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CONVERSION OF UNITS

1 foot ( f t )  = 0.3048 meter (m)

1 inch ( in . )  0 .0254 meter (m)

1 knot (kt)  = 0.515 meter/second (mi s)

1 pound (ib) = 4 .448 Newtons (N)

1 ton (1) = 0.9072 tonnes ( t )

1 long ton (LT ) = 1.016 tonnes ( t )

1 horsepower (hp) = 0.7457 kilowatts  (kW)
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- 7-second peak period. Specific designs with this capability were then examined to assess
requirements for overseas transportation , insta llation, and cost. The stated performance
requirement was drawn from an analysis of the Container Off-J.oading and Transfer System
(COTS). This analysis concluded that wave-induced motions of moored lighters , barges , and
floating platforms (with natural periods between 2 and 7 seconds) could adversel y affect
cargo flow rates, Thus, a breakwater effective for 7-second waves could decrease the fre-
iucncy and duration of occasions when the system is degraded by wave action. Bargeships ,

ships with well decks , or large ocean-going barges would be required to transport the modules
I)) t he various designs for a 7-second breakwater, A LASH bargeshi p is the most likely car~ier
for COTS breakwaters. LASH capacity varies from 750 to 3,600 lineal feet of breakwater ,
depending upon the particular vessel and the breakwater design. For the various points in the

~01S w here a breakwater would be beneficial , the length of breakwater required varies from
6 50 to 4 ,000 feet.
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legged ve rsIci l ls of the slop ing float breakwater has resulted in improved defiiiition of the logistic
burden of t rans portable breakwaters in military operations , Performance data reported for the
two types were anal yzed in order to dctermine the transverse cross-section dimensions required

I for 50% relluct ion of the significant wave height associated with the Picrson-Moskowitz wave
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Iii asst-ss requ irements for overseas transportation , installation, and cost. The stated performance
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( ( 11. 0 ~ ih is  anal ysis concluded that wave-induced motions of moored lighters , barges , and
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duration of occasions when the system is degraded by wave action. Bargeshi ps , ships with well
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SYNOPSIS

Wa ve At te n ua t io n Needs in COTS Operations

Most of the schemes fo r  t r a n s f er r in g con t a ine r s  a n d ot her car go
from containerships , bargeships , and Roll-On/Roll-Off (RO/RO) ships
anchored offshore to points on an adjacent beach involve small , moored
platforms or vessels. Most of these small floating st ruc tures  are
pivotal points in the cargo flow process ; slowdown or interruption of
operations at these points would lower the daily throughput . Operations
at these points are particularl y vulnerable because of the responsiveness
of small floating s t ruc tures  to ocean waves . Therefore , it is reasonable
to expect that wave protection for these structures would decrease the
frequency and duration of periods when cargo flow is slowed or even
halted because of excessive motion of the structure .

The following specific cargo transfer operations have been under
consideration :

• Transfer of containers from a moored containership or
bargeship to lighters* by a crane on the deck of the ship
or on the deck of an adjacent ship, referred to as a
large TCDF (Temporary Container Discharge Facility).

• Transfer of containers from a moored containership or
bargeship to lighters by a crane on a barge such as the
DeLong “B” barge , referred to as a small TCDF.

• Transfer of containers on vehicles from a moored RO/RO
ship to a causeway ferry via an interface platform.

• Unstuffing of barges and transfer of cargo to lighters by
a crane mounted on a floating platform , referred to as a
cargo discharge facility .

• Transfer of cargo from LCU ’s and other lighters to trucks
on the elevated causeway by a crane on the causeway.

The cargo transfer system is to function at full capacity when sea
states are 3 or less , that is , when the significant height of the incident
waves varies up to 5 or 6 feet (maximum wave heights up to 10 or 12 feet)
and the dominant wave period varies up to 6 or 7 seconds. For excitation
periods less than 6 or 7 seconds , response amplitude operators for the
small floating components of the COTS reach peak values , but the motions

~LCU, LCM-8, LARC-60, LACV-30, causeway ferry .
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of the cargo ships are still quite small. A breakwater which is effective
for wave periods only up to about 7 seconds would nevertheless result in
reduced motion of the small hulls; therefore , it would enhance operations
wheneve r wave heights are great enough to be troublesome and , simultane-
ously, the dominant wave period is less than about 7 seconds.

A somewhat different app lication is that of wave protection for
cargo barges , e.g., LASH barges stored (moored) in a barge marshalling
area . The perceived need is to safeguard moored barges against damage
or loss and to maintain safety and efficiency during the maneuvering and
mooring of barges . The breakwater performance requirement in this
app lication , in terms ~~ the wave period for which significant effective-
ness is mandatory , is not defined. However , effectiveness for wave
periods up to 7 seconds is expected to be beneficial in view of the size
of these barges.

A breakwater for such applications as these must be transportable.
For contingency operations , it should be ship-transportable and readily
installable without use of resources that might be available on the land
adjacent. The axial length of the breakwater and the depth of water for
which it. is designed depend upon the particular app lication .

Seven-Second Breakwaters

By definition adopted for this study , a “7-second breakwater ” is
one which produces 50% reduction of the significant wave height in a
storm sea represented by the Pierson-Noskowitz wave spectrum with 7-second
peak period. Since the significant wave height for this spectrum is
6.4 feet , the significant wave height in the lee of the breakwater would
be 3.2 feet (within the sea state 3 range). It is characteristic of
partial wave barriers that the reduction of wave height is somewhat less
than 50% if the incident wave spectrum is more sharply peaked than the
Pierson-Moskowitz spectrum (as, for examp le , in fetch-limited cases
represented by a JONSWAP spectrum) and more than 50% when significant
energy exists over a broader range of wave frequencies than that covered
by a Pierson-Noskowitz spectrum (as when another wave system with l ower ,
longer waves is superimposed on the storm waves). It is also character-
istic that the degree of wave height reduction decreases as the dominant
period of the incident waves increases , and conversely. Evidence of
this property can be seen in Table I , which summarizes performance for
the 7-second breakwaters examined in this study.

Performance and logistic analyses were made for six designs for a
7-second breakwater , covering both deep and shallow water , which are
particular realizations of two breakwater concepts under investiga tion —
the tethered float and the sloping float. The six designs are as follows
(see Figure 1):

• Design Tl: A floating tethered float breakwater with 65-cu ft
spher~ca1 floats of rigid plastic and a concrete-box ballast.

• Desi gn T2: A floating tethered float breakwater with 65—cu ft
spherical floats of rigid plastic and an articulated—frame
ballast of concrete.

xii



• Design T3: A bottom-resting tethered float breakwater with
13-cu ft cylindrical floats , constructed from tire casings , and
a steel-frame ballast.

• Design Sl: A sloping float breakwater adapted from 3xl5 (21 by
90-foot) Navy Lightered (NL) P-series pontoon barges or causeway
sections. -

• Design S2: A sloping float breakwater composed of 28 by 90-foot
floats (P-series pontoons or other construction) with 30-foot
legs .

• Design S3: A sloping float breakwater composed of 28 by 120-
foot floats (P-series pontoons or other construction) with
40-foot legs .

Tatle I. Effect of a 7-Second Breakwater

Incident Wavesa Transmitted ~aves
b

Dominant
Wave Sea Significant Maximum Significant MaximumPeriod State c - - -

( ) Height Height Height Heightsec 
(ft) (ft) (ft.) (ft)

8 5- 8.3 16 5.3 10

7 4 6.4 12 3.2 6

6 3 4 .7  9 1.5 3

5 3- 3.3 6 0.6 1

aPierson_Noskowitz spectrum for fully developed sea .
bApproximation for legless sloping float breakwaters in shallow
water (design Sl) and for deep-water tethered float breakwaters
(designs Tl and T2).

cExceeded by 13% of the waves.
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II II II Ti (T2 similar): Floating tethered float breakwater in

II f~ 
60-ft depth (minimum about 40 ft

_______________________ 

II for 7-sec)

L~ II i~ J~ J Plan

— -
~~~~~~~~~

Waves — — — • ,, ,,,,,,, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,

I,

— — Elevation
Plan — —  —

T3: Bottom-resting tethered float breakwater
— — in 30-ft depth (range unspecified )

I I S2 Si
S2 

_ _ _  Si 1
- I Elevation
F 1 —1 S2: Sloping float breakwater in 40-ft depth

I I I (maximum depth) (S3 similar; maximum

I I I I depth 6O ft )

I I Si: Sloping float break water in 30-ft
Plan depth (ma ximum depth )

Figure I. Configurations of breakwaters under study .
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Findings

Properties of 7-Second Breakwaters for Various COTS Applications.
The analyses showed that no one breakwater design among those considered
can satisfy all the needs in COTS for a 7-second breakwater because of
limits on the depth of water in which the various breakwaters can be
installed together with restrictions on the location of some of the COTS
components. Table 11 shows which designs are applicable in various
circumstances and summarizes properties of the various installations . A
breakwater for a barge marshalling area is included as a footnote to the
table; at this time the required length is not well-defined.

Transportability of 7-Second Breakwaters. Bargeships , ships with
well decks , or large ocean-going barges are required to carry the various
breakwater modules. Consideration of the probable availability of
various ships and of desirable transport speeds indicates that only the
LASH is feasible for overseas transport of the breakwater modules.
Table 111 1 shows the estimated space available on a LASH, expressed as
the total axial length of a ribbon-type breakwater. Design T2 is omitted
because components can be carried on a LASH only in the unassembled
condition and assembly time at the destination is considered excessive .
Design T3 is omitted from Table III because performance data which form
part of the basis for the figures in Column 2 have not been reported.

Summarizing Discussion

For the ship unloading area , the floating tethered float breakwater
appears to be the mos~ suitable design among those considered , and only
this design is included in Section 1 of Table II. None of the sloping
float designs can be used in depths greater than 60 fre t , yet the depth
at the breakwater would be at least 50 feet and could easily exceed
60 feet. A bottom—resting tethered float breakwater se~’is less suitable
here than a floating version because of greater mass and greater sensi-
tivity to depth , hence greater need for advance information on the site .
(Excessive depth of water associated with unanticipated variations in

• seabed topography or with high tidal elevation can compromise the per-
formance of a bottom-resting system through excessive submergence of the
floats.) The minimum length of the breakwater (of design Ti) in this
application is 1,800 feet. This length pertains to a fixed-heading
mooring . It would pertain also to a swing mooring in which the swinging
is restricted to a 180-degree arc . In this case , operations on one side
of the ship (for example , the side of a RO/RO ship on which the only
ports are located) would be sheltered at all times , either by the break-
water or by the ship itself. Complete protection for a 180-degree swing
mooring requires 3,000 feet of breakwater. For either complete sheltering
or partial sheltering, an additiona l 1,000 feet of breakwater is required
if the ship swings over a 360-degree arc . Table III shows that one
large LASH (C9) is required to carry 1 ,800 feet of breakwater of design TI;
these modules are designed for stowage in the hold in the spaces normally
occupied by the ship ’s lighters .
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Table III. LASH Transport of 7-Second Breakwaters

Number of Feet
Design of Breakwater Convnents

Per Ship

Ti 1 ,200 to 1 ,900
a Modules are carried on the hatch covers and

below deck.

Sl 750 Modules are carried on the hatch covers .

S2a 1 ,000 Modules (floats) have retractable legs and
are carried on the hatch covers .

S2 b 2 ,300 to 3,600
a Modules (floats) have fixed legs and are

carried on the hatch covers and below deck.

S3 2,300 to 3 600a The floats have retractable legs . Modules
(floats) are carried on the hatch covers
and below deck.

aihe range of values corresponds to the range of capacities of LASH
ships . -

Wave protection for barge unstuffing operations at a cargo discharge
facility can be obtained with any of the five breakwater designs listed
in Section 2 of Table II. Certain limitations on the depth of water
have been estimated for some of the designs , as noted in Table II , which
also shows the length of breakwater required at this facility. Table III
shows that transporting these lengths on a LASH requires :

• For desi gn Ti , one ship, with modules stowed in the hold.
• For designs S3 and S2b, all of the deck space or one-fourth

to one-half of the space in the hold of one ship.

• For desi gn S2a , all of the deck space of one ship.

• For design 51 , all of the deck space of one ship .

Designs S2b and S3 are to be designed for stowage in the hold in the
spaces normally occupied by the ship ’s lighters .

A breakwater for a barge marshalling area could utilize any of the
five designs just noted . The data in Section 2 of Table II apply,
except that the length of breakwater would be greater than the value
shown , apparently by a factor of about 3 for design Ti and about 5 for
designs Si , S2 , and S3. The costs and installation times would be
correspondingly increased .

xviii
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Wave protection fo r the elevated causeway could be prov ided by any
of the sloping float breakwater designs or by a bottom-resting tethered
float breakwater. The performance data needed to evaluate the latter in
this application , where the var iation of depth can be signif icant, have
not been reported . A breakwater of one of the sloping float designs
would be about 700 feet long. Therefore , the space on a LASH required
for transporting this breakwater is essentially the same as for a break-
water for a cargo discharge facility; applicable designs are S1, S2a ,
and S2b .

xix
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INTRODUCTION

Operational Reguirements~

Logistic support  for  su s t a ined  cont ingency  operations requires , in
the absence of developed port facilities , the lightering of containerized
cargo from commercial ships anchored offshore to points on an adjacent
beach. The area of operations is not necessarily one that is naturally
sheltered from high waves , and wave-induced motions of ships and li ghters
could impede , endange r , and even suspend cargo transfe r operations .
Thus , the program plan (Ref. 1) for developing a Container Offloading
and Transfer System (COTS) includes as an objective the development of
wave attenuation equipment. Deployable breakwaters potentially can
reduce the motions of moored lighters , barges , and floating platforms ,
which are responsive to short waves as well as long , and thus can comp lc-
ment motion compensation devices for cranes .

A COTS program requirement is the transport of all elements of the
system without placing additional demands on existing Navy amphibious
ships and without relying on any one type of shipping (Ref. 1). Thus ,
adaptability of the wave attenuation system to various modes of transpor-
tation is an implied desi gn objective .

• Certain other design goals (system properties) are implicit in the
- • nature of the mission. Negligible maintenance during the first yea r

after installation is highly desirable. However , a service life of much
more than 1 year is not likely to be required . Fairly rap id installation
is implied for any contingency operation ; thus , completion of the instal-
lation between D+5 and D+20 has been a requirement (Ref. 2).~~ In a
contingency, construction resources will not be available on the land
adjacent. Removal of the breakwater from a foreign shoi-e is potentially
required and should be considered , although this item may not be of the
highest priority . Expeditious retrieval is a potential requirement if ,
with little advance notice , a breakwater already in use in industry must
be commandeered by the military or if the site of a military operation
must be moved . Upon retrieval , minima l need for renovation is desirable.

*See Appendix A for background details.

.~*The precedent set at Normandy in 1944 is noteworthy . The Phoenix
caisson breakwater was installed in depths up to 40 to 60 feet at
extreme high tide at an average rate of about 500 ft/day and maximum
short-term rates of 1,000 to 1 ,200 ft/day . The Bombardon floating
breakwater was installed at an average rate of 1 ,000 to 1 ,200 ft/day
in water about 100 feet deep at high tide .

• - - _ _ _ _ _ _ _  ____  • ____



BackUound For The Analy~sis

Sampje QuC stions and Answers. Th i s  s t u d y was unde r ta ken to answer
quest ions •Il). Iit the log istics of a transportable wave attenuation system
such as the following: What kinds of shi ps could carry the wave attenua-
tion system (transportable breakwater)? How many ships would be required?
What other princi pal items of equi pment and how much time would be
re.~ii i red tor inst all atio n? What is the cost? Answers to such questions
must he qu a l i f i i d  if they are to be precise. For example , in answe r to
the first question , the kind of ship required to carry a breakwater
var ies with the size and form of the largest breakwater component or
module. Thus , an irsswer depends upon the kind of breakwater (structural
f rm) and for each kind upon certain desi gn features.

The number of ships depends upon (1) the axial length of the break-
water and (2) the wei ght and cube of breakwater material per increment
of axial length. The required axial length depends upon the expanse of
the area to he sheltered , which in turn depends upon such things as the
type of breakwater used and its proximity to the area to be protected.
Althoug h breakwater logistic data can be stated in terms of quantities
per unit incremental length of breakwater (e.g., number of shi ps of
Type X per 1 ,000 feet of breakwater of Design Y), the question of the
number of increments remains. Jn COTS operations , there are several
separate areas of operation where breakwater protection may be advisable.
The length of breakwater required at each area is easier to estimate
than total length and is probabl y the more useful information . The
required axial length is dependent upon the type of breakwater and the
layout for the particular operating area and could range from 100 to
4,000 feet. The most practical solutions would appear to be in the
range from 600 to 1 ,800 feet. Breakwater requirements at the various
areas are considered in fuller detail in the following section.

The weig ht and volume of a bre~ kwater per increment of axial length
depend not onl y upon the type of reakwater but also upon the required
duty of the breakwater. For example , a breakwater that reduces wave
height 50% in a sea where the dominant wave period is 7 seconds requires
much less m a t e r i a l  than  a b reakwater  of the same kind which reduces
predo m i n a n t l y  7-second waves 90% or one which  reduces p r e d o m i n a n t l y
10-second waves 50%. In summary , log istic numbers can be generated once
t he  p e r f o r m a nce r e q u i r e m e n t  and the pe r fo rmance  c h a r a c t e r i s t i c s  are
stated .

Derivation oL Answers. Answers to the q u e s t i o n s  posed were r eached
in the following manner:

1. The required duty of the breakwaters was assumed to be to
reduce the si gnificant wave height 50% for a Pierson-Moskowitz spectrum
with peak at 7 seconds.~ The rationale for choosing this level of
breakwater effectiveness is presented in the following section.

~The sea condition is a fully developed sea , as represented by this spec-
trum , in which spectral components around 7 seconds contain the most
energy . For the 7-second spectrum , the significant wave height is 6.4
feet and the maximum wave height expected over many hours is about
12 feet.

2 

-~~~~~~~~~ - --~~ - - . • .  ~~~~~ -~~~ -~~~~~-~~~~~~~~~~~ -- - - -~~~~~~ -



2. Two breakwater concepts — the sloping float (Ref. 3) and the
tethered float (Ref. 4-6) — were chosen for study on the basis that
their wave attenuation properties are well enough known and good enough
to merit closer scrutiny . From these concepts , it seemed , specific
designs could be developed with the desired durability and with a high
potential for rap id overseas transportation and deployment . Few concepts
appear to be acceptable on all these counts.

3. The wave attenuation properties were analyzed , and the transverse
cross-section dimensions needed to yield the required performance were
determined .

4. Three specific conceptual designs for a tethered float breakwater
for both deep and shallow water and three designs for a sloping float
breakwater for generall y shallow water were considered. Estimates were
made of various properties of logistic significance , such as cost ,
transportability , and installation requirements.

Status of Transportable Breakwater Development

More than 100 co n cepts fo r  transportable breakwaters existing in
1970 were reviewed to identify those that would be most s u i t a b l e fo r
m i l i t a r y  use ( R e f .  7). That study suggested classification according to
s t r u c t u r a l  type or form ~ (see Table 1 for a revised version of the classi-
fication). From the study , it was concluded that the most likely choices
of transportable breakwaters that are broadly effective~~ and , therefore ,
most likely to meet unknown operationa l requirements were the two classes
of full—depth barriers : (1) fixed (bottom- resting) structures and
( 2) s e mi f l o a t i n g  (bot tom-touching)  b a r r i e r s .  The Phoenix concrete
caisson is typical of the forme r , and the Patrick sloping float of the
latter. Because bottom-resting total barriers tend to be either unstable
in extreme wave conditions or else not very mobile (mobility and stability
tend to be conflicting goals), it was concluded that semifloating barriers
constitute the most promising class of transportable breakwater for
exposed ocean locations. Only two such concepts were uncovered in the
survey : the sloping float (Ref. 3) and artificial beaches (Ref. 13 ,
14). The sloping float breakwater (also termed inclined pontoon break-
water) was found to be the more effective of the two , and it appeared to
be r e a d i l y deplo yab le .  Moreover , it appears possible to develop a
design which is shi p-transportable and which can utilize existing amp hib-
ious equipment — a f e a t u re inhe rent in the original concept. Of course ,
the various total-barrier concepts are limited in application to shallow
water.

-~Other classifications have been made (e.g. , according to hydrodynamic
princi p le or mechanism) ; however , classification by structural form
has proved to be useful in judging operationa l feasibility.

~~Defined as capable of a significant degree of wave hei ght reduction
over a reasonabl y large part of the range of wave periods to be
expected at an exposed seacoast.

3
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The sloping float concept ori ginated with LT D. A. Patrick , CEC ,
IJSN , who tested the theory in a wave-tank at the University of California
in 1951 (Ref. 3).~ This exploratory research , motivated by a recognition
of need for breakwaters in amp hibious operations , dealt primarily with
concepts suitable for shallow water , particularl y those utilizing Navy
Lightered (NL) pontoon structures with lengths up to 175 feet , the
longest standard pontoon string . The structures tested were not truly
models of existing equipment , and the effects on performance of various
properties of the breakwater were not full y investi gated; therefore , the
data on performance were and are regarded as preliminary . However , the
results were sufficientl y encouraging for Patrick to recommend conf rma-
tory, full-scale operational tests and three-dimensional model tests.
After the 1971 survey (Ref. 7) revealed advantageous performance charac-
teristics of the slop ing iloat relative to other existing concepts , the
initial steps were taken towa rd developing a genera l performance predic-
tion techni que. After a hiatus this effort was renewed in 1977.

The tethered float concept~~ was proposed by Professor John D.
lsaacs of the Scripps Institution of Oceanography, San Diego , California ,
in 1970 (Ref. 15) .  A resea r ch p ro jec t  sp on so red by the California
Department of Navigation and Ocean Development and the California Sea
Grant College Program of the National Oceanic and Atmospheric Administra-
tion Sea Grant Program began in 1972. Preliminary performance data were
pub lisf~ed in 1974 (Ref. 4). Engineering development was undertaken in a
joint project of the state of California and the Nava l Facilities Engi-
ileering Command and continued under the aegis of a consortium of federa l
and state government agencies , including the Army Corps of Eng ineers and
the Maritime Administration (Ref. 15). In addition , a private contractor
performed a market survey for the Maritime Administration to assess the
potential for commercial use of this system (Ref. 16). Additional
wave-tank testing and tests of a floating “marina-scale ” system (12-inch
spherical floats) in San Diego Bay were used to deve l op a prediction
techni que for wave attenuation by floating systems . A report containing
a genera l performance prediction technique for deep-water systems — floating
systems wi th  low-dens i ty , sphe r ica l  f l o a t s  — has been issued (Ref. 6).
Installation of a s m a l l  ocean-sca le  system (256 floats displacing 900
pounds each) was accomp lished in 1978. This system is a bottom-resting
system for shallow water , employ ing cylindrical floats constructed from
automobile tire casings. A report containing a general performance
pr ed i c t i on techni que for shallow-water systems — cylindrical floats with
various densities and tether lengths — has not been issued .

*Task supported by the Office of Naval Research and the Bureau of
Ships.

~
‘.
~ Dissipation of wave energy through forced (wave-induced) oscillations
of floats attached to vertical tethers
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WAVE A t T E N U A T I ON NEEDS I N  COTS OPER AT I ONS

Carg o  n o w

Ways and  mea sis  proposed ~or moving c a r g o  I ro iri s h i p to shore  a re
su m m a r i z e d  s h e i n a t i c a l l y i n  V i g u r e  I .  T h i s  d i a g r a m  shows t h e  v a r i o u s
lypes  of m e r c h a n t  vessel  on w h i c h  ca rgo w o u l d  a r r i v e , t he  s p e c i a l  f a c i l i -
t i e s  proposed f o r  t r a u s f e r r i r i g  t h e  ca rgo  to  l i gh t e r s , and t h e  v a r i o u s
kinds of l i g h t e r  and t h e  i r d i  scis a r g ( -  ~~0 j i l t s  a t  t h e  sho re  - Tile componen t s
of the ca rgo  movet isen t sys 1. ens shown in boxes are  sma 11 , iiioo red p 1 a t  fo russ
or  vesse l s , located as shown in Fi gure 2. Most of these small floating
coillponent. s a re p ivotal po i l i t  S i l l  t h e  ca  rgo f l o w  p rocess ;  s lowd own or
i n t e r r u p t i o n  of  o p e rat i on s  at  t he se  p o i n t s  w o u l d  l ower t h e  d a i l y  t h r o u g h pu t  -

M o r e o v e r , o p e r a t i o n s  a t  t h e s e  p o i n t s  a re  p a r t  i c u l a r l y v u l n e r a b l e  because
of t he  r e s p o n s i v e n e s s  of s m a l l  f l o a t i n g  s t r u c t u r e s  to ocean  w a v e s .  Wave
p r o t e c t i o n  a t  these p o i n t s  w o u l d  be expec t ed  t o  increase operational
s a f e t y  as w e l l  as dec rease t lie f r e q u en cy and  du ra  t i oil of per  i oti s when
c a r g o  f l o w  i s  s l o w e d  or  even h a l t e d  b ecause  of e x c e s s i v e  m o t i o n  of  t h e
sina I 1 f l o a t  i n g  s t r u c t u r e s .  The f o l l o w i n g  s e c t i o n  of t he  documen t  d e s c r i h c  s
s p e c i f i c  a reas  w h e r e  c a r g o  t r a n s  fe r op e r a t i o n s  won I d be a d v e r s e l y a f t  ec te( i
b y waves a u th could b e n e f i t  f ron i i r i s  t a l l  a t  ion of  a I) r eakwa te  r .

Sp~~~i fic Brs’akwater Needs

S h i p O f f  [oa Uj~g . C o n t a i n e r s  w o u l d  be I r a n s  f e r r e d  b y c ranes  l o c a t e d
ci  t i s er  on t h e  deck of  t h e  con t a  i n e r s h  i p or  on a p l a  I f o r m  a l o n g s  ide  t h e
c o n t a  i i i er s h  i p ,  r e F e r r e d  to  as a T e m p o r a r y  Coni ta  i ncr  D i s c h a r g e  F a c i l i t y
( T CD F )  . As shown i n  F i g u r e  2 , t h e  TCLJ F may be a n o t h e r  s h i p or a s m a l l
f l o a t  i f i g  p l a t f o r m  such  as t h e  De L on g  ‘B ”  ba rge . W i t h  t h e  c r a n e  mo un ted
on the deck of t h e  c a r g o  vesse l  or ci i  a l a r g e  TCDF (sh i i p)  , c o n t a i r
t r a n s f e r  i s  i n h i b i t e d  by w a v e — i n d u c e d  r e l a t i v e  m o t i o n  be tween the  c r a n e
ar id  t h e  l i g h t e r  because  of the  m i s m a t c h  of h u l l  sizes. I n  t h i s  case ,
l a r g e  r e l a t i v e  r i s o t io n  f o r  wave p e r i o d s  less  t h a n  a b o u t  7 seconds is due
prim arily to motion of the smaller hull. With the crane mounted on a
small TCDF , the absolute motion of the crane base itself is troublesome .
Thus , wills either crane location , oper at io ns wo u ld  be improved by sl abi-
l izi rig the suotion of the small f l o a t i r g  component. A breakwater whose
effect iveness extends only up to about 7 seconds would suffice .

RO/HO shi ps may he un l o a d e d  by (I) l owe ring vehicles over the side
with a crane on deck , (2) driving or li f t  ing vehicles onto an adjacent
shi p (basicall y a TCI)F) and thence onto a li ghter by ramp or crane , or
(3) driving the lade n vehicles down a ramp dire ctl y on to the causeway
ferry (the most efficient lig hter for this service). Problems associated
wi th case 1 are essentially those d - s rihed for ontainershi p offl oading.
Problems assoc i_ -I ted w i  th case 2 are esserit ia II y I tic I uded in  cases 1 and
3. fri case 3 (roll—off discharge), an intermediate transfer p latf orm
may i t t -  nt - i -tie d between the ramp and the I i ghter. The platform must he

6
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f ree to move relative to the shi p (Ret. 17). Therefore , wave—induced
rela tive m o t i o n  between the shi p anti t h e  p l a t f o r m  w i l l  e x i s t .  T h e
s h i p ’ s hull cars provide wave p r o t e c t i o n  for som e orie n tations of the
ship, hut riot a l l .  For i l l u s t r a t i o n  of s t e r n — g a t e  o f f l o a d i n g ,  F i g u r e  2
shows a compact arrangement of p latform and causeway ferry that utilizes
t he  s h i p ’ s h u l l  f o r  p a r t i a l  s h e l l e r  and thus minimizes the expanse  of
breakwater needed. Side—port offloading, not shown i n s  F i g u r e  2 , i s  even
b e t t e r — s u i t e d  than s t - r u i — g a t e  o f f l o a d i n g  f o r  use of  t he  s h i p ’ s wave
shadow , in  o t h e r  t e c h n i ques u n d e r  c o n s i d e r a t i o n , an i n t e r f a c e  p l a t f o r m
is not used . I n  a n y  case , when t h e  s h i p s w i n g s  a r o u n d  and  exposes  the
ramp , i n t e r f a c e  p latform i f  a n y ,  and  l i gh t e r  to waves , a means  f o r
r e d u c i n g  m o t i o n  i s  p r o b a b l y r e q u i r e d  even f o r  q u i t e  low sea s t a t e s .

D i s c h a r g i n g  a b a r g e sh i p ’ s l i gh t e r s  can t ak e  p l a c e  i n  m o d e r a t e
waves; howeve r , l o s t  t i m e  ar id  e x t r a  h a z a r d s  a r e  a s s o c i a t e d  w i t h  t u g s
m a n e u v e r i n g  b a rges  away  f r o m  the  sh i p ’s gantry crane . Backloading
barges  may be more d i f f i c u l t  than offloading barges , especiall y i f
winches are riot used . Apparently, prote ction even with rather sh ort
waves w o u l d  be b e n e f i c i a l .

S e v e r a l  p l a n s  f o r  wave p r o t e c t i o n s  i n  the  a r ea  of  t h e  s h i p ’ s a n c h o r a g e
a r e  a v a i l a b l e  f o r  c o n s i d e r a t i o n .  One is a long  b r e a k w a t e r  w h i c h  s h e l t e r s
t h e  e n t i r e  s h i p -omp lex . A s e p a r a t e  s t r u c t u r e  t h a t  ca r s  he l e f t  u n a t t e n d e d
once i t  i s  moored w o u l d  have  some a d v a n t a g e . T h e r e f o r e , t h i s  b r e a k w a t e r
p r o b a b l y s h o u l d  have  i t s  own m o o r i n g  s y s t e m . G r e a t  l e n g t h  of a b r e a k w a t e r
i s  a l og i s t i c  d i s a d v a n t a g e . The l en g t h  a c t u a l l y r e q u i r e d  f o r  t h i s
b r e a k w a t e r  depends  upon the  range  of h e a d i n g s  w h i c h  the  moored s h i p  i s
p e r m i t t e d  to t a k e , as i l l u s t r a t e d  i n  Fi gure  3.

The o t h e r  e x t r e m e  i s  a s h o r t  b r e a k w a t e r  s h el t e r i n g  on l y a s m a l l
a r ea  a r o u n d  t h e  p l a t f o r m  and l i g h t e r s .  The l o g i s t i c  a d v a n t a g e  i n h e r e n t
i n  s h o r t n e s s  can be r e a l i z e d  i f  the b r e a k w a t e r  can  he b r o u g h t  c l o s e  to
the area to be sheltered . For exam p le , a short win g—wall or spur —wall
floated i n t o  a p o s i t i o n  a d j a i - e n t  to  t h e  l a r g e  shi p ’ s h u l l  need he on l y
100 to  150 fee t  l o n g .  A m e a n s  of h o l d i n g  i t  in p o s i t i o n  w o u l d  h a v e  to
be d e v i s e d .  P o s s i b l y ,  f o r  t h e  wave p e r i o d s  of i n t e r e s t , wave l oads
w o u l d  be too grea t  to con tend  w i t h . A si g n i f i c a n t  d i s a d v a n t a g e  is t h a t
the  desi gn m u s t  he a d a p t a b l e  to v a r i o u s  s h i ps and  to v a r i o u s  p o s i t i o n s
a l o n g  the  h u l l , i n c l u d i n g  lhe s t e r n,  For t h I s  o p t i o n s , t i n i e  w o u l d  be
r e q u i r - - d  to p o s i t i o n  and  secure  the  b r e a k w a t e r  each  t ime a s h i p a r r i v e d .
W i t h  a 100— l oot  w i n g — w a l l , the  range  of sh i p h e a d i n g s  f o r  w h i c h  a TCDF
is s h e l t e r e d  w o u l d  p r o b a b l y he no more  t h a n  45 degrees  l a r g e r  t h a n  the
r ange  when on l y the  s h i p ’ s h u l l  is  the  wave b a r r i e r .

A t h i r d  concept , i n t e r m e d i a t e  i n  l e n g t h , i n c o r p o r a t e - s  a b r e a k w a t e r
and  a s i n g l e -p o i n t - m o o r i n g  buoy fo r  t h e  sh i p i n t o  one s t r u c t u r e . S ince
t h e  fo rce  of t he  c u r r e n t  on t he  sh i p ’ s h u l l  may be the  dom i n a n t  force  in
d e t e r m i n i n g  the  s h i p ’ s h e a d i n g  (see A p p e n d i x  B ) ,  t h e  ar e a  s h e l t e r e d  by
the  b r e a k w a t e r  may v a r y  as t h e  c u r  r e n t  v a r i e s  and t h e  l e n g t h  of the wave
h a r r i e r  may be i n s u f f i c i e n t .  M o d u l a r i z a t i o n  of such a b u o y — b r e a k w a t e r
s t r u c t u r e  f o r  t r a n s p o r t  b y s h i p  wou ld  be i m p o r t a n t  i n  a COTS ;p p l i c a t  

i o n . 7
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~~~e Uns tuffi n g a1 a Car~~ Disch Facil i t .  When LASH ha rge
cargo is transferred to li ghters by a crane on a floating p latform (a
causeway string has been used in field tests) wave protection is particu-
larly needed. A small crane p latform responds to quite short waves , and
remova l of t he  ha t ch and the ca rg o is affected by mo tion of the p latform .
Suppression of even short-period waves would increase operational time .
Unlike the barge TCDF at the c o n t a i n e r s h i p comp l e x , t h i s  c r a n e  p l a t f o r m
is never  in  t he  s h el t e r  of a l a r g e  sh i p .  A b r e a k w a t e r  of m i n i m u m  l e n g t h
can he used if the p latfor m is stationary , that is , not swing—moored;
t h e  required effective length would be about 500 feet.

l)ischarge of Cargo at the Elevated Causeway . Contai ners and break-
hulk cargo carried by LCU ’s and o ther l i g h ters wou ld he un l oaded b y a
crane loca ted on the elevated causeway (Ref. 18). The smallest li ghters
are respon sive to wave periods as small as 2 or 3 seconds. Circumstances
for locating a breakwater at the elevated causeway are s i m i l a r  to those
f o r  t h e  ca rgo  d i s c h a r g e  f a c i l i t y  i n  t h a t  b o t h  s t r u c t u r e s  a r e  f i x e d  i n
l ocation ; therefore , a fixed-l ocation breakwater is feasible. A break-
water close to the causeway, however , would interfere with the maneuvering
of lighters . A stand-off distance of at least 280 to 300 h e - e t ~ would be
r e q u i r e d , n e c e s s i t a t i n g  an e f f e c t i v e  l e n g t h  of b r e a k w a t e r  of a b o u t
600 fee t , as shown in  F i g u r e  4.

Ba
~Le~~~~~ h~~~lin . Tempora ry storage o full and empty barges at

moorings in a barge marsha lling area is ve ry likel y required for efficient
use of the hargeshi p and convenience in bring ing barges into , and e x t r a c t -
ing them from , the cargo transfer system . Seaworthiness of some of the
barges  i s a moot question. Adequate wave protection would safeguard
moored barges against damage or loss arid would permit safe and efficient
mane uvering and mooring of barges in the presence of waves. The wave
period for which si gnificant effectiveness of the breakwater is mandatory
has riot been established ; however , considering the size of the harges ,
some benefit seems likel y if the breakwater is designed for the same
wave period as the other breakwaters described (7 seconds). The length
of the breakwater would depend upon the number of barges and the b a r g e
m o o r i n g  a r r a n g e m e n t s .  A p r e l i m i n a r y  e s t i m a t e  of l e n g t h  f o r  80 barges  is
2 , 500 to 3 , 500 f e e t .

Breakwater Selection

It is we il known that the effectiveness of a floatin g breakwater of
a given size falls off rapidly as the wave period increases. Equivalently,
increased size is required to maintain a g ivers leve l of effectiveness
(for examp le , 50% wave hei ght reduction) for increased wave periods.
Seemingl y small increases of the design wave period may result in si gnif-
i cant increases of shi pp ing cube and wei ght. In choosing the size , the
key question is whether or riot the breakwater is large enough to he
beneficial yet small enough to be ship—transportable and otherwise
logistically icceplable .

~Fhii s figure presumes that a li ghter approaches the causeway moving
against the alonig shore current. Use of the causeway ferry around the
elevated auseway is probably prec l uded .

I I
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Evidentl y, a breakwater would he beneficial in several a reas of
COTS i h uu r s tio n s if it is effective for the wave periods to which the
various small , moored platforms and lighters alone are most responsive --

that is , periods from 2 to 7 seconds. Thus , the performance goal for a
breakwater for sheltering these elemen ts of the COTS should be some
specified degree of wave hei ght reduction when the dominant wave period
i s  sh o u t  7 seconds. A specification of 50% reduction of the si gnificant
wave height is convenient for reference and seems adequate for the
following reason: in a fully developed sea where the most energetic
wa ve components have a per iod  of 7 seconds , the significant wave heig ht
is 6.4 feet (Pierson-Moskowitz spectrum); in the lee of the breakwater
the si gnificant wave height would be 3.2 feet , which is a reasonable
goa l for operating COTS at full capacity.

By definition adopted for this stud y, a “7-second breakwater ” is
one that reduces by 50% the significant wave heig ht in a storm-sea
represented by the Pierson-Moskowitz spectrum with a 7-second peak
period . As noted in discussions of particular breakwaters which follow ,
7-second breakwaters tend to produce reductions of more than 50% if the
dominant wave period is less than 7 seconds or if the wave spectrum is
broader than the Pierson-~ioskowitz spectrum . The total amount of time
in a year (or season) during which operations would be upgraded by a
7-second breakwate r  would be the aggregate of times during which the
height of the incident waves is greater than that which is critical for
operations , but not clearly excessive , while simultaneously the dominant
wave period is about 8 seconds or less. Whether or not a breakwater is
actuall y beneficial obviously depensis upon the wave climate .

THE TETHERED FLOAT BREAKWATER

Description -

The tethered float breakwater is an array of floats individuall y
te thered to and held submerged (or nearly submerged) by underwater
ballast units. The ballast units are blocks , beams , frames , or raftlike
structures that serve also to maintain the horizontal spacing of the
floats at about two diameters , center-to—center.

In the floating version (see Figure 5), the ballast units are
joined, together into a large r unit , suspended above the bottom , and held
in position by mooring lines and anchors . The moorings let the floats
remain at the surface during tidal or other fluctuations of the mean
surface elevation . The reserve buoyancy keeping the system afloat may
he distributed uniforml y among all the floats by maintaining a uniform
length of the tethers , or it may be concentrated in a selected fraction
of the floats by providing those floats with longer tethers than the
rest , as in Figure 6.

In the bottom-resting version , excess ballasting mass insures that
the  b a l l a s t  remains on the bottom . At low t ide , the f l o a t s  are he ld
nearly submerged; at high tide , the floats are totall y submerged.

13
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Pr- i f  o rn o s i tc  c C  ha rac t e r i stics

Ih i c number of rows of floats required for a given degree of reduc-
tion iii wave height is a fairl y strong function of the s tir’ of the
tlo.s t s.~ With the size of the floats fixed at some reasonable value
( c h a r a c t e r i s t i c  di mens ion  of the order of the wave hei ght), the system
is most efficient (the fewest number of rows is required) wh en the
length of the tethers is equa l to a cer tain fraction of the dominant
wavelength~* arid when the shape , density, anti positi on of the floats are
also optimized . For deep-water floating systems , the optimum arrangemen t
evidently consists of spherical floats which wei gh as little is possible ,
are positioned with tops submerged one-fourth diameter , and are spaced
h o r i z o n t a l l y  two diameters , and of tethers with lengths about one-tenth

u t  the domi n ant wavelength (Ref. 6). Once the type , volume , and wei ght
o the floats and the length of the tethers are fixed , the number of
rows of floats may be varied to obtai n different degrees c u t wave hei ght
reduction . A practica l increment for the number of rows would be the
sea-to-shore dimension of the ballast module.

Conceivably, i t would be practical on occasion to use tethers that
ar t somewhat, longer than optimum in order t i have a bottom-resting
system instead of a floating system , thus eliminating moorings . Conver-
sion of any existing floating system into a bottom-resting system would
require additional ba l lastin i g mass. The redu t ion of effectiveness due
to t o o — l o n g  te t hers is small if the proportional increase in length is
small , as the data presented in  Figure C-3 in Appendix C show . However ,
with the floats fixed at about the low-tide surface elevation , some
e f f e c t i veness d u r i n ~, h i gh t i d e  is los t  due to excess ive  submergence of
the floats. Data ~ith the generality and scope needed to assess the
tide effect have not beemi reported. In one instance concerning 13-cu-ft
tire-casing floats , the predicted reduc t ion  of the si gnificant wave 

P
h e i g ht  fo r a wave spec t rum w i t h  the peak pe r iod at  7 seco n ds changed
from 80% to 56% when the depth of water changed from 18 to 24 feet
(flef. 19).

~Size selection tends to involve t r a d e - o f f s .  For s given degree of
wave attenuation and for op Limisuti deep-water systems , the beam dimen-
sion of the breakwater and the total number of float-tether assemblies
in the breakwater decrease as the size of the floats is inc reased , but
total volume of floats , handling difficulty, and tether loads increase.

~~The length of the tethers is taken to be the distance f rom the lowe r
terminati o~ to the center of the float. “Dominant wavelen gth” here
equals gT /271 , where T is the wave period corresponding to the peak
of the wage spectrum .
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In shallow water , where use of a bottom-restin g system with tethers
shor ter tha n the deep-water  op t imum may be f o r c e d  b y c i r c u m s t a n c e s , the
reduction of performance associated with the mismatch of the natura l
frequency and the wave frequency comes on rather abruptly (see Figure (‘-3);
but apparentl y, performance may be full y or partly restored by use of
cy lindrical floats , increased density of the floats , and closer spacing
of the floats in s the d irection no rma l to the direction of wave propagation .
Thus , optimization requires cons ideration of additio n al variables.
Performance sensitivity to changes in these var i ab le s  is  no t ye t known ,
but i t appears to he an important plan n ing consideration. For example ,
knowing in advance the effect of changing the length of the tethers by
10 fer t in order to move the breakwater into 25 feet of water from
35 feet , c>r vice versa , would he i m p o r t a n t .

Depth Limits _ for F l o a t i n g  Systems

Estimates for the minimum i l l o w a t u l e  dep th of water for a floatin g
system , to prevent oni t .m ct hetweens the b a l  last and the seafloor , are
given ins ‘fable 2 and are based ons the foli o ‘ng conditions and assunnp-
t i oni s (geometric quantities are defin e d ir ii gur e 7):

1. The system is optimum : t he  f l o a t s  i r e  spherical; the centers
of the floats are suhmerged three-fourths di ameter (z = 0.75D); the
float de~ sity is minimal; and t he  l e n g th  of  t h e  t e t h e r s  i s  o p t i m u m
(~ = gT / 20n ) .

2.  The f l o a t s  s t e  5 feet in diameter.

3 . Wave cond i t ions are represe nt ed b y t he  I’ierson-Moskowit z spec-
trum for full y aroused wind-generated seas.

4 . The vertical d im en sion of the ballast is the float diameter
(h = D).

S. The minimum clearance beneath the ballast is one-half the
expec t ed  maximum wave hei ght , t~skeni arbitrarily to he twice the si gnif i—
t o n I  wav e h e i g h t  f o r  a P i er s o n -F l o s k o w it z  s p e c t r u m  w i t h  a peak  p e r i o d  25%
greater than the peak period used for desi g~ (see the second column of
Table 2). Thus , minim um C (feet) = 0.21 T .

Table 2 indicates appropriate depths of water for various design
wave pe ri ods , hut these should be used only as s general guide . In
p ro tice , t h e m i n i m um dep th sho u ld be de termined on the bas i s  of local
wave con d i t i o n s  and par ticular performance requirements. Thus , i f  the
hig hest waves ire not expected to be as hig~ as the values used to
construct Table 2 (height in feet = 0. 42 T ) ,  the clearance beneath the
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ballast could be reduced. If maintaining performance , parti cularly for
wave periods grea ter than the designs period , is not impor tan t , the
tether length could be reduced .~

Table 2.  Guide For Minimum Water Depth For
Floating Tethered Float Breakwater
With 5-Foot Spherical Floa ts

• Op t imum M i n i m u m
Domina nt Wave

Sea - Tether Water
State 

Per~ od~
)
T~ Length Depthsec 

(ft) (ft)

2-1/2 4 8 20

3 5 13 27

3-1/2 6 18 35

4 7 25 44

5 8 33 55

5 9 41 67

6 10 51 81

6 11 62 96

6 12 74 113

~The effect of shortening the tethers is shown by the examp le of the
f o l l o w i n g  table , derived from Appendix C.

Dominant Wave Reduction of
Period , T~ Si gnifican t Wave Height (%)
(sec) 25-ft Tether 17-ft Tether

7 50 44

8 34 22

The 33% reduc tion of tether length affects performance for a spectrum
with an 8-second peak period more than for the design spectrum of 7 sec-
onds. it is emphasized that these values app ly to 5-foot spherical
floats of low density , with centers submerged 3.75 feet , and to Pierson-
l’loskowitz wave spectra .
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Fi gure 7. Tethered float breakwater: definition sketch of geometric
quan tities.

Performance Summary

Figure 8 summarizes the performance of optimum floating systems in
fully developed , local-wind-genera ted seas , as represen ted by the Pierson-
Moskowi tz spectrum .~ Fi gure  8, derived from Figure C-i , shows the
optimum tether length and the number of rows required to reduce wave
heig hts to levels associated with sea state 3. For example , for a
spectrum peaked at 7 seconds (si gnifican t wave hei ght 6.4 feet), the
optimum tether length is 25 feet; ari d the si gnificant wave height is
reduced to 5 feet if the breakwater has 17 rows , to 4 feet if it has 26
rows , or to 3 fee t  i f  i t  has 4~ rows . A 7—second  b r e a k w a t e r  has  38
rows , by interpolation in Figure 8 or by Fi gure C-i . The performance of
a 38-row breakwater for other wave spectra is summarized in Table 3.

Figure 8 and Table 3 pertain to 5-ft diameter spheres each of which
wei ghs less than 400 pounds ( r e l a t i ve  dens i ty  less than 10%) . A commer-
cial prod uct could be available if the demand were sufficient. As noted
pre v ious l y ,  a low-dens i ty  sphere is optimum for a floating (deep-water)
system . F i g u r e  8 and Table  3 a lso  p e r t a i n  to an approximate tether
l ength  of 30 feet ± 20% . According to Figure C-3 , varia tion within this
range has little effect on performance for spectral peak periods between
6 and 9 seconds. Howeve r , as the tether length is varied farther from
this range , additional rows of floats would be required to maintain
7-second breakwater capab ility.

*Performance is more full y described in Appendix C.
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Figure 8. Number of rows of 5-foot spherical floats required
to reduce wave heights (Pierson-Moskowitz spectrum)
to sea state 3 levels.
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Table 3. Floa ting Tethered Float Breakwater: Performance
Summary For 38 Rows of 5-Foo t , Sph er i c a l , Low-
Density Floats

Peak Pierson-tloskowitz Spectrum Modified Spect ruma

Period —
~~~~~ ~~~~~~~

— _ _ _ _ _ _— — -_ _ _ _ _ _ _ _  -_ _ _ _ _ _ _ _

of the R e d u c t i o n  R e d u c t i o n
I n c i d e n t  S i g n i f i c a n t  

~ 
of Si g n i f i c a n t  of

Wave Wave Hei ght 
ea Significan t Wave Heigh t Si g n i f i c a n tSta te -Spectrum (ft) Wave Heig ht ( f t. ) Wave Height

(sec) (%) (%)

2.1 2- 1/2 >90 0 .9  88

5 3.3 3 86 1 .4  83

6 4 . 7  3— 1/ 2 69 2 . 0  79

7 6 . 4  4 50 2 . 7  73

8 8 .4  5 34 3.5 66

9 10.6 5 22 4.4 57

10 13.1 6 11 5.5  no d a t u m

aSee Appendix D.

Ac cording to Table 2, the minimum allowable depth of water corre-
spond ing to the optimum tether length of 25 feet is 44 feet , the c l e a r ance
beneath the ballast being 10 feet. Circumstances could permit some
reduct ion of t h i s  dep t h .

Descrj~p~~ion of Th ree ~p~~~i f i c  Desj~~~

A breakwater ’s mass , shi pping cube , cost , and other important
properties that determine the total logistic burden depend upon several
physical properties , the most important of which are (1) volume and
de n s i t y of the f loats  and  ( 2 ) mate r ia l s a n d c o n f i g u r a t i o n  of the  b a l l a s t
system .

Three designs wi th s i gnifican t differences in float and ballast
proper ties have been initiated and carried to varying degrees of comp le-
tion . Two are floating systems ; the third is a bottom-resting system.
These designs are described , and an attempt is made to evaluate certain
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aspe cts of ogi st i c  s i g n s  1 icance — t r a n s p o r t a t i o n , i n s t a l  i t t  ion , arid
(tust. F o r  t h e  b o t t o m — r e s t i n g  system the eva l uation is itl (oe it I )l et e .
Log 1st i ca I properti es such as cost ars d sis ipp ini g cube per I tic reme nst of
axi al le n gth , which are functio n s of the beam dimension of the bre a kwat er ,
ire on i t t ed 5 i nice per f_ c) rma UtO uli t a covering t h e  e xj t e  I. eu f  ranges of

d e p t h , suhme rgf’ti ( e , ans d f l o at p roper t ies a re  a ne cess a ry i nspu t

l)es i g n i  TI (F I oati ) :  5-Foot Sp~ie res , Concre t e  Ba rge jype Ba ll ast -

I . Background. A conceptual -desi gn stud y was undertak en
at the Civil Eng in ee ring Laboratory (CEL) in 1975 to develop a shi p—
transportable ballast module (Ref. 20). Fi gures 9 throug h 13 dep ict one
of  severa l S imilar concepts developed for 5—foot sp herical floats. The
ballast stricture is of rein forced concrete. The type of construction
I lls istrated inn Fi gure 9 is simil ar to one developed for a concrete
L ;sn iding craft during World War 11 . A full—scale , concrete LCT ( l o t t g t h ,
[12 ~~ t t ;  (tea m , 32 feet; wei ght , 224 loris) was tested for 1—1 /2 months .
The s h i p was driven at full speed onto hard and soft beaches tinder
s m u  lated wart inc co n ditions and f nin t tul at the end of the tests to he
unscathed (Ref . 2 1)  . The St ructur i 1 integrity of l i nsdi rig cra ft nay riot
he required for thi- breakwater ballast. Severa l variations of t h e
conc~ pt involving sintp l e r , faste r conisiruc tion were subsequentl y devel—
opeti

2. Desi gn Features. Each module carries a 4x7 array of
floats (see Fi gure 10). Both columns and rows of floats are spaced at
10 feet. Five rows 1)1 modu les contain 35 rows of floats , whi ch is
almost the n umber requ ired for a 7—second breakwater. Sets of 15 m odules ,
lashe (I together , form a moored element. Alternate moored elements are
l i s p laced seaward , as shown in Fi gure Il. This staggered or checkerboard
layou t was (level Op e l1 to (ac i Ii tate moon rig. A checkerboard a rray made
nil) of nine moored elements (see Fi gure 1 1 ) has an axial length of afo ot
1 ,070 feet arid an e ffective length (see A ppen dix E) of about 640 feet.

This concept ’s salient feature is that the module is a barge which
can be towed short distances , ca r ry ing  i ts comp lem en t of f l o a t s t o the
point where it is to be in stalled (see Fi gure 12), and wh i ch can a l s o  be
triissport .ed over the oceans by various m ean s. Upon d e l i v e r y  to the si t e ,
the floating modules cart lie i mmediately unloaded from the transport shi p
or barg e and temporari l y stored at etnoorings or on tie seafloor without
pre—emptin ig t h e  use of shi ps , barges , or (jock space for storage . Another
f i s t it re is a provision to refloat the module by introducing low—press ure
air inito t h e  chambers itt the t ro t i t—like struc tu sa l members (see Fi gure
Ii) - The pref ahri rited structura l nieitt bers m a y  be t r a n s p o r t e d  over land .
Oth er opt ions are available for the floori n g (e.g., mesh) and for flota—
t ions (e.g. , bags). Iii short , the g ( u a  Is (system propert. ies) versatility
w i th respect to the mode of t rstis po rt at ion , rid mint i mum i nn~ Ia 1 lat i oni and
retrieva l time - w er e  approached th roug h u se of the largest size of
preasseitible d un its that do not make h andling exuessi vely di f f i  i t i l t
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Fi gure 10. Tethered float breakwater: barge-type ballast module in
submerg ed , operating position.
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Desi gn T2 (F loa t ing) :  5-Foot Spheres, Concrete Articulated-Frame
B a l l a s t .

1. Background . The Tethered Float Breakwater Ocean Experiment
project office , in 1976 , selected a flexible ballast concept from several
design proposals solicited from industry . A contract was awa rded to
Global Marine Development , Inc., Newport Beach , Calif. The 12 desi gis is
an articulated framework of relativel y small , triangular modules of
reinforced concrete , joined together with flexible connectors at their
ape xes (see F igure  14) .

2. Design Features. The modules are equilateral triang les ,
20 feet on a side . The cross section of the legs of the triangles is
about 12 inches wide and 19 inches deep . Float attachment points are
located on the connectors and at the midpoints of the sides.

The triangular modules are assembled into an articulated frame
normally 100 feet wide (Figure 14). The length depends upon the number
of rows of floats. A breakwater is composed of severa l of these large
assemblies (see Figures 15 and 16). The staggered or checke rboard
layout for large moored elements was ori ginall y developed for this
design .

The sea-to-shore length of a moored element containing 37 rows of
floats would be 312 feet. If 100 feet wide , it would contain 346 floats
and 81 triangular modules. Nineteen such moored elements in a staggered
array would make up a breakwater with an overall beam (sea-to-shore
dimension) of 724 feet and a total axial length of 1 ,900 feet (Figure 15).
This is a 7-second breakwater with an effective length (see Appendix E)
of about 1,500 feet.

The major features of the concept are its flexibility , obtained
through numerous articulations , and the concrete modules ’ simplicity and
low unit cost. The flexibility permits greater amplitudes in vertical
motion of the ballast , eliminating concern about extreme dynamic loads
in the tethers; however , this concern may not be serious for the wave
periods and float sizes now being considered (Ref. 22). Another conse-
quence of the flexible-ballast concept is that components are small (the
heaviest are the 6-1/2-ton triangles and the 1/2-ton trimming weights),
permitting relatively easy hand l ing ,  over la nd t r a nspo r t a t i on from the
fabrication plant to a waterfront assembly site , and efficient stowage
on a barge for overseas shipment. Buoyancy is provided only in the
floats. Once assembled and placed in sufficiently deep water , a moored
element would be towed ~ith the ballast submerged .

Design T3 (Bottom-Resting): 2- by 4-Foot Cylinders , Steel Frame
Ballast -

1. Background. In 1977 , the Tethered Float Breakwater Ocean
Experiment project office , with the concurrence of the sponsoring agencies ,
chose a b o t t o m - r e s t i n g  system for the first ocean installation . The
depth at the site nea r San Diego , Calif., is about 25 feet. A performance
anal ysis indicated that cylindrical floats of relatively hi gh density
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Figure 15. Tethered float breakwater: layout for articulated-frame
ballast and moorin g for weak alongshore current.
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would be t f i e  most effi ient . The Naval Ocean Systems Center (NOSC)
developed a d e s i g n  [or  floats made from scrap automobile tire casings
and a desi gn for a ba llast module compatible with the float properties.
I nst ill at ion of two modules took p lace i n Ap r i l  1978.

2. Desi gn F e at u r e s .  The float is a stack of live or six tire
casings The- i n t e r i o r  of the s t i c k  is f i l l e d  w i t h  p o l y u r e t h a n e  foam ,
and the top sod bottom of this foam core are capped with concrete. A
stee l hook for con inecting the tethers is embedded in the concrete. The
float is essent iall y a cy linder , about 2 feet in diameter and 4 feet
high ; the weig ht of the float is about 475 pounds , which is 56% of its
maximum disp lacemen t (the relative densit y of the float is 0.56).

The ballast module is a rectangular , welded steel f ramework  mad e
from scrap ra ilroad rails , about 60 feet long, 30 feet wide , and 4 f ee t
hi gh (see Figure 17), wei gh i ng abou t 115 ,000 pounds. Mounted within the
f r amework  are  f o u r  cy l i n d r i c a l tanks , 55 feet long and 3 feet in diameter.
The plan dimensions of th e frame were chosen to approximate those of a
LASH barge (lighter). Attached to each module are 128 tire-casing
t b a t s .

Important features of the ballast desi gns are the use of scrap metal
for economy and of buoyancy tanks for retrieval. When the tanks are
empty, the ballast module is suspended by the 128 floa ts. When the
tanks are full y f l ooded , the ballast module rests on the bottom . The
weig ht of the ballast is about twice that which would produce ne ut ral
buoyancy  for  the e n t i re assemb ly. Thus , when the tanks are full y flooded ,
the foundation reaction on one module is about 5€~,O0O pounds Wi t h the
tanks empty, a ne t upward f orce of abou t 50 ,000 pounds is avail able fu r
raising the ballast off the seabed. A module of this design would In
towed af’uo~. us i i th hal i t s t submerged or else floated by means of add-on
buoya nu t pone being unloaded from the transport ship or large , the
modu lc Id be taken directl y to the breakwater site or else to another
sre a wh~~5-- t could be temporaril y stored by b a l l a s t ing  i t down t I  t h
sea f l o o r  -

Lo~~ist ic As2ects_-_Summary

The following paragrap hs on transportation , installation , and cost
summari ze portions of Appendix C.

Transp ~~r t a t i on .  Overseas transport of the various breakwater
modules would require ocean-going barges , cer ta in sh i p s wi th w e l l  decks ,
or bargeshi ps (SEABEE or LASH). Since barge transportation i s  r e l a t i v e l y
slow and well-deck shi ps and SEABEES are not likely to be available , thu
most likel y carrier is a LASH . Table 4 shows the number of breakwater
modules and the corresponding number of lineal feet of a 7-second break-
water that could be carried on one LASH . LASH hargeshi ps cannot carry
design 12 modules pre-assembled into moored elements ; pre-assembly would
be sccomplished in th e genera l area of the breakwater site.
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Table 4. LASH Transport of Tethered Float Breakwater Modules

Quan tity of Material Carried On One Sh~ P
a

B r e a k w a t e r  - -_____

Desi gn Number of Number of Axi al Length of
Modules Moored Elem ents Breakwater (ft)

Ti 154_242b c 1 ,200-1 ,900

648- 1 , 215 8-15 800-1 , 500

0 0 0

T3 f c f

aRange of values corresponds to the range of capacities of
LASH ships .

b
56 to 64 modules on hatch covers p lus 98 to 178
modules below deck in the spaces normall y occup ied by the
ship ’ s li ghters.

cNO~ app l i c a b l e .
dM d l  not assembled into moored elements.
eModules assembled into 100 by 312-foot moored elements.
f
No da ta.

Installation. For design Tl , a procedure for installation , in
general outline , is as follows : (1) preset forward (seaward) anchors
and forward upcurrent anchors (Figure 11), (2) tow offloaded modules
successively to assembly point and assemble modules into a moored element
(Figure 12), (3) successively attach moored elements to moorings , (4) s i n k
ba l las t modules , and (5) adjust moorings. The estimated installation
rate is roughl y 200 ft/day, based on 12-hour days . Three vessels would
be required: a warp ing tug ; an ARS , ATF , or ATS ; and a 3,000- to 5,000-hp
tug. The warping tug would introduce the only drain on amphibious
construction assets.

For desi gn T2, transport on a LASH requires that modules be assembled
into a moored element (Figure 14) in a forward area . A quiet-water
assembl y s i t e  is required which accommodates 100- by 312-foot moored
elements and which is located within towing distance of the breakwater
site. If simultaneous assembly of two or more moored elements is not
feasible , the estimated installation rate is about 100 ft/wk , which
appea r s to be unacceptable for COTS .
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For design T3 (see Fi gur e C-S), one po ss ib le  ins ta l l a t ion proc edure
Consis ts of offloading each module by use o f the shi p ’ s gantry crane ,
attaching an auxiliary flotation system to the ballast module before the
cr ane re leases  t he load , moving  the mod u le to the breakwa ter si te ,
pos i t ioning the modu le , s ink ing  the module , and ret r i e v i n g  the a u x i l i a r y
flo tation. Five boats would be required - two  LCM - 8’ s and three  35-foot
w o r k b o a t s .

Cost. Estimates of the fabrication cost of the breakwater are
$5,300 per front foot for desi gn Ti arid $5,100 per front foot for desi gn
12. No estimate is made for design 13 because the performance data on
wh i ch cos t pe r f ron t f oot is ba sed are  as yet u n r e p o r ted .

THE SLOPING FLOAT BRE AKWATER

Descript ion

The sloping floa t breakwater is a row of flat hollow panels or
sl abs which , when at  res t , l ie in an inclined plane with the lower ends
of the panels ballasted and resting on the seafloor and the upper buoyant
ends protruding above the water surface (see Figure 18). The upper end
of a panel is the seaward end.

Various panel constructions are possible. An existing desi gn may
be adapted , such as a large , single float like asi Ammi pontoon , or  an
assembly of small pontoons like a Navy Li ghtered (NL) pontoon barge ; or
a spec ia l  desi gn could be developed (e.g., a thin “tank” of conc rete).

When unballasted , the module floats at the surface. For installation ,
one end is flooded until it rests on the bo ttom and the uppe r end set t les
to the eleva t ion whi ch produces the desired freeboard . Conventional
moorings are attached near the upper ends of the modules. Alternatives
to flooding are special ballast masses or special flotation units for
s i n k i ng or f l oa t ing , respec tive ly.

In the ori ginal concept , the barrier extends all the way to the
sedfboor. In an alternative untested version , legs added to the float
create a gap between the lower edge of the barrier and the seafloor.
The gap may be required to reduce scour , and the addition of legs is
desirable to increase the range of depths in which a panel of a given
size can be used . The addition of legs could increase the usable depth
range by about 50%. If the legs are retractable , the incre~se in depth
range can be obtained with negli gible increase in shi pp ing cube.

Performance Characteristics

Wave attenuation by a s lop ing floa t breakwater appears to depend
p r i m a r i l y upon refl ection of wave energy . In the orig inal concept , the
i nco m i n g  waves encounte r  a b a r r i e r  which occupies the entire water
column . Waves in the lee exist largely because of motion of the structure;
this i_ s resisted by inertia and gravity. The slop ing floa t is effective
over a relative l y broad range of wave periods because i t  intercepts all
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wave energy and because its configuration is stu hi that in its operating
range it is relativ e l y inef f i c i e n t in respond ing  to wav e press u res and
generating waves on the shoreward side . in the i ncomp l e t e - h a r r i e r
version , low-freq uency wave energy is t r a n s m i t ted th roug h the opening
The associated decrease in effectiveness would var’, with the size of tlse
gap and the spectrum of the incident wave energy .

Depth Limitation

The slop ing f l o a t  b reakw at er i s res t r ic ted in use to rela ti vel y
shallow water because the ang le of inclination of the floats must be
rather small. The maximum depth of water is determined by the maximum
acceptah~le length of the floats and legs , together with the maxi m um
angle that results in accep table performance. The laboratory experiments
on performance (Ref. 3), which covered only leg less f l o a ts , did not
clearly define the maximum acceptable angle; possibly it is as great is
30 degrees . For illustration , if the sloping float were 120 feet long,
the maximum allowable ang le 25 degrees , and the mean f r eeboa rd f~ feet ,
the maximum depth would be 45 feet. This 120-foot slop ing fl oat module
could be made up of a 90-foot NL pontoon section with 30-foot legs -

added .

Performance Summary

Figur es 19 and 20 summarize the performance predicted for solid
(legless) slop ing float breakwaters in full y developed , local-wind-
genera ted seas , as represented by the Pierson-Moskowitz spectrum;’
Fi gures 19 and 20 are derived from Figures F-2 and F-3 , respectivel y.
These.graphs show the length of float required to reduce wave hei ghts to
l evels  associated with sea state 3. For example , for a spectrum peaked
at 7 seconds and for a water depth of 30 feet , Figure 19 shows that the
si gn ificant wave hei gh t is reduced to 4 fee t if the floats are 76 feet
long , or to 3 feet if the floats are 98 feet long. By interpolation in
Fi gure 19 or by reference to Fi gure F-2 , i t is seen that a 7-second
breakwater in a 30-foot depth would have 93-foot floats. Similarly ,
wi th referen ce to Figure 20 or Figure F-3 , a 7-second breakwater in
45-foot depth would have 106-foot floats. The performance of these two
7-second breakwaters for other values of the spectral-peak wave period
is given in Table 5.

No data are ;m v .iilable on the performance of legged sloping float
modules. Prelim ’nary experimental data for a pivoting (hinged) slopi n g
float with the hei ght of the gap beneath the float equa l to 30% of the
dep th (see App endix F) suggcst that floats which are 90 and 120 feel
long and equipped with legs would function as 7-second breakwaters in
water depths up to 40 and 60 feet , r e spec t ive ly .

~The basic performance data ire presented in Appendix F.
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Pontoon System for Depths Up To 60 feet.

The mass and the shi pping  cube of a s lop i ng floa t breakwater are
st rongly dependen t upon one property of the breakwater — the float
length , which must be selected on the basis of water depth. To eliminate
concern about a large number of float sizes , i t is des i rab le  to consid er
a system co~is tructed from two or thre€ standard module designs. The
following “et of standard module desi gns comprise a sys tem expec ted to
yield the specified level of effectiveness* and to provide incremental
capability in terms of the depth of water in which this level of effec-
tiveness is achieved. Figure 21 is provided for illustration .

Design SI: 90-Foot Float Without Legs. This design produces the
spe c i f i e d  wave heig ht reduction if the depth is about 30 feet or less.
A specific desi gn may be ob tained q u i c k l y by adap ting a standard 3x15 ,
21 by 90 foot , Navy Ligh tered (NL) pontoon ba rge or causeway section.
Ano ther possibility is a 28 by 90-foo t Amm i p o n t o o n .  L i t t l e  eng i n e e r i n g
developmen t is required for the adaptations. Full-scale operationa l
tests and performance verification throug h model tests are advisable.

In the Performance Summa ry section , i t  was noted tha t legless
floats about 15 feet longer than the Sl floats would provide the specified
performance in water as deep as 45 feet. Simple floats , 105 fee t long
(for example , 6xl8 NL pontoon barges), or even longer floats , could be
practical if ship transportation is not needed ; stacked and lashed
together , they could be transported by towing. However , simp le floats
longer than 90 feet are not considered further because of presen t emphasis
on ship transpor tability.

Design S2: 90-Foot Float With L.~~~ The addition of 30-foot legs
to a 90-foot float is expected to extend the depth range to about 40 feet
and to lessen scour. Figure 21 shows two desi gns . In design S2a , the
legs are retractable ; they are extended for installation but retracted
for shipment , making the shi pp ing cube the same a~ for desi gn SI. In
desi gn S2b , the legs are fixed and the module is broken down or folded
into two 60-foot lengths for shipment. This desi gn permi ts more op t ions
for shipment than S2a . For S2a , eng ineering development would involve
desi gn of retractable legs ; for S2b , design of fixed legs and an efficient
techn i que for breaking or folding the float for shipment would be required.

De!j~~~~S3: 120-Foot Floa t With Legs. Design S3 incorporates both
retractable legs (as in S2a) and a two-part float (as in S2b) in order
t n  increase the depth range further , to about 60 feet. The space require-
ment for shipping is the same as for design S2b. The major items of
engineering development are the retractable legs and the connection
between the two parts of the float.

~Fifty percent reduction of the significant wave height for a Pierson-
tloskowitz spectrum with 7-second peak per iod .
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Operating Shipping
Configuration Configuration
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/ / / 1 /  I ’ f / f’  / / 1 / f ’
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S3: Retractable-leg module composed of

- • - - - _____________ 

two submodules 160-ft legless II oat
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Figure 21. Sloping float breakwater: proposed standard module
designs .
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Incremen tal Caj~abi l i t y of the Sys tem. Suci-esstve development of
the three designs would represent a progressive increase in capability
and trans portability. Advance from SI to S2a , involving the addition of
retractable legs , should increase the operating depth from about 30 feet
to about 40 feet without decreasing trans portability. Advance from S2a
to S2b , which sim plifies the design of the legs but introduces Iwo-part
float construction for shi pp ing, would maintain the same capability and
i n c r eas e s i g n i f i c an t ly the number  of l i n e a l fee t of breakw at er th at
could he carried on LASH. Advance fro~it S2b to S3 , i n c o r p o r at i n g  bo th
retractable legs and two-part float construction , should increase the
ope rating depth to about 60 feet without decreasing transportabilit y.

Na turally , the log istic burden is clearest for design SI , whi ch
wou l d  he dev eloped f i rst to prove the concep t and prov ide initial capa-
bi l i ty quickly. Tests may show that a legged float is prefera hlc; SI
would then be replaced by S2.

Design Features For  SI

Desi gn Sl would be adapted from a 3xl5 NL pontoon barge or causeway
section. The Ammi pontoon appears to be a better structure f rom the
stand p o i n t of r i g id i ty and sui tab i l i t y  f o r  con v e r s i o n  of an ex i s t in g
desi gn , b ut it is not readil y available. The P-series pontoon structures
are more available and are fairly rugged . Desi gn modifications could he
in corporated into new constructions.

In addition to mooring attachments , a ballas tirig system must be
added to a 3x15 pontoon structure . The ballastin g system illustrated in
Fi gure 22 consists of openings in the bottom and top sides of the indivi-
dual pontoons. The openings in the top are connected through manifold
pi p ing to a single venting valve in the manifold header at one end of
the structure. The valve would also he used to admit air under pressure ,
to deballast and refloat the module. Penetrations are needed only in
two-thirds of the pontoons. Exposed pi p ing is the simplest for converting
an existing pontoon . Even thoug h the piping i s on the le e side , a more
pro tec ted a r rangemen t may be desirable for new cons truction .

In opera tion , floats would be moored in pairs or in fours (see
Figure  2 3 ) ,  depe n d i n g  pa r t ly upon the mooring load. There are  no data
on moor ing  loads ;  however , observations of the legless float in the
laboratory tests indicated that the  loads may he r e l a t i v e l y  l i g h t  ( R e f .  3).

Figure 23 shows an installation for 30-foot depth. The twenty-four
21 by 90-foot modules comprise a 7—second breakwater with an axial
length of 590 feet and an effective length (see Appendix E) of 540 feet.

Logistic Aspects - S~~~~~ y

The following paragraphs summarize material in Appendix F.
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Tr .iiisio rt it i o n  - Overseas transport of the eakwater modules would
require ocean—go ing ba rges , certain shi ps wi th i - /i l decks , or b a r g es h i ps
(SEABEE or I.ASH). Rarg i- tr a ns portation is relativel y slow and well-de ck
s h i ps and SEABEEs art- not like l y to be available ; therefor e , the most
likely ca r r ier is a LASH. Table 6 shows tie number of breakwater modules
and t h. corr e s l iii r lill ng number of Ii nea l feet of a 7—second breakwater
th at o l i e  l A ~ II could Ca rry. The I I gures pertaining to the stowage of
modules below ut - i  k are (imsed on lt-vel opm erit of a desi gn and techni que
for stacki n g the modules in the spaces normall y occup ied by the shi p ’ s

li g hters.

Table 6. Transportation of Slop i ng  Float Bri~ ik w,iter Modules
on LASH Ships

T Quantity of Material Carried
On One Shi p

Length (ft) — — ~-—- - - - -- —- — 
~~~~

__ _

- Number of Axial Length of
I/i s i g n  W id th 

Modules Breakwa ter (ft)

P
:;tl l pment ll ~iera tion Hatch 

In 
a Ha tch In HOld

a
HoldCovers  Covers

Si 21 90 90 30 0 750 0

S2a 28 9 ) )  120 30 0 1,000 0

S2b 28 60 120 21 49-89 700 1 ,600-2 ,900

53 28 j 6() J 160 
— 

2! ~ 49-89 700 l ,6O0~ 2 ,9OO j

range of va l ues corresponds to the range of capacities of LASH
shi ps.

Installation. With reference to Fi gure 23 , the antici pa ted procedure
for leg less floats consists of presetting the anchors , connecting floats
to each other and to the fo re  and af t m o o r i n g s , s i n k i n g  the shoreward
ends of the floats , adjusting the fore and aft moorings , and attaching
side moorings.
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for designs Si and S2a , the installation rate for a short breakwater
is estimated to lit - about 200 ft/day, based on 12-hour days; this estimate
i ncludes the set t i ng  of uin hors . Three vessels would he requi red: a
wa rp ing tug, an ARS , ATF , or ATS , m u  a 3 , 000- to 5 , 000-h p t u g .  Use of
the warp ing tug would introduce the onl y dr ai n on amp hibious constructi on
assets. For desi gns 521i and S3, tilt’ requir ed installation time is
estimated to 1w 33% to 50% greater.

Cost. The l ub ricated cost for design Sl is estimated to tie about
$3 ,400 per front foot , including ti le incorpor ation of design modifications
into new construction . Very roug h estimates for designs S2 ari d S3 are
$5 ,200 and $6 ,800 per front foot , resp ect iv e l y.

SPECIFIC CONFIGURATIONS HH  COTS BREAKWATERS

Cargo Vessel Ancho~~~~

A fix ed , ribbon-type breakwater is assumed , It should suit every
cargo  shi p; th erefore , its length is based on a shi p 900 feet long. The
dep th of wa te r a t the loca t ion o f the shi p is not fixed ; however , it
would normall y he between 50 and 100 feet. Therefore , the depth at the
loca tion of the breakwater is likely to he at least 60 feet , and the use
of any of th e sl op ing floa t desi gns i s appa r en t l y precluded . Of the
tethered f loa t desi gns , TI is eviden tl y the on e best sui ted to th i s
app lica tion. Design T2 appears t o  require excessive installation time
if LASH-ca rried. M bottom-resting version of design TI , wh ic h wou ld  he
similar to 13 bu t which would probably have the large , l i ght-we ight
floa ts of TI , could conceivably be used in depths up to 80 feet or more ;
but , compared to TI , suc h a desi gn would have certain disadvantages.
The wei ght of ballast would be greater (roughly twi c e that of T1 , if the
princi p le used to determine the weig h t of T3 is adopted) ; greater atten-
t i o n  wou ld be requi red , in  de te r m i n i n g  t h e si te for  the b reakw ate r , to
unevenness of the bottom and to the tidal range ; and a nominal increase
in the number of rows of floats to maintain 7-second capability wou lul
add to the amount of material.

If the alongshore current is weak , t he s h i p may l)e moored headed
into the waves and the stern and both sides of the shi p can be freel y
worked. If the current is strong , a mooring with the shi p ’ s h e a d i n g
par allel to the breakwater axis may he required. Some idea i f  w ( I t ’ l l  t h e
current is the dominant force on the shi p may he ga i ned  by reference to
App endix B , where results of some preliminary calculations for a siitiIli- r ,
swing—moor ed shi p showed that the current (if greater than about 2 knots)
is the dom i nant force i i i  controllin g the shi p ’s heading. It the sh Ip is
riot a I iowed to swi rig , the force of the current cuiul ~f be very large . The
problem of determining the maximum toler abl e forte has several facets ,
one of whi ch is anchor capacity. Dat -i on the u l r m g  characN r ist i cs of
hulls indicate that , if a C8 cont i iner sh ip mooring Ii - m ’~ t w o  m o or itm ~ l egs
d i r e c t l y abeam , wi th 380—ki p a n ch ors , the strength of .i beam-on curren t
should not he g r e a t e r  than a i u u u l i t  1 .5 k n o t s .
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Weak-Current Case. The coisfi gur - ition of the breakwater is shown in
Fi gure Il ; the orientation of the ship in Figure 15. An effective
l eng th o f b reakwate r of 1,340 feet is required on the basis of a (list an (4-
of 150 f : ’t ’t  between the shi p ’ s stern  and the ed ge of the w . m v t -  window .
) ) t i i u - r  TI  b r e a k w a t e r  p r o p e r t i e s  w o u l d  be as f o l l o w s :

P~~p!rty 
Measurement

Actual length 1 ,790 f t
Ream 750 f t

Number (if moored elements 15

Cost $9 ,600 ,000

In stallation time 8-1/2 days

St~~~~~~~~~rent Case. The mooring for t hu breakwater would be
similar to that in Fi gur e 16. F- o r 200-foot separatio n of sh Ip and
br~ -mkwa ter and 200 f i-t -t of shel tered area astern for harge shi ps , the
req u i red e f f e c t ive leng th of t h e br ea kwa ter is abou t 1,300 feet. There-
fo re , the actual length and other breakwater properties would be identica l
to those for the weak-current case.

Combined Cu rrent , W i n ~ W i v e s .  The moorin gs in the foregoing
two examples would not be feasible for ma’-iy com l in ations of hi gh w i n d s ,
hi gh or long wave s , and a strong current , owing to the m a g n i t u d e  of the
moor i ng force . Althoug h no des ign  has been wor ked ou t , a mooring that
permits the ship to s w i n g  over an a rc res t r i c te d t i  i80 degrees would  be
more versatile and would require t u-w- r components and probabl y less
in stallation time than would a mooring for a fixed heading . To protect
l i ghters anti platform s at the sides of a swing-moored shi p ,  the breakwater
would  have to be abou t 3 ,000 feet loni g* ii both sides of the ship must
he worked - -  and therefore sheltcreuf — at all times. However , i f  onl y
one side of the ship is wor k ed ,~~ the required length of the breakwater
would be as noted above fo r a fixed heading - about 1 ,800 feet. At one
end of the shi p ’ s 180-degree range of b ea t ings , the platform or light er
would be on the seawa rd side of the ship but behind the breakwater.
When the shi p ha s swung around 180 degrees , it would lie beyond the end
of the breakwater ; bu t the p la tform or li ghter would he on the shoreward
side of the ship and therefore in a sheltered urea . At intermediate
posi t i ons , ei the r the br ea kwa ter or the shi p would provide shelter.

Ca~~ o Dis~~~~~ e Facility (Barge Unstuffin~~

itm e depth of water at the breakwater could va ry from 20 t o  60 feet
or more . No ole- breakwater is feasible for this entire range of depths ;
therefore , the selection of one breakwater design puts a restriction on
the location of the facility. For planning, designs SI , S2 , and S3

~Four thousand feet for 360—degree swing.

**This concept could apply to a RO/RO ship having ports on one side only.
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should not he consi u fere if for depths greater than about 30, 40 , and
60 feet , re spec t iv e l y, to insure that the spe cified level of effectiveness
is obtained . Similarly, design TI should not be considered in p l a n n i n g
for depths less than 35 to 40 feet to insure that performance and clear-
mnce beneath the ballast are not compromised. For desi gn T3, da ta on
perform ance over a range of depths ore required to ascertain what limits
there may be on the operating dep th.

To accommodate operm tions with a four-s ect ion causeway, the effectiv e
l ength of the breakwater should be about 550 feet . Other prope rties of
breakwaters for this application are as follows :

~~~p~~ t Tl S3 S2 SI

A ct ual  l eng th 1,070 ft 700 ft 630 ft 620 ft

Beam 750 ft 160 It 120 ft 90 ft

Number of moored 
9 - - -el emen ts

18 24
Number of floats - 20

Cost $5 ,700 ,000 $4,700,000 $3 ,400 ,000 $2 ,100 ,000

Ins tallation time 5-1/2 days 5 days 4 days 3 days

Depth limitation >35 ft <60 ft <40 ft <30 ft

Barg~ Marshallin g Area

The depth of water at a breakwater for the barge marshalling area
wou ld p r o b a b l y range from 30 to 60 feet. Determining the minimum must
take into account the s~’a-to—shore expanse of the marshalli ng area .
A p p l i c a b l e  desi gns app arently are Ti , 13, S2 , and S3. The length of the
breakwater depends upon the mooring p l an , which has not beeri firml y
established . Preliminar y estimates are that , for  80 ba rges , the break-
water length would he from 2,500 to 3 ,500 fee t long .

Ele v a ted  Causeway

The dep th of water at the shoreward edge of the breakwater may vary
from 15 to 32 feet. This range of values is derived from the range of
depth used for  the causeway deve l opment and from val ues of the bottom
sl ope ranging from 1:30 to 1:120 (see Figure 4). An effective length of
b reakwater of at least 600 feet is required .

Breakwate r designs T3 , S2 , and Sl are m i m i licable. The following
table shows properties of S2 and Sl breakwaters for the elevated cause—
way. Design T3 is excluded because performance data needed to uietermine
ui - am dimensions for th i- depths in question have not been reported .
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Property S2 Si
Ac tual length 700 ft 660 ft

Beam 120 ft 90 ft

Number of flo2 ts 20 26

Cost $3,600 ,000 $2 ,200 ,000

Ins tallation time 4—1/2 days 3 days

Maximum depth at toe of breakwater 40 ft 30 ft

CONCLUSIONS

1. COTS can benef it from the use of transportable breakwaters .
The specific benefit most clearly defined is reduction in the frequency
and duration 01 occasions when cargo t ransfers to and from li ghters and
barges would  be slowed o r even in ter ru p ted by wave action. Another
potential benefit is protection for barges stored (moored) in a barge
marshalling a rea . For the latter app l ica t ion , breakw ate r p e r f o r m a n c e
requirements have not been clearly def i n e d .

2. Transportable breakwaters t o  reduce wave hei ghts to sea state 3
levels when the incident waves range in height up to about 10 feet while
the dominant (spectra l peak) wave period ranges up to about 7 seconds
are feasible ; that is , i t appears  poss ib le  to transpor t breakwate r s  of
the necessary size overseas and install them i i i  reasonable time and
w it hou t ex treme req u i remen ts on shi ps and cons t ruc tion eq u ipmen t. It
will be noted that transportation requirements vary sig n i f i c a n tly wi th
tht design of the module.

3- The stated breakwater capability (reduction of 50% or more in
the significant wave hei ght for dominant wave periods up to 7 seconds)
is su f f i c i en t to reduce cons iderab l y the liveliness of small , moored
crane-p la t forms , l i ghters , and barges  engaged in the t r a n s f e r  of cargo
at the cargo shi p anch orage , the ca rgo discharge facility (barge unstuff-
ing operations) , and the elevated causeway.

4. Breakwaters designed to provide the same wave hei ght reduction
when the dominant wave period is greater than 7 seconds would  pr ov i d e
addi tiona l bene f i t bu t would impose a g rea te r  l og i stic burden. The
cmu r m v (- rse is also true. An analysis of the sensitivity of cargo transfer
operations to variations of wave hei ght and wave period w i l l  be need ed
to verify that 7 seconds is the optimum desi gn wave period for the
b reakwate rs . A change f rom 7 seconds as small as 1 second in the desi gn
wav e period is log is ticall y si g n i f i c a n t , resul t ing in a 40% to 50%
change in the number of rows in the floating tethered float breakwater
and a 15% to 20% change in the length of the floats of the leg less
s lop i ng float breakwater.
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5. T h i s  study ir i dicatus th at logistic u - v m l u a t  ions must ml eal with
b reakwa te r desi gns — not breakwater coni e l its Both the tethered float
and the sl op ing  float concepts can lie dt~v t-lo 1 uu- f i n t o  v a r i o u s  speci  f i c
desi gns w h i c h  may d i f f e r  c o i m s i d e r a b l y with respect to one logistic
cr i te r ion  or ano ther .

6. A sig n i f i c a n t  r esul t of this  stu dy is that no one breakwate r
desi gn among those cons ide red  can sa t i s f y all the needs in COTS for a
7-second br eakwater because of limits on the depth of water in which the
va ri ous b r e a k w aters can be ins ta l l ed and res tr ic t ions on the l oca t io n of
some of the COTS components.

7. The floating tethered float breakwater desi gn 11 is the d e s i g n
bes t  s u i t e d  f o r  i n s t a l l a t i o n  a t  the  s h ip  u n l o a d i n g  a rea . O the r  t e t h e r e d
f l o a t desi gns a re logis ti c a l l y i n f e r i o r , and the slop ing floa t desi gns
are  p r o b a b l y  l i m i ted to app lica tions in water shallower than 60 feet.

8. The breakwater for the ship unloading area poses a greater
l ogistics problem than breakwaters for the other points in the COTS
system because of the desi gn and the length required . Transportation ,
iii particular , is a cri tical issue . Almost all the capacity of a C9
LASH — the shi p bes t suited for transporting this breakwater — is required
to carry the minimum length of this breakwater (1,800 feet).

9. The length of a breakwater for the barge marshallin g area
apparen tly would be comparable to that for the ship unloading area .
However , the ma rshalling area can be located in shallowe r water , where
it may be poss ib l e  to develop log is t i c a l l y  advan tageo us b r e a k w a t e r
designs. Specifically, legged version s of the slop ing  floa t concept ,
the mos t “t r a n s p o r t a b l e ” of the des igns  examined , could p r o v i d e  the
capabilit y noted in paragraph 3. The effective length of these advanced
designs (S2b and S3) that a LASH could accommoda te would he about 2-1/2
times that of the tethered float desi gn 11. Stowage in the hold of a
LASH is assumed for all three desi gns .

10. Other uses for a transportable breakwater in COTS are in
sha l 1ow wa ter , and the length of these breakwaters would not he very
gre at — about 700 feet. These uses would be to shelter operations at
the elevated causeway and at a moored platform-mounted crane emp loyed to
uns tuff LASH barges. A C9 LASH apparently could carry these breakwaters
and one for the marshalling area if the length of the latter does not
exceed 2,200 feet and i f  s lop ing  floa t design S2b or S3 is developed and
utilized.

I I .  A reas oI  po tential use in COTS for the bottom -resting tethered
f l o a t b r e a k w a t e r  design 13 are the barge m a r s h a l l i n g  area , the cargo
discharge facility (barge unstuffing) , and the elevated causeway.
Pe rformance data of the scope required to assess the logistic burden of
this breakwater in these app lications have not been reported.
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Appendix A

COTS PROGRA M BACKGROUND ~

DOD p lanning fo r  the log is t ic suppor t necessary to susta i n  ma j o r
con t ingency opera tions , i n c l u d i n g  amphib ious  a s s a u l t  opera t ions  and
Logistics-Over-the-Shore (LOTS) evolutions , relies extensivel y on the
utilization of Ii. S. Flag commercial shipping . Since the mid-1960s ,
commercial shipping has been steadily shifting towards containershi ps ,
Roll-On/Roll-Off ships , and bargeships (e.g., LASH , SEABEE). By 1985 as
much as 85% of U. S. Flag sealift capacity may be in container-capable
shi ps — mainly non-self-sustaining (NSS) containerships. Such ships
cannot operate without extensive port facilities. Amphibious assault
and/or LOTS operations are usually conducted over undeveloped beaches ,
and expeditious response times preclud e conventional port development.
H a n d l i n g  of c o n t a i n e r s  in th i s  environment  p resen ts a ser ious  problem .
The problem , as d e f i n e d  above , is addressed in the overall DOD Over- the-
Shore Discharge of Containership efforts involving developments by the
Army , Navy , and Marine Corps. Guiding policy is documented in the “DOD
Project Master Plan for Surface Container Supported Distribution System ”
and the OASD I&L system definition paper , “Over-the-Shore Discharge of
Container Capable Ships (OSDOC) System .”

In response to the DOD Mas t e r  Plan , Navy Ope ra t i ona l  R e q u i r e m e n t
OR-YSLO3 has been prepared for an integrated Container Off-Loading and
Transfer System (COTS) for discharging container capable shi ps in the
absence of por t facilities. The COTS Navy Development Concept (NDCP)
No. YSLO3 was promul gated J u l y  1975 and the Nava l Material Command
tasked with development. The Naval Facilities Eng inee r ing  Command has
been assi gned Princi pal Development Activity (FDA) with the Nava l Sea
Systems Command assisting.

The COTS advanced development program includes the ship unloading
subsystem , the ship-to-shore subsystem , and common system elements. The
s h i p  un load ing  subsystem inc ludes  (a )  the development of Temporary
Co n ta i ner D isc harge  Fa c i l i t i e s  (TCDF) emp loy ing merchan t shi ps and/or
barges with add-on cranes and support equipment to off-load non-self-
sustaining containerships alongside ; (b) the development of Crane on
Deck (COD) t e chn iques  and equi pment for  d i r ec t  p lacement  of cranes on
the decks of NSS containerships to render them self-sustaining in an
expedient manner ; (c) the development of equipment and techniques to

~Prepared by Naval Facilities Eng ineering Command .
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off—load RO/RO ships offshore ; ari u l (d) t h e -  deve lopment of iii t e r f ~~. e
equipment and techni ques t o enable ship d i s c h a r g e  b y he- Ii i  otiters (~ i thor
existing or projected in  other development pr og rams). The sh i l u- t - sh iu r e -
subsystem includes th~ development of e levated causeways to a l l u i ~ i argo
handling over the :umi . l i n e  and development of self -pr op elled a u s e w m y s
to transport c.mrgo from shi ps to the shoreside interf ace. Ih e- comm onality
subsystem includes (a) the development of wave attenuating Tm -th e n - f
Float B r e-i kw iters (TFB) to provide protection to COTS o~ier at i rig m - l emerit s;
(h) the development ii I special cranes  a n d/ o r  c rane  systems t i  ompens u t
for containe r motion experienced (luring afloat handling ; (c) the develop-
ment of transportability interface items to enable essential uu m m t s i z e
COTS equi pmen t t r anspor t on merchan t shi ps — par t ic u l a r l y  barg eshm~~s;
and (d) the development of system inte - a~ ~on components such as moorings ,
fendering, c om mu n i c a t i o n s , and se r v i c~
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Appendix B

HEAI)ING OF A SWING-MOORED SHIP

The heading taken up by a swing-moored ship depends upon the re la ti ve
st reng ths and d i r e ct i ons o f cu r ren t , w ind , and waves. Fi gures B-l
throug h B-6 show the results of computations for a tanker type of ship
wi th the f o l l o w ing d i m e n s i o ns : leng th ove ra l l , 678 feet; beam , 95 feet;
draft , 36 feet; and freeboard , 37 feet. The computations were also
based on wind- and current-drag characteristics for tankers - - the o n l y
published da ta in hand. Thus , the ship characteristics , taken collec-
t ive ly ,  are ar tificial and constitute , at bes t , onl y a first approximation
for  the case of a h e a v i l y loaded containership with a tall deckload.

The computati onal results are further limited mi  generality in that
the water depth is fixed at 60 fee t , the pseudo-s tead y wave fo rc e is
assumed to be due to waves represented by the Pierson-Moskowi tz wave
spec t rum , the wind  and wave d i rec tions a re  assumed to be the same , and
swe l l s  a re assumed to be absen t.

Al thoug h l i m i ted in app licabili ty, the compu ta t ions are  adequ ate to
inv esti ga te t rends associa t ed wi th vari a t ions of cu r r en t st re ng th , w i nd
spec-i l , and wave hei ght . For illustration , Figure B-i shows that if a
w i n d  o f 16 kn ots and waves wi th a si g n i f i c a n t  hei gh t of 5 fee t are  m o v i n g
from west to east while a current of 2 knots is flowing f rom nor th to
south , making a 90-degree clockwise ang le from the app roach direction of
the wind o that of the current , the c lockwise  ang le between the shi p ’s
heading and t he c u r r e n t  is 15 degrees;  t h a t  is , the head ing is 345 degrees .
Fi gure B-2 holds for the same conditions as Figure B-l except that the
wave hei ght  is  reduced by 50%, as i f  by a breakwater. For waves approach-
ing prac tically beam-on , the wave force varies as the square of the wave
he ig h t .  Thus , between F i gures  B- l and B-2 , there  is a 75% reduct ion  of
the wave force , w i t h  the r e s u l t  tha t  the ang le between the shi p ’s heading
a nd the approach d i r e c t i o n  of the cu r r en t  is  reduced to 10 degrees.  In
e i t h e r  i n s t ance , i f  the s t r e n gth of the curren t i n c r ea ses , the vessel
becomes even more closely ali gned with the current. The dashed portions
of the  cu rves i n d i c a t e  cond i t ions  fo r  wh ich  the wave d i r e c t i o n  is more
than  30 degrees o f f  the beam and the wave fo r c e  is not considered ve ry
accurate.
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Appendix  C

TETHERE D FLOAT BRE AKWATER DATA

PERFOR MANCE

Wave Hei ght Reduction bi Deep-Water (Floating) Systems

The general prediction technique presented in Reference 6 relates
reduction of the significant wave height , in percen t of incident wave
hei ght , to the number of rows of floats and the ratio of float diameter
to dominant wavelength . The technique app lies onl y to spherical floats
of low density (weight less than about 10% of maximum displacement).
Reference 6 cites performance for two wave conditions . One is represented
by the Pierson-Noskowitz spectrum for f u l l y developed , local-wind-genera ted
seas .  Th e othe r is represented by a somewha t broader spectrum , w h i c h
was obtai ned by r educi n g the  amp l i t udes  of the Pierson-Moskowi tz spectrum
u n i f o r m l y  by a f a c t o r  of one-nin th  and superposing on the reduced spec trum
a P i e r s o n - M o s k o w i t z spectrum with dominant (peak) period half as great
as tha t  of the reduced spectrum . The peak of the mod i f i ed  spec t rum (the
combined spect ra)  corresponds to  the la rger  of these  two wave periods.
The si g n i f i c a n t  wave height of the modified spectrum is about 40% of
t hat  of the o r i ginal , u nreduced Pierson- ?loskowitz  spec t rum . The m o d i f i e d
spectrum was devised to exemplify a bi modal spec t rum of a ki n d wh ich may
occur when local-wind-genera ted waves are superimposed on a low swell
from a dis tant storm . A grap h of the modified spectrum appears in
Fi gure D-3 .

The performance data graphed in Figure C-l are specific for a floa t
d i a m e t e r  of 5 feet* a nd the P ie r so n- Moskow i tz  spect rum .** Figure  C-l
was derived from Reference 6. However , p redictions in Reference 16 with
-i newe r mathematical model indicate that the number of rows predicted in
Reference e~ sho uld be increased by about ~~~~~ and this adjustment has
been incorporated into Figure C-I .

~For other values of the float diameter CD), the required number  of
rows for 50% reduction can be approximated by m u l ~~ig lying the number of
rows obtained from Figure C-i by the factor (5/D)

-~~For the Pierson-Moskowitz spectrum , a one-pa rameter spectrum , a fixed
relati on shi p exis ts between the spectra l peak rriod , T , and the si g-
i i i  ican t wave height , H (name ly ,  H 0 .13 T if H i~ in feet and

- - S - - 5 -  p .  S - . -is in seconds). Thus , specification of I is a l so  a specification
- H - Th i s  association allows the delineat?on of sea states on Fig-

- ~
‘-l by means of the shaded areas and sea s t a t e  code numbers .
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In Figure C-l , the number of rows required for 50% wave hei ght
reduction is read off the scale at the bottom below the point of intersec-
tion of the 50% line and the curve for the wave period in question.
Directly above this point of intersection , the scale at the top shows
the optimum tether length for the given wave period .~

Figure C-i also shows off-optimum performance. Opposite the points
where the vertical line for any given tether length intersects the
v a r i o us curves , the corresponding wave height reduction is read o f f  the
scale at the left. This tether length is optimum for only one of the
wave peri ods .

Tether Length (feet)

8 13 18 25 33 

2O~~~~\\\~~~~~~~~~~~~
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- - I I
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~~~~\ 
_\  — - - - ~~~~~~~~~~~~~~~~~~~

N - - ~~~~~~~~~~~~

~ 60 H I - - 
- - - ~~~~~~~~~~~~ 8_ 

- - 
-- 

- -

~~ 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~ 7 1‘:~~~~~~~~~ 
:iiTh T~~~~~~~

:
Number of Rows

Figure C-2 .  Performance anal ysis (examples) .

Figure C-2 il lus t ra tes  the use of Figure C-i .  It  shows , for  example ,
that 38 rows are required for 50% reduction of the significant wave
heig ht if the peak period is 7 seconds and the tether length is the
optimum for 7 seconds — 25 feet. Similarly, 50% reduction requires 58
rows if the peak period is 8 seconds and the tether length is the optimum
for 8 seconds — 33 feet. For other Pierson -Moskow itz  spectra , wi th
peaks at 9 , 8 , 6 , and 5 seconds and a constant tether length of 25 feet ,
the wave height redu ctions are 22%, 34%, 69%, and 86%, respectively.

*Jt should be noted tha t  p l o t t i n g  the curves in Figure C-l fo r  4 , 5 , 6 ,
and 7 seconds required extrapolation of a curve presen ted in Reference 6.
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Fi gure C-l and the examp le of Figure C-2 show the effect on perfor-
mance of varia tion of the wave spectrum peak period when the n um u er  of
rows and the length of the tethers are fixed . The effect of va rying the
number of rows , with the wave period and tether length fixed , may be
e s t i m a t e d  (R e f . 6 ) f r o m

= (C
0~ )

n /n
O

in which  C
T~ 

is the wav e tr ansmiss ion  c o e f f i c i e n t d e f i n e d  by 
-

= - 
percent reduction of significant wave height

T 100

n is the v a r i a b l e  number  of rows , and C~~’ and n are co r respond ing
reference values of C

T
* and n , which are taken ~rom Figure C-I for

various pairs of values of the wave period and the tether length. This
formula was used to construct Figure C-3. The formula is more accurate
the cl oser n/ n  i s to u n i t y .

E f f e c t  of Wave Spectrum B read th  on P e r f o r m a n c e

Reference 6 notes that increased efficiency of tethered floats in
deep wate r is to be expected from increased bread th  of the wave spectrum .
It also presen ts a prediction technique for the “modified” spec t rum
desc r ibed  above , which is broader than the Pierson-Moskowitz spectrum .
Performance da ta for spectra that are more peaked than Pierson-Moskowitz
are no t available.

The anal ysis of Reference 6 shows that the number of rows required
for 50% reduc tion of the si gnificant wave height for the modified spectrum
is about half the number required for the Pierson-tloskowitz storm spectrum .

LOGISTICS

Design 11

Desi gn 11 cons is t s  of 28 spherical floats , 5 feet in diameter ,
attached to a raftlike or bargelike ballast module of reinforced concrete ,
31 by 61 feet in plan (see Figure 10). The ballast and floats would
weig h 84 tons.
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Figure C-3. Tethered float breakwater performance with low-density ,
spher ica l  f loa t s  5 feet in d iameter  (Pierson-Moskowitz
wave spectrum); effect of variation of number of rows .
(I is the wave period corresponding to the peak of the
sp~ ct rum .)

68

S . .



Transportation. For long-distance ocean transportation , the modules
could be car r ied  onl y on large ocean-going barges , on well decks (LSD ,
LPD , LilA , or TRIPIARINER), or on bargeships (LASH or SEABEE). A module
wi th the 31- by 61-foot p lan dimensions was selec ted so that it could be
lif ted onto a LASH vessel by the sh ip ’s gantry crane and stored in the
spaces normally used for the ship ’s barges (lighters). Two modules can
be s to red in the space occup ied by one LASH barge . Thus , one LASH could
ca r ry  in  p lace of barge cargo 98 to 178 modules , dep endi ng upon the
p a r t i c u l a r  vesse l .  An a d d i t i o n a l  56 to  64 modu les could be p laced on
the hatch covers .

In s i m i l a r  f a s h i o n , a la rge r b a l l a s t  module could be designed to
match  the plan d imens ions  of SEABEE barges fo r  s torage in the i r  p lace ,
but  the la rge r module  would be less ve r s a t i l e .  About 134 LASH-sized
bal las t  modules  could be ca r r i ed  in s ide  SEABEE barges , b u t  the  need f o r
a crane at the  des tina tion to ex trac t them is a significan t disadvantage .
Also , it is unlikely that one of the three SEABEE ’ s in exis tence wo u ld
be avail able for breakwater transport for COTS.

Shi ps wi th well decks can accommodate the floating ballas t modules ,
but none can carry very many ; and again , none is likely to be available
fo r  t h i s  purpose .

B a l l a s t  modules of LASH-barge size ( i . e . ,  30 by 60 f e e t)  ca n be
ca r r i ed  on a 100- by 400-foot  ocean-going  ba rge , w i t h  ei ght  layers (108
modules) consti tuting an average barge load. This mode of transport
requires a cr ane at the destination for unloading . The crane could be
part of the cargo of one barge . Unloading by crane appears to be the
simples t procedure .

To summarize , Table C-i shows the number of modules that one vessel
could carry . The quantity of breakwater material on the vessel is aiso
expressed in terms of the axial length of a 7-second breakwater (35 rows
of floa ts). A LASH is the best carrier on the basis of capacity and
speed , and for COTS it is the only likely carrier on the basis of availa-
bili ty.

Ins tallation. The main steps in installin g the confi gu ra t ion of
Figure 11 are as follows :

1. Locate and mark positions of forward anchors .

2. Install and set forward anchors; attach buoy and line and drop
chain to bottom for later recovery .

3. Install and set (temporaril y) the two forward upd urrent anchors
directl y in line with current.

4. Unload modules and tow them to breakwater site for assembly of
moored elements .

5. Attach moored elements progressively downcurrent , using forwa rd
and side moorings for stabilization.

6. Attach temporary downcurrent moorings ; sink sections while
app lying la tera l load.
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1. Pl ace and temporarily set the two rear  u p c u r r e n t  anchors  d i r e c t l y
in li ne with the current.

8. Attach rear sections using side moorings and fore-and-aft
connec ting wires for stabilization.

9. Attach temporary rear downcurren t moorings and sink the rear
sections.

10. Si - i f ul-l i t a l l y r a i s e  and reset the l a t e r a l  moor ings  in the
r e q u i r e d  f i n a l o r i e n t . i t i on , beg i n n i n g  u p c u r r e n t  ( sho reward , then s e a w a r d )
and e n d i n g  l u w r i u , r c - r i t  ( s h o r e w a r d , t h e n  s e a w a r d )  to pu l l  the b r e a k w a t e r
i n t o  the f i n a l ( - o n t i g u r . I t  i o n .

5 1 - i h l f -  C - i .  Ocean T r a n s p o r t  of Tl Modules

Q u a n t i t y  On One Vessel
_________________ 

Transpor tT r a n s p o r t  - _______________

I - Speed
Vessel Number of Axial Length ofa ~knots

Modules Breakwater (ft)

LASH b 154 to 242 1,230 to 1 ,940 22

SEABEE - 134 1,070 20

Bargec 108 860 3-1/2

a Co n f i g u r a t i o n  of F~~ ur e  11 .
bRanges of values corres ’ond to the range of capaci t ies
of LASH ships.

c100 by 400 feet.

Time schedules for  i n s t a l l i n g  1 , 070 , 1, 550 , and 2 , 030 feet* of
breakwater may be estimated from Fi gure C-4 as about 5-1/2 , 7-1/2 , and 9
days , respectively. These installation rates — 1.5 to 2 . 0  moored e l emen t s
per day or 22 to 30 modu les  per day — are slowe r than the rates at which
modules can be unloaded from transport vessels. Therefore , installation
rate is the controlling factor , and temporary storage of a small number
of unloaded bu t uninstalled modules is required if the transport vessel
is to be unloaded as rapidly as possible.

~These actual lengths correspond to effective lengths of 640, 1 ,120,
and 1,600 fee t , r espect ive ly (see Append ix E ) .
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In addition to the three workboats needed for installation (see
Fig ure C-~~), the following are needed for unloading arId storing modules:

c ~~~~~~~t Ves~~ l Workboa ts

[SAS h 3 tugs
SEABEE 4 tugs , 1 ba rg e c rane
100x400 ba rge 1 tugs , 1 ba rg e cr ane

th e barge-mounted crane would have to reach 50 or 60 feet  and l i f t
85 tons to unstuff a SEABEE barge . To unload an ocean-going barge the
maximu m reach would be about 200 feet , a l thoug h th i s  f i gure  cou ld he
reduced to a b o u t  120 fee t  if the crane barge is moved back and forth
a l o n g  the  cargo  barge — a time-consuming procedure . Possibilities (or
tugs  a re  the  LASH barge  t u g ,  w h i c h  is c o m p a t i b l e  w i t h  t he  LASH gan t ry
c r a n e  and w h i c h  has been desi gned bu t  not  b u i l t , or , once t h e  LASH
cant ilevered lif t frame is acquired , a PHIBCB water-jet-propelled wa rp ing
tug.

Cos t. For cost estimating , the f l oa t is assumed to be a spher ic a l ,
seamless , p l a s t i c  f l o a t  of the  c o n s t r u c t i o n  developed b y the Lane I n s t r u -
ment Company, El Cajon , Calif . , wei gh i n g  400 pounds and costing $450 in
some q u a n t i t y .  One tether with special terminations is expected to cost
$175 (Ref . 16). A tassled wi per at tached to the float to inhibit marine
growth (a patent has been app l ied for  by the Naval Ocean Systems Center)
is assumed to cost $25. The concrete ballast module for these floats
weighs about 5 ,600 pounds per floa t and would cost $300 to $500/cu yd ,
the  exac t  f i gure  d e p e n d i n g  upon quantity. Depending upon the depth of
wa ter and the total length of the breakwater , moorings  and connec t ing
lines will add 10% to 15% to the above costs. Commercial fenders at
$4 ,000 each would add about 20%; however , this cost would be reduced
cons i derabl y by adap ting surplus fuel bags at a cost of about $400 each .

The ma terials cost for a 7-second breakwater (similar to that of
Fi gure  11), w i t h  m o o r i n g s  designed for  less than  a 100-foot depth , may
be summarized as follows :

Cost
Moored Elemen t Front

Item (420_Floats) Foot~

Floats , wi pers , teth e r s ,
and t e r m i n a t i o n s  $273 , 000 $2 , 275

Ballast system
Ball ast mass $281 ,000
Fenders 12,800
Lines and fittings 27 ,700

321 ,500 2 ,679
Mooring legs 42,700 356

$637 ,200 $5 , 310

~For a breakwater w i t h  15 moored e lements , 1 , 800 feel long .
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Design T2

Design T2 consists of reinforced-concrete trian gular-frame ballast
mod u l e s , 20 f eet on a s ide  and abou t 1 .5 f e e t  deep ,  desi gned to c a r r y
5-f oot sp heric al floats attached at the apexes and midwa y bet~~t- en apexes.
Ih e modules ‘ir e  assembled i n t o  a moored element (see Fi gure 14), an
articulated framework nominall y 100 feet  w i d e .  For a 7-se ond breakwater
(37 rows), the leng th of the moored e lemen t would  he 312 fee t and the
n umber  of f l o a t s  atta ched 346 .

Transpo dation. For long-distance ocean transportation , the unassem-
bl ed components (modules and connectors , t r i m m i n g  wei ghts , and floa t-tether
sets) can be cirried on large ocean-going ba rges (Ref. 16) and on barge-
shi ps (LASH and SEAREE). The material for 10 moored e lements , 100 by
312 fe et , w o u l d  be an ave rage  load  f o r  a 100 by 400-foot barge . Materi al
for 8 to iS moored elements could be carried aboard a LASH vessel ,
depending upon the particular vessel , and ma terial for 31 could be
carried on a SEABEE . As noted p r e v i o u s l y ,  however , the availability of
a SEABEE for COTS is unlikely.

The sh ipping of components unassembled has inherent disadvantages
w h i c h  may be undesirable in Navy app lica tions . With reference to barge-
ship transporta tion , a calm—water storage area at the destination is
req u i r e d  for  the f u l l  comp l emen t of the shi p ’s l i ghters ; otherwise the
layover time for the mother ship would be excessive . If the assembly
si te and the ins ta l l a t ion si te are not the same , the moored elements
mus t be towed from one site to the other. For any mode of ocean transpor-
tation , the shi pp ing of components unassembled involves considerable
time at the destination for assembly prior to installation.

Assembled , one moo red el emen t can be shi pped on a 100 by 400-foot
barge , al th oug h this is not economical use of the barge ’s capaci ty. The
ba rge should be a submergible type. Details of the unloading operation
have to be comp leted .

To summarize , Table C-2 shows the number of moored elements which
could be carried aboard one vessel . The quantity of breakwater material
is also expressed in terms of the axial length of a 7—second breakwater.

In stallation . Prior to installation , unassembled componen ts on a
seagoing  barge or in LASH or SEABEE barges would be delivered to a
dry dock si te , a harbor , or other quiet water where there are facilities
for unloading the barges and space for storing the  b a r g e s hi ps ’ l i gh te r s
and unloaded breakwater components. One or more small cranes would be
r e q u i r ed , as well as means for moving components from a storage area to
anot her  crane used for  a s semb ly .

A p rop osed me thod is to asse m ble  a moored e lemen t on a barge , 110
by 320 fee t , in q u i e t water  o r i n a dry dock . The barge must be a submerg-
ible type . Seven days ~ ‘ estimated as the time needed for assembly.
The moored elemen t would then be towed to the breakwater site , launched
f rom the barge by submerg ing  i t , a nd then towed w i t h  b a l l a s t  submerged
to t h e desi r ed loca t ion for installation. Because the moorings are
similar , the installation procedure would be approximatel y a - described
for the Ti desi gn. More details are presented in References 16 and 24.
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Table C-2. Ocean Transpor t of T2 Modules

Quantity on One Vessel

Transpor t
Transpor t Number of
Vessel 100-Foot Axial Length of 

Speed
a (knots)

Moored Breakwater (ft)
Elemen ts

Modules Not Assembled Into Moored Elements

SEABEE 31 3 ,100 20

LASHb 8-15 800-1 ,500 22

Barge
c 10 1,000 3-1/2

Modules Assembled Into Moored Elements

Ba rge
C 1 100 3-l/~ ]

a
Configura tion of Figures 15 and 16.

b - .Ranges of values correspond to the range of capacities
of LASH ships.

c100 by 400 feet.

Vessels for installation are as f dlows : one ocean-going 110 by
320-foot submerg ible barge for each moored elemen t being assembled
s imul taneousl y ,  with tug; four tug’~ (3 ,000 to 5,000 hp) for unloading,
moving, and positioning a moored element during installation; and one
wa rping  t ug ,  ARS , or ATF for  m a r k i n g  and p lacing anchors .

Installation time is estimated as follows : 1 day for pre- and
post-assembl y operations for each moored element; 7 days to assemble one
moored element;  t ime to tow one barge  car ry ing  a moored element from
assembly site to installation site ; and 1 day to unload , position , and
install one moored element. Thus , the times to install 900, 1 ,400, and
1,900 feet  of breakwater (effective lengths of 500, 1,000, and 1 ,500 feet)
a f t e r  de l ivery  of components overseas , ass uming tha t  moored e lements  are
not  asse mbled s i m u l t a n e o u s l y  and neg l ec t i ng t i me fo r t ra n si t  f ro m assemb ly
s i t e  to b r e — k w a ter  s i te , are 73 , 113 , and 153 days , r e spec t ive ly .

Cost. Data for floats and tethers are as assumed previously for
design 11. The ballast cost is estimated as $160 per float. The flexible
i n t ermodu le  connec to r s  are  a development  i t em  and are  assumed to cost
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$1 ,500 each . L i n e s  and f i t t i n g s  fo r  c o n n e c t i n g  moored e l e m e n t s  w i l l  add
5% to 15% to the foregoing costs , and moorings will add 5% to 10%,
depending upon  the water depth and the length of the breakwater.

The materials cost for a 7-second breakwater (similar to that of
Fi gure 15), w i t h  m o o r i n g s  desi gned fo r  less  than 100-foot depths , may be
summarized as follows :

_____ 
Cost 

_______

Moored Elem ent Front
Item (346 Floats) Foot

Floa ts , wi pers , tethe r s ,
and terminations $224,900 $2 ,250

Ballas t system
Ballast mass $ 55,500
Connectors 121 ,500
Lines and fi ttings 

~~~~~ 242 ,000 2 ,420
Mooring legs 400

$507 ,000 $5 ,070

De s i gn :‘~
Desi gn T3 consists of 128 cylindrical floats approximately 2 feet

in d i a m e t e r  and 4 feet high assembled from automobile tire casings and
attached to a steel-frame ballast module , 30 feet by 60 feet in p lan
(see Figure 17). The wei ght of the ballast module and the floats is
90 tons. Logistics—related properties such as cost or installation t ime
per increment of axial length , which are functions of the beam dimension
of the breakwater , are  omit ted f rom the f o l l o w i n g  d i scuss ion  s ince
perf ormance (lata covering the expected ranges of water depth , submergence ,
and float properties are a necessary input.

Transpo r t a t i on .  For long-distance ocean transporta tion , the modules
can be carried on ocean-going barges or on bargesh i ps in approximatel y
the numbers previously noted for design TI. The way in which the attached
floats are carried on the ballast m dule aboardship has not yet been
worked out . If the float-tether assemblies can be transported on the
balla st modules in a way which permits stacking the modules like Ti
modules , then the data in Table C-l on numbers of modules carried on

• va r ious  vessels  a re  app l i cab le  to 13 modules. Howeve r , the data  in
Table C-i on length of breakwater do not app ly to the T3 design .

Ins tallation. The insta ll a ’ ion p r o c e d u r e  o u t l i n e d  be low is one of
severa l possibiliti es suitable for other desi gns also , including nonrecov-
erahie types of ballast. For this procedure , i t  i s  assumed t h at  a
m o d u l e , upo n p lacement  in the wa te r , is taken  d i r e c t l y to the b reakwate r .

As outl ined , the procedure applies when modules are delivered on a
LASH vessel or on a seagoing barge . If the modules are transported on a
SEABEE , preliminary steps must be taken to (1) oft loa d the SEABEE barges .
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(2) extract breakwater modules and temporaril y store them , and (3) refloat
arid ffl)ve them to the floating crane . As noted previously, however , for
COTS breakwaters , a SEABEE is not likel y to be available.

The following procedure is illustra ted in Figure C-5:

1. The m odules  are p laced in  the wa ter one a t a t ime by either the
LASH gan try crane or the floating crane used to unload the cargo b a r g e s .
The required s t a t i c  l i f t  is about 90 tons. The required reach for the
crane is the same as for the Tl modules.

2. Workboa ts alongside the crane attach temporary flotation utiliz-
ing pelican hooks for attachments.

3. The crane releases the module.

4. The workboats move the module a short distance to an LCFI-8,
which takes over the module.

5. The LCM-8 transports the module to the breakwater site .

6. The LCM-8 and one workboa t position the module.

7. The LCM-8 releases the pelican hooks , a l l o w i n g  the module to
sink. Float entanglement is prevented by having the floats previously
secured to the ballast frame .

8. The LCM-8 pulls rods holding the floats to the ballast frame ,
and the floats rise to the operating position.

9. The LCN-8 returns to the crane and delivers the auxiliary
flota tion system to the workboats at the crane ’s working site.

Ves sels re qu i r ed , i n a d d i t i o n  to the cranes noted above , are two
LCH-8’s for transporting and installing modules and three 35-foot work-
boa ts f o r  p lacing f l o ta t ion  and a s s i s t ing in posi tioning modules. In
addi ti on , for SEABEE transportation , two additiona l small tugs or other
boa ts are required to take SEABEE barges to and from storage if this is
done concurre ntl y wi th installation of the breakwater.

The rate of ins tallation , in terms of the axial length of breakwater
ins talled in a day, depend s upon the beam dimension of the breakwater ;
that is , the number of rows of floats.

Cost. Proposals to supp ly floats for the ocean experiment have
ranged between $50 and $500 per float; here , $100 is assumed . Estimated
cost for one tether with terminations is $25. The cost of the steel
ballast can vary from $0.20 to $0.50/lb , depending upon the local availa-
bili ty of material. Here , $0.25 is assumed. Thus , a rough es t ima te for
the fabricated cost is as follows :

Cost
Item Per Floa t

Floats , t e t he r s , and terminations $125

Ballast system 225

TOTAL $350
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Appendix D

REFERENCE WAVE SPECTRA

The dominant hei ghts and periods of waves being generated by the
wind depend upon the distance upwind from the point in question to the
far end of the area over which the wind has been blowing (the fetch of
the wind), the width of the fetch area , the speed of the wind , and the
length of time in which the wind has been blowing. The wave spectrum
for the point in question grows as time passes , as illustrated in Figure
D-l. This simp lified example pertains to steady wind and to unlimited
length and unrestricted width of the fetch . When growth has practically
ceased , the sea is “f u lly developed .” Both the significant wave hei ght ,
which varies as the square root of the area under the graph of the
spectrum , and the wave period corresponding to the peak of the spectrum ,
which identifies the spectral components carrying the most energy ,
increase as the sea develops .

The dependence of the fully developed spectrum upon the speed of
the wind is shown by the examp les of Figure D-2. These graphs are plots
of Pierson-Moskowitz spectra (Ref. 26). This family of spectra is in
wide use as the descriptor for the case of unlimited , unrestricted
fetches with moderate to strong windsi~

Under fetch-limited conditions , spectra that are more peaked than
the Pierson-Moskowitz spectrum are observed (Ref. 27 and 28). The
JONSWAP family of spectra was derived from measurements obtained during
the Joint North Sea Wave Project (Ref. 28). An examp le of a JONSWAP
spectrum is compared in Figure D-3 to a Pierson-Moskowitz spectrum .

The third spectrum shown in Figure D-3 is an artificial case which
was devised to represent , by means of a spectrum readily expressible
mathematically, certain bimodal sea-plus-swell spectra which may be
observed in nature (Ref. 6). This example Consists of a Pierson-Moskowitz
spectrum for a 9.3-knot wind (peak period at 3.5 seconds) superimposed
on a reduced Pierson-Moskowitz spectrum for an 18.6-knot wind (peak
period at 7 seconds) in which all spectra l energy values (ordinates)
have been multiplied by one-ninth. While  the swell component may be
less broad-banded than in this formulation , this modified spectrum
illustrates the increased breadth of spectrum that can result from such
superposition of wave systems . The modified spectrum is the broadest of
the three in Figure D-3 , while the JONSWAP spectrum is the most peaked .
This is brought out by plotting the spectra in normalized form , as in
Figure D-4.

~The Pierson-Noskowitz formulation was derived from storms with 20- to
40-knot wind speeds at 19.5 meters ’ elevation.
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Appendix E

EFFECTIVE LENGTH OF BREAKWATERS

DEF iN Ill ON

A ribbon type of breakwater 1 ,000 feet long may not provide full
protection along the 1 ,000-foot front , along the line which coincides
with the shoreward side of the breakwater , because of diffraction about
the ends of the breakwater , increased transmission through it , or direct
exposure associated with oblique incidence of the waves. It is necessary
to allow for these effects when specifying the length of a breakwater ,
especially when the variability of wave direction is unknown and the
orientation of the breakwater is fixed . The effective length used in
this analysis is the actual axial length minus a deduction for the
regions at both ends where wave shelter is lessened. For practical
reasons , an approximate effective length , constant for each configuration ,
must be defined . Therefore , it is assumed that the range of values of
the wave approach angle 20 in Figures E-l , E-2 , and E-3 often equals but
never exceeds 45 degrees and that a sharp wave shadow at the edge of
this wave window marks the boundary of the fully sheltered region . The
effective length of the breakwater is taken to be the length of the line
along the shoreward edge of the breakwater intercepted by the 45-degree
angle.

SLOPING FLOAT BREAKWATER

It is assumed that the effective inner corners of the breakwater
are the points of intersection of the water surface and the outer edges
of the outer pair of floats (points E in Figure E-l) and that the effec-
tive length is measured along the line of the toes of the floats. The
difference between the total axial length of the breakwater A and the
effective length A

eff 
is given by

A - Aeff {2x tan(O)] 0 22-1/2 degrees

{2d tan(0)/tan(a)] 0 22-1/2 degrees

0.828 d/ tan(a)
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in which the angle a is determined from

- d + F
sin(a) =

For illustration , a sloping float breakwater 90 feet long placed in
water 30 feet deep with a freeboard of 7 feet has an effective length
that is about 50 feet less than the actual length , as sin(a) = 37/90 =
0.411 , tan(a) = 0.451 , and A - Aeff = 0.828 x 30/0.451 = 50.

SOLID ARRAY OF TETHERED FLOATS

Near the ends of the breakwater , obliquely incident waves do not
pass all n rows of floats (see Figure E-2). The maximum wave protection
exists only over the length of line A 

~~~~~~ 
The diffe rence between the

axial length A and the effective leng~~i Aeff is given by

A - A f f

= [2B tan(0)]0 = 22-1/2 degrees

= 0.828 B

For illustration , a bottom-resting tethered float breakwater with
floats arranged in a compact rectangular array, with 50 rows spaced
4 feet apart , has an effective length that is about 160 feet less than
the actual length , as B 49 x 4 = 196 and A - Aeff = 0.828 x 196 = 162.

CHECKERBOARD ARRA Y OF TETHERE D FLOATS

In this array (see Figure E-3), alternate sections containing
several columns of floats are , in effect , displaced as a block seaward .

— Waves pass n rows of floats only over the length of line A ff; n is the
required number of floats , as taken from Figure C-i. If t~e ratio
(2a + d)/(b + c) is greater than tan(0), the difference between the
actual length A and the effective length Ae f f  is approximately

A - Aeff - [B tan(0)  + a + d~0 22-1/2 degrees

= O . 4 1 4 B + a + d

in which B 2b + c.
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For illustration , the breakwater in Figure 11 (a = 105, b = 325,
c = 100, and d = 15 feet) has an effective length about 430 feet less
than the actual length , since (650 + 100)0.414 + 105 + 15 = 430. The
breakwater in Figure 15 (a = 100, b = 312 , c = 100, and d = 0 feet) has
an effective length about 400 feet less than the actual length.
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Figure E-3. Effective length of checkerboard array of tethered floats.
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Appendix F

SLOPING FLOAT BREAKWATER DATA

PERFORMANCE

Wave Height Reduction By Legless Floats

The basic data are plotted in Figure F-i. The data were measured
in laboratory tests of a panel about 3 feet long with no gap (no legs)
(Ref. 3). The transmission coefficient C

T 
is the ratio of the wave

hei ght in the lee to the incident wave height. The data pertain to
regular waves; i.e., single-frequency , constant-amplitude wave trains.

The graphs in Figures F-2 and F-3 show , to a first approximation ,
performance in random waves as represented by the Pierson-Moskowitz
spectrum . These estimates were obtained by assuming that the sloping
float is a linear mechanical system , one of the curves in Figure F-l
representing the frequency-response function of the system . Figure F-i
is indicative of a nonlinear system , and greater accuracy would be
obtained if this assumption were not made . However , the nature of the
nonlinearities of the system are not known well enough to justify more
appropriate computations. For the Pierson-Moskowitz spectrum , the curve
for H/L 0.04 was used for the frequency-response function . For the
narrower JONSWA P spectrum 0.06 was used , and for the broader modified
spectrum (see Appendix D) 0.02 was used.

The curves in Figures F-2 and F-3 are terminated on the right at
180 feet , which is about the length of the longest standard NL pontoon
string (30 pontoons). At the left end , the curves have been extrapolated
to what corresponds to a float length of about 90% of the shortest
length tested (2.9 times the depth). Further extrapolation becomes
increasing ly unreliable because effectiveness is expected to decrease at
an increasing rate with furthe r increase of the angle of inclination .

For illustration , Figure F-2 shows that in 30 feet of water one row
0 of floats 93 feet long is required for 50% of the significant wave

height if the peak period is 7 seconds. The required length of the
floats if two rows are installed is less than 80 feet.

Effect of Wave Spectrum Breadth on Performance

Table F-l shows the results of a calculation .~heck to investigate
performance for wave spectra that are broader and narrowe r than the
Pierson-Moskowitz spectrum . In all cases , the float length is 93 feet ,
water depth 30 feet , and wave period 7 seconds .
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Table F-I. Effect of Wave Spectrum Breadth on
Performance of a Simple Slop ing
Float With Float Length 93 Feet ,
Water Depth 30 Feet , and Spectral
Peak Period 7 Seconds

- . . Reduction ofSignificant . - -
- SignificantWave Spectrum Height -

~ft~ 
Height

5. 1 (eQ

Mean JONSWAP 7.9 44

Pierson-Moskowitz 6.4 50

Modified (Appendix D) 2.7 66

Wave Height Reduction by Legged Floats

Preliminary data have been obtained in laboratory tests of an
unmoored , pivoting (hinged), legged float in regular waves (Ref. 25).
The data fcr the case that the lower 30% of the water column is unob-
structed are reproduced in Figure F-4. These results are not definitive
but are indicative that the wave height would be reduced about 50% when
the wave period is 7 seconds if the float length is 90 feet , the freeboard
6 feet , the length of the legs 30 feet , and the depth of the water
40 feet. Somewhat better performance is indicated for a float length of
120 feet, 40-foot legs , and 60-foot depth of water.

In random waves , where the height and length of the waves are not
constant , breakwater performance is conveniently measured in terms of
the reduction of the significant wave height at a given value of the
spectral peak wave period. In these terms , breakwater performance
appears to be better than in regular waves , owing largely to nonequiva-
lence of the reference wave properties. As an example , a row of legless
floats 107 feet long in water 30 feet deep would , according to Figure F-l ,
reduce the height of regular waves of 7-seco~id period by 50%; but ,
according to Figure F-2 , the legless floats would reduce the significant
height of random waves with a dominant period of 7 seconds by 59%. It
thus appears that designs S2 and S3 would produce the specified level of
effectiveness in depths of 40 and 60 feet , respectively. Verification
of this tentative conclusion depends upon the acquisition of performance
data for the condition of restraint actually existing in the full-scale
system.
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LOGISTICS

Estimates are easiest for legless floats adapted from 3x15 NL
pontoon sections (design Sl , Figures 21-23) because this design involves
the least amount of engineering development. However , rough estiii~ates
for designs S2 and S3 are included in the following discussion.

Transportat ion

For long-distance ocean transportation , the breakwater modules
could be carried on ocean-going barges , in vessels with well decks (LSD,
LPD , LIlA , or the TRIHAR INER), or in bargeships (LASH and SEABEE). The
capacities of a large barge , a SEABEE , and LASH ships are summarized in
Table F-2.

An average load for a 100 by 400-foot barge is between 2,000 and
3,000 lineal feet of breakwater. To unload the barge , a large ringer
crane could be required . The static lift would va ry from 30 to 130 tons ,
depending upon the particular module design . For a ba rge-mounted crane
the maximum radius would be about 200 feet if its location relative to
the cargo barge is fixed , or about 120 feet if the slow procedure of
moving back and forth along the side of the cargo barge is used .
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Fa ster transportat ion is p rov i ili-il by sh ip S .  Ships with wet I decks ,
although capabIe ,~<’ would not he avail able for COTS breakwaters.

The carrying capacity of bargeships varies a great deal , depending
upon Fii, t I~ the typ e of sh i p arid the design of the module. A SEABEE
s.~nflOt readily h a n d l e  lxlS sections or other floats 21 feet wide because
t hey are too narrow . If the floats are 28 feet wide , 115 to 154 modules

~,800 to 5 ,100 lineal feet of breakwater) apparently could be carried
in p lace of the ship ’s barges , making this shi p the most capable carrier
f o r  the sloping float breakwaters. However , as noted elsewhere , a
SEABEE is not li kely t i  be available for transporting breakwaters fo r
COTS .

Special design of hardware that makes it feasible to stack modules
Of design S2b or S3 in a LASH in the spaces normally occupied by the
ship ’ s l i g h ters would result in a carry ing  c a p a c i t y  of 2 ,300 to 3 ,600
lineal fee t of breakwater of either of these two desi gns , the exact
numbe r depending upon the particular ship. Otherwise , only the space
atop the hatch covers could be used , and o n l y  700 to 1 ,000 lineal feet
could be carried (see Table F-2j.

I u stallati on

Floa ting modules of the SI desi gn would  be connec t ed to each other ,
t emporarily held in position by tugs , and connec ted to the moorings ,
wh ich would have been preset so that the lines are slack after the
connections have been made (refer to Fi gure 23).’ The valves in the
manifold headers on the floats would then be opened in quick succession ,
beg inning at one end. The va l ves would be reached from a warping tug or
small boat. The venting o the pontoons permi ts water to enter the

C ports in the lowe r sides. The shoreward ends sink at a slow rate ,
depending upon the size selected for the ports. In an optioi~al procedure
permitting more control , a vacuum pump is attached to the vent. When
flooding is complete , the shorewa rd moorings are adjusted , if necessary ,
and side moorings attached.

Time schedules for installing 600, 1 ,200, and 1 ,800 lineal feet~~
are shown in Figure F-5. The installation times are about 3, 4-1/2 , and
6 days. These installation rates — about 8, 10 , and 12 modules per
(lay - are slowe r than the rates at which i~~duIes can be unloaded from
transport vessels. Therefore , installation rate controls , and tempora ry
storage of modules is required if the transport vessels are to be unloaded
as rap idly as possible.

These installation rates are expected to app ly to design S2a as
well as to SI. Installation times for designs S2b and S3 are expected
to be 33% to 50% greater than for Si .

“~An LHA would have space for 500 to 800 lineal feet of breakwater of
design Si or S2a .

~ <‘The effective lengths (see Appendix E) are about 50 feet shorter than
these values in a depth of water of 30 feet , and 100 feet shorter in a
depth of 60 ft.
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Cost

For design SI , cost of new construction involving design modifica-
tions of 3x15 NL pontoon sections is estimated as $80,000 for one module.
Moorings for a breakwater of about the minimum length of 600 feet , and
for water 30 feet deep would add just over 10%. Thus , the fabricated
cost is about $88,200 per float , or about $3,400 per front foot.

For designs S2 and S3, rough estimates of cost , including moorings ,
are $5,200 and $6,800 per front foot , respectively.
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