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ABSTRACT 

The objective of this study was to develop an engineering/operational 

methodology to assess the feasibility of, and to design as a preliminary 

concept, the total mooring systems for cargo ships and associated un¬ 

loading platforms operating in open and sheltered coastal waters. The 

methodology was to be capable of examining the mooring systems in terms 
of performance, logistic burden, installation, and operational modes in 

the context of the Expeditionary Logistics Facility. Mooring concepts 

are proposed and alternatives identified in terms of the state of the 

art and advanced technical solutions. Cost effectiveness comparisons 

are made of the proposed mooring concepts using the methodology developed 

in the study. Technical barriers and trade-offs are identified; RDT&E 

developments are recommended. 
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INTRODUCTION 

The Navy General Operation Requirement-41 (GOR-41) (Rev. 70) 

Logistics, asserts the need for the ability to convert coastal waters to 

a deep-draft ship unloading facility in support of military operations 

such as those typified in Figure 1. The ability to transfer large 

quantities of supplies ashore from military or commercial-type cargo 

ships in short time periods is mandatory. 
A logistic transfer complex, which could be installed rapidly and 

later retrieved, has been proposed by the Naval Facilities Engineering 

Command (NAVFAC) in a Proposed Technical Approach (PTA) document.^ The 
component development necessary to formulize this logistic transfer 
complex is titled Expeditionary Logistic Facilities (ELF). Project ELF 

is a combination of components required for the ship-to-shore-over-the- 

beach transfer and throughput movement of cargo. The principal sub¬ 

system components/functions are: cargo handling (cranes, piers/platforms, 

wharves, moorings, fenders); cargo transfer (shuttle craft and causeways); 
wave attenuation (mobile breakwaters); cargo storage (beach hardening/ 

stabilization, container storage and materials handling equipment). 

A preliminary analysis^ of the requirements associated with the PTA 

concept resulted in a listing of 20 primary items or capabilities re¬ 

quired for a coastal cargo facility. One of these capabilities was 
Mooring Systems (item J) .2 A state-of-the-art study^ outlined the present 

mooring system capabilities and formulated a development program for the 

coastal mooring systems. NAVFAC issued a contract^ in June 1970 with 

PRC Systems Sciences Co. (PRC)/Frederic R. Harris, Inc. (FRH) to identify 

and analyse alternative platforms that could function as piers and trans¬ 

porters of port components; additionally the study was to identify connect¬ 

ing causeway alternatives. The Naval Civil Engineering Laboratory (NCEL) 

was requested to design, in a preliminary sense, the total mooring system 

configuration and its subsystems to be used in anchoring cargo ships 

relative to the adapter ship mooring systems proposed by FRH. An engineer¬ 

ing and operational methodology was to be developed to compare and assess 

the feasibility of the mooring systems in support of the ELF. 
This report presents: a proposed cargo ship mooring system relative 

to the FRH adapter ship/mooring systems; a comparison methodology expressed 

in terms of performance, operational readiness, and survivability of the 

systems; and proposed critical experiments for ELF mooring components. 
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ENVIRONMENTAL CONSTRAINTS 

1,3 
The operational environment is defined for this study as: 

Operational: (with cargo ship) 

Significant wave height . 3.5-5.0 feet 

Current.4 knots 

Wind.30 knots 

Tidal range.8 feet 

Survival: (without cargo ship) 

Significant wave height . 14.0-20.0 feet 

Current.4 knots 

Wind.75 knots 

The significant wave height is the average of the highest 1/3 of 

the waves. The current is tidal and is assumed to run parallel to the 

shore line. The winds may be local and not necessarily those which 
generated the existing swell. Table 1 lists wave data relative to sea 
states based on the Pierson-Moskowitz sea spectrum^ as used in this report. 

MOORING MISSIONS 

The operational missions for which moorings and related accessories 

are required are described below. Only the cargo ship/unloading platform 

and causeway missions are discussed in this report. Specific criteria 

are cited and illustrations provided as indicated. The remaining missions, 

although listed below, are to be covered in a later study. 

Cargo Ship 

The mooring systems must be able to moor and maneuver those ships 

pertinent to the military operations,-* i. e., the Military Sea Transpor¬ 

tation Service vessels, the military assault type ships and the commercial 

shipping. Maneuvering of the ships will include the requirement to 

control and position the ships alongside an unloading platform or crane, 

as well as the ability to moor the ship under the environmental constraints. 

Unloading Platform 

This facility will provide the means of unloading the cargo ships. 

Several concepts'^ ’^^ have been proposed and some typical ship hull 

concepts are considered separately for the purposes of mooring analysis. 

Table 2 lists the typical platforms considered by FRH. 

3 
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Table 2. Unloading Platform Concepts 

Vessel (Class) 

C8-5-81B Lash 

C5-5-78a Cont., RoRo 

C4-5-la Mariner 

CC2 Saipan 

LSD 35 Thomas ton 

Semi-Submersible 

catamaran 

(open-truss) 

De Long 

(Modified) 

Jack-Up Platform 

Pontoon Barge 

C7 (Modified) 

CVA (Modified) 

Catamaran 

(ship hull) 

Barge 

(ship hull) 

Displacement 

(long tons) 

Full 

44,428 

27,510 

22,630 

19,320 

11,970 

Light 

22,500 

1,750 

4,700 

26,764 

18,110 

12,135 

14,420 

7,320 

Length 

(ft) 

772 

602 

564 

69 3 

510 

760 

602 

600 

300 

715 

683 

745 

705 

Beam 

(ft) 

100 

90 

76 

77 

82 

108 

100 

100 

84 

95 

77 

100 

100 

Draft 

(ft) 
Full Light 

35 

33 

32 

26 

19 

30 

7 

22 

22 

22 

22 

24 

24 

19 

21 

13 
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Causeways 

A causeway, as used herein, is a floating or elevated structure com¬ 

posed of end-connected pontoon sections to form a roadway from a ship 

or unloading platform to shore. It must be capable of being moored under 

the environmental constraints established for the ELF. These include 

the tidal current requirements and the ability to survive the storm 

conditions. Mooring line components may extend 200 feet to both sides 
of the causeway. 

Tankers/Fuel Terminals 

Future fuel requirements will necessitate the use of larger tankers. 
The Military Sea Transport Service (MSTS) has initiated a program to 

replace T-2 type tankers with new tankers having a 25,000 dwt displacement 

and a draft of 33 feet. In addition, off-shore storage facilities3 may 

e used. This facility may eliminate the tanker mooring requirement by 

unloading from the tanker, at some distance to sea, into towable containers 

and moving only the containers to a dispensing barge terminal moored off 
shore. 

Miscellaneous Moorings 

Mooring buoys will be needed for anchoring small craft, pontoon 

barges, or other vessels. The mooring capability will be dependent upon 

the individual requirements, however modular components should be 
investigated. 

MOORING FORCES 

The mooring forces are based on the summation of the various ship 
loads induced by the current, wind and waves. The effects of ship 

motion on the mooring forces imposed by waves, i. e., surge heave and 
Pitch, and the additional effects of shallow later. 

(a) The ships and platforms were assumed moored normal to the 

beach, which presented the maximum area to the currents but minimum 
area to waves (bow-on waves). 

(b) The primary currents, i. e, 
flow parallel to the shoreline. 

tidal currents, were assumed to 

(c) lhe ships' drafts were assumed to be less that 80 percent of 
the water depths. 

(d) The winds were assumed to strike the ship/platform from any 

direction and the wind loads were added vectorially to the current and 
bow-on wave induced loads. current and 

6 



A computer program, entitled RELMO, was developed to study the rela¬ 

tive motions of parallel cargo ships and unloading platforms in head-on 

seas. Computations foi heave, surge and pitch motions are in the vertical 

plane only. The statistical data output is based on the Pierscn-Moskowitz 

sea spectrum shown in Table 1 for a fully developed sea. The program will 

produce ship motion data relative to irregular waves, i. e. , a wave spectrum, 

or data for regular sinusoidal waves for a large number of wave frequencies. 

The absolute motions of a moored or unmoored ship may be obtained or the 
relative motions between two ships can be developed. 

Ship mooring data for typical unloading platform hulls and several 

cargo ships are given in Table 3. Data on the semi-submersible catamaran 

unloading platform concept^ were not obtainable from RELMO at this date. 
The program is planned to produce this data in FY 72. Chapter IV of 

reference 4 indicates that the motions of a semi-submersible catamaran 

in a sea state 6 will be considerably less than the single hull adpater 

platform. Some comparative data^ of mooring line forces between a ship- 

form vessel and a semi-submersible vessel was measured in the field. 

This information indicates that the total effective steady force can be 

greater for the semi-submersible for the higher wave heights. The mea¬ 

sured steady mooring line force for bow and beam were 387 kips and 234 

kips respectively for the semi-submersible compared to 116 and 205 kips 

for the ship hull vessels. It was assumed in reference 4 that the 

relative motions between a cargo vessel and semi-submersible catamaran 

adapter platform in a sea state 3 would approximate the absolute motions 

of the cargo vessel. Absolute motions of some typical cargo ships are 
presented in Table 4. 

Relative motions between the C8 (adapter ship) and a C4 or C5 

cargo ship are shown in the graphs in Figures 2 through 13. The relative 

motions in the graphs are plotted versus the dimensionless term XF/L, 

where XF is a variable that locates relative positions along the long¬ 

itudinal axes of the ships (to identify hatch or cargo locations) and L 

is the length between the ship's after perpendicular and forward perpen¬ 

dicular, Figure 14'.' For example, it can be seen that the position 0.85, 

Figure 2, toward the bow of the ship has the most vertical displacement. 

The point of reference at the stern of the ships is the after perpendic¬ 

ular, which in the case of the C8 coincides with the stern and in the case 

of the C4 and C5, the after perpendicular is 24 feet and 21 feet forward 
of the stern, respectively. 

Five representative ships (single hull ships types C8, C5, C4, CC2 

and LSD 35) were selected for analysis to develop the mooring force data 

of Table 3 and to establish mooring hardware components. RELMO6 was used 

to develop data for each of the 5 ships in sea states 3 and 6, in 50-foot 

and 100-foot water depths, and with full and light ship displacements 

for surge, heave, mooring spring-constants and the associated horizontal 

and vertical ship velocities and accelerations. Figures 15 through 24 

are graphs of the surge and spring-constant data. The associated 

Pierson-Moskowitz sea spectra for 5-foot and 20-foot significant wave 

heights are given in Figures 25 through 29. These sea spectra indicate 

Figures 2 through 13 were computed with the point L/2 of each ship in 
juxtaposition. 

7 
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the areas of maximum wave energy relative to the wave frequency or period 

and relative energy contained in the two sea spectra. Also shown on 
these graphs are the surge response amplitude operators of the individual 
ships for several mooring spring-constants. Each of the proposed FRH 

mooring concepts, i. e., systems A, B, C, swing moor, and the NCEL Positive 

Control Mooring System (PCM) are analysed below. 

Figures 15 through 24 show that there is little appreciable effect 

on reduction of ship surge caused by increasing the mooring spring- 

constant (or line stiffness) for ship sizes from the C8, (44,428 long 

tons displacement, 772 feet in length) to the LSD 35 (11,7C|0 long tons 

displacement, 510 feet in length). Figure 15 shows that no change in 

surge is effected by increasing the spring constant up to 250,000 pounds 

per foot in a sea state 3 for the C8 hull. The surge amplitude tends to 

increase significantly at about a mooring spring-constant of 3,000,000 

pounds per foot because of resonance. These data indicate the desirabil¬ 

ity to maintain a mooring system with a spring constant below 50,000 

pounds per foot for all these ships. The effect of changing water depth 

from 50 feet to 100 feet for the C8 type ship can be seen by comparing 

the graphs in Figures 15 and 16. The effects in sea state 3 are negligible 
while the surge amplitude is doubled (from 9 feet to 18 feet) in a sea 

state 6. The water depth effect varies only slightly for the other ships 

as can be observed by comparing the graphs for 50-foot and 100-foot water 

depths for each individual ship. Figures 30 and 31 are graphs showing the 

relation between wave height and ship surge in 50- and 100-foot water 
depths for the 5 ship hull adapter vessels using mooring spring-constants 

of 250,000 and 500,000 pounds per foot. It can be seen that surge is not 

significant in wave heights up to about 7 feet but the surge values vary 

considerable for the individual ships above the 7-foot wave height. These 

data indicate the necessity of designing a mooring system for a specific 

ship under the specified environmental conditions. 

The maximum requirements for deep draft cargo ships and unloading 

platforms are dependent upon the unloading system to be used, i. e., 

whether the platform is swing-moored or spread moored and whether the 

cargo ship is held by tying to the platform or by a separate moor. 

'The maximum forces used to design the moorings, as selected from the data 
presented above and from reference 3 were 1,200,000 pounds for beam-on 
loads caused by current and wind forces. Spring constants were main¬ 

tained below about 90,000 pounds per foot. 

The FRH report^ developed the mooring forces on the adapter ships 

based on a broadside 2.0 knot current (110,000 pounds) plus a broadside 

wind force caused by a 30 mile per hour wind (100,000 pounds) resulting 

in a 210,000 pound mooring force plus the wave forces. The results of 

the FRH study indicated that there is little to be gained by providing 

more than a total of 450,000 pounds total resistance in the mooring system 

based on the FRH specified current, wind, and wave forces. The study 

results indicated that large increases in the resistance of moorings 

would produce relatively minor reductions in the ship motions, e. g., 

increasing the mooring force from 450,000 pounds to 1,800,000 pounds 

would not change the ship surge, 8.0 feet, in a 6.25 foot, 9 second 
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regular wave, although the sway could be reduced from 8 feet to 4 feet. 
So the FRH recommended ship moorings are based on the restraint required 
to hold the ship against the environment and not additional restraint to 
reduce the ship motions caused by the environment. 

MOORING CONCEPTS 

The mooring systems proposed in this section are selected to 

operate with the unloading platforms suggested by the FRH study.4 Four 

arrangements for mooring the platforms were outlined by FRH and the hard¬ 
ware for these systems are described below, together with one mooring 
system proposed to maneuver and moor the deep draft cargo ships. Figure 
32 outlines the mooring requirements and system alternatives. 

Unloading Platform Mooring 

The types of unloading platforms proposed by FRH include several 
adapter ship or hull-type vessels, a semi-submersib le catamaran, and an 
elevated pier of the DeLong type. Each of the platform types has an 
option of a floating or an elevated causeway connecting the platform to 
the beach. Three of the FRH suggested mooring arrangements, Figures 33, 
34, and 35 use ground tackle while the fourth, Figure 36, uses a breast¬ 
ing platform. The causeways also require either the conventional ground 
tackle or piling to hold them in position. The proposed mooring arrange¬ 
ments are basically either a spread moor or a swing-type moor. 

To identify specific mooring hardware components, it was necessary 
to analyze the individual ships which are proposed as unloading platforms 
(adapter ships) and the cargo ship types which will be unloaded by the 
cargo handling system. The platforms/ships were studied in the context 
of the ELF operating environment and operating procedures. For example, 
the unloading platforms are expected to transfer cargo in a sea state 
3, and remain moored in a sea state 6. The cargo ships will remain moored 
in a sea state 3 while their displacements will vary from the loaded 
condition to a light condition. The water depths at the site will vary 
from about 50 feet to 100 feet. These conditions were all assumed to 
affect the motions of the platforms/ships and conversely the loads on the 
mooring systems. As previously noted, the FRH proposed platforms (adapter 
ships) varied considerably in displacement, Length, and configuration. 

Mooring Concept A. This concept is shown in Figure 33. The mooring 
system, as generalized by F. R. Harris,4 has a more idealized energy 
absorption capability than standard mooring systems. The spring constant 
of this system tends to become relatively constant once the buoy is sub¬ 
merged and thus provides a large energy absorption capability (large area 
under the curve when plotting horizontal force versus the horizontal 
displacement, Figure 37). The mooring lines extend from the deck, under 
the ship to a bottom sheave on the opposite side and up to a large buoy. 
The lines are pre-tensioned by means of winches on tlie ship. This pre¬ 

tensioning partially submerges the buoy. With an adapter vessel equivalent 
to the size of the C8, moored bow-on to the waves and beam-on to the cur¬ 
rent, ttie forces on tlie vessel are expected to be 150,000 pounds on ttie 

■áwi launaiiiitMiMiaiHiiaiiaa ....—.. 
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bow/stern lines and 1,200,000 pounds on the beam lines. The hardware 

components for this system are defined in Table 5, and the major problems 

or limitations of each component are listed in Figure 38. Witli the re¬ 
quired number of mooring lines, the spring constant of this system is 
15,000 pounds per foot on the bow/stern lines and 90,000 pounds per foot 

on the beam lines. Referring to Figures 15 and 16, the spring constants 

will be within acceptable values fc^ avoiding resonance. Reference 4 

has pointed out certain disadvantage^ of this system, i. e., the adapter 

ship would have to be positioned at a draft deeper than any of the cargo 

ships, about 35 feet, for the cargo ship to clear the mooring lines. 

Relative motions could cause the mooring lines to strike the cargo vessels' 

propeller, causing damage to the ship or lines. 
NCEL concurs with FRH assessment of the mooring system A disadvantages 

and in view of the large number of components (Table 5) required to meet 

the NCEL mooring requirements, agree that this system would not be suitable 

for ELF operations. 

Mooring Concept B. This concept has vertical mooring lines pre¬ 

stressed by constant tension winches on the adapter ship and with the 

lines anchored to stake piles on the bottom. As the ship moves laterally, 
under the influence of a forcing function such as waves, wind, or current, 
the vertical mooring lines develop a horizontal force component which 

resists the ship motion. The winches will pay out or haul in the lines 

to maintain the preset tension. This system is shown in Figure 34. The 

hardware components, required to hold the C8 adapter ship under the 

imposed environment, are listed in Table 6. The individual components 

have been analyzed to identify problem areas and these are listed in 

Figure 39. With the required number of mooring lines, the spring constant 

of this system is 50,000 pounds per foot. This spring constant will allow 

the adapter ship to operate at a frequency well below the area of resonance 

of the ship period and wave period. The mooring winch preset tension is 
150,000 pounds; the ship will move 25 feet horizontally to resist the 
current and move 0.02 feet and 1.3 feet longitudinally to resist the wave 

force in sea states 3 and 6, respectively. 

While this system may be operationally acceptable from a mooring 

standpoint, it may not be acceptable for pier, causeway, or crane opera¬ 

tions. This will depend upon the total system. 

Swing Moor Concept. A large, special buoy, equipped with conventional 

ground tackle, anchors the unloading platform. Reference 4, depicts the 

platform as an open truss, semi-submersible catamaran. A special attach¬ 

ment between the platform and buoy allows the catamaran to swing freely 

about the buoy. The cargo ships are secured to the platform and thus 

the swing mooring must anchor the ships in addition to the platform as 

illustrated in Figure 35. This concept permits the ships to assume a 

position which will impose the smallest force on the anchorage. The hard¬ 

ware components for this system are listed in Table 6. The primary 

limitations of each component are listed in Figure 40. A combination of 
mooring winches mounted on the unloading platform and auxiliary tugs would 
be needed to maneuver the cargo ship alongside the unloading platform. 

See Table 7. 
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Table 3. Ship Moorinj 

Ship 

LSD-35 

CC-2 

C-4 

C-5 

C-8 

Disp lacement 

(long ton«-) 
Full 
Load Light 

11,970 

19,320 

22,630 

27,510 

44,423 

7,320 

14,420 

12,135 

18, 110 

26,764 

Length 

Overa 11 
(ft) 

510 

693 

564 

602 

772 

Hori zonta 1 

Displacement-4 (ft) 
SS 3 I SS 6 

Water Depth 
50 ' 

.04 

.02 

.05 

.03 

.03 

100 

.06 

.02 

.05 

.04 

.03 

50’ 

4.16 

1 .69 

¿ .00 

3.30 

.96 

100' 

4.20 

2.50 

4.03 

3.62 

1.76 

Horizontal 

Velocity ft/sec) 
SS 3 1 SS 6 

Water Depth 
50’ 

.04 

.02 

.04 

.03 

.03 

Toir 

.05 

.02 

.04 

.03 

.03 

50 

1.80 

.68 

1.5 

1.4 

.39 

100' 

1.9 

1.0 

1.8 

1.6 

.72 

Force on Mooring 2 s 
System (Kips) 
SS 3 I SS 6 

Water Depth 
50' 

. 10 

.05 

. 12 

.07 

.07 

loir 

. 15 

.05 

. 12 

. 10 

07 

50' 

a.z 

10.0 

0.2 

2.4 

100' 

10.5 

6.2 

10.1 

9.0 

Horizontal Disc 

50' wat 
Mooring Spring 

Constant 
2 50 k/ft 

1 . Ship Displacement - full load. 

Mooring Spring Constant - 2,500 lbs/ft. 

Sea State 6-20 ft significant wave height. 

ihe data produced by RLLMO is limited to ship/platform motions in the* vertical 
plane with head seas only, i. e., heave and pitch,while horizontal displacement 
represents only surge, and no data is available presently for sway, vaw, or roll 

Data for velocities and accelerations are defined as significant values or the 
average of the 1/3 highest values. 

11.9 

8.2 

47.7 

15.3 

2.5 

.MMMlliMk 
M.UÚ, .. 



Ship^ Mooring Data 

L----- 
3 4 

Horizontal Displacement ’ (ft) 
30' water depth 

Horizont a 1 Displacement^ ’ ( f t ) 
100' water depth Force on Mooring Force on Mooring 

looring Spring 
Constant 

1 250k/ft 

Mooring Spring 
Constant 
500k/ft 

Mooring Spring 
Constant 
250k/ft 

Mooring Spring 
Constant 
500k/ft 

hys cem^ 
50’ watei 
250k/ft 

1M p s ; 
r d e p t h 
500k/ft 

100' wat 
250k/ft 

ar depth 
500k/ft 

11.9 

8.2 

47.7 

15.3 

2.5 

2.5 

2.7 

10.8 

20.3 

9.0 

14.3 

14.1 

45.3 

14.9 

4.0 

2.5 

4.3 

21.0 

29.9 

18.0 

2,980 

2,060 

11,950 

3,820 

625 

1,250 

1,350 

5,400 

10,150 

445 

3,570 

3,520 

11,350 

3,720 

1,000 

1,800 

2, 150 

10,500 

14,950 

9,000 
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Figure 2. Relative motion (heave) between 

C8 (light) and C4 (leaded). 
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Figure 3. Relative motion (velocity) 

between C8 (light) and C4 (loaded). 
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Fisure 4. Relative motion (acceleration) between 
C8 (light) and C4 (loaded). 
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Figure 5. Relative motion (heave) between 

C8 (light) and C4 (light). 
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Figure 6. Relative motion (velocity) between 

G8 (light) and CA (light). 
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Figure 7. Relative motion (acceleration) between 

C8 (light) and C4 (light). 
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Figure 11. Relative motion (heave) between 

C8 (light) and C5 (light). 
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D - Varies with location of cargo shuttle craft 
alongside cargo ship. 

~ Point of measurement of relative motion. 

L = Length between the After Perpendicular (A.P.) and 
the Forward Perpendicular (F.P.) 

XF = Distance from A.P. to point of interest in 
relative motion. 

Proposed adapter ship hulls, L: 

C8 
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C4 
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LSD-35 
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Distance of A.P. from ship stern: 
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= 0 

Figure 14. Location of relative moti on measurements, 

23 



S
e
a
 
s
t
a
t
e
 
3 

! 
S
e
a
 
s
t
a
t
e
 

(apnrjxxduiB aãjns) xuamaDBxdsip xb:1uozT^oh 

24 

10
 

50
 

1
0
0
 

5
0
0
 

1
0
0
0
 

5
0
0
0
 

M
o
o
r
i
n
g
-
s
p
r
i
n
g
 
c
o
n
s
t
a
n
t
 
k
i
p
s
/
f
t
 

F
i
g
u
r
e
 
15
. 

C
8
 
s
u
r
g
e
 
w
i
t
h
 
m
o
o
r
i
n
g
 
r
e
s
t
r
a
i
n
t
 
-
 

5
0
-
f
o
o
t
 
w
a
t
e
r
 
d
e
p
t
h
.
 



1
0
0
-
f
o
o
t
 
w
a
t
e
r
 
d
e
p
t
h
.
 



cu 
U 
3 
60 

i Ln 

m 
CNJ 

n3 
AJ 
Ü) 
CTJ 
cu 
co 

26 

50
 

l
o
o
 

1
0
0
0
 

5
0
0
0
 

M
o
o
r
i
n
g
 
-
 
s
p
r
i
n
g
 
c
o
n
s
t
a
n
t
 
k
i
p
s
/
f
t
 



vO 
0) 
4-J 
cO ■u 
01 
CD 
0) 

t^) 

CO 

0» u 
(¾ 
AJ 
Cfi 
CTÎ 
OJ cn 

T—i—i—i T t r 1 ' n 

3933 (apn^TxduiB) ^uamaoeidSTP XB^uoziaoH 

27 

tiiüiiijjuiiàiuiiiiiu Miitti ------ ...■. l.iliililllÍLIlLI;illll.Llllil 

H3 
u 
U) 
V 
u 
00 
c 
u 
o 
i 

0) 
00 

3 
CO 

u 

oo 

0) 
0 
oo 

... 

1
0

0
-f

o
o

t 
w

a
te

r 
d
e
p
th

 



S
e
a
 
s
t
a
t
e
 

O 
vO 

m 
m 

o 
m 

m 
<r 

o m 
m 

o 
m 

m 
CN 

o 
CM 

333J (3pn3t-[dlUB) 5U3U13DBXdSip pPXUOZIJOH 

28 

5 
10
 

50
 

1
0
0
 

5
0
0
 

1
0
0
0
 

5
0
0
0
 

M
o
o
r
i
n
g
 
-
 
s
p
r
i
n
g
 
c
o
n
s
t
a
n
t
 
k
i
p
s
/
f
t
 

F
i
g
u
r
e
 
19
. 

C
4
 
s
u
r
g
e
 
w
i
t
h
 
m
o
o
r
i
n
g
 
r
e
s
t
r
a
i
n
t
 
-
 

5
0
-
f
o
o
t
 
w
a
t
e
r
 
d
e
p
t
h
 





(aprujxduiB) ^uauiaoBjdsip 

0) 
a 

•H 

c 
CÖ 

C/3 
C 
O 
a 
to 
c 

u 
a 
03 

Ö0 
c 

o 
o 

c 
•H 
cC 
Vj 

03 
<u 

00 
c 

•H Æ 

a 
<D 

B T3 

OJ 

3: « 

QJ 5 
00 AJ 
M 0 
3 0 
03 4h 

I 
CM O 
O LO 
u 

03 
u 
p 
oo 

MUHttu .... ........■““■■.. 11..1...-..1 

30 



533J (apn^T^duiB) auauiBOBpclsTp pB^uozcaoji 

31 

—...... 

F
ig

u
re
 

2
2

. 
C

C
2 

s
u
rg

e
 
w

it
h
 

m
o

o
ri

n
g
 
r
e
s
tr

a
in

t 
lO

O
-f

o
o
t 

w
a
te

r 
d

e
p

th
 



32 



o 
o 
o 
LO 

o 
o 
o 

o 
o 

o 
LO 

(A 
a 
•H 

C 
cti 
4J 
ü) 
c 
o 
u 
ÖC 
c 
•H 

a 
w 

Ö0 
c 
•H 

U 
O 
o 

LO 

CM 

0) 
C^) 

33 

F
i
g
u
r
e
 
24

. 
L
S
D
 
35
 
s
u
r
g
e
 
w
i
t
h
 
m
o
o
r
i
n
g
 
r
e
s
t
r
a
i
n
t
 

1
0
0
-
f
o
o
t
 
w
a
t
e
r
 
d
e
p
t
h
 



Das.- (M) s mnaadg 

oo 
vO 

n 

vO 

CNI 
CM 

U 
0) 
ü) 

iS 1 co 
• T3 

00 o 

V4 
<D 

0-i 

r» 
00 

m 

3J/3J (0V11) - a3ans 

34 

... ._..._—, üUavM ■............ 

F
ig

u
re
 

2
5
. 

C
8 

s
u

rg
e
 

re
s
p

o
n

s
e
 
a
m

p
li

tu
d
e
 
o
p
e
ra

to
r 

(R
A

O
):

 
5
0
- 

a
n
d
 

1
0
0
—

fo
o
t 

w
a
te

r 



3
7
5
 
k
i
p
s
/
f
t
 

5
0
1 

w
a
f
e
r
 
d
e
p
t
h
 

S
h
i
p
 
T
y
p
e
 
-
 
C
5
 

10
0'
 
w
a
t
e
r
 
d
e
p
t
h
 

D
i
s
p
l
a
c
e
m
e
n
t
 
-
 
2
7
,
5
1
0
 
L
T
 

W
a
t
e
r
 
D
e
p
t
h
 
-
 
5
0
'
a
n
d
 
1
0
0
'
 

HIMHHi 

- (n) ‘smnaaoads 

vO 
; m 
kO 

oo 

u 
0) 
U) 

u 
c 
(U 
cr 
CD 
u 
tin 

CM 
CN 

CJ 
CD 
in 

v£> 
CO I 
00 T3 

O 
•H 
U 
0) 
CU 

00 
0> 
0^ 

CNJ 
CN 

r^. 
oo 

V-i 
O 
4-1 
n3 
(D 
a 
o 
CD 
TD CD 
D 4J 

4-1 CO 
•H £ 
r—I 

e o 
CO O 

U-4 
<D I 
co o 
c o 
O rH 
CL 
CO XJ 
a; a 
U c0 
(D I 
00 O 
u m 
3 
co 
LO 

kO 
CN 

CD 

O 
00 
•H 
U-i 

43/33 (0VH) 384nS 

3b 

... ,^iJA .... ... 



S
h
ip
 

T
y

p
e
 
-
 

C
4 

2
5
0
 
k

ip
s
/f

t 
D

is
p
la

c
e
m

e
n
t 

-
 

2
2

,6
3

0
 

L
T

 
5

0
' 

w
a
te

r 
d

e
p

th
 

W
a
te

r 
D

e
p

th
 

5
0

' 
a
n

d
 

1
0

0
' 

1
0
0
' 

w
a
te

r 
d

e
p

th
 

mmm mui 

oo 
VsO 

f^) 

CM 
CM 

00 

a 
C 
<D 
o 
cr 
OJ 
M 

vO 

U 
(U 

CO 
I 

ra 
o 

<D 
Pi. 

00 

co 
ON 

CM 
CM 

r>- 
oo 

CO 

35/31 (0VH) 38ans 

36 

ttmii** 

F
ig

u
re
 

2
7

. 
C

4 
s
u
rg

e
 

re
s
p

o
n

s
e
 

a
m

p
li

tu
d
e
 
o
p
e
ra

to
r 

(R
A

O
):

 
5
0
- 

a
n

d
 

1
0

0
-f

o
o

t 
w

a
te

r 



S
h
i
p
 
T
y
p
e
 
- 

C
C
2
 

3Í/33 (ovy) 93jnS 

37 

U 
0 
4J 
u 
OJ 
a- 
o 

CD 
TJ 
3 

a 
a) 
T3 

e 
cO O 

O 
(U 
0} I 
c o 
o o 
Ch rH 
CD 
a) T) 
V4 C 

«TJ 
OJ 
bß I 
J-* a 
3 m 
if) 

CN 
u 
u 

00 
CM 

<D 
M 
3 
00 
•H 

... «ák 



e
c
t
r
u
m
 
s
e
a
 
s
t
a
t
e
 

3J/3J (OVH) aSjns 

Ü 
0) 
CO 

I 
T3 
O 

•H 

U 
Q) 
CU 

llüiiMÉÜÉÜ. 

38 

F
i
g
u
r
e
 
29

. 
L
S
D
 
35
 
s
u
r
g
e
 
r
e
s
p
o
n
s
e
 
a
m
p
l
i
t
u
d
e
 
o
p
e
r
a
t
o
r
 
(
R
A
O
)
:
 

5
0
-
 
a
n
d
 
1
0
0
-
f
o
o
t
 
w
a
t
e
r
 
d
e
p
t
h
 



<-w 

x: c 
U CD 
O- B 
(D CD 

T3 CJ JQ 
CCJ 

U r- 
CD a- CD 
•U Cfl > 
:¾ *H CU 
^ Q ^ 

o 00 
CNJ T—i r-l 

533J - (aSans) - ^uauiaoBxdsxp iR^uoz-taon 

39 

__^ ..-. 

S
ig

n
if

ic
a
n

t 
w

av
e 

h
e
ig

h
t 

- 
fe

e
t 

F
ig

u
re
 

3
0

. 
R

e
la

ti
o
n
 

b
e
tw

e
e
n
 
s
ig

n
if

ic
a
n

t 
w

a
v

e
 
h

e
ig

h
t 

a
n
d

 
s
u

rg
e
; 

5
0
_
f
o

o
t 

w
a
te

r 
d
e
p
th

. 



C4
 
M
a
r
i
n
e
r
 
(
2
5
0
 
K
/
f
t
)
 

X) 
Q) 
X> 

o o 
O 

c 
o 
I 
£ 
o 

C CQ 
(¾ 

U w 
(u a cu 
u w > 
CTJ *H C« 
^ Q ^ 

u 
Si c 
4-1 0) 

a e 
0) (U 

vD 

CM 
CM 

O 
CM 

00 00 vO CM O 

(0§ans) ^u0iu00p-[dsTp -[pquoziaop 

40 

S
i
g
n
i
f
i
c
a
n
t
 
w
a
v
e
 
h
e
i
g
h
t
 
- 

f
e
e
t
 

F
i
g
u
r
e
 
31

. 
R
e
l
a
t
i
o
n
 
b
e
t
w
e
e
n
 
s
i
g
n
i
f
i
c
a
n
t
 
w
a
v
e
 
h
e
i
g
h
t
 
a
n
d
 

s
h
i
p
 
s
u
r
g
e
;
 
1
0
0
-
f
o
o
t
 
w
a
t
e
r
 
d
e
p
t
h
.
 



Unloading 

Platform 

Piling 

Elev< 

Pi< 
ited 

ïr 
Semi 

( 
L-Submersible 
Catamaran 

Adaj: 

Sh 
)ter 

LP 

Swing 

Moor - "E" ACT I 

LASH 

Dynamic- 

Positioning SEABEE 

Aircraft 

Carrier 

Surface 

Catamaran 

ca 

< u 

c c 
0) o 
B B 
0) cu 
bO SO 
c c 
(S to 

u u 
< < 

00 60 
c c 
U Cl 
o o 
o o 
2 2 

Fue 1 

Storage/Dispensi 

Moo 

J ÜMMMMIÉM 



_l 
Floating- 
Straight 

Mooring 
"D" 

Figure 32 



Mise . 

Moorings 

Mooring 

"D" 





F
i
g
u
r
e
 
3
4
.
 

M
o
o
r
i
n
g
 
S
y
s
t
e
m
 
"
B

1 



r 

45 

F
i
g
u
r
e
 
3
5
.
 

S
w
i
n
g
 
m
o
o
r
e
d
 
u
n
l
o
a
d
i
n
g
 
p
l
a
t
f
o
r
m
 
w
i
t
h
 
t
w
o
 

c
a
r
g
o
 
s
h
i
p
s
.
 



.:1,:,,,,....Ml,...... 



H
o
ri
z
o
n
ta

l 
m

o
v
e

m
e

n
t 

fe
e
t 

40 r 

System "B" 1 50 kip, constant tension 
winch. One vertical leg only. 

AT 
Mooring system spring coefficient = 

AT = change in mooring system tension on ship (in 
horizontal direction) in pounds. 

Ax = change in ship position (in horizontal direction) 
in feet. 

Mooring systems spring coefficients are not linear; for 

example system "B": 

(a) For a range of Ax of 0 15 feet, the mooring spring 
coefficient is about 5,500 Ib/ft. 

(b) For a range of Ax of 15-25 feet, the mooring spring 
coefficient is about 4,700 Ib/ft. 

(c) For a range of Ax of 25-35 feet, the mooring spring 
coefficient is about 3,800 Ib/ft. 

System "A” 900 kip, 19.5 
diameter submersible buoys. 
One leg only—20 kips pretension. 

System "A" - 450 kip, 15.5' 
diameter submersible buoys. 

150 200 

Horizontal force - kips 

350 

Figure 37. Energy absorption capability 

of mooring concepts. 
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PROJECT "ELF" COMCEPT ANALYSIS SUMMARY 

system cost of about $245,000. Plat¬ 

form motion in the sea state 6 criteria 

will be 9 feet in surge, 3.5 feet in heave. 

Element 

1. Anchor—-stake pile 

2. Wire rope 

Pacing Problem 

11. Burial into hard bottom 

12. Anchor installation in open sea, wave motion 
13. Anchor placement or alignment 
14. Alternate tor hard bottom—dnlled-in anchor 

21. Corrosion, wear of wire and fittings 

3. Buoy, mooring-tension 31. Corrosion, wear of fittings 
32. Wave/buoy motion 

4. Installation equipment 41. Performance of tasks in open seas, wave motions 

Experiment 

1U' anchors”6 0' PMe dnd devel°Pme"‘ °f explosive anchor or drilled-in 

121. Development and prototype test of installation equipment 
131. Operational test of prototype aoun equipment 

141. Conduct engineering analysis and prototype test to establish operational procedures 

’ hmilafion? ^ Pr°t0,yPe test to e5taP"sP —« rope specifications and 

311. Cathodic protection analysis 
321. Engineering analysis of interaction of buoy, waves, and line tensions 

411. Prototype test of hardware to establish operational limitations and procedures 

Figure 38. Adapter ship Mooring System A 
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PROJECT "ELF" CONCEPT ANALYSIS SUMMARY 

Adapter Ship Mooring System "B' 

Objective is to moor the cargo unloading 

platform without interfering with berth¬ 
ing the cargo ship alongside. Mooring 
system "B," using state of the art hard¬ 

ware, will accomplish the purpose at a 
system cost of about $1,822,000. Plat¬ 

form motion in the sea state 6 criteria 
will be 9 feet in surge, 3.5 feet ir, heave. 

Element 

1 Stake pile 

Pacing Problem 

2. Wire rope 

11. Burial in hard bottom 

12. Anchor installation in open sea, wave motion 
13. Anchor placement or alignment 
14 Alternate for hard bottom, drilled in anchor 

3. Winch, mooring, 
constant-tension 

4. Installation equipment 

21. Corrosion, wear of wire and fittings 

31. Continuous operation o'winch 

32. Unloading platform motion restriction required for 
cargo unloading operation 

41. Performance of tasks in open seas, wave motions 

Experiment 

131. Operational test of prototype 

141. Engineering analysis and prototype test to establish operational procedures 

211 Engineering analysis and prototype test to establish failure causes 

311. Prototype test of hardware 

321. Engineering analysis of cargo unload,ng/platform motion requirements 

411 Prototype test of hardware to establish ope ational limitations and procedures 

* « 

Figure 39 Adapter ship Mooring System B. 
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Table 5. Mooring Components for Unloading Platform 

C8 Adapter Ship 

Max. Bcw--on Force - 150,000 lb. 

Max. Beam-on Force - 1,200,000 lb. 

Mooring "A" 

Equipment 
Cost 

($K) 
Weight 

(Kips) 

Stake pile, 16" x 3/8" x 100' 
16 ea. 14.4 104.8 

Buoys, 16 ea. 

steel, 19.5' dia. 

rubber 13' dia. 
156.0 

512.0 

156.0 

184.0 

Wire rope, 3" dia., 400' 16 ea. 49.6 96.6 

Accessories, (sheaves, fittings) 20.0 64.0 

Hardware 
Buoys : 

steel 

rubber 
240.0 

596.0 
421.5 

449.5 

Installation (15 men) 10 days 5.0 

Total steel 

rubber 
$245.0 

$601.0 
421.5 

449.5 
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PROJECT "ELF” CONCEPT ANALYSIS 

-3- 

Adapter Ship Swing Moor 

Objective is to moor the cargo unloading 

platform without interfering with berth¬ 

ing the cargo ship alongside. The swing 

moor system, using state of the art hard 

ware, will accomplish the purpose at a 

system cost of about $511,700 This 

system must survive a sea state 6 wave 

environment. 

Element 

1. Anchor 

2. Chain 

3. Buoy 

Pacing Problem 

11 Bnrial into hard ocean bottom 

12 Alternate for hard bottom; drilled-in anchor, explosive anchor 

21 Corrosion, wear of chain & fittings 

31. Logistics, design, otreration 

E xperiment 

111 Development and prototype test of explosive anchor or drilled-,n anchors 

121. Conduct engineering analysis and prototype tests to establish operational alternate 

211 Cathodic protection development as determined by engineering analysis 

311 Engineering analysis and prototype test to determine operational limitations 

Figure 40. Adapter ship Swing Moor. 
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Mooring Concept C. This system has a breasting platform on each 

side of the adapter ship, as shown in Figure 36. The platforms are sup¬ 
ported by high strength steel pipe piles driven into the ocean bottom. 
Twenty-five piles grouped into 5 breasting dolphins of 5 piles each are 

used in each breasting platform to resist the specified environmental 

operating conditions imposed by ELF. The spring constant of one breast¬ 

ing platform is 304,000 pounds per foot. Table 8 lists the hardware 

components for this system and Figure 41 contains a list of technical 

limitations of the components. 

This system, while being technically adequate, is not considered to 

be practical in the ELF environment and operations. The fender system is 

very stiff and in operation would cause damage to the ship or require 

excessively large fenders. The system operation, at maximum load, depends 
upon ship/mooring fender contacting uniformily to prevent local failure of 

the ship hull or mooring fender. Also the spring constant of 304,000 pounds 

per foot is in the range which would tend to produce resonance of the ship 

in a sea state 6, as shown in Figures 15 through 18. 

Cargo Ship Maneuvering/Mooring 

The handling of the large deep-draft cargo chips presents two primary 

problems, first the maneuvering of the ships into the mooring position and 

second the actual mooring of the ship. The FRH study^ has indicated that 

the cargo ships and unloading platforms need to be moored bow-on to the 

tidal currents when these currents are in excess of 1.5 knots. This ori¬ 
entation being necessitated by the mooring forces developed by the currents. 
However, reference 8 indicates that for cargo unloading purposes the ships 

should be moored beam-on to the currents and bow-on to the waves. Reason¬ 

ing for this orientation being that the motion most critical to cargo 

transfer is roll, and roll motion is minimized when the ships are moored 

heading into the waves. The systems used to maneuver and moor the cargo 

ships will be required to consider and alleviate these problems. 

Cargo Ship Maneuvering. The first problem includes overcoming the 

loads on the ship caused by the design current, wave, and wind forces, 

relatively shallow water operation and slow maneuvering ship speeds 

necessary to control dock velocities. Depending upon the mooring setup, 

there are three methods for bringing the ship to moor. 

First, a mooring arrangement may allow the ship to approach the moor 

under its own power; second, tugs may be used to push the ship into the 

moor; and third, auxiliary mooring winches may be used to control the ship 

movement. For the ship to accomplish self-mooring, a mooring arrangement 
is required which could always be approached head-on into the major forces 
of current, wind, and wave. The arrangement could not contain an unload¬ 

ing platform or fixed moor, such as a breasting platform, because of the 

uncontrolled docking forces which would be inherent in a self-moor system. 

The second method employing tugs requires the availability of a 

large amount of horsepower or number of tugs at the site. This is esti¬ 

mated by FRH^ to be at least four 2,500 SHP tugs. However, reference 4 

also estimates that tugs can berth ships in waves only to about 4 feet 

in height and remove them in waves up to about 6 feet. In addition the 

tugs would not be able to maneuver the ships broadside to currents greater 
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the 
1,3 

than 1.5 knots. So with the stated 4-knot current requirement, 

mooring/unloading platform system could not be fixed in the normal 

position, i. e., causeway/platform perpendicular to the shore line and 

normal to the tidal currents. 

Table 8. Mooring Components for Unloading Platform 

C8 Adapter Ship 

Max. Bow-on Force - 150,000 lb. 

Max. Beam-on Force - 1,200,000 lb. 

Mooring "C" 

Equipment 

Cost 

($K) 

Weight 

(Kips) 

Piling, steel, 54" dia. x 120', 

50 ea. 

Fittings, Accessories 

Fenders 

$560.0 

32.0 

156.0 

3,510 

345 

200 

Hardware 748.0 4,055 

Installation (30 men) 20 days 20.0 

Total $768.0 4,055 



PROJECT "ELF" CONCEPT ANALYSIS SUMMARY 

Objective is to moor the cargo unloading 

platform without interfering with berth¬ 

ing the cargo ship alongside mooring 

system "C," using state of the art hard¬ 

ware, will cost about $588,700. 

Pacing Problem 

11 Burial into hard bottom 

12. Piling placement or alignment 

21. Forces/control, wear 

31. Performance of tasks in open sees, wave motions 

Experiment 

111 Engineering analysis and prototype test of installation hardware 

121. Engineering tests to establish operational procedures 

211 Development and prototype test 

311 Prototype tests of hardware to establish operational limitations and procedures 

Element 

1. Piling 

2. Fender 

3. Installation equipment 

Figure 41. Adapter ship Mooring System C 



The third method using mooring »inches requires 

ír^^^nnhríK^uo^incr^sS/iÇ^-u^Li^piatior^couid 

«îîsg 
-Î^ÆTÂ SiSi- concept 
--“ioid %sriTS‘“rÄ^^ «-. ships, it »ui 

ä nr. ni ^ion" -Ä» sir —; 
pounds »"pay out automatically hecause of the higher tenston in .he 

bi^ÂsœsaaHSriŒ pretensioning of a mooring line once the ship nas d directiy 
nosition. The mooring line is then locked off by the winch direc“y 

T*. Tj-j 11 he Dossible to use the mooring system to to the anchorage. It will De possiuxe ^ 
orient the ships (and floating unloading platform,_if use^ ^ 
heading which will produce the smallest current, wind, and wave force 

on the system. A description of the operation of 

presented In Appendix A STATO ^ cargo 
be used on each mooring leg. A complete system, ^ _ m t-ra 1? 
ship on each side of the unloading platform, U,ich 

r, 

to the ship. 

s„lng£^^;t-crt?:nl^n“%slhr^ 

EEtE the Ä 

?r^s?:it:rt£tr^adS Platform and carriedrashoresVia connecting 

causeway system. In this mctnou tat p A third method 

capable of anchoring both t e ™ Control Mooring (PCM) system, 

forSthe cargo ship, al sho»n In Figure 42, and a separate mooring system 
for the unloading platform, such as the FRil mooring concept system B, 

shown in Figure 34. 
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PROJECT "ELF" CONCEPT ANALYSIS SUMMARY 

Positive Control Mooring System 

For Cargo Ship 

Objective is to maneuver and moor the 
cargo ship alongside the unloading plat¬ 

form. This system must operate in a sea 
state 3, 4-knot current, & 30-knot wind. 

This system, using state of the art hard¬ 
ware, will cost about $2,109,000. 

Element Pacing Problem 

1. Anchor—20,000 ST ATO 11. Burial into hard bottom 

12. Anchor installation in open sea, 
wave motions 

13. Alternate for hard bottom— 
drilled-in anchor, explosive 
anchor 

21. Corrosion, wear of chain & 
fittings 

31. Corrosion, wear, kinking of 
wire ft fittings during operation 

2. Chain—3" O Dielock 

3. Wire rope—2-1/2"® 

4. Winch--300,000ft, 
constant tension 

5. Buoy—mooring, 20' ® 

6. Installation equipment 

41. Operation from buoy in marine 
milieu 

51. Stability in open sea with 
winch operating 

61. Ability to handle anchors, 
accessory gear and pre-set 
anchors, ability to handle 
mooring lines to cargo ship 

Experiment 

111. Development and engineering analysis 
of alternatives 

121. Prototype test of hardware to establish 
operational limitations 

131. Development and prototype test of 
alternate anchor 

211 Cathodic protection analysis 

311. Engineering analysis and prototype 
test to establish wire rope specifica¬ 
tions and limitations 

411. Prototype test of hardware to 
determine operational limitations 

511. Prototype test of hardware to establish 
operation procedures and limitations 

611. Prototype test of equipment to 
establish procedures 

Figure 43. Positive Control Mooring System for cargo ship. 
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Dynamic Positioning. 'filis is a "mooring" system for holding a vessel 

in a relatively fixed position by the use of controlled application of 

thrust. The system depends upon locating the vessel relative to a fixed 

point on the ocean bottom, or to other established reference points. The 

vessel can be held in position if a propulsion system with adequate thrust 

and control is available. Automatic control, which is more responsive and 
accurate than manual control, should be provided. Many ships have a 
dynamic positioning capability^’^)^ anc] m0re are being built for operation 

in deep water. Ship position control relative to a fixed location is 

about 2 to 3 percent of the water depth. An estimate of the horsepower 

requirement for dynamic positioning is 0.25 to 0.50 times the ship's 

displacement tonnage. Estimated costs for the propulsive unit is $150 

per horsepower, which compares unfavorably with most conventional moor¬ 

ing systems for initial costs. This estimated cost is for an outboard 

type propulsion system with 360 degrees directional control of the thrust. 

This type unit requires less horsepower than a fixed thruster unit because 
of the ability to apply thrust in the proper direction. For a 32,000 LT 
displacement, this would be 8,000 to 16,000 horsepower, with associated 

costs of $1,200,000 to $2,400,000. Additional horsepower (approximately 

32,000 hp) would be required if the adapter ship was moored beam on to a 

4-knot current, or if the cargo ship was to be moored by the adapter ship. 

Problems begin to appear in the outboard type system when the horsepower 
requirements become very large, thus increasing propeller sizes to the 

point that directional response is slowed. The major problems with 

dynamic positioning are its high operational risk compared to a conven¬ 

tional anchor system when working near the beach, plus the large horse¬ 

power requirements and associated problems. A total cost for a dynamic 
positioning system capable of holding an adapter ship beam-on to a 4-knot 

current is estimated to be $7,200,000. Technical limitations of the 
components are listed in Figure 44. 

Miscellaneous Moorings. The ELF will require other mooring systems 

for more conventional operations such as mooring small boats, fuel plat¬ 
forms, causeways, and temporary ship buoys. These conventional mooring 
systems, i. e., anchors, ground tackle and buoy, are listed under the 

title "mooring D" in Figure 32, and will require a modular design. These 

modular component systems will be formulated at a later date when the 
requirements have been specified. 

MOORING SYSTEM ANALYSIS 

A methodology was formulated as an approach to a system of measure¬ 

ments for determining the relative effectiveness of each mooring system 

under the same set of predefined and preselected parameters. To evaluate 

the various mooring system concepts, system parameters were established 
to measure the applicability of each concept to the mooring missions. The 

system parameters (Operational Readiness, Mission Performance, Survivabil¬ 

ity) and characteristics are defined in Appendix B. Tables listing sug¬ 

gested weighting values for each parameter and characteristic together 

with comparative examples are also contained in Appendix B. 
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PROJECT "ELF" CONCEPT ANALYSIS SUMMARY 

Dynamic Positioning Mooring System 

Objective is to moor the cargo unloading 
platform without interfering with berth¬ 
ing the cargo ship alongside Dynamic 
positioning equipment using state of the 
art hardware will cost about 32,250,000. 

Element 

1. Engine, 2,500 hp 

Pacing Problem 

11. Mounting on adapter ship 

12 System control 

2. Tail section/propeller 21. Control/clearance 

3. Automatic control system 31 Directional control/reaction time/installation of control points 

Experiment 

1 11. Design analysis 

121. Prototype tests to determine system capabilities 

211. Design analysis and prototype test 

311 Prototype test of hardware to establish system limitations 

Figure 44. Dynamic positioning mooring system. 
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All of the adapter ship, single hull-type unloading platforms were 

considered collectively with regard to mooring forces. The catamaran, 

ship hull and open truss, were considered separately from each other. 

All types of elevating barges were considered as similar, while the 

floating barge platform was considered separately. This resulted in 5 

categories of mooring missions for analysis. However because of the 
absence of sufficient data for the semi-submersibles, catamarans and 

elevated piers, only the adapter, single hull platforms were analyzed 

at this time. Data is required on these craft relative to wave spectrum/ 

mooring force in shallow water, with the craft standing dead in the water. 

An evaluation of the missions for which the mooring systems must 
perform indicates that the importance of each mooring system's character¬ 
istic varies for different operational situations. The operational, 

situations include 5 missions and four sea state conditions, e. g., sea 

states 1, 3, 5, and 6. In a sea state 1, all systems were expected to be 

functional and the Operational Capabilities were weighted uniformily. 

Sea state 3 is the basic environmental constraint for the mooring systems, 

therefore this situation was weighted more heavily than sea states 1, 5 

and 6 (i. e., 0.55 compared to 0.05, 0.25, and 0.15, Table B-7). Opera¬ 

tion in a sea state 5 was desirable but not a stated requirement, there¬ 

fore, the capability of a system to survive or to perform in this 

situation is weighted more heavily than the operational readiness para¬ 
meter. Again the mooring systems are required to survive in a 20-foot 

significant wave (sea state 6), therefore, the capability to survive is 

weighted more heavily than the capability for the system to be installed 

in this situation. 

Operational Readiness 

To establish the relative effectiveness of each mooring system 

within the operational constraints, weighting factors and numercial 

values were assigned for each mission parameter and each system charac¬ 

teristic. The weighting factors for the importance of the mission 
parameter to the operation vary from 0 to 1, while the assigned value 
for each system characteristic may vary from 0 to 10. All weighting 

factors and assigned numerical values were normalized to permit a 

relative comparison to be made between the numerical values computed for 

each mooring system concept. 

The overall system effectiveness is a summation of the products of 
the weighting factors and assigned numerical values for each characteris¬ 
tic, as demonstrated in Figure B-12, Appendix B. The larger numerical 

value represents the better system. 
Tables B-l through B-6, Appendix B, contain the input data, i. e., 

weighting factors for the mission parameters: Operational Readir' ss, 
Mission Performance and Survivability, and the assigned numérica., /alues 
for the individual system characteristics. It should be remembered that 

the system comparisons presented in Appendix B are for the adapter ship, 

single hull-type platform, and do not include, at this time, the other 

unloading platform types for lack of data. 
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inri ^ppendlx B rankln8 results are summarized below. Total effectiveness 

f c “e„C"s i: ,rHSH “Z61,1 as "ls’10" Parameters whereas LÍrin, errectiveness included only the mission parameters. 

Mooring 
System 

Ranking 
Mooring 

Effectiveness 
Total 

Effectiveness 

A 

B 

C-Pile Beam 

Swing Moor 

Dynamic 
Positioning 

4 

3 

5 

1 

2 

1 

3 

4 

2 

5 

Sensitivity Analysis 

The relative sensitivity of a mooring system's effectiveness to its 

isTmeasire'of the lnVeS'l3fed In Appendix B, Table B-14. Sensitivity 
which ™ïd be ^P^vement in a system's effectiveness 

examole in ïabîe R y d“,pr0vlne a PaPtiPular characteristic. For 

for sÎa'sîâte 3 Õnê; t’ “l of 0-13 <5-5 P«“« of effectiveness 
sea state 3 operation) effectiveness would be realized if the control 

capability of System B „ere improved so as to be equal to system A 

effectir0in Tablf B~14, SyStem C~PÍle Beam’ WOuld be ^Proved by 0.10 in 

Swing Mooi^SystenutS SyStem reSPOnSe Ímpr°Ved t0 the level of 

The sensitivity analysis identified the system characteristics 

which have the most influence on the effectiveness ranking and points 

overalHenefÍr llmitatl0r,S which> if ^Proved, would present the most 

System Study Model 

In order to evaluate the mooring systems as a total system 

operation operational and engineering "paper" models were prepared 

These models provide a method of identifying the engineering hardw^e 

and operational procedures to be used for each mooring system a^d point 

effortsato°rearrat:rhnal/hardWare uncertainties and direction for R&D 
efforts to realize the proposed concepts. They permit the identifinn 

of choices between state of the art and advanced technical solutes 

also technical barriers may become more readily apparent The onerai' i 
model presents a chronological description of I Zor'g System fZ 
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The arrival at the site, through emplacement, operation, and retrieval, 

engineering model contains a technical description of the equipments 

required for the mooring system. An outline of these models is contained 
in Appendix A with an example of their use. 

DISCUSSION 

Relative motions between a ship and an unloading platform are a 

primary problem in the transfer of cargo. One means of restraining a 

ship's motion is to adjust its mooring system, i. e., increase the 

number of lines or size of lines and their stiffness until the vessel 

stops moving or the motion reaches an acceptable state for cargo handling. 
By using a relatively large platform (large displacement) to unload the 

cargo ships, the absolute surge and heave motions of the platform will 

be small, initially, e. g., less than .03 and 2.0 feet surge for a C8 

hull in 50-ft and 100-ft depths, respectively in a sea state 3 as shown 
in Figures 15 and 16. But, by examining Figures 15 ind 16, it can be 

seen that these surge motions cannot be practically reduced further by 

stiffening the mooring lines, e. g., the mooring spring constant would 

have to be in excess of 10,000,000 pounds per foot instead of 1,000 pounds 

per foot in order to reduce the surge below the .03 foot motion. Similar¬ 

ly, the force required to eliminate the Heave of a ship in a sea state 3 
having the displacement of a C8 hull (44,428 long tons) would be about 

20,000,000 pounds. As the mooring lines become increasingly stiffer, a 
ship s natural period of motion can be reduced to a point in which it 

coincides with the wave frequency and resonance occurs. At resonance, 

the^ship motions increase rapidly as shown at frequencies of 0.4 and 0.98 
in ligure 25. So the mooring system's primary advantage lies in its 
ability to hold the ship from drifting away under the wind, current, and 
wave forces, and not in reducing or eliminating all motion. 

The relative heave motion between a C8 and a C4, shown in Figure 2, 

varies from about 0.03 foot to 1.0 foot in a sea state 3. This motion 

may be tolerated in pallet cargo handling operations, but may not be 

permissible in container movement because of the problems of extraction 

from a cell, accurate positioning of the container, or impacting on a deck 
The container may withstand a force up to 2 g's (a velocity of about 5 

feet per second) but this motion may be further aggravated when combined 

with other motions such as pitch and roll and could result in uncontrolla¬ 

ble pendulat ion motions of a load on a long crane line. These pendulation 
motions are under investigation by NCEL. 

If it is necessary to reduce a ship's motions (or relative motions), 
it appears that some other method besides mooring lines will be required. 

As indicated above, motions may be reduced by using greater displacement. 
The large ship tends to be less effected in a sea state 3 than smaller 

ship and unloading platform motions and not strive to restrict the motions 
A third solution would be to provide the unloading crane with a motion 
compensating capability. A fourth method would be a breakwater which 
would reduce the wave motion to an acceptable value. 

the mooring system will be dependent upon the type of unloading 
platform selected. If the selected unloading platform requires a spread 
mcor-type system, then several critical components for the possible 
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mooring systems will be similar. For example, Systems A, B, and PCM all 

use components such as cons tant - tension winches, mooring lines, large 

buoys and stake piles. By purchasing these critical items, evaluation 
tests can be conducted covering the operational capabilities of all 

three systems. For System A, the constant-tens ion winches would be 

used as conventional winches and the large buoys would be used as the 

buoyant float. For System B the constant-tens ion winches and stake piles 

would be used and not the buoys. For the Positive Control Mooring (PCM) 

system, the constant-tension winches would be mounted on the large buoys 

and the stake piles (or conventional anchors) would be used to hold the 

buoys. All three equipments would not be required; reduced sizes could 

be used to test the practicality and technical limitations of the com¬ 

ponents. A proposed program for conducting critical experiments on 

three ELF mooring systems has been prepared.^ 
The unloading platform concept which uses an elevated pier rather 

than a floating platform presents slightly different mooring problems. 

The platform mooring component in this case is composed of piling sup¬ 

porting the pier. The mooring loads on the piling will result from a 

combination of forces, such as those that may be induced by winds, waves, 

and currents on the cargo ship when it is tied directly to the pier. 

Dolphins may be used as an auxiliary mooring component to alleviate or 

to reduce the mooring loads on the elevated pier. However, the use of 

dolphins is considered undesirable from an operational viewpoint relative 

to ELF equipment/installation time criteria. 

RELMO^ (at this date) does not develop data on ship sway and yaw 

caused by waves striking the ship at an angle to the bow. These motions 
will be of special concern when the cargo ship is moored to an elevated 

pier (such as the DeLong concept) with the longitudinal axis of the pier 

positioned perpendicular to the shore line. Ship surge motions computed 

by RELMO for a sea state 3 (bow-on to waves) are shown in Figures 17 and 

18 (.04 feet with mooring line restraint below 90,000 Ib/ft). The FRH 
report^ estimates shin sway (6.25 ft wave height, 6 to 15 second period) 

to range from 8 feet to 22 feet amplitude caused by incident waves at 

45 degrees from the bow. Mooring lines will no', be capable of signifi¬ 

cantly reducing this motion. Therefore the elevated pier with fendering 

system will be required to withstand the forces induced by the sway/yaw 
motions of the cargo ship. With the design ci rrent/wind forces of 
1,200,000 pounds, used in this report for mooring roads, the estimated 

number of piling (72-inch diameter, 1-inch wall thickness) required would 

be 16 for each 300-foot section of DeLong pier. This would be for one 

cargo ship at the pier. The elevated pier mooring concept shown in 

Table 9“ depicts the PCM system as being required to maneuver and berth 

the cargo ship and mooring winches would be required on the pier to 

assist in berthing and in holding the ship to the pier. The ability 

to unload the ship, in this concept, will depend upon the wave 

Table 9 summarizes the proposed mooring methods for the unloading 
platforms and cargo ships. 

65 



direction and fendering system, while the mooring lines will contain 
but not reduce the ship motion by any significant amount. 

The conventional anchors and stake pile appear adequate to provide 
the required holding powers for the open-beach operations in most situ¬ 
ations. However they are relatively slow to install and will not operate 
in hard bottoms. The explosive embedment anchor is more versatile than 
conventional anchors in that it will function in a sand, coral or hardpan 
seafloor and is preset upon embedment; but it does require special han¬ 
dling because of the explosive propellent. Development effort is re¬ 
quired to increase the holding-power capacity from the present 150,000 
pounds up to the required 300,000 pounds. An examination of the design 
and operational problems associated with producing an explosive embed¬ 
ment anchor of this capacity indicates that a major technological 
advancement will be required over the current state of the art. A second 
mooring method for use in hard bottoms is drilled-in anchors. This is 
standard practice used by offshore oil rigs when conventional anchors 
will not hold. Special installation equipments are required but drilled- 
in anchors have been emplaced in 12-foot waves with 60 mile per hour 

winds. 
Most of the mooring systems use wire rope as one component, and 

this material together with its connecting accessories are one of the 
major causes of system failures. Studies9 of wire rope failures indicate 
the following causes: 

1. Cable not suited to application - 35% 
2. Related equipment (winches, sheaves, fittings) 

not suited to applications - 26% 
3. Improper operating technique - 27% 
4. Other causes - 127, 

The major causes of failures in item 1 were improper cable construc¬ 
tion and corrosion. Item 2 failures were equally divided between wrong 
size or improper material in the sheaves and fittings, and improper winch 
capacity and control. Item 3 failures referred to insufficient personnel 
training and poor equipment use and maintenance. 

A test program^ conducted by NCEL on cathodic protection of mooring 
buoys showed that some of the cathodic protection was being transferred 
to the ground tackle. A second study was made in which specially cast 
zinc anodes were installed on some chain links in the ground tackle, and 
steel cables threaded through the chain links provided complete corrosion 
protection to the ground tackle. It was estimated that the zinc anodes 
would provide this protection for 10 years before replacement would be 
necessary. 

Wire rope of the 6 x 19, IWRC, regular lay appears to be less 
desirable than a torque-balanced wire rope for operations where the line 
may go slack after being loaded. Kinking occurs most often when a 
regular lay wire is heavily loaded and then allowed to go slack. 

66 



Experience^ in the use of riser line tensions for oil drilling 

stems have indicated fatigue-type failures of the lines occur after 

about 1800 ton-days of operations. This result is based on about 15 to 

20-ton of pretension on the lines which is 120 to 90 days of operation. 

From this experience, lines are changed after about 900 ton-days use. 

CONCLUSIONS 

Mooring components appear adequate to meet the mooring load require 

ments, but specialized systems need to be developed to meet the remain¬ 

ing criteria imposed by the operational environment of open coastal site 

The dynamic positioning system has many advantages in terms of 

logistic burden installation requirements, operation and retrieval. 

However, the disadvantages of high horsepower requirements, high initial 

costs and high operational risk reduced its total effectiveness rating. 
The cargo ships will require a positive method of berthing in the 

shoal area and a quick and reliable means will have to be provided for 

handling and passing the mooring lines to the cargo ship. The use of 

tugs to maneuver the cargo ships does not appear to provide the amount 

of positive control needed for the ELF type operations. 

Developmental effort will be required to produce suitable mooring 
systems for the ELF operations. All proposed mooring concepts are 

limited in the ability of the anchoring component to be placed in hard 

bottoms and to restrict platform/ship motions. 

The most significant technical barriers to mooring operations are: 

(a) The limited control of ship motion provided by the mooring 
1ines . 

(b) The limited capability to install and operate anchors in hard 

bottoms . 

(c) The limited amount of equipment available for vertical mooring 

Line operations. 

(d) The unavailability of equipment specifically designed for 

installing and handling anchors and mooring lines in open shoal water. 

(e) V'.e lack of test data in ship and mooring operations in open 

shoal water. 

Corrosion damage to the buoys and ground tackle may be controlled 

by a proper maintenance program and by the fact that the ELF system is 

planned to be used for periods only up to one year. However, consider¬ 

ation should be given to apply cathodic protection to the mooring 

components. Tests1^ have shown positive results of cathodic protection 

for the ground tackle as well as the mooring buoys. 

The relative ship motions, which will exist with the identified 

mooring systems, will require some type of fendering system. A 

substantial level of effort will be needed to identify and develop the 

most suitable system. 
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P-™»» 

recommendations 

The following items are recommended: 

moorine/maneuvering system for 
1. Develop a positive control moori ^ f.ed in the develop- 

the cargo ships, „and that critical exper _ and Dractical aspects the cargo ships, and that ^¿'“technical and practical aspects 

:rSi^Sr¿poL«:^^dr£:r;s: in Ting sy=tems or lor nse 

as alternates to^so« -“^^^^^rnrreguired to install and 

to operate the positive control “““"^^arïmental design and/or model 
3. Develop fendering sys V 1 specified unloading 

tests/critical experiments) “ ^Eorm^rh the speci 

plat£orms/cargOoShrpSeinhthe^eiopPent ^ coiriponents req„ired 

for the other equipments in the ELF system. 
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Unloading Platform 

Adapter Ship—single hull, attached 

to causeway/pier to shore. 

t 1", 

- V 

Semi-Submersible Catamaran-with 
shuttle unloading. 

V 

-■:V i '"' P 

, , Xv- rtd., v. 

'-''ï vu' 

• .,v' 
7x; /'• : • 

V 

DeLong Pier-with elevated 
causeway to beach. 

Platform Mooring System 

Type 

Mooring ‘B' 

/S S'' 
ÏÏ „ 

Swing Moor 

V 

Piling 

Cost 
$K 

1,822 

362 

1,140 

1. Technical risk pertains only to the ability of the mooring system to meet the 
mooring criteria. The larger the value, the better chance of success. 

2. Fender systems development arc required for all systems. 
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Table 9. Summary of Mooring Systems 

■ System Cargo Ship Mooring System 

Total Initial 

Cost $K 
Technical Limitatiol 

Cost 

$K 

Technical^ 

Risk 1%) 
Type Cost 

$K 
Technical^ 

Risk (%) 

1,822 40 

Positive Control Mooring (PCMI 1+1 _ 

a/' r 

- : Pf 

' Is' „ 

2,109 35 3,931 

1. Anchor/stake pile cannora 
hard bottom such as cor¿ 

hardpan. 
2. Stake pile installation in 

wave motion. 
3. Corrosion and wear of w 

fittings. 
4. Continuous operation of 

mooring winches. 

5. Limited control of platfc 
provided by mooring sy* 

te. 

lv 

362 40 

Constant-Tension Winches and Tugs 

1,100 40 1,462 

1. Anchors cannot penetral 
such as coral, shale, or h 

2. Operation of large specia 
open sea. 

P^ V:- - 

1,140 90 

Positive Control Mooring (PCMI 

'.T4 , -, 

•>>' - . . _ '' - . 

>; “i .'y*-s «. ; T.-—’ . 

•4JI ' - . ■ 

*- ' ■ . .ir- 

2,109 35 3,249 

1. Installation of piling limi 

state. 
2. Anchors/piling cannot pf 

bottoms such as coral, sh 
3. Structural capacity of pil 

water depth/soil compo* 

J- 



T echnical 

Risk (%) 

Total Initial 
Cost $K 

35 3,931 

Technical Limitations^ 

1 Anchor/stake pile cannot penetrate 
hard bottom such as coral, shale, or 
hardpan. 

2. Stake pile installation in open sea, 
wave motion. 

3. Corrosion and wear of wire rope and 
fittings. 

4. Continuous operation of platform 
mooring winches. 

5. Limited control of platform motion 
provided by mooring system. 

40 1,462 

1. Anchors cannot penetrate hard bottom 
such as coral, shale, or hardpan. 

2. Operation of large special buoy in 
open sea. 

35 3,249 

1. Installation of piling limited by sea 
state. 

2. Anchors/piling cannot penetrate hard 
bottoms such as coral, shale or hardpan. 

3. Structural capacity of piling limited by 
water depth/soil composition. 

Developmental Efforts 

Development and prototype test of 

anchor for hard bottom-(300,000- 
pound capacity explosive anchor/ 
drilled-in anchor) 

Prototype test of stake pile for 
repetitive vertical loads. 

Installation equipment development. 
Prototype test of winch/buoy to 
establish operational procedures and 
environmental limitations. 

Buoy design. 

Installation equipment development. 

Development and prototype test of 
anchor for hard bottom (300,000- 

pound capacity explosive anchor/ 
drilled-in anchor) 

Prototype tests for development of 
mooring operations and procedures. 

Installation equipment development. 
Development and prototype test of 
anchor/pile for hard bottom. 

Prototype test of winch/buoy to 
establish operational procedures and 
environmental limitations. 
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Appendix A 

OPERATIONAL/ENGINEERING METHODOLOGY 
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OPERATIONAL METHODOLOGY 

The purpose of the operational model is to assess the feasibility 

of the mooring systems in terms of logistic burden, installation and 

operational modes. In the process of describing and analyzing the 

system operation, it should be possible to identify uncertainties and 

required developmental efforts to realize concepts. Also choices 

available between state of the art components and advanced solution may 
become apparent. 

Step 1. Mooring Components Logistic Burden 

a. Transport ship (square feet/special storage required such as 
deck or interior space). 

b. Unload components at objective area. 

Item to be considered: Material handling facilities required; temporary 

mooring/storage required for components and equipments; relative motion 

problems, regarding, unloading mooring components; installation equip¬ 
ment shipping space required. 

Step 2. Mooring Installation 

a. Install mooring components for unloading platform/cargo ship. 
b. Position unloading platform and install mooring lines. 

Items to be considered: Equipment required to install mooring components 

(for cargo ship, or platform); equipment required tc maneuver or handle 

unloading platform; installation time required; relative motion problems, 
regarding installation of components. 

Step 3. Operational Mode 

a. Position cargo ship for unloading. 

Items to be considered: Handling/maneuvering equipment required for 
cargo ship; problems relative to mooring system clearance; mooring 

control, versitility, regarding line tensions, maneuverability to position 
platforms in favorable position relative to waves, current, wind; cargo 

ship/unloading platform restraint/control provided by mooring systems, 

regarding cargo handling, small craft, large ships; mooring reliability; 

winch operation for cargo ship/unloading platform mooring operation; 
mooring line tension control provided by system. 

Step A. Remove Cargo Ship 

a. Maneuver/handle cargo ship away from unloading platform. 

Items to be considered: Equipment required. 
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Step 5. Retrieve Mooring Components 

a. Retrieve mooring components. 

b. Load on transport ship. 

c. Clear area of components not retrieved. 

Items to be considered: Equipment required to retrieve, reload, and 
clear area. 

ENGINEERING METHODOLOGY 

The engineering methodology identified the hardware (and alternatives) 

available for the mooring components. State of the art equipments are 

listed while items requiring technical development can be identified. 

1. Mooring Components 

a. Anchors/piles 

b. Handling equipment 

c. Accessories 

2. Mooring Installation Equipment 

a. Handling equipment 

b. Floating/transport equipment 

c. Installation equipment 

3. Line Handling Equipment 

a. Line transfer equipment 

4. Retrieval/Reload Equipment 

a. Equipment to retrieve mooring components 

b. Equipment to reload mooring components on to ship 

5. Area Clearance/Cleanup 

a. Equipment to demolish fixed components 
b. Cleanup equipment 

EXAMPLE 

In the following example, the PCM system is provided for maneuvering 

and mooring the cargo ship while System "B" is used to moor the adapter 

ship- The 2,500 slip tugs required with the System "B" were assumed to 
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be part of the adapter ship system and not part of its mooring system, 

although it has been indicated that the tugs would be required to position 

the adapter ship for mooring. It is possible for the PCM system to be 

used in positioning the adapter ship over its mooring location. 

OPERATIONAL METHODOLOGY 

Example 

Positive-Control Mooring System (PCM) for Cargo Ship 

System "B" Mooring for Adapter Ship 

Step 1. Mooring Components Logistic Burden 

a. Transport ship 

The PCM system requires an estimated 11,000 square feet (1,568 

tons) of ship storage area. Of this space, 9,000 square feet of deck 

space will be required to handle the buoys and winches. This shipping 

space may be provided by the adapter ship or a cargo ship such as an 

LKA. The System "B" mooring components require 3,941 square feet 

(629,000 pounds) of ship storage area and this space may be provided by 

the adapter ship or LKA. The PCM system requires transport for a warp¬ 

ing tug and storage barge while the System "B" requires transport for 

pile drivers, crane and leads, and a work barge. 
Unloading of the mooring components for both systems can be handled 

by the ship's gear. The heaviest lift will be about 25 tons. Temporary 

storage/transport of the mooring components will be accomplished by use 

of the barges and by installation of auxiliary mooring buoys. 

Major problems appear to be relative motions between ship and 

barges while unloading mooring components. Required transport/handling 

facilities appear to be state of the art with only design development 

necessary. 

Step 2. Mooring Installation 

a. Install mooring components 

Stake pile for mooring System "B" are installed by the work 

barge, using the crane and leads and pile drivers. Time to install the 

stake piles is estimated to be 10 days. The warping tug and barge are 

used to preset the 20,000-pound STAT0 anchors to 300,000 pounds holding 

power for each buoy/winch B^, B2, B3, B/, and B5 as shown in Figure A-l. 

Buoys are attached to the mooring chains. Estimated installation time 

for the PCM system is 7 days. All equipment items for these installation 

operations are state-of-the-art technology. 
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layout oí, Pr0bler for the PCM system will be the handling and 
ayout of the mooring chains, maneuvering and attachment of the buoy/ 

the winch °Prn Sea and Placement of the remote control lines for 

encounter oiob^p1™• ^ f°uling- The mooring system ”B" will 
waíer Ín tí ^ hax]dlln^ and drivin8 the stake piles in the deep 
water in the open sea and reeving of the mooring lines. P 

b. 

lines 
Position unloading platform (adapter ship) and install mooring 

such as theepÍMaÍÍeÍ ^ Wm require tuS assistance, or other means 
■ch as the PCM system, to move into position over the stake pile 

Unl'lrTtl a Crane barge “U1 be "-ded « install^he 'mooring 
ine& from the constant-tension winches on the adapter ship. S 

Major operational problem will be the handling of the adapter shin 
prior to connecting the mooring lines. adapter ship 

Step 3. Operational Mode 

a. Position cargo ship alongside unloading platform 

f f- i Tyt1Cal carg0 shiP> e. g., Master Mariner, 12,700 dwt 564 

a e Sh Õ ,<;0Hbeam• a"d.32-f-' approaches the aLhora e 
area headed into the prevailing current (0 to 4 knots) on the beach 

side of the offshore mooring buoy, 1^, Figure A-l (ship position 1). 

from rht llne. handllnf equipment will pass the wire rope mooring line 
from the winch directly to the ship's bow. The cargo ship will be^í 

direction°Wf 00•! S b°W llne’ swlaging the stern into the shore 
rection (positions 1 and 2 of Figure A-l). Mooring lines from B0 

on ' •B4 * T 5 are passed to the ship by the mooring line handling 2 
equipment at position 3 of Figure A-l Al I f-n k • ^ 
are remote-cnnr^i i a “gure A 1. All of the buoy mooring winches 
re remote controlled, constant-tension type. 

•^ constant tension is applied to the bow and stern buoy winches 

f jp ;r a^a^rsrr ï: i,: 
alignment away from the unloading platform. 

The cargo ship is maneuvered alongside the unloading platform 

position Docked. Figure A-l. and suitable line tensions are set bv'the 
mooring winches before the lines are locked off by the winch brakes 

. iip approach speeds to the platform are monitored by an approach-velocity 
meter and the tension in the mooring lines are adJusLd acc'rdingl)? " 

Problem areas to be investigated to ascertain technlogoical/ 
operational limitations include: icgcicai/ 

the cargo 0f th* l,e‘Wy “orl"8 Un. directly to 
'M m a “lU some mechanical system such as a crane. 

.. , (b) The docklng operation is limited to the upstream sido of 
he adapter platform when maximum current forces exist. 
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(c) Kinking of the wire rope in handling and during operation 

with tension in the rope being varied causing an unlaying or kinking of 

the strands. 
(d) Mooring winch control/spooling/cleaning of the mooring wire 

rope. 
(e) Maintenance/operation of the winches in the marine environ¬ 

ment; clearance of cargo ship and mooring lines for unloading platforms. 

(f) Relative motions between cargo ship/barge/buoys/line han¬ 

dling equipment. 

Step 4. Remove cargo ship from unloading platform 

The constant-tension winches are used to pull the cargo ship away 

from the unloading platform and out to buoy ship position 1, 

Figure A-l. Bascially this operation will be the reverse of Step 3. 

Step 5. Retrieve mooring components 

All mooring components for the cargo ship may be retrieved by the 

warping tug and back—loaded onto the transport snip. All components for 

the unloading platfc'-m may be retrieved including the stake piles, if a 

water jet system is provided for jetting the piles loose from the bottom. 

If drilled-in anchors are used for both systems, the piles will be 

abandoned. The installation equipment used for each system will be used 

to retrieve the mooring components- 
Major problems will be the relative motions present during retrieval 

of the components and back-loading. 

ENGINEERING METHODOLOGY 

Example 

Technical Limitations 

1. Mooring Components 

Anchors, 20,000-lb STATO, 16 ea. (SOA) 

Chain, anchor, 3-inch dia., 7,200 ft (SOA) 

Buoy, mooring, 30-foot dia., 10 ea. (XD) 

Winch, mooring, 300,000-lb capacity, 
remote control, constant tension, 10 ea. (AD) 

Wire rope, 2 1/2-inch dia., 12,000 ft (SOA) 

Fittings, chain (SOA) 

2. Installation Equipment 

Wapring tug with 30-ton capacity crane, 

1 ea. (SOA) 



Technical Limitations 

2. Installation Equipment (Cont) 

Barge for equipment stowage/handling 

2 ea. 

Temporary anchorage 

3. Line Handling Equipment 

Warping tug with 30-ton capacity crane 

4. Retrieval Equipment 

Warping tug with 30-ton capacity crane 

ENGINEERING 

Example 

System"B" Mooring 

1. Mooring Components 

Stake pile, 16-inch dia. , 15 ft long, 

12 ea. 
Wire rope, 1 1/2-inch dia., 3,600 feet 

Fittings 
Winch, 150,000-lb constant tension 

capacity, 12 ea. 

2. Installation Equipment 

Crane barge with leads 
Pile driver, diesel DE 20, 16,000 ft-lb 

Barge for equipment stowage/handling, 2 ea 

Divers 
Tugs, 2,50 slip, 4 ea. 

3. Line Handling Equipment 

None 

4. Retrieval Equipment 

Crane barge 
Water jet equipment 

SOA - State of the art 

XD - Experimental development 

AD - Advanced development 

(SOA) 

(SOA) 

(XD) 

(SOA) 

Technical Limitations 

(SOA) 

(SOA) 

(SOA) 

(AD) 

(SOA) 

(SOA) 

(SOA) 

(SOA) 

(SOA) 

(SOA) 

(SOA) 
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APPENDIX B 

SYSTEM EFFECTIVENESS ANALYSIS 
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SYSTEM EFFECTIVENESS PARAMETERS 

The mission effectiveness parameters used in this analysis are: 

Operational Readiness - The condition that the system is 
available for use at the required place when needed. Operational 

Readiness covers the period through installation. A candidate system 

which did not possess the required qualifications and/or capabilities 
for a particular mission was not considered for that mission. 

Mission Performance - A measure of the ability of the system 
to achieve mission criteria, given the operational conditions during 

the mission. Performance measurement begins after the system has been 
installed . 

Survivability - A measure of the system's ability to survive 
in an extreme natural environment or in a military attack. System 

would survive but not be required to perform its normal mission functions 
during the critical period. Survivability measure beings after 
installation. 

System Parameter Characteristics 

Operational Readiness - The characteristics used to define this 

parameter include, or are influenced by the factors listed under each 
of the following characteristics: 

1. Availability/Transportability - The off-the-shelf general 
availability of the equipments as versus requirement for special ship 

or shipping requirement, (special need for interioi or exterior 
shipping space). 

2. Unloading - The requirement for general or special un¬ 
loading platform, or area. 

3. Manhours Assembly - The time/manpower required to assemble 
the gear and installing equipment. 

4. Equipment Availability Assembly - The availability of the 
equipment required for the installation of a mooring assembly. 

5. Manhours Mooring Assembly - The time/manpower required to 
install a mooring assembly. 

6. Operation Manhours - Time/manpower required to place a 
mooring assembly into operation. 

7. Wind/Current - The effect of wind, current, and sea state 
on the installation of the mooring assembly. 

8. Storage - Components' characteristics which permit the 
mooring materials to be stored without detrimental deterioration or 

endangering personnel or requiring special storage facilities. 
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9. Retrievability/Reload - The capability of the system for 

recovery and back loading onto a ship or preparation for tow, (is a 

special ship or retrieval equipment required?) 
10. Capability/Failure - The capability of the mooring system 

to perform assuming partial fallure/unavailability of the system. 

Mission Performance - The influences considered when assigning 

system values for each performance characteristic are defined as: 

1. Holding Power Capacity or Station Keeping Capability - 

The effect of specific mission loadings on the capability of a system 

to perform a mission. Ability to maintain station. 
2. Operating Clearance - The ability of a system to perform 

but not hinder performance of other operations in the mooring area. 
3. Surf/Waves - The effect of surf/wave conditions on the 

performance of a system. 
4. Time - The time required to moor (or put the station 

keeping capability into operation) the unloading platform (or cargo 

ship). 
5. Reliability - The capability of a system to resist failure 

in the performance of a mission and the capability of the system being 

repaired, (weather effects on equipment). 
6. Control - Degree of contiol provided by mooring system and 

operational versitility (cargo unload control, cargo ship maneuverability) 

or other trade offs inherent in the system. 

Survivability - The characteristics used to define this parameter 

include : 

1. Natural Environment - The values given for environment 

represent the relative capability of systems to survive natural environ 

mental elements. Considerations include the system capability to 

survive the following conditions: 

With unloading platform and cargo ship: 

Significant wave height - 5 feet 
current - 4 knots 

wind - 30 knots 

tidal range - 8 feet 

With unloading platform: 

Significant wave height - 20 feet 
current - 4 knots 

wind - 75 knots 

81 



System characteristics include: 

Position maintenance 

Component failure or wear 

System response (time to replace in service assuming 
component failure) 

2. Military Environment - The values given for military 

environment represent the relative capability of systems to survive 

military environmental elements while performing each mission. Consid¬ 

erations included the system capability to survive the following: 

Swimmer mines (or resistance to mines) 

Catastrophic damage to components due to gunfire 

Characteristics of systems considered while performing mission: 

Effect on operation 

Vulnerability 

Desirability of system as a target 

Weighting Values 

A numerical value is assigned to a system characteristic which is 
representative of the relative capability of the system to perform 

that specific function. If a system does not possess the required 

qualifications and/or capabilities for a mission, it is not considered 

for that mission. Table B-l, B-3, and B-5 indicate the relative weight¬ 

ing of the candidate systems for each characteristic for each mission. 

The importance of the mission effectiveness parameters relative to the 

existing sea state is assumed to vary and, therefore, an Environment 
Weight Value was assigned to each sea state in Table B-7. 

Ihe relative sensitivity of a system's effectiveness to its charac¬ 

teristics also was investigated, Table B-14. Sensitivity is a measure 

of the amount of improvement in a system's effectiveness which could be 

realized by either improving a particular characteristic or by develop¬ 
ing a capability which the system presently lacks. 

The larger numerical value represents the better system or capability. 

Total Effectiveness 

fable B-l3 summarizes the estimated costs, risks, and system effect¬ 
iveness and presents a total comparitive ranking of the systems.. The 

development costs are based on the effort necessary to develop the 

system components to meet the mission requirements and do not include 

the costs necessary to buy and test a complete system. The initial 

costs are for the system components required to meet the ELF requirements. 

Life cycle costs were estimated using a baseline life of 10 years with 
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two operations during this period. The conventional mooring components 

were assumed to have an overhaul cycle of 3 years. Other components 

such as winches, special buoys, and special mooring wire ropes were 
overhauled on a 2-year basis. 

The costs and risks were evaluated on a scale of 0 to 10 with the 

larger number representing the lesser cost/risk and weighting values 

from 0 to 1 were assigned to the cost/risk factors. (Table B-13) The 

degree of risk associated with each system includes the technical 

problems which must be overcome to develop the system and the accept¬ 

ability of the system and its costs by the operating forces. 

The total effectiveness ranking represents all system effectiveness 

parameters and the selected cost factors on a comparitive numberical 

basis. Again the larger numerical value represent the better system or 
lower cost/risk. 

Mooring System Evaluation 

The information presented in Tables B-l through B-14 of this section 
is limited to a comparison of the mooring systems relative to the 

adapter ship - single hull-type unloading platforms, and does not in¬ 

clude catamarans, semi-submersibles, causeways, or elevated piers, for 
which the data is lacking. 

SteP 1 - Using definitions established for the system parameters and 
characteristics, a numerical value, 1—10, is assigned to each mooring 

system characteristic. This value is entered in Table B-l, "Operational 

Readiness Factors,” in the upper left hand corner of each mooring system/ 
characteristic coordinate. 

^feP 2 - Multiply these assigned values by their characteristic, 

parametric weight, and place the result in the lower right hand corner 
of the mooring system/characteristic coordinate. 

Sjte£_3 - Add the weighted values across for each system and enter 

in Table B-2, "Operational Readiness Values," placing the sum in the 
appropriate mooring system/mission coordinate. 

SteP 4 ~ Table B-3, "Performance Factors" and Table B-5 "Survivabil¬ 
ity Factors are calculated, using Steps 1, 2, and 3 with the sums of 

the weighted values being entered in their respective values tables 
B-4 and B-6. 

it Step 5 - Multiply "Operational Readiness," "Performance," and 

Survivability values from lables B-2, B—4, and B-6 by the "Operation 

Effectiveness Weights," Table B-7, for each sea state. The resultant 
values should then be placed in the "Effectiveness" Tables B-8 - B-ll. 

Sea state 1 data is entered in Table B-8, sea state 3 data in B-9, 
sea state 5 data in B-10, and sea state 6 data in B-ll. 
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Step 6 - The data is transferred from "Bf fectiwness'„tables 8 - 

B-ll to Table B-12 "Mooring System Effectiveness/Ranking. The values 

are entered in the appropriate Mooring System/Sea_State coordinate, 

and the values for each system are combined additively. The system 
the highest numerical rating is the system with the highest effectiveness, 

and is considered to be superior to the alternate systems. ± 
Table B-13 "Total Effectiveness is a compilation of Cost Effective 

ness, Risk and Ranking Data which shows each system's reiative merits. 

The Cost data (Development, Initial and 10 year) is calculated i 
same manner as Tables B-l, B-3, and B-5; a relative cost value is entered 

in the upper left hand corner of each System/Cost coordinate. These 
values range from 0-10 with the less expensive having a higher relativ 

value. These values are multiplied by the cost parametenc weights and 
the resultant weighted values are placed in the lower right hand corner. 

"System Effectiveness" column is taken directly from Table B 1 . 

"Technical Risk" is determined as the preceding cost figures, a 

relative value (0-10) is assigned to each system, multiplied by the 

"Risk" parametric weight, and the weighted value recorded adjacent to 

the relative value. . ,, 
The "Total Effectiveness" column is the summation of the weighte 

values for each system. These sums are then compared and the system 

with the higher numerical figure is considered superior to the alternative 

systems . 
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Table B-2. Operational Readiness Values 

System 

Mission A B 

C-Pile 

Beam 

Swing 

Moor 

Dynamic 

Positioning 

Cargo Ship 

Adapter Ship 

Singel Hull 

Catamaran 

Ship Hull 

Catamaran 

Open Truss 

Elevating Barge 

Floating Barge 

Causeway 

4.24 449 3.08 5.14 9.28 
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Table B-4. Performance Values 

System 

Mission A B 
C-Pile 

Beam 
Swing 

Moor 
Dynamic 

Positioning 

Cargo Ship 

Adapter Ship 

Single Hull 

f ?tamaran 

’hip Hull 

Catamaran 

Open Truss 

Elevating Barge 

Floating Barge 

Causeway 

4.50 4.45 

1 

3.05 

m
 

oo 3.75 
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Table B-6. Survivability Values 
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Table B-7. Operation Effectiveness Weights 

Environment 
Weight Sea State 

1 
Sea State 

3 
Sea State 

5 
Sea State 

6 
Operational 

Capability 

Operational Readiness 

Performance 

Survivability 

.05 

. 33 

. 34 

.33 

.55 

.30 

.40 

. 30 

.25 

.25 

. 30 

.45 

.15 

.20 

.30 

.50 
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Table B-8. Effectiveness Sea State 1 

System 

Mission A B 

C-Pile 

Beam 

Swing 

Moor 

Dynamic 

Positioning 

Cargo Ship 

Adapter Ship 

Single Hull 

Catamaran 

Ship Hull 

Catamaran 

Open Truss 

Elevating Barge 

Floating Barge 

Causeway 

0.20 0.21 0.16 0.25 0.25 

92 



WW—* ... 

■¡wswwwmwiNwn 

Table B-9. Effectiveness Sea State 3 
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Table B-10. Effectiveness Sea State 5 
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Table B-ll. Effectiveness Sea State 6 
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Table B-12. Mooring System Effectiveness/Ranking 

System 

Sea State A B 
C-Pile 

Beam 
Swing 

Moor 
Dynamic 

Positioning 

1 

3 

5 

6 

0.20 

2.23 

0.97 

0.45 

0.21 

2.35 

1.04 

0.62 

0.16 

1.74 

0.80 

0.25 

0.25 

2.72 

1.24 

0.74 

0.25 

2.74 

1.12 

0.62 

Summation 

s' Ranking 3.85 /- 

^4 

4.22 / 

3 

2.95/- 

5 

4.95 / 

1 

4.73 

2 

3 + 6 2.68 2.97 1.99 3.46 3.36 
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