
Unclassified 
SECURITY   CLASSIFICATION   OF   THIS  PAGE  (When  Data  Fniered) 

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

».    REPORT  NUMBER 

TN-1771 

2.  GOVT   ACCESSION  NO 

DN387307 
3.    RECIPIENT'S CAT ALOG  NUMBER 

4,     TITLE  (and Subtitle) 

A SUMMARY OF THE SEACON MOORING 
VALIDATION EXPERIMENT 

5      TYPE  OF   REPORT   &   PERIOD  COVERED 

Not final; Oct 1984 - Apr 1986 

6  PERFORMING ORG- REPORT NUMBER 

7.  AUTHORrs; 

Paul A. Palo, Therese McAllister, and Steve Karnoski 

8.  CONTRACT OR GRANT NUMBERfsJ 

9. PERFORMING ORGANIZATION NAME AND ADDRESS 

NAVAL CIVIL ENGINEERING LABORATORY 
Port Hueneme, California  93043-5003 

10      PROGRAM   ELEMENT, PROJECT     TASK 
AREA  a   WORK   UNIT   NUMBERS 

62760N; 
YF60.534.091.01.A353 

11.     CONTROLLING  OFFICE  NAME   AND   ADDRESS 

Naval Facilities Engineering Command 
Alexandria, Virginia  223 32 

12.     REPORT   DATE 

June 1987 
13      NUMBER  OF   PAGES 

76 
14      MONITORING  AGENCY  NAME   ft   ADDRESSrf' dillerenl  Irom  Conlr,^l!ing  Olltce) 15     SECURITY  CLASS    (ol this report) 

Unclassified 
I5«     DECLASSI FIC ATION    DOWNGRADING 

SCHEDULE 

16.    DISTRIBUTION  STATEMENT (of this Report) 

Approved for public release; distribution unlimited. 

17      DISTRIBUTION   STATEMENT  (of the  abstract  entered in  Block   20,   if different  from  Report) 

le.    SUPPLEMENTARY  NOTES 

19      KEY  WORDS fConfinue  on  reverse  side  if necessary  and identify   by  btock nuinber) 

Moorings, current loads, cable structures, vessel moorings, vessel response, cable dynamics, 
hydrodynamics, ocean platform 

20.    ABSTRACT (Continue .  side  It necessary  and identify  by  btocfr number) 

This report presents full-scale data collected in a comprehensive mooring test of a 
2,300-ldt construction barge, moored with wire rope in 50 feet of water.  Wind, current, and 
wave excitations and all mooring system responses were measured.  Measurements included 
static, slowly varying, and dynamic responses in slack and taut four-point moorings.  Addi- 
tional tests were conducted to determine single-point mooring behavior and vessel loads due 

continued 

DD    1  JAN"73    1473 EDITION  OF   I   NOV 65 IS OBSOLETE Unclassified 
SECURITY  CLASSIFICATION   OF   THIS  PAGE  [ItTien  Data  Entered) 



Unclassified 
SECURITY CLASSIFICATION OF THIS PAGEfWhm Dal« Enltttd) 

20.  Continued 

to steady wind and current only.  The results are summarized in the form of autospectra, 

probability density functions, frequency response functions, and associated uncertainty 

levels. 

Library Card 

Naval Civil Engineering Laboratory 
A SUMMARY OF THE SEACON MOORING VALIDATION 
EXPERIMENT, by Palo, McAllister, and Karnoski 
TN-1771 76ppillus June 1987 Unclassified 

1. Moorings 2. Current loads L YF60.534.091.01.A353 

This report presents full-scale data collected in a comprehensive mooring test of a 
2,300-ldt construction barge, moored with wire rope in 50 feet of water. Wind, current, and 
wave excitations and all mooring system responses were measured. Measurements included 
static, slowly varying, and dynamic responses in slack and taut four-point moorings. Additional 
tests were conducted to determine single-point mooring behavior and vessel loads due to steady 
wind and current only. The results are summarized in the form of autospectra, probability 
density functions, frequency response functions, and associated uncertainty levels. 

Unclassified 
SECURITY CLASSIFICATION OF  THIS PAGE^When Data F.nlered) 



LIBRARY 
RESEARCH REPORTS DIVISION 

NAVAL POSTGRADUATE SCHOOL 

MONTEREY, CALIFORNIA 93940 

/TN-1771 

/June 1987 
v^By Paul A. Palo, Therese McAllister 

  and Steve Karnoski 
Tor^hnlnQl Mr^fo                                           Sponsored By Naval Facilities 
iCUMMiUdl iNULtJ Engineering Command 

NCEL 

_A SUMMARY OF THE 
SEACON MOORING 

VALIDATION EXPERIMENT 

ABSTRACT   This report presents full-scale data collected in a 
comprehensive mooring test of a 2,300-ldt construction barge, 
moored with wire rope in 50 feet of water. Wind, current, and 
wave excitations and all mooring system responses were measured. 
Measurements included static, slowly varying, and dynamic 
responses in slack and taut four-point moorings. Additional tests 
were conducted to determine single-point mooring behavior and 
vessel loads due to steady wind and current only. The results 
are summarized in the form of autospectra, probability density 
functions, frequency response functions, and associated uncertainty 
levels. 

.> 

NAVAL CIVIL ENGINEERING LABORATORY. PORT HUENEME. CALIFORNIA 93043 

H Approved for public release; distribution unlimited. 



METRIC CONVERSION FACTORS 

Approximste Conversions to Metric Measures 

Symbol       When You Know       Muttiply by To Find 

LENGTH 

m inches •2£ centimeters cm 

ft feet 3B centimeters cm 

yd yards m meters m 

mi miles f.6 

AREA 

kilometers km 

««? square inches 6.5 square centimeters 
m 

km'' -I 
square feet 0.09 square meters 

square yards 0.8 square meters 

mi2 square miles 2.6 square kilometers 

acres 0.4 

MASS (weight) 

hectares ha 

oz ounces 28 grams g 
lb pounds 0.46 kilograms kg 

sfwrt tons 0.9 tonnes t 

(2,000 lb) 

VOLUME 

tsp teaspoons 5 milliliters ml 

Tbsp tablespoons 15 milliliters m 
fioz fluid ounces X milliliters ml 

c cups 0.24 liters 1 

pt pints 0.47 liters 1 

* quarts 0.95 liters 1 

gallons 3.8 liters 

cubic feet 0.03 cubic meters 

yd^ cubic yards 0.76 cubic meters 

Fahrenheit 

TEMPERATURE (exact) 

»F 5/9 (after Celsius °C 
temperature subtracting 

32) 

temperature 

•tin  " 2.54 (exactly).  For other exact converiions and more detailed tabfei, see NBS 
Misc. Publ. 286, Units of Weights and Measures, Price $2.25. SD Catalog No. 013.10:286. 

Symbol     j5 3 

a       -= 

=  .. s 
1— CM 

m CM 

m- S 

M— a 

m— 00 

§— r^ 

|— 
CO 

10 

s ■« 

^ 
^ n 
^ 
=— N 

= ^ 
^ = 0 

B 01 

S 

oo 

— r^ 

  (O 

  in 

— * 

— m 

M 

BH .- 
5 

Symbol 

Approximate Conversions from Metric Measures 

When You Know Multiply by To Find 

"F 
-40 

32 98.6 
40 

^40 
°C 

-20 

80 
.J-J L^ 

20 

160 
LJ-L, 

Symbol 

LENGTH 

mm millimeters 0.04 inches in 

cm centimeters 0.4 inches in 

m meters 3.3 feet ft 

m meters l.t ■mito vd 
km kilometers 0.6 

AREA 

miles mi 

cm/ square centimeters 0.16 square inches 

mr -"'. square meters 1.2 square yards 

km"^ square kilometers 0.4 
2)               2.5 

square miles 

ha hectares (10,000 m acres 

MASS (weight) 

g grams 0.035 ounces oz 

kg 
t 

kilograms 
tonnes (1,000 kg) 

2.2 
1.1 

VOLUME 

pounds 
short tons 

lb 

ml milliliters 003 fluid ounces fIoz 

1 liters 2.1 pints pt 
1 liters 1.06 quarts qt 

1 , liters 0.26 gallons gal 

yd^ 
m-^ cubic meters 35 cubic feet 

m'^ cubic meters 1.3 cubic yards 

TEMPERATURE (exact) 

°C Celsius 9/5 (then Fahrenheit °F 
temperature add 32) temperature 

°F 
212 

-^ 

37 
60 80 100 

°C 



CONTENTS 

Page 

INTRODUCTION   1 

TEST VESSEL  1 

TEST SITES  3 

INSTRUMENTATION   3 

TEST SCHEDULE  4 

DATA ANALYSIS  4 

Four-Point Mooring Dynamics Tests   5 
Static Watchcircle Tests    6 
Single-Point Mooring (SPM) Tests   7 
Steady Wind and Current Load Tests  8 

SUMMARY   9 

REFERENCES   9 

APPENDIXES 

A - Wave Measurements  A-1 
B - Summary of Environmental Conditions During Mooring 

Validation Experiment at Duck, NC   B-1 
C - Samples of Four-Point Mooring Data  C-1 



INTRODUCTION < 

SEADYN/DSSM is a general-purpose mooring model capable of simula- 
ting the responses of complex, arbitrarily configured systems (Ref 1). 
This model was developed at the Naval Civil Engineering Laboratory 
(NCEL), under sponsorship of the Naval Facilities Engineering Command 
(NAVFAC), Work Unit YF60.534.091.01.A353. Essentially, it is an inte- 
grated collection of mathematical models. These models include cable 
responses, vessel motion, vessel wind loads, vessel current loads, 
vessel drift loads, and system equations of motion. Each of these 
models has an accuracy and applicability determined by various assump- 
tions and simplifications (Ref 2), such as linearity, stationarity, and 
decoupling. While each model can be individually validated, the validity 
of the assembled models cannot be established until computed results are 
compared to reliable measurements of actual system behavior. 

SEADYN/DSSM has an inherent weakness shared with most simulation 
models--many problem inputs cannot be accurately specified because of 
the lack of reliable information. Examples include vessel drag force 
and yaw moment coefficients associated with wind, current, and wave 
groups (drift forces). Errors and simplifications in the calculation 
procedure as well as errors in the environmental measurements cause 
differences between the simulated and measured responses, even if the 
computer model is correct.  Care must be taken in any validation to 
differentiate between measurement errors and incorrect model behavior. 

Accordingly, a Mooring Validation Experiment (MVE), sponsored by 
NAVFAC, was conducted to provide reliable measurements of the total 
mooring system behavior and environmental conditions. These data were 
then used to validate specific parts of SEADYN/DSSM (vessel loads, 
static offset, vessel dynamics, etc.) and to simulate the assembled 
system response (e.g., equilibrium position, dynamic line tensions). 
The various tests and their objectives are listed in Table 1. 

The purpose of this report is to describe the mooring configura- 
tions and test measurements. Some data reductions, such as autospectra 
and probability density functions, are also included to supplement the 
data and demonstrate its quality.  Interpretation of this basic infor- 
mation will be included in a followup report of the SEADYN/DSSM 
validation results. 

TEST VESSEL 

The test vessel was NAVFAC's offshore construction platform (OCP) 
SEACON, a converted YFNB barge. The dimensions of the SEACON are as 
follows: 



Overall Length  260 ft 

Moulded Beam  48 ft 

Displacement 
Light  831 Idt 
Fully Loaded  2,780 Idt 
For MVE Tests  2,340 Idt 

Draft 
Light  3 ft 6 in 
Fully Loaded  9 ft 6 in 
For MVE Tests  8 ft 6 in 

Hull Depth  15 ft 1 in 

Superstructure Height Above Main Deck ... 30 ft 

Longitudinal Center of Buoyancy 
From Forward Perpendicular   129.1 ft 
From Midship  0.9 ft 

Longitudinal Center of Flotation 
From Forward Perpendicular   135.8 ft 
From Midship  -5.8 ft 

Vertical Center of Buoyancy 
Above Midship  4.4 ft 

Transverse Moment Above Baseline   28.5 ft 

Wind Areas for Test Draft 
Head Wind Area 
Beam Wind Area 
Head Wind Area 1,512 ft^ 

Hull 1,690 ft2 
Superstructure    2,250 ft 

Natural Roll Period 6 s 

Figure 1 presents specific information on this vessel. 
The SEACON was chosen for two reasons. First, measurements of its 

seakeeping characteristics would be directly usable by its operators in 
future projects. Second, the SEACON has two features that were used to 
full advantage in this test:  cycloidal propulsion, which allowed for 
thrust in all directions (this was used in the static watchcircle test); 
and a self-contained four-point mooring capability, which minimized 
mooring installation and recovery costs. 



TEST SITES 

The primary test site was 3 km east of Duck, North Carolina, in 
55 feet of water. Figure 2 shows this site (taken from Ref 3), which 
was chosen because of the environmental support available from the Field 
Research Facility (FRF), which is supported by the U.S. Army Corps of 
Engineers Waterways Experiment Station.  This offshore site allowed for 
true open-ocean environmental excitation, with some wave shoaling effects 
due to the shallow (55-foot) water depth. 

The wind and current loads test was conducted at a second test site 
within Chesapeake Bay at Whiskey Anchorage, shown in Figure 3 (taken 
from Ref 4). This site was chosen because it offered a sheltered site 
(no waves) with moderate (1-knot) currents. Thus, mooring loads at this 
site were due to steady wind and current loads only. 

INSTRUMENTATION 

Data were collected in a variety of locations including onboard the 
SEACON, in the water column, and onshore at the FRF. These sites are 
individually described below. 

A small minicomputer (DEC 11/03) was used to control the data 
acquisition process and store data onboard the SEACON. This computer 
collected the following information every half second:  cable tension, 
vertical angle, and compass heading for all four lines; vessel accelera- 
tions, displacements, and rotations; wind speed and direction; and wave 
amplitudes and direction. Filtering was not used. 

The vessel motions were measured by an unstabilized, five-degree- 
of-freedom (no yaw) motion sensing package from Systron-Donner, Inc., 
Concord, CA. This package was located at midship, centered on the deck. 
No significant contamination of the measurements is expected because the 
package placement was near the vessel center of rotation (which elimin- 
ates angular effects in the translational measurements) and because the 
vessel motions were small (Euler angles not required). 

SEACON position measurements were taken using an onboard Mini- 
Ranger system. These measurements provided information on the anchor 
placement and recovery positions and on the mean and slowly varying 
displacements of the SEACON during the various tests. These latter 
low-frequency/low-acceleration measurements were taken every 15 seconds 
and later combined with the Systron-Donner measurements to get the total 
SEACON motions. The Mini-Ranger measurements were taken relative to a 
true north-east axis system, rounded off to whole meters. These data 
were converted to an NCEL system of true south-east represented by X and 
Y, respectively, with an origin at an approximate equilibrium vessel 
position for the four-point mooring. 

The U.S. Army Waterways Experiment Station's Field Research 
Facility (FRF) helped NCEL collect wave, wind, and current data at Duck, 
NC. A summary of these data is presented in Reference 5. 

Two Waverider buoys were used to measure wave amplitudes and 
direction in close proximity to the ship. Their location relative to- 
the vessel and the data collected is described in Appendix A. 

The FRF measurements included wind speed and wave and their 
directions. Wave amplitude was recorded from the two Waverider buoys by 
the SEACON, from a Baylor wave staff mounted at the end of the FRF pier 



(1,800 feet from shore in a water depth of 25 feet), and a third 
Waverider buoy north of the ship. Wave direction was determined from a 
radar-based instrument that shows wave scatter. A wind anemometer 
mounted on the FRF building provided a secondary source of wind data. 

Three self-recording Neil Brown acoustic vector measurement current 
meters were used in an array around the SEACON as shown in Figure 2. 
The two nearshore meters were located at depths of 14.5 and 29 feet 
below mean sea level. Measurements of current direction from the 
farshore meter at 14.5 feet could not be used because the factory used 
an incorrect circuit card that made the directional data invalid, so 
only the nearshore measurements are presented. 

TEST SCHEDULE 

The tests were scheduled to take advantage of the different 
environmental excitation levels that occurred over the 4-day test 
period. Table 2 summarizes the tests and environment for each test day. 
Tests 3 and 5 are supporting tests. Test 3 will be used to confirm the 
static four-point mooring configuration and stiffness. Test 5 will 
provide information on the steady wind-induced and current-induced loads 
on the SEACON.  Data from these tests will be used to validate the 
static simulation capability of SEADYN, which must be known before the 
dynamic simulations can be made. Appendix B summarizes the environ- 
mental data for the test period. 

DATA ANALYSIS 

A number of analyses were performed to isolate the static and 
dynamic characteristics of the mooring responses. The particular 
analysis chosen for each test and the associated results are discussed 
in subsequent sections. A description of each analysis technique is 
contained here. 

A time domain analysis includes statistical and probabilistic 
analyses. The statistical analyses determined the mean; mean (linear) 
slope; root-raean-square (rms); and maximum values for tension, dis- 
placement, and other parameters. The probability density function for 
selected data channels was calculated and is presented against the 
corresponding normal distribution for each sample interval. A graphical 
display of sampled data versus time is provided to allow for subjective 
analysis of the data quality and parameter behavior. 

Frequency domain analyses were conducted using standard spectral 
analysis techniques as outlined in Reference 6 (and others). This 
information includes one-sided autospectra, frequency response 
functions, coherence, and phase as functions of frequency (cycles/s). 
The following parameters were used: 

Sampling period = 0.5 s 
No. of samples per subrecord = 1,024 
No. of subrecords per test =4 



From these, 

Frequency resolution = 0.002 Hz 
Nyquist frequency = 1 Hz 
Subrecord length = 512 s 

The results of the frequency analysis are presented on graphs using 
integer frequency bandwidth increments. 

Three types of analyses were conducted for the four-point tests to 
identify different mooring phenomena. The first analysis investigated 
the characteristics of an individual channel, such as its mean value, 
rms value, and normality. The second analysis investigated the rela- 
tionship between two directly measured channels, such as wave amplitude 
and vessel heave. The third analysis investigated the relationship 
between two derived (calculated) records, such as the wave envelope and 
net mooring forces.  In some cases the analysis is self-explanatory. 
The significance and limitations of each analysis are discussed in the 
subsequent sections. 

Four-Point Mooring Dynamics Tests 

The four-point mooring configuration with anchor position and line 
length information is presented in Figure 4. The mooring measurements 
were taken in eight separate tests between 1140 and 1740 on 15 November 
These are further separated into four "slack" tests and, after two of 
the line lengths were shortened, four "taut" tests. Each test lasted 
about one-half hour. The tests measurements are summarized in Table 3. 

The excitations were sufficient to induce all the mooring phenomena 
under study but not large enough to challenge the limits of the models. 
The wind stayed relatively constant at 17 knots and rotated from south- 
east to south-southwest during these tests. The current was small and 
from the north. The waves contained three wave trains--a small swell 
incident from the northeast (only for slack tests); fully developed 
ocean waves that were initially beam-on from the east; and local, 
fetch-limited storm chop initially from the east-southeast (see 
Figure 4). The latter two wave angles rotated continuously throughout 
the four-point tests to a final wave direction from the southeast. 

The slack moorings were excited by long-period beam waves and 
shorter period quartering waves, while the taut moorings had long 
quartering and shorter almost stern-on waves. This provided an 
excellent range of excitation frequencies and incident angles for 
validation of the vessel motion models. 

Appendix C presents sample test measurements and analyses for the 
four-point test series. The current measurements are in Appendix B. 

Some observations regarding these tests are: 

1. The significant wave height for all tests was between 5 and 
6 feet, with fairly equal proportions of energy between the open-ocean 
waves and storm chop in each test. The open-ocean modal period was 
constant at 10 seconds, while the storm-wave modal period increased from 
4 to 5.4 seconds between the first and last tests.  The incident 
direction of both wave trains rotated during the tests.  The wave 
spectra are shown in Appendix C. 



2. The vessel angular response stayed constant throughout the 
tests, with a mean heading of 343 degree-true and a rms yaw amplitude of 
8° 

3. The first-order vessel translations had average significant 
amplitudes of 0.5 foot for surge, 1.0 foot for sway, and 1.0 foot for 
heave.  Average significant angular amplitudes were 0.4° for pitch, 1.6° 
for roll, and 7.7° for yaw.  (The yaw measurements were made from time 
series recordings of vessel heading.) 

4. The closest wave buoy was positioned 260 feet (five water 
depths) away from the SEACON and approximately aligned in the direction 
of the incident wind waves.  This separation distance was chosen to 
avoid data contamination from waves reflected by the vessel.  The wave 
time series data measured at each buoy were of excellent quality, having 
little or no noise or equipment contamination.  The autospectra for each 
buoy is, therefore, also of excellent quality.  Appendix A contains 
additional information on the wave buoy data. 

5. Line tensions ranged from 0 (slack) to about 75,000 pounds 
(maximum).  Tensions were not normally (Gaussian) distributed (see 
Figure 5). 

6. The amplitude of the slowly varying watchcircle was 20 feet for 
the slack tests and 15 feet for taut tests. 

Static Watchcircle Tests 

A series of tests was conducted to measure the static watchcircle 
of the four-point mooring with no wave effects (i.e., slow drift or 
dynamic).  The SEACON's propulsion units were used to add thrust at 
various levels of power and orientation, and the net mooring forces and 
vessel displacement were calculated.  About 10 minutes were allowed for 
the mooring to come to equilibrium after the vessel thrusters were 
applied.  This information was used to determine the engine thruster 
forces, to verify the measured anchor positions shown in Figure 4a, 
and to validate the SEADYN/DSSM static equilibrium calculations. 

The entire series of tests lasted 2 hours.  The environmental loads 
were fairly constant during this period.  Small currents of 0.1 knot 
came from the northwest, 20-knot winds came from the west to southwest 
directions, and small waves came from the west (2-foot significant wave 
height).  The currents were measured about 15 feet below the surface to 
avoid wave contamination (see Table 2); no data were obtained on the 
surface currents. 

Test results for the engine thrust levels are summarized in Table 4 
and plotted in Figure 6.  The first test had no thrusters applied so 
that the environmental forces could be measured.  The forces from this 
first reference test were then subtracted from the total mooring forces 
measured in the other tests to determine the forces exerted by the 
engine thrusters.  The thruster forces are tabulated in Table 4 under 
the "Calculated Thrust" column.  Analysis of the data indicates that the 
average 50-percent and 100-percent thrust values are 5,600 and 
11,000 pounds, respectively.  As shown in Figure 6, the total resultant 



thrust is essentially twice as large in the longitudinal directions 
compared to the lateral direction.  The insert in Figure 6 shows the 
position of the thrusters on the SEACON.  The directional dependency is 
considered due to wake interference effects of the stern thrusters. 

The anchors did drag throughout the test period as evidenced by 
both the Mini-Ranger coordinates of installation and retrieval, and by 
the Mini-Ranger coordinates of the vessel during the various tests and 
the known line lengths.  All of this is shown in figure 4a. 

The most direct evidence of anchor drag is seen in the disparity 
between the installed and retrieved coordinates for each leg, as shown 
in Figure 4b. 

Figures 4c and 4d illustrate the indirect method for establishing 
the anchor coordinates for each test.  For this check, the vessel chock 
positions are established from a given vessel position (from the Mini- 
Ranger data) and the vessel heading (from compass readings).  Then, the 
known horizontal line projections (radii) are added, which results in a 
locus of possible points for the anchor.  By assuming that the anchor 
dragged in a straight line between the installed and retrieved posi- 
tions, an estimate of the anchor position can be made for each test. 
Figure 4c shows this process for the 4-point dynamic test while Figure 4d 
shows a reconstruction from the static watchcircle tests (note the 
difference in the arcs for both stern lines between Figures 4c and 4d. 
The lack of consistency in the bow port anchor coordinates could not be 
resolved better than that shown in the figures.) 

Single-Point Mooring (SPM) Tests 

These tests were conducted with negligible waves, small current, 
and a strong steady wind.  These quasi-steady excitations produced 
large, oscillating lateral vessel excursions (fishtailing) because of 
the strong wind-induced yaw moment caused by the forward location of the 
superstructure. 

The SPM test configuration is shown in Figure 7.  Representative 
time series plots of vessel heave, wind angle, vessel heading, and 
hawser tension are shown in Figures 8 through 11.  Figure 11 shows the 
vessel heave, which was small, typically less than 0.5 foot.  Wave 
grouping can be seen in this figure, but this secondary force is 
negligible due to the small wave height relative to the vessel size. 
The wind was the predominant exciting force.  The wind speed ranged 
between 15 and 20 knots.  The local wind angle variation (relative to 
the ship centerline) is shown in Figure 9.  Over the duration of these 
figures (9 minutes), the local wind angle varied between 300° and 40°. 
Figure 8 is a time series plot of the variation in the vessel heading, 
which is illustrated in Figure 7.  (Note the direct correlation between 
the wind angle variation and the corresponding vessel heading.) 
Figure 10 shows the hawser tensions that occurred while the vessel 
oscillated from side to side.  The first tension spike occurs when the 
bow lateral displacement is stopped by the hawser.  The vessel center of 
gravity continues to rotate about the bow, until it overshoots the 
relative wind angle which reverses the vessel rotation.  The oblique 
vessel/wind angle due to this overshoot presumably results in additional 
longitudinal and lateral drag causing the second tension spike.  The 
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tension remains fairly constant as the vessel swings to the other side 
Another tension spike is seen in Figure 10 as the vessel repeats the 
cycle just described. 

Steady Wind and Current Load Tests 

The objective of these tests was to collect data to allow for 

c^!J^fT^^°° °^ ^^^ ^^^^°^ ""^""^  ^^^ current loads. With this information, 
SEACON mean and slowly-varying drift forces could be estimated by sub- 
tracting these wind and current forces and yaw moments from the total 
mooring forces in the four-point tests. 

Analyses of current-induced loads from recent tests (Ref 7) clearly 
show the sensitivity of the lateral force coefficient to the vertical 
current shear. Unfortunately, the shear was not measured in the MVE 
tests. This limits the usefulness of these tests and requires addi- 
tional analyses to deduce qualitative information. 

The data and analyses for these tests are included in Table 5 and 
Figures 12 and 13. The lack of surface current measurements was 
alleviated with the following procedure: 

1. Assume that the lateral current force coefficient is some 
unknown (monotonic) function of the vertical shear. 

2. Assume a magnitude for the surface current, which defines the 
vertical shear when combined with the measured current at 
15 feet; iterate for coefficient-shear pairs for each test so 
that the overall function is continuous; this relationship 
calculated for these tests is shown in Figure 13. 

3. Examine the chronological behavior of the resulting (calcu- 
lated) surface current velocity and vertical shear for 
continuity; refer to the respective columns in Table 5. 

Conclusions from this analysis are: 

1. Chronological examination of the current field shows good 
continuity, establishing that this procedure was valid. Note 
that large variations in the shear are expected as the tide 
reverses in the steady wind field. 

2. Results are considered constant since Reynolds Number (based 
on twice the draft) varied from 1.3 to 2.3 x 10^. 

3. The results in Figure 12 are considered excellent in a qualita- 
tive sense and clearly show:  the linear relationship between 
lateral drag coefficient (C ) and normalized vertical shear 
(NVS), the limits of that linearity, the symmetrical nature 
of the relationship for positive and negative shears, and the 
same coefficient value for uniform flow conditions as was 
found in the results presented in Reference 7. 



4. The linear slope found here differs from that found in Refer- 
ence 7. However, that could easily be a consequence of the 
different definitions (depth of measurement compared to 
vessel draft) of NVS between the reports. 

5. The magnitudes of the vertical shears inferred in these 
calculations are comparable to the shears reported in 
Reference 7. The applicability of the latter results to 
usual mooring design problems had been questioned because 
of concerns that the topography at that test site might 
have amplified the shear.  Since the magnitudes of these 
shears are therefore considered representative, then the 
variation in the coefficients is likewise considered as an 
important parameter for design purposes. 

SUMMARY 

The general quality of data collected during the Mooring Validation 
Experiment was good.  Sufficient environmental conditions existed to 
cause significant loads and displacements in the various mooring configu- 
rations. The environmental and mooring data, presented in this report 
were found to be consistent and in keeping with expected values. 

Of the four test series conducted, all are suitable for SEADYN/DSSM 
validation purposes except for the single-point mooring tests (which 
were nonstationary).  In those tests the system did not reach a steady 
equilibrium position; the data are therefore not suitable for the 
small-displacement frequency domain dynamics used in the SEADYN/DSSM 
analysis. The rest of the MVE data will be used to determine the 
validity of the solutions given by the frequency domain analysis method 
for vessel dynamics. 

The SEACON's thruster forces and seakeeping characteristics were 
directly measured during these tests. The vessel's thrusters had an 
average 50-percent thrust of 5,600 pounds and 100-percent thrust of 
11,000 pounds, with the longitudinal thrust about twice as large as the 
lateral thrust. The vessel's natural roll period was measured to be 
6 seconds. 

The trend observed in the steady current test data was found to 
qualitatively agree with the trend found in similar full-scale tests 
reported in Reference 7.  In both cases the lateral drag coefficient is 
a function of the vertical current shear. 
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Table 1. MVE Tests and Objectives 

Test 

Static Watchcircle 

Four-Point Mooring 

Single-Point Mooring 
(SPM) 

Wind and Current 

Objective 

Confirm anchor placement measurements 
Validate SEADYN/DSSM static equilibrium 
calculations 
Measure SEACON engine thrust vectors 

Measure system responses in slack mooring 
Measure system responses in taut mooring 

Determine vessel characteristic SPM behavior 
(e.g., stability) 

Isolate wind and current loads 
Use in four-point mooring analysis to 
isolate drift forces 

11 



Table 2. Test Schedule and Average Environmental Conditions 

Test^ Date Test 
Wind 
Speed 
(ft/s) 

Significant 
Wave 

Height 
(ft) 

Current 
Speed 
(ft/s) 

1 

2 

3 

4 

5^ 

15 Nov 1984 

15 Nov 1984 

16 Nov 1984 

17 Nov 1984 

18-19 Nov 1984 

Slack four-point 

Taut four-point 

Static watchcircle 

Single-point 
mooring 

Chesapeake Bay 
wind and current 

29 

26 

16-33 

33 

10-25 

5.0 

5.5 

0-3.3 

1.0 

0 

1.6 

0.6-1.6 

0.1-0.6 

0.6 

0-3.2 

2 
All tests were conducted off Duck, NC, except for test 5, 

Currents in test 5 are due to tidal flows. 
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Table 3. Summary of MVE Four-Point Mooring Data 

00 

Parameter 
Slack Mooring Test JJumber Taut Mooring ; Test Number 

1 2 3 4 5 6 7 8 

Time, min 31 35 35 21 34 30 33 31 

Maximum Wave Height, ft 7.9 9.4 9.3 8.8 9.6 9.6 10.5 9.3 

Significant Wave Height, ft 4.6 4.9 5.1 5.2 5.2 5.5 6.0 5.4 

Mean Wind Speed, kn 17.5 16.5 16.8 18.2 15.8 16.5 15.8 14.8 

Steady Port Bow Line 
Tension, lb -mean 

-rms 
-maximum 

Drift Forces Starboard Bow 
Line Tension, lb -mean 

-rms 
-maximum 

630 
710 

1,180 

540 
630 
1,580 

490 
570 
930 

10,100 
15,400 
35,700 

400 
570 
930 

9,300 
14,300 
35,900 

9,120 
11,100 
18,300 

6,000 

23,200 

8,400 
10,400 
18,600 

5,700 

20,100 

8,400 
Si 

19,400 

6,000 

38,900 

7,900 
9,700 

26,400 

4,500 
6,700 
19,000 

17,200 
23,000 
41,100 

16,100 
22,800 
44,900 

Port Stern Line 
Tension, lb -mean 

-rms 
-max 

0 
0 

40 

0 
0 

1,990 

0 
0 

1,900 

0 
0 

1,500 

6,300 
12,300 
39,000 

5,000 
9,600 

30,300 

5,000 

37,700 

5,300 
10,300 
39,200 

Starboard Stern Line 
Tension, lb -mean 

-rms 
-maximum 

24,300 
35,700 
67,800 

23,200 
35,900 
73,300 

16,100 
27,500 
73,500 

15,500 
26,600 
70,500 

13,300 
23,100 
65,530 

14,200 

66,500 

14,800 

70,400 

11,300 
19,300 
48,200 

Roll Amplitude, ±deg 
-rms 
-maximum 

1.5 
5.1 

1.5 
6.3 7.2^ 

1.6 
5.5 6.8 6.3 6.6 

1.8 
6.0 



Table 3.  Continued 

Parameter 
Slack Mooring Test Number Taut Mooring Test Niimber 

1 2 3 4 5 6 7 8 

Pitch Amplitude, ±deg 
-rms 
-maximiom 

Yaw Amplitude, ±deg 
-mean heading 
-rms 
-maximum 

Surge Amplitude, ±ft 
-rms 
-maximum 

Sway Amplitude, ±ft 
-rms 
-maximum 

Heave Amplitude, ±ft 
-rms 
-maximum 

0.6 
1.5 

336 
7.7 

22.5 

0.4 
1.5 

0.8 
2.5 

0.8 
2.5 

0.2 
1.5 

335 
7.7 

24.0 

0.5 
1.9 

1.1 
3.1 

0.9 
2.7 

1.0, 
5.6^ 

336 
7.6 

25.5 

14.5^ 

1.9 
3.2 

1.2 
3.1 

0.6 
1.5 

336 
7.9 

27.0 

0.5 
2.3 

1.0 
3.0 

1.8 
3.0 

0.2 
1.5 

336 
7.4 

27.0 

0.5 
1.8 

0.9 
3.2 

0.9 
3.1 

1.6 

336 
7.6 

25.0 

0.6 
1.9 

1.1 
3.6 

0.9 
3.0 

1.7 

336 

12.3 

1.9 

3.2 

2.9 

0.3 
1.5 

337 
7.6 

25.0 

0.5 
1.8 

0.8 
2.9 

0.8 
2.7 

No values available. 

Values were recorded but are suspect. 



Table 4. MVE Static Watchcircle Data 

Test^ 

Indicated 
Q 

Calculated 

% Total 
Thrust 

Indicated 
Thrust Angle 

(°) 

Thrust Angle Thrust 
(lb) 

1 
2 
3 
4 
5 
6 
7 
8 

0 
50 
50 
50 
50 
50 
100 
100 
100 
100 

0 
0 

60 
90 
120 
180 
180 
120 
90 
60 

0 
10 
65 
121 
155 
184 
182 
114 
96 
82 

0 
6,300 
4,000 
4,400 
5,800 
7,700 

16,800 
7,400 
8,700 
9,700 

30 min was allowed for each test configuration to reach 
equilibrium. 

Thrust vector relative to the bow as indicated by vessel equipment 
during the test. 

Calculated from the measured hawser tension vectors. 

Line parted after this test while moving to next position. 

Average of 50% thrust measurements:  5,600 lb. 

Average of 100% thrust measurements:  11,000 lb. 
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Table 5.  Wind and Current Test Data and Analysis 

ON 

Test 
Vessel 
Heading 

(°) 

Moorinj I  Configuration Wind Current Calculations 

Hawser 
Tensions 

(lb) 

Local 
Hawser 

Heading 
(°) 

Lateral 
Mooring 
Force 
(lb) 

Velocity 
(ft/s) 

Local 
Incident 

Direction 
(°) 

Velocity 
(14.5 ft) 
(ft/s) 

Local 
Incident 

Direction^ 
(°) 

Lateral 
Wind 

Force*^ 
(lb) 

Lateral 
Current 
Force 
(lb) 

Coe Eficient-Shear 
Values 

C 
y 

NVS V^ 
(ft/s) 

Bow Stern Bow Stern 

2 337 4,650 5,680 -10 -35 -4,060 9 110 0.2 -105 460 3,600 1.6 0.80 1.00 

3 336 5,500 6,850 -10 -45 -5,790 10 110 0.23 -105 560 5,230 1.6 0.80 1.2 

4 330 3,650 6,030 -25 -60 -6,760 8 85 1.15 -95 380 6,380 1.2 0.25 1.55 

5 330 3,900 6,390 -30 -55 -7,180 2 100 1.54 -95 10 7,170 1.1 0.10 1.70 

7 327 2,590 4,180 -40 -70 -5,595 19 80 2.36 -90 2,060 3,535 0.6 -0.45 1.65 

8 327 1,570 2,930 -40 -70 -3,760 15 75 2.62 -90 1,280 2,480 0.45 -0.65 1.60 

9 331 1,070 1,900 -40 -60 -2,335 16 80 2.46 -95 1,460 880 0.30 -1.15 1.15 

12 336 3,400 3,660 30 5 2,020 16 125 0.46 70 1,330 -3,350 1.3 0.60 1.10 

13 338 430 1,230 35 25 765 23 140 1.74 70 2,120 -2,890 0.7 -0.25 1.35 

16 356 920 4,370 -55 -65 -4,710 16 165 1.31 -130 200 4,510 1.0 0.10 1.40 

17 0 1,455 5,310 -60 -60 -5,860 25 165 1.80 -135 720 5,140 0.8 -0.05 1.70 

18 0 1,450 4,300 -60 -60 -4,975 24 140 2.30 -135 2,320 2,655 0.5 -0.50 1.55 

19 4 900 2,500 -60  -60 -2,945 24 175 3.22 -140 480 2,465 0.35 -0.80 1.80 

Local angles measured clockwise from ship centerline; accurate to ±5°. 

Lateral force positive to starboard. 
Q 

Based on methodology in Reference 8, with a 0.8 scale factor as recommended in Reference 7. 

Lateral current force coefficient, including angle dependence. 

NVS = normalized vertical shear = [V-V(15)]/V. 

Calculated current speed at middraft corresponding to the C -NVS pair. 
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Figure 3. MVF, wind and current test site. 
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N = Data points 
XBAR = Mean value 
SIGMA = Standard deviation 

•Represents a Guassian distribution curve. 

PROCESSING FOR FILEMA«E=jn;rtSPCHH,001 

3720 XBflR       = 2:v7.0< SIG(1ft=     39.30 SE= HISTOGRAM FOR TEST 319B WITH AH IHTER'JAL OF 

INTERUAL X (   0 
2024-2040 0 0-/ 
2041-2055 0 0-. 

205i-2070 3 0-,- 

2071-;:S5 0 0-.- *      . 

:oai-2ioo 0 0--    »    . 
2101-2115 0 6-'       t. 
2116-2130 1 35-/ === .    t 

2131-2L45 3 103-■ ====,==: 

2M4-21iO 4 :ii-,   :z:=.:=== 
2161-2175 15 543-. ====.:=:= 

2176-2190 20 747-> ====.====. 

2191-;:05 17 S34-.- ====,==== 
2206-2220 14 537-. ====.==« 
2221-2235 10 J54-> =;==.==== 

2234-2250 4 224-.  "::,z===, 

2251-2245 3 130- ====.=.= 1 

2264-2290 ; sa-.- ===M 
2291-2295 1 4S-' =1-   . 

2296-2310 1 25-y l== . 

2311-2325 0 15-/ 
2326-2340 0 3-> 
2341-2335 0 4-.- 

PROCESSING FOR FILEHAHE=[in:nSFtHH.004 

3720 KPflR       = 2138.10 SIGNft=     44.80 SE= HISIOGfiWt FOR TEST 3198 WITH AN IHTEfiyAL DF      i5 

INTERUAL 
1936-1950 

1951-1945 

I946-19B0 
1981-1995 

1994-2010 

2011-2025 
2026-2040 
2041-2055 

2056-2070 
2071-2085 
2086-2100 

2101-2115 

2114-2130 
2131-2145 
2146-2160 
2161-2175 

2174-2190 

2191-2205 
2206-2220 
3221-2235 

2236-2250 
2251-2265 
2244-2280 

2281-2295 
2294-2310 

212-' 

43W 

Bow Port Tension Bow Starboard Tension 

FROCESSIHG FQR FILEMri£=DYi;rtSPCHN.007 

N     = J720 liAk       = 2113.94 SIG«ft=     67.S6 SE= 

INItKvAL i I    U 
1844-1940 0 
1341-1875 0 

1374-1890 0 
1391-1905 0 

1904-1920 0 
1921-1935 0 

1936-1950 0 

1951-1945     0 
1944-1980 0 
1981-1995 0 

1994-2010 0 
2011-2025     0 
2024-2040 0 
2041-2055 8 

:054-;070 25 
:071-2035 20 
2086-2100 10 

2101-2115 7 
2116-2130 5 
2131-2145 5 

;i46-2;60 3 

2161-2175 3 

2176-2190 3 
2191-2205 2 
2204-2220 2 

2221-2235 I 

HISTOGRAN FOR TEST 3198 WITH AN IMTESUflL Of 

??ai 7295 
2296- 2310 
2311 2325 

2326- 2340 
2341 2355 

0--  

0-.-  
0-.  

0-,'  

0-- 1  

0->    1  

0->     1  
0->         1        .        ,        ,        , 
0-'         .    1 . 

0-.         .        ,  1    . 

0-.          .        .        . 1    .        . 
12-.-         .        .        .        ,    1 . 

314-      ==.=,.===..===.:===,:.==.:=|= 

7'26-     === = ".====".===r'..::-; === = !: = : = 
374->   ====.====.====,:z==.z:z:.==:, 

;a5-   ==-.==-.-:.====..===, = . = , 
199-,-   = = = ^,^ = = = .=! = =, = : = = .:        . 
173-.-   = = = = ...! = .=..= ,==   :,:        . 

i;?-' ====.==.=.=.= ...    1 
1M-.   =:-=.^ = z=.= = =   ,           .   I      , 

105-.- ====.====.=== , 1   . 
70-;- —..=- . 1   , 
a7-> ===:.==! .... 

51- ====1       .... 

57-," ==!=,"= .... 
34-,- ^l==  

20-> !===  

14-.-  
20-> ====  
10--  

7-'  

. 
.   1 

1   . 

::::":: :::: :": ":; ;::; ;;:: "" ="■ "=■ 

PROCESSING FOR FILENflME=DTi;MSPCHN.01O 

3720 XBflfi       = 2197.63 SIGWA=     99.13 5E=        1.63 
HISTDGRAH FOR TEST 3199 yiTH AN IHTERyAL DF 

INTERVAL       X t    0 

1741-1770     0 0-'         .... 

1771-1800     0 0-           .... 

1301-1330     0 0-'-         .... 

1831-1960     0 0-.-         .... 

1B41-1S90     0 0-> t      , 
1891-1920     0 0-.-    1    . 

1921-1950     0 0-'     1 . 

1951-1980     0 0-^         .1     . 

1931-2010     0 O---         .       1       .        . 
2011-2040     0 3--         ,        .       .1      . 

2041-2070     4 20B-/  ====.=!==.-:-..:=.= .     1 

2071-2100   21 765-/ ====.===..====.====..== 
2101-2130    19 668-;   ====.====,:===.::==.=:= 

2131-2140    13 «70->  r:5:,="-.j=:=.!=j=.z=i 

2161-2190     9 352-.-  =r=..:===.=.==.====.=== 

2191-2220     9 :?3-,.   =:^=,===:.==:=.:==:.z:z 

2221-2250     4 :i4-,>   = = ==.====.====.z===. 

2251-2280     4 ;09-,- ====.= ==.:===.====. t 

2281-2310     4 155-.   ====.:.:=,:==   1          . 

2311-2340     3 100-, =.==.===■!       ,        . 

2341-2370     3 93-. =—»====, 
2371-2400     2 44-,- ==M.==    . 

2401-2430     I 34-> t" , 

2431-2440     1 37-.-- I=- . 
2441-2490     0 14-.'         .... 

2491-2520    0 15-,■         .... 

2521-2550     0 10-'         .... 

Stern Port Tension Stern Starboard Tension 

Figure 5.  Four-point mooring line tension distribution. 
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Appendix A 

WAVE MEASUREMENTS 

Two Waverider buoys were used to measure wave excitations in the 
immediate vicinity of the SEACON at the Mooring Validation Experiment 
(MVE) test site at Duck, NC (see Figure A-1).  The purpose in recording 
data for two wave buoys and the mooring system was to measure the corre- 
lation (and coherence) between the two wave buoys and between a wave buoy 
and the mooring system. 

Reference 6 describes correlation and coherence functions as follows. 
A cross-correlation function of two random time history records describes 
the general dependence of one set of data on the other.  The cross-spectral 
density function is then the Fourier Transform of the cross-correlation 
function and is generally a complex number (includes phase information). 
This cross-spectral density information is also used to define a scalar 
(real-valued) parameter called the coherence function.  The coherence is 
a normalized function that varies between 0 (no correlation) and 1.0 
(perfect correlation-deterministic). 

Two wave buoys were used to allow for elimination of wave translation 
effects in the wave buoy-system frequency response function calculations. 
The coherences between the two wave buoys and between the (closest) wave 
buoy and the mooring system were calculated from the time history records 
Theoretically, the coherence between the two wave buoys for a small- 
amplitude, deep-water, two-dimensional wave field would be 1.  In actuality, 
the coherence is less than 1 between two points and is dependent upon 
the separation distance vector (parallel and perpendicular to the energy 
propagation direction(s)) and wave period.  There is also a system 
coherence loss between the wave field (at the vessel) and the mooring 
responses since wave energy is not transferred linearly or with total 
efficiency into the vessel.  The calculated wave propagation coherence 
is assumed stationary (a valid assumption); it can then be theoretically 
"subtracted" from the calculated wave-to-mooring-system coherence, thus 
eliminating effects due to wave translation between the buoys and the 
vessel.  The resulting coherence is the wave-to-mooring-system coherence 
(e.g., vessel response amplitude operators (RAOs)). 

The buoys were equally spaced from each other and the vessel and 
oriented in-line with the apparent incident wave angle and the vessel 
center.  This placement was determined from the results of a previous 
Field Research Facility (FRF) test, sponsored by the Naval Civil 
Engineering Laboratory (NCEL), to determine the spatial coherence of 
random wave fields at this same site (Ref 9).  In that study, approximate 
expected coherence values between two sensor positions in a unidirectional 
wave field were calculated as a function of parallel and perpendicular 
separation distance relative to the incident wave angle.  This separation 
is defined in Figure A-2.  The coherence function versus nondimensional 
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separation distance for unidirectional wave trains at this site is shown 
in Figure A-3, with smoothed contours of estimated maximum-attainable 
coherence added to aid interpretation. 

Figure A-3 shows how quickly wave coherence decreases with separation 
along the crests (Y) compared to the direction of wave propagation (X). 
This demonstrates the importance of wave buoy placement in full-scale 
ocean experiments like the MVE.  The buoy orientation of the MVE was 
selected to keep the crest separation low (buoys oriented in-line with 
waves approaching the vessel).  The buoy-buoy and buoy-vessel separation 
was intended to be equal; Figure A-1 shows that this was generally 
achieved.  This finite separation distance is a necessary compromise 
between:  (1) minimizing the distance to minimize coherence loss (see 
Figure A-3), (2) staying far enough away from the hull to avoid 
measuring radiated and reflected waves, and (3) assuring that dynamic 
vessel excursions would not reach the buoy and damage it. 

The buoy placement has two important consequences.  First, the 
coherence between buoy No. 1 and buoy No. 2 is statistically equal to 
the coherence between buoy No. 1 and the undisturbed waves at the vessel 
(see Figure A-1).  This is based on the standard assumption of station- 
arity of the wave field and is labeled the "wave propagation" coherence. 
Note that a calculated coherence between measured waves and any system 
response to these waves (e.g., heave RAO) is actually an effective 
coherence because it is the product of the wave propagation coherence 
and the system response coherence.  Thus, the system coherence can 
theoretically be obtained by dividing the effective coherence by the 
wave propagation coherence. Figure A-4 shows a tjrpical wave propagation 
coherence plot from the MVE test.  The scatter evident in Figure A-4 was 
due to the low number of samples per test.  This low number was limited 
by the (angular) nonstationarity of the incident wave field.  This 
nonstationarity and the superposition effects of the two (or more) wave 
trains limited the effectiveness of this analysis technique (and similar 
phase corrections) in this application.  The consequences of these 
measurements will be discussed in the subsequent validation report. 

The second consequence of using two buoys is that it allows for a 
reasonable estimation of the incident wave field directions as follows: 

1. Calculate the theoretical shoaled wave length at each frequency. 

2. Select a trial wave angle, and calculate the component of the 
parallel buoy separation distance (apparent wave length for 
that oblique (relative to the wave direction) buoy placement). 

3. Calculate the theoretical phase difference for that frequency 
from the ratio of the effective to actual wave lengths. 

4. Compare this theoretical phase to the measured phase; iterate 
until convergence. 

Figure A-5 and Table A-1 illustrate how the parallel separation 
distance is calculated for several incident angles.  Table A-1 lists the 
theoretical phase difference between the two wave buoys for various 
incident angles and frequencies.  These theoretical phases are plotted 

A-2 



against the measured phase differences in Figure A-6.  Figure A-7 shows 
the wave autospectrum for the same test; the two peaks Indicate the 
presence of two wave trains. 

Figures A-8a, b, and c are plots of the theoretical minus the 
measured phase for three trial incident wave angle pairs, which demon- 
strates the level of convergence explained in step 4 above.  (Two trial 
angles are specified relative to the 110° orientation of the wave buoys 
because of ambiguity in resolving the phase, as shown in Figure A-5. 
Also note that the values are relative to the zero line--black above, 
white below.)  Inspection shows that the plot for 70/150 wave incidence 
(Figure A-8b) has the smallest phase difference for the fully-developed 
wave train, indicating an incident angle of 150° (true) for this particu- 
lar test.  This agrees well with the measured incident angle of 140°. 
(The same effect occurs for an incident wave angle of 70° (true), but 
this was discarded as inconsistent with the observed wave angle.)  For 
the higher frequency wave train shown in Figure A-7, inspection of 
Figure A-8 shows that the best phase agreement corresponds to a relative 
Incident angle of 130° (Figure A-8a), which is also in good agreement 
with the observed incident angle of 140°.  Also note a third distinct 
wave train between 0.03 and 0.06 Hz, corresponding to a narrow swell 
field. 

Summarizing, the information from two wave buoys has been shown 
to be useful if not necessary for proper Interpretation of full-scale 
stochastic data with a finite buoy-system separation.  This simple pro- 
cedure was used to Identify wave angles that agreed with the direct 
(radar) measurements and observations.  It is, therefore, concluded that 
the information available from using two well-placed wave buoys is an 
Interesting and worthwhile addition to full-scale l.esting. 
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Table A-1. Theoretical Phase Difference Between Buoys No. 1 and No. 2 

Period 
(s) 

Af" 

55-ft Depth 
Shoaled 

Wave length 
(ft) 

Theoretical Phase Difference (°) 
at Incident Wave Angles of-- 

±5° ±20° ±40° ±60° 

16.5 31 666 129 122 99 64 

11.1 46 426 202 190 155 101 

8.0 64 278 310 291 238 155 

6.5 79 202 66 41 328 214 

6.0 85 178 123 95 12 243 

5.6 91 158 185 153 60 273 

5.1 100 133 287 249 138 325 

4.7 110 110 62 76 242 33 

4.0 128 83 317 256 78 160 

a 1 
Graphs list frequencies by multiples of the bandwidth (Af = -^^p^ Hz). 512 

For example, for f = 0.10 Hz =-||^Hz, then Af = 51.2 
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TEST 1 

110" 
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Figure A-1.  Four-point mooring test; waverider buoys location. 
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INCOMING PRIM A R Y 
WAVETRAIN 

GAGE 2 

(a) Primary wave direction 

INCOMING SECONDARY 
WAVETRAIN 

GAGE 1 

(b) Secondary wave direction 

Figure A-2. Definition of parallel (along-crest) and perpendicular (down-crest) 
distances for two simultaneous incident wave fields. 
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X =  distance between sensors parallel to wave direction 
y   =  distance between sensors perpendicular to wave direction 
L = wave length 

Figure A-3.  Nondimensional coherence coutours for shallow water (17 m). 
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Figure A-4.  Coherence between buoy-T^l and #2 for four-point mooring test #4. 
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Figure A-5. Effect of wave angle incidence on phase difference between wave buoys. 

A-9 



lO      icnO 
115 lyo"- 

Frequency (Hz) 

Figure A-6.   Phase difference between Buoy 1 and 2 vs wave frequency (lines shov 
theoretical phase difference for angle of incidence). 
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Figure A-7. Wave buoy # 2 Autospectrum for four-point mooring test # 8. 
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Figure A-8.  Difference between theoretical and measured 
phases for various trial incident wave directions, 
as shown in Figure A-5. 
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Appendix B 

SUMMARY OF ENVIRONMENTAL CONDITIONS DURING THE 
MOORING VALIDATION EXPERIMENT AT 

DUCK, NC (taken from Ref 5) 

SUMMARY 

Between 14 and 17 November 1983, the SEACON was exposed to the 
following conditions: 

Date and 
Time Winds Waves Near-Surface Current 

1700 14 Nov -  Light (0.7 ft/s)  Low (1.3 ft) 
0200 15 Nov 

Large (1.6 ft/s) 

0200 15 Nov -  High (33 ft/s) 
2400 15 Nov 

Medium (4.9 ft)  Large (1.6 ft/s) to 
small (0.3 ft/s) 

0000 16 Nov -  Medium (16 ft/s)  Medium (3.3 ft)  Small and variable 
1200 16 Nov 

1200 16 Nov 
1200 17 Nov 

High (33 ft/s) Low Medium (0.7 ft/s) 

INSTRUMENTATION 

Four wave gauges were used to measure the wave field.  Baylor staff 
inductance wave gauge at the seaward end of the FRF research pier and 
Waverider buoy wave gauge north of the ship (Figure B-1) provided basic 
wave height and period data throughout the experiment.  However, to 
determine the wave field at the ship's exact position, two other Waveriders 
were positioned in close proximity to the ship. 

Neil Brown acoustic current meters were placed on taut wire moorings 
about 1,000 feet on either side of the vessel (Figure B-1).  The LARC-V 
was used to deploy the moorings, and a Zeiss electronic total station 
was used for positioning the craft.  At the primary (nearshore) mooring 
(water depth = 54.5 feet mean sea level (MSL), one meter was positioned 
at a depth of 14.5 feet MSL and a lower one was positioned at a depth of 
29 feet MSL.  These meters were designed to sample current speed and - 
direction every second for 15 minutes, determine the resultant speed and 
direction for that 15-minute sample, and write the data on an internal 
cassette tape. 
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An anemometer on the FRF office building provided wind speed and 
direction data, and visual observations were made of wave direction 
(including radar-measured waves), currents at the pier end and in the 
breaker zone, and other oceanographic parameters (water temperature 
visibility, etc.)- ' 

DATA REDUCTION AND ANALYSIS    . 

Figure B-2 shows the time history of hourly values of wind speed 
and direction. 

Data from the pier-end Baylor gauge and the Waverider were analyzed 
using a Fast Fourier Transform analysis routine, which yields the band 
spectra (frequency versus percent normalized variance), a wave height 
parameter (four times the standard deviation of the record), and the 
period associated with the maximum energy density. Plots of the wave 
height and period time histories for both the Baylor and Waverider 
gauges are shown in Figure B-3. 

Cassette tapes from the Neil Brown current meters were sent to a 
private company for reduction.  Plots of the time histories of current 
speed and direction at the two nearshore current meters are shown in 
Figure B-4. 

Upon return of the data printouts to the FRF, it was noticed that 
directional data from the farshore current meter did not agree with 
those from the nearshore meters.  As a result of questions posed to the 
leasor of the equipment regarding the proper functioning, it was 
discovered that an incorrect circuit card had been emplaced in the 
farshore meter by the factory.  Although the speeds indicated on each 
channel were correct, the directional characteristics could not be 
determined from the data because of uncertainties in the meter's orienta- 
tion during each sample run.  However, if the current direction could be 
assumed to be identical to that of the nearshore meters, and the meter 
orientation remained constant, then the magnitude could be determined. 
Such conditions occurred only between 1700 on 15 November and 0800 on 
16 November. 

RESULTS OF ENVIRONMENTAL MEASUREMENTS 

The following discussion presents an assessment of the forces 
affecting the ship during the SEACON's 3-day deployment (1500 on 
14 November through 1700 on 17 November 1983).  Since winds appear to be 
the primary factor controlling waves and currents during the experiment, 
their characteristics will be addressed first. 

Between 1500 on 14 November and 0600 on 15 November, the wind speed 
remained constant at about 6.6 ft/s.  However, the wind direction 
gradually rotated counterclockwise from due north on 14 November to 
about 135° (southeast) by 1000 on 15 November.  Between 0600 and 1000 
the speed increased drastically, reaching about 33 ft/s until 2000.  The 
wind direction slowly changed from 135° (southeast) to 190° (southeast), 
but this time with a clockwise rotation.  This process continued after 
2000 as the wind speed gradually diminished, reaching a maximum of 
300° (west-northwest) at 0600 on 16 November.  At that time, the wind 
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speed began a gradual increase to about 39 ft/s and, after a relatively 
rapid shift of direction to about 270° (west) at 1100 on 16 November, 
the wind remained out of the west-northwest for the final 24 hours of 
the experiment. 

Strong winds from the southeast on the morning of 15 November 
caused rapid development of wind waves such that by noon the significant 
wave height had reached a maximum of 4.9 ft (Figure B-3).  As the winds 
shifted from the southeast to the west, wave heights decreased almost 
linearly, returning to their prestorm values of less than 1.6 ft by 2400 . 
on 16 November.  Wave spectra indicate that at 0700 on 15 November, the 
wave field could be characterized by a single-peaked spectrum (peak 
period about 7.5 seconds). Radar wave direction observations taken at 
that time indicate an offshore wave approach angle of 45° (relative to 
true north).  By 1400, however, two wave trains were evident in the 
nearshore zone, one arriving from 75° and the other from 105°. The 75° 
train appeared to have the most energy (about 15 percent of the variance) 
at a period of about 11 seconds, while the 105° train contained about 
9 percent of the variance at a period of about 5 seconds. 

At 1700, only one train could be identified on the radar image, 
approaching from an angle of 95°.  Corresponding visual observations of 
incident wave angle show the predominant seas from 140°.  It is con- 
cluded that the radar technique missed the energy from this direction 
because the wave fronts were almost parallel to the radar site and 
showed little backscatter. However, wave image data obtained at 1900 
indicate the continued existence of two wave trains, with peak periods 
of about 5.5 and 11 seconds.  It is concluded that the long swell was 
incident from 95°, with all other energy incident from 140°; see 
Appendix A for additional wave direction estimates. By 0100 on 16 November, 
as wave heights began to decrease, only one wave train was evident from 
the spectral output (T = 11 s), a situation which continued throughout 
the remainder of the experiment. The visual observations indicate that 
waves on the morning of 16 November approached from an angle of 85°. 

The current patterns indicated by this data set are extremely 
interesting yet quite complex.  Since the ship's mooring system precluded 
placement of the current meters in close proximity to the ship, they 
were moored about 1,000 feet on either side.  The currents at the test 
site are determined by interpolating between these two data sets. 

The data shown in Figure B-4 provide current speeds and direction 
at the nearshore location at depths of 14.5 and 29 feet MSL. Although 
most of the data from the farshore meter were not retrievable, reliable 
estimates of current speeds for the 15-hour period on 15 to 16 November 
indicated that the currents affecting the ship should be adequately 
represented by the data from the nearshore near-surface meter. 

Between 1800 and 2000 on 14 November, near-surface current speeds 
increased rapidly to over 1.6 ft/s, remained relatively constant until 
about 0900 on 15 November, and then decreased rapidly over the next 
6-hours.  Throughout most of this period, currents were flowing southward. 
This agrees well with the dye measurements obtained at 0700 on 15 November 
at the end of the FRF pier and in the midsurf zone under the pier, which 
both indicated a current of about 0.25 m/sec directed southward. 

The time period between noon on 15 November and midnight on 
16 November appears to be a transitional period for the currents, 
apparently in response to the rapidly changing wind regime.  The near- 
surface current speeds were relatively low, averaging less than 0.3 ft/s. 
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Some tidal forcing is indicated in both meters' speed time series, with 
maximum and minima at the expected 12-hour spacing. However, the direc- 
tional data show peculiar differences during this time period.  Between 
noon on 15 November and 0600 on 16 November, the nearshore current 
varied between 180° and 80° at about 12-hour intervals. 

In comparing the near-surface and middepth currents at the nearshore 
site, note that the middepth speeds were often smaller, while the direc- 
tions were generally in very good agreement, except during the transitional 
period of 15 and 16 November. 

The correlation between winds and currents at this location is 
rather complex. As the wind speed increased and its direction rotated 
counterclockwise early on 15 November, the current direction remained 
constant with depth (southward). However, between noon and midnight on 
15 November, as the wind direction rotated clockwise, currents at the 
surface changed direction in a counterclockwise sense, while those at 
the bottom rotated clockwise.  Such a difference in current patterns 
over such a small vertical distance (about 15 feet) is extremely puzzling. 
A thorough check of data quality shows no questionable data, so it 
appears that a shear zone existed for about 15 hours between the 15- and 
30-foot depths at the nearshore site. 
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Figure B-1. Relative location of MVE environmental instrumentation. 
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Figure B-2. Time history of wind speed and direction, FRF building anemometer, 14 - 17 November 1983. 
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Figure B-3. Time history of current speed and direction, nearshore array, 14-17 November 1983. 
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Figure B-4. Wave heights, 14-17 November 1983. 
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Figure B-5. Wave periods, 14 - 17 November 1983. 
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Appendix C 

SAMPLES OF FOUR-POINT MOORING DATA 

Table 3 in the main text summarized system responses and environ- 
mental excitations for each of the four-point mooring tests. However, 
these responses are scalar representations of complex phenomena that are 
functions of incident wave angle, wave frequency, and combined linear 
and nonlinear transfer functions. Accurate simulation of these phenomena 
is the true goal of a mooring model validation. The data presented here 
allow for isolation of many of these phenomena. 

The large quantity of data collected in the Mooring Validation 
Experiment (MVE) four-point tests (over 600,000 data samples) is too 
large to include in this report.  Likewise, it is also impractical to 
include all the analyses. The following information selected for 
presentation is intended to be representative: 

1. Representative time series \ 

2. Mini-Ranger displacement measurements 

3. Wave excitation autospectra measured during four-point mooring 
tests 

4. Wave buoy No. 1 and No. 2 autospectra for the same wave field 

5. Representative autospectra for vessel motions and cable tensions 

6. Probability density functions 

The time series graphs in Figure C-1 are self-explanatory and 
include appropriate labels and units. 

Figure C-2 shows tabular data of Mini-Ranger measurements for both 
the slack and taut tests.  These measurements are 10-second averages, 
representing the position of the SEACON main mast.  The two columns show 
east and north coordinates in the Mini-Ranger axis system. 

The wave autospectra shown in Figure C-3 are plotted in feet squared- 
second versus bandwidth increments (multiples of 1/512 Hertz). Hamming 
frequency smoothing (0.25, 0.50, 0.25) was used in addition to ensemble 
averaging. The normalized error (e) in the autospectral ordinates is: 

\  nm 
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where:  n = no. of ensembles 
= 4 

m = no. of averaged frequency increments 
= 3 

Substituting, 

e = 0.29 

Two distinct modal periods occur in each of the wave autospectra, and 
the energy between them is relatively low.  This implies that the wave 
trains were essentially independent of each other (except for the small 
overlap section). 

Figure C-4 has wave autospectra at each buoy for the wave field in 
mooring test No. 8.  As expected, the spectral energy between the two 
buoys is virtually identical. 

Figure C-5 has response autospectra for vessel motion and cable 
tensions.  Units are feet, degrees, and pounds for the ordinates (units 
squared-seconds) and bandwidth increments for frequency.  The normalized 
standard error is 0.29 as with the wave autospectra. 

Figure C-6 includes probability density functions for the waves and 
cable tensions.  The probability density functions show the actual 
distribution versus the equivalent Gaussian distribution (identified 
as "). Column information is:  intervals in 12-bit integers as sampled, 
where 2048 is zero and each sample equals 0.0164 foot; percent of samples 
in each interval; and number of samples in each interval. Values in the 
header include number of samples (N), mean value (XBAR), and root-mean- 
square value (SIGMA).  The waves are Gaussian as expected. The tension 
probabilities are decidedly non-Gaussian. 
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Figure C-1.  Representative time series sampled data from the MVE. 
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Taut Moors (Tests 5-8) 
Time X(m)    Y(m) 

15:18:08 
15:18:18 
15:18:28 
15:18:38 
15:18:48 
15:18:58 
15:19:08 
15:19:18 
15:19:28 
15:19:38 
15:19:48 
15:19:58 
15:20:08 
15:20:18 
15:20:28 
15:20:38 
15:20:48 

20:58 
08 

107 -210 
107 -207 
106 -212 
106 -211 
107 -210 
106 -208 
107 -210 
107 -207 
107 -206 
107 -207 
106 -208 
107 -208 
107 -210 
106 -209 
106 -211 
106 -211 
107 -211 
106 -209 
106 -209 
106 -209 
106 -207 
106 -210 
107 -208 
107 -210 
106 -209 
108 -208 
108 -209 
107 -211 
107 -208 
106 -208 
106 -211 
106 -212 
107 -210 
106 -207 
107 -208 
108 -209 
108 -209 
108 -209 
107 -208 
107 -210 
107 -208 
106 -209 
106 -210 
106 -208 
108 -204 
107 -211 
108 -209 

Slack Moors   (Tests  1-4) 
Time XOnl Y(ra) 

15 
15:21 
15:21:18 
15:21:28 
15:21:38 
15:21:48 
15:21:58 
15:22:08 
15:22:18 
15:22:28 
15:22:38 
15:22:48 
15:22:58 
15:23:08 
15:23:18 
15:23:28 
15:23:38 
15:23:48 
15:23:58 
15:24:08 
15:24:18 
15:24:28 
15:24:38 
15:24:48 
15:24:58 
15:25:08 
15:25:18 
15:25:28 
15:24:38 
15:24:48 

Notes: 

(1) This Mini-Ranger coordinates, in 
true North and X is East. 

(2) The Mini-Ranger receiver was located on the SEACON main mast. 

11 :04 :01 
11 :04 :11 
11 :04 :21 
11 :04 :31 
11 :04 :41 
11 :04 :51 
11 :05 :01 
11 :05 :11 
11 :05 :21 
11 :05 :31 
11 :05 :41 
11 :05 :51 
11 :06 :01 
11 :06 :11 
11 :06 :21 
11 :06 :31 
11 :06 :41 
11 :06 :51 
11 :07 :01 
11 :07 :11 
11: :07: :21 
11: :07: :31 
11: :07: :41 
11: ;07: ;51 
11: :08: :01 
11: :08: :11 
11; :08: :21 
11: :08: 31 
11: 08: 41 
11: 08: 51 
11: 09: 01 
11: 09: 11 
11: 09: 21 
11: 09: 31 
11: 09: 41 
11: 09: 51 
11: 10: 01 
11: 10: 11 
11: 10: 21 
11: 10: 31 
11: 10: 41 
11: 10: 51 
11: 11: 01 
11: 11: 11 
11: 11: 21 
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Figure C-2.  Mini-Ranger vessel displacement measurements during 
four-point mooring tests. 
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Figure C-3. Wave excitation autospectra. 
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Figure C-4.  Wave buoy autospectra and coherence functions. 
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Figure C-5(a).  Stern starboard tension autospectra vs frequency (four-point mooring xcsxttS). 

Frequency (Hz) 

Figure C-5(a).  Coherence for wave spectra and stern starboard tension (four-point mooring test #5). 
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Figure C-5(b). Vessel surge autospectra vs frequency (four-point mooring test #8). 

.2 .3 . »y4 
Frequency (Hz) 

Figure C-5(b).  Coherence for vessel surge vs wave spectra (four-point mooring test US) 
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Figure C-5(c).  Vessel sway autospectra vs frequency (four-point mooring testi^S) 
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Figure C-5(c).  Coherence for wave spectra and vessel sway (four-point mooring test^i^S). 
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Figure C-5(d).  Vessel heave autospectra vs frequency (four-point mooring test #5). 
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Figure C-5(d). Coherence for vessel heave and wave spectra (four-point mooring test #5). 
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Figure C-5(e).  Coherence for vessel pitch and wave spectra (four-point mooring test US) 
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Figure C-5(e).  Vessel pitch autospectra vs frequency (four-point mooring test #5). 

C-11 



PROCESSING FOR FILEHAI1E=[IY1;NSPCHN,026 

4034 XBftR       = 2044.82 SIGNft=     82.27 SE=       1.30 

HISTOGRflK FOR TESI 31V5 UIIH AN INTERVAL OF     20 

INTERVAL 

1681-1700 

1701-1720 
1721-1740 
1741-17iO 

1761-1780 

1781-1800 
1801-1820 
1821-1840 

1841-1860 
1361-1880 
1881-1900 

1901-1920 
1921-1940 
1941-1960 

1961-1980 

1981-2000 

2001-2020 
2021-2040 
2041-2060 

2061-2080 

2081-2100 
2101-2120 

2121-2140 

2141-2160 
2161-2180 
2181-2200 

2201-2220 
2221-2240 

2241-2260 
2261-2280 

2281-2300 

2301-2320 
2321-2340 
2341-2360 

t 
0-: 

0- 
0-; 
0-; 

1-; 

3-! 
9-> « 

17-> 
30-- 
45-> 

100-/ 
143-> 
196-> 
219-> 
249-> 

327-> 

354-/ 
3;3-> 
408-> 

374-> 

301-> 
278-> 

206-> 

147-> 
101-> 

73-> 

33-> 
20-> 

12-> 
8-/ 
3-/ 
I--- 
2-> 
0-/ 

t 
1 
t 

1 

1 
t 

1 
t ==„ ==== ==== ==.= ==== 

==== ==== 
  

„== ==== 
===« 

===« 

t 
1 

==«= 
==!= 

PROCESSING FOR FILENA«E=[IY1:NSPCHN.027 

4031 XBAR       = 2045.58 SIG«A=     83.40 SE=       1.31 

HISTOGRAN FOR TEST 3195 UIIH AN INTERVAL OF  20 

INTERVAL 

1681-1700 

1701-1720 

1721-1740 

1741-1760 

1761-1780 

1781-1800 

1801-1820 

1821-1840 

1841-1860 

1861-1880 

1881-1900 
1901-1920 

1921-1940 

1941-1960 

1961-1980 
1981-2000 

2001-2020 

2021-2040 
2041-2060 

2061-2080 

2081-2100 

2101-2120 

2121-2140 

2141-2160 

2161-2180 

2181-2200 

2201-2220 

2221-2240 

2241-2260 

2261-2280 
2281-2300 

2301-2320 

2321-2340 

2341-2360 

«   0 
0-> 
0-> 
0-> 
0-/ 
l-> 
2-/ t 
8-> • 

20-> I 
39-> ===«, 
62-> ==^= 
B7-> ==== 

119-> ==== 
162-> ==== 
219-> ==== 

254-> ==== 
349-> ==== 
3e5-> ====, 
417-> ==== 
376-> ====, 
354-> ==- 
309-> "==, 
234-> ~= 
194-> ===: 
166-> === 
100-> ===i 

63-> === 
50-> ==1^ 
34-> =»=^ 
15-> I 
8-> « 
4-> 
l-> 
2-> 
0-> 

Figure C-6(a). Wave probability density function (four-point mooring test*!5). 

C-12 



PROCESSING FOR FILEHri«E=DYi:rtSPCHN.001 

«34 mi       = 2230.« SIGi(»=     (0,55 SE=       0.64 

HIST06RSK FOR lESI 3195 UIIH «» INIERiML OF     i5 

PROCESSmt FOR FILE««t(E=D»i:KSPCHN.0O< 

N     =       1034 XB«R       ! 2147.44 SIC««=     47.25 SE=       0.74 

HISIOORW FOR TEST 31J5 UtH M IHIER7SL OF      15 

n 
I 

INTERWL t 0 

2041-2055 0-> 
2054-2070 0-/ 

2071-2085 0-; 
2084-2100 0-.- 

2101-2115 4-/ 1  . 

2114-2130 27-^ --t  . 

2131-2145 49-> === .1  . 

2144-2140 B3-; ====. 1 . 

2141-2175 l»3-> "==,!===. 1 
2174-2190 382-> ™=,====. ===.==== 
2191-2205 577-> ====.=«=. :=:.::r=, 

2204-2220 740-> =«=..=^.. 

2221-2235 448-> ====.!.«. :==,;:==. 
2234-2250 444-> -.==:====. =:=.:=== 
2251-2245 3!7-> ====.====. ===.3=::. 

2244-2280 192-;- ====.====. ===i 
2281-2295 148-) ==«.==!=. 

2294-2310 48-i- =">. 

2311-2325 51-> =(= , 

2324-2340 24-,- >-^ . 

2341-2355 0 17-> 

2354-2370 0 14-- 

2371-2385 0 10-> 

PROCESSIHG FOR FILE.'(*»E=»ti;»SPCHH.007 

4034 XBSR       = 2125.32 SIGNS'     75.01 SE= 

HISIOGRSK FOR TEST 3195 yiTH Ad imESOai OF 

IRTERML ! 
1801-1B15 0 

1814-1830 0 

1831-1845 0 
1B44-1840 0 
1B41-1875 0 

1874-1B90 0 

1891-1905 0 
1904-1920 0 

1921-1935 0 

1934-1950 0 

1951-1945 0 
1944-19B0 0 
1981-1995 0 

1994-2010 0 

2011-2025 0 
2024-2040 0 

2041-2055 5 

2054-2070 22 
2071-2085 18 
2084-2100 13 

2101-2115 8 
2114-2130 4 

2131-2145 5 

2144-2140 4 

2141-2175 3 

2174-2190 2 
2191-2205 2 
2204-2220 2 

2221-2235 2 

2234-2250 1 
2251-2245 1 
2244-2280 1 

2281-2295 1 
2294-2310 1 

2311-2325 1 

2324-2340 1 

2341-2355 0 

2354-2370 'o 

2371-2385 0 

2384-2400 0 

2401-2415 0 

0-) 
0-,- 

744-) ==.= .===: 

333-> ! 
224-) ■- 
192-) = 
147-> ^ 
127-> = 

B7-) ■- 

44-> ====. 
44-) ==->. 

3B-> ==>!. 
29-,- =!==. 
33-) t"=. 
23-) !===. 
20-> 
14-/ 

immtL    1 t 0 

1951-1945  0 0-) 
1946-1980  0 0-) 
1981-1995  0 0-> 
1994-2010  0 0-,- 

2011-2025  0 0-> 1 

2024-2040 0 0-) 
2041-2055  0 0-> 
2054-2070 0 7-) 

2071-2085 1 45-) =- 

2086-2100 3 117-> = 

2101-2115 8 328-) == 

2114-2130 13 522-) ' 

2131-2145 17 700-) = 

2144-2140 15 598-) ' 

2141-2175 14 554-> == 

2174-2190  9 381-> = 

2191-2205  6 238-> = 
2206-2220  4 l77-> = 

2221-2235  2 89-) = 

2234-2250  2 80-) = 

2251-2265  1 53-> = 
2244-2280  1 48-> = 

2281-2295 1 24-> t 

2294-2310  0 14-) 

2311-2325 0 13-> 

2324-2340 0 14-) 

2341-2355  0 7-> 

PROCESSING FOR FILEH*i(E--»?i;»SPCH».010 
4034 XBSR  = 2212.41 SIGI(»= 121.45 5E=   1.91 

HIST068«» FOR TEST 3195 UlTH «H IHTERML OF  30 

INTEROM. Z t 0 
1681-1710 0 0-> 
1711-1740 0 0-) 
1741-1770 0 0-> 
1771-1800 0 0-) 
1801-1830 0 0-> 
1831-1860 0 0-) t  . 

1861-1890 0 0-) » . 

1891-1920 0 0-)  I 

1921-1950 0 0->   > 

1951-1980 0 0-) 1 . 

1981-2010 0 0-) , 1 . 

2011-2040 0 10-> , 
2041-2070 5 215-> =«=. 

2071-2100 18 741-) «« » = =,! = =-, 
2101-2130 14 577-> ■===. 
2131-2160 10 392-> =T== ====,===:, 
2161-2190 10 404-> ■=«. ====.====, 
2191-2220 8 323-) ==== 

2221-2250 4 252-> ==". ====.=:==. 
2251-2280 6 227-) ==== 

2281-2310 4 174-> ====. ==::,:::=, 
2311-2340 4 147-/ "" :===.:::z 

2341-2370 4 142-) ==« 

2371-2400 3 110-) =" = ==;=t== 

2401-2430 2 75-> "" l== . 

2431-2460 2 72-> ==M === . 
2441-2490 1 43-> =t" 
2491-2520 1 26-) !=== 

2521-2550 1 25-> !=== 

2351-2580 1 23-) ==--= 

2581-2610 0 14-> 

2611-2640 0 4-> 
2441-2470 0 l-> 

Figure C-6(b). Cable tension probability density functions. 
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