 N >~.• -4- 0  -a0
00
.1-4
14

I
‘— 3. 0

0 
6

~~~6
0

, CsJa a -

h

1N3I3IJ.~3O3 NOI9SI W~Nb~.L

33 

~~~~~~~~~ -

-J.9



CL

~~~~

c.,J
S

C\i 0)
4.,
Cd—...

Co 0 .w
- Cd

— C\I3. 14
.3

00 
~
) 0)I—.4

I- C-)
C-) ‘-i ‘S— I0 Cd

(.0 U)
3.0 • C d .0 -,-

~~~~,i)

C-) >- CS 
~~~~~,—

~~~ ‘~rz ot .I— •L U  ‘H~~
S_I _i

LU
LU 0)44m CL ..

~o
“~~~~ 0 0
• 

~~-‘.- .1-4 0)
—I 

~~~ 4 4 4 4
‘44’-’

LU ~O c d
0’~’ U.~• Inn Cdo

InI n —
_ _ _ _ _  

a
_ _ _  

o ~ g
$40)

CO ~~~~~~~

o0

1N31314.fl03 NOI99IW9Nb~I1

34



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 tran~iuission . 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-generated 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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transmiss ion co’~ff icient curve . In this reg ion one nus t 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 (19b7) . It is extremely difficult to predict
where the first of these irregular frequencies will occur when the
br eakwater cross sec tion is as comp lic ated as the Friday Harbor break-
water. If this cross section were rectangular with the sam e exterior
dimensions as the Friday Harbor breakwater , then the first irregular
f requency would occur at B/L 1 .7 . In pra ct ice , one may wa tch for thi s
mathematical phenomenon by che.king the determinant of the matrix invert-
ed to solve the system of equations. In fact , this does decr ease in the
region of B/L of 1 .7 bu t does not indica te a singu la r ma trix 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 probab ly 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
perform ance , the motions may be very importan t to the des igner , parti-
cularly if boats are to be tied to the breakwater. For the theoretical
analysis , this is a critical intermediate step where extensive experi-
men tal measuremen ts used for compar ison would be invaluable.

Friday Harbor Breakwater. The theoretically predicted
motion s 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-typo
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 dea l of eff ort
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). While many of these analysis techni-
ques could be applied to the moorings of floating breakwaters, this has
not been done to date. There 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 cons~~~ts for mooringlines have been used . At firs t the catenary equations were appl ied to
find the change in force per unit disp lacement . 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 flotntion.

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 stiown 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
hi ghly nonl inc~ar 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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4 ,

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 l ine and is proportional to wave
amplitude squared . Increasing the initial tension tends to increase
the spring constants of the moor ing li nes leading to larger oscilla ting
forces as well.

(2) Alaska-Type Breakwater. Mooring-force coefficients
theoretically predicted and measured for the Tenakee, Alaska,breakwater
are shown in Fi gure 18. For the field data the mooring-force coefficient
is obtained by taking the square root of the mooring-force spectral
densi ty 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 mode l experimen ts,there is good agreemen t, 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 meas ured
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 exp lana tion 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 (4, 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 Priday 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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ATIDE HEIGHT +20.0 FEET
(Du DE HEIGHT +10.0 FEET . -

(Du DE HEIGHT 0.0 FEET ( ItL.W )
16

14

~~1 2-

~ 1O

I—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~PERIOD (S)
Figure 20. Theoretically predicted long-period sway response of

Alaska-type breakwater, Tenakee, Alaska.
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Low-frequency predicted sway motion and resonance are shown in
Figure 22 for MLLW , +5.33 feet, +10 feet, and +15 feet tide heights.

+TIC( HEIGHT = +15.0 FEET
ATIDE HEIGHT +10.Q FEET
(Du DE I-EIGHT = +5.33 FEET
(DTIOE I-EIGHT 0.0 FEET ( IIL.LW )

16 
fl

It  ~~

14

~ 12

~
1o

I-

2 H
935 3(1 25 20 15 10

PERIOD (8)
Figure 22. Theoretically preuicted hng-period sway -response,Friday Harbor breakwater.
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Ill. 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, Br itish Columb ia (Fi g. 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
0.25-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 wind directions (Figs.
24 and 25)

Four types of time-dependent data which are basic to describing
the response of the breakwater were collected : (a) wind velocity and
direction; (b) wave heights at key locations ; Cc) anchor cable forces;
and (d) directional acceleration and angular motions of the breakwater.
The locations of the measuring sensors are shown 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 di -~cticn 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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REID ROCK
UNIVERSITY
OF WASH INGTON
OCEANOGRAPHI
LABORA N

BREAKW ATER

FRIDAY
H AR BOR

SCAL E: I IN. = 0.275 NAUTICAL MILES

Figure 24. Field experiment site location map .

5$

- - ~~~~~~~~~~~~ -

.9



/I- - / 7z / Cd
/ /
/ / .0

w S /
Il_ w 0 / / 14

0
.0

0 0 / / 14

~~~~~~~~~~~~~~
-.---- -

~~~~~ /
/ /

‘
I ~~~~~~~~~~~~~~~~~~~

b / .

~~I i t
c~~ i --~~F- -- -

--I -- — -- —

/ --

~1
-  Cd

~~~~y~i .2
1A~ ’~) / ~~~~

, 4.,

/1” ~~~ W/ Cd

I— C.,
I 0

-4

Q Cd
IL 0
(LI --- a ---I _i ,-. 4.)

W W •~~~ 4.,

/

~~~~~~~ - --~~~~~ - --

‘
I
I 

, I:: I
/ ‘ S -

/ ‘
S LI

/ ‘ ‘
/ S

~~~(fl ~~ . 
-

I it 40  I-
~~~~~~~ U) Q~~ 

z
iilg ~ b

52

_ _ _  - 

.9



transmitted gage being used as a backup . Two spar buoys instrumented
to measure wave elevation ~ere loca ted ou tboard of the breakwa ter 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 he ight. 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 per iod 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 brid ge amplifier circu itry 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.

The data recording and electronic package was built around the Sea
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Da ta Corpo ration ’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 unti] 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 compati-
ble format on the University of Washington ’s CDC 6400 computer. The
histograms for all records plus the basic statistics, i.e., the minimum,
maximum , mean values and standard deviations as well as the transmission
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 eliinina-
tion of a complete record (greater than six bad points). Record FF1 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 
4on all the wave and force data . The procedures used follow those given
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by Gold and Radar (1969). The first step in the development of this
filter function is to assum e an ideal filter response function.

(1 0 
~~ I f i .

~
. 
f~F (f) =t 

~ 0 , f < I f~
< f

C (12)

(0 , 0 < $f ~ <

F
h(f) 

=

~ Ifi 
<
. 
f~

where f ic~ the cutoff frequency, f~ the Nyquist frequency, and Fi(f)
and Fh(~

) 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 trim-
cated by using an appropriate window function and transformed back to
the frequency domain givin0 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 proce-
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, the
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 bToader 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(n~t) = w(ndt) h(n1~t)
and

(4(1 + cos 
~~~~~~ 

1 ~~n ~~~
w(Mt) 0 , 45 < n < 83 (13)

(1 - cos iT 
1~~~n) 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 ) = E 8(n~t)e
_3 2r

~~n~
t,

where j  = /T and ~t is 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:

A = = 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 A =0.08 and 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:

4(1 - cos ii 
~~~~ 

for 1 < n < O.1N

w(n~t) 1 for O.1N < n < O.9N (14)

4(1 - cos n O.1N~ 
for 0.9N < 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 autospectral
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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hi gh frequency si gna l usin g the same f i l t e r i n g  proced ures. For the
hi gh-frequency case this was done to remove the influence of the large
low- frequency sp ikes 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 da ta , a new time series was generated from the ori ginal re-
cord by sampl ing every eighth data point . To reduce aliasing of the
higher frequen cy energy in the or iginal si gnal , each record was low-pass
f i ltered pr ior to th is sampling us ing the f i l terin g 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 . I
256 points or 1,024 seconds. Five raw spectral points were averaged
together to give the final smoothed spectra] estimates. This results
in a frequency resolution of 0.0049 hertz with 10 degrees of freedom per :~

spectral est imate.

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
breakdown s exce pt for one of the load cells going off scale at low tide
on the f irs t tape (FF1 7 , NW load cell channel 3). A complete s~.immary of
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,
1300 to 1600 (Figs. 24 and 25).

Two storm events were chosen for presentation and further analysis.
These events cover records FF1 7-6 through FH 7-12 and FF1 11-8 through
FF1 11-14 (Apps . G and H). They were chosen because of their directions
relative to the short aid 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 cur~es 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 i~~ident wave spectras for the
records indicated ~or each curve . Therefort, 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
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energy in the Incident wave spectra at lower frequencies . This possi-
bil ity 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 (Ch ristensen and Richey , 1974). The first is located in relative-
ly shel tered water while the second breakwa ter is located near the open
ocean where swell becomes an influence and results in a much broader
spre ad ~f spectral energy over the frequency band in question. The first
breakwater showed simi lar response curves to Friday Harbor while the
second tended to approach one near the lower frequencies and stay there
(see App . H. , Figs . 1-1-10 and H-ll).

All of the a’ichor cable data showed a very dominant amount of ener-
gy at lower fr equenc ies. Append ix I shows the resul ts 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-i , 1-2 , and 1-3). 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 measured 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 FF1 7-8 are given in Appendix I (Figs. 1-4 through 1-7). They show
a strong l inear rela tionship between the gages on the same side of the
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 

~~ 
= 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 (FF1 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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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
rela tively uninf luenced 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
resul ts, are also given in Appendix J for the higher frequency range for
record Ff1 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 wavu 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 analys is 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 shif t at higher frequencies . Also, the cohe-
rency is high enough over the incident wave energy band to imp ly near
linearity between all three motions.

These conclusions are l’ised 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

•\lthough the Friday Harbor breakwater 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 enormous quantity of data gathered, the goal was to find a case
whcre the wind was reasonably close to being on the 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 curves 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-pass
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 h ertz 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 or. the beam
of the breakwater. 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 L )fl-
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-
gation 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 c-lse.

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. if
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 
= 

2i~8f 2 
4.87f2 

-

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 additional exciting-force terms 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 waie 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-dimensiona l 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 equilibrium . There-
fore, there are no hydrostatic restoring forces and

~~l1 
= 

~~l2 
= KI-113 

— 0. (A-l)

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 to the waterline,
there is no change in the horizontal force as a result of vertical dis-
placement and

= 0. (A-2)

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

SV = - 6yA~ (for tSy + upwards).

Here , A
~ 

is the waterplane area. The vertical force then is:

F = Ki-1226y = - PgA~6Y~

or

~~22 = Pg[x~ - x J .  (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, x~, the moment may be expressed.
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M = K236y = - PgA~x~6y.

Substituting for x~ and A.~ 
yields:

~~23 = - PgA~x~ = - PgA~ 4 [x + = ~~ Pg [x~
2 

- Xb ] . (A-4)

3. Roll Motion.

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 60 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 m x + b .

The slope of line 2 is:

in = —‘- = - tan 60.

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

~~ = + c tan 66

and

yp = C.

These equations yield the relationship:
2b = c ( l + tan ó0).

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

‘6V = Jx
b (mx + b - C) dx

— [C - x tan 60 + c(l + tan2 6O) - ci dx
X
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= - 4 [x~
2 

- X
2

1 tan 60 + C[X
b 

- xal tan
26e.

By applying the “small angle” approximation and neglecting terms of the
order of 602. Then ,

4 
[x 2 

— Xb
21S6

and the force is :

F 4 PgEx~2 - Xb l ôO.

The x and y components of the force are:

= F cos 60 4 Pg[x~2 - Xb 160 cos 60

and

Fy = F sin 60 4 Pg [x~2 - Xb2]60 sin 60.

Again applying the small angle approximation one finds:

2 2 3
F~ 

.
~~~ Pg [x a X

b 
168

and

F
f

0.

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

~~31 = 0 (A-5)

and

~~32 
= 4 Pg [X~

2 
- xb J . (A .6)

To obtain the moment induced by roll motion compute:

Moment of Gained Volume = - c4 Xa
2 tan 60)(~. Xa) ~ 4 X~3 60,

and 

Moment of Lost Volume 4 xb3 66

Moment of Original Voluae = Wy~ 68.

In this formula ,

W a weight per unit length
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and

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

The total moment then is:

M = ~ .& (xb
3 - x 3) 6O + Wy~~ 66 ,

and the spring constant becomes~

KH33 = ~ .& (x~
3 

- X
a
3
) + Wy~. (A-7)

Expressed in traditional naval architecture terminology, this reduces
to:

KH33 = WGM, (A-8)

where

GM = metacentric height .

4. Collected Results.

~~l1 
= 

~~l2 
= 

~~l3 
= 

~~2l 
= 

~~3l = 0

~~22 = Pg [x b - X
a]

~~23 
= 

~~32 
= 4 Pg [x~

2 
- xb ] (A-9)

1(1433 = :~
.& [xb

3 
- x

a
2
] + Wy~
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APPENDIX B

MOORiNG ANALYSIS

I. Purpose of the Program.

Computer program BRKMOO R 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 B RKMOOR 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 LINE2, CHAIN. NYLON, EQULIB , SPRING, and LTERPS.

BRKMOOR 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 i 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 .

LINE2 then sums down the cable computing forces and coordinates of
each node starting with the initial ang le and initial tension . The p0-
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.

LINE2 calls the subroutines NY LON 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 LINE2.

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 disp lacement in sway , heave , and roll
and the spring constants of the moorings on the breakwater .

LTERPS is a linear interpolation subroutine which computes the
slop , ~~~~~. , and the interpolated value of Y for a given X and an array
of X vE’Y values. LTERPS is called by EQIJLIB 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 BR KMOOR is as follows :

Card #1 - Title card , Format (8A10) .
80 alphanumeric characters max.

Card #2 - Breakwater geometry card, Forinat (SF10.0) .
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 (4F10.0).
(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).
TENS1 - 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
TENS 1
TENS1+FEXT
TENS 2
TENS2+FEXT
TENS1+TENS2
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Card #5 - Tide Card,Format (I1,9X,SFlO.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 (12 ,8X,2F10.0).

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 (15,5X,2F10.O,A10,F10.0).
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 NY LON (Name must begin in column
31).

DIA+M = 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-i 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 requirt~ments.

5. Mathematical Procedures and Program Limitatii~ts.

The basic cable computations which take place in LINE2 require some
explanation. As was stated previously, the wei ght 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-l illustrates the cable about the ith
node .

I f the ang le •. is taken to be the angle from the horizontal, then
the angle •j+l can ~e computed as follows:

~ 
Tj  sin$j + W~

a tan [—f-- 
~~ 

I , (B—i)

where T~ = tension in section i,

— wei ght of section i concentrated at node i.
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TEST C ASF —— MEASURED CHAIN TEST 3/11176

0. 1. 0. ..1, 0.

C6
0. 58.02 -

36. -
~

~4.
36. 30. .

1
0]. 7.167
00030 29.33 .722 CHAIN •25 4
01 7 1 67 1

00030 29.33 .722 CHAIN .25

J

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

Node i

T . 
~ i+~~

__ 
Node i+l

Wcig t T.
1+1

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

Th is new ang le is then used to compute the tension in the next
section :

cos
T. = —— --- ----— . (B-2)
i+1 ~~~ ~‘i+1

LINE2 computes the ang le and tension of each section starting from
the top. At each section the ang le is compared w ith 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 

+ L~~1. cos~ .~~1+1

‘~‘1+i = + 

~EXT .  sin~~~1 , (B-4)
1+ 1

where X1 = x coordina te of node i

= y coordin ate of node I

LEXT = length of section when under tension.
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At the l as t  node the y—coordinu tc  is compared with the depth of
the anchor. If there is a difference the i n i t i a l  tension value is ad-
jus ted . Guesses at the fi rst and second tensions are made.  From then
on a secan t  ( d i scr e t e  fo rm of Newton Raphson) i t e ra t ion  method is used
to compute the subsequent i n i t i a l  tension values .  An error of
0.000t *depth is allowed . In most cases 4 or 5 i t e r a t ions  yield the
desired accuracy . Some important  Values  ar c pr in ted  for each i t e ra t ion
to aid in t r oub l e shoo t i ng .

Within 1~Q1JL11~ and SPRING interpolat ion is requi red  to find the va-
lues of t en s ion  forces and X coordinates which are between the points
computed by BRk ~K)O R and L 1NL2 . The l inear  in terpola t ion rout ing LThRPS
was chosen over hi gher-order interpolat ion schemes because of the asymp-
totic nature of the tension versus X values . If  values are requested 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 within 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 norma l ly be ignored .

Subroutine CUAIN 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 NYLON computes the strain in a nylon rope using a power-
function fit of the form:

c AX ,

where = Strain ,
A = 0.02052,

= 0.2237,

0 ,

T = Tension (pound) , +

+

0 = Diameter of rope (inches).

This function was determined using a least-squares power~funct ion
f it of experimental data provided by Sampson Cordage Works for their
2-i n-i  nylon braided rope .

An experimental verification test was conducted as a check of the
program . 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 M~nory Size.

BRKI4JOR 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
previously, a central memory of about 40,000 octal is required .

9. Run and Card Deck Setup Procedures and Special Operation
Instructions.

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

BMOOR,T40. Job card
ACCOUNT (Account no., password)
FORTRAN .
LGO (LC=6000) LC = l ine count value ; depends on how many

tides and conditions are run
7/8/9

FORTRAN DECK
7/8/9

DATA DECK
6/7/8/9

10. Sample Output Data.

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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BRKMOOR

READ DATA 
A

ECHO DATA 
LOAD AR RAYS CHAIN

AT ATTACHMENT COMPUTEVS STRAIN

FIND NOMINAL 
GIVEN TENSION +

LENGTH OF MORE 
& CHAIN SIZE

CABLE DEPTHS _______________( RETURN~~~)
FIND LENGTH NO
AND WEIGHT

OF EACH MORE
CABLE SEGMENT INITIAL

ANGLES

LOOP THROUGH 
______________

EACH TIDE
POSITION NYLON

LOOP THROUGH MORE COMPUTE
EACH OF THE CABLES STRAIN +

TWO CABLES USING 
+

NO € . A * X B

COMPUTE 
GIVEN ROPE

INITIAL 
SIZE AND

CABLE ANGLE 
TENSION

AT ATTACHMENT 
~~~~~ r —

FORCES ~~ 
RETURN

MAKE FIRST
GUESS AT

CABLE TENSION

COMPUTE
NOMINAL AND

PERTURBED AL 
+

hATER DEPTH EQULIB

LOOP THROUGH
INITIAL YE MORE
ANGLES T IDES

LOOP THROUGH NO
NOMINAL AND

PERTURBED
DEPTHS ST

CALL
LINE 2

A 
+

+

I
Figure B-2. Flow chart for program BRKMOOR .
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C LINE 2~~~) B

11

I LOOP THROUGH I PRINT X ,Y,
—‘..l EACH CABLE k TENSION

SEGMENT

LAST I~~RAT ION 
YES 

RETURN

~~~~~~~~~~~~~~~~~~~~~~~~~~ CABLE~~~~BOTTOM 
NO

YES
COMPUTE LENGTH

OF SEGMENT
UNDER TENSION SET NOTE~1

COMPUTE X & “ 1 COMPUTECOORD INATES NEXT GUESSOF EACH NODE 
J AT INITIAL

TENSION
COMPUTE X & V 1

DIRECTION FORCES

LAST YES I PRINT FORCES I
N , A~o2~

O
~~N!EE

COMPUT E SLOPE
OF CABL E

—(~~; 
REST ON BOTTOM

NO CABLE SEGMENT 
YES

Figure B-2. Continued
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EQULIB

LOOP THROUGH 

+

TEST CONDITI ONS

IF
TENSION 

IS

IN CABLE 
ANC HOR NO PRINT

IS GIVE N 
SEPARATION 

WARNING
GIVEN? MESSAGE

YES 
•

MAKE A GUESS
IS YES PRINT AT F

GIVEN TENSION ERROR x

TOO LOW? MESS~~E CABLE #1

COMPUTE F~
c IN CABLE #2

IS YES PRINT
GIVEN TENSION WARNING COMPUTE X CALL

TOO HIGH? MESS~GE FOR EACH CABLE ITERPS

FIND DIFFERENCE
COMPUTE BET WEEN COMPUTE D

F 
F~ CALL AND GIVEN

TENSION 
LTERP S SEPARATIO N

IS IS
THIS THE NO CALL ERROR CALL

FIRST TIME SPRING SMALL? 
SPR ING

YES C 
NO 

C
MAKE NEW

IS 
GUESS AT

YES TENSION 
Fx

IN SECOND
CABLE
GIVEN? 

C

COMPOTE
F,~ & THEN I CALL MORE YES

IN OTHER CABLE LT ERPS 
CONDITIONS

CALL
SPRING 

REThRN

Figure B -2 . Continued
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C_ _

SPRING 
~~~~~~~~~~~~~~~~

•_•
‘
) 

+

GIVEN X AND Fx I  1’~~~CALL~~ ’) 1 H R ~iG~r1COMPUTE DFXDX]~ 
-~~~LTERPSj ARRAY OF

II 
x i

~ ~~~~ 
NO

PRINT THE ABOV ]~~ COMPUTE
SLOPE BETWEEN

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

ADJACENT POINTS
CALCULAT E

FORCES & MOMENTS
ON BRKWT R INTERPOLATE

TO FIND
Ii YY

CALCULATE
SPRING CONSTANTS
DUE TO MOOR IN GS

J 
RETURN D

rRINT
FORCES, MOMENTS,
SPRING CONSTANTS

RETURN

Figure 8-2. Continued

I
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IN THE FOLLOWING TASLES X REt.. TO CG, Y REt. TO WATFP SURFACE

T EST CASE —— M EASUR ED CHAIN TEST 3/11/76

MOORINC LINE NUPSER. 1 TIOE• —.000

Y N TOP TENSION FOR CEX FOR CEY

—7 .167 24.605 5.202 •430 —5.164
—7.167 25.294 5.802 .95e —5 .722
—7.167 25,893 6.4C7 1.574 —6.211 -;
—7.167 26.387 7.158 2.326 —6.770
—7.167 26.804 8.101 3.257 —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 26.099 15.254 10.938 —11.216
—7.167 28.366 18.714 13.777 —12.664
—7.167 25.619 23.557 18.601 —14.454
—7.167 28.859 30.675 23.695 —16.755
—7.167 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 5.251 .434 —5 .233
—7.239 25.256 5,848 •963 —5.768
—7.239 25.839 6.494 1.595 —6.295
—7.239 26.346 7.240 2.353 —6.8’7
—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 12.833 7.888 —10.122
—7.239 28,077 15,417 10.449 —11.336
—7.239 28.347 18.906 13.919 —12.195
—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 37.058 —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 5.163 .426 —5.142 —

—7.095 25.328 5.75? .948 —5.678
—7.095 25,945 6.327 1.555 —6.133
—7.093 26.427 7.080 2.301 —6.696
—7.095 26,839 6.016 3.223 —7.339
—7.005 27.205 9.179 4.372 —8 .071
—7.095 27.536 10.657 5.633 — 8.918
—7.095 27.837 12,578 7.732 —9.922
—7.005 28.122 15.085 10.224 —11.092
—7.095 28.386 13.508 19.628 —12.525
—7 .005 28.636 23.314 18.410 —14.305
—7.005 28.874 30.353 25.425 — 16.579
—7.095 29.102 41.258’ 36.90? —19.60]
—7,005 20.303 60.738 35.64? —24.341
—7.095 20.426 117.675 111.530 —38.152

Table 8-2. Example output from program BRKMOOR.
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TEST C A SE — MEASURED CHAIN TEST 3111176

M OOR ING LINE NU MBER . 2 TIDE ’ — .000

Y N TOP TENSION F~ P(~EX FORCEY

—7.187 —24 .805 5.202 — .430 —5.184
—7.167 — 25.294 5.302 —.958 —5.722
—7.167 —25.893 6.407 —1.574 —6.211
—7.167 —26.3 67 7.156 —2 .326 —6.770
—7.167 —26.804 6.101 —3 .257 —7.417
—7.167 —27. 174 9.278 —4.419 —B.1 8
—7.161 —21,507 10,776 —5 .890 —9.019
—7 .167 —27.814 12.704 —7.809 —10.021
—7 .167 —26.099 15.254 —10.338 —11 ,216
—7.167 —23.366 18.714 —13.777 —12.664
—7.167 —28 .610 23.557 —16,601 —14.434
—7.167 —28 .859 30.675 —25.695 —16.755
—7,187 —29.O SO 41.694 —36.637 —19.609
—7 .161 —20.290 61,608 —56,444 —24.690
—7.167 —29.410 121.346 —114.814 —39.276
—7.239 —24.544 5.231 — .434 — 5 .23 3
—7.299 —25.256 5.848 —.963 —5,766
—7.239 —25 .839 6.494 —1.595 —6.295
—7.239 —26.946 7.240 —2.353 —6.647
—7 .239 —26.769 8.100 —3 .292 —7.409
—7.239 —27.142 9.380 —4.468 —8.248
—7 .239 —27.477 10.900 —5.967 —9.122
—7 .23 9 —27.790 12.833 —7.688 —10.122
— 7.23 9 —28.077 15.417 —10.449 —11.336
—7.239 —2 8.34? 16.906 —13.919 —12 .795
—7 .239 —28.602 23.605 —16.797 —14 .606
—7.299 —26.844 31,005 —25.971 —16.935
—7.239 —29.07? 42.115 —37 ,058 —20.010
—7.239 —29.2?? 62.505 —~?.266 —25 .050
—7.239 —29.395 125.036 —115,305 —40.470
—7 .095 —24.65 8 5.160 —.428 —5 .142
—7.005 —25 .328 5.757 —.948 —5.678
—7 ,095 —25.945 6.327 — 1.555 —6.133
—7.093 —26.427 7.060 —2.301 —6 ,696
—7.095 —26.839 8.016 —3 .223 — 7. 339
—7.095 —27.205 9.179 —4.372 —6.071
—7 .095 —27 .536 10.657 —5 .833 —8 .913

• —7.095 —27.637 12.313 —7.7?? —9.922
—7.095 —28.122 15.065 —10.276 —11.092
—7.095 —23 .366 18.506 —13.626 —12.525
—7.095 —26.636 23.314 —16.410 —14.305
—7.093 —21.874 30.353 —25.425 —16.579
—7.095 —29.102 41.256 —36.302 —19.601
—7.005 —29.309 60.736 —55.647 —24.34 1
—7.095 —29.426 117.675 —111.510 —38,152

*

Table 8-2. Continued
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BM0 09UD l#Fl lIllIlI IlllIlllI ll/Ill I!III IIIFIIII IIII IIIIIII FIIIIII !IlIlIl IFlII I

RU NT VERS IC ’P4 FE B 74 B 13’04 04109176

PROGRAM FRKMOOP(INPUT,UUTP&JT,PUNCH,TAPE5 .!NPUT,TAPE6.CUTPUT)
C
C PROGRAM BR KMO OR COM PUTES THE FORCES AN D SPRIN G CONSTANTS THAT A PAIR
C ~F MOORI N G CABLES IMPART ØN A FLOATING B REA KW A T F R SECTION
C

C IN DUT
C FI R~ T CAPO— TITL E — 80 A L PN A NUPE R IC C HA RA CT ER S
C B R EAK WATER GEOMET RY——
C NL ’MMER OF TEST CONDITIONS
C TEST CONDITIONS—ONE CARD FOR EACH SET
C TIDE CARD—N U MBER OF TIDE CONDITIONS LW !) THE COND iTIONS
C FOR FIRST CAB LE—NUMBER OF SEG MENTS ANC HO R OF°T54 A N D 9C~TT0M SLOPE
C FO R EACH OF ABOVE CABLE SEGMENTS ——CARD WITH SEGMENT PROPERTI E S
C REPE AT ——NUMBER OF SEGMENTS A N D THEIR PRO PERT IES FOR SICOND CABLE
c~ s•os•*0000000000essessse00000$$*ss**es**se***00000$0000$s4$100$*.*osssC

3 CO I4MON/OP.EINSEG (2) ,NSECT (2,5) ,WSECT (2 . 5), MATL (2,5),01A812 ,5),
2 ALSECT (2 ,5)

3 COMMONlTbiOlWY(2 ,3),EX (2 ,3 ,2O) ,FX(2 ,’,~ 0).FY (2,3,2O),TEN5 (?,3,2O ,,2 F EX T ( Q ) ,S EP (  9 ) .T EN S 1( 9 ) ,T E NS2 ( 9 ) , NAN GL E, NCOND, TIT & E ( 8 )
3 C~ M MDNlFC’URlYCG ,XCAB( 2),YCAB (2 ),TTflE (’),ITIDF
3 DI MENSION W PF(2,5) ,ALSEGI2 .5), !‘5FDTS4(2) ,BSLOPE (Z) ,ALt OM( 2)
3 PI’3.1415926535

C000READ A TITLE CARD —— 60 CHARACTERS M A X
5 READ 3.T ITL E

12 3 FORM *T (8A10)
12 PRINT 16,TITLE
20 16 FOR?IATt1S41,5X,AA1O///)

C ’**REA O A ND ECHO THE BR EA KW A TER GEOMETR Y
20 2 READ 5 ,YCG ,XCAB (1) .YCAB (1) ,XCAB (2),YCAB (2)

C YC G.Y COORD INATE OF CO RELATIVE TO WATER SUR FACE
“2 ~ FORMAT (5F10.O)
42 OUTPU T .YCG ,XCAB SI ) ,YCAB(1), XCAB (2),YCAI(2 )

C XCAB(I ) .X COORD OF CAB LE I ATTACH M ENT RE LA T IVE TO CO
C YCAB(Zt .Y COORD OF CAB LE I ATT A CHM ENT RE LA T IVE TO WA TER SURFACE
C NOTE——CABLE NUMBE R 1 13 THE CABLE WIT H ITS ANCHOR IN THE +X DIRECTION
C’~ *7N PUT THE NUMBER OF DESIRED CONDITION CARDS M A X NUMBFR .9

72 R EAD 10,NCON D
100 10 FORMA T ( I 2)

C”*RFAD AND ECHO DESIRED CONDITIONS
100 00 17 ICOND .1,NCO P4O
102 READ 15,FEXT(ICOND), SEPI !CCND) .TE WSI (TCOND ) .TENS2( ECOND )
121 15 FORNAT (4 F10 .O)
121 17 OUTPUT. FEXT(ICOND ),SEP (ICOND),TEN S1 (TC (1N (s),TENS2 (ICO$O )

C FEX TU EXTER NA LL Y APPL IED FORCE (HORIZONTAL DIRECTIO N ) LB .
C SEP ‘ANCHOR SE PERAT ION IN THE N DIRECTIO N ~~~..r C TE NSI .TEN$ION IN CABLE 1 LB .-& C TENS2 .TINSION IN CABLE 2 LB.
C INP ’JT SEP . OR TENS 1 OR TFN S2 CR BOTH TFNS 1 AND TENSZ
CS’*PFAD AND EC HO TIDE CONDITIONS

• C NT IDE .NUMBEP OF TIDE CONDIT IONS MAX ’S
C TTOE •TIt)E POSITION RELATIVE TC NOMINAL DEPTH MEAS UREMENTS FT.

151 READ 20, NTIDE,(TIOE (I),I .3 ,NTIDE)
166 20 FORMAT (T1.9X,SF1O .O)

+ 

Table B-3. Listing of program BRKMOOR .
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PUNT VERSZ C H FE B 74 B 13104 04/09/76

168 OUTPUT.NT!DE.T IOE
C LO OP TI4ROUGP4 THE TWO CABLES

201 00 65 1—1 ,2
C *OO ZNPUT THE CA8L F PROPERTI E S AN D BOTT OM DEPT H AN D SLOPE

203 READ 22 ,W SEG (I1 ,DEPTH (T).RSLDPF II)
217 22 FORN *T ’sI2 ,8X ,2F10.0)

C HUG . Nu MBER OF CABLE SEGMENTS OR NA TF~ 1AL S
C DE PTH. DEPTH OF THE WA TER A T THE ANC HOR FT.
C BSLOPE . SLOPE OF THE BOTTOM (FT R ISEIFY )

217 PRINT 25
223 25 FORNA TS /// 5N ,$I NUMBER SECTIONS SEG M ENT LENGTH NT PER FDOT*

2 4X * MATERIAL 0IA P~ETER*/P
223 NS .N5FG (I)
226 00 30 J•l,’lS

CØ ** FOR EACH CA B LE SEGMENT INPUT +

C W ’ICTII). N~’M 8ER OF SECTIONS INTO W HICH CABLE SEGMENT 1 15 DIVIDED
C AL SEGII )=LEP .GTH OF CABLE SE GMENT 1 FT.
C W PFU). W F ZGN T PER FOOT IN WATER OF CABl E  SE GMENT J LB /F T
C N A TL I*TEPIAL OF CABLE SEGMEN T FTTI4EP NYLON CR CN AI N
C MUS T BE L IFT .IUSTIFIED IN CA TA F ItL O
C OIA M.D!AMFT FR OF ROPE OR CHA IN LINK INCHE S

230 READ 40.P .SECT (IiJ) ,ALSEG(I ,J) ,WPF (T ,J) , M AT L(I ,J ) ,DIAM (I ,J )
264 40 FORI’AT (IS ,SX, 2F10.O,AIO.F10,O)
264 30 PR INT 50 ,J ,NSECTU ,Jh ,ALSfG (I ,J ) ,WPF(T,J ) , TM A TL ( I, J),D IA M(I, J )
326 I0 FORM AT (X,15 ,BX ,I5,6X,F1O ,2,4X ,F1O .2,RX ,A1O , SX,F6.3)

C000FT NO THE N OM INAL LENGTH OF THE CABLE, LENGTH AN D WE IGHT OF SECTI ONS
326 ALWOM(11 .0.
331 00 60 J.1,NS
332 AL NOM (LI .A LMOM(Z) +AL SFGi I,.))
343 ALcFCT (T ,J) .AL SEG ( I ,J)IN%ECTII ,l)
357 (0 WSECT (I.J) .W PFU ,J)$ALSECT (I,J)
37’ ~5 CONTINUE
377 8 ’ LOPE (Z ) ’—BS L O PE( 2 )

C**’LODP THROUGH THE TIDE PrJSITICN S
403 00 400 ITIDF .1 ,NTIDE

C**•LOOP THROUGH THE CAB LES
405 00 150 1.1,2
606 PRINT 70
411 70 FORHAT (1541 ,SX SND TE——1P4 THE FOLLOWIN G TAB L E S N ANC ’ Y APE MEA SURED

2PELA7I VF TO THE CA B L E A TT * C HM ENT $// )
C DaY DIRECTION SEPERATI ON B~ TWE EN ANC HOR LN fl A TTA CHM EN T

411 D—DER TH (1)+ITDE( ITIDE) +YCA PCI)
C•~ SCOM PUTE INITIAL ANGLES TO BE USED
C NANG L E.NUM BE R OF ANGLES USED MAX .20

4 1  NANGLE.15
423 PMIMTM .A SIN I D /A LWOM ( I))
431 DELPHI.(P1I2. — PHI MT N) IFLOAI (W A MG L! , 1)
443 PI4 IONF—— PI#2 .

CISOCON PUTE A FIRST GUESS FOR THE INITIAL TEN SION FOR STEEPEST ANGLE
444 ALSUP’O.
445 TZERO’O . -~
446 DAE .D .l&LNOM(I l—O )*BSLOPE( I)
456 NS .N !EGEII
461 DO 40 J—I,NS
463 NSS .N$ ECT( I ,J )
470 00 90 K.1,N3!

Table B-3. Continued
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RUNT VEPSI (N FEB 74 B 13*04 04l0~~l 76

471 ALSUM .ALSUM+ALSECTII ,J)
477 TF (ALSU M .GT . OAF ) GO TO 9~
502 co TZERO.T?F RO,WSECT (I,J)
515 45 CONTINUE

C CrMPUTE THE NOM INAL AND PERTURBED DEPTHS
515 DRFF.D
517 DELDuDRF FI100.
521 DPLUS—DRFF +DFLO
522 OMI’4U5.OPFF—OELO

C’**LOOP THROUGH THE INITIAL ANGLES
524 00 100 K.1,NANGLF
525 PRINT 97,I,K,NANGLE,TIDE(ITIDI )
541 ~7 FORMAT (/X*CABLE NUMeER •Ile INITIAL ANGLE MD. *12. CF sil

2 • TIDE • *F5.2/)
541 PHI0NE.PHtQP~E+DELPHI

C~
$
~ LOOP THROUGH THE NOMINAL DEP)~4 AND PERTURBED DEPTHS

543 00 100 J.1.3
545 IPRINT.0

C’***~ *~ *T(’ SKIP THE PRINTING ~F EACH CAT INA PY — INSERT A GO TO 1111
546 IF(J .E0. 1) IPRINT 1
551 1311 IF (J •E0. 1) 0— DREF
55~ IF(J .EQ. 2) D.DPLUS
561 IF(J .EQ, 3) D.D$INUS
565 WY (j,J)•YCAB (I)—D
575 OJJTPU1,J,K,O,YCAB ( I),WY ( I,J),PHIONF
627 CALL LTNF2 (1,PHIOPIE,TZERO,F,PSLCpc IT),V,Y,FORCEX,FORCEY ,1PRIPT )
642 EX (I,J,K) XCAB(1 )—X*t— 1)**I
660 FX (I,J.K)—FORCEX* (— (—1 )**I)
674 FY (I,J.K).FCRCEY
703 TENS (I,J,K).TZERO

C WY(I,J).Y COORD OF THE ANCHOR TO NO. 1 CAB LE——WATER SURFACE-ORIGIN
C EY (I,J,K).X COCRO OF ANCHOR RELATIVE IC C~ 0~ BPtAK WAT ER
C TE NS-TENSION AT ATTACHMENT
C FY- FORC E AT ATTACH MENT IN K DI RECT I ON
C FV .FORCF AT AT TACHMENT IN Y DIRECTIC~NT12 100 CONTINUE
C END OF CABLE LOOP

716 150 CONTINUE
720 PRINT 102
724 102 FORMAT( 1N1,5X* IN THE FOLLONING TA BLES — K REL. TO CG, I REt.. TO WA

2TER SURFACE$~~I)724 00 1~0 1.1,2
726 PRINT 103,TITLI
733 103 FORMAT I 5x ,e4io
733 PRINT 105.I,TIDE(ITIDF)
744 105 FOPMAT (1115X*MOOR ING LINE NUMBER . *11,4 TTDE.$F6.311

2 1OX,*YØI4X,1HX,BX,*TOP TENSI0N*7X*F0PCFY*7X*FGRCE~ *I)744 00 120 J’1,3
746 00 120 K.1,NANGLE
747 PRINT 1j0,WY(I,J), EXt I,J,K),TENS(T,J,K),FX(T,J,K),FY ( I,J.K)

1013 110 FURMATISX,5 (F11.3,4X ))
1013 120 CONTINUE
1020 PRINT 125
1023 125 FORMAT (1P41)
1023 160 CONTINUE
1025 CALL EOUL IB
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C FND OF TIOt LCOP
1026 400 CONTINUE
1031 STOP
1033 END

Table B-3 Continued )
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‘4
SUBROUTINE LINE2 (K,PHIQNE,TZEPO,OEPTN,BSLOPE,X,Y,FORCEX,FORCEY,[P)

15 COMMPNIONEINSEG (2),NSECT(2.5).WSECT(2,9), PATL (2,9),DIAMIZ,5),
2 ALSECT(2,5)

CS*THF INPUT TO SIJBROUTINE LINE
C PHIONF.INITIAL ANGLE OF CABLE
C TZER Q.INITIAL GUESS OF TENSION AT TOP OF CABLE
C**SUBROUTINE LINE COMPUTES
C TZFRO. TENSION AT CABLE TOP
C FOPCEXeFOPCE IN V DIRECTION AT CABLE TOP
C FORCEY .FORCE IN V DIRECTION AT CABLE TOP
C X’HORIZONTAL SEPERATION BFTWEEN TOP AND BOTTOM OF CABLE
C Y.VFRTICAL SEPERATION BETWEEN TOP AND BOTTOM OF CABLE
C**•GO DOWN THE CABLE SECTION IV SECTION COMP(PTF TENSIONiANGLI,
C EXTENDED LENGT H,X AND V COORDINATES

15 P1.3.14159
16 WTTEI.O
17 MNITFR 2S
21 NOTE.0
2? T.TZERO
23 192 NITER.NITE*+1
25 IF(IP •EO. 0) GO TO 153
27 IFINOTE •E0. 0) GO TO 153
31 PRINT 155
35 155 FOPNAT(II3X~~I j  K V TENSION LIECTS

2 6X,*LEXT PHI—DEGREES FC’RCEV FCPCFX*I)
35 253 V.0.
3? V.0.
43 PHIUPHIOPIE
44 NS3.NsEG~K)47 151 DO 200 Is1,NSS
51 NS.NSECT(K,I)
56 DO 200 J.1,NS
97 PNTO.PHI~ 1l0.1PI
61 IF (NATL (K,I) .EQ. SHNVLON )GO TO 165
67 IF(NATL (K,I) .10, SHCHAIN )GO TO 160
75 160 CALL CHAIW (DIAM(K,I),T,S?PAIN)
109 GO TO 170
111 165 CALL NVLON (CIAM (K,I),T,STPAIN)
121 170 ALEXT .At SECT(k,I)*11.,STRAIN)
134 V .X+ALEXT*CO$IPHI)
145 Y•V,ALEXT*SIN (PHI)
192 TCOS.TSCOS(PNI)
156 TSIN’T*SIN~PNI )
162 IPIIP .1G. 0) 60 TO 115
170 IFINCTE .EQ. 0) GO TO lBS
172 PRINT 1e0,I,J,X,V,T,ALSECT(k,I),ALFXT.PHTO,T!IN,TCOS
231 110 FOIMAT (7,215,BFLO.3)
231 115 IFII .10. NSS .ANO . J .E0. NS) GO TO 200
247 SLOPE.(TSTN+WSECT (K, I) )ITCOS
25? IF(SLOPE .GE. ISLOPE) SLOPE—ISLOPE
262 PNI .ATANISLOPE )
266 T-TCOSICO$IPHI )
271 200 CONTINUE
302 FCRCEX .TZEROØCOS (PHIONE)
311 FOPCEY.TZERC$SIN (PHIONE )

Table B-3. Continued
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320 OUTPUT.NITER,Y,X,TZERO
C•*STH E SECONO GUESS OF INITIAL TENSION IS COMPUTED

350 IrINITER .GT. 1) GO TO 220
353 TZOLD .TZERO
356 TZERO-TZERO*ABS (DEPTHIY)
365 YOI.D.Y
367 T-TZERO
370 60 TO 192

C”•THE SURSEQUENI INITIAL TENSIONS AR E COM~ UTEO USING IECANT ITERAT IC
370 220 ‘ELER .ABS(l. +Y IOEPT H)
402 IF(P4OTE •E0. 1) GO TO 303
405 IFINITER .61. MP4ITER .OR. RELER .L~~. .0001 ) MOTE 1
424 DEROLD•DEPTI4+YOLD
626 DEIR.DEPtH,~
430 T— TZOLD—DFROLOS(TZIRO—T ZOLC ) II OlP’—D~ROLD)
437 IFIT •LE. 0.) T’TZERO/2.
443 YOLD.Y
445 TZOLC.TZFRO
446 T?ERO.T
447 ~‘3 TO 152
447 300 RETURN
450 END

~NT VEPSICM FEM 74 B 13104 04/C0I76

SUBROUTINE CHA IN( D,T .ST RAf l~
)

6 P1—3.14159
7 E—30.E6

11 A R EA.O~ O*P II2.
C C.FLONGAT ION EACT OR —— Ca6 FCR OVAL CHAIN

14 C.6.
15 STRAIN.C~ TIIAPEA $F)
21 RFTURN
22 END

UNT VERSICN FF1 74 B 13104 04109176

SUBROUTINE NYLON(D,T ,STRAI H)
6 XsTI(DeD)

10 A• .02052
12 Bu .223?
13 STIAIN.*~ X**I
20 RETUR N
21 END

Table B-3. Continued
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SUBROUTINE (Quill
2 COMMcYNITWOIbV(Z,3),EX(2,3,20),FX42,3,20).FVI2,3,Z0),TEN5(2,3,20),

2 FEXT (9),SEP ( 9),TENS1 (9),TENS2 (9),PIANGLEpNcOND,TITLE(8)
2 COMP’ON#THREEIX (2),F (2)
2 OIMENSION SEPDIFI3).FO (3)

C*000EQULIB FINDS THE BREAKWATER EOUILIBRIL’M PO~ I11ON
COeOLOO P THIOUOT THE TEST CONDITIONS

2 DO 100 IC.1,NCOND
4 TF~ SEP (IC) •NE . 0.) GO TO 207 IFITENS 1IIC) .HE.0.)GO TO 30
13 IF(TENSZCICI .NE.O.?GC TO 12
17 PRINT 155
23 195 FORMATI IIX *N O INITIAL CONDITIONS S’ECIFIEP~~)23 60 TO lCO

Ce**FOR THE CASES WHERE INITIAL TENSION IS GIVEN THE FOLLOhIkG IS USED
24 10 T—VENS1UC )
2? 1.1
31 J.2
32 60 T0 14
33 12 T-TENSZ (IC)
36 1.2
40 I-i
41 14 OUTPUT,T,NA$GLE,T
57 IF(T .GE. TENS(I,i,1)) 60 10 18
70 PRINT 16
74 60 TO 100
75 18 IF(T .GE , TENS (t,l,NANGLE)) PRINT 17

111 16 ~ORMAT (l l5X~ GIV EN TENSION CLOSE TO 00 LESS THAN WEIGHT O~ VERTICAL
2 MOORING LINE*I5$*NO FUR THER EVALUATI ON ATTEMPTED •lfl

111 ]7 FORMATtII5X*GIVEN TENSION TOO GREAT FOR EVALUATION ~ ITI40UT*
2 *FXTRA POLATZON*/ST *USE RESUL TS WITH CAVTI0~4~ // )

ill CALL LTERPS (I.1,NAHGLE,TEPIS,EX,T.XlI),DUMMV)
123 OUTPUT,X (I),T
13? CALL LTEPPS cI,l,NANGLE,TEPI$.cx,T,FU),DUMMY
151 (IUTPVT ,F(I)
162 IF(I .10. 1 .ANO. TENSZIIC ) .NE. 01 10 TO 12
17? IF(TENS1 (IC) .NE . 0 .*Nfl, TE NS2( IC) .NE. 0) GO TO 40
214 F(J)——F (I)—FEXT (IC I
224 OUTPUT,F(J)
234 CALL LTERPS (J,1,14ANGLE,FX,EX,FlJ),X(J),DUMMY)
290 OUTPUT,X(J)

C NOTE— E(I).X DIRECTION FORCE ON CABLE I , K(I).X CO3~ C OF ANCHOR
261 60 T0 40

C***FOR THE CASE W4ERE ANCHOR SEPERATION IS GIVEN
C MAKE A FIRST AND SECOND GUESS AT FORCE

262 20 TA’(NANGLE,lUZ
270 EPS’~ EP (IC)* .0001274 DO 30 11.1,2
275 E(1)’EX(I,1, fA~
309 F(1I’FX(l,j,IA)
315 OUYPUT,F f1 ),IZ,FEXTI.IC),SEP(IC),1A
344 P0(11)—PU)
351 FI2)——F (3)—FEXT (IC)
361 OUTPUT,F(2)
371 CALL LTEPPS 12,1.NANGLE,FX,(X,F(2).X(2),DUMMY)

Table B-3. Continued
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405 ASEP.X(i)—X(2)
413 SEPDIF (II)—SEP (IC)—ASFP
421 0ljTPUT,II,IA,X~1),X~ 2),F(I),Fl2),’EP(IC),ASEP,SEPDIF(I1)466 IF(A BS(SEPD IF( I I ) )  •GT. EP!) GO TO 24
476 GO TO 40
4?? 24 IF(SFPDIF (II) •Gf. 0.) GO TO 26
503 IA-i
505 GO TO 30
505 26 IA .NANGL (
507 30 CONTINUE

COSIUSE SECANT INTERPOLATION FOR THE SUB~ E0UFNT FORCE TRIALS
511 MN-20
513 00 34 k.1,MN
514 FO(3).F0(1)—SFPDIFI1)S(FO(2)—FO (1))l(SFPOTF(2) SEPDIF(i))
540 IF(FO(3) .LE. 0.) FO(3).FO(2)I2.
952 F(1)eFO (3)
557 F( 2 ) .—F ( 1)— FEX T ( IC )
567 DO 32 1.1,2
570 32 CALL LTERPS (I,1,PIANGLF,FX,EX,F(1),X(I),DUMMV)
605 A S E P s X ( 1 ) — X ( 2 )
613 SEPOIFI3)•SEP(IC)—ASEP
621 OUTPUT,K,X(I ),X(2),F~1),F(2),ASEP,SEPDIF(3)
657 IF (ABS (SIPDIF (3)) .LE. EPS) GO TO SF
667 IF(K ,EQ. MN) GO TO 36
672 FO ( 1)— FO ( 2 )
677 FO (2)—FOI3)
704 SEPDIF( 1) .SEPDIF(2)
711 SEPDIF (2).SEPDIF(3)
716 34 CONTINUE
720 36 PRINT 37
724 3? FORMA TI/SKOMAX NUMBER OF ITERATIONS PFACNFD*l)
724 38 00 39 Ia1.2
726 IF(ABS (F(I)) .GT. ABS (FX (3,l,NANGLE))) PRINT 42
750 39 IF (ABS (F (I)) .LT. ABS (FK(I,i,1))) PRINT 43
775 42 FORMAT (l15X*A$CHOR SIPEPATION TOO GREAT FOR EVALUATION WITHOUT EXT

2RAPOL ATING——USE RESULTS WITH CAUTIONS/I)
775 43 FORMAT (/I5XSANCHOR SEPERATION TOO LITTLE FOP EVALUATION WITHOUT IX

2T PAPOLATION——USE RESULTS WITH CAUTION’II)
779 40 CALL SPPING (IC )
777 100 CONTINUE
1002 RETURN
1002 END
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SUBROUTINE SPR ING ( IC)
6 COMMUNITWOIWY (2,3),EX (2,3,20),FK (2,3,20),FV (2.3,20),TENS(2,3,20),

2 FEXT (9) ,SE P(9 1,TENS 1(9) ,TE NS2(9) ,NAN G LE,NCON D, T ITL E(8 )
6 CO$NON/T$PEE/X(2),F(2)
6 COMNON,FDUR/VC G,XCAB (2),YCAB (2),TTIIF(3),!TIDF
6 DIMENSIOh DFXOX (2) .DFYDX (2),DFXOY (2),OFYDV(2).D(3),FXX (2,3),

2 FYXtZ,31 ,FV (2). OTOX (2),DTOY (2),DTOR (2),Tt2,3)
6 REAL KM1I,KM1Z,KM13,K$21,KP22,KN23,KP3],KM32,KM33

C’SS*SUBROUTINE SPRI NG COMPUTES THE BREAKWATER SPRING CONSTANTS
C005COMPUTE THE SPRING CONSTANTS FOR EACH CABLE
C HORIZONTAL FORCE AT EQUILIBRIUM-PU ) FOR CABLE I
C VERT FORCE AT EQUILIBRIUM’FV (I) FOR CABLE I

6 00 14 1.1,2
7 00 12 J—1,3
10 CALL LTERPS (I,J,NANGLE,EX,FV,X (I),FXX(I,J),DF)
27 IF (J .EO. 1) DFXDK (I)’—DF
35 CALL LTEPPS (I,J,NANGLE,EX,TENS,X (I),T(I,J),OT)
54 IF (J sEQ . 1) DTOX (I).—DT
62 12 CALL LTERPS II,J,NANGLE,EX,FY,X (I),FYX(liJ),O(J))
107 0TDV (I)— (T(I,3)—T(I,2))I(WV(I,2~—WYU,3))133 OFYOX ( IJ .—O ( 1P
140 FV(I).FYX(I,1)
147 DFYDV (I) (FYXII,2~ —FYX (I,3))/(WY(t.2)—WV (I,3))S(—1 .)174 DFKD V (I)— (FXX (I.2)—FXX (I,3))I (WY (T,2)— WY (I,3 U* (—1 .)
221 14 CONTINUE
223 PRINT 16,TITLI
230 it FOPMAT (1H1,BA1O)
230 PRINT 15,TIDE (ITIOE),FEXT ( IC),SfP (TC),tEN~ l(IC),TEN52(IC)
261 35 FOPMAT(///X*FOR THE CONDITIONS —*1

1 SXS T I D E - SF5 .2 /
2 SKOEXTERNALL Y APPLIED HOPIZONTAI. FORCE, FEXT— *F1G.30L1.S/
3 SX*MORIZOM TAL ANCHOR SEPERATION , SF’. •F1O.3*FEET*/
4 SX*NOMINAL TENSION IN CABLE 1 ‘sF10.35 LB.*I
S 5XSNOMZNAL TENSION IN CABLE 2 •‘F10.3* LB.*II)

261 PRINT 18
265 18 FORMAT (ISXSCABL ( NO. Fx.1OxSEy*1jX,1HX,iiX$YS9X*DFXDXI7X,

2 •0FX DYS7X e DF V DX *7X * DFVDYS ,9X. *TEN~ tONS/I )
265 00 20 I 1,2
270 20 PRINT 25, I,F( I),FV (II.X(I),WY(I,1),DFXDX(I),DFYDX (I),OFXDY (I).

2 DFYDY(I),T(I.1)
337 25 FOR MAT (qX,I1,4(2X,E10,9),5(X,111.3))

CSeSNOW CALCULATE FORCES AND SP’ING CONSTANTS ~OR THE BREAKWATER
C S.SWAV MOTION •X DIRECTION FECT
C H-HEAVE MOTION •Y LIRECTION
C R.ROLL MOTION COUNTERCLOCKWISE •AO!*N~
C PS.FORCES CAUSING SWAY DUE TO THE MO~1PING LINES
C FH.FORCES CAUSING HEAVE DUE TO MOORING LINES
C EMR’MOMENTS CAUSING POL L ‘~U€ TO MOORI NC LINES
C CHA NGE YCAB TO BE 01ST TO CO IN V 0!StCTION

337 VCAB (1)VCAB (1)—YCG
345 VCAB (2)’YCAB (2)—YCG
352 P5-F (1 )+F(2)
360 FN.PV(1),FV(2)
365 FNR FV (1)SXCAB (1),FV (2)SKCAB;2)—F(3)SYCARt1)—F (2)SYCAB (2)

C~ $SCA LCULAT E CHANGE IN TENSIONS WITH BREA KWA TER MOTIONS
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413 00 26 1.1,2
414 26 D T D R ( I ) . C T DY ( I ) SX CA B ( I )— O T D X I I ) S Y CA S t I )
432 PRINT 27
435 27 FORMATUISK*CABLE NO. DTDX’8XSOTDV*IXSDTDRS//)
435 00 2P 1.1,2
440 28 PRINT 29,Z,OTDX(Z),DTOY (I),DTDRU)
461 29 FORM*T (QX,Ij,3(X111,4)J

C SPR ING CONSTANTS SWAY DIRECTION
461 KM11.(OFXOK (1).OFXOX (2) )*(—i.)
471 KM12.(DFYDX (1)4OEVOX (ZU*(—1 .)
500 KM13.(DFYDX (1)SXCAB (1)+OFYDX(2)SVCAR(2)—UFXV)XI1)SYCAB (1)—OFXDX(2)S

2 YCAB (2))*(—1.)
C SPRING CONSTANTS HEAVE

530 KMZI .tD FXDYI1)s DFXDY(2) )S(— 1.)
937 KM22 .( DFYOY ~ 1) .DFYDY (2) )*(~~i)
546 KM?3.(DFYDVI1)*XCAB ( 1)+DFVDY (2)SXCIS (2)

2 —OF XDY (1)*YCAB (1)—DFXDYt2)*YCABI2))4(—1.)
C SPRING CONSTANTS POLL DIRECTION

576 KN31- ( DFXDY t1 )S XC AB ( 1) +O FXOYI 2 ) *X CAP (2 )— D FXD X ( 1  )S YC A B4 1)
2 —O FVDX (2 ) *Y CAB (2 H* (— 1.)

626 KN37.(DFVOV (1)SXCAB(1),DFVCYIZ)SXCAP (2)
2 —DFVOXII)SYCAB(1)—DFYOX(2)*YCAB(2H*(—1.)

696 KN33.(KCAP (1 )S~ 2*OPYDYl1 )+XCAB (2)*~ 2*DFYDY (2)
! •YCAB (1)552*DFXOK (1)+VCAB (2)552*DFXDX(2)
3 —X CAB ( 1)SYCA S ( 1) * ( DFYDX ( 1) o D PX OY ( 1) )
4 — X C A B (2 ) *Y C A B (V * ( D FY DX I 2 ) + D F X D Y ( 2 ) ) ) St — i . )

796 PRINT 30,FS,FH,EMR
76? 30 FORMA T (// /S X * FORCES AND MOMENTS ON BREAKWATER AT E Q UL Z S R I U N  DUE *

2 •TO MOORING L!NES*/IOX*FS— *F12.4/1OXSFI4. •E12.4/1OXSNR- *F12.4)
767 PRINT 32,KM11.KN12,KM13

1001 32 FORMAT (/ISXSSPRING CONSTANTS SWAY OIRECTION$11QX*KNI1 • *612.5/
2 10X5KM12 - *E12.5/10X5XM13 -*612.5)

1001 PRINT 34,KPIZ1,KP(22,KM23
1013 34 FORMAT (/SX’SPRING CONSTANTS HEAVE OIRECTION*/10X*KNZ1 - *E12.51

2 1OXSKMI2 • •E12.5/1OX*KN23 •*E1~ .5)1013 PRINT 36,KM31,XM32,KM33
1025 36 FORNA T (/SX SSP RINO CONSTANTS ROLL DT RECTTON */ I OX * KM3 1 - *112,5/

2 IOX*kM32 - *112.3/IOK*KN93 ‘*112.5/I)
1.325 PRINT 3$
1031 lB FORHATI1NI)
1031 RETURN
1032 END

k
Table B-3. Continued
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RUNT VE RSICH FF1 74 B 13*04 04/09/76

!UPRUUTINF LTEPPS (I,J,N,X,Y,XX,VY,CY~ Y)
13 DIMENSION X12,3,20),Y(2,3,20)
13 NP1O.P4—i
15 00 10 K’l,NMO
16
20 TF (XX .EQ. X(1,J,L)) GO TO 30
27 IP(ABS (XV) siT. ABS (X(I,J,L))) GO TO 20
55 10 CONTINUE
60 70 DYDX (Y(I,J,L).Y (I,J,K))/(V(I1J,LF~~(T,J~ K))
111 YY Y (I,J,K),(XX X ( I,J.K )) *rYDx
131 RETURN
132 30 IF(L .E0. N) GO TO ZO
134 M.L.1
136 tVOX .(Y (I,J,M)~~Y (I,J,K))/(X(I,J,M) X(I,J,K))
167 YY Y (1,J,L)
176 RETU RN
176 END

Table B-3. Continued
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APPENDIX C

LINEAR HYDRODYNA!11C 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:

V24.(x,y,t) = 0 for y < 0. (C-l)

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

Ott(x0 ,t) + goy = 0 for ‘ = 0. (C-2)

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

V0(x,y,t) . = V.(s) it(s). (C-3)
Co 

‘

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

~~~ 
O>.(x~~~t) = 0. (C-4)

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

Because theproblem 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:

(C-5)

Here,

potential representing pure sway motion in calm water,

potential representing pure heave motion in calm water,

$3 = potential representing pure roll motion in calm water,

$04
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$
4 = potential repr.senting the waves diffracted by a fixed

body,

= incident wave potential.

Another velocity potential may be defined :

= potential for total fixed-body problem,

so that

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

V2$~(x,y,t) = 0 for y < 0,

~ 
(x,0,t) + = 0 for y = 0,

tt y

y ’*.~_~, $1 (x ,y, t) = 0, (C-6)

and
+ + +n = V 1(s) . n(s) for i = 1, 2 ,3

C
0

or

= 0 for i = 4 ,6.
C
0

These boundary value problems are solved directly using the Frank method
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
di stributed on the body . j

Once the velocity potential is found the pressure may be found from
Bernoulli’s equation:

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

The force on the body surface is:

F = J P(s) ~(s) ds , (C-.8)
Co

and the moment is:

$05



M = P(s)~~x~] ds. (C-9)

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.

~p~cial Symbols for Appendix C.

it(s) = unit interior norma l vector to the body sur face

s = indicates arc làigth along body contour

C0 
= body contour

P(s) = pressure on body sur face

V(s) = velocity of body sur face

= total velocity potential

Joe
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APPENDIX D

FLOATING BREAKWAT ER 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, POTOt.Tr, 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 physical 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. lype of Computer and Peripherals.

BRK2D was written for use on the CDC 6400 computer. It uses about
550008 words of memory. No peripheraJs 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-l for the example and
are not included here. Following these cards, the input for BRK2D is:

Card #1 - Title card, Format (8A10).
80 alphanumeric characters.

Card #2~ - Logical contro l 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 .

ISKIP = 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 repr esent spaces be-
tween multiple hull configurations (1 to 5).

JC = Desi gnates the segment number for segments repre-
senting spaces between multiple hulls.

Card #3 - Parameter card, Format (5FlO.3 ,3AlO).
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 (lOF8.5).
BOL = Beam/wavelength ratios for computation (up to 10

different ratios may be used).
Card #5 - Offset cards, Format (2FlO.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) =
RKHYD (1,2) = KH12.
RKHYD ( 1,3)
RKHYD (2,1) =
RKHYD (2 ,2) =

RKHY D (2,3) = ‘0~23.RKHYD (3 ,1) = ‘0131.
RKHYD (3,2) = 10-132.
RKHYD (3,3) = KH33.

Card #7 - Physical properties , Format (6FlO.3 ,3F5.2 , 15) .
This is read in subroutine DYNAMC .
ARE A 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.

$08
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DAMP( 1) = Added damping in sway. In the equations of
motion sway damping will be 1+DAMP(l) times the
computed hydrodynamic damping .

DAM P(2) = Added damping in heave.
DAMP(3) = Added damping in roll.

~PUNCH = 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.
RKI4JR(l,l) = KM11.
RKMO R(l ,2) =

RKt4J R( l,3) = KM 13.
RKMO R(2 ,l) =

RKMOR(2,2) = KM22.
RKM OR(2 ,3) = KM23.
RKMOR( 3,l) = KM31.
R KMOR( 3,2) = KM32.
R KMOR( 3,3) = KM33.

Card #9 - Mooring-line response parameters, Format (6F10.2).
This card is read in subroutine MORTEN.
DELT(l,l) = ~F/Aa 1 for shoreward mooring line. This is

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

DELT(l,2) = ~F/~a2 for shoreware mooring line.
DELT(l,3) = t~F/ 1~c~3 for seaward mooring line .
DELT(2,l) = ~F/Acz1 for seaward mooring line
DELT(2,2) = ~F/~a2 for seaward mooring line .
DELT(2,3) = AF/~a3 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-l, 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
configurations concidered 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 thart.

A flow chart is given in a figure of this appendix.
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Mull/ON ~~12b0M
MU13I(QMSB) M021/OP
MUZ2IQ M
MU31/(ON6B~ NU3 2 / (OM * B)
MU33/ (01 6 B 66 )
LA MBOAI L/OD LAq BoAIz ,O D
LAMSOAII I (o 0’e ) L4N6062 1/OD
L A I ~sDA22/o0 LAMBDA 23 ~~(00* B)
LAP BDA3 I /( 006 8 ) LA 1BOA 32~~(00S R~LAMBDA 3 3# I0 00 B*B)

FY /OF
Mj l (  ~ F * B)

GEM 6! S W A Y / S W A Y  GEPI 3! H EAVE/HEAVE
G E M  BY B0LLIROLU8AD~ *e R~ FL ECT FO BY FXD 3~~y / c 3~
INCi DE NT /E TA R EF LECTED + I Pd C EDE W?/ ETA
T RAN S BY FA D BO Y / E T A

EEBM/ ~ AV êLENGT P4 DIMEM SIOMA L FRE0U~~ICV — ‘47
£0010 MASS ON • A P EA* PO E DANPI MG 00 • £ R EAAR 1E*W
W AV E FOld S •AREA * ROE * FT A $ W2PHASE MEL TO ETA AT 1.0 —
PHA SE M EL TO BODY MOTION — O E G W A V (  FIELD — AMP~~ T~1DC IATT ’?S
PO SiT IO N — K/WAVEL E NGT H DIME ’4S13N AL POSITIV1 N — I
Sw AY AM P LITUD E/ ETA HEAVE A MPLITUDE/ETA
ROL L £ M P L I T U O E I R A D ) R R / E T A
GEM SY MESULT A NT S W A Y / E T A  GEM BY 4E S ULTAN T H F A V C / ~ TA
GtN BY MES U LTA ’4T A OL L/~~TA T CJ TAL T KA N S PVI T TED/EYA
TOTAL R t F L E CT E D / I T A
MO TION IESPO MSE
OAK HARIVJ M RR~ A KW aT ER — CO~~P~ :~F ENG iNEERS TESTS 17 MA Y 1975

23 0 10 0 0 3 3?
12.6 10.0 0.0 1.9905 32.7F~JL L 3~~AM
.1 .139290 .180 .216311 .2~ 0 .260 .T1P7~~ .371 .429 .‘1712’
— 5 .0
— 5. 0 — 1.25
— 3 .0 —2.30
— 5.0 —3. 75
—5 .0 —5.(.Q

—~ .5S3 —5.00
—4.5N3 — 3 . 7~— 3 .22 3  —3.7 3
—3 .223 —2.50
—3.223 —1.l~— 4 .3 6 3  — 1.23
—~ .563  0.00

4 .363
4.3.3 —1. 25
3. 223 —1. 23
3.223 —2. 50
3.221 —3.7 5
4.153 —3. 73
4.353 —5.0.1

5.0 —5.00
5.0 —3.75
1.0 —2 .50
5.0 —1.2~.
3.0 0.0

~ .) U.O 0.11 0.0 64.5 0.0 3.0 0.0 1165.
1’.b 10.0 0.0 —2 .34 2~ .l 6’l. 0. 3. 0.
0. 0. 0. 0. 0. 0. 1. 0. 0.
12.6 10.0 1.0 —2 .34 73.1 A73. 0. )• ~~11~.5 —5.24 166.2 —3 .732 fl.2i — 3 .37 2 359 .9 ‘.163 2 ’ t .B

—1176. 410.6 —1607. 1172. 280.9 1711.
12.6 30.0 0.0 —2 .34 23.1 621. 1. 1. 1.

113.5 —5 .24 166.2 —3 .732 10.21 —3.372 134.9 2.0’il 2F1.f
—1376. 410.6 —1607. 1172. 280.9 1713.

Table D-l. Example input for program BRK2D (Oak Harbor
breakwater).
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63K20.4U / l / l / / I I / / / / / / F / / I l / / /  l////UI /I //ll/ ,/,//,// I , F~~/ / / /  ~/ ~// I/ l / / // /1/Is

RUNT VE RSION FEB 74 B 1711? 04/23/76

PROGRAM BRK’O (1Npjt,ouTpuT , RuMCH,T*PE5.TNP’)T,TaPFe~.~ uTPuT)
CS~*LATLS T REVI SIO N *S~~*~ 27 AUG UST ~~75
CS**PROGR AM BRK?D COMPUTE TIlE FIRST—ORD ~

Q 9CSPONS ~ OF AN OSCILLATING
C CYLINDE R ON OR NEAR THE FREE SIJRFA V~ OF AN IIE AL FLUTO fl~
C INFINITE DEPTH

3 COM MON Rh 2~ ,25),Q 61Z5,~~5), P01125.’5), .4OW(2~ ,20).
CF(! .4),

1F1125.6), RII2~ ,25). RJ (25.25), QN(!5,4), 71 (25,6),
ZP MU(3.3 ,1O), R L A M ( 3 . 3 , L o ) ,  F3 3.10 . Irt~~~~~ .10 . i.sWM 2~~,6.lO).
3 DELW (2t. 6.10) ,

3 CQMMON,ONEIX(2~ ),Y (25),XRl25),!B(’5).3’4Gl’5).DFL (2~~),VVI?~~)
1,FEI N(2~~), CtT N (~~.), RNVMMU 2~ ,3), J’~~5)

3 COMMON/UN /CC3(2~ ),SS3(2~ )
3 COMMON ITVO/ M,NMW . EewAVE L , ISYM, ?~~(T’. ~~~ PTE.GAMMA,M.TM, T0
3 COM MON/THREEI dAVF .L (1O ), WN(1O), ~ 1t (11I,TL
3 COMMDNI SIXI *M( 5 )pC N (j)
3 COM MON I S EV E~4/ AREA. A, 0. ROE , r.EF .  M’TTLE (3), TITLE (K)
3 COMMON / ~IGHT/I.BL MU (3,3,3), LBLAM(3,3 .T), L~ L.F~~(3,3),LBL’4W~ (7,3),

i L B L ( 1~~.3) .  DEG(3.1.U)
3 C O MMON ININEI L B L~~A Q ( 3 . 3 ) .  t.~~L HuR ( r . 3) .  I~~L D 15 , 3 )
3 COMMOM/TEN/OELT (2,3).F)R(2.1O),PH&5(’,lO).FIRMD(2,1O).P’l*S’)(2,10)
3 REAL M
3 DATA *N/.Z635bO3197 ,L.4t34.)3U~Q1’~7,3.

tQ642~7T1O4),
I 7.O~ 501~ 005b59.L2.640bUO844VP~ /

I DATA CN/.52Ll5561O5,3 ,.3986668 11OP3..07594244Q~ ’~17.
1 •OO361L 75~ b79)2, .00002336997’ lO#

3 PIE.ATAM2 ().,—2 .)
7 TP.2.*PIE

GA MMA .0.~~?721566
C***BFGIN READING INPUT DATA AND PRINTING EC4I r.NEC K

12 3000 FOPM*T (6A1))
CS•S* S RE AD LABLES coo PR)~4T OUT

1? READ 3000. (((L6LMUU.J.L), 3. 1,3), J • 1,3), I • 1.3)
30 READ 3000. ( ( ( L a L 4 ~1U.J,L), I. • 1.3). J • 1.3). T • 1.3)
63 READ 3000, ((LBLFB (J ,L ) . 3. • 1.1). J • 1.3)
103 REA D 3000. t (L6LH~8(J,L), 3. • 1.3). J • 3.7)
123 R EAD 300) . U LRL(J ,L) .  I. • 1.3). J • 1.10)
143 READ 3000. ( ( L B L R A R IJ , L) ,  I • 1.3). J • 1.3)
163 READ 3000, ((LALH4R (J,L). I • 1.3). .1 • 1 ,3)

203 READ 3000, (LBLR (1.L). L • 1.3
223 REA O 20. TITLE
226 20 FOAM*T (8ALCa )
226 PRINT 30, TITLE
234 30 FORMAT (IH1. SAm /h )
234 READ 50, N~ NW, M w A V E I ,  ISYM , ISMYP . LC. J~
256 5~ FORM AT (5310, 6I~~)

C N • NUMeER OF ~tQ AIGI4T LINE S~ GM !NTS TI SE USEO TO FTT
C THE ‘IULL.....N 3TE. THERE Mu ST SF 11+1 OFFSLT POINTS
C • NUMSER OF POINTS ON FREE SIJ9F~ V E  WHEOE WAVE HFIG’IT ‘S
C TO sc COMPUTED. THIS IS T~ AD)TTIUN TO THE COMPUT ITTIN OF
C WAV E HEIGHT 4.~.) W&VE LENGTl4~ ON r77u4r9 SIDE (iF TrIf MOOY
C WHICH IS PERECIMED AUTOMATT~ & LL Y
C NWA V FL • NUMSER (iF WAVELENGTHS £~~ dHTCM COV4DUTATIO IIS A P F  TO
C Si PERFORM ED
C !~ Y~ • 1 FOR SYMMET RIC SECTION
c • AMYTrILPIG ELSE FOR NDN_ IVNMFTP IC SECTION

Table D-2. Listing of program BRK2D
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RUNT VER SION FEB 74 5 17*12 34/23/76

C 15K!? • I on ~‘iT SOL VE £~ UATTINS ~~
C • 7 D~ Nil SULVt POTE NTIAL ‘RORLFW R E A I~ IN ro r r s i
C • AHV THT’IG ELSE SOLVE ~~~~ COFFFTPTENTS A N.) D Y N A M T C I
C NUMBER OF SJOY SEGMENTS w13!CW ~EP7C~ ENT FREE SUOFACF RE TW FEI
C CA TA MAA RA N HULS. SEGMENT NJWRFRS SPECIFIED By JC (~

25’S I4P~w • NW • 7
NC • t 4 — L C

26! NW1 • 25 — P1 — 2
264 IF (Nd .LT. U ) NW • Ci
267 IF (NI •GT. NW 1I NW •
273 PRINT CO . P4, N., N d SV E L .  ISYM,  I5’C ’~~

, L~~. JC
31 60 FORMAT (13*SNUMBER OF SEGMEMT5 ~~~ T6~ I

I IUESMUMBER ‘IF FREE—SURFAC E STATTON S ‘5, 34//
2 LCX*NUMBER iF WAVELENGT HS .6, T611
3 LU IS1SYM ‘*.L411 tO~~sIs~~IP .6. T41 /
4 103*NC • *15. •JC ‘S 51 3 I)

31 5 R E A D  70. A R E A ,  3, 0. ROE, GEE. (STt’L~~l11, ~ • 1.3)
34 2 73 FORMAT ( I F1V; .3 ,  3*13)

C AR EA • CROSSCCTIONAL A REA OF Y MM E ~~~F~ R iOT
C B • C-4ARA CTERL STIC LENGTH AS SO~ f!F!FD BY ETITLE

U • O1STANC~ SEP4EAT# SURFACE I: ~flIG’N iF USFRS COO ’OTNATE
C SYST E M (5), ALL MUT I-JNS REFCOEO T~) 714*7 POINT AND SODY
C SHAPE S P E C I F I E D  I I  THAT SYST E M
C ROE • FLUL’) UEMS ITY
C GEE $ ACC ELeRAT ION OF GRAVITY

342 PRINT 60. ARE*,3. (3TITLF(3), I • 1.3). fl. R’iE. GEE
367 MO FORMAT (1OX *ARE A • •. F10.3 hI, 351 *5 • •rfl~ 3 .53, 3A ~ C

2 I / LOX *0 • * FLU.3 II 103 •FLIJID OENSYTY ~~ ~1O.5//
3 1UXSACC~ L~ RATIO’1 OF GRAVITY •~~, Ft i .3 l)

367 LF(ISKIP .EO. 2) GO TO 303
312 READ 1(0. (~~]L(I). I • 1. MIAVEL )
400 lOU FORMAT (13F8.5)

C SQL • SF AM?dAVFLEMG TN Ra TCO FUR CINDJT*TYVTM S
406 03 (DC I • 1,MWAV~ I
41°) 603 WAVE L (I) • 5/SOL(1)

C WAV ~ L (I) • OI MC ISIIINAL WA VE LCM~ ?M 1R INCIDENT WAV ES
417 PRINT liii . (RO L U) ,  I • I. NuAVEL )
433 113 FORMAT (10Y*PEAM/WAVEI.ENG T’4 RATIO’ ~~ T4CTD FMTIAVESS// (2#ItOCl.I.5

1))
C**S**1N1TIALIZE OUTPUT VA RLA SL ES

433 00 113 IL a 1.1.)
435 WN ( IL )  • 0.3
437 30( 1 11) •
442 DC 114 1 • 1.3
444 FB(I ~~IL )  • 0.3
40.1 OELFW (I,LL ) •
455 00 1.14 J • 1,3
456 RMU(3, .1. 13.) • *1.0
4t5 RLAM(I. .1. IL) • (1.0
474 1.14 CONTINUE
5u3 00 112 I • 1. 25
501 301(1,11) • (.0
505 DC 112 .1 • 1.6
507 HhB(I .J.IL) • 0.)
516 DEL W (Z.J,IL) ‘0.0
125 112 CONTINUE

Table D-2. Continued
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RU NI VER SION ~ EC 74 5 17’12 04/23/70

531 113 CONTINUE
C’****CQMPUTE (0/wA~ tL ) A ID NONDIMENSIO’S*L WAV E NO.

533 DO 11 IL $ 1. N 4 AV E L
534 80L (IL) • 5/dAVEL (IL )
543 115 WN(IL). TP A 3/ 4AVELUL )

C***READ IN OF~ S E T S  OF C YLI N D E R
,5L NUP • N + 1

N3.PD • NU~ * 2
55, NTOP • NUFP + NW — 1
357 Mi • H + 1 • NW
563 R E A D  130. (RZIt,:),’I(’,I),I’I.PluP)
t03  130 FO RMAT (2F13.5)

C Nj (1,h),PI (2.I) • DIPEM SIONAL K, Y CIOPOIMAT I OF OFFSET
C POINTS. RE 5PcCTIVE LY

6)3 II ( N d  .LT. 3) GO 1’) 135
CS”REA D IN aDDIrIf)PIA L POINTS ON THE FRFt S’JQFA~ E WHERE WA V E HEIGHTS
C APE 10 BE COMPUTED . TdIJ STORAGE LOCATTINS MUST BE LEFT PLA NK
C FOR THE POSITIO4 4 •AVELENGTHS FROM tHE PlOY

READ 130, (R1(1,I).RL (2,1),TaNUPP ,MTOP)
C RI (1,1),RI (2,I) • COORDINA TF~ I~ DI)3I~75 ON FREE SUQF4~~F- W9FPF
C WAVE ‘~EIG’4T IS TO BE COMPUTEO . THTS I’ TRU E FOR I .67. N * I

CS**NON—DI MENSICM*L1ZE IJEFSETS
631 DC 1BU I • NLIPP,NT’IP
033 3 (1) •
642 L S )  Yll ) • —1 .~.t—O 8 e
647 135 CONTINL’F
547 DL’ 1.40 1 • 1,IIUP
031 38(1) ‘P1 (1,1)/B
56) h )ij YB(I) •

C... CCIMPUTE MIDPOINT,*PEGLE AND LENG TH ‘iF ¶TGATGHT—LI PIE SEGMENT’.
C*’SSSA NO COMPONENTS OF NORAAL TO BODY

671 J F ’ O
olZ DO 200 J•1, P4

674 X (J).0.3* (%BIJ) ,X S(4*1)
705 YIJ)•O.5~ (YR(JP +Y3 (J+1 ) )
717 T!’YR(J,1I~~YB (J)725 T 2 ’ X A ( J + I ) — X P ( J )
732 ANG (J)•*TANZ (T1.12)
743 CC3(J)’CQS (AMG(J))
741 S’3 (J)’SIN (ANG (J))
75 6 V P s( J )•X( J )*CC I (J )+Y (J ) * S S 3 (J )
712 C I L ( J  1 • SQ RT (T2 * S2  • T1**2)

10~ 7 R NORM(J ,L) • —533 (J)
1015 RNCRM (J .‘) • CC3 (J)
1023 RNO MM (J .3) • VV (J)
1031 2)0 C ON T I N U E
1034 PRINT 30, TITLt
1041 PRINT 253’
1045 25~ FOR M A T le . X’C YL IMOER GEOMEI Q YS/// 1QY *O IM FNS T INA L 3FFS~~TSS,

I IJ X *MON—DI MEN ’.I)NII. OFFSETS’. SY*MYOD fltNTS OF SEr,MFNT’sh,
2 0X•I*, 16/*!’, ‘J K*Y*, 1”*X*. l1*Y*. i9Y*x*. qy.y*,
3 LBX ~~SLO P E~~. A X * L IMGT HS/ )

1045 PR IN T 270, (1,RI( 1.11.91(2,1 ).XA (t), IR (T I.Y(I). Y l I ),ANG (T )
1 OFL (I),I’l.N)

1113 270 FO RMAT (3, 35. 4(1O’ (2FIu .3))
1113 M L • P4 S 3
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11.15 PRIN T 270. NL , RI (1,NL ), FI (2.NL). Yq(N) _ ), YR(NL )
1.143 PRINT 2 31
1147 23 1 FORMAT (1/1)3, *?~JSIT I 0MS FOR wAV E I 4 F T G 4 F  CALCULA TIONS*/ )
1141 2~0 FORMAT (II)
1141 IF (NW .3.T. 1) G) TI) 29’)

PRINT 271. (I,RL (1,I),RI(2,T),X (I), V CT ),T. NIJDD .NTOP)
1204 271 FORMATU.t6 , 2 (1OX, 2F10.3))
120’. PR INT 280
1210 290 ~1 • 14 4 N W  • !

C*****TR ANSFER TO COO RD INATE SYSTEN IN rQ~~E SI I R C A ~~~
121 3 00 2P5 I • 1.4
£214 TR ILl • T R I ll — 0/5
1222 235 TI ll • TIll — 0/P
1233 YP(NUP ) • Y4(r4U~ ) — U/S

C CO MPUTE FA CTORS OF I AS~D K IN DEPENCINT IF FRFV)•J FN~~Y
1242 CALL COEFF
1243 Y’U RF • —1.01—OS * B

C... START FRE Q UEN CY IT t RaT IO’4.
1245 DO 301. 1L • 1.. MIAVEL .
1241 K • hN(IL)

C A LL POTENT IALS INITIA L1 ZEO TO ZERI.
C*****FEU,J) • P4OND IMENSIONA L AM~ LITUO r ‘l~ P’iT~ NTI A L AT PO INT I ~*IJ F Tn
C*S*** MO DE J. (A S S O S I A T E D  ~ IT-I COS (WT) ). F713,J ) IS SIMIL AR TO ~ C ( T , J )

C*’***SLT A SSOSIATED W ITH SI~~(WT) . J • l,’.*,4,3,6 L~~ L Y RE SPECT IV EL Y
C * * * * * S W A Y ,  HEAVE ,  RGL3., OL FRA CTE O , INCIDENT A N ’ *  O’FP&CTE D • IP.’TD ~~.T• 1252 00 1 I•1,25

1253 00 ~ J • 1,5
125 4 F1 (I ,J)’G.
326 1 FIU.J).O.
1265 1 CONTINUE

CS**a O0 POINTS TO T.4E OF FSET AR RAY FOUR WAV F1ENGTI4’~ FR’3 M T~(E ORIGIN
C ON THE FREE S’JQFACF

1211 X ( N ,3 )  • 4.0 • ~dA VE L (JL ) /B
1300 KIN .?) • —4.0 * .1AV~~L( I L 1 / 3
1307 Y ( N+ 1 )  • YSUP F
1312 Y (P4*2) • VSU PF

C’*SCOPPUT E I NC I D E N T  WA VE ~OTtNTI4LS AND N1RM AL VELOCLT!F~1316 00 402 1 • 1,’)
1311 00404 IC • 1.5
1320 4*14 IF (1 •EQ. JC (LC )) GO 10 402
1326 E V • EXP (K*Y (T))
1335 CKX • COS (K*K(t))
1344 SKP • SIN(KSKU))
135 3 !F(! •GT. N) 0) T) 4.~3
1356 FEINU ) $ EY* (5S3 (I)*SKX + cC3(()’~~~V )
1370 F IIN(!l •—EY *(553 (I )’CAX — CC3 (Yl”CK)
1403 403 FE(3,5) • EY’CKA*U./K)
1414 F1 (1,5) • EYe5KXS(1 ./K)
1424 43.2 CONTINUE
1427 AK • K/B
3431 W R E • 5JRT (GEE*4K)
1436 W E • URF/TP
3443 ~T • 1,0/IF
1441 PR INT 3U~ . K~ wKF, •F, VT, WAVEL(TL )
146.) 300 FO RM A T (II, $ .i&VE NUMBER $ ,~ •* , ~~~~~~ rYSCIRCIlLA P FRE0~)ENCy .* ,

1 F9.5. ~X*Fi(1UUE~ICY .0, FO.,, 5Y* * FQY’ ) I )  • * , c1t.5.
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2 5X*WAVL LENGT H •*. FIL.4)
146u TK.2.J/K

C FIMST— ORDER POTENTIALS ON CYLINDE~ 
A R E  CTR C T CAs.CUL *TtO .

1402 CALL C0M? (K)
C... FIF.ST—ORDFR PHYSICAL GUANTITIES A RE CALC ULA TCO .

1444 CA LL PHYSCL (K)
1460 301 CONTINUE
1471 3309 FCRMAT (1OFS.5)
1471 ISKIP1 • 2

*S0**PUI4CM RESULTS IF ~oTr NTIA L SOLUT!flN ~N ~A ROS
1472 PUNCH 21’, TIT LE

PUNCH 50. N. MW . NW VIL, ISYM , 3SK’~~I. LC, 
JA

1522 ØUNC(, 7,.*, AR EA , H . 0. Ru E. GEE. DTTTLE
1542 PUNC-4 10O~ . (W~ (lL ),1i. • ~~~~~~ (511 (11), TI • 1,lt. )
1564 00 310 1 • 1,3
1366 PL,NC 4 l*..L’9 • ( F 3(  1,1)_ I. It. • I,LL ) ~ (ICIE St 7. IL). IL •
1613 DC 31o .1 • 3,3
1613 310 PLNCH 1,..OQ, (RMuII,J .IL), IL ’  1.10), (RLA ~ (T .J,II), IL. • 1.10)
1632 DO 320 I • 1,MMW
1654 PUMI~H 1*109, IXOL (I.It.),IL • 1.10)
1673 CD 320 J • 1.6
1~ 72 32*1 PUNCH 1OC~ . (~~ 6( L,J, IL) • IL • 1.13) • (flC (~~~ I,J. IL). IL • 1.10)

~73) 303 CONTINUE
1730 1.10 CUNTIMUE
173*1 (ALl. OYNAMC
1731 302 CO NTIPIUF
1731 STOP
1133 1P4&
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SUBROUTINE DYMAIC
2 COMMON RI12(25,25),RK!6(23.25), ROT(~~5,’5), 10W125,25).FF (2S.6),

1E1125,6), 91(25.25). RJI2S.25). RI( (~~5~~4 ) ,  51(25,4),
2RMUI3,3,t0). RLAM(3,3,1u ), FB(3,I0), OELFP(3.1O), HWf3(25,6,lO),
3 CEL WI2 S,6.10) • X tJL IZS ,10 )

2 CCPI NON /OHE/X(Z5l ,Y (Z3), X$(25) ,Y8~2’),&N~~t !3),DEL (25),VV (25 )
1.FEL N (25), FIIN(25). R$35M(25,3). j~~(3 )

2 COMMON IT WOI N,MNW , P4WAVEL , 15TH. 751(30 , NC . PIE .GAMM A, M ,1~C ,TP
2 CO MM QN/ THREE / IAVEL (1O ). WN (1O), 3011 . ~~.TL
2 COMMON/FOUR/9 AR13,1U),0EL.R13,1O ), 4WR(!S.3.IIl. 0EIWR(25,3.l0),

2 P4WT(25,13),O(L~ T(2,.1g) ,RKHYO (3,l), PNN’iP( 3.3). RKTS(3.3),
3 KG. TO, R HASS, RINERT, DAMP(3)

2 COMBOS /SEVE N/ AR EA. 8, 0, ROE, GrE , ~TTTLE (3), TITLE (S)
2 COMMOM,TEM/DELT (Z.3),F0R (2,l0).PNAR(?,t’)).r’i9N012,1G),DH Atfl (2,1O)
2 L,L MENSI0N 416,6), CI6). ERASE (6)
2 IF I ISIUP .ME. 2) GO TO 100

C”$S*RE AD POTENTIAL ~UEFS IF ISKIP • 2
5 READ 1009, (WN (IL).ZL • 1,13), (301 (71), TI • 1,16)
27 1.009 FOIAMAT(10F8.3)
21 03 1.10 1 • 1,3
31 READ 1009, (F3(t,IL), It. • 1,10). I’)Ft.FB(t,TL). II a 1,10)
56 DO 110 J • 1.3
60 110 REA D 1009. (RMU (I,J,IL), IL’ j,j0), (RLA ~~I7.J,IL), IL ‘ 1,1’))

115 DV 120 1 • 1 .NNW
117 READ 1009,1301(1, II). IL • 1,1C)
133 00 12*1 J • 1.6
135 ~20 R E A D  I~ 39, (MWB (l.J.II). IL • 1,16) .10C1W (I,J.IL). IL ‘ 1.1’))
173 10*1 CO NTINUE

CS*$SSOL!TPUT POTENTIAL COEFS
1.13 CALL POTOUT
174 IFIISILIP .tO. 1) GO TO 143

CS$SS’REAO DIME NS IONAL. JY~ *0STATIC !PRIP4G COP~STANTS
177 RE AD 1uL,S.1IRKHYO (I,J).J.1,3),I’l.BI

C..s..START LOOPING THROUGH DIFFERENT DYNAM IC C’iN~ I GU R A T I O NS
21.7 DO 14*1 1(1 • 1.5w
221 RE AD LC’lO, AR EA , B , *0, TO , RHA SS . G TMFRT.D A M P (1 ) ,D *MD( 2 ).PAM R(I ) .

1 NPUPRC’4
253 ~.Olw FORM AT (6E10.3, 3F5,2 . 33)
253 IF (E QF,5) 121. 122
254 121 STOP
260 122 CON TI N U E
26) OU S K2 ‘1.3
262 5 IFIDAMPIK ?) .EQ. —C..)) OA MP(K2 ) ‘

C XG,YG • COORDINATES OF THE CENTER OF ~0&V1TY OF THE BODY
C ...,.NOTE. MOMENTS AND M~lr cNy ’ flF YM FRTIA AR E CONPIJYFO
C ABOUT THE CENTER QF GRAVITY
C DAMP £0D~ COR RECTION FOR VUCOL)S ‘l~ N’)MLTNEAR DAND ING
C*.0*’*EAO DIMENSIONAL. MOORING SPRING CONSTANTS

272 READ 100o,((RK$OR (I.J),J’1,3),I.1,3)
312 1008 FORMAT (9F8.3)

C’SS*SN ONOIM EN T IONA LI ZE SPR ING CONSTANT S •5093, MIM NW T ‘3F INERTIA
C*SS0*A’40 Cc COOROLNATES

312 a • £REA~ ROE. GEE/B
31.6 00 130 1 • 1,3
311 00 130 J • 1,3
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320 IF RKMORU,fl .€Q. —).0 RK MOR(1,J)  • 5,0
331 R KTB (I.J )’ ( R K H YO ( I .J )  + R K MO R ( I . J ) ) / 0
346 131) IF(I.E0. 3 .OR. I .E0. 3)R%T8(3,Jl •RKI51I,i)IS
312 PKTB(3.3) • R KT 8 ( 3 , 3 ) / 3
402 RM*SSS • RMASS /IAREA* POE )
406 RISERS • R I N E R T / ( A R E A * R O F ’ B * B )
412 KGB ‘ KG /B

413 YOB • TO/B
C000$*5 1A51 ~AV ELE NGTM LOOP

415 DO 1.50 IL • 1.10
416 IF (IL .GT. NW *VEL ) GO TO 14*1

C0**I*SET VALUE S IN NJP4OIMEP ,TIONALIZED ILGERRAIC €OLIAT IONS OF MOTION
421 A (j.,1) • R K T B( L, 1)  — WN(IL ) • (RMA SSS • RMLJ(t,1,I1))
445 A (2,2)• RKT8(2,2) — W Pi ( 1L. ) • (RMASSR • RMU(2. 2,ILll
47 1 * 13 ,3) .  RKTR(3,3) —YGB$RNA SSS —WPI( TL ) 0 (OTHER S • RPIUI3 ,3 ,TL)  +

I (368*02 +YGB**2) * RP SAS SB )
531 All ,?) • RKTB(1,2) — WN(IL ) • RMtJ (1,~~,TL)

A ( ) , 3 )  a RKTB (1,3) — WM ( It .) * ( R M U(t , 3 . T L)  —YG BS RM* S S3 )
576 A (2 . 3)  • R KT B( 2 ,3 )  — wM (IL) 0 (R$L’(!.j,TL) +KG809MASSB )
623 LU .1l • A l l ,? )
633 A (3.I) a 1 (1, 3)
64 3 A ( 3 ,Z )  $ * 1 2 ,3 )
652 DO 23 I • 1.3
854 DC 1*1 3 • 1.3
655 A (I$3, 3+3) • A (I ,J )
666 *11,3.3) •RL A M 1 I , J ,Z L ) * S O R T ( W N I I L ) )

C ADO CORRECTION FOR VISCOUS DAMPING
705 IF II •E O. J) *11,3+3) (1.0 • OLMP(T))*A (I,J+3)
723 10 A (I+3,J) • — A( 3 ,J*3)
736 0(1) • FB(1,3L)* SIN (DELFB (I,IL))
753 20 C (I+3) • F8(I,j~~) * C05 (OELFB (I,It))
771 SCALE • 1.
773 N N a 6

C*****SCLVE AL GEBRAIC EQS OF MOTION. 3(1). Bt~~), 5(3) • AM DLITIJOFS
C**+*$OF COSIiT) . 6(4). 3(51. 3(6) • AM PLTT~J0~ S OF STN (WT) FOR SWAY. HEA
C0*0*•ANO ROLL AT CENTER FO USERS COORDINATE 5Y5T~M.174 IL • LNEQF(6.NM,1.A,C,SC&LE.ERASEI

1005 DO 30 1 • 1.3
C****.A MPLITUOE AND PHASE OF RESPONSE

1006 PAR ( I , IL)  ‘ SORT (C (I)**2 • C( I+3)~~S2 )
1032 30 DFLR(j,1t) • *TAPAZIC (II,CII .3))
1047 DC 4*, 1 • 1, 5MW
1050 LV • 0.
1051 SW • 0.
1052 90 DO 50 3 • 1.3

C~ *•**RESULTA NT WAVE AMPLITUDE AND PHASE F’)R SWAY , HEAV E ROLL.
1054 HwR (1,J.LL) ‘ 4d8 (I.J ,LL ) * RAR(J,TII
1.072 DELWR (L,J,IL) • OELW (1.J.IL) + DELR(J,’L)
1111 LW • LW • IWR(I .J, IL) $ SIN (DELwRIT .J,TL))
1132 50 SW • 3W • IIWR( 1.J ,IL ) • COS (OELWR(T.J. TL)
1155 IF(XQl (I,IL).LT. 0.) GO TO 70

C*S•**TOTAL REFLtCTEO WAVE UECTOR ADDIT ION )
1163 LW • LW * 14W811,6,IL ) * SXN (0ELW (f,~~.fL))
1204 SW ~ SW • .418(I,6,IL) • C3S (OELW (I.A,’t))
1225 00 T0 65

C*••SSTQT*L TRAN SM ITIE O WA V E (VE CT OR ADD ItION)
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1225 76 AR • *w • 14d8(I,4,11 • S I N ( O F L W ( T . 4 . T L ) )
1246 PW $ 3W * r4~ S1I.4,IL) • C O S I O E L W I T , 4 ,  IL))
1267 45 HWT (I,IL).S3RT(AW**2 * BW**2)
1307 DELWT (I,IL)’*TAN2(AR, RW)
1317 40 CONTINUE
1321 GO TO 150

C’****SI T OUT PUTS FOR IL •GT.  N W A V E L
1322 160 DO 17*1 1 ‘ 1,3
1324 RA R (IiIL ) a (1.0
1330 370 DEL R IA, LL) $ 0.0
1.337 00 180 1 • 1,2~
1340 HWT (I,IL) • 0.0
1344 CELWT (1,IL) • 0.0
1351 DC 180 3 ‘ 1.3
1352 HWR (I.J,IL) • 0.0
1361 13*1 DELWRU,J ,11) $ 0.0

1374 150 CONTIP4UE
C$•*** OLT PUT DYNAMIC RESULTS

1376 CALL DYNOUT
1377 51405 • 0
1400 DO 139 IP • 1.3
1402 DO 139 ID • 1.3 I

:

1403 IF (RKMOR (IP,IQ) .EO. ~..C) GO TO 13~
1410 5*400 • NM0R 4 1
1.41.2 139 CO NTINUE
1416 iF (NMOR .ME. 0) CALL MORTEM
1421 IF (NPIJNC.4 .ME. 0) GO 10 140
1423 PUNCH 2000
1427 2000 FORMAT (*1111111111*)
1427 PUNCH 20*13. ( BOLl t Q ) , H W T ( t , I Q) , R L Q ( t ,T 0 ) . DA R ( ? , I 0 ) , R L R I 3 , TQ ) .

1 10 • 1,10)
1466 2005 FORMAT (SF10.4)
1466 PUNCH 2000
1412 PUNCH 2030, ( 4OL( IQ) ,FJRND( 1, 1O) , C 0Q P4 I* (~~,T 0),I0.1,1O)
1511 2010 FORMAT IFI’) .4.2E?0.4)
1517 1.40 CONTINUE
1521 RETU RN
1522 END
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SUB RCJT INE MORTEM
C*•*SUUQUTINF MORT EM CON~ UT€S FO RCES IN THE MO~ RINC LINES

2 COMMON/FOUR/RAR (3.1~.i),OELR (3.1U), 4UR(?5,
1,1~~), DFL WQUS,3,T 0),

2 H W T ( 2~ , 1 U ) . O E L W T ( 2 5 , 1 3 ) , 0Ki Y D* 3 , ~~), ~~~M Q S ( 3 ,  3), 01(15(3.3),
3 Xi., YG, S MAS S ,  RINeRT, D A M P ( 3 )

2 COMMON /SFVEN/ AREA, 8, 0, 00t . Gt E,  R T T T L C ( 3 ) ,  T I T L E ( 8 )
2 COMMDM/TEN/DELT (2,3),FJR (2,13),PHAR(?.t)).FO9NU(2,1O),DH AeD (2,1O )
2 READ 10. ((DELT (I,J),J’1,3),I•L,2)
2! 10 FORMAT (6F10.2)

C OELT (t .tI.I~ t.3 
$ CHANGE IN FUR~ E TN SHOD~ WA PD MOORING LIP4F

C PER UNIT OISDLA~ FM !NT TN S W A Y ,  H E A V E  A N O ROLL
C DELT (2,I),(aI,3 CHANGE IN FOR rE TN SCAW AR D MOORING LIN E
C PER UNIT O I S P L A C F M F P I T  TN SWA Y. HEAV E AND ROLL

22 CAB • 1 . 0 / ( R O ES G E E *A * 1 EA )
26 CO NS • 1 B 3 . O/ A C O S (— 1.( 1)
32 00 100 J • 1.2
34 PRINT 20
37 20 FORMA T (// I/20X *MOOR tN 6 LINE MODEL RFS’JLTS*/)
37 IF (3 .iQ. 1) PRI NT 18
45 IF (J .EO. fl PRINT 1.9
53 18 FORMAT (30X * S* IORIWARD MOOR ING LINE* l)
53 19 FORMAT (30X*SEAWARD MOOR ING LINE*/)
53 PR INT 30, (DELT (J ,K) ,k . 1,3)
7) 3*1 EOR MAT ~ CHAN GE IN FORCE PER UNIT OISDLA ’~E ’4FNT IN SWAY, HEAV E*

I * AND ROLL, RE S PE CT IV E LY .S~ 3r3~),4,,)
C***COM PUT E FORCES 1P4 MOOR ING LINES AND PI4A S

73 00 50 1 a 1.1u
72 AL • RAR (1,I)*DELT (J,l)

103 AS • RA R (2.t )~ OELTIJ.2 )
114 A C • RAR (3,fl$ DE L T (J ,3)IB
126 iS • AA S STN (O E LR (1 ,I )) + L 8* S I N( D F LU 2.T ) )  • A C *STNI DE I.R ( 3.T))
154 TC ‘ AA *COS (DEL R (1.I )) • ABSCOS (DFLD(2,T)) • LC *CO S (DELR (3,T))
203 FON (J,I) ‘ SORUTSSTS * TC*TC )
215 PHAS (J,I) • A TAN 2(TC. TS)
225 FORND (J,I) • C*B*FOR (J,T )
236 PHASD (J,I) • CONS SP HA ~~(J, 1)
246 50 CONTINUE

C***PRINT RESULTS
250 PRINT 80. (FOR (J,!),L.t,I(j), (PHASfl(J,t),T .3,T0),

1 (FQRND(J,I),I•1,j3)
306 8) FORMAT (3XSMOORIrIG LiNE RE S PO N S E* / 5 3 * FO O C E  A M P L I T U D E/ E T A S , f ly,

A t0E1O.3/~~K* D HAS E RE L TO E T A  AT K.) — DCG •. 1CF1O.4//
2 3X30 4F ORC L A M P L L T J D E / R O E * G * A R EA * E T R ,  IOE1O.3)

306 1.00 CONTINuE
310 RETURN
311 850

-t
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SUBROUTINE C3EFF
C THIS SUBROUTINE CALCULATES THE PARTS fl~ !(T,J) AND K (1,J)
C WHICH ARE INDEPeNDENT OF FREQUENCY N~)MSER K.

2 COMMON Rj 12(2 5 ,25 ) ,RK !6 (2 5 ,2 5 ) ,  PO T(”,’5), ‘40W (2 5 ,2 5 ) . F E( ’ 5 , 6) .
1FJ (25.6). 51(25.25), 53(25,25), RK(P5.4), ~L (25,4),2RMU (3,3,13), RLAN (3,3.1O), FB (3,10), OELFI(3,1O), HW5(25,3,IO),
3 DELW (25,6.10) , 301(25,10)

2 CO MPIOM/3IP4E/X (Z5), Y(!5),XB(25),Y*s(?3),&MG(’5),OEL(25) .VV(!5)
1,FEIN(25) ,  FIIp i (25) ,  RNOR M(Z5 ,3 ) .  J (5)

2 COMMO N / T w O /  N,NNW . MIAVEL, ISYM, YSKIP , PlC, PIE,GAMMA,M,T K ,TP
2 COMMDN/DNEZICC3U5),S33 (25)
2 N2 • N/2
6 DC A I — 1 , M

10 TEl l  .GT. N) GO TO 7
13 IF (ISYM •E0. 1 .AND. I .GT. N?) GO TO 7
26 KIt • 3 (3 )  — 36(1)
34 YI1•Y (I)—Y5 (1)
41 321 • XII 4 35 (1)
45 ‘V21•Vl1)*Y311)
53 PP1•ALOG (X11**2*Y11$’2)
66 P01.ALOG (X11*$2+Y21**2)

1.01 TP1•ATAN2IY1A,X11)
105 T01.ATAN2 (Y21.X11)
111 00 1 a • t.N
112 3 12 • X ( I )— k 8 ( J * 1 .)
120 Y12•Y (I)—YIUJ+1 )
124 Y22.Y ln*vBIJ .1
131 PPZ•ALOG (312**2*Y12$*2)
144 PQ2•ALOG (X12*$2+Y22$42)
157 TPZ.ATAN2(Y12,312)
163 T 02 • A T A N 2 (V 2 2 , X 1 2 )

C CORRECTION FOR DISCONTINUITY IN ATAN2 4? STE
167 IF(X 11 •GT ,  0. .OR. Xl? .GT. 0.) 30 TO A
201 IF(TPZ •GT . 0. •A NO. P1 .LT. 0.) T° t  • P1 + TP
214 1EIIP? .LT. 0. .AND . TP1 .61. 0.) IR1 • TP1 — TP
22 o CS • CC3 (J)
232 S3~ SS3 (J )
235 A1•PIE
237 IF (I—J )2 ,3 ,2
241 2 LI.T P1—T P2
243 3 AZ•T02—TG 1
245 A 5 $ C3* (~~X~~fJ , 1)+*8 (J)_X12 *0 .5* PP2+Y11*O.5* RDl

1*’(12*TPZ—fll*TP1)*33.tYBlJ)—YB (J,1)—Xt?*’rP?
1—Y 12*O.  SSPP2 *X13 ST P1*Yj 1*O,5* PPI )

307 L6~ C3*(— XB( J+L)*XP((J)~~X12*Q.5*P02+Klt*0. 5*DOt
1,Y22~ T02—Y2I*To1 —S3* —YB(J)*Y8(J,1)—K1?*T3?
1—Y22 * O. 5 ~~P02*X11*TQ1,Y2 1*C. 5*P01)

351 4 31t•K12
353 Y1i•Y12
354 Y ?1•V 22
356 PPI.PP2
357 P01.PQZ
361 TP1—TPZ
362 101.102
364 *112(1,3) • A l — A2

Table D-2. Continued

120 



COt F P

PUN I VE R$I(?4 c*s 74 ~ L5U~ O3 /I~~,J6

372 ‘~~~~(L.J ) • —

377 GJ TI~ 1400 7 0 0 Z0(, I •
4(~Z ~ I1Zt1,L l • (.0
407 ~OO R K~ 64~~,L~ • 0.0
416 1 CONT INti P
423
424 1’40
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S UBROUTINE C O M P ( K )
C THIS SUBROUTINE CONSOlES THE C0€Frt~ 1E NTS 1~ REN0ENT V~ K
C AND C ALLS OH LNEOF TO SOLVE TH( %TMULTANF (M*S EQUATIONS
C FOR THE VELOC ITY POtEN T IA LS ~E ( .3)) 

LW’) Cf f l ’ ,JJ) ,Ff lR  F82
6 COMMON RIl2 (25.2S),M1(SD (25,’S), pr~y(,~ ,~~’I, 40W(75,25).FE (!5,’),

1F1(25,6), 51(25.25). *3 (25.25), Q 4 I ~~3,6), RL (25,4),
2514U (3,3,10), RLAM(3, 3,t0), c5(3,10). *~I C5(),3Q), HV5i25,6,1O).
3 DLLw (25,5,10) • *01(25,10)

6 CONMO N/ON (IK (25 ),Y( 25 ),XS (25 ) ,Y$(?3),&NG( ’5) .0FL12’~) ,VV (25)
1,FEIN(25). FLINt?,). PN’1tM’~~~,3). J (5)

6 C0MMON/ONE2/CC3 (!,).S.,?~~)
S COMMON /TwOI N,NN W ,  NIAVIL, IS YM e T~ 4T’. N~~, PIE ,GAMMA .M,TK , T0
6 DiMENSION A (50.50),3( U,4),E*AS~ (5fl
6 R EA L K
6 N 2 . l 4~ 2

1? DO 1 3a3, M

13 DO 6 12• 1.4
14 RK(I,1?) • 0.0
21 6 51(1,12) • 0,0
27 DO 4 IC • 1.5
31 4 IF 1 I •E0. JCIIC )) GO TO 1
37 IFIISYM .Nt. 1) GO TO B
42 IF (1 .GT. N? •AMO , I •LE. II) GO TI)
55 ~ Xli $ 3( 1)  — 3 3 (3 )
63 321 • X i i  •XB (i)
66 YZi•YU)+Y3 (1)
74 PQ1aALOG (311**2+Y?i**2)
107 T01—AT ANZIY?L,X41)
1.13 CALL CPV (XII,Y21,E21,C11,S11.A911, £3011. K)
124 C2].C11
126 S21.511
127 A921.A911
1 31 A1021.A1011
132 DO 7 J.i,N
135 X12•X (l)—XB (J+1)
143 Y22.Y (I)+YR (J+1)
147 PQ2•ALQG(X12*~ 2+Y2Z**2)
163 TO2UATAN2 (Y22,X12)
167 53•SS3IJ)
172 C3aCC 3 (J)
175 CALL CPV (X1?,Y22,E22,C12.S12,Aq12,A1~ 12,1()
206 00 13 IC • 1.5
211 13 IF(J .80, JC (XC )) GO TO 41
217 A3 .A1011—a1O1Z
221 A4•E21*SL1—E2Z~ S12
225 A7.S3$ (O.5*(P01—PO2)+4912—AQ1i) ,C3.(T0l— T02,A1011—A1012)
243 A8$E21*SIN (1(*11A—Ah~ (J) )—822*SIN( K*31?—&NG ( 3))
266 5 RZ (I.J ) • 2. * A3 4 511.2 (1,3)
300 IF (1 .ME. J) GO TO 3
303 51(1,3) • RIII,J) — TP
314 3 53 (1.3) TP*A4
322 POT (1,J) $ TK*A7 • 51(56(1,3)
334 HOW (1.4) • TK*PIE$Ao
342 00 10 1 • 1.3
344 RK (I,L) • RK (T,L) • PDT(T,JI $ RNIQN(J.1)
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365 10 RL(I,L) • 51(1,1) 4 IlOW(I,J) 4 RNOQM(J, 1I
410 53(1,4) • P1(11,4) — FFLNCJ)$POT (Z,J) • r I TN(J I* ~lOwl T ,J )
436 RLII,4) • 51(1,4) — FFZN (J).H3W (I,J) FTTN(J)*PflT (T,J)
463 41 IP (j—N)2,7,7
466 2 $11•*12
470 Y21aY22
471 PQL•P02
473 101.102
474 A O11 aA Q 12
476 *1*113 A1012
477 C11’C12
501 S11~ !i2
502 E21 .L22
504 7 CONTINUE
507 GO ID I
5.j7 9 13 • N — I • 1
512 1)0 12 1 • 1.3
513 RK (I .L ) • I1K(IS,L) • (—1.0)**L
527 12 RL (I,L) $

545 00 11 3 • I,N
546 00 1.6 IC • 1,5
547 16 IF (3 .EO. JC (IC)) GO TO 11

J S • ’4 — J
560 01(1,3) • S IlL S. 3$)
570 PJII’J ) $ RJ (1S,JS)
601. 53(1.4) • RK(j,4) — FE1N(J)*PQT (j~ ,JS) 

,rypl(J)sHow (!S,J~~)
627 RL(I,4) • RL(I,4) — FEIN(J)$HOw (Ic ,J%) — FTTN(J)*PGT (IS .JS)
655 11 CONTINUE
66) 1 CONTINUE
66) 12 $ 0
664 32 CO 22 I•1.N
666 DO 14 IC • 1,5
667 14 IF (L •E0. JC (LC )) 60 TO 22
675 12 • 12 • 1
677 11 • 12 • MC
701 00 31 1. • 1,4
7(.2 5112,1) • RK(1,L)
712 31 B1!1.L) • 51(1,1)
725 J ? .U
726 00 22 J.1,P4
730 00 1.5 IC • 3.5
731 15 IF (3 .80. JC (ZC)) GO TO 22
737 J2 • 4 2 + l
741 35 • 32 + ‘IC
743 A (12, J2) • 51(1.3)
754 A (I2,JN) a — 53(1,3)
765 £111.32) • RJ (1,J)
776 A (II ,J N ) • 51(1.3)

1007 22 CONTINUE
• 1014 SCALEaI.

1015 MN • 2*NC
1017 LL•LNEQF( 50,P4N,4 ,A,9 , SCA L E . ERASE )
1030 PRINT 27,?CALE
103, 27 FORMAT I//,SX, *fl€TERM1NANT . •,1P612.4)
1035 12 • 0
1u36 DC 26 1 • I’M
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1041 DO 17 IC • 1,5
1042 17 IF (I .Eu. JC (IC)) 6-) TO 26
1050 I? • I? • 1
l0~~ II • 12 • NC
1054 DO 35 L • 1,4
10~ 5 FEII,l. ) • 8(12,1)
1065 35 FI(1.L) • 5 ( 1 1 , 1)
1100 2o CONTINU E
1103 29 R E TURN
1104 END

. 4

I
Table D-2. Continued
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SUBROUTINE PNYSCLI1( )
C O MMOM R 1~ 2(75,Z5),R356I25,?5), POTI’3,’5), .4’)W(75,25),FF(25,~~),
IEI(25.6), 51125,25). 51(25.25), RK(!~ ,4), ‘1(26.41.
2RMU (3,3,101. RLAMI3 ,3,lu ), F$(3,3’~). OFL rR(3,10,, HWi (?~ ,-S,)’)),
3 OEt.w(25.6.10) • XI3L (Z3.I0)

6 COMMONIONE/X125),Y(25).xR (25),Ye(?5),A’Ic(25).DFL (25).VV(i5)
1,* E1M(25) ,  FT E N ( 2 5 ) ,  RNURP’(25,3) , J~~(5 )

S COMMON / T W O /  P4,NNW, NIAVEL , ISYN . ISM!’. ‘IC , PIE.G*MNL,M,TW,TR
CO MMON/THREE! WAVEL (I0), ~N (1O). 5OL (10).TL.
COM MON /SEVE’l/ AR EA , 3, 0, ROE, GEe. RTTVL€ (3), TITLE(81

4, 58*1 K
S 0 0 3 1 -1

CS$SSSM OOE 6 • INLIDENT • DIFRACTE O P0T8NTTA L~1 FEl1,6) a Ff11.4) • P6(1.5)
23 3 F1(I,6) • P1(1)4) • P1(1,5)
4’ FAC M • (Be$2)IASEA
41 FACL • FACM$SQRT(K )
Si FACF • FAC H • K
55 00 1 L • 1.3
56 001 Ml • 1.6
57 5* $ 0.0
60 PM • 0.0
61 L F(M1 .10. 4)  GO TO 1
63 IF(M1 .E0. 5) 60 7*1 1

C.Saø~ 1NT IGRAtt PRESSUR E C’JNPONENTS OVER •‘)OY
64
70 PM $ PM • FFII,M1) • R P I U R P ’ I I , L )  • OFLI T I

104 5 PA • LA • FI (L,M3 ) • •$QNP( I ,L)  I MLII)
123 IFIM1 .61. 4) 60 TO B

Ci’S’SAOOEO MASS 4MG GAM R IM ~ IN G1*ECTTOM I. ‘~‘JF ¶0 4011DM Mi AT
C SS SS *WA V ELEN GTH IL .

126 RNU(L,Mt . IL) • SIIFACM
136 RLAMIL ,M1, IL) • RA *FA CL
145 GU TO 1

C*S’SSWAVE FORCE AMPLITUDE AND PHASE IN OT5F~ TION Ml DUE TO
CS*•*SINCIOENT NA V E AT WAV ELENGTH IL

146 8 P3(1, IL) • SQRT (RM•*2 • RA**2) •
166 DELFS(L,ILI • ATAMZ ( 5A,RM )
200 1 CONTINUE
205 15 .5 . 1
207 IMAX • 5 4 5 5 W
211 DO 30 I • 1W,IMAX (
213 D O b L • 1 , 4

C••~ ”COMPUTE POTENTIAL AT FREE SURFACE ‘OTMY S JSTNG GREENS T’48fl’UM
214 0 0 43 .1 , 5
215 00 10 IC • 1, 5
216 10 1F (J .80. JCIIC )) 63 TO 4
224 FF11.1) • FE (I ,L ) • FE(J ,L)s*1 (I ,J) —~ t l J. LI ~ RJ(I.J
255 FI (1,L) • P1(1,1) + FIlJ,L)*5311, J) +~ T (J ,L PS R I (I ,J )
306 4 CONTINUE
311 FE(j,L) a (P8(1.1) — RK(I,L))It0
326 6 P1(1,11 • (FI (I.L* — RL (1,L))ITP

C$4*’*MOOE 6 • INCIOtNT • DIFR ACT ED P0T~W T IAL 5
344 ~F (1,6) • P8(1,4) • FF11.5)
361 ~I(I,6) • P1(1.4) • P1(1,5)

Table D-2 . Continued
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373 I I • 1 — N
C••..•NQN DIMENTLOILALLZ€ FREE SURFACE POSTYTIM W!TN WAVELENGTH

377 XOL(II,IL) • XII) * 8! W A V E L I I L)
410 00 2 M1 .1,6

C*I***WAVE AMPLITUDE AND PHASE AT POINT 11 OU~ 1*3 MODE Ml AT WAVE LENGTH
412 HWB( II ,M1 ,jL ) • SORT1FE( I,M1)e .2 • FT(T,Mt )**~~) * K443 2 DFLW (II,Ml,IL) • ATLN2 (—F1(I ,M1), CFU, N1))
470 30 CONTINUE
472 7 RETURN
473 END

Table D-2 . Continued
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SUBROUTINE PUTOUT
2 CO MMON RI1Z(25,25),RKS6(25,25), P*3’(’•5.’5). 90W (25,Z5),FFU~ ,4,),1FIIZ),6), RI(25,25), 53(25,25), RK(’3,4), ‘1(25,4),

2 RM U(3,3,1O).  RLA M ( 3,3 . 1 0) ,  FB(3,1’)) ,  ML~~’( 3,1O). H W B ( 2 5 ,6 . 1 O) ,
3 DELW (25,6,10) , XJ L(2 5 .1O )

2 COMMON !TWO/ N,NNW. NwAV EL . ISYM , T~ KT’. N’ , PI~~,GAMM A ,M,T3,TP
2 COMMON/THREE! wAVEL (i0), WN(L0), 3PL (10),IL
2 COMMON !SEVEN/ AREA , 8, 0, ROE. GF~~. RTT TL F( 3 ) . TITLE(S )
2 COMMON / EIG’IT/LBLMU (3,3,3), LBLAMU5,3.~~), LML FR(3,3),LPLHWP (7,3),

ILBL (1 0,3), ()EG(3,10)
2 1001 FORMA T(/133 , 3*10, I (53, 3A1.C~, 1DFII. ’) )
2 1002 FORMAT (1/33. 3A10, / (53,  3A 10, 10E10, 4 153, 3*10. 1UF1O.4l))
2 10u3 FORMAT ( 53, 3A]~), AOFIO.4 / 53, 3&1), 1OCIO .6 / )
2 1004 FORMA T ( 1/33, 3*10. 21. 1OPIO.4/ 31. 3A3~~, 2~. 1OCL0.4)2 PRINT 2000, BT 1TLE
10 2000 FONMAT (1H1, 203. *MONDINENSIONAL ~OTFNT1~ L COE FFICIEHTc* /// ‘~~Y

1 * S • 5051(6/B), W2 • G#B* / 25!~ R • 4, 3A10 /
1 2 5 3+6  • A C C E L E R A T I O N  OF GRAVItYS~
I Z5X’~ OE • MASS DENSITY OF FLIITO•I
2253 •ETA a INCTOENT WAVE AMPL ITUDE */~ 53,*WAVEL • INCIDFNT (15 GENE
3RAT ED WAVE LENGTH*II)

10 ~~ 9 IL • 1.10
12 9 0E6(1,IL)  • S O R T ( ( G E E ’ B O L ( I L ) )  / ( 1~~*5) )
3! PRINT 1004 ,ILBLl l,K) , K • 1,3), 16*11(11). II • 1.10),

1 (LBL (2. K). K • 1,3), (OEG (l.IL). IL • 1,30)
77 PRI NT 1001, (LBL (3,K).K. 1,3), (((L5LMU (T~ J,K),K• 1,3),1( RMU(I,J ,IL) ,  IL • 1,13), J — 1,3), 1 • 1.3)
150 PRINT 1CO1 •(LBL (4.K),K • 1,3), ((ILBL*MU,J,K),K 3.3).

1( RLAM (I,J , 1L) ,  IL— 1,30), 3 • 1,3). 1 • 1.3)
221 0 0 1 I • 1 . 3
223 DO 1 IL • 1.10
224 1 086(1,11) • 57.298 * DELFBU.IL)
241 PRINT 1002, (LBL (5,K), K • 1,3), ((LMLrp (T,K),K• 1,3),

1(F5 (I,IL),IL • 1,10). (LBL (5,K), K a I ,) ) .(*3~~G(I.IL) ,IL -1,IO)
2 • I • 1.3)

324 00 2 1 • 1,NNW
326 DO S IL • 1,10
327 DEG (1,IL) • 0.0
334 IF(IL .61. ‘IIAVEL ) GO T] 8
337 066(1,11) -3011 I.IL).S/60I( IL)
353 8 CONTINUE
355 PRINT 1C02. 1LBL (B.K). K • 1,3), (131(9, 3).  K • 1.3).

1 (301(1,11). I I —  1.10), (LBL (1O,K), ~~~~~ )• (0€G 11,IL ),TL•I,lO)436 00 3 3 • 1,3
440 00 3 IL • 1,10
441 3 01613,11) • 57.298 4 DELW (I.J,IL)
460 PRINT 1003, ((LBL’tWB (J,K), K • 1,3), (NdS(T,J,IL), IL — 1.IC),

1 (13)17,K). K • 1.3), (OEG (J,1L), IL • 1,33). 3 • 1,3)
• 534 IF (XOL (I,1) .11. 0.) GO TO 4

542 DO 5 IL • 1.1~)544 5 OE6(1~ IL) • 57.298 • DELW (I,6,IL)
561 PRINT 1003, (LBLIIWB(7,K), (.1,3), (503(1,6.11), IL • 3,10).

• 1 (LBL (6,K),K•1,3). (DFG (1,tL), IL • l,1~~)
632 60 T0 2
633 4 00 7 3 • 1,3
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635 DO 7 IL • 1,10
636 7 0(0(3,11) • 57.298 • OELW (I.J.3, II)
653 PRINT 1~~ 3 .IlLBL*4W%IJ,k , K • 1,3). (HWR(T.J, Ii), IL • 1,10),

1(LBL (6 ,F) , K•1 ,3), (D€G (J—3 ,IL ), V L • 1 ,1f~), 3. 4,6)732 2 CONTINUE
735 RETURN
733 END

Table D-2. Continued
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FUNCTION LNEOFIM,N,Nt,A,B,OTRMNT,7)
C.. S O L V E S  SIMULTANE OUS L IN EAR E3UATIO NS MY GA USSIA N REDUCTION.
C. .  FORTRAN TV EQU IVALENT OF 15105.

12 REAL A (M.M) ,B (M,M) ,Z(M ).OTRMNT .RMA3 ,R~4CW1,W.DflV
1! NMI .N—l
14 DO 40 J•1,PIM1

J1•J+1
C.. FIND ELEMENT OP COL 3. ROWS J—N, W(4 T~~4 HAS M 43 ABSO LUT E V A L U E.

17 L MAX .J
20 RMAX .ABS(11J,J ))
34 00 8 K.J1,N
36 RNEXTaAB S(A (K,J))
32 IF ( N M A X  .66. 514631) GO TO 8
55 RMAX •RNEXT
57 LMAX-I(
60 ~ CONTINUE63 IF (LMAX .N~. 3) GO TO it)

C.. MAX ELEMENT ZN COLUMN IS ON DIAGONAL
65 iF IA (J ,J )) 20,’~4.2O

C.. MA X ELt M ENT IS NOT JN DIAGONAL. EXC ’4AMGF 5*30! 3 AND LNAX .
73 10 00 12 LuJ,N
75 W A(J,L)

102 £ (J,L) A (LM&X,L)
113 12 A(L M*X,L) .W
124 00 14 L.1,N1
125 W •B1J,L)
132 B (J,L).BILMA 3,L ) —

143 14 BILMAX,L )•4
154 DTRMNT • —OTR INT

C.. ZERO COLUMN 1 8EL0~ 141 01*601441.
155 20 Z(J)•1./Al J,J)
165 00 30 K- 31,N
167 IF (A( K ,J)) 22.30.22
173 22 W •—2 (J )SA( K .J)
205 00 24 L•J1.’I
Zul 24 A ( K . L ) . W * A ( J . L ) + 4 ( K , L )
230 00 26 L•1.N1
23 .1 26 B (K ,L) •W SB(J ,L ) .B (K .L )
252 30 CO NTINUE
255 40 CONTINUE
231 IF (A( N ,5 1 42,~~4,4Z
265 42 Z ( V4 ) aA , l * ( N , N 1

C•. OBT AIN SOLUTION SY SACK SUBSTITUTION.
275 00 50 L•1.141
277 50 8U4,L).ZlM)*BU4,L)
315 00 60 K.l,NM1
316
311 J1•J +1
321 00 58 (~~k.Nt
322 h•0.
323 DO 56 ~ .Jj, N
325 56 W•A (J ,I)*B II ,1)+W
342 58 B(J.L) - (M(J ,L )—W )*2 (J )
362 60 CONTINUE

Table D-2. Continued
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C.. EVALUATE DETERM INANT.
364 IF (OT P M NT )  70,74,73
366 70 DC 72 J 1,N
370 12 DTRMST DTPMNT*A(J,J)
377 74 LP~E 0F•1
401 RETURN

C.. STNf~UL AR MAT R IX, SET ERROR FLAG.
401 94 LNEOP • 2
403 DTRMNT.0. •404 RETURN
405 END

Table D-2 . Continued
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SUBROUTINE CPV(X,Y,E,C1,S1,A9,Ai0.K)
C ....CAUCHY PRINCI PAL VALUE INTEGRAL.

13 COMMO l /TWO/ 14,145W, NUAVE I., IllM, TSKT P, MC, PIE,GAMMA,PI ,T’C,TP
13 CO N M D N/ S IX / 8 N 1 5) , C N( 5 )
13 RE AL K
13 IF (Y .GE. 0.0) Y • —1 .08—OS
15 IT—A IA N2(Y,X)
24 T H— P IEIZ .+TT

C.....FOR NEGAT IVE 1,CORKECT1ON TO RANGE OF A lAN? .
21 IF(X,LT.0.)T’4•T’4.TP
32 AA .K*Y
34 E •EI P (AA )
43 BB -K *X
45 C 1 •C O S ( B B)
54 Sl•SZN (aR)
63
102 SIJM1.0.
103 SUM2~0.104 EP (R.GE.l0.)GO IC) 13
107 51M11.O.
113 SUMZ2.O.
iLL FAC.1.0
113 S UMLC 1.
114 SUMZC.1.
115 SDLTH.0.
116 CDLTH.0.
117 ASSI GN 3 TO LOC
120 IF1X.EQ .0.)ASSIGN 8 TO LOC
122 RL•1.0
124 00 3 (.a4,iO0
125 OL— L
126 FA C . FA C * DL
130 RL .R*RL
132 0LFAC~ FAC*OL
13 3 OLTH•Di.*TH
135 Al•RL /DLFA~
137 LF (ABS (CDLT’4).LE .1.E-07)GO TO 2
131 !IJM1C .ABS(A1/SUM1 )
157 IFISUNIC.L€ .1.E—0l)GO To 7
165 2 C0t. TH COS(0I. T (4 )
171 SUM11aA I*CO LTN
172 SUM1•SUM1.SUMI1
174 7 GO TO LOC,(3, )
203 8 SUM2C.0.
204 GO TO 5
205 3 IF(A8S(SDLT(4).LE.1.F—07)6*3 TO 4
217 SU MZC .A S (*1/50M2)
223 IF1SUM!C.LE.t,F—~a5)t~O TO S
233 M SDLTH. 31N( DLT H)
237 SUMZZaA1*SOLTN
240 SUMZ$SUM2+SUMZ2
242 5 IF(SUN3C.L8.1.1—i)5.AND.SUNZC.LE.1.F—05)Gt) Yn 6
261 1 CONTINUE
263 6 Ca6A MA,AL00(a),SUML

C.....DISCONTIMJITY O~ 2PIE IF I NEGATIVE TN ~ T Et INCT ION.
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271 l Et X,LT.G, )T’4•T1—TP
300 SaT)4450M2
302 AS~ E*(C1*C +S1SS)
306
313 60 T0 9

C... LA GU ER RE QU A D RA TU R I—F IV E POINT.
314 13 DC 14 I•1.5
316 A XN(j)+AA
321 TERM• CN (Z )/IA *4.*36*SB)
330 SUMI-TLRM*A+SUM1
333 14 SUMZ .TERN+SUM2
337 F-i,
140 IF(K.LT.U.)F.~ L.
343
341 A1C .—F*PIE*CL*E,BS*StJMZ
353 9 RETURN
354 END

Table D-2. Continued

132

— —- . —.——. .—  ..— _•____ —‘.—- •• - - — ... .. ..~~~~~~~~~~ ,. 
~~~~~~~ ~~~~~~~~~~ .;~~~~.. - - -



R ” .T 1ER ~~1*3N FER 74, 8 17:1! 04 / 2 3 / 7 6

S U B R O U T I N E  O Y P4OUT
2 COMMON RI1? (25,25),RK56(25,25), POT(25,!5), ~4O W (Z5,25),FF(23,~~),

1F I( 2 3 , 6 )~ RI(25 , !5), RJ ( 2 5 , 25 ) ,  53 ( 25 .4) ,  Q L ( 2 5 , 4 ) ,
2RMUl3,3,i~~), RL AM (3,3,iO), P8(3.10). DFLFM(3 .16), HW8(25,6.30),
3 D€LW (25 ,~-,1G) • XOL(25,10)

2 CCM$ON /TiO/ 14.1454, ~4W AV EL . ISYM, ISKYD . NC. PIF ,GAMMA.M,~~V ,TP
2 CO MMON /THREE ! WAVEL (16 ), wN (1Q), I*31(13),TI
2 C OMMON!FOUR/R*113,1J),06LR13,W) , HUQ (P~ ,3,3~*), ~E1W (25,3.30).

2 HWTU5,1O) .DEL4T(25,1O),RKHYD (3,3), 5 M * 3~~ f 3,3), QKTB(3.3).
3 36, YG , D M A S $ ,  R jN E~~T, D A M P ( 3 )

2 COMMON /SE VF P4/ A R € A ,  B, 0, ~OE, GEE, R T!TL~~(3), T IT L I ( F )
2 COMMO N /NISe ! s . B L RA R ( 3 , 3 ) ,  181505(5,3) , L B L R( 5 , 3 )
2 COMMON I E I G N T / L B L M U 13 , 3 , 3 ) .  L R L A M ( 3 ,¾ 3 ) ,  L M L F B ( 3 , 3 ) , L 8 14 W 3 ( 7 . 3 ) ,

ILBL( 1O .3) . 3~ G ( 3 , 1O)
2 1301 FOR PIAT (/!33. 1A10, / (,X~ 3*13, 1OFIO .4 )
2 1*102 FOR MAT (1/33, 3410, / ( 5 3 .  3*10, 1OFI*3. 4 /53. 3*10, IOF1O.4 / ) )
2 1303 FORMAT ( 33, 3A10, l3FjJ.4 I 51, 3*10. l)FlO.4 I)
2 1004 FORMAT ( 1133. 3Atu , 23, i0F1O.~./ ~~~~~ 3*~ O, 2Y , 1)F10.4)
2 PRINT 2000, AR EA. 3, KG. YG. RMA SS , 5I~1 R T .0*MD(1),0AMP (?),CAMP(3)
33 2030 FORMATUNI, 2 0 X * D Y 3 A M I C  MODEL RESULT! */ I *  A R FA a S F 1 O . 3 . 5 X * R . * ~~1*3 .1,

1 53 *XG•*F10.3. 5**Y~ •e F1O.3,5X*Ma5S •*F1O ,3,5Y*jNEQTyA.*F)O,3!,
3* ADDIT IONAL OAMPIN 6 ADDED— IN 54*Y—~~ # ,~~* LA N DA u TN 1l~~ A V F —

3*F6,2* 1450*22 114 Rt)LL *F6.2* LAN*3&l1 * /F )
33 PI~~NT 2001, ((RK’ lY f l l l . J) ,J •1.3) , I •1.3 ) ,  I fRKM ’lP(J ,J ), J—1.3 ).T.1,1)
1? 2001 FURMAT 1* SPRING CONS TANT S KT1 1413 ~21

1 322 K23 1431 143? K33*/
2* HY D R O S T 4 T I C * 7 X , ~~F 1O.3 / ‘ MC fJ Q IN ’,*11!.Q~10.3// I)

67 00 9 IL - 1.10
11 9 (‘66(1,11) • SQRT((GEE $BOL (!LI) /(TD*M))

111 PRINT 1U04 ,( LB L( i , I* ) ,K  • 1,3), ( 8 ’ * L ( T L) ,  TI. • 1,10* ,
1 1L8112. K), K a 1,3), (066(1,11), TI • ‘.1*3)

156 00 1 1 • 1,3
160 DO 1 II. • 1.10
161 1 DLG1I.I L ) • 57.1q8 S D~ LR (C ,IL
176 PR INT 1002 .CLR L R( 1 , K) ,  K • 1,3), ((LBLRAQIT,K), K a 1.3) ,

1 (RAK (I,IL),(I. — 1,13). (LBL (6,14),3 • 1,1). ( DEG( 1 . I1) . I 1~~l.1O), I
2 • 1.3)

261 00 2 1 • 3.551
263 00 8 IL • 1.10
264 8 016(1,11) •X Q L( I , ! L ) * 6 / B 0 L ( I L)
301 P5151 lu-)2. (181.18,14), K • 1,3), (L ~ L (9.~~). 1 •

I IXOL (I,(L), IL • 1.LO~ , (LML (L0, K). (.1,1 1. (OFG ~ 1,IL),!1•),’0)36 2 ( ‘ 0 3 J - 1 , 3
364 DO 3 IL • 1.10
365 3 016(3 , 11) • 57.298 •DILOR1I,J,I1)
404 PRiNT 1303, ((L6LHWR(J,K). K • 1,3). (HWR (T,,,IL), IL • 3,10),

1 (181(6,14), 14 • 1,3). (086 (3 ,11) .  IL • 1.10) ,  3 • 1,3)
460 IF (33L (I,1) .11. 0.) GO TO 4
466 LaO 5 IL • 1.10
470 0(6(2.11) • 51.298 S DELWT (I,IL)
501 5 OEG ( 1 . IL )  • 51.278 * OELW (I.6,IL)
515 PRi NT 1003. (LBLHWR(7.K). K— 1 . 3 ) .  ( ‘4 W 3 ( ’ ,A . f L ) ,  IL • 1, IC ) ,

I (LB L(6 , K) . K • 1 ,3 ) ,  (066 ( 1,11) ,  IL • t.1~~)Sb? SP INY 1003. 1LB1545(4 ,I() ,(- 3) ,  (NWTU, T ) . ),T). • 1,l~’).1 ( L B L(6 , K) ,  K • 1.3). DFG(2 .IL) ,  TI •

Table D -2.  Continued
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DY NO UT

RUNT VERSION FEB 74 8 17*12 34/23/76

631 60 TO 2
640 4 D0 7 I L .1,1~
642 D6611.IL) • 57.298 S OELWII ,4,1L )
635 7 01612.11) • 57 .29W * DELWT (1.1L)
670 PRINT 1003, (L8LH~B(4,K),K • 1,3). (401(I,4,!L),IL. 1,10).

1(LBL (6,K), K • 1.3), (DEG (1,IL), TI. • 1.l3), (L8L’lWP (~~,K),K 1,3),
21140T11.LL). IL • 1,iO),(LBL (6,K),K • 1,3).COFG(2,IL),EL•1.1(’)

1005 2 CONTINUE
1010 RETURN
1010 E N D

Table D-2. Continued
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a

BRK2D

READ LABE LS

INPUT DATA

COMPUTE
BODY SEGMENTS
ONTROL POINTS

BEGIN
B/L LOOP

COMPUT E
NCIDENT WAVE
POTENTI ALS

CALL COMP

CALL PHYSCL

PUNCH
POTENTIAL
COEFFICIENTS

CALL DYNAMC

I<NWAVEL
YES

NO

STOP

F~gure . 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.

BRX2D requires about 70 seconds of central processor t ime 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,T100. Job card
ACCOUNT (Account No.,  password)
FORTRAN
LGO(LC=6000) LC = line count value
7/8/9

FORTRAN DECK
7/8/9

DATA DECK
6/7/8/9

10. Sample Output Data.

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

DERIVATION OF PRESSURE TO SECOND ORDER
FOR TWO PROGRESSIVE WAVES AT DIFFERENT FREQUENC I ES

~o n s :dc r the problem of the nonlinear interactions of waves at two
d i s t i n c t  fcc~~encies traveling in the same direction. The complete
boundary va lue problem is we l l  known .

The Lapl ace equa tion ,

= 0, 
‘ 

(E— 1)

14ipp li es throughout the fluid below the free surface.

The boundary condition ,

+ g + 27q V + .
~~
. V~ 

I V (V~~V4~) = 0, (E-2)

mus t be satisfied on the free surface, y = r~1 The boundary cond ition on
the bottom is

u r n  (E-3)y+- -14 (iy

for a n in f in i t e ly d eep fluid. In addition a radiation condition re-
4uiring the generated waves to travel away from the body is needed to
ensu re uniqueness of the solu tion .

In thi3 formulation the x axis lies in the direction of incident
wave propagation .

The d i fficulty in solving thi s boundary value problem stems from the
nonlinearity of the free-surface boundary condition.

In order to “l inearize” the free-surface boundary condition , expand
the veloci ty potential , ~, in a Taylor series about the undisturbed free 4
surface:

= 4(x,0,t)

+ [
~~~~(XlYJ t )

] + 
1 2 

[~~~(x I Y I t)
J + 0(~~). (E-4)

) r O  y O
Also expand n and ~ in power series:

n (x , t) = cr~~~~ (x , t) c 2n~
2
~ (x , t) + 0(€~ ),

~(x ,y , t) = ~~~~~~x ,y, t) + c 2
~~

2
~ (x ,y , t) + 0(c3). (E..5)
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Sub~ tituirig the  expansion for ~
. into the free-surface boundary con-

dition :

c + ~
2 a 2:~~

2
~ + gc + gc

2 a;-~
2
~

~Jl) ~ ~
jl) 

-
~~~ 2 ~

(2) ~ ~~
(2) 

~
+ — 1 + —~— - - i~ + c { i. +

c~X ‘JY dX

-. - (1) (2)
t ~ 

.t~~ ____ 2 a ~[1 
~~~~~ 

+ 
~ 

+ £ 
~~ 

j

1 ______ -t ~~~ -t 2 ~~(2) ~~(2)
+ .~.[c 

~~~~~~ ay 3 } + c {  ax ’’
~ ay

-
~ ~ -

~ a I a4~
1
~ 

-
~ a~~’~ -

~
- 2 ..

~
(2) 

~÷ aI~
2
~ -t

[i ._- + j .
~.*..]j [c{ ax 1 + a + C ax 1 +

a~ + j~
} + ~~~~~ T + ~~~~~~~ + 0(~~) = 0 (E-6)

on y = n .

Now use the Tay lor expansion for q ( x ,n,t) and neglect terms of or-
der ~~ in the boundary cond ition :

+ £fl~
1
~ (x t) a34~

t
~
)
} + ~

2 a2~~~
at ayat at

______ 
(1) a2~~~ 2 

______+ gc{ ay 
+ cn (x , t) 2 + gc ay

2 3 (1) ~2 (I) 
~ 

(1) ~2 (1)
+ 2c [ 

~3x 3~ 3x + 

~3y 3 ty  ~ 
+ 0(c ) = 0. (E-7)

Group ing terms by order:

First Order C :

2 (1) (1)
— + g = 0 on y 0. (E-8)

Second Order c2:

+ 
~~(2) 

+ 
(1) a 

______ + ~~~~ + 2 _____ 

~2~~( 1)
g 

~ 
g 3x 3x3t

a (1) 
~ 

(1)
+ 2 

~ 
= 0 on y = 0. (E-9)
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Using the dynamic boundary condition on the free surface, one finds:

r i ( x , t) = - ~~ 
{. .  + .

~
. v~ .V~ } on y = r~. (E 10)

Substituting the expansions into this equation yield s:

cn~
1
~~(x , t) + ~~~~~ + 0(c 3) = - ! ~~~~~ + 

.
~
. V~~ .V~~ J

y=0

ilL t}~. + V~~V$} + 0(n
2) .  (E-l l)

y=0

Substituting for •, the right-hand side becomes:

— - ! { C a. + 
2 aq~

2
~ + ~~~ 

2 
+ 

)() 2
— 

g at at 2 ~ ax~~ ~ ay

2 (1) ~2 (1)
- 

C fl
g ~ a~at ~ + 0(c 3) ,  on y = 0.

Fi r st Order C:

= — ~ 
ap (1)(x,o,~) (E—12)

Second Order c
2
:

(2) 
~ — 

(1) a. 
+ !.,

(l)
} — !_. {(a$ ) + 

a. )2}— - g 1~l ay3t at 2g 3x ay

~fl ~ 
= 0

or 

(2) 
~~ 

- ~ 
a, W a2,~

’
~ + a$~

2
~} 1 

~ 
a,W 2

r~ x , ) g g at ~~
i’. at 2g ax

a (1) 2
+ ( 

~
— ) } on y = 0. (E-13)

Using the first-order relationship above in the second-order boun-
dary condition on the free surface (E-9), one finds :

+ ~~~~~ = + 
i ~~~~~ ~~~ + 

~(l)

2 g ~ , g ~
at g at y

(1) 2 (1) ~ (1) 2 (1)
2

a~ a~~ 2 • a~ (E-14- ax axat - a~ ayat
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1. First-Order Solution of the Boundary Value Problem.

This solution results from the superposition of the velocity poten-
tials for individual waves:

gA k
~~~~(x,y,t) = 

_~
_!. e l ” cos (k 1x - w 1t + 61)

+ ~~~ ek2Y cos (k 2x - w~t + 62) .  (E-15)

Check the solution:

= 0.

-
~ 0 because of exponential function.

_______ 
a (1) k

at2 
+ g ay = - gw1A1e i~’ cos (k 1x - w1t 

+ 6
i)

k y
- gw2A2e 2 cos (k2x - w

2t + 62)

t
+ g tw1A1e I cos(k1x - 01t +

+ w2A2e 2  cos(k2x - w2t + 62)) = 0.

Therefore, this is a solution.

Surface elevation then becomes :

= - ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ = - A1 sin(k 1x - w1t 
+

- A2 sin(k 2x - w
2t 

+ 6 2) .  (E-l6)

To prepare for the second-order solution, construct the right-hand
side of the free-surface boundary condition (E-l4) :

[! ~~~ a {a $  + 
a~
(’)
} 2 ~~~ ~2,(1)

2 at ay at2 
g ay - ax ax at

a ~~ a2 (1) 1
- 2 ay ayat yaO ~ {gA 1 sin (k 1x - w 1t + 6~)

+ 

~~2 
sin(k 2x - w

2
t + 62) }{0} - 2 { - w

1A1 sin(k
1x - w

1
t + .S1) (E-17)
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0
- ~2P~2 sin(k2x - u~2t 

+ &2)}x(w1
2
A1 cos (k

1x - o1t +

+ w 2
2A 2 cos(k

2x - + 62) 
} - 2 {w 1A1 cos (k 1x - w

1t + 6i)

+ w2A2 cos(k2x - w2
t + 62)}x{w 1

2A1 sin(k1x - w1
t + 6~)

+ w2
2A2 sin(k 2x = w2t + 62

) )  = 0

Since this cond ition is homogeneous , the first-order potential is
the solution to the second-order problem.

2. Second-Order Results.

The free-surface elevation will be modified when terms of second
order are included :

(2) (x t) - !‘.~ {as a~~~~} ~1 {(a. ) + (a. ))
g at ayat ~j  ax

1
= + —i. {gA 1 sxn(k 1x - w1

t + 6
1) 

+ gA2 sin(k2x - w
2
t + 6 2 ) )

g

{A 1 ~l
2 sin(k1x 

- w1
t + 61) + A2 w2 sin(k2x 

- w2t + 62
) )

2
- .

~~~~

. 
~~~~~

- w~A 1 sin(k1x - w
1t 

+ - w2A2 
sin(k2x - w2t +

2
+ [w 1A1 cos (k1x - w1

t + oi) + w 2A2 cos (k 2x w2t + 6 2) 1 ~

or

gn~
2
~ (x ,t) = w

1
2
A1

2 sin 2(k
1
x — w 1t + 6~

)

+ w 1
2A 1A2 sin(k 2x — w2t + 62) sin(k1x 

- w1t + 61)

+ w 2
2A1A2 sin(k 1x - w 1t + 6~) sin(k2x - w2t + 62)

+ w2
2
A2

2 sin2(k2x - w2t 
+ 62)

4 
{w 1

2A~~ sin 2 (k 1x - w1t + 6i)

+ 2w 1w2A1A2 
sin(k

1
x -. w 1t + 6 1)sin(k 2x - w2t 

+ 6 2) 
4
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2 2  . 2
+ w

2 
A2 sin (k2

x - w2
t + 6

2)

2 2  2
+ ‘
~l 

A1 cos (k 1
x1 

- w1t 
+

+ 2u 1w2A1A2 cos(k
1
x - w

1
t + 61)cos(k2x 

- u~2
t + 62)

* 
+ w 2

2A 2
2 cos2(k2x - ~2t + 6~).

Using the trigonometric relationships:

gn 2(x,t) = w 1
2A 1

2 sin 2 (k 1x - + 6~) + ~2
2A2

2 sin2(k2x - w2
t + 62)

+ 
4 ~1

2A~A2 {cos[(k1 - k2)x ~~l 
- w2)t 

+ 61 - 62]

- cos[(k1 
+ k 2)x - 

~~ 
+ w2)t 

+ 61 
+

+ 
4 

ts.2
2A1A~ {cos[(k1 - k2)x 

- (w~ - w2)t + - 6
2

]

- cos[(k1 
+ k 2)x — (w 1 + w2)t 

+ 61 
+ 62]}

1 2 2  2 2
- 

2 ‘~l 
+ 

~2 
A2 } - w

1o2 A1A2 cos [(k 1 
- k 2) x

— w
2
)t+ ó

i 
- 62].

Combining fur ther :

g 2

~~~
, t) = - 

4 
w1

2A1
2 cos [2 {k 1x - w

1
t + 6i}]

- 

4 
w 2

2A 2
2 cos[2{k2x - ~2t + 62}] (E-18)

- 
1 ( 2 

+ w2
2)A 1A 2 cos [ (k 1 + k 2)x - (w

1 
+ w2) t  + + 6~]

+ 
4 
(w1

2 
- 2w

1
w2 

+ w
2
2)A 1A2 cos[(k1 

- k 2) x - (w 1 - w
2
)t + 6i - 621 ,

which is the final form for the second-order term for free-surface ele-
vation.
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0
No~ • tu rn  to the equat ion for pressure which is necessary to com-

pute  the force on the  body .

Take the pressure  to be zero at the free surface.  Then Bernoulli’ s
equ at ion  may be w r i t t e n :

P = - j: - -
~
- ~~~~~~ - pgy . (E- l 9 )

Substituting the expansion for ~ :
(1) (2) (1) 2

P = - 
P~~I C  + C + 

4 [c
2 (~~-~~-—~

2 (1) 2 3
+ C (—-:- ---) ] + gy} + 0(c )

Since = 0, we can drop this term and proc eed to separa te the
equation by order :

(1) - 14
(1)

P = - p~ -~-~-~--- - pgy (E -2 0)

and 

~(2) = - ~ [( a. ) + (a. )] (E-21)

Substituting the velocity potential into the equation, one finds :

= - pg (A 1e
klY sin(k1x 

- w 1
t + 6 1)

+ A2e
’~2>’ sin(k2x - w2t + 62) 

+ y } (E~ 22)

for the first order , and

= - { [
~ w~A~e

kl)~ sin(k1x 
- w 1t + 6i)

2
- w 2A 2e 2  sin(k 2x - w2

t + 6 2)]

+ [w 1A1e 1>’ cos(k 1x - w 1t + 6 1)

+ w 2A 2e 2  cos(k 2x - 
~~~

2
t + 6 2) 1 2 )

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:

~(2) = - ~~- {wj
2
A1
2e2k l)F + w2

2A2
2e2k2

- 2~1~ 2A1A2e 1”2h’cos[(k1 - k2)x - 

~~l 
- ~ )t + oi — 62]) (E-23)

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
(eq. 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 term s 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.

A1, A2 = Wave amplitudes

g = Acceleration of ~ravity
Wl ‘~2k1,k2 = Wave numbers , —, —I--., respectively

x ,y = Cartesian coordinates (x-directed parallel to the
direction of wave propagation , y-di rected vertically
upward)

6 1, 6 2 = Wave phase angles

n(x t) = Free-surface elevation

$(x,y, t) = Velocity potential

w 1,w 2 
= Wave circular frequencies
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APPENDIX F

PHYSICAL PROPERTIES OF SEVERAL FLOATING BREAKWATERS

1. Proposed Oak Harbor Floatin~ Breakwater (Davidson , 1971).

a. Physical Properties.

m = mass per unit length = 25. 1 s lug/ f t

I = mass moment of inertia = 621 slug-ft 2/ f t

x = x-coordinate of center of gravity = 0.0 f t .
g (on centerline)

Y g = y-coordinate of center of gravity = -2.34 ft  (below WL)

~~22 = 64.5 lb / f t/ f t

KH 33 = 1,165 ft- lb/ft

All other K H . .  = 0
13

b. Moorin g Line Tension Resppnse (change per unit displacement).

= 1, 170 lb/ f t

= 281 lb/ f t
A)’

A 1

c. Computed Mooring Spring Constants (depth = 29.5 feet)

~~ll 
= 119 lb/ft/ft

~~12 
= -5.24 lb/ft/ft

~~l3 
= 166 lb/ft

~~2l 
= -5.73 lb/ft/ft

~~22 
= 10.2 lb/ft/ft

~~23 = -3.37 lb/ft

~~31 = 160 lb/ft

~~32 
= 2.06 lb/ft
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KM 33 
= 2~~~~2 .  ft-lb/ft

Rectangular Breakwater Tested by Nece and Richey (1972).

~~~~sical Properties (at prototype scale). The cross section is a
rectangle of beam 10 feet and draft ~~~~~~~

m = 100 slugs/f t

I = 2,740 slug-f t 2/ f t

X
g 

= 0.0 ft (on centerline)

Yg 
= -1.0 ft (below WL)

KH22 = 640 lb/ft/ft

= 5,340 ft-lb/ft

All other KH. - = 0
1)

All KM. . = 0.
13

Rectangular Breakwater Tested by Sutko and Haden (1974).

Physical Properties of Model. The cross section is a rectang le
of beam 0.333 feet and dr~h 0 .222  feet .

m = 0.143 slug/ f t

I = 0.023 slug- f t 2/ f t

X
g 

= 0.0 f t  (on centerline)

Yg = -0.123 ft  (below WL)

~~22 = 20.7 l b/ f t/ f t

KH33 = 0 .244 f t - lb / f t

All other K H . .  = 0
13

All KM~~~= O

Alaska-Type Breakwater.

a. PhysicaL Properties.

m 62.3 slug/ft

—c 
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J = 4,234 slug-ft/ft

x , = 0.O ft

Yg = -1.3 ft  (below WL)

~~22 = 528 lb/f t/f t

Kit33 = 32
,885 ft-lb/ft

All other KJ-L . = 0
13 

14

b. Mooring Line Tension Response (change per unit displacement).

97.0 lb/ft

= 90.5 lb/ft
Ay

= -572 lb

c . Computed Mooring Spr ing Constants (tide = +7.0 feet).

~
h1l = 3.0 lb/ft/ft

KM12 = 0.245 lb/ft/ft

= -9.23 lb/ft

KM21 = 0.302 lb/ft/ft

~~22 
= 1.91 lb/ f t/ f t

KM23 = -2.68 lb/ft

1CM31 =-9.52 lb/ft

KM 32 = -2.82 lb/ f t

KM33 88.9 f t - lb/ f t

5. Friday Harbor Breakwater.

a. Physical Properties.

m = 61.02 slugs/ft

I 4,160 slugs-ft / f t
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X
g 

= 0.0 ft (on centerline)

y , =— 0.49 ft (below WL)I,

Kit 27 = 384 lb/ft/ft

= 55,610 ft-lb/ft

All other KR. . = 0
13

b. Mooring Line Tens ion Resp onse.

= 222 lb/ f tAx

= 25 .0 lb/ f tAy

657 lb

c. Computed Mooring Spring Constants (tide = +5.33 feet).

KM 11 = 6.46 lb / f t/ f t

10112 = 0.510 l b/ f t/ f t

KM 13 = 18.5 f t - l b/ f t/ f t

KM 21 = 0.510 l b/ f t/ f t

KM 22 = 0.390 l b/ f t/ f t

KM23 = 1.71 f t - l b/ f t/ f t

1(1431 = 18.6 lb/ f t

KM 32 = 1.71 lb/ f t

1(1433 64 .6 f t - l b/ f t

—---- 4--- - 
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APPEND IX G

DATA SLJ*fARY SHEETS FOR FRIDAY HARBOR
F LOATING BREAKWATER (WINTER 1975)

Appendix G conta~ns a summary of all  the data recorded at the Fri-
day ~;arbor 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 FH7-l through FH13-8. 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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APPENDIX II

1~ C1DENT AND TRANSMITTED WAV E SPECTRAL PLOTS

Append ix H contains the incident and transmitted wave spectral
plots a l’~i~ with the corr~sponding transmission response curve for 11
repr~’sen~d~ ive records. The data for the first nine were recorded at
Fri d ay Harbo r, Wa shington , during the winter of 1975. Figures H-l i and

~i-i.: were computed from similar data collected in Alaska during the
w inters 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 stai dard deviations and corresponding overall transmission
coefficients for each of the Friday Harbor plots are given in Appendix
C;.
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APPENDIX I

LOW-FREQUENCY SPECTRAL ANALYSIS OF FORCE DATA

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 U030 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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APPENDIX J

HIGH-FREQUENCY SPECTRA L ANALYSIS OF FORC E 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 of
0.1 hertz. The ~utospectral data is plotted as a percent of the van -
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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APPENDIX K

WAVE MEASUREMENT
1. Wave Staff Design.

A block diagram of the wave staff and associated electronic cir-
cuits is shown below :

Precj sj ci~

[
~~~~rator 

_ _  ~J~~~~J_

Sta
f fJ 4[

~~~~~~

r}.

~~~~~~~~~

1j_+
0

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 direct 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
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 to3 ,0000hms.

Alternating current is used to drive the wave staff to avoid both
the corrosion effects that would occur if direct current were used and
the dc 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 1,000-ohm variable precision resistor in place C)f 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 +S°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 nica-
surement of waves, the zero drift noted will have neglig ible 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 1-inch dia~1ieter 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 nonlinearity 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 initial calibration is made with the wave staff on the dock
where full scale and zero are set by making actual contact between the
gro-ind 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 r~~ge of oper-
ation is reduced so as not to use the last 1 foot c-n 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 separate 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 utaxi-
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 neg lected
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. ~~~ Buoy Design.

Spar buoys were used at two of the sites because of their advantage
in handling and transport and because they minimi zed 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-i gives a sample of
the output from the buoy’s wave staff in saltwater for a pius 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 1-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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Figure K-i. Wave and acceleration data for par uoy.
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max imum wave heights in excess of 1.5 feet are shown in Figure K-S.
These spectra were computed from simultaneous records of 20 minutes in
length .
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