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FINGER PIER/SPINE PIER CONNECTION FOR

THE EXPEDITIONARY PIER

1. INTRODUCTION

The connection between the finger pier and the spine pier in the expedi-

tionary pier concept was selected for further development in the current

contract year with the Office of Naval Research, mainly because it

represents one of the more serious technological obstacles that had to be
overcome before the expeditionary pier could become a reality in the form

it was originally concieved. To recap, the expeditionary pier that provides

berthing facilities to 6 combatant ships of the destroyer class has the shape

of an arrow on plan, and moored by a single-point mooring, partly to reduce

wave and current forces to a minimum. The finger piers form the

extensions to the arrow head, attached at about 45 degrees with the axis of

the spine pier by means of a connecting structure, which is the subject of

this report (referred to as the finger/spine hinge joint in previous reports).

During tow, the finger piers are retracted and stowed alongside the spine

pier. The general arrangement showing the relationship between the finger

pier and the spine pier is presented in Figure 1.

0 As indicated above, the purpose of this report is to test the feasibility of

the retractable finger pier concept, and to assess the technological gap, if

any, that separates it from the state of the art. The undertaking proved

to be more formidable than expected. However, enough had been

accomplished within the limited time for the study to understand the

problem better, and to produce a set of reasonable figures for the

preliminary design of the connection.
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2. DESIGN CONSIDERATIONS

In order to quantify the forces that can be used in the design of the

connection structure, it is first necessary to establish the conditions for

which the connection is to be designed. In fact, there is only one such

condition that needs to be considered for the purpose of this report; namely,

the environment conditions under which the finger piers will operate. There

are other conditions, but they are not expected to be of significant

magnitude to influence the outcome of the order-of-magnitude assessment,

and may be disregarded to simplify the procedure.

Since the finger pier will be in operation only when the expeditionary pier

is safely anchored in sheltered waters, it is reasonable to assume that the

connection structure will not be subjected to environmental conditions more

severe than Sea State 4. This, therefore, has been assumed as the basis for

the connection design.

3. THE ABBREVIATED ANALYTICAL SOLUTION

It is recognized at the outset that an in-depth analysis of the connection

with its multiple degree of movement under exciting conditions that can

emanate from a dozen sources would be an extremely complex, exacting and

time-consuming exercise. An abbreviated, or a short-cut solution must be

found that will produce reasonable answers within the available time. As

explained below, the abbreviated method consists simply of considering the

most significant factors in the analysis, ignoring the rest, and of making

broad assumptions on boundary conditions that are not unreasonable for the

purpose of getting some quick answers.

AkA



The abbreviated method was partly based on the following observations

about the connecting elements (links and shear key), see Figures 2 and 3.

a. The system is extremely rigid in restraining horizontal movements,

huge forces will be developed in the elements as a consequence to

inhibiting the pier against wave induced motion.

b. The relative size difference between the finger pier and the spine pier

is such that the analysis could justifiably be simplified by considering

the finger pier to be connected to a fixed rather than another floating

body. This assumption presupposes that the effect due to phase

differences in the motion of the finger and the spine piers will be

small and can be neglected in this evaluation. An analytical model has

been constructed on this basis. If a more exact analysis is required,

the above mentioned behavior can be determined by modelling the

finger and the spine piers together and then obtain a time history of

motions for the desired sea state. It is also observed that the forces

due to wind current and wave drift should be more or less constant,

much lower than the transient wave forces induced by the vehicle

motion.

Based on the above observations and assumptions, an appropriate model and

approach were developed. The approach is to determine the free floating

equations of motion (dynamic matrix, and displacement and force vectors),

and then by including the stiffness of the connection system in the free-

floating dynamic matrix, solve the equations of motion for displacements.

The forces in the connection elements are calculated based on the

determined displacements.



The analysis began with determining the free floating motions of the finger

pier for various sea headings. The connection elements are so configured

that they resist forces in the horizontal plane, tension in the links is

expected to be caused mainly by yaw moments. Forces due to surge will

not be as significant because of the small beam of the pier relative to its

length. Additional forces will be caused by pitching of the finger pier

relative to the spine pier. These forces could be controlled to a great

extent by narrowing the contact depth between the 2 piers.

Strip theory was used to compute the free floating motions of the pier,

modelled as a stationary vessel, and a Sea State 4 spectrum having 6 feet

significant wave height, and mean period of 5.5 seconds. Figure 1-A

(Appendix A) illustrates the analytical model description.

A description of the mathematical model of the connection structure is

shown in Figure B-1 (Appendix B). The model assumes that all vertical

motions at the connection interface are unconstrained for pitch and heave

motions. The connector, or link, is designed to resist forces generated by

yaw, surge, and pitch, and the shear key is designed to resist forces due to

sway.

Tolerance at shear key interface and the hinges in the links will provide the

freedom of movement in the vertical direction.

A detailed explanation of the analytical model and its limitations are given

in greater details in the Appendeses following this report.



4. DISCUSSION OF RESULTS

The magnitude of the free floating motions for various headings can indicate

the critical loading conditions for the connection elements. A wave heading

of 1100 (from the longitudinal axis) was found to produce the maximum

motions for the imposed irregular sea. Hence, further analysis was done

only for the above wave heading.

The drift forces due to wind, current and wave drift were added to the

calculated transient forces. The forces in the links were determined to be

in the order of 6,000 kips tension, or a reversible tension and compression

of 5,000 kips based on the system design. The force in the shear key was

found to be 1,300 kips.

If the links are absolutely rigid, a tension-compression couple of 5,000 kips

* is developed in the links in order to resist the yaw moments. It is

structurally undesireable to develop compression in a slender member such

as the link. The compression could be eliminated if the link was allowed

to displace when in compression and the finger pier could contact (or bear

* against) the spine pier. This effect somewhat shortens the couple arm

resisting the yaw moments, the tension is estimated to be 6,000 kips and the

compression component of the couple is provided by the bearing stresses

developed by the contact of the two piers.

The analysis showed considerable heave (5 ft. relative to spine pier) and

pitch displacements. In order to keep the link forces low and to conform

with the assumptions of the analytical model, the heave and pitch

displacements should be allowed. For instance, considering a total length of

30 ft. for the link, a 5 ft. vertical displacement requires an axial extension

of about 5 inches in the link.
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The preceding discussion indicates that the link should have a "shock

absorbing" ability or in other words an "extendable" link is desired. For

design purposes, the object will be to provide an axial extension of up to 18

inches before the load capacity of the system is exceeded. A proposed

design for an "extendable" link is discussed in the following section.

The shape and dimensions of the finger pier may be altered to ensure

* efficient behavior. The effects of pitching can be minimized by reducing

the depth of the contact area of the finger and spine piers. See Figure 6.

The forces in the links can be reduced by increasing the distance between

the two links. The effect of the forces in the links for a particular value

t of yaw moment, versus the distance is illustrated in Figure 8.

5. THE CONNECTING SYSTEM

An obvious first solution is represented by the pinned joint used by the

offshore industry to connect the "Stinger" to the barge in the pipe-laying

operation. The difference is however the magnitude of the forces that the

joint has to deal with. For the stinger-type connection, the pin would have

to be much larger and heavier, making connection in the relatively open sea

difficult. It is also not possible for the finger pier to be swung around a

pinned joint, with the pin aligned in the horizontal direction. If this method

of connection is used, it will be necessary to disengage the connection

completely when the finger pier is not in use, and to attach it to the spine

pier by other means.

The following considerations therefore govern the design.

a. A system that lends itself to rapid installation and disengagement.

This means the system should preferably be located on top of the deck

for easy access, control and operation.

$



* b. A system that provides restraint in the horizontal direction, but

relative freedom of movement in the vertical direction.

c. A system that incorporates "shock-absorbing" capabilities to reduce

* the huge forces generated by pier motions, and thereby bringing the

design of the connection closer to the state of the art.

The design that had resulted from the above described constraints and

* considerations is shown in Figure 4. The member has a length of about 30

feet. There are two hinges at each end (labeled as horizontal hinge and

vertical hinge), that provide vertical and horizontal rotational freedom. To

avoid any moments on the vertical hinge due to inclined loads on the
* horizontal hinge, the "frame leaf" or the stationary part of the horizontal

hinge is restrained by an anchor which is free to slide in a circular guide

track. By an appropriate alignment of the two hinges (as shown in Figure

4), it is assumed that the vertical component of the inclined load will be
* taken by the "sliding anchor" and the horizontal component will be uniformly

distributed over the height of the vertical hinge.

Another unusual feature of the link is the hydraulic tension "shock-

absorber". A shock-absorber to meet our requirements, such as a capacity

of 6,000 kips, stroke of 12" to 18", and a smaller compressive stiffness

compared to a tensile stiffness is not readily available but can be specially

fabricated. If a single shock absorber is used, the cylinder size is estimated

to be 32 inches O.D. and ultra high strength, aircraft quality materials

would have to be used. A survey of the industry, indicates that a 32 inch

shock-absorber can be fabricated within the state-of-the-art technology

with some upgrading of existing manufacturing facilities. Another approach

could be to use a cluster of two smaller shock-absorbers in parallel. Details

of a proposed design by Taylor Devices Inc., New York, are shown in Figure

4-a.

The amount of steel estimated for each link is about 88 tons. The member

I=



was designed using stress levels recommended by the American Welding

Society code (AWS code). Grade 36 steel can be used for the members, but

ultra-high strength steel, having higher stress levels than the AWS code
*recommended values, has to be used for the hinge pins in order to obtain

practical dimensions. A total cost of $360,000 is estimated for each link.

This price includes the cost of the hydraulic shock-absorber which is about

$100,000.

6. ALTERNATIVE SOLUTION

The finger pier must be modified to better cope with the large forces,

particularly the force generated by yaw moments on the two-point link

connection. Having identified this as the prime force generator, one method

to deal with it would be to spread the distance between the two connection

points as much as possible. Thus if it is possible to increase this distance

by 100%, the effect would be to reduce the yaw-induced force in the links

by half. One might also taper the plan shape of the finger pier to that of

perhaps half its present width of 80 feet, toward the end of the pier. The

advantage of this modification is to bring the centre of gravity of the pier

closer to the connection, thereby reducing the effects due to rotational

forces.

Displacements at deck level due to pitching can be reduced by narrowing

the depth of the contact area between the spine and finger piers. For a

particular pitching angle the displacement at the deck level is directly

proportional to the distance to the point of "pivoting".

The widening of the contact face at the connection, and the tapering of the
S pier have been combined in an alternative system shown in Figure 5. A

proposed longitudinal section for the finger pier is shown in Figure 6. These

modifications would be the first direct result of the further development of

the retractable finger pier as described in this report.

S



7. PROBLEM AREAS

The design of the connection is generally within the state of the art. It

* would however take considerable time and effort to develop this concept to

the application stage.

The biggest problem area is due to the escalation of scale as represented

by the exceedingly large forces that must safely be handled by the

connecting link structure, the shock-absorbing capacity, and the articulating

mechanism in the connection system. The analysis part should therefore

present the least problem. There is no shortage of computer software

capable of solving dynamic problems connected with the pier. The program

OSCAR has been used here only because it was readily available.

The problem pertaining to the design has to do with the development of

equipment, particularly the hydraulic shock-absorbers. The fabrication of a

large (32"O.D.) shock-absorber is not feasible within the present state of the

art. The major portion of the total cost (100,000) of each shock absorber,

is the cost of special high-strength, corrosion resistant materials. Further

research may be feasible to develop more economical materials for our9
application.

It was felt that practical dimensions for the hinge pins could not be obtained

by using the available design guidelines for fatigue loadings. The only way

to obtain a reasonable design is to use ultra-high strength steel, with higher

allowable fatigue stresses.

Figures 6 and 4 illustrate some rather unusual features of the connecting

system. The proposed rub-strips and fenders at the interface of the finger

and spine piers perform unusual functions and require to be developed. The

p,
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rub-strips need to have a low coefficient of friction, and at the same time

durable enough to justify its use and cost. The design of the sliding anchor

will also be complex. It is required to provide constraint in the vertical

* plane but is relatively free in the horizontal plane.

We would also require auxiliary equipment for extending and retracting the

pier, e.g. large capacity winches with which to move the pier. These are

9 not so unusual that they are not already available commercially.

8. CONCLUDING REMARKS

In the generic sense, the flexible connecting system as envisaged in this

study, may be adapted to other purposes. For example, they could be used

to join several barge-like vessels to form:

a. Floating roadway to offshore installations.

b. Floating platform for offshore installations.

c. Floating breakwater for offshore habour.

These possibilities are shown in Figure 7.

The constraint of time is particularly telling in a heavily analytical

undertaking such as this report. Unlike some of the previous efforts, this

report cannot therefore lay claim to any development or discovery of

significance. It does however contribute to a better understanding of the

problem connected with the hitching of the pier, therefore representing

another step toward building up the technology for the retractable finger

pier.

$
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Appendix A: FREE FLOATING BEHAVIOR

In order to determine the critical, wave loading conditions for the finger/

spine joint, free floating response amplitude operators were calculated for

sea headings of 1800, 1600, 1350, 1100 and 1000. Motions were also calcu-

lated for a sea spectrum with a significant height of 6 ft. and mean period

of 5.5 seconds. Fig. A-l illustrated the orientation of the heading angles.

Strip theory was used to estimate the vessel motions, the pier was divided

into thirty-two stations (strips), the distribution of the stations over the

length is shown in Fig. 1-A. The pier was modelled as a free floating

stationary vessel.

The response amplitude operators, and the statistics of motion for the

specified sea spectrum are included in Pages A-8 to A-17. The response

reported in the outputs is for the local origin specified for the mathematical

model (see Fig. A-1). Or, the motions represent the displacements of the

joint end of the finger pier.

It is seen that a wave heading of 1100 is most severe for the imposed sea

,pectrum, except for sway and roll motions which are greater for a heading

of 1000. (See p. A-6)

A computer program, Ocean Systems Computer .inalysis Routines (OSCAR),

compiled by Ultramarine Inc., of Houston, Texas was used for the free

floating analysis.
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-Q7,3 .9573 -39.0 .0000 -90.0 .1675 -5.0 .0000 121.4
101.0 .956 -47.5 .0000 -qO.O .2032 -18.1 .0000 113.2
13. -- 1.0137 -52.6 .u000 -- 90.0 -- -. 2109 -25.6 -- -. 0000 108.3
106.2 10293 -58.4 .0000 -90.0 .2180 -33.8 .0000 103.1
19.2 1.0407 -6b.o .0000 -90.0 .2241 -42.9 .0000 97,5
113.0 1.0461 -7L.S - *0000 ----- 175.0 .2286 -53.0 -.0000 90.0
117.6 1.0422 -81.1 .0000 90.0 .2313 -64.3 .0000 83.6
122.5 1.0246 -90.9 .0000 90.0 .2304 -77,0 .0000 75.8
12.5- .9863' -102.0 -0000 -- 90.0 .2250 -91.2 .0000 66,7
135.8 .9264 -114.9 .0000 9n.o .2133 -107.b .0000 56.0
143.P .8306 -129.4 .0000 90.0 .1933 -126.1 .0000 44.2
153.5--- 96927---145,9 .000n 90.0 .1627 -147,8 .0000 29.9
1649.0 .5062 -163.7 .0000 -90.0 .1197 -173.5 .0000 13.3
174.R .2756 -178.0 .0000 -qOO .0639 153.4 .0000 -7.7
175.7--- .1108 -128.5 ---.0000 -161.0 .0101, 21.7 .0000 -38.4
-99. .3115 -107.Q .0000 142.9 .0691 -85.4 .0000 148 4
-96.8 .4647 -145.2 .0000 90.0 .1102 -141.7 .0000 99.1
125.2-- ---9.3755 -- 162.5 -- 6.0000 --- -90.0 .. 0924 -1480. -. 0000 -53,3
156.3 .1368 165.3 .0000 90.0 90055 -14d .0000 -6.3
-89.7 .2962 112.1 .0000 90.0 o0652 120.1 .0000 124.1
144a1~33&1. 0.Lton2q.09----- o-0247----27,8 ---. 0000 -- 27.e4
137.8 s1192 -44.2 .0000 90.0 00260 -21.0 .0000 109.1
127.0 .0244 -37,4 .0000 -90.0 ,0057 *1 .0000 "70.6
-1s6.f- .0915 - -41.3-- .0000 -90.0- 90117 -76.2 -- .0000- 76.6
149.9 .0634 -127.6 .0000 -90.0 .0064 -74.3 .0000 -22.7



P AGF ?.

* 000 OSCAF(

T DRAFT = 12.0 FEET T'TM AhIGLE = o.oo LtG.
o HFA Ir.- = 1t,.O0r)EG. FuP.ARf) SPEED O.OU KN

POLL (.Y. I-AI)1US =25.60 FtET PITCH 3Y, ADIOIS = 145.0

T A T I S T I C S ,d F, M 0 T I 0 N S

OF E4OLY FPltt"

S EA S P E C T R
--------------------------------------------

ISSC --- SIGNIFICANT HEIGHT 6.0 FEEl

S I NGLE AMP L I TUD
___________ __- --------------------------------

SURGE SWAY

-( FEET )- -( FEET )- -(

ROOT IFAN SQUARE ,134 .000

AVE OF 1/3 HIGHEST .268 .000

------- --AVE-OF--3/lO hIGHEST - .341 - -.000

AVE OF 1/100 HIGHEST .447 .000

STATISTICS OF ACCELERATION
--------------------------------- ----------------------------

..... S I N 6 L E A M P L

----------------------------------------- a
SURGE - - - SwAY . . HEAVe

FEET /SEC**2) ( FEET /SEC**2) ( FEET /SE

-R--.0-F--N-SQU ARE-- .100 .... 33

AVE OF 1/3 HIGHFST .200 ,000 .61

AVE OF 1/10 HIGHEST .255 .000 oaf

...-- AVF.-OF-j/I00 HIGHEST- .334 000 .11



A-k

------... DATE 84/02/1
0

_*

[I AmGLE = 0.00 UtG. G-14ETACENIER = 32.4 FEET 0

P.AR0 SP E = O.OU KNOTS WAVE STEEPNESS = 1/ 20 *

rCH GY. RbDIUJS = 145.0 FEET YAW Gy. RADIUS = 145.0 FEET *

S OT I 0 N b I tj I R R F 6 U L A R S E A S

OF BOUY FPlf.

SEA SPE C I k Um
------------------------

HEIGHT = 6.0 FEEl MEAN PERIOD = 5.5 SECONDS

C

LE AMP L I T U D E M O T IO NS
------------------- ------ -------------- ----

OF SWAY HEAVE ROLL PITCH YAk
T )- -f FEET )- -( PEET )---- -- (DEG)-- -- (DEG) -- (DEG)--

0134 .000 .399 .000 .091 .000

.o268 .000 .797 .000 .182 .000

.341 .000 1.017 .... .000 .231 .000

0447 .000 1.332 .000 .303 .000

ELERA T I ON I N I RREGUL AR SEAS
---------------------- -------------------------------- -----------

I bLE A MPL I TUDE S

AY . . .HLAVE .. . . ROLL - PITCH - YAW . .

SEC**2) C FEET /SEC**2) (DEG/SEC**2) (DEG/SEC**2) (DEG/SEC**2)

0 0 -- - -- . 3 3 8 .0 0 0 .. . .0 7 2 - 8... . . 0 0 0 _-

@00 .675 *000 .144 .000

000 .861 .000 .184 *000

000 . ...... 1.128 .000 .241 .000

'C



0 000 IOSCAP 04

-- -- -- -- -

* DRAFT = 12.0 FEET TPRI' ANGLE = 0.00 Utb.
HEAItI( =bV.(oo DEG. FORkARD SPFED = OO KNC

P POLL (Y. PAOIUS =25.60 FEET PITCH GY. RADIUS = j4t.C

V F 5 S t L k E S P 0 N S t

OF HOllY FPItk

----- E---C-0 U N -T-E R SURGE/ SwAY/ HEAVE/
-------------------- - -AVE AMPL. AVE AMPL. WAVt AP

FFEQUENCY PERIOD --------------------------------------------
SEC) AMPL.-- PHASE -- A4PL. PHASE AMPL. -PHA

C
'.2513 25.000 .9249 -117.3 .2 3 91.2 97378 -1

-- '31-?----20.00------- .8599 -131,15 ---. '9----89,4---.14--
-. 3307 1q.000 .P427 -136.3 .30t1 88.6 .8357 -2
.3491 18.000 *8213 -141.7 .3122 87.3 .8644 -2

-.-.-&696 ....17.O000- -. 7038 -148.1 .3203 65.2 - .8977 -3
.39?7 16.000 .7575 -155.8 .3293 82.7 .9352 -3
5'~149 15.000 .7091 -165.2 .3363 79.0 .9752 -4

-. 4333-1-4150-- .6789 -170.7-- .3422 -- 76.5 ,9950 - --4

.k,8 14.000 ,6437 -176. ,3465 73.8 1.0136 -b
.4654 13.500 .6029 176.3 .3477 70.8 1.0296 -4
. 8 -.. .3350-- 67.0- 1.0414 -- d

.027 12.500 .5006 159.8 .3457 62.4 1.0463 -1
5236 12.000 .4375 149.7 .3398 57.5 1.0407 -I

.5444--11*50- -.3654 137,9-- -.32 68 -- 51,5-- -l,0200---1

-.5712 11.000 .243 12398 .3110 44.? *9780 -16

.59P4 10.500 .1956 105.8 .2645 36.2 .9067 -11
-o 2E3- 10.000- .]037 - 77.8- .2468- 26.5 --.7971 -11

.6614 9.500 o0422 -10.3 .19h4 16.0 .6399 -11
--.Fq9l 9o000 .0095 -95.? .1320 5.2 .4302 -11
-. 7392 --- 8.500 .1596 -132.6 .061 - 4.3 .1865 - 11
'-.7854 8.000 .17P0 -169.0 .0423 80.1 .1862 -11

,P378 7.500 .1336 147.3 .0985 83.2 .4092 - 1
!,--9o976---7.00 .7-.034f 67.9---- .1d3-- 54.8 .4628- 1

.9666 6.500 .0773 -115.0 .0669 23.7 .2160 11
1.0472 6.000 .0751 -179.1 .0b01 90.3" .2388 11
1.4* 5,500-.. -.0?48-133,0 - 10 12- .35.8 .1.985.
.7566 5.000 .0&77 164.1 .0428 42.2 .0926 -;

1.3963 4.500 .0393 -174.3 .0199 -53.0 .0265 "1(
- -- 5-7-O- 4.000 ,0246 162.9 ,0376 - 93.4 00620

2.0944 3.000 .0068 -91.3 .0218 30.1 .0266 -'



OSCAP o* *

------.....---- DATE b4/02/1

LE = 0.00 Urb. G-mETACFNTER = 32.4 FEET
SPEED O.OU KNOTS WAVE STEEPNESS = 1/ 20

R ADIUS = 14t>.0 )EET YAW bY. kADIUS = 145.0 FEET *

ES P 0 N S t 0 P E R A T 0 H S

OF HO0Y FPItk

HEAVE/ ... ... .. ROLL - ....... .... PITCH/ -YAW/ .
PL. WAVL A :PL. WAVE AMPL. WAVE AMPL. WAVE AMPLo

SE AMPL. -PHASE --- At4FL,--- PHASE - -AMPL. PHASE -- AMPLo PHASE ---- C
1.2 .7378 -10.9 .0006 63.0 .0854 56.4 2L0. 11_-.3
94-- .. 11- -19.1-----.0009- -49.4--- o1248 33.6 -- g4 _-36.4-.....
8.6 o8357 -22.1 .0009 45.3 .1 3 62 27.0 .0473 -40.6
7.3 .8644 -25.8 .0010 40.*4 .149 19.3 .0515 -45.7

5.2 --- 8977 -30.6 .0011 34.4 .1630 10.3 .0561 -51.7

2.7 .9352 -36.7 .0012 27.4 .1734 -. 2 .0609 -58.6
9.0 *9752 -44.6 .0013 18.9 .1946 -1w.7 .0659 -66.8
6.5 o9950 - -49.3.----. 0014-- 13. .2028 -19.9 -. 0683 -71.0

3.8 1.0136 -b4.7 .0014 8.3 .2107 -27.7 .0706 -76.9
0.8 1.0296 -60.8 .0014 2.1 .2180 -36.4 .0725 -82.5

7.0 1.0414 -67.9 .0015 -5.0 -.2243 -46.0 .0741----89.0
2.4 1.0463 -75.9 .0015 -13.1 .2289 -56.8 .0749 -96.4
7.5 1.0407 -8b.1 .0014 -22.3 .2311 -68.8 .0749 -104.2

1.5- .0200 - -- 95,6 ---- 0013- -33.2 ----. 229b -82.3 -... 0736 -- 113.3
4.2 o9780 -107,8 .0011 -46.4 92Z29 -97.8 .0705 -124.0
6.2 .9067 -121.7 .0008 -63.0 .2091 -115.3 .0653 -135.8

6.5 .7971 -137.7- .0004 -89.b - .1857 -135.7 .0571 -150.1.
6.0 .6399 -155.6 .0003 104.7 .1505 -159.6 .0456 -166.7

5.2 .4302 -17493 .0012 6009 91014 171.5 o0305 172,3
-4.3 .1865 - 179.5 .0023 -19.0 .0393 131.0 .0125 141.6

0.1 .1862 -111.3 .0028 -37.1 .0332 -61.0 .0078 -31.6
3.2 .4092 -132.7 .0017 -10.0 .0934 -120.9 .0232 -80.9
4.8 .4628 ---176.8 ----. 0003 76.9 -...1109 172.5 .0282 -1267

3.7 .2160 125.0 .0010 -45.0 90483 83.6 .0148 173.7

0.3 .2388 126.0 .0006 -126e9 ,0433 151.6 .0131 -55.9
S-.0001 -1,2.- -@0439 16.4 .0237 -152.6

2.2 *0926 -20.9 .0001 -96.5 0124 28.8 90068 -70,9
3.0 o0265 -120,1 .0001 36,7 e0065 -145.1 ,0054 109.4

3,4 .0620 1,1 60002 140.6 .0110 -15.3 ,0074 -103.4

0.1 .0266 -59.8 .0006 84.8 .0046 -94.8 .0039 157.3



'A(.,F

0 0*0 I)5CA '

0-- -- --

0 nRAFT = 12n FEET TRIM ANGLE = o.n It

HEPDIN6(= 1t000 DEG. FOPWARD P E= 0.00
.. - - ROLL 6Y. -AUIL'S =25.60 FEET PITCH GY. RADIUS = 14b

S T A I I S T I C S 0 F M 0 T I ( N S

OF HOD)Y FPIlti

5 E A 5 P E C T

------------------------------------------
C.

ISSC --- SIGNIFICANT HEIGHT = b.O FEET

S I NGLE AMPL I T U

SoRGE SWAY
.. ....................- A -FEET )- --- f FELT 1- -

(
ROOT MEAN SQUARE .130 .125

AVE OF 1/3 HIGHEST .260 .250

AVE--OF-1/10 HIGHEST- . . . . .. --- .332 ....... .319---

AVE OF 1/100 HIGHEST .434 .418

S T A T I S T I CS OF ACCELERA T I ON
--- ---------------------------------------

--_ - S-I N-G L- E -- A M P-

SURGE - SWAY ---------- H A
FEET /SEC**2) ( FEET /SEC*02) ( FEET /I

--- Wo-T-1't-ANS~uR--------.I0-------- .1-----

AVE OF 1/3 HIGHEST 0211 ,235 ,€

AVE OF 1/10 HMGHEST .269 .299 .1

.... AV (-OF -I/ 00 HIGHEST -.-... ,352 .. .... .392 1.1



Oe ISCAk

.....- DATE 84/02/1 *

*

0

ANGLE = 0.nO fftb, G-I4ETACENIER = 32.4 FEET *

*ARD SPFED = 0.0U KNUTS WAVE STEEPNESS = 1/ 20 *

H GY. RADIUS = 1'".O FEET YAW 6Y. PADIUS = 145.0 FEET 0

M 0TI ( N I N I P w F 6 U L A P S E A S

OF HOD)Y FPItt.

S E A S P E C I R UM

EIGHT = 6.0 FEEl MEAN PERIOD = 5.5 SECONDS

E AMPL I T UDE M O T I ONS
-------------------------------------- m - -

SWAY HEAVE ROLL PITCH YAW
")-----( FEET ).- --(EET-)-- ---- (DEG)-- (DEG) -- (EG)---- .....

130 .125 .422 002 0096 .029

60 0250 844 e003 .191 .057

32 ----.319- --- -... .076 ---....... 004 -- .244 -.073----------

34 .418 1,410 .006 .319 109b

ELERA T 1Oh I N I RREGULA A SEAS
---------------------- m ---- ---- m -- ----------. .... . . . . .

-N -6 L- E ---A M P L I T U ri E S

------ HEAVE - m... ROL -- PITCH . YAW

C**2) ( FEET /SEC*2) (DEG/SEC**2) (DEG/SECe*2) (DEG/SEC**2)

5 ,e77 s003 .148 9052

9 o864 .003 o188 .066

2 . .. ..- 1.131 .004 ... .247 .087

. . .. . . ml mlI . ... . m mmm I .... . . .. . . .. .. .. .[ l~ l l i lmn nl 
I

(



PAGF ?6

- - -- -- - - - -

DPAFT = 12.0 FEET Ti'IM A"GLE 0.O0 bLG,
HEADIrM(, = 135.00 OEG. FOP-AQD SPFPh = u*OU KNOTS

kfGLL 6Y. wAI)ItS =RS.60 FEET PITCH GY. PtOI';S = j":.0 FFT

V F S S E L W E F P u S E 0 P k

UF F O'Y FP1r-l

F-~C41 - i-- SURCE/ - SwAY/ -f-iAVE/-
C-------------------- WAVE AMPL. WAVE AMPL. WAvE AMPL.

FREQUENCY PERIO( .-------------------------------------------------
. (A-/SAC)-- -(SEC)- . A4PL. PHASE- AMPL .--- PHASE AALo -PHASE

C
.?513 259000 o7136 -110.7 05991 90.9 .7090 -10.7

-.33?--- 0 00 .......6783 -- 121. - -6128--- 89.9 .7571 --- 17.1-

.3307 19.000 .6707 -125.3 .6220 89.5 .7742 -19.3

.3491 18.000 .6614 -129.4 .6333 88.A .7953 -22.1

---- 3AQ6 -- 17.000 .6495 -134.3 - .64(6 T87.5 .8212 -b.6
,3927 16.0(0 o6336 -140.? .6620 86.1 *.527 -30,1

.4189 15.000 .6118 -1&7.5 .678Q 84.0 ,qo05 -35.9
-.-333--1-.50f.......,5Q76---151.7 --.,b 74- --82.5 .911lit -39.5-o
.4448 14.000 *5R13 -156.4 .6956 RO.8 .9344 -43.5
.465,4 13.500 .5616 -161.6 .7031 79.0 .9581 -48.2
,--------.433--- 13.000- ---- .53b6 -167.6 .... 7092-- 76.7 .9825 --53.5
.5027 12.500 o5109 -174.3 .7131 73.7 1.0066 -59.R
.5236 12.000 047O0 178.1 o7133 70.7 1.0288 -66.9

-- .464---11.00- .... °4388 169.3- -,705 ---.--66,Q 1.0472 -75,2-
.5712 11.000 o3923 159.0 .6963 62.1 1.0588 -84.9

,%984 10.500 o3377 146.9 .673q 56.9 1.0584 -96.2

10*23---0.000 o2742 132.2 o6379 50.3 1.0396 -109,6-
.6614 Q.buO .?023 113.5 95843 42.9 99928 -125.3

, 9.000 .1250 86.3 .SOH7 33.9 .051 -144,0
.7392- -R.500 .0589- 2.5 .4093 24.4 .7602 - -166.1

4,784 R.UOC o0730 -71.1 e2697 16.2 95413 168.5
.378 7.500 IP2 -123.? .1768 18.6 .2482 148.2

- 6.-976 ----70OOO -. 1 2 -17. .14b6- 36.4 .2098 -149.9
.96b6 6.500 *fl66- 146.5 9034? 49.5 .4722 165.8

1.0472 6*000 .0172 -120.7 o1974 31.2 .3716 87.8
|4-.4424 ,.if0 ....-. 0650 -- 12- ..... 40321...---. , .1008-.-. -49,

1.2566 5.000 o0376 148.9 .1455 49.1 0155d 14.0
1.3963 4.500 .0441 -163.A .0508 -6,t .0522 -t2.1

1.70R -. ,000 ..('294 -147.7 - .0341 -73.1 .02?6 -121.1
2.0944 3.000 ,0076 150.3 .0124 -179.? ,0007 -168.9

_-4, 

4? 
4- 

5 a 

ti0 
0* 

(6 5 0 
- j4 ? 

2 --- 
90 

2 I- 

. 10 
8 -- 

- - 9o.



OSCA*
.......... DATE h4/02/1.

0.00 ULG, G-METACENTER 32.4 FEET
0.00 KNOTS WAVE 5TFEJt4ESS = 1/ 20 0

JS = I-.0 tFFT YAw (Y. kAOIUS = 145.0 FEET

ShS E 0 P E R k T 0 R S

Y FPIrH

AVE/ - OLL/ ..... PITCH/- -. YAW/ --

WAvE AMPL. WAVE AMPL. WAVE AMPL. WAVE AMPL.
------------------- ---------------- ---------------- ----------------
4PL. PHASE AMPL. PHASE AMPL PHASE AMPL. PHASE -

97.090 -10.7 .0593 69.4 .0661 65.4 -05 0 -13-
7571 --- 17.1 .0877 -59.1 - .0975 45.2 -- .0710 _-25.6

.7742 -19.3 .0959 56,1 .1069 39.4 .0774 -29 0

.7953 -22.1 .1052 52.4 .1176 32.8 .047 -32.9

.8212 -25.6 .1156 47*q .1299 - 25.1 .0930 -37.6
M.527 -30.1 .1270 42.8 .]440 16.2 .1023 -42.8
.8905 -35.9 .1391 36.6 .1599 5.6 .1124 -49.1
.9118 -- 39.5 -. 1452 -32.9----- .1685--- -. 4 --. 11-78 --- 52.8----
.9344 -43.5 .1512 28.9 .1776 -7.0 .1232 -56.7
.9581 -48.2 .1569 24.6 .1869 -14.3 .12146 -60.8
@9825 -- 53.5 .1610 19.6 .1965 -22.3 .1339 -65.7 I

1.0066 -59.8 .1657 13.9 .2061 -31.3 .1388 -71.2
190288 -66,9 .1678 7.8 .2153 -41.3 91430 -77.0
-.0472- -75.2-- .1672 .6 .2236 -52.6 .1462 -bJ.l

1.0588 -84.9 .1627 -7.8 .2303 -65.4 .1476 -91.6
1.0584 -96.2 .152r -17.2 .2342 -79.9 .14b67 -100.2
.,0396 -- 109.6 - .1346 -28.6 .2338 -96.7 .1423 -110.7
.9928 -125.3 .1059 -42.5 .2265 -116.1 33-4 -122.5
.9051 -144.0 .0635 -61.4 .2094 -139.2 .1192 -137.5
..7602 -166.1 -- .0103 -149.4 .1784 -167.0 - .0958 -155.3
.5413 168.5 .0805 93. .1287 158.5
.2482 148.2 .1854 58.6 ,0574 110.9 .0275 149.T
.2098 -149.9 -.3213 - 13.9 -- .0341 -97.2 -.0138- -31.8
,4722 165.8 .4746 -89.6 .1051 176.0 .0427 -90.3
,3716 87.8 .0895 -19.2 .0876 78.1 .0437 -148.0

1008-.....8 - .049---116,0 o0062- -- 40,9 e .0067---110.
.1558 14,0 .00b7 127.0 ,0357 20.0 .0343 -125.8
,0522 -52.1 .0119 32.7 .0036 -140.9 .oue bO,
.0276 - -121.1 *. .0032- 106.1 .... .0070 -124.5 .0089 104.2 -. ...
.0007 -168.9 .0047 -51.0 .0000 52.7 .0013 -41.3



PA(F ?7

0 6-00 (SCAI

- - - -,- - -- - ,,

0 ,RAFT = 12.0 FEET 1lIM A.NGLE = 0o0 U-G.
HFADING = 136 .00 DEG. F',)QtARD SPFE) = 0.00 KNOTS

_-o ... .-OLL (Y. ;ADILIS =25.60 FiT PITCH GY. PADIUS = 145,0 FEFT

S T A T I S I I C S OF MO T I ON S I N

OF HOL)Y FPILk

SEA S P E C I kU M
________------------------------ -

C
ISSC -- SIGNIFICANT HEIGHT 6,0 FEET mEAN

S I NGL E A MPL I T UDE M

SURGE SWAY HEAVE

....... _ _- ( FEET )- -( FEET )- -- ( F-EET

ROOT MEAN SQUARE ,126 .314 .591

AVE OF 1/3 HIGHEST .253 e629 1.182

-AVE -OF--1/10 -HIGHEST -.... 322 -001 1.507

AVE OF 1/100 HIGHEST .422 1.050 1.974

S T A 71 IS T I C S OF A CCELE R A T I ON I N
------------------------------------------------------------------------

S I NGL E A M PL I T U

-------------------------------------------- --------
............ . . SURGE .... .. .SWAY ..--- HEAVE --.. .

FEET /SEC**2) ( FEET /SEC**2) ( FEET /SEC**2)

....- (O-I--E A--- SUA.  - 105-- .226-.6-- .....

AVE OF 1/3 HIGHEST .211 ,453 .856

AVE OF 1/10 HIGHESi .268 o577 1o091

...... AVF -OF I/101 HIGHEST- s352 -- 756 1,429

(



---------..---- DhTE 84/0U?/l

0

GL.E 0 0.O ULG, G-METACENTER = 32.4 FEET *
SPEED 0.00 KNOTS WAVE STEEPNESS = 1/ 20 0

Ye PbDIUS = 145.0 FEFT YAW GY. RADIUS =145.0 FEET

0 T I O N S I N I R E G U L A R S E A 5

OF HOUY FP tk

EA SPEC 1 kUM
------------

HTu 6.0 FEET MEAN PERIOD 5,5 SECONDS

AMPLITUDE MOTIONS
-------------------------- --- ---- _ _____

SWAY HEAVE ROLL PITCH YAW
- -( FEET )- -- ( FLET )--- - -- (DEG)--- --(DEG)-- -(DEb)-- - ......

.314 .591 ,307 .135 .072

.629 1.182 ,614 .270 .144

-801 - 1.507 .783 .344 .184

1.050 1,974 1.025 .450 .241"

LERATI O I I R P E GUL Ak SEAS
---------------------- --------- ----------------

6 L E A M P LI T U D E S

----------------------
. .. HL~E---~VE......-----ROLL " PITCH YAW ..

*2) ( FEET /SEC**2) (OEG/SEC**2) (DEG/SEC**2) (DEG/SEC**2)

S.27 e096 - 053 -

.856 o548 o193 .106

10091 .699 9245 *135

1,429 *915 .322 .I *177



0V9 E0 * S *

- -- 0* OSCAt% *00

OF bOnY FPlttM

-- E--C-O-U- N T -E-P - SUNGE/ ... SWAY/ .h+EAVE/ --..
- - --...... WAVE AMPL. rAVE AMPL, WAVt A- -P

FREQUEr'CY PERIOD ----------------. .----- ---------. -........... .

--- -ADtSEC)-- - -ASEC)- ... MPL, PHASF -AMPLe PHASE AmPL o PHASE

C0

.2513 25o000 Y 3493 -1009 o7637 91.0 e6765 -11E
-3F2----. -- 000 . 3391 -.-107,2 .7 7 -91'A ....... 6894 -16
.2307 q.000 .3381 -100.1 .7f17 91.6 .6945 -11.

.3491 18.000 .3371 -111.5 .766f 91.7 .7013 -20.
-. 3696- -1-7.000 ... .3359 -114.3 .7733 91.6 .7103 -22.

.3927 16.000 .3341 -117.7 .7817 91.7 .7224 -?5.

.4189 15.000 .3315 -121.8 .7917 91.7 .7388 -28
- .3-----4.500....-3297 ---12.2 -- 7971 --- 91.S ---. 7492 -30
.4488 14.000 .3275 -126.9 .8029 91.3 .7612 -33
.4654 13.500 .3247 -129.9 .8090 91.3 .7751 -35
.$33-13.000} 9-.3212--133.3----98.. 151 90.9 .7913 --3S
.5027 12.500 .3168 -137.2 .8212 QO.3  .8103 -42
.5236 12.000 .3113 -141.5 .8267 89.9 .8322 -46

--- 9.;464 -- 11 -500- -. 3044 -146.6- .. .8313 -89.1 .8576 -51
.5712 11.000 .2956 -152.4 .8344 87.8 .870 -56.
.59P4 10.500 .?8'5 -159.1 .8343 86.5 .9204 -63.
-.6213---10.000 -- .2702 -167.1 . .8303 84.3 .9587 -- 71
.6614 9.500 .2521 -176.6 .d197 81.7 1.0013 -80.
bgfk1 q.000 .?28 171.9 .8001 77.7 1.0480 -92

___ 7392-- A.500-- . .1990 - 157.4 .7t,79 72.6 1.0969 -107

.7854 8.000 .1610 138.7 .71 4 65.4 1.1431 -125
,8378 7.500 .1134 112.1 .6459 55.7 1.1722 -150
. 76-- 7.00----.0595- -65.5 .... .5464 .-- 43.5 1.1420 -ITS
.666 6.500 .0366 -45.o4 .4u71 30.7 .9392 129

1.0472 6.000 .0495 -118.0 .2796 -7.3 .4955 73
-4. -- 5.500-......0510- -140.2 _0749 -. 30.6 .1374 -44
1.2566 5.000 .0539 -173.3 .0931 65.1 .1144 49
1.3463 4.500 .0192 128.7 .1220 4.3 .0911 -14

--1.-5708---- 4.000 -...... .02f7 -149.6- .0347-- -7.6 .oltsb -14
2.044 3.000 .0079 -115.7 .0200 160. .0024 119

(C



OSCAr 000

-------.-. --- DATE 84/02/1

IGLE O.0o utG. G-METACENTER = 32.4 FEET
) SPFED = 0.0U KNO1S wAVE STEEPNESS = 1/ 20 *

jY. PADIUS = 145.0 FEET YAW GY. kADIUS = 145.0 FEET

I E S P U N S t 0 P E R A T I0 R S

OF bOnY FP1t-

HEAVE/ -- -- ROLL/ . . ...... PITCH/ . ..-- - - YAW . .
ImPL. WAVt APLo WAVE AMPL. WAVE AMPLe WAVE AMPL,

4ASE A"PL, PHASE - AtPL, - PHASE APPL. PHASE AMPL, PHASE

l, .6765 -11,4 .0794 80.3 ,0340 85.0 10323 3.6
-91.*.--- --e6894 -1 .6 *. 1198 -- -75.6 .0495 66.6 ---. 0457 -6.3
91.6 .6945 -18.4 .1321 74.3 .0543 61.7 .0500 - 0
91.7 .7013 -20.3 .1464 72.7 ,0599 56.3 e0550 -11.1
--91,6 .7103 -22,6- *1631 -70.7 - .0665 50.1 - 90608 -14.1 .
91.7 .7224 -?5.4 1826 68.5 .0744 43.1 .0675 -17.2
'91.7 .7388 -28.s .2055 65.9 .0838 35.1 .0753 -20.8
91, ---,792 -30.9 ,2184 64.2 --. 089- --305-- .0796 --- 22,9 ... ..
!91.3 .7612 -33.2 .2323 62.5 .0951 25.6 ,0843 -25.0
91.3 .7751 -35.8 .24T73 60.7 .1015 20.2 .0893 -27.1

.09 - *7913 -- 3h.8 .2634 5.6 .1087 14.3 --. 0945 ----29.6

.03 s8103 -4i.3 .2807 56.1 .1166 7.8 ".1001 -32.5
89.9 o8322 -46.3 .2989 53.6 .1253 .6 .1059 -35.3
89.1 -.8576 -51.1---- .31 1 .. 50.6 .1319 -7.5 -- * 11 - -38.6 - --

87.8 .8870 -56,7 .3380 47.0 .1o455 -16.6 .1180 -42.6
[86.5 .9204 -63.2 .3577 43.2 .1572 -26.8 .1240 -46.7
-843 .9587 -- 71.2 o3768 -. 38,3 - -.1701 -38.6 .129e --- 520
81.7 1.0013 -80.7 .3934 32.6 .1841 -52.2 .1344 -57.8
77.7 1.0480 -92.6 o4058 25.4 .1992 -68o3 .1377 -65.3
72.6 1.0969 -107.? --. 4103 -16.7 --. 2151 -87.4 .1388 -74.2 .
65,4 1.1431 -1b,q * 4020 5.6 ,2309 -1109 .,1364 -85.8
5.7 1.1722 -150.5 .3715 -8.4 .2434 -140.9 .1289 -100.6
3.5 1.14/20 -175.9 -----.29S2 ----24.9 .2444 -179.2 .1144--120*0.8-
07 .9392 129.10 .2733 13. .2087 124.0 .0931-145.8

-7.3 .4955 73.1 .3274 -64.7 .01151 53. .0583 179.3
30 6. .1374 -44.1---.075 -109.2---0238 -26.1--- -.0188 -1.-

5.1 .01144 49.1 .0502 -153.3 .0176 73 0 *0171 -91.4
4.3 .0911 -14.4 .0124 -115.6 .0191 -25.4 .0 .001 7 -6.7
7.6 o0186 .-1.A3 .00S - 79.6----o.0008 89.0 '0019 -39.7
0.P .0024 119.1 .0017 -104.9 .0006 108.1 .0047 -34.4



C A0 oSCA- 0 * 1

---- -- ----

0DRAFt = 12.0 FEET T'.qk ANGLE = U.t(J bb.
HEAUIN'G = lln.Ou DEG. FUk'ARF) 5PFED = O.UU KNOTS

- ROLL GY. NADJOS =25.60 FEET OITCH (Y. RAMlUS = 1"t.0 FEI
****** *0**0**0*0 Q* *** **** 0**** *000000 * u * *000*

STATISTICS 0F MOTIONS IN

OIF bOY FPIEt

SEA SPECIkU

ISSC --- SIGNIFICANT HEIGHT = 6.0 FEET

SINGLE AMPLITUDE

--------------------- ------------- --- -------------------------------

SURGE SWAY HEA
.. ... . .... ..... ...- - ( FEET 3- -C FEET--- -( FE

ROOT MEAN SOUARE .148 .6P4

1,9X AVE OF 1/3 HIGHEST- .296 1.368

--AVE-OF 1/10 HIGHFST . ..... .. .377 --1i,744

AVE OF 1/IOU HIGHEST .494 2.284

S T A T I S T I C S OF ACCE LEPA T I ON I
------------------------------------------------------------------------------

. ...... .... ... ... . S-I N b L E-- -A M P -L I-

.-- SUE --- SWAY-V-------- E....

FEET /SEC**2) ( FEET /SEC**2) ( FEET /SEC*

.___.(-T-A,-S0UARE 105 -497 -87
(a

AVE OF 1/3 HIGHFST .209 .995 1,751

AVE OF 1/10 HIGHEST .267 1.268 29233

-AVEVE--OF--4/-I0 HIGHFST . ,349 . 1.661 ...... --2o925-



--- DATE 84/0?/1 *

ANGLE = O.1o btb. G-METACFNTER = 32.4 FEET *

F) SPFED = o.OU KNOTS WAVE STEEPNESS = 1/ 20 *

iY, RAD1US =l"t.0 fEET YAW GY, PADIUS = 145.0 FEET 4

M 0 T IO NS I N I R P E G U L A P S E A S

hF BOUY FPIt

S E A S P F C I H U M
------------------------

IGHT 6.0 FEET MEAN PERIOD = 5.5 SECONDS

A P L I T U D E M O T IO N S

SWAY HEAVE ROLL PITCH YAW
--- f FEET--)- -( FEET-)- -- -- (DEG)--- -- (DEG)-- --- (DEG)-- -

8 6P4 1.157 ,406 ,241 .130

6 1.368 2.314 .R12 o483 .260

7 -1.744 . . 2.951 .. 1.03 . .616 .... 331 -

4 2e284 3,865 1.356 .806 .434

LEPATION IN I RPEGULAR SEAS
--------------------------------------- -----------

N b L E - -A--M F -L I T U D E -S ... . .. .. . .. .. . .. .. . .. . .

-------------------

S-HEAVE--- ------ ROLL -- PITCH YAW
C**2) ( FEET /SEC**?) (DEG/SEC*42) (DEG/SEC**2) (DEG/SEC**2)

7 -. 87-6- ---. 329 -- 187- -,097 ---

5 1.751 .6S8 .373 *194

. 2,233 ,839 .476 ,247

I- - ------..29925 .. .. .. . 1.099 .. -. 623 ..... . 324

L.-



PAG-E 30

. .... o OSCAk *

_---------.----

DRAFT = 1?oO FEET 1HIM ANGLE = 0.00 UEG*
HEADING 10n.0O DEG. FOPwA.,fl SPrF[D OO KNOTS

- -- POLL (-Y. NAOTI'S =25.64 FEFT PITCH GY. k/[iIUS = 145.0 FFE1

V E S s E L R E S P 0 N S E 0 P E

OF BODY FPILJ

.-.-.. -N--C---4O --N -T--E- SURGE/ -- SiAY/ HEAVE/ -

-------------------- WAVE AMPL, WAVE AMPL, WAVE AMPL.
FREQUENCY PERIOD ................

........ -(AD/-SEC-.-... SEC)---AMPL. -~ -PHASE ----AMPL, - PHASE- AMPL. -PHASE -

.?513 25.000 .1749 -100,3 .78b3 90.7 ,b696 -12.1
- 31-442-----20o..0-0.. - .16 Q9---10-6.5 -. 7744 -91.3 ---,6741 ----17.7-
.3307 19.000 .1695 -108.5 .7768 91.6 ,6760 -19,3

.349 1 ]M,000 1690 -110.8 .7799 91.9 .t786 -21.2
X64 96- - 7.I 000 --- --. 684-- 1. 13.6 ---- , 7d37- ..... 92.0- -.. 96824 -.... 23,5-

.3927 16.000 .1675 -117.0 97889 92.4 .6878 -26.2

.4189 15.000 ,1663 -121,1 .7949 92.7 .6954 -29,5
-431---4*500 -. 165-- -123l5 .--.. 790-- 92.R-- -74004 ----31-.4
.4488 14.000 91643 -126.2 .8013 92.9 .7063 -33.5

o4654 13.500 .1629 -129.2 ,8048 93.2 .7131 -35.8
4l,33---43,000 -------. ,1611 -132,b ....- ,8081 .. .93.4- -- .7213 - .38.5

.5027 12.500 e1590 -136,4 .8113 93.3 .7311 -41.6

.5236 129000 e156? -140.8 98139 93,5 .7423 -45,1
- -*--11.500 . .. 1527--145.8----,815Q- ---93.5- -.,7556 --49.1-
.5712 11.000 .1483 -151.5 .8166 93,2 .7710 -53.9
,5Q84 10.500 .1426 -158,2 .8152 93o1 .7885 -59,4

3 .135b -166.1 96112 92.4 .8084 -66.0
.6614 qo50 .1266 -175.5 .8032 91.6 OR301 -73,9
.69t,1 .000 .1149 173.1 .7901 89.9 S8531 -83.6

-- - 7392--- A.50u -... Oq9q 159.0- -.,7714 87.7 .8749 -- 95.4
.78f4 8.000 .o08 140.9 .7483 84,4 .8910 -110.4
.P378 7.500 .0569 115,A ,7299 79.5 .8902 -121,7
OR 97-------7.000 ...... 0291- -- 73,7-- -.7471---- 69.2-- 8460 -154.8
.9666 6.500 .0139 -39,0 ,5185 41.4 .7166 173.8

1,0472 6.000 90216 -114,7 .2610 -20,4 05188 138.7
11J - ---A 54-- -, .. 0251- .... 137.,,4 ..... 0497- -.28 *5 --- 3159 -- 105.3.

1.?566 5000 o0270 -172,6 .126P 65.6 e1965 64*9
1.3963 4o500 .0096 129.1 *1304 26.6 91103 17.0
- 170A--4.000-- 90134 -149,6 - o0"78 6.5 .0404 - -.1
2.nQ44 3.0(0 on040 -115,7 .031O -141.7 .0038 -157,?

C-



00* OSCAk
---- DATE 84/02/1

ANGLE = 0.0ULG, G-METACENTER 32,4 FEET *

RD SPrF[) = O.OU KNOTS WAVE STEEPNESS 1 1/ 20 *
GY, k fIUS = 14b.O FFET YAW 6Y, C ADIUS = 145.U FEET

SSPON S E 0 P E R A T 0 R S

OF BO)Y FPIEk

HEIVEI ROLL/ - .--- PITCH/ -YAW/ .... ...
AMPL, WAVE AMPL. WAVE AMPL. bAVE AMPL" WAVE AMPL,

------ ---------------- ---------------- ---------------------------------
PHASE AMPL. -PHASE AMPL, PHASE-.- AMPL. PHASE -AMPL. PHASE - . C.

90.7 .6696 -12.1 ,0824 85.4 .0193 102.2 --,-069 _18,2
91.3 ---.6741 ----- 1797 .1242 -83.5 - .0260 801------.,0226 3.9
91.6 .6760 -19.3 e1370 83.1 90281 74.3 .0245 7
91.q .b786 -21.2 .1519 82.5 .0306 67.9 ,0268 -2.9
92.0-- --.6824 ----23.5 .a 16f'3 - Al.7-- .0336 60.8 *0294- -6.9
92.4 .637t -26.2 .I897 80.9 e0371 52o9 .0325 -10.9
92.7 .6954 -29,5 .2137 80.1 90414 43,9 .0361 -15.4
92.A- 7004 ----31.4 -...2272---- -79,5-- 0438--- 38.8 - -. 3P.1 ,. .

92.9 .7063 -33.5 .2418 79.0 ,0465 33.4 .0403 -20.5
93.2 .7131 -35.8 .2576 78,6 .0495 27.6 .0426 -23.0

--93.4 ,7213 -- 38.5 ,2748 --- 78.0 --- .0527 21.2 -0450 -26.0

93.3 .7311 -41.6 .2933 77.2 .0563 14.2 0477 -29.4
93,5 .7423 -45.1 .3131 76,7 .0603 6.6 .0504 -32.6

-93.5- -755b -49.1- -. 3342 76,1 .0647 -1.9 '0532 -36.3
93.2 .7710 -53,9 .3568 75,3 .0695 -11.5 o0561 -40.8
93.1 .7885 -59.4 .3802 74.9 s0747 -22.1 .0590 -45.3
9294 ,8084 -66.0 .4050 74.2 .0805 -34.4 .0617 -51.0
91.6 ,8301 -73,9 .4307 73.F .0857 -48.4 06_ 1 -5fo
89, ) P531 -83.6 *4588 73.5 90933 -64.9 e0658 -65.2
47.7 ,8749 -- 95.4 - 4930 73.7 -- .1001 -84.5 -otib65 -74.7

84,4 ,8910 -110.4 s5471 74.6 &1064 -108.6 .0656 -b67
79.5 o8902 -129.7 .6652 75.3 ,1107 -139.1 ,0623 -102.0
69.2- .8460 -154.8 *9819-- 66,0-- e1087 -179.4- .0557 -121.9
4104 .716b 173.F .8306 13.8 .0894 125.4 .0454 -1-8--

-20*4 .5188 138.7 1.0489 -58.2 .0469 56.1 .0304 176.1
-28,5 ... 3159 -- 105.3 .4311 - -906-----. 0079 . 22.9--,0113 -- 1e3,o .......

65.6 91965 64.9 .1663 -110.4 .0096 74.3 -0068 -90.8
26.6 .1103 17.0 .0603 -124.2 .0096 -24.3 .0122 170.1

-, .- ,0*0404 -, ,1 .0090 165.8- .0004 86.7 --.0017 -6.1 ...... I
-14107 .0038 -157.? .0117 -121.1 ,0003 106.9 .0024 -45.4



PAnE 31

* *4.0 SCAk

nPAFT = 12.0 FEET TWIP ANGLE 0.00 ULG

SHF.L)1G = jun.00 DEG. FUPWAqu SPFFD = 0.U 9
-- 0 RnLL GY. kAUIUS =25.60 FEET WITC-4 GY. PADIUS = 145,

S T A 1 S T I C S 0 F Mn T I 0 N b

OF ( FY FPIrK

S EA SPECI
___---- -- -- -------------

C
ISSC --- SIGNIFICANT HEIGHI = 6.0 FEET

C
S I N GL F A 0 PL I T U

---------------------------------

SURGE SWAY
....... .. ....... ... .(-FEET )- -( FEET ) - --A

ROOT PFAN SOUAPE .074 .751

AVE OF 1/3 HIhHEST .147 1.503

-AVE-OF 1/10 HIGHEST . .... .188 1.916-

AVE OF 1/100 HIGHEST ,246 2.510

STATISTICS OF ACCELERATION

...... S I N t L E - A-M -P.--

_ _ _ _- _ _ _ _ _ - SU GE--- ----- ---- -- AY ---- -- -- LA... SURGE . . . .. .SWAY LH AI
FEET /SEC**?) ( FEET /SEC**2) ( FEET /8

-ROOT-EAf'--SQL5ARE--- ..... - 052---- .565 .... -- 1

AVE OF 1/3 HIGHEST .103 19129 1.4

AVE OF 1/10 HIGHEST o132 1.440 log

-AV--OF j/4f)-HIrvhFST .. .17? - 1.886 ... 2.4



* OSCAR'~
-------- DjATE 84/oif/l

NGLE = 0.00 DLG, G-METACE.TEx = 32,4 FEET 0

U SFFFD 0,U KNOTS WAVE STE'PNESS = 1/ 20

6Y. PADIUS = lb4.O FFFT YAW GY. kADIUS = 145.0 FEET

MOT I ON b It' I P R E 6U L AR S E AS

OF HfODY FPltt

E A 5SPE C R U

GH1 = 6.0 FEET MEAN PERIOD 5.5 SECONDS

C
A0PL I T U D E MO T I ON S

-------------------------------------ee - -. ---- - - - -- -

SWAY HEAVE ROLL PITCH

- -( FEET )- -- ( FEFT - (DEG) - - (DEG) -- (DEG)-- - . ... .. .. .

.4 ,751 .924 .957 .108 9063

7 1.503 1.84S 1.913 .216 .126

8 19916- 2,356 .....- 2.440 .27Tb .161

6 2.510 3.086 3.195 .361 .211

LEPATI O1N IN I RPEGUL AP SEAS
---------------------------------------------------------

-N L L E - A-M-P L I T U 0 E S

-.- -----HEAVE-- - ---.... POLL . PITCH .. YAW-

C*#2) ( FEET /SEC**2) (DES/SEC**2) (DE6/SEC**2) (DEG/SEC**2)

5-....-- - 736 - -- -- 94 ... . .082 .. . .... *04 - -

9 1.472 1.788 .165 '095

0 1.877 2.280 .210 .122

6 2.459 - 2.987 .275 .159
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Appendix B: FINGER/SPINE CONNECTION ANALYSIS

A description of the mathematical model of the connection is shown in Fig.

B-1. The links are modelled as struts with an axial stiffness of 232,000

kips/ft. The shear key is also modelled as a strut, the stiffness of this strut

can be assumed to have a value which represents the stiffness of the

fendering at the key interface. In actuality the stiffness will not be linear

and will be effective for a certain displacement equivalent to the-maximum

displacement the fender can withstand. The non-linearity of the stiffness

9 will be neglected in this analysis. The effect of increased stiffness can be

determined by varying the stiffness of the structural components relative to

each other.

f The model assumes that all vertical motions due to roll, pitch and heave at

the connection interface are unconstrained. The links resist yaw and surge

and the shear key resists sway. It is assumed that the tolerance and low

friction at the shear key, and the hinges in the links will provide the freedom

of movement in the vertical plane.

The most significant limitation is due to the assumption that neglects the

effect of pitch. Pitching can cause axial deformation in the links which are

placed at the -deck level. The displacements at the deck level will be

increased if the bottom of the finger pier pivots against the hull of the spine

pier. This effect can be reduced by tapering the connection end of the finger

pier, shown in Fig. 6. Or in other words the depth of the area bearing

against the spine pier should be minimized.

From the summary of motions (p.A-6) it is evident that a wave heading of

110 degrees will impose the most severe forces on the links. The forces in

the links are caused by surge and the yaw moment. The contribution from

surge will not be very significant, but the yaw moment has to be resisted by

a tension-compression couple in the links.

OSCAR could not be used to model the connection as described above.

Another approach was taken to estimate the forces in the links. The

theoretical justification of the approach taken to analyze the foces in the

connection structure is as follows:

S



B-2

:I I

Virtual Mass Matrix

The virtual (added) mass and damping co-efficients for various frequencies

for the finger pier are reported in the OSCAR output.

If the mass coefficients are multiplied by MI.

M, = inherant vessel mass

The results represent the diagonal of the virtual mass matrix evaluated 250

ft. from the centeroid of the vessel. The actual virtual mass matrix is

nearly diagonal when evaluated at the centeroid. If:

Ml cha3 ona/ ,roy, OCAIR

Moe d(,'j 7a/ it ceniterovL4.

Mot - M

Heave • M0 N.3

Roll :Mo4 M

Mor Mo C z5o) z  =M'5
,Mo; S - M03 Czso)

M#&v :o Moso Mg

* Aloe 6' - oe C F ( )/

The domputed mass properties at centeroid are included in Appendix B., P. B-13.
!6 -



B-3

Inherent Mass Matrix

The inherent mass matrix is diagonal at the centeroid.

M total vessel -mass
M4 dk;.6P/ace-ment/y r8 I x 50x 0-064o/21 54 &P -5*/p,

SMi = M = 954 A . .- t. 5urge

M3 =M = 954 - eav

-. kC3O+5Oz '9x,0 *0/ rol

Mr - *zMC( o.#30' o= 65e/' &pJ -. S
.Ms.~~ ~ ~ . y1 '02*a) "e X/ ,t-

Damping Matrix

Assume if the added damping coefficient? reported in OSCAR are multiplied

by MI, the results represent the diagonal the damping matrix evaluated

250 feet from the centeroid of V vessel. 'i ie actual damping matrix at the

centeroid is nearly diagonal. If:

SC;,' = 4&caYo 8/ )4-ror

5EIP,"e : Col = C,'

• 5war Cor = Z

Heave Cos C a
I

*~~~o £ C%-C gC20PLtc~h Cos CS - Coo CZ5) 2

Yaw CDt. C, -Coe CZso)z

S/
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* Stiffness Matrix

At the centeroid of the vessel, the stiffness matrix is diagonal.

I
tA, = surge.

X77 ML 0 $wa~y,

K35 = 5oOXMOX0.O,4, = Z ievPIPt hee.

,K# = GMK dx af&place me' -S.¢xO 0pM . rOll.

3
KSS = //, tX6Oo-SO o X =.0 -.3. 9 Xu ple

ice. , = 0 Y w•

Dyna:. ic Equations:

The eql:ation of motion is:

M V" C ; + v =

where.

V = V CosCwt) t- V5 Cw -

VC V 425C0)

V = VCS4Cwt) w V5 COaCWt)

V -w 2 VCC SCwt) - wVS SLCw t)
v" - Cos Ct) f- P 5  Cwt)

W l VC * w CV 5 + Kv P

expres,.ng in complex numbers.

- W MVC -'w C 4 VS -. K VC

- w2m,Vs- . wCv +. V, VS =P5

S|



* B-5

dynamic matrix displ. vector force vector

* (6x6) (6xl) (6xl)

(*for each encounter frequency)

* The dynamic matrix was evaluated at the joint end of the finger pier. Then

for a heading of 1100 the RAO's reported for the free-floating case were

converted to Vc and Vs for the respective phase angles. These were

multiplied with the dynamic matrix to obtain the force vectors. After the

* force vectors were computed the system of equations was solved for

displacements, with the joint stiffness included in the stiffness component of

the dynamic matrix.

The forces in the structural components were calculated from the computed

displacement for each wave frequency. Then a force amplitude spectrum was

obtained for an irregular sea with 6 feet significant wave height and a mean

period of 5.5 seconds. Results were reported for average of 1/3 of spectral

peak values times 1.92, to give a value which has a probabililty of being

exceeded of 0.001.

A parametric study was done to determine the effect of varying the stiffness

of the connection components relative to each other. The response of thea
system (RAO's) was calculated for the following structural stiffnesses:

Surge (k/f) Sway (k/f) Yaw (k-f/f)

Case 1 4.64E5 L.0E5 7.4E8

Case 2 2.32E5 L.0O5 3.712E8

Case 3 2.3E5 0.5E5 3.712E8

Case 4 o o0
S

S



B-6

An insignificant difference was observed in the response for the above four
trials see pp. B-36 to B-44. Hence, it can be concluded that for the range

of stiffness and wave frequencies studied, the system was insignificant

dynamic amplilfication and the forces generated in the connection corn-

t ponents are essentially due to resisting the motions of the pier.

-
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