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SEATESTS OF A SPREAD~MOORED LANDING CRAFT

J.T, O'Brien ond B.J. Muga

Engineers, U.S. Naval Civil Engineering Laboratory,Bureau of Yards and Docks,
epartment of the Navy, Port Hueneme, Califomia

ABSTRACT

Sea tests of motion and mooring force were conducted on an LST (Landing Ship
Tonk) of about 4400 long tons displacement, The LST was spread-moored by six
2~1/16 inch and one I~1/4 inch (port breast) stud-link chains in simple catenary con-
figuration in about 45 feet of water in the open Gulf of Mexico about 65 air miles
south of New Orleans, Lovisiona, Water-level variations at a single location, ship
rotations and accelerations, mooring force, and wind were measured in sea states of
2 and 4. Three recordings of 38, 62, 67 minutes duration were analyzed, using time~
series techniques to provide apparent amplitude~-response operators for all of the ship's
motions and seven mooring chains. Theoretical prediction of the operators using long
crested regular waves was made also. In longitudinal plane, theory predicts motions
1/3 to 4 times and chain tensions 1/4 to 9 times those measured. The most probable
maximum~motion amplitude responses in sea state 4 are found to be 1.7, 1.1, and 1.7
feet, respectively, in surge, sway and heave, and 3.4 and 0.5 degrees, respectively
in pitch and yaw. Roll was measured only in sea-state 2 with a corresponding maximum
of 2.1 degrees. Maximum wave~induced chain tensions in kips were: 85.1 and 48.0 in
port and starboard bow chains respectively; 10.6 (sea state 2) and 19.7 in port and star-
board breast chains; 13.9 and 4. 3 in port and starboard quarter chains (sea state 2) and
9.7 in stem chain. Total tension in port bow chain was [16.1 kips (85, [ plus initial
tension of 31,0 kips). Chadin response operators vary directly with initial tension, whicl
complicates design.

It is concluded that: (i) moor was unbalanced, i.e., port bow chain took most of
load; (ii) chains loaded lightly, e.g., maximum wave induced tension was 116 kips
compared to new proof load of 300 kips for the particular chain, the port bow; (jii)
water level should be measured at more than one point; (iv) discouragement over dif-
ferences is balanced by encouragement over agreements between measurements and
theoretical prediction of motion and chain tension; (v) toward improvement: Theory
needs extension to include short crested waves and barge types; (vi) initial tension
unique to problem of mooring design; (vii) propulsion devices may be needed toward
maintaining design initial tension, especially in storm; (viii) if directional spectra
had been measured and if theory involving short crested waves had been availdble and
used, then discrepancies between observation and theory likely would have been less.
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INTRODUCTION

As the need to operate from fixed platforms floating at the sea surface ot points
beyond the continental shelf boundaries increases due to dictates of National defense,
economic forces and scientific requirements, ways to hold these platforms in position
when subjected to the forces of wind, wave, and current have to be developed,

One way to hold such a platform in position is to power it, continually sense ifs
position, and continually apply power to maintain it on stafion,

A second way is to moor the platform by means of anchor and lines, Systems us-
ing conventional and even stake pile anchors and heavy anchor chains are very com-
mon. They have been employed in water of varying depth to moor a number of dif-
ferent kinds of platforms,

In high wave and strong winds, platforms moored in this way are subject to forces
and motions of a complex nature, In turn, the mooring chains experience tensions
that are much greater than those experienced under calm conditions, Such platforms
have, in fact, broken their mooring chains and been lost or damaged.

The failure of the anchor chains can be due to the imposition of forces beyond
their design capability or to the gradual deterioration of the chain in a marine envi=-
ronment, In either case, the nature of the forces applied to the chain needs to be
investigated theorefically and compared with measurements.

Also the nature of the motions of the moored platform due to the forces of wind
ond wave needs fo be investigated as a measure of the kinds of work that can be done
on such a plaiform,

A platform restrained by mooring chains in the two horizontal directions will seek
an equilibrium position in which the chains, hung from the platform in the form of a
catenary, when displaced from this equilibrium position by the force of the wind on
the “sail" area of the platform and by the effects of waves and currents, exert forces
{of the nature of spring constants) in surge, sway, and yaw. These tend to restore
the platform to its equilibrium position. These restoring forces have to be added to
the equations that describe the motions of the platform,

As a simple case, the restoring forces can be treated as linear, but, especially
for exireme motions that may occur, these forces may be non=linear depending on
terms of the form ( kl + ko (x)2 )x where x is the displacement in surge, and kl
and ko are constants'reflecting particular chain properties, Due to coupling with
the other motion components, the analysis of the non-linear problem appears to be
difficult. Some malytical and theoretical success has been achieved with the linear
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model,

The other complicating effect in this problem is the nature of the applied exci-
tations. The wind, being turbulent, exerts a mean force on the platform and a
fluctuating component with periods that are more than 30-minutes on down through
I0-minutes, S~minutes, l-minute, 30-seconds, and so on. The waves, in tum, con=-
tain periods ranging from 20 seconds on down.

Both the wind and the waves can be represented by stationary random processes
that oscillate about certain mean values and that grow and shrink from oscillation to
oscillation. The application of random process theory to the problem of the moored
platform is essential foward understanding its behavior.

However, and this is the rub, the extreme values that occur in random process
theory are the least well-documented aspect of the theory and depend on probability
concepts that are the most subject to criticism. In particular, the non~linear and
not well-understood model of the moored system needs to be analyzed when the
motions are extreme,

Despite these difficulties, some progress has been made in gathering and analyz=-
ing the data pertinent to the behavior of moored systems and in developing a theory
to explain and interpret the data. It is the purpose of this paper to present the high-
lights of the results of tests of a particular system and to point out where theoretical
and observational improvements can be obtained. It is based on the report to the
U.S. Naval Civil Engineering Laboratory by O'Brien and Muga (1964).
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THE SHIP AND ITS INSTRUMENTATION

THE SHIP

The craft studied is a landing ship tank (LST CLASS 542) modified to serve as a
tender for an offshore drilling platform about 30 feet forward of her bow, The owners,
the Califomia Company, designate the craft as 5~23. It has a length of 319 feet at
the waterline, an extreme moulded breadth of 50 feet, a draft of 12 feet, and a dis-
placement of 4420 long tons, Other characteristics are given in Table I,

The craft (Figure 1) was spread=moored in 45 feet of water in the open Gulf of
Mexico, at about N 29-01-42 W 90~09-18, approximately 65 air miles south of New
Orleans, Lovisiong, by six 2=1/16 and one l-l/4 inch stud=link chains with proof
breaking loads when new of 300 and 185 kips, respectively, Their length varied from'
approximately 440 feet at the port bow to I, 140 feet at the quarter (Figure 2) as
shown in Tdble Il, which lists the results of on~site measurements. These were diffi-
cult and required about three weeks of work by a large crew, including a three man
team of divers,

The port bow chain (No. 2) was anchored to a 10,000 pound conventional anchor,
The remaining six chains were anchored to stake piles. In addition, a 10,000 pound
conventional anchor helped to hold the stern chain (No. 6).

The craft was displaced analytically in the longitudinal and tronsverse directions,
i.e., in surge and sway respecﬁvely. The resulting change in chain tensions were
calculated and resolved in proper components to provide values for restoring force
of 20.0 kips per foot in surge (k,), 12.7 klps per foot in sway, (k) and 5,62 kip~
feet per degree of the yaw (k ), as shown in Table I. The chaind were considered in~
effective against heave, pitch, and roll,

DATA PICKUPS

A total of seventeen measurements were made simultaneously as a function of time
on 3 September, namely: water level variation (wave) at one point; wind speed and
direction; ship acceleration in surge, sway, and heave at bow and sway and heave at
stem; roll and pl'l'Ch tension in all seven chains (Figure I). On 23 March, roll,
pitch and tension, in three of the chains (*l, 5, and 7) were not measured due to mal-
functioning of the pickups.

Water level variation (wave) was measured at a point approximately 30 feet forward
from the bow of the craft by means of a vertical stoff of the resistance type. Electrical
type water level sensors, similar to sparkplugs, were fastened to the staff at one half
foot intervals in the vertical from about =10 to+20 feet mean water level; their short=
ing on contact with water was sensed through a proper electrical circuit,
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Table I. Characteristics of LST (S-23), Class 542

Length (ft):
overall 327.8
at water-line 318.6
between perpendiculars 316.0
Breadth, B, extreme molded, (ft) 50.0
Draft, D, (ft) 12
Depth, h, molded, at midships, (ft) 25.16
Water Depth, d, (ft) 45
Displacement, long tons 4,420
Mass, M, Ibs-sec2/ft? (slug) 307, 478
As surface area at water-line (3rd deck), (ftz) 14, 887
Free period of oscillation (seconds/cycle): *surge = 24.6; *sway = 3l.I
roll 6.8
*pitch 3.3t04.4
*heave 5.1
BG, Vertical distance between CG and CB (ft) 5.9
OG, Vertical distance from free surface to CG (ft) 0.2
GM, Metaccentric height (ft) 11.8
CG, Center of gravity (ft):
aft fwd perpendicular 171.6
above keel 12.2
I, virtual moment of inertia about x-axis (including added 8
T moment of inertia) (slug-ft2) 1.38 x 10
Iy’ ship's moment of inertia about y-axis (slug-ftz) 1.97 x 10°
1, ship's moment of inertia about z-axis (slug-ft’) 2.020 x 10°
¢ , coordinate of aft-most point at water-line (center-of-gravity
coordinate system), (ft) -155.3

, coordinate of fore-most point at water-line (center-of-gravity
coordinate system), (ft) 163.3

Restoring force:

surge, k_, kips/foot 20.0
sway, k 7 kips/foot 12.7
vaw, ky, kip-feet/degree 5.62

*calculated.
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Figure 2 Convention used to describe mooring chain geometry.
(See Table Il for actual dimensions and tensions.)
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A conventional torque type recording selsyn-type anemograph was used to meas-
ure wind speed ond direction, Both the direction vane and the speed cups were loca-
ted on the bridge of the ship, approximately 40 feet above the water surface or 25
feet above the main deck,

Ship acceleration was measured by gimbal mounted linear accelerometers with
sensitivity of about 0,001 G as installed on the longitudinal axis of the ship; three
112, 3 feet forward of the C, G, for measurements in respectively surge, sway, and
heave directions; fwo about 129, 4 feet oft of the C.G. for measurements in respecti-
vely sway and heave directions,

Separate conventional pendulum type inclinometers were used to measure roll and
pitch,

Chain tension wos measured by means of a four wire strain gage bridge, cemented
to a standard link in each of the seven chains. The vertical inclination of the link
was not recorded; however, it wos measured manually periodically,

All pickups were part of separate energized electrical circuits such that pick-
up response was sensed by the deflection of a galvanometer, and this deflection
suitably recotded by means of a photographic type oscillograph at relatively low pa-
per speeds, i.e., 13,2 inches per minute on 23 March and 2,75 inches per minute
on 3 September, The exception was the wind velocity pickup, whose output was
recorded by a direct writing oscillograph, which was part of the anemograph,

The velocity of the surface currents was measured periodically with a propeller
type meter and also with floats, In general, these measurements were difficult and
not always successful,
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MEASUREMENTS MADE

GENERAL

Figure 3 is a facsimile of four minutes duration, taken from an oscillogram on 3
September. It is typical of the total of about 100 hours of measurements made in
1958. The highly embroidered profile for water level is reflected in that of the
responses. Water level was recorded as a series of equivalent one-half foot steps
on the original oscillogram; they have been rendered as a continuous line on the
facsimile.

Note the low frequency component of about 39 seconds period (0.7 radians
per second) in the chain response, particularly for numbers 2, 3, and 7, as excited
by a beam-on wave of this period.

Wind velocity was measured continuously with all other quantities and recorded
on a conventional type anemogram.

MEASUREMENTS SELECTED FOR ANALYSIS

Three continuous records of measurement, during which a stationary random
process was assumed to exist, were selected for analysis: 38 minutes in the morning
of 23 March (1146 to 1223 CST), 62 minutes in the ofternoon of 23 March (1225 to
1326 CST), and 67 minutes on 3 September (1200 to 1306 CST).

As noted under "Data Pickups," the 3 September data contains output from
seventeen different pickups; that for 23 March is less data from the inoperative
roll, pitch and three chain tension pickups (1, 5, 7).

The measurements of wind velocity, although complete, were only scanned
since, although the wind displaced the craft from its equilibrium position, it was
not high enough to interfere significantly with the response of the craft to waves,
which was the main concem of the study.

To permit machine andl ysis, the height of each pickup trace above a base
line was read at intervals of one-second and recorded as punches (data points) on
standard machine type cards; specifically: 228l and 372l points for 23 March
and 402| points for 3 September,



766

FEET

DEGREES

DEGREES

FT/SECZ

FORCE { THOUSANDS OF POUNDS )

Figure 3

COASTAL ENGINEERING

SECONDS
50 120 180 240
CREST -+ ;
= , GALVO # 14
BOW UP —~~ WAVE ( 30 ft FORWARD OF 8OW ).’
) ValP_N
: ; 1] 4 4
BOW DOWN PITCH - . GaLvo 17
ROLL TO STARBOARD
;

MAAASNARKE /\mﬂ/\f\l\n/\x\ APAAASAADIMAAas
0—pA YAy vav vl\ﬁ; VYUY L AR A VA VAR
—{ RroLL TO porT ¢ : X

. ROLL- ‘-GaLvo f s

+2— v

AN AALAAANAA

STERN UP

NAaAN LA A A,
AAL

LAZAA'A'AA'AA A

/\mAAA.A/LA
VA'AY v

ANAAN A NANN
VYV

$TERN DOWN STERN VERTICAL ACCELEROMETER -
+2 BOW DOWN
A AAAA ala DA ,\AAAI\AAM AN A A~AAS
V"VVVUVV)] Vvuvvvuv v V—vv—’\rv r 4
-2 BOW UP- 5
12 BOW VERTICAL ACCELEROMETER ~-GALvO f 10
FORWARD ~ N
= A A .
oj At ? e ¢ 7
-2 BOW LONGITUDINAL ACCELEROMETER “-GaLvo '8
+2— TO PORT-
AA, V.. A .. PaW. W W. W V. W. V. ..
[ AL AL AA AN A N G d

. GALvO f 12

TO STARBOARD

-

STERN TRANSVERSE ACCELEROMETER ~

%
“-GALVO f 6

72— TO PORT -
4
oh A AAA~AANANANAA A Ana DA A AN AAAmmAASAN NN
N "ATE 'S A4 et - A v NS A\VAY]
-2 TO STARBOARD - BOW TRANSVERSE ACCELEROMETER ‘.. GALVO f 4
30
zo_w
10— \
0 ‘. GaLvo s

30~

20— !
-4 ’ i
|0‘— ’ 1
- ,/ t-GALVO £ 9
[v] >
20} CHAIN # ¢ ~--7
= T_\—/“""'
N mm}"‘—w\'—/"——"———”—t\—/ 7
20— CHAIN # 5 .<l- ‘- GaLvof 3
- i [
o] T GALYVO # 13
. P PRI e T
o —
40—
301 /\d\/\/\/
20— 7
-4 \ N
10—] ~GALVOF 7
0
60—
50 —1
40—
30 — 4
- N )
20— ' |
3 )
10— ' “GaLvOf 2
o0—] ! v
[ Pt
20— CHAIN # 2
3
10 N AN _,v.»{"‘%v/"“
- U
o } »
CHAIN £} - GALVO £ 11
1302 { HOURS=MIN ) 1303 1304 1305 1306
WAVES FROM SE AND NE WIND - 8 KNOTS FROM SE
CURRENT = 1/2 KNOT FROM NE

Facsimile of oscillogram for 3 September, 1302 to 1306 CST.



SEA TESTS OF A SPREAD-MOORED LANDING CRAFT 767

METHODS OF ANALYSIS

The analysis of measurements as complex as those obtained in this study (Figure
2) would have been improbable if not impossible a few years ogo. However, due to
the pioneer work of Pierson (1952), based on the earlier work of Blackman and Tukey
(1958) in electrical engineering, and applied by Canham, et. dl. (1963), among
others, to seakeeping frials, the analysis technique now is nearly routine, albeit
tedious, Therefore, only a very general explanation of it is given here,

The time=-series technique forms the basis for the analysis. A stationary random
process is assumed over a period of sensible duration, All answers obtained are sta-
tistical in nature with the attendant varicbility. The principle of linear superposition
is used as a device for breaking down the complex records of excitation (sea state),
mooring force, and ship response intosimple elemenis. The irregular excitations and
responses are regarded as the approximate sum of a number of regular sinusoidal compo-
nents in a random phase relationship.

By use of correlation functions and iransforms, the energy in the irregular wave
record is isolated into particular magnitudes (square of the amplitude (A) of water
level, motion or force) in particular frequency (w ) bonds. These two quantities

are used to plot a diagram known as the "energy spectrum" specifically ( A2 /y)
versus ©+

For a particular frequency, the ratio of the response ordinate to the excitation
ordinate gives an ordinate on a diagram known as the "response amplitude operator. "
For the sea tests such as these, the response operator tends to provide a check on
the rigor of the sea measurements since it can also be obtained experimentally in
the laboratory with a reduced scale model and dlso theoretically where, in both cases,
regular long-crested waves are used,

The phase of one motion relative to another is obtained by comparing the recor-
ded amplitude of one motion to that of the other by use of cross speciral analysis
technique.

The quantity, which indicates the depariure of the field measurements from those,
predicted by experiments and theories based on long=crested waves, is termed
"coherency.," This measures the ratio of that part of two signals having a definite
phase relationship to the total power in the two signals.

For spectra and cross specira, the coherency is related to the correlation co~
efficient of the records after passing them through the equivalent of a band=pass
filter to study a particular narrow filter range.

A value of coherency equal to, or near, unity provides a confirmation of the
linearity of the relationship between two particular motions within the frequency
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range analyzed, and of essentially long=crested wave action on the system, If the
data are believed to be accurate, and digitization and computations are carefully
checked, then coherencies less than one are a measure of the short crestedness of
the forcing waves.

Finally, the degree to which the true value is approximated by an estimate is
defined by "confidence limits" as computed from fomiliar probability theory.

By use of the area (E) under the energy specirum, termed the variance, important
statistical predictions can be made on the basis of a Rayleigh distribution and infor-
mation contained in Longuet=Higgins (I952), For example, g/TE- multiplied by the
following factors gives the following amplitudes: 0.707 for the most frequent; 0. 886
for the average; l. 416 for average of highest one~third; 1. 800 for average of highest
one~tenth, The factor for the most probable maximum is not so straightforward, It
is necessary to first, determine the average number of oscillations in a particular
record and thereby to determine the average period. The number of oscillations in
the record is then computed and this number applied to the proper curve in Longuet-
Higgins (1952) to obtain the factor by which M%B is multiplied in order to obtain the
value of the most probable maximum. This factor differed for each of the three test
records, namely: 2,60 and 2,67 on AM and PM 23 March respectively and 2,72 on
3 September., The values in Table 5 are based on all of these factors, using the
values of the variances as given,

Sorting indicates that the excitation and response amplitudes tend to have a
Rayleigh distribution. This is more the case for wave amplitudes than for the chain
tensions as is apparent from comparing the results in Tables 4 and 5 for sorting and
varionce type prediction, respectively.

Even if it had been possible to measure the directional spread of the wave energy,
it would not have been possible to obtain the response operators from response measure~
ments since particular motions could not be related to waves from a particular
direction. However, since some insight into these importent operators was desired,

a uni~directional wave system was assumed so that by use of measurements of water
level at a single point and of the analytical techniques outlined previously, it was
possible to obtain a quantity termed "apparent response amplitude operator.* The
adjective "apparent" is dropped hereinafter. Yawing of the vessel as well as the
directional effects are contained in this somewhat crude operator.

Heave, surge, sway and yaw were not measured directly. Rather, they were de=~
duced dlong with pitch from acceleration measurements using the technique described
by Cartwright (1957) and also O'Brien and Muga (1963). Pitch was also measured direc~
tly along with roll on one day: 3 September, Acceleration measurements pertinent to
roll were not made, unfortunately.

Simple harmonic motion was assumed for both excitation and response, e.g., accel-
eration was divided by the square of the pertinent frequency to obtain displacement.
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Frequency (¢3) is expressed in radiars per second abbriviated as raps; period
(T) is expressed in seconds per cycle abbreviated as spc; & 22T /T,

The digitized measurements were manipulated in a high-speed computer to pro~
vide a seemingly endless stream of answers, of which a few of the more important
are presented herein,

EXCITATION
HIGH FREQUENCY WAVES

These were wind generated with peak frequency of 0.66 raps on 23 March end
1.04 raps on 3 September (Figure 4 and Table 3). Both spectra seem conventional
with variance (area under the spectrum) of 5.6 ft. 2 on 23 March and 1.1 ft,2 on 3
September, These indicate to sea states of 4 and 2 respectively.

Distribution of amplitudes was obtained by sorting and by predicting from the
spectral variance as outlined in Method of Analysis. Results (Table 4 ond 5) indi~
cate that amplitudes from sorting are l.| to 1.5 times those predicted, This of
course detracts from the neamess of the value of the varience type prediction, It
could be due to: Improper pickup performance; lack of Rayleigh amplitude distri=
bution; and errors in data analysis.

LOW FREQUENCY WAVES

Although a beam~on seiche of dbout 39 seconds period was present, as deduced
from chain response, the water level pickup with sensors at /2 foot intervals in
the vertical did not sense it, at least consistently. Hence, its amplitude is assumed
to have been less than 1/4 foot.

WIND AND CURRENTS

Winds on 23 March were generally from 135 = 146 degrees azimuth at 20 to 24
knots with gusts to 28 knots and from 113 =~ 135 degrees on 3 September with gusts
to 24 knots where bow on winds are from 159 degrees. Currents on both days are
considered to have had negligible dynamic effect. Along with winds they tended
only to displace the ship from its position of static equilibrium and hence to alter
the initial tension in the mooring chains.

RESPONSE

GENERAL

Response (Figures 4, 5 and 6) like excitation, was in fwo frequency bands; a
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high one due to wind wave excitation of from 0,50 to [, 28 raps frequency (12,6 to
4,9 spc period) as sensed by all pickups; a low one, due to unexpected seiche
action of from 0,16 to 0.19 raps (39.1 to 32, | spc) as sensed only by the chain ten=
sion pick=ups. The latter was a happy accident.

It likely is feasible to calculate motion of a moored ship from measurements of
tension induced in its moorings. However, in the case of these tests, such calcula-
tions were considered much too tedious. Thus, low frequency ship motion, although
likely considerable, is not accounted for,

There was ship response in all six degrees of freedom; that in the longitudinal
plane was more evident,

Phase angle, relative to the excitation (wave) was obtained for all responses
over a considerable frequency range; however, only those for pitch and the bow
chains are presented (Figures 4, 5, and 6),

LONGITUDINAL MOTIONS

Values for surge, heave ond pitch as predicted from the spectral varionce are
tabulated in Table 5. Note that the most probable maximum amplitude for the
three periods was: 1,7 feet surge and heave and 3.4 degree pitch. These are
slight motions but sufficient to induce noticedble changes in chain tensions.

LATERAL MOTIONS

In the high frequency range, the lateral motions were much less than the longi-
tudinal. The most probable maximum was l. | feet sway and 0.5 degrees yow (Table
5). The equivalent for roll on 3 September was 2. | degrees; however, this is not
likely a maximum for the three periods since the roll on 23 March was likely higher,

The high frequency lateral motions are the result of the directional nature of

the short=crested nearly bow on waves, For example, in commenting on the roll
of a ship in head-seas and symmetrically oriented relative to the encounter
spectrum of short-crested waves, Pierson (1957) writes:

" . « « o The oncoming apparent waves will at one time be high

on the port side and at another be high on the starboard side

causing the vessel to roll first one way ond then the other for

the same apparent wave form. . . . "
He implies that the coherencies will be near zero in head seas between the following,
water level variation and roll; heave end pitch; and pitch and roll. This was found
to be the case in these tests; for example, the coherency between water level and
roll was found to be 0 to 0.3 on 3 September,
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As mentioned, the ship motions excited by the low frequency beam on wave was
not sensed. They were likely high especially in surge. Some idea of their magni-
tude could be obtained from an analysis of the changes in chain tension at this fre~
quency; however, this would be tedious and very time-consuming.

CHAIN TENSIONS

Note in Table 5 that the significant and most probable maximum change in ten-
sion, as predicted using the spectral variance, are 8.8 and 2I. 8 kips respectively.
Both were in the port-bow chain (¥2). Responses at high and fow frequencies were
of comparable magnitudes,

However, these do not agree with those obtained by sorting (Table 4) where
comparable values of 14,8 and 54,0 kips were found (The maximum single ampli-
tude was 85. [ kips and that in the port-bow chain). Generally, it appears that
sorting gives amplitudes [.5 to 2.5 times those predicted from the spectral
variance. The reasons are the same as those given for similar disagreements noted
for the high frequency waves.

Sorting within the two frequency bands, rather than overall, as in Table 4, is
of course feasible and might provide a better basis for checking variance type
prediction. [t would not of course change the value of the overall maximum.

The wave induced tensions do not seem alarming when considered relative to
the new chain proof load. This is I85 kips for the single light chain (¥3) and 300
kips for the rest, compared to the maximum total tension of 116. [ kips, i.e., 85.1
kips maximum wave induced amplitude plus 3.0 kips initial tension, as meas-

ured in the heavy port chain (#2) on 23 March A.M. (Table 4).

Of course, it is not obvious that all chains could have withstood even their
new proof load, no less their ultimate, due to deterioration by, for example,
corrosion and fatigue and without parting due to poor connections of the chain
to anchor and ship. Therefore, during storm, new proof load could be small conso-
lation to the captain charged with the safety of the ship. He might understandably
tend to drop the moorings and take to the sea unfettered when his seaman's eye
seemed tfo sense critical chain tensions. This tendency existed and one of the objec-
tives of these tests was fo quantify the seaman's eye toward keeping the ship on
station longer in higher seas and thereby, to reduce the down time on the bow-on
oil drilling rig which the ship served.

RESPONSE AMPLITUDE OPERATORS FROM

MEASUREMENTS

779



780 COASTAL ENGINEERING

GENERAL

This operator was developed from the measured data by operations at successive
frequencies (w) over the full specfral rmge as follows: The amplitude of the
response Spectrum (Ft2or deg 2 or kips2/w) was divided by amplitude of the excita~
tion spectrum (ft 2/ w) to obtain fhe correspondmg amplitude of the response ampli-
tude operator (FtZ or deg2 or kips2/ft2). Linearity between excitation and response
and long~crested waves were assumed in all cases. That these assumptions were not
realized fully is discussed in the concluding part of this chapter,

When linearity exists, the operator is a powerful design tool for it is apparent
that it con be used generally to predict response from excitation and of course, exci-
tation from response, e.g., wave spectrum from the response of a buoy.

Because of their importance, the analysis of the test results was directed mainly
to obtaining these operators so as hopefully to predict ship response at sea states
higher than those encountered in the tests and also to compare the operators with
those predicted by theory since of course this is the ultimate design tool. Opera=
tions derived from model tests were not available,

LONGITUDINAL MOTION OPERATORS

These are shown in Figures 7 and 8 where it is apparent that the amplitude of
surge and heave decreases with increased frequency as would be expected. The pitch
operators tend to peak at about 0.7 raps frequency or about where wave length
equals ship length, Theredfter, they decrease with increased frequency, Opera~
tors derived from the three separate sets of measurements agree fairly well,; although
less so ot the lower frequencies, especially for heave (Figure 7). A curve eye~
balled through them is likely adequate for engineering design.

LATERAL MOTION OPERATORS

These were determined but are not presented here. As mentioned under "Re-
sponse, " they are the result of the directional nature of the short-crested nearly
bow-on waves. Roll and yaw amplitudes did not exceed 1.0 and 0.1 degrees per
foot of wave amplitude respectively over the most of the significant frequency
range of 0.5 and 1.6 raps. Sway showed a notable peak of about 0, 4 feet/foot
at about 0,9 raps (7.0 spc) on the 23 March operator, That from the 3 September
measurements was generally 1-1/2 to 3 times higher,

CHAIN TENSION OPERATORS

All operators have a peak at about 1. 25 and 0,16 raps frequency. The equiva-
lent periods are 5,0 and 39. 3 seconds per cycle and wave length/ship length ratios
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0.4 ond 4,6 respectively,

The high frequency pedk is that predicted for the surge of the unmoored ship
by Wilson (1959 Equation 2I). The low frequency pedk is close to the calculated
resonant frequency in surge of 0. 25 raps.

The iwo bow chains dominated with that on the port the greater; the other five
chains served mainly to keep the ship from fishtailing significantly. For example,
at 1. 25 raps, the change of tension in kips per foot of wave amplitude is: 4,5 and 2.2
for the port and starboard bow chains respectively (#2 and #3); 1.4 and 1.5 for port
ond starboard breast chains (f1 and #4); 1,0 and 0. 3 for the port and starboard quarter
chains (7 and #5) and 0.7 for the stem chain (#6).

The non-linear aature of the spring restoring force, i.e., the tension=dis~
placement relation for the mooring chain=in-catenary configuration, is apparent
in the operators for those chains for which measurements were made on the two days,
i.e., the stem cabin (#6); the starboard breast chain (¥4) and the two port chains
(#2 and #3) in Figures 8, 9, and 10, respectively, That is, generally for a given
chain and wave the change in tension varies directly with the initial tension. The
exception is the important port bow chain (#2) where, to spoil an apparently
sound generality, the reverse is true, e.g., the greater changes in tension occur
on 23 March when the chain had a lower initial tension, 3l.1 kips, than on 3
September with 34, 6 kips, although the difference is obviously not great (Figure 10).

It is satisfying to note that the pairs of operators derived from measurements
made on both AM and PM on 23 March for chains #2, 3, 4 ond 6 are significantly
the same since the respective initial tensions are sensibly equal (Table 2 and
Figures 8, 2, 10),

RESPONSE OPERATORS FROM THEORY
GENERAL

The model used in these theoretical predictions consisted of the ship with zero
forward speed, spread-moored by four mooring lines. Two lines were attached
forward and two oft, representing the seven actual chains. The model was situated
in a windless, currentless sea, 45 feet deep, and exposed to regular long crested
sinusoidal waves of unit amplitude with fixed frequency and heading of either
bow=on or beam-on. Waves with circular frequencies of from 0.5 to I. 4 radians
per second (rops) were considered, These are equivalent fo waves with periods of
12,5 to 4, 5 seconds per cycle (spc) or 530 feet to 100 feet in length, in water 45
feet deep on the ship 319 feet long at the water line,
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The theory used is a modification of the deep water theory used by Kaplan
and Putz (1962). Specifically, the proper shallow water wavelength is imposed
on the deep water theory, and the change in the orbital velocity pattern from
circular, as in deep water, to elliptical, as in shallow water, is neglected. The
rigorous shallow water wave theory was not used since the amount of computation
required was considered excessive.

The craft had the usual 6 degrees of freedom; 3 translational (surge, sway and
heave) and 3 rotational (roll, pitch and yaw).

BASIC ASSUMPTION

The basic assumption is that of linearity. Specifically, it is assumed that in
the absence of excitation, the ship motion can be described in terms of homo-
geneous, second-order, linear, differential equations with time as the indepen-
dent variable, An excitation term is added to the homogeneous equations as
a "right-hand-side term" which, in the present case, is sinusoidal. In accord-
ance with linear theory, it is assumed that there is no coupling between the
variables in the two planes of motion; that is, those longitudinally in heave,
pitch and surge, ond those laterally in sway, yaw, and roll. However, the
longitudinal motions are coupled with each other and, similarly, the lateral
motions are coupled with each other,

A fundamental analytical tool in carrying out the prediction is the slender-
body theory. Essentially, this theory makes the assumption that, for an elongated
body where a transverse dimension is small compared to its length, the fluid
flow at any cross-section is independent of the flow at any other section; there-
fore, the flow problem is reduced to a two-dimensional problem in the trans-
verse plane. The force is found by integrating the pressure over the length of
the body.

Equations are formulated by the balance of inertial, damping, restoring,
exciting, and coupling forces and moments. Hydrodynamic and hydrostatic
fluid effects, together with body inertia and mooring influences, are included
in the analysis.

INERTIAL FORCES

The forces exerted by the ship in accelerating the surrounding water give
rise fo equal and opposite forces by the water on the ship. These are termed
inertial forces and, correspondingly, inertial moments. Since they are propor-
tional to acceleration, they are usually expressed in terms of a fictitious added
mass. The total inertia force has components in all three directions of transla-
tion and rotation,
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DAMPING FORCES

Damping forces involve the dissipation of energy ond are due to wave generation,
viscosity and eddy-making. Except in the case of roll, damping due to wave gen-
eration only is considered in this study, Total damping force, like inertia force, has
components in all three directions of translation ond rotation.

HYDROSTATIC RESTORING FORCES

These forces are due to the buoyancy effect arising from static displacements.
Total hydrostatic restoring force has a component only in the vertical, or heave
direction. The hydrostatic restoring moment has components only in the roll and
pitch directions,

MOORING RESTORING FORCES

This additional restoring force has been added, in the case of the landing craft
under analysis, in addition to the hydrostatic restoring force which is always present
in the case of a craft in water, The mooring restoring force is effective only in
surge, sway and yaw. While it is present in the three remaining modes (heave,
pitch, and roll), it is never significant in relation to the hydrostatic restoring forces.
Mooring restoring force is assumed to be a linear function of displacement in surge
and sway as well as yow. The assumption of linearity is a proper one for the small
displacements encountered during the sea tests; however, for large displacements,
linearity is not assumed.

EXCITATION FORCES

Excitation forces could also be called wave forces, since they represent the
waves which excite the ship motion and which give rise to all the preceding
forces. They are sinusoidal in nature, and have components in all three direc-
tions of translation and rotation, although some of these components vanish at
certain headings of the craft,

EQUATIONS OF MOTION

The following five forces, as explained above, are considered in the analysis,
namely; inertial, damping, excitation and restoring force, In the latter, the
hydrostatic and mooring forces are combined. On the basis of these five items,
six equations of motion, one for each degree of freedom, are written os follows:
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mx = F' + FCI + F™ 4 FY (surge) (n
X x X x
o i d m w
my=F + F + F + F (sway) (2)
Y Y Y Y
mz = F 4+ F® 4+ F" 4 F (heave) (3)
z z z
.e i d h w
I, @= Mcp + Mcp + M 0 + M‘P (roll) (4)
.0 i d h w .
ly 0 = Me + M o * M o M 5 (pitch) %)
. i m
= M
| . ¥ My + M‘y + M v + (yaw) (6)
where m = mass of the ship
F = force
M * moment

with superscripts on the F's and M's indicating components, and subscripts indicating
the type of force or moment, according to the following notation:

i inertial

damping

hydrostatic restoring

mooring restoring

wave

surge

sway

heave

roll angle

pitch angle

yow angle

Acceleration is indicated by the superscript (‘°) dbove the motion symbol; for example
X, etc,

LI}

"O‘SNYXSBTQ_-

non
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Equations of motions consist of linear combinations of terms which vary in
time and are proportional to acceleration, velocity and displacements; the latter
included those which vary sinusoidally and are connected with the wave term which
excites the system, Each of these contains certain coefficients which must be evalu-
ated,

SHIP MOTION OPERATORS

By considerable effort, mainly due to the difficulty of determining the coefficients
simultaneous equations for the longitudinal motion were evolved in the form of a 3
by § matrix, By inverting this matrix, solutions for motions in three degrees of free-
dom are obtained, The same procedure is followed in the case of the Iateral motions.
By varying the value of the exciting frequency, responses are calculated in the form
of amplitude of motion for a unit amplitude excitation. When these responses are ex-
pressed as a function of frequency they are known as "response operators, " They were
computed for both the lateral and longitudinal motions with the latter shown in Figures
7 and 8, The phase relationship of the motion to the wave was calculated for all
motions but is presented only in the case of pitch (Figure 4).

There is surge and pitch only in head seas (Figure 7 = 8); also, at frequencies
greater than about [, 2 raps (5, 24 seconds period), the motion in both modes is
relatively small. Both beam=-on and head-on waves produce noticeable heave. In
head seas, heave becomes relatively small (Figure 7) ot frequencies greater than [.2
raps (5. 24 seconds period), In beam seas, t  heave slightly exceeds the amplitude
of the incident wave, up to dbout 0,8 raps; dfter this, it decreases relatively
slowly to about 0, 3 of the amplitude of the incident wave at I.4 raps. The magni=-
fication of the heave is puzzling, but seems to be explainable by the equations used,
if not physically,

Consistent with linear theory, there is sway, yaw and roll, only in beam=on
waves. The sway up to about 0.9 reps is slightly greater than the amplitude of the
incident wave, After 0.9 raps, the sway decreases slowly to about 0.4, the ampli-
tude of the incident wave at I, 4 raps. The roll in beam-on waves peaks at about 0. 9 raps
raps (5.2 degrees per foot) and then decreases to about I. 90 degrees ot I, 2 raps.
The yaw in beam seas attains 0, I5 radians ot about I, 2 reps.
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RESPONSE AMPLITUDE OPERATORS
FROM THEORY

CHAIN TENSION OPERATORS

Motion of ship end of chain in longitudinal plane. This point is designated by
subscript "c" and located ot a distance "L " forward or oft of the C. G. as measured
along the center line. The previously calculated phase angle (€) and maximum
omplitude of surge { X ) and heave ( Z ) of the C. G, ond pitch (&) dbout the C.G.
were used in the equation for simple harmonic motion, e.g., surge of point "c" is

Xcz x COS (w r+€ )00000‘0009000000000OQ‘OOOOOOOODO‘OO9000000000000(7)
The heave of the point is a combination of the effect of heave and pitch ot the C.G.,
ic€e,

ZC= ZCOS (wt 62) + Ze COs (w 'l'"’é3)9n‘noooooooooooooooooooooooono(s)

By suitable frigolnomefric manipulation, Equation (8) can be written as:
Zc:- (A"'B)2 [ofe (wf+ |'Cl"l -l (B/A)nooooonnoonnonononoonooonnnnonn00000(9)

where A=Z cos & 2"'»26003 € 3
B=Zsin€ 5 +LOsin € 3

At a given frequency, previously calculated maximum values of surge, heave and
pitch due to waves of unit amplitude with their respective phase angles are substituted
into Equations (7) and (?) at various times (t) from 0 to T (wave period) sufficient to
plot the closed path of the point in the X = Z plane. It will be elliptical, i.e., a
Lissajou figure with the point of initial fension ot the center of the figure,

Change of tension due to the movement of the ship end of the chain, as it
oscillated in the Lissajou figure in the longitudinal plane, was calculated using the
Table 2 chain geometry and the equations of the catenary given by O'Brien and
Kuchenreuther (1958). The maximum change in tension was determined thereby and
plotted as a function of frequency to form the response amplitude operators given in
Figures 8 through Il,

As with the motion operators, the change in tension is low ot frequencies greater
than about I. 2 raps.

Note, particularly in Figures 8 and 9, that the amplitude of the operator varies
directly with the magnitude of the initial chain tension, as discussed under the
Operators derived from measurements. This is due to the non~linear relationship
between tension and geometry for a chain in a catenary configuration.

Thus, a chain tension operator derived for one initial tension connot be expected
to agree with one derived for another initial fension. This, of course, limits seriously
the usefulness of chain tension operators in design.

However, for small ship motions and chains with normal sag, of the order of those
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encountered in these tests, the tension~displacement relationship (restoring force) for
a given initial tension may be considered to be sensibly linear for design purposes.
Hence, ship motion calculations made on this basis, as in the preceding paragraphs,
may be considered meaningful, although strictly the pertinent motion operators so de-~
rived, i.e., surge, sway and yaw, are subject to the same initial tension limitation as
the chain tension operators.

COMPARISON OF EXPERIMENTALLY AND THEORETICALLY DERIVED OPERATORS

LONGITUDINAL SHIP MOTIONS OPERATORS

In the frequency range of 0,5 to 1.4 raps, the agreement is worst at the lower fre-
quencies where theory predicts 3/4 to 4 times mecsurement, It is best near 1.0 raps
where this factor is 3/4 to | and somewhat poorer at 1.4 raps in that theory predicts
4/3 to 3/4 or measurement (Figures 7 and 8).

The agreement in the case of pitch is relatively good with theory predicting about
1/2 to 4/3 of measuement. It is not nearly as good in surge and heave where theory
predicts 1/3 to 4 times measurement and in one exceptional case 12 times measurement
(heave of 0.8 raps, Figure 7).

LATERAL SHIP MOTION OPERATORS

_ There is no basis for comparison here since the measurements reflect response due
to short crested bow~on waves while the theory used for bow-on waves assumes zero
response in the lateral plane.

CHAIN TENSION OPERATORS

Generally the agreement is best in the middle frequencies, i.e., 0.8 to [.0
raps with the glaring exception of the quarter chains (Figures 9, 10, and 1),

Overdll, there is better agreement in the breast chains (1 and #4; with predic~-
tion about /2 measurement and to a lesser extent in the bow chains (72 and #3) with
prediction about 1/4 to 3 times measurement than for the quart er chains (#7 and #5)
with prediction 1/4 to a fantastic 9 times measurement (at 0.8 raps in the starboard
quarter),

The stem chain (¥6) deserves special comment since its initial tension was markedly
different on the two days, i.e., 7.5 kips on 23 March and 24,1 kips on 3 September,
Here the agreement was very poor on both days at the lower frequencies, e.g., at 0.5
raps theory predicted 3/2 to 4 times measurement. However, in the middle and high
frequencies the agreement was better with these factors varying from /4 to I.
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PHASE AND COHERENCY

LONGITUDINAL SHIP MOTION

Pitch bow~up lagged water level crest from about O degrees at 0.7 raps to about
150 degrees at [, 2 raps based on the only availcdble direct measurements in this plane,
e.g., those on 3 September, Theoretical predictions agree rather well (Figure 4).

Phase, for surge and heave, were not determined from the pertinent acceleration
measurement; the task would have been tedious, although not difficult, Theory
indicates that surge~aft lagged water level crest by about 180 degrees at less than
0.7 raps and by 150 degrees at greater than 0,9 raps; in between the phase log
dropped to 0 degrees at 0.8 raps. Heave-yp lagged water level crest by about 80
degreesat 0.9 rops then gradually increased to 150 degrees at I, 2 raps.

Heave and pitch had similar phase pattems over 0.5 to |, 2 raps with the pitch
lags lower by about 40 degrees. At about 0.6 and |. 2 raps, they were in phase af
about 80 and 150 degrees lag, respectively.

Coherency between excitation (wave) and response, is an experimentally de-
rived quantity, ond hence available only for pitch. It is low generally being 0
at 0.7 ond . 8 raps with peak of 0.3 ot I. | raps (Figure 4).

LATERAL SHIP MOTIONS

The only pertinent phase and coherency information is for roll, since that was
the only lateral motion measured directly, Roll port-up lagged water level crest
in degrees as follows: 200 at 0.6 raps; 100 at 0.7 raps; 300 at |. 4 raps. As men~
tioned under Response, the roll motion in this frequency range is due to the short-
crested nature of the bow=-on waves; hence, the phase calculated for beam=-on
waves is not pertinent.

Coherency between water level and roll was low, being 0 af about 0.6 and .8
rops and with peak of 0.3 of about I, | raps.

CHAIN TENSION

In the range 0.6 to l. 4 raps an increase in chain tension logged water level
crest by the following degrees: 100 to 180 for bow chains (¥2 and #3); 50 to 250
for the breast chains (fl and #4); 180 to 450 or 90 lead for the quarter chains (¥7
and #5) and 100 to 360 for stem chain (¥6). All in all, there was an exasperating
lack of harmony in the phase behavior of the chains, particularly since they were
fastened fo a sensibly rigid body, although the patterns for surge and the starboard
bow (¥3) and stern (76) chains appear to be sensibly similar,
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Coherency of chain tension with water fevel was rather fow at about 0 to 0,75
for all chains. The peak on 23 March was at about 0.70 raps and on 3 September
at 1.0 raps.

SUMMARY

GENERAL

Sorting generally gave amplitudes of excitation and response which were 1.1 to
2.5 times those predicted from the spectral variance.

EXCITATION
. Sea state was 4 on 23 March and 2 on 3 September,

2. Two wave systems were operative, One was wind-generated from about
bow-on with significant amplitude of about 4.4 feet and peak response at 9.5
seconds period on 23 March and 1.7 feet and peak response at 6.0 seconds period
on 3 September. The other was a seiche, apparently, beam-on, with significant
amplitude of about I/4 foot and period of about 39. 3 seconds.

3. Maximum single wave amplitude measured was 9.5 feet on 23 March
and 5,0 feet on 3 September,

4, Winds were from about bow-on at 14 to 24 knots on both days.

5. Currents were negligible.

RESPONSE

I. Response was greater on 23 March.

2. Significant amplitude (average of highest one~third) of ship motion did not
exceed: [.l feet surge; 0.9 feet heave; I.8 degrees pitch; 0.6 feet sway; 0.3 degrees
yaw; and I. 1 degrees roll (3 September only).

3. Significant amplitude of wave-induced chain tension in kips did not exceed
15.0 for bow chains (¥2 and #3); 5.5 for breast chains (*1 and #4); 5.0 for quarter
c;\ains (#7 and #5) with measurements for 3 September only; and 3.2 for stern chain
(76).

4. The maximum wave-induced tension in kips measured in each of the seven
chains was: 85, [ and 48.0 in port and starboard bow chains respectively; 10,6
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(3 September) and 19.7 in port and starboard breast chains; (3. 9 and 4.3 in port

and starboard quarter chains both on 3 September; and 9.7 in the stern chain. To
obtain total tension add the initial tensions in Table 2 to the above, e.g., the
maximum total tension in the port bow chain was 85.1 plus 31,.0 or 116.1 kips. New
proof load in the port breast chain is 185 kips; it is 300 kips for all the others.

RESPONSE AMPLITUDE OPERATORS FOR SHIP MOTION

I. Those for surge, and heave decreased with increased frequency; pitch tends
to peak at about 0.7 raps(about 9.0 spc period) or where wave length equals ship
length.

2. In the ronge 0.6 to 1.6 raps motions per foot of wave amplitude as derived
from acceleration measurements did not exceed 0. 4 feet surge; 0.5 feet heave; 0.7
degrees pitch; 1.0 degrees sway; 0.1 degrees yaw; 1.0 degrees roll (direct measure-
ment). Sway shows peak of 0.4 feet/foot, 0.9 raps, 23 March.

3. In the longitudinal plane, linear bow-on wave theory predicts motions [/3
to 4 of those obtained from measurements. In one exceptional case this factor is 12
(heave at 0. 8 raps).

4, Ship motion in lateral plane, i.e., sway, yaw, roll, in the high frequency
range, is the result of the directional nature of the short crested nearly bow-on waves.
The ship motion theory used with those waves assumes no response in the lateral
plane. Thus, there is no basis for comparing measurements with theoretical prediction.

RESPONSE AMPLITUDE OPERATORS FOR CHAIN TENSION

I.  All operators show a pedk at 1,25 radians per second (raps) frequency or 5.0
seconds per cycle (spc) period and 0. 16 raps (39. 3 spc).

2. The two bow chains dominate, e.g., change of tension in kips/foot wave
amplitude at 1.25 raps is: 4.5 and 2.2 for port and starboard bow chains, respectively;
about [, 5 for both breast chains; 1.0 and 0. 3 for port and starboard quarter chains,
respectively; and 0.7 for stern chain.

3. Theoretical prediction (made only in high frequency range) generally is not
good, i.e., prediction |/4 to 3 times measurement in the bow chains; 1/2 in breast;
1/4 to 9 in the quarter, and /4 to 3/2 in the stern chain.

4, The amplitude of the operators varies directly with the magnitude of the
initial chain tension due to the non-linear relationship between tension and geometry
for the chain-in-catenary configuration used in the tests. Thus operators derived
for one initial tension do not agree with those derived for another,
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PHASE AND COHERENCY

Longitudinal ship motions

I. In the range 0.7 to I.2 raps, the following lagged water level crest in degrees
by: pitch bow=up, 150; surge-aft, 150 - 180; and heave, 80 - 150. All three
were in phase at about 1.2 raps at adbout 150 degrees lag.

2, Coherency between water level and motion was low, being 0 at both 0.7
and 1. 8 raps with peak of 0.3 at I. [ raps.

Lateral ship motion

I.  Roll information only available. Roll-port-up lagged water level crest by
100 ~ 300 degrees in the range 0.6 to .4 raps.

2. Coherency was low being 0 af both 0.6 and 1. 8 raps with peak of 0.3 at [. |
raps.

Chain tension

I. In range 0.6 to 1.4 raps increased tension lagged water level crest in degrees
by: 100 - 150 bow chains; 50 ~ 250 breast chains; 180 ~ 450 (90 lead) quarter
chains; 100 ~ 340 stem chaih. Disharmony is noted.

2. Coherency was low at 0 to peak of 0.75 on 23 March.
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CONCLUSIONS

l. The moor was unbalanced in that the bow chains, particularly the port,
tended to take the bulk of the load,

2, Even in sea-state 4, the maximum total tension in the lines, 116 kips in the
port bow chain, is considered low relative to the new proof laad of 300 kips for the
chain concemed, It is realized that this margin needs to be large toward combating
corrosion and fatigue excitations in addition to those of wind, wave, and current.

3. Water level variations should be measured ot more than one point in ocean
tests such as these, so as to permit definition of the directional wave spectrum, Meas-
urements af some three to six points about the platform would be required; a single
instrumented buoy of the type described by Cartwright (1964) could be used instead,

4, Discouragement over the extreme differences between theoretical prediction
and measurements found in these tests is balanced by encouragement over agreements.,

5. Towurd improvements, the fairly well-established theory for motion of un=-
moored ships as used herein, needs to be extended to short crested waves and to
moored platforms of relatively broad beam, including those of odd shape, such as
barges, It needs to include dealing with short crested waves and the difficult prob-
lem of providing properly for damping and initial tension. The latter is unique to
the problem, It is dependent on the whims of the wind and current which tend to
alter the aftitude and position of the platform and hence the tension in the lines
fastened to it. The prediction of initial tension during storm is most demanding. How-
ever, unless this can be done, it will not be feasible to predict the motion and moor-
ing tensions properly, either by theory or model tests,

6. Propulsion devices controlled by read-out of tension in key moorings may
be necessary toward realization of the design initial tensions in the prototype, Also
non-catenary line configurations may be necessary, e.g., lines so buoyed as to hang
in straight lines, so as to provide a linear type spring of constant initial tension.

7. If the directional properties of the waves had been measured (Directional
spectra) and if a theory involving short crested waves had been available and used,
then the discrepancies between observations and theory likely would have been less,
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