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20. ABSTRACT (cont’d)

~-s by vertica l , sinusoida l motion of the upper end of the mooring line were
/ measured. The experiments were made under conditions of curren t and no current.

Data were reduced to force response ratios as a function of frequency of input ,
and observations of mooring line motions were made. These response ratios were
found to depend on preload , current , bend inq stiffness , and scooe.
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ABST RACT

The David W. Taylor Naval Ship Research and Development
Cen ter (DTNSRDC ) was tasked under the National Oceanic and
Atmospheric Administration National Data Buoy Program to con-
duct an experimenta l program in the dynamics of mooring lines .
Linear scaling of deep-water moorings is impractical and
rel iance mus t be made by designers on analytic models. To
provide a broad data base app licable to model validation , five
small-scale moor ing line materials were selec ted for eva l uation .
The horizonta l and vertical components of dynamic tension
generated by vertical , sinusoidal motion of the upper end of
the moorin g l ine were niea~ured . The experiments were made
un der con diti ons of curren t an d no curren t. Data were re du ce d
to force response ratios as a function of frequency of input ,
and observations of mooring line motions were made . These

~sponse ratios were found to depend on pre l oad , current , bend-

~ stiffness , and scope.

ADM fl’USTRATI~ E I~1UCPMATI0~
This project was established by the National Uata Buoy Center ,

National Ocean Survey , National Oceanic and Atmospheric Administration

through the National Aeronautics and Space Ad inistration Defense Pur-

chase Request No. H-78003A , ~‘endment 2 dated 9 Jul y 1971 . The work

was accollIplished under David W. Tay l or N-J v d l Ship Research and Develop-

Cent Center Work Lnit 1-1548-007 . The draft  of th is  report was prepared

prior to the issuance of the directive on the use of metric units . In

the interest of ti ne and economy , conversion to the metric units has

not been made .

INTRODUCTION

The Nation al Oceanic and Atmospheric Administrat ion (MOM) is

responsible for the development of deep-ocean , moored buoy systems under

it s N at i onal Da ta Buoy Program . The hydrodynam ic aspect of the mooring

des i gn is an i mport ant part of the moored buoy problem . In a seaway ,

the mooring is subject to static and dynamic loading from surface and

subsurface currents and wave action on the surface buoy . The mooring

line and its behavior under current loading and dynamic wave conditions

‘4
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is a design area which is not well understood although the subject has
been un der stu dy for many years . Analytic models of the mooring line
dynami cs prob l em exist , but data for model validation obtained under
controlled condit ions are scarce.

In var ious proposed data buoy system des i gns , synthe tic lines are

being considered for deep moorings to reduce the wei ght for easier han d-

l ing and to lower mooring line tensions . To minimize the required length

of moor i ng l i ne , shor t , s lack , single-point mooring concepts are being

considered. To evaluate and improve the hydrodynamic performance of

these systems under development , the David W. Tay l or Naval Ship Research

an d Development Center (DTNSRDC) was tasked by MOM to conduct an exper-

imental program to provide a data base for use in mooring line dynamics

studies .

The experimental program had the following three specific objectives :

To provide data on dynamic loads in model mooring

lines as functions of freq uency to the National Data

Buo y Program for v a l i dat ion  of ana l yti c me thods
being developed to predict the dynamics of mooring

lines ;

2. To determine the ranges over which the dynami c responses

are linear; and

3. To observe any non-linear effects , suc h as out-of-plane

motions.

The experiments were conducted in the Circulating Water Channel at DTNSRDC.

Five ma terial samples were selected to provide a broad range of mooring

l ine physical characteristics. The experimenta l mooring lines were varied

in scope and subjected to forced vertica l harmonic oscillation applied at

the upper end to simulate the vertical motion of a buoy . Other variables

were current speed and frequency of oscillation . Horizonta l and vertica l

components of tension were measured at the upper end of the mooring line ,

an d observations of the response motions were made .

2
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In this report the scaling problem is discussed. It should be

emphas i zed that the experimenta l models do not represent a scaled mod el

of any proposed design for the Data Buoy Program. They have been

chosen to provide a data base having suffic iert variation in key para-

meters to be useful in analytic model validati on . The report contains

descriptions of the models , apparatus and procedures and presents the

data both in the form of corrected measurements and force response ratios .

MODELS

With existing technology , a deep sea mooring cannot be scaled

in the Ci rcu lat ing Water Channel. However , experi n ’erts on a variety

of mooring line mater ia ls  can provide data to va l i da te  the anal y t i ca l
models over a limited range . Thus , in this section , scaling considera-

tions and descriptions of the models are g i ven.

SCALI NG CONSIDERATIONS

Three typical  mooring concepts for the Nat iona l  Data Buoy Syste ll

are shown in Fi gures 1 and 2. In terms of conventional buoy mooring

de f n i t ions , all three concepts are short , s l a c k  ‘oo ning l ines w i t h

var ious combinations of synthet ic l ine and anchor cha in .  ihe scopes

of these systems are greater than one so they are slack but only a

f ract ion greate r than one , so they are re la t i ve l y shor t .  Here ,

scope is defined as the ratio of equilibri um mooring line length

to depth of water .

To obtain i dea l experimenta l data for validation of the design ,

t~ e ooring lines should be scaled for both geometric and elastic

similarity , and appropriate scaling laws should be applied to the

full-scale current and sea—state conditions. In Breslin ’ s ana l yti cal
model ,~ ,~~ the equations of motion for transverse and long itudinal waves

in a mooring line are properly scaled if Froude number is m aintained

constant , where Froude number is defined as follows :

F U/(g2.)~ (1 )

- .4 ~~- - ~~~~~~~~~~~~~~~ —~~~~~~~~~~~~~~~ --~~~~~ -- - - ~~~~~~~~~~~~ -- - —-4—- ~~~~~~~~~~~~~~~~~ 
.4



i4

Confiquration

A B

Sco pe 1.13 1 .3

Dacron line (ft) 1~ 641 1,641

Nylon Line ~~~
) 11 ,960 14 ,109

Chain (ft) 180 180

Dept h 
_______

Nylon Line
12 ,140 ft 2— inch Diameter

\\ ‘N-

Anc hor Chain
\/~~ 1/2~ inch

__ _ -

Figure 1 — General Dynamics , Electronics Division Mooring
Conce pt s for the Na ti onal Da ta Buoy
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where g is acceleration due to gravity , c is a charact eristic length

(di ameter or line length), and U is current velocity . Hence , if a

geometric scaling parameter Is defined as

= £p/~~ dp/dm (2)

where d is line diameter and subscripts m and p refer to model and

prototy pe , respectively , then Froude scaling relates model to prototype

veloci ties by the following equation

U = U~/ A~ (3)

and model to prototype wave frequencies by

f = ?~~ f (4)m p

Bresl in expresses the celerity (or wave speed) of longitudinal waves
as foll ows 3

K =
(
~~~

)

where A is line cross sectional area , E i s Youn g ’ s modulus of the

line material , and ~. is mass per unit length of the cable; and the

celeri ty of transverse waves as
I-c

~ To rI c~C —
~~ ( 1 + €1 J~.- L~ U i

where To is equilibrium tension , co iS equilib rium strain , and .. is

the v irtual mass per unit length . Now , Froude scaling relates r~ode l

to prototype area by the following

Am 
= A~/~ ( 7 )

Mass per unit length may be expressed as follows

= A (8)

where 
~c 

is the density of the mooring line ; and virtua l mass as

= 

~°c 
+ p)A (9)

where p is the density of the fluid and the mooring line is assumed

to have a circular cross section . Also , the equilibrium strain may

be expressed as follows

5 
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Data Buoy

Dacron Data Line
I 

2— inch Diameter , 328 ft long

_____ 

Nylon Line , 2-inch Diameter
12 ,140 ft 11 ,612 ft long

Anchor Chain
3/4—inch , 1800 ft long

Scope = 1 .13

FIgure 2 - Lockheed Missiles and Space Company Mooring Concept
For National Data Buoy
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£ = To (10)

Since , by Froude scal ing , equations (5) and (6) will scale according
to equation (3), Young ’s modulus an d line material density are found
to scale by the following equations

E = E
r
/A (11)

and

°cp 
= 

°cm (1 2)

Now , hydrodynami c forces on the buoy which transmi t into the mooring

line take the following form

T = 
~ pU~A CT (13)

where CT is a constant , force coefficien t. Hence , forces scale by the
following

Tm 
= T /~

3 (14)

Hence , to scale  the 12 ,140-foot mooring depth des i gns shown in
• Fi gures 1 an d 2 or even their shallow , 3280-foot depth , counterpart

in the Circulating Water Channel with a depth of 9 feet would require :

1. Mooring lines compa rable in diameter to a human hair ,

2. Input motion amplitudes of a small f ract ion of an inch

at frequencies 20 or so times the wave frequencies

encountered at sea ,

3. Current speeds less than one-twentieth the curren ts

encountered at sea , and

4. Instrumentation capable of measuring in the milligram range .

For economy an d expediency , these scaling requirements were not

attempted. Conventi ona l model scaling of real deep-sea moors was

judged to be impractical. The experiments herein were designed

primarily through selection of ma terials to prov i de a data base for

the development and vali dation of analytica l models. If an analyti cal

model can reproduce the results of controlled experiments , even on
short lengths of line , then confi dence in Its applicability to full-

scale mooring lines Is increased , and the problem of linear scaling

of deep-moors for design data is circumvented.

t 7
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DESCRIPTI ON OF MODELS

To match the assumption s used in the mathematical representations

for predicting the dynamic loads and motions in mooring lines , an ideal

ma terial for model experimen ts would be completely flexible in bending

and would have a smooth , cyl i n dr i cal sur face .~ To provide measurable

tensions , the line also would have to be heavy . No ma terial was readi ly

available which would meet all of these requirements. As a result , the

f i ve  sample mater ia l s  illustrated in Fi gure 3 were chosen arbitrarily.
The ph ysical characteristics of the samples are listed in Table 1. T~e

relative acceptability of the sample s in terms of three physical charac-

teristics are listed in Table 2 to permit comparison. The open ii n ~
c hai n is flexible in bending and heavy ; but does not have a smooth

cy lindrical surface. The mercury fill ed tube has a smooth cy lindrical

sur face and m edium weight , but is stiff in bendi rig and tends to kin k .

The bead chain is flexible , but is light weight and does not have a

smooth cy lindrical surface. The wire rope is nearl y smooth and

cy lindrical , but is light weight , sti ff , and tends to kink. On the

other hand , the we i ghted ny l on cord is flexible , smooth and cy li n-

drical , and heavy . In addition , the ny l on cord has extensibi lity

similar to that of the prototype synthetic mooring lines. The wei ghted

ny lon cord is mos t like the synthetic lines used in the full-scale

moorings.

EXPERIMENTAL ARRANGEMENT

MODEL CONFIGURATIONS

The model experiments were conducted in the Circulating hater Channel -•

which has a working depth of 9 feet. The genera l mooring arrangement is

shown i n F ig ure 4. The l ower en d of the moor i ng l i ne was se cured to a
tie-down block on the bottom , with the upper end secured to a two-

dimensional force dynamometer mounted on a slider arm . The slider arm

is dri ven vertically in a sinusoi da l motion with a fixed amplitude of

8
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(a) We i ghted Nylon Cord

H
I (b) Open L ink Chain

(c) Mercury Filled

- 

Polyethyle ne Tube

.4-I-- - 
— - - - 1 ~~~ L — - t,. a

(d) Bead Cha in

(a) Wi re Rope

j III,,I i I I ! Ij I I I J T I I I I , I  I
~!II,J It l~III~III I

- 

Fi gure 3 - Model Mooring Materi al Samples
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TABLE 1 - PHYSICAL CHARACTERISTICS OF MODEL MOOR ING SAMPLES

Weight

Sample Diameter, Air , Water ,
- Inches Poun ds/Foo t Poun ds/Foot

Weighted Nylon Cord - 0 .128 O.0264 ** 0.0194

Open L i nk Chain 0.195* 0.0417 0 0362

• Mercury Filled Tube 
- 

0.067 0.0100 0.0086

Bead Chain 0.056* I O.OO68~~ 0.0051

Wire Rope 0.069 0.0075 0.0064

* Effect i ve diameter based on projecte d area .

** Includes absorbed or entrained water.

TABLE 2 - RELATIVE SIMILARITY OF MODEL MOORING SAMPLES TO FULL—SCALE

Ben di ng Sur face
Sam p le Flexi bi l i t y Smoothness Wei ght

Weighted Nylon Cord Good Good Heavy

Open Link Chain Good Poor Heavy

Mercury Filled Tube Poor Good Medium

Bead Chain Good Poor Light

Wire Rope Poor Average Li ght

-4-4-
—
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4

0.5 inch (0.043 ft). A motor dr iver pivot arm and cab le  were used
to pull  the s l ider  arm up. Negator spr inr•s were used to pu~ 1 th e
arm down . The frequency of motion was va r i ab l e  fro m : 0.1 to 2.2 hertz.

The experimental condit ions for the f i v e  mode l mooring l ines are
given in Table 3. Listed are the model ma terial , anchoring confi gura-

tion , water depth spanned , moor ing line length , sco pe , motion amplitude ,
curr ent speed , and the preset trail (horizontal displacemen t ( • ) )

~e tween the upper and lower ends of the mooring line. The upper -end

.er ination was mounted on a movable carriage which allowed horizon-

t~il displace m ent to be varied. The mooring line lengths were select-

ed to correspond to the typical full scale scopes of 1 .1 and 1 .3

illustrated in Figure 1 , except for the case of the weighte c nylon

cord woich exceeded these values . The length of the nylo r line was

computed rather than measured directly. In water , ny lon parachute

cord normally shrinks . However , in this case , the shr in k ing ny lon
tended to neck down between the lead balls used to wei ght the line ,

which resulted in their being pushed apart. This extended the line

1.25 percent over its dry length . Also , the ny lon cord exhibited

an elastic coefficient (spring constant of a unit length under load)

of 36.5 pounds . These two factors together with the avera ge dynamic

tensior value were used to compute the stretched ’ leng tri fro r- the

measured dry length .

nith respect to the anchoring conf igurat ion , f i x ed-p ivo t  or excess

line on-the-bottom cases are indicated . For excess on-the -bott or - ”

cases , a reference was es tab l ished at the s p e c i f i e d  l ine length and

this reference was set just tangent to the channel floor under st~~i y

conditions . The current speeds were 0 and 0.6 knots . The preset

horizonta l displacement positions were established from 4- previous exper-

iments and from the calculation of conditions where the steady han-

zon ta l force-component at the top woul d be 0.25 and 0.5 times the

wei ght in water of the mooring line. The resulting steady hads ,

however , deviated fran these des i red loads and ranged from 0.05

to 0.85 times the weight in water .

11
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I N STRUMENTAT I ON

The parameters measured in addition to the characteristics of

the mooring l i ne models themselves an d t he i r ca tenar y conf i gura-

tions were:

1 . The components of force -in the upper end of the line

in the vertical and horizonta l directions , and

2. Amplitude and frequency of the vertical motion at the

upper end of the line.

The two component force dynaniometer is shown in Figure 5. Each load

cell has a 2.2-pound capacity . A special signal control unit ener-

g ized the force gages and the return signal was displayed on a

Sanborn 320 strip chart recorder and a Weston Model 1240 Cigita l

t-’ultirreter. On the strip chart record , resolution to 0.05 pourd

was obtained ; on the digita l multimeter , to — 0.01 pound . The

force measurements were complicated by interaction between t~e hori-

zontal and vertical force gages and inertia of the dynaroreter .

These effects were accounted for by calibration as explained late r .

The input motion was measured by a linear disp la cer e”t tra rs_

— 
ducer whose signal was recorded on a Sanborn 322 str ip chart recorder.

The vertical force signa l was recorded alongside the linea r displace-

ment signal to obtain the phase relationship between force and motion.

Frequency of motion input was mea sured to within ± 0.01 eertz by a

tachometer attached to the motor shaft and a ~eston N’odel 1240 Li g it al

Multimeter .

EXPERIMENTAL PROCEDURE

The first task in the experimenta l procedure was to establish the

pre—experimenta l equilibrium configuration of the model mooring line ,

an d it was accomplished as follows :

1. Anc hor Confi guration - The l ower end of the line was

secured to the anchor . In cases where the mooring was

16
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to have a fixed pivot , the l ine was attached to the

pivot pin on top of the tie_down b’ock shown in Fi gure 4.

Where some mooring line was to l ie on the bottom , it was

attached to the bottom of the t’e-down b1 ock.

2. Anchor Position - For the fixed p’vot cases , the tie-

down block was positioned on the channel fl oor in a li gn-

ment wi th two cross references Where some moo ring line

was to l i e on the bottom , a reference ma r k on the hoe
was al i gned wi th reference lines on the channe 1 ~l oo4-

In this case several feet of line separated the ancho-
and the point of mooring 1’ne tangency with the bottom

3. The upp er end of the moor i ng li ne was attached to the two

componen t load dynamometer,

4. The curren t flow was established at either 0 or 0.6 knots .

5. The steady-state configurat ion was established by moving

the upper end of the moor i n g line on the carriage down-

stream unt il the desired conf ’guration was obtained .

Reference marks on the channel wal l were used to determine

the mooring line terminal points to within ± 1/8- inch .

6. Steady-state forces were recorded ,

After the equ ilibrium configurati on had been set and recorded ,

vertical harmonic oscillation of the upper end was established at the

desired frequencies , and dynami c input motion and loads were recorded .

Throughout most of the experiments , the ampl it ude of vert i ca l motion

remaine d fi xed at 0.5 inch. Movies were taken through the surface to

observe any out—of-plane motions (normal to the current) in the mooring

l ine . Mov ies also were taken through the side windows in the channel

to observe both standing and traveling .waves in the mooring line. Both

types of observations yielded qualitative results . These procedures

were repeated for different preset locations and material samp les.
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Figure 5 - Two Component Force Dynamometer
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DATA REDUCT IO N TECHNIQUE

WAVEFORM CONSIDERATIONS

Typical load and displacement traces from the Sanborn 320 and 322

strip chart recorders are shown for the case of the open -link chain

model in Fi gures 6 and 7 (fixed pivot anchor with scope-to-depth ratios

of 1.1 and 1.3 respectively) and Figure 8 (scope-to-depth ratio of 1.3

an d excess chain lying on the bottom). Figure 6 represents the shortest

scope condition which results in the hi ghest dynami c loads and the most

distorted signals , although this distortion is not strong enough to

prevent analysis of these data as if they were pure sinusoida l si gnals.

Small amplitude ripp les on the si gnal may be due to pendul us ~b ot i o r

of individua l links in the chain .

The load traces shown in Fi gures 6, 7 , and 8 do not represent

pure horizon ta l and vertica l forces because there are significant

interactions between the gages in the two component force dynanori-eter.

Also , inertia loads from the dynamometer itself are present in these

traces . Methods for eliminating these int 2ractions and inertia loads

fron the da ta anal ysis are discussed in the ne /t section.

The load traces for the other models are si m i l a r  to Figure 6 , 7 ,
ard 8 but are of generall y l ower magnitudes. However , under sor e

conditions the load traces are highly distorted in that they show

shar p spike s that peak to much higher ma iir u r loads t~ ar are observed

when the responses are sinusoidal. The following two distinctl y

different conditions result in distorted loads :

Models w i th  srria l les t sco pe~ to~ dept h ra t ios  ( - 1. 1)

and hi ghest preset trail distances (x = 3.79 feet at

U = 0.6 knot) have the hi ghest tensions of any of the

models when the slider which drives the line is at the

top of i ts t rave l .  This resul ts  in d is tor ted load

traces , especiall y when the amplitude or frequency is

increased. An examp le is illustrated in Figure 9 for

for the open-lin k chain model.

19 
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k Figure 6 - Vertical Displacement and Load Records on an Open-Link Chain
Model Mooring; I = 9.9  Feet, U = 0.6 Knots , x = 3 . 7 9  Feet,

f = 1.84 Hertz , F i xed Pivot
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Figure 7 - Vertical Displacement and Load Records on an Open-Link Chain
Model Mooring; ~ = 11.7 Feet4-, U = 0.6 Knots , x = 6.88 Feet,

f = 1.82 Hertz, Fixe d P i vo t
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Figure 8 - Vertical Displacement and Load Re ords on an Open-Link Chain
Model Mooring; I 12.05 Feet, U 0.6 kno ts , x 5.73 Feet

f = 1.81 Hertz , Bottom Anchor
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2. When subject to high amplitude (0.109 foot instead of

0.043 foot) all mooring models go s lack  at the lowe r
position of the slider and then snap up as the slider

moves to its top positio n . In the high amplitude ex-

periments , the resultin g “sna p ” loa ds were observed to be

sensitive to bending stiffness. The relatively stiff

wire rope exhibited more severe snap loads than did the

flexi ble open-link chain .

In any case , the above two conditions represent unrealistic models

of full-scale conditions at sea. Either the mooring is tauter or the

motiona l amplitude compared to water depth is higher than those anti-

cipated at sea. As a result , distorted dyna m ic loads were ruled out

from fur ther analys i s. Th is a pp roac h elimina ted mos t of the da ta
gathered in high amplitude experiments .

Listortions in the load signals also may have been inf luencc a ~
uneven loading where the model lines pierce the air-water interface ,

but these influences should not have been large enough to effect tn

data analysis discussed below .

— 
L-A TA A NA LYSIS

The tens 4 on components contain both equi l ibr ium and dynar ic  tcrI~
a rid ray be expressed as follows :

= T0x + F sin (c~t + ~ ) (1 5 )

and

= T0~ 
+ F~ sin (wt + 

~y) (16)

where

TOx an d T0y are equil ibrium tension componen ts in pounds ,

an d Fy are dynamic tension ampl i tudes in pounds ,

t is time in seconds ,

and are phase angles with respect to displacement , and

~~. Is the frequency of motion In radians per second .
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The sign conventions used to define the forces (components of

tension ) and motion of the top of the cable are shown in Figure 10.

T and I are the horizontal and vertical components of the tensionx y
in pounds and y is displacement in feet , of the form

y = a sin ~t (17)

where

a is motion amplitude in feet ,

t is time in seconds , and

is frequency in radians per second.

Curren t

Fiqure 10 - Sign Conventions for Loads and Displacement of Top of Model
Moor i n g L i ne

P 25
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Cal i bration of the two component load dynamometer revealed stron g

but linear and predictable interactions between the horizontal and

vert ical force measuring components . So , to obtain forces from the

measured voltages , the following ma trix equation was used:

I a a Vx xx xy ~ x -

= ( (18)
T a ay yx yy \ Y

where

and V are the measured horizonta l and vertica l voltages ,

respect ive ly ,  in mi l l i vo l t s . From the ca l ib ra t ions , the interact ion

coef f i c ien ts  were determined to be

axx 
= 0.1854 pounds/millivolt

axy =-O .0616 pound s/millivo lt

~~ = 0.1876 pounds/millivolt

~~ 
-O.0632 pounds/millivolt

Dynamic ca l ibrat ions wi th mo model at tached to the dynanrometer revealed

si gni f icant  tare loads above 1.5 hertz. The tare loads due to inertia

in the dyramnnieter increased wi th frequency but remained 180 degrees

out-of-phase with the displacement.

Under osc i l la t ing  condit ions wi th the models attached , the measured

horizonta l and ver t ica l vol t ages renmained in phase w i th  each other ,

although their phase relationships to the displacement varied with dif- .
~~

ferent conditions. As a result , the follow ing equations were used to

remove the tare voltages from the measured voltages to obtain corrected

dynamic voltage amplitudes .

Vdx 
= 1V 2 sin 2 ~ + (V xm cos 0 - V t)

2 ~l/2 (19)

-

~

1 26

4- 4-— 
- :~~~~~~‘



4-—— -

and

V dy 
- LV ym

2 sin 2 ~ + (V~~ cos o - V
yt

)2 ~l/2 (20 )

where

V dx 
and V

dy 
are the corrected vol tage amplit udes ,

V xm 
and V

ym are the measured voltage amplitudes ,

V t an d V
~t 

are the tare voltage amplitudes , and

o is the phase angle between the measured and

tare voltages .

Because of higher resolution , voltages read from the digital volt m eter

were used in the data analysis rather than readings fronm the Sanborn

c~arts . ‘
~dx 

and Vdy then were substituted into Equation (18) to obtain

the dyn a ri c force amplitudes .

PES~- (f,SE R~~IOS
In the mathematica l models under development to predict the dynami c

loa d and motion responses of moor ings ,2 the dyna m- ic loads nay be obtain-

ed fror non-dimensional coefficients , which follow :

F/T_ x O  21 
-

4-

‘
~fxH~~a/U

F /1
c = ~~~O (22)fy w a/U

27 
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where

a is motion amplitude in feet ,

F an d F~ are hor izonta l and vertical dynami c loa d in pounds ,

is the measured equilibrium tension in pounds ,

U is current in feet per second , and

is frequency in radians per second.

These coefficients are zero when no current exists . So , to obtain some

comparison between current and no-current conditions the fo l lowing load
response ratios are used:

(2 3 )

and

FRf~ 
= (24 )

TO

ER POF ANA LY S~~ 
-

O v e r a l l  r e so lu ti on , or accuracy , of the data analysis was dependent

upon the f o l l o w ing fac tors :

1. Ver ti cal and horizontal voltages were accurate to

within 0.05 millivolt. As a result , resolu tion of

equilibrium vertical and horizonta l l oads is 0.006

pound , and , cumula tively, tens i on resolut ion is 0.009
pound.

2. Phase angles between dynami c voltage and disp lacemen t

were accurate to 10 or ± 20 degrees dependin g on
signa l amp litude and paper speed on the strip chart
recorder. The uncertainties in the load amplitude
depended on this angle variance and also depended on

28 
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the relative rran nitude s of t~-~ measured dyn a r i c and

tare voltages . As a res u l t , the uncertainty in the

load amplitude varied depend ino on the run condition.

3. Tachometer voltages were nc ’asure fl to - 0.5 volt. As
a resul t , frequency resolution is 0.004 hertz and

circular frequency resolutio n is 0.024 radian per

secon d.

4. Wi th flow i n  the channel at 0.6 knot , speed is main-

tainable and uni form from surface to floor to withi n

l0’4- . However , speed did not enter in t o the ca 1c~ la—

tions which follow .

In the data analysis , the above resolutions were innl u d ed as errnr-

terms . For example , in Equation (18), the voltage ‘.

~~~ 

was writte ” as

• ~ V where V is a measured vo lta cm e and V is vol~~iri e rnso~ u t i o r
xr” 

4-

(~ V = 0.05 mi lliv olt). The final results are tabulated in 1-pre rd ix A

in terms of values plus or rrirus cumulative error li mi ts .

EXPE PI ME~TAL PESLL S A N I PI SC I2SS I flN

The calibration rnatr i of Iqu at ion (1P) was app li ed to t he n-p~is~ red

steady voltages to obtai n steady loads on t~’e roor in q models. These

results are suninarized in, Table 4.

The tare correction Equations (19) and (20) a n d  the calibration

matrix Equation (18) were applied to the measured cyna r- -ic vc -ltanes to

obtain dynamic load amplitudes on the moorina models. For comparison

wi th analytical predictions , Equations (23) and (24) were used to trans-

form the load amplitudes into horizontal and vertical response ratios .

The loa d amplitude results are tabulated in Appendix 1~. The load

response ratios are plotted versus reduced frequency .. a/c i r  Fi gures
11 throu gh 22. The results are shown in order of decreasing confi-

dence in the data , wh i ch is influence d by the following two factors :

1. Similar ity of the samp le m aterials as model moorings

as noted in Table 2, and
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2. l incr- rt-~inti~ s and ina c1.r~]c ies  ‘i the d~ t i IJS d1 SCU ~ :4: 4-
~

ir the Error t~nal ysis Sect irj r . Thn res IJ it i n ) :  u’~D( ’ r —

tainties also are li ste d in t~ e d at a  table’; j r  )pr-nd~~ I’. .

The ef fec ts  of preload , f low an d s c c ; e  on the  dynam i c loa d res~~~se

rat ios a lso are shown in Fi gures 11 thro u ’~k-, 21. The dependc~rce cn

frequency of the dynar~ic load response ratios on the weighted ny lon

cord are l i t t le  affected by pre load , as illustrated in Fi gures 1 1 an d

12. However , Figures 14 and 15 i l l us t ra te  increases in this deoendence
for the response ra t ios wi th increasing pre load on the open-link chain.

A similar effect is i l l us t ra ted  in Fi gures 18 and 19 for the bead ch ai n.

However , Figure 17 i l l us t ra tes  increas ing respon se ratios with no flow

and decreasing response rat ios w ith flow on the mercury filled tube.

Figures 13 , 16 , 20, and 21 , cases where portions of the line were l y ir rj

on- the bottom , could “ot ~e considered to illustrate the effec ts of

pre load because in these cases pre l oad could not ~-e vcried wit ~-r ’.~t cnir:irg

the scaope. The differen ces in effects of pre load may be due to differ-

ences in the bending stiffness The ope n-l in t - chain and bead cha in are

extremel y flexible in bending , whereas the wei ghted cord is slightl y stiff

and the mercury filled polyeth ylene tube is stiffest.

To determine the effects of current on the dependence on frequency

load ‘ esponse ratios , ca re ~-ust be ta k ’n to look onl y at cases wh~ ro

equilibr ium T0~
/w9. is nearly the sare for fl (,w and no flow conditi n r - s.

With this in mind , Figures 12 , 14 , 18 and 19 illustrate that the effect

of current is to increase the load response ratios for the wei ghted

cor d , the open-link chain , and the bead chain . Similar preload condi -

tions were not obtained for the m ercury-filled tube. As a result , no

interactions between the ef fects  of s t i f fness ari d the ef fects of curren t
on the load response ratios were observed.

Increasing scope tends to decrease the load ratios , especiall y

when some of the line is lying on the bottom . This is illustrated for

the weigh ted cord , the open—link chain , dn d  the bead chain in ri gures 11

through 16 and 18 through 2 1. Pesults for the tube ~re limi ted to a

sin gle scope.
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Observations of motions in the moorin g lin es indicated differences

in behavior between the different model moorings . All models exhibited

motions in the plane of the steady-state catenary s imi lar  to those

illustrated in Figure 22. In all cases the most severe changes i n  :a b le
ang le appeared at the fixed pivot , which was a reflection point for

waves traveling up and down the mooring lin e. The wire rope and tce

mercury filled pol yethylene tube , which were both stiff in bending ,

exhib i ted wel l  defined noda l patterns wi th standing waves s i r : ila r to
the sketch shown in Figure 22. In traveling waves , the nodes rove alonq

the l ine; whereas , in standing waves ,the nodes remain in f i xed  p o s i t i o n s
aio nr 4 the line. These patterns did not appear to channe wi t r : fr - er ~j e ’ c y

and , hence , the patterns probably were related to k inks i n  trese li ~~es
rather than being results of resonan ce phenomena. The rore flexible open—

link chain , bead chain , and wei ghte d cord models exhibited m ostly trave l-

in n waves which bega n at the top , reflected fror the fL-ed pivot , ard

returned to :he top. The stiff mod els exhibited s iq nif i ca rt r- otior - nor r.~l

to the plane of the caterary , es p eciall y near the fi x ed p ivot. T’e ~1e,-

ib le -oJels exhibited none of thi s out-of-plane m otion , except f~~r th e

we i g~ ted cord which exh ib i ted a hi gher frequency sr - a l l  a mpl i tude win ’ : le
out-of-plane. This may have resulted because the cord was we iq hted wi t n

discrete masses in the form of lead shot. As a result , the out-of- Hare

~- n ~~e could have been pendulus mo tion of these wei ghts.

1-s to cases where moorin g line was allowed to lie or the bottori

the ‘-- oti ons were di r r i ni shed by the rernova 1 of the fixed pivot w h i c h had

acted as a wave ref lector .

CONCLUSIONS AND RECOMMENDATIONS

!n terms of the objectives of the above experi mental proara m , the
follo wing conclus i on is drawn :

1. The variety of conditions listed in Table 4 and Appendix A

indicate that sufficient data were taken to validate the

~~ analytical methods for predicting the dynamic loads in

moor i ng lines with forced vertica l motions at the tops

45 
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Figure 22 - Typical Motion Response in Plane of Model Mooring Catenary
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of the mooring l ines . Some of these data were used for
validation in References 2 and 4. To comp le te th e val-
idation , however , data are needed with forced horizonta l

motions at the tops of the mooring lines.

Based on these experiments , the following conclusions are drawr :

1. In ter ms of ranges over which the dynamic responses are
linear , that is where load responses to a sinusoida l

motion input remain sinusoidal , motio n amp litudes of

0.043 foot produced mostly linear resporses~ w h ereas ,

amplitudes of 0.10 9 foot produced -‘os t~ v — on- h r-ear

responses. Compared to t r’ e -ce el r o or ing de pt4 - of J foeS ,

both of these amplitudes are lan r ;e. I~lso , no r -l i~ ear

e f fec ts  increased w i t h  frequ€- r~y anc di ‘‘er wl tb - -  oo ri rg

line material . Exper L-ents w i t 1 ’  more an ol itudes ar-ni

frequencies are needed to better de~ ire tne linear ,

dyn ar -ic response ranges .

2. Non- l inear e f f e c t s , such as out~ o
4
~ p~ane - oti on , were 4-

observed on the models w ith bending st i f~~ess , eve n w”en 
4

the dynam ic load responses appear b ’c : h r -ear.

3. For vertical m otion input at tb- c ton of the model - oorinlj s ,

the horizontal and verti ,al load response ratios exhi b ited

the following:

a. Trends in the load response ratios w i t l frequency sho w n

in Figures ii th rough 21 were si r r ilar to those €x ~ected

from theory when the equ i l ib r i u m te rs~ on is s u f f i c i e r ’t ly 4-
2large ,

b . Preload effects were influe nced by bend ing s t if ’ ress

in that:

(1) For the flexible models , loa d ratios increased

with increased pre load,



--4- - -- --

(2) For the stiff models , load ratios decreased

wi th increased pre load .

c. Loa d ratios increased wi th current , and

d. Load ratios decreased with increasing cable scope.

4. The mot ionah responses of the model moor in gs were
influenced by bending stiffness in that:

a. The f lex ib le  models exhibi ted mostl y traveling

waves in the plane of the cable catenaries which

were continuousl y reflected up and down the cable.

b . The stiff model s exhibited strong nodal motions
wi t h  standin n waves both in and out of the plane 

4-

of the cable catenaries .

5. The stif f mod els also exhibited rore terdencies toward

distor ted and highl y peaked load responses than did

the flexible mode ls.

6. For deep sea moorings where the watch circle is to be

minimized the above conclus ions indicate that the best
moor m g  lin e material is flexible in bending. The pro-

totype lines shown in Figure 1 and 2 are flexible , with

the added advanta qe that they also are extensible.

Extensibility provides cushioning of otherwi se large

transient loads during deployment. ~nchor chain is

added to the bottoms of these sys tems to prevent

chafing of the synthetic lines . Additionally, the

experimental results indicate significantl y reduced

dynamic loads with the chain on the bottom .

1-lth ouqh some of the experimenta l results have been used to validate

the predict ion technique for dynami c responses presented in References
2 and 4, the weighted ny lon cord results were not used , but the flex-
ibi h ity and extensibility of the wei ghted cord match the characteristics

of the prototype mooring lines better than do the other models. Therefore ,

it is recommended that the weighted cord results be used to validate the

dynamic prediction techniques .

- 
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For further validation of the prediction model s , the following

experiment s are recommended :

1. Responses to horizonta l motion input , which , when

coupled with the vertical motion results , complete the

description of the motional input expected from the

buoy in a seaway ,

2. Experiments with scope-to-depth ratios greater than

1.3 to determine the effects of scope on the dyr ar-ic

load responses ,

3. Experiments at several ampli tudes of motion to deter~- i n e

effects of amplitude on dynam ic load responses and to

provide data for simulation of dyna ni c responses to

4- 
mo tions of a buoy in a seaway with a Spectrum of fre-

quencies and amplitudes. For rore accurate me as-~re-

rnents , such experiments should use more sens i t i ve  load
cells (within the state-of-the-art) pl aced at both too

and bottom and full movie coverane of t°e mncn irr r h i r e

with a background grid to measure r- otion .

4. Pepeat experiments reported kere w ith more accurate

instrumentation to min i r i ze uncertainties .

Once validated , the moorin o dyna mi cs predi ctio r tec hrique shou ld

be combined w i t h  the buoy motion model of Peference (3) to predict  the
ac tual responses of prototype rnoorir ci s in realistic seaways and currents

to assess such characteristics as ma intenance of station and survivability .
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APPENDIX A

MEASURED DYNAMIC LOAD RESPONSES ON MODEL MOORINGS

• I
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TABLE Al - MEASURED DYNN’iIC LOADS IN RESPONSE TO VERTICAL MOTIONS ON A WEIGHTED
NYLON CORD MODEL MOORIN G , I = 9.9 FEET , FIXED PIVOT ANCHOR

Horizontal Dynamic Load
Current , Displacement , Frequency , F F
Knots Feet Hertz x y Run

~nu ’v
4s Pounds

O 3.76 0.40 0 +0.006 0 +0.006 148
0.87 0.006 +0 .006  0 .019 + 0.006 149
1.81 0 .0 2 9 + 0 . 0 1 0  0 .013 + 0.017 150
2.73 0 . 0 0 8 + 0 . 0 0 7  0.106 + 0.033 151

0.6 3.69 0.42 0 . 0 0 6 + 0 . 0 0 6  0.031 + 0.006 152
0.90 0 +0.006 0.075 + 0.006 153
1.82 O 011+0.008 0.098 + 0.017 154
2 .76 0.002+0.007 0.117+0.034 155

0 4.02 0.42 0 +0.006 0 +0.006 156
0.90 0 . 0 0 3 + 0 . 0 0 6  0 . 0 1 6 + 0 . 0 0 6  157
1.84 0.007+0.009 0.080+0 .016 158
2.77 0.005 + 0.008 0.062 + 0.027 159

0.6 3.81 0.41 0.003+0.006 0.041+0.006 160
0.90 0 .009 + 0.006 0.072 + 0.006 161
1 .76 0.006 + 0.009 0.144 + 0.016 162
2.70 0.008+0.009 0.129+0 .010 163
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TABLE A2 - MEASURED DYNAMIC LOADS IN RESPONSE TO VERTICAL MOTIONS ON A WEIG HTED
NYLON CORD MODEL MOORING , I = 11.7 FEET , FIXED PIVOT ANCHOR

Dynamic Load
Horizonta l ——-- -

Current Displacement . Frequency , F
~ 

F
v nfl~~S Feet Hertz Pounds Pou~ds Run

O 6. 23 0.40 0 -f 0. 006 0 ± 0 . 006 1 1 3
0.86 0.000 ± 0.006 0.006 + 0.006 1)4
2.72 0 .005 1-0.008 0.102 ± 0.033 116

0.0 o~~ 1 0.42 0.003 + 0.oOo 0 1  4 + 0 .00’ 117
0.89 0 +0.006 0.0S O ÷ 0 . uoo 11°
1 .82 O .007~~~0.O11 0.1 0 0 + 0 .017 1 1 4
2.77 0.00 3 - ~-0.00H 0.1 1 3 ± 0 . 03 1 icO

0 7 .04 0.18 0.OOo + 0.006 0.oU’- 0.000 12 1
0.28 0.0W- 0.00k , 122
0.41 0.00’ 0 .0 0 ,
u.52 0.00.3 0.00’ 124
0.64 0.00 0.00’- 12 5
0.75 0.006 ~~~~ 12 -
0.80 0. QUo Q• 0Jl - 1~ 7

0.003 0.01 128
1 .12 0 0 .025  1 2 ’
1. 22 0 ‘ 0.02~ - 130
1. ~5 0 .003 3 .04 1  1 ‘- 1
1 .4 o  0 .012 0 .037  132
1 .58 0.000 0 .056 t 133
1. 82 0 . 0 2 2 ± 0 . 0 0 ’ )  O .06 0~~~0 .010 135
1, - i-~ 0 . 0 1 8  + 0.009 0.071 + 0. 016 1 3 t -
2 .06 0 .015 + 0 . 0 0 7  0 .004 -4- 0 .022 137
2 .1 ’) 0 . 0 1 2 + 0 . 0 0 7  0 .0 8 3 + 0 . 0 2 2  138
2.30 0.012+0 .007 0.098 ± 0.023 1 3 - ’
2.43 0.008+0.006 0.113 ± 0.025 Ho
2.55 0.011 + 0. 009 0.082+0.031 14 1
2.66 0.008 + 0.007 0 .lOo+0 .O33 142
2 .77  0 . 0 0 9 + 0 . 007 0 . 0 9 6 + 0 . 0 3 5  143

0.6 6.88 0.41 0.006 + 0 .006 0.03 1 -f 0.006 144
0.89 0.003 4 0.006 0.066+0.006 145
1.83 0.009+0.009 0.128+0.015 146
2.74 0.012+0.007 0.145+0.035 147
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TABLE A3 - MEASURED DYNNIIC LOADS IN RESPONSE TO VERTICA L MOTIONS ON A WEIGHTED
NYLON CORD PLUS CHAIN MODEL MOORING , i = 12.05 FEET , BOTTOM ANC HOR

Dyiiamic Load
Horizontal F FCurrent, Di sp lacemen t, Frequency , x y

Knots Feet Hertz Pounds Pounds Run

O 6.78 0.40 0 +0.006 0 +0.006 196
4- 0.85 0.006+0.006 0.006+0.006 197

2.73 0.041+0.007 O~ 137 + O .O17 199

0.6 5,63 0.41 0.006+0.006 0.006+0.006 200
0.87 0 +0.006 0.025+0.006 201
2.74 0.007+0.007 0.104+0.016 203
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TABLE A4 - MEASURED DYNAMIC LOADS IN RESPONSE TO VERTICAL MOTIONS ON AN OPEN-
LINK CHAIN MODEL MOORING , I 9.9 FEET , FIXED PiVOT ANCHOR

Horizontal Dynamic Load 
—

Current , Displacement , Frequency , F~Knots Feet Hertz Pounds Pounds Run

0 3.76 0.18 0.006+0.006 0.006 ± 0.006 43
0.41 0 .006 0 .006 44
0.86 0.003 0.059 45
1 .34 0.009 0 .078 4b

0 .6 3 ,69  0 .19 0 .022 0 .034 50
0.42 0.013 0.062 51
0.90 0.022 3.134 , 52
1 .37 0 .037 0 .2 1 2  53

0 4.02 0.16 0.074 0.125 1 57
0.38 0.062 0.087 - 58
0.83 0.081 0.230 59

0.6 3.79 0.18 0.043 0.069 62
0.41 0 .037  0 .112 - 63
0.86 0.056 0.181
1.33 0.050 0.325 65
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TABLE A 5 - MEASURED DYNAMIC LOADS IN RESPONSE TO VERTICAL MOTIONS ON AN OPEN-
LINK CHAIN MODEL MOORING , ~ = 11.7 FEET , FIXED PIVOT ANCHOR

Dynamic Load
Horizontal F F

Current , Displacement , Frequency , x y

Knots Feet Hertz Pounds Pounds Run

O 6.23 0.38 0 +0.006 0 +0.006 164
0.84 0.003 + 0.006 0.016 + 0.006 165
1.78 0.021 + 0.009 0.087 + 0.014 166
2.68 0.028+0.008 0,138+0 .027 167

0.t~ 6.61 0.41 0.006+0.006 0.031+0 .006 168
0.88 0,016+0.006 0.053+0.006 16’)
1,82 0.042+0.010 0.150+0 .016 170
2.76 0.094+0.008 0.211+0 .032 171

0 ,7,O4 0.41 0.009+0.006 0.003+0,006 172
0,88 0.025+0.006 0.050+0.006 173
1.82 0.035+0,009 0.221+0 .013 174
2.76 0.028+0.008 0.308+0.035 175

0 6.88 0.42 0.022+0.006 0.034 + 0.006 176
0.89 0.022+0.006 0.084 + 0.006 177
1.82 0.041+0.009 O.226+O. ’~15 178
2.74 0.081+0.007 0.325+0.018 179
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T A B L E  A6  - MEASURED DYNAMIC LOADS TN RESPONSE TO VERT ICAL MOTIONS or~ AN OPEN-CHAIN MODEL MOORING , I = 12.05 FEET , BOTTOM ANCHOR

- 
- 

F 
Dynam ic Load 

F
Current, Displacement , Frequency, X Y

Knots Feet Hert7 Pounds Pounds 
- 

Run

0 6.72 0.18 0 + 0.006 0 + Q~ QQ (-, 2o
0.41 0 0 

— 
30

0.87 0.003 0.01’ 31
1.3 2 Q •QQf~, 0.0 32

0.0 5 .73 0.1’) 0 0 36
0.42 0.003 0.00 37
0.90 0 0.025 38
1.30 0.003 0.05’ 3’)
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TABLE A7 - MEASURED DYNAMIC LOADS IN RESPONSE TO VERTICAL MOTION ON A MERCURY -
FILLED POLYETHYLENE TUBE MOORING MODEL , I = 10 FEET , FIXED PIVOT ANCHOR

Dynamic Load
Hc,- i zontal

Current , Displacement , Frequency , F
~ 

Fy
Knots Feet Hertz Pounds Pounds Run

O 3.80 0.41 0 +0.006 0 +0.006 97
0.88 0.003 0.009 98

0.6 3.73 0.39 0 0.025 101
0.83 0,009 0.047 102
2 .70 0 . 0 0 6 + 0 . 0 0 7  0 . 1 3 7 + 0 . 0 2 6  104

O 4.06 0.41 0.006 + 0. 006 0 .006 + 0 .006 105
0.84 0.012 0.012 106

0.6 3.85 0.41 0.009 0,021 109
0.88 0.009 0.047 110
2.78 O,014+O .c?0 7 0.161+0 .028 112
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TABLE A8 - MEASURED DYNAMIC LOAD IN RESPONSE TO VERTICAL MOTION O N A B EAD C H A I N
MODEL MOORING , ~ = 9.9 FEET , FIXED PIVOT ANCHO R

Dynamic LoadHorizontal
Current , D i splaceme n t , Frequency , F
Knots Feet Hert7 Pounds Pounds Run

O 3.76 0.41 0 + 0.006 0 + 0.006 81
0.86 0.006 0.006 82

0.6 3 .~- ’~ 0.42 0.003 0.041 85
0.89 0 0.075 943

O 4.02 0.41 0 0.025 89
0.80 0.025 0.075

3 .81  0 .42 0 .016 0 .053 ‘H
0.83 0.022 0.084 “4

d
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TABL E A9 - ~-1EASUR [D [)YNAMIC LOAD IN RE . ~T I ( A L  ~f lT I5N A S A BEAD CHA I N
MODEL MOORIN (~, = 11.7 FNT , FIX FD PIVOT ANCHOR 

in~” ic  Load
Horizontal - —_______ _____ — -4 -

Current , Di spi i c e ent • I r~~~:.~ i- ’ i~ 1, - Fy
Knots Feet Her ’~ ~‘ i f l -d~~ Pounds

0 ~,.2 -3 O.•~ 1 0.003 0. 0.00 ~
- 0.0043 1 80

0.003 0.0’9 ’~ 9.00’ i~~I
0. 4 - 1 o .o ;s  9.01- j 0 3

0.6 0.01 0.’l 0.00.3 0 .01o ~~~0 . 0 - ’ -  1-- I
0.99 0.0043 0.’~~1 ~ ~~~~~~~~~ 185
1 ~~~4 0.01- ) 0.00 3 0.0 3 2 0 .0 1 - 10-

0.010 ’ 0.007 0.0~ 0 - 0 . 0 , ’  lh - 7

0 7.01 0.41) 0 ~~0.00’- 0 ‘1 .90- 1h9

0~ 
o r  0. 00 0. OOo 0 .01 O .O0~• 19

1 .78 0.0~ 1 +0 .00 ’ )  0 . 0 3o - 0 .015 1~~O
0. 0 l3~~~O .007 o .071~~- U. 0 3~ )~i1

• 99 0.42 0.0)) 3 U. 1 ) 0’ ‘ 1 ~ 02 2  ± 0.006 1 ~2
0.8-) 0.0)J~ 0. QU o 1~ 9 4 7  + 0~ Ow- 1 -3 3
1.81 0,022 0.010 0,060 0.01r~ 1-H

0.012+0 .006 0.07o+0,018 1 70
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TABLE A lO - MEASURED DYNAMIC LOAD IN RESPONSE TO VERTICAL MOTION ON A BEAD CHAIN
MODEL MOORING , I = 12.05 FEET , BOTTOM ANCHOR

Dynamic Load
Hon zonta l

Current , Dis placement, Frequency , F~ F~
Knots Feet Hertz Pounds Pounds Run

0 o .38 0.41 0 + 0 .006 0 + 0 . 0 0 6  69
0.86 0.003 0.009 70

2.82 0.41 0 0 73
0.88 0.006 0.019 ~

61
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TABLE A l l  - ~i3A5HPED DYNAMIC LOAD IN R E SPONSE TO V E R T ICA L MO TI ON ON A BEAD C H A I N
MODEL MOORING , = 14 .5 FEET , BOTTOM ANCHOR

T
_ _  _ _

Dynamic Load

Current , Disp lace ent , Frequency, F Fy
Knots feet Feet Pounds Pounds <u”

0.1 A .oR 0.40 0 t 0 . 0 0 6  0 + 0.006 77
0.84 0. 00~ 0 .019 78

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 
____________________________



TABLE A 12 - MEASURED DYNAMIC LOAD IN RESPONSE TO VERTICAL MOTION ON A W IRE 9091
MODEL MOORI NG , 9.9 FEET , FI X ED PI VOT AN CHOR

f Dynamic Load
Horizontal  -

Curre’Y , Displacement , Frequency , F
~

Knots Feet Hertz Pounds Pounds Run

0 3. 76 0.16 0 + 0.006 0 ‘ 0. 0~ 15
0.39 0 

— 

0 
— 

in
0 .87 0 ,003 0. 92 5 17
1 .34 0.009 Q~~’ l - -17  18

0.- , 3.o’ 0.1’) 0.006 u.031 22
0.42 0.009 O.o47 23
0.89 0.016 0.078 24
1 .36 0.009 0.122 - 25
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1) DTNSRDC R EPORTS . A FORMAL SERIE S PUBLISHING INFORMATION OF
PERMAN ENT TECHNICA L VALUE . DESIGNATED BY A SERIAL REPORT NUMBER ,

2 DEPARTMENTAL REPORTS . A SEMIFORMAL SERIES , RECORDING INFORMA-
lION c )r  A PR E L IMINARY OR TEMP ORARY NATURE . OR OF LIMIT ED INTEREST OR
St G NI~ ICAN C E CARRY ING A DEPARTMENTAL ALPHANUMERIC IDENTIFICATION

31 ‘ ECN NICAL MEMORANDA . AN INFORMAL SER IES . USUALLY INTERNAL
WO’~w “~1 PAPE RS OR DIRECT REPORTS TO SPONSORS , NUMBERED AS TM SERIES
REP O RTS NOT ~OR GENERAL DISTRIBUTION
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