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ABSTRACT 

Large floating ocean platforms are envisioned as satisfying basing 
requirements of the Navy in the mid 80's. The floating platforms would 
consist of structural components mass-produced, constructed into modules 
ashore, launched, towed to the site and assembled into platforms. 

This investigation studied various configurations using concrete 
as the construction material. The scope of effort included synthesis 
of concepts, concrete production, construction methodology and cost, 
and an RDT&E plan. It is concluded that concrete is a feasible and 
practical construction material for large ocean plateorms. 
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PART ONE - INTRODUCTION 

by J. J. Hrotnadlk 

BACKGROUND 

U. S. Naval power overseas is brought to bear primarily through 

fast carrier strike groups, seaborne landing forces, and missile launch¬ 

ing submarines. The efficient use of these forces is dependent upon 

advanced logistics, maintenance, and support facilities. The Advanced 

Base - also called Forward Area Base - is a major element in supporting 

the operating forces in remote areas. A vast real estate potential 

exists in mobile ocean basing systems; large floating platforms that 

can essentially occupy any ocean site are seen as a means for meeting 

forward area surveillance and basing requirements of the Navy in the 

mid 80's. Such platforms as shown in Figure l.i, could increase Task 

Force effectiveness by providing a greater time on combat station; they 

avoid most of the problems cf foreign bases without sacrificing any of 
the advantages of forward deployment. 

The floating platforms are seen as consisting of components mass 

produced ashore, constructed in modules, launched, towed to the site, 

and assembled. Such a capability to support occupancy of a particular 

ocean region for the performance of specified operational tasks exists. 

It does not appear to require major scientific discoveries or technical 
breakthroughs; it does require systematic development with accompanying 

RDT&E to update and extend current technology. While available materials 

of construction provide a designer's choice, concrete does appear to 

stand out. It is readily available, economical, can be mass produced 

and lends itself to repetitive large-scale constructions. With concrete, 
it is not necessary to bring the project to the industrial plant, the 

production processes can go to the site. Moreover, the history of con¬ 

crete in a marine environment speaks for itself. (See Part TVo.) 

Raw materials* are plentiful and are not known to be scarce even 

during periods of national crises. The cement industry is experiencing 

a steady growth. U. S. shipments reached an all time high of about 400 

million barrels per year (bpy) in 1968. New plants in operation, to¬ 

gether with modernization and expansion of existing plants were expected 

to increase production capacity by some 20 million bpy by 1970; the 

capacity at the close of 1968 was slightly more than 500 million bpy. 

Prognostications for cement shipments by 1980 range from a low of 625 
million to a high of 717 million bpy. 

The fastest growing segment of the rock products group is the light¬ 

weight aggregates. Output has Increased by 80 percent in the last de¬ 

cade to reach an annual high of 10 million tons in 1968. Production is 

expected to double by 1975 (Grancher, 1969). 

7 Production quantities are discussed in Part Four. 
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curreütttrlV.1:r:0Lr“«iv°:t„f7eUtiV:*, t0diy'S Mrket- but 

surpassing in the 60's wíth *„}!?;< 8 UP ln the late ,50'8’ *n* 

all of the 60's did not exceed Cement PrlceS durin8 
index shows that not only is cement in a^8 * ^°168316 Price cost 

but .i.» r«lnforclng niii1^~Ltr.1;«,Prfx«u r2sítlon' 

395 firm ïn°the"united 18 clem0"*t:rat“ '‘«Hy- Some 
element, for cu'tt- déu^ Ld^. ^* Pr3dUCe pr"ast- «Petltlye 
construction uas demon.tr.ted with the Co’ Î r(” *"> d*rln8 “>duUr 

â—î ‘‘rr-*a°d Records, 1968). rucc“re was $10 per square foot (Architectural 

at remote * s i tes 'wa^demons trated^ ' ' ltR ***”*“* 
Construction, 1967). Routledee fra 3i pitlsh Columbia project (Western 
Columbia, were faced with producing^ne milïioS°to °f !anc0uverp Brltish 
gates for Arrow Pam on the ColumM? p? mllllon tons of concrete aggre- 

Routledge', .tetlon.r, pUní ^tie col« ‘““o f th”1^’ ‘"“i" fr0" 
brought to Vancouver St* Since the dam could not be 
quality to t“ därilt. J., ê re’fry t0 brl"« the Production and 
component by component Inlaid' rÜh""?8 dl<1’ asiemblyln8 thc plant 

“bltlou, S^OOoTo"Mr di; «bed" Zd^?”: "Ota0"ly a” 
In 5¾ month, the plant produced nëaîiyZuZ ÎÎ • "Z '’ <la"and*- 

Concrete is an e»nM/u . . , ^ ^ts mllllon-ton commitment. 
tions that have evolved as a result’of*^ ^ bUt throu8h applica¬ 
nts in handling and placing and in 5®^ devel°Pment8 • * • improve- 
mixtures . . . higher strenofhc d ft, design and control of concrete 
reinforcing techniaues i * mproved cement formulations and 

longer .pam.ZdZrentlrily p“".8.«'1’1"'?!:811 CO“8trUCtl°"’ 
leading not only to Improvement. In quality ëut *” 
that are ever broadeninc the dlso t0 tecbnlques 

modern concrete structure, never biLrlZatZdí"* “ atflcle"c>' 10 

SCOPE OF INVESTIGATION 

The investigation documented in thfn ren/m»«- 
by the Office of Naval Re.earch and tíí JaZ P«ïî!t*l«"Zîd JOÍ,,tly 
Command. It dealt with one of the te v 7* racLiities Engineering 
early Invemg.tlon th.Zf ZZ Z°l08lCal araaa requiring an 
assembly. The practlcabllltv of const ^tt ’“ferial., fabrication and 
on bbe availability iëZo:i?ZZ,japa^da 

Construction co.t e.tlmte. are pre.ented In Part Five. 
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maximum practical alze modules - units to be launched for subsequent 

assembly at sea - and structural elements that make up the modules 

depend on such state-of-the-art factors as fabrication techniques, 

materials of construction, materials handling equipment and assejsbly 

methods. This report documents results of the preliminary investigations 

into the fabrication of various configured concepts and notes areas 

where further RDT&E efforts are warranted. Also included is a history 

of concrete structures in a marine environment. Based on operational 

analyses, three platform sizes were investigated:* 300 x 300, 400 x 

1200, and 1000 x 4000, with dimensions given in feet (Figure 1.3). 

Various configurations of three basic types were considered, (a) elevat¬ 

ed decks on columnar, vertical supports for providing buoyancy, (b) ele¬ 

vated decks with semi-submersible type horizontal hulls and (c) elevated 
decks with barge-type hulls for floatation. 

By definition, the construction process is basically in four stages, 
as illustrated in the below diagram. 

Intermediate products, or elements, are major precast units that go to 

make up modules, the smallest units to be launched. The modules, are 

then assembled at sea into sections, and these in turn into the plat¬ 

form (See Figure 1.4). Requirements on size, configuration and deploy¬ 

ment may dictate a final design where either of the intermediate stages, 

modules or sections, may be unnecessary. Reference is made to these 

four stages of construction throughout the report in context with the 

above definition. 

Joint laboratories report on mission analysis (1970), in preparation. 
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Figure 1.2. Production data (Scource: 
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United States, 90th Edition, 1969) 
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The report Is divided into six parts as follows- 

Part 1 --—-- Introduction 

Part 2 - General history of large concrete structures 

in a marine environment. 

Part 3 -—-- Various platform concepts, their characteristics 

and suggested configurations. 

Part A --—- Concrete production, concerning such topics as 

production quantities, rates and costs, plant 

operations, and quality. 

Part 5 - Methodology associated with large platform 
construction, at-sea assembly, and towing. 

Comparative construction costs for various 

platforms are Included. 

Part 6 —--- Construction summary, with comments on method¬ 

ology for comparing platforms and a suggested 

RDT&E plan. 

I 
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ART TWO - HISTORY OF CONCRETE STRUCTURES 
IN A MARINE ENVIRONMENT 

by W. R. Lorman 

SIGNIFICANT FIXED STRUCTURES 

.ncl.«'^fc“tk;nïcï“,°ÎtÎr«et' Í" a “rir,e ®nvironinent 1. a„ 
today on the ^ I" 
sometime between 12 and 41 A.D the Roman* ^ h l century, 
as supports for a large wharf Iht ^ ï ^onstr,fcted concrete pillars 

19 canturía. o£ .ubJrga^â L .aawatar th “"°U- In 1954> aft” 
Still serviceable on the basis of Tcientifî* COncr®te was considered 

samples retrieved from the structure Thi^wTwî10” °f variou8 
to be the oldest known exa™ll «ï This installation is believed 

engineers utilized the fact that 00°¾^6 e ^ 8eawater* The Roman 

volcanic a.h fron naîr^t,'^ “ °f 
cementitious compound that harden« ^ .? U to create a 
Naples and Gaeta to the north there are^* ^ Alon8 the coast between 

still extant, as evidence of the resistMcrof^nÍT ^ R°man concrete 
concrete to the action of the sea. Pl in (non'reinf°rced) 

a caw!rdÍrV° Viî:ruviu8* Roman concrete structures consisted of 

pozcolana,“and Ttlr' placed“«..'.'’d““ “ “mblri<,tl0" of Una, natural 
built up a. layer, of conc«^ Wood/1?“"1 S'“" ato”e <™bble> and 
The usual mix proportions of the solid« f0r^°rk was sometimes used, 
of lime and 5 part, of p^oU™ U<“ ^ ^ "°rt*r 2 9“»» 

the usé Ó?*pí"ôuníc mix ture, declined by“h ““h". ln 476> 
and the knowledge was forwon-.».» a ^ y he end of the 5th century 

dl. age. t™ „rt.“s u.êd îr.tc^rL'8 dark a8"- Duri"8 bh. mid- 
mixtures of lime, sand and watpr k ®0nry con8truction were usually 
structures on land. * ’ U 8UC^ con8truction was limited to 

princ5lIÏ\rd“ntblyvtiïreuÎtiua.liania17IrCh f0ll0Wed 
Toulon, France, was made entire?!'of ‘ °ne °f the jettie8 at 
Toulon was constructed of similaí miterial61?» in 1774 the drydock at 
the concrete used in constructing l 1857) * In l756 
Eddystone Rock, situated on the Cornish486 °h 8tone Üghthouse on 
pozzolana mixed with hvdraulir n coast of England, consisted of 
of clay. This wls thefírí int^ C°n aini?8 a considerable amount 
on the Roman mixture of ÎÏ“ ‘nd n"tur°.l “ t,*tmamc «-ea. 1956) 
only suitable cementitious material for «r zz°lana’ up t0 that time the 
water. The ba.e and flrät nÒÕÍ ÙÎ .K «ructure. under or exposed to 
remain today although the li.h.ho 6 Eddy®tone lighthouse .till 
.t nearby P^uÄe U dla"“tlad “d -located 
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Concrete incorporating portland cement was used in England as 

early as 1928 for plugging a break in the wall of the Thames River 

tunnel that was under rcastruetion. One of the early instance» of 

portland cement concrete exposed continually to seawater was the con¬ 

struction of a coral concrete base for the Daedalus lighthouse which 

was erected in 1862 on a ccral reef in the Red Sea (Parkes, 1863). When 

the Daedalus lighthouse was replaced in 1930, the coral concrete base 

(actually a plain concrete layer or slab over the reef) was replaced 

with ordinary sand and gravel concrete (Fatim, 1954). 

From the middle to the end of the 19th century, docks and wharves 

built of concrete were invariably of plain concrete. Most of these 

proved durable and are still in use. 
The first maritime reinforced concrete structure in Great Britain 

was built in 1899 at Southampton; it consisted of a reinforced concrete 

deck, 100 by 40 feet, resting on reinforced concrete piles. The struc- 

ure, which was still in service and in excellent condition in 1955, was 

made with a "very dry" concrete (1. e., concrete of a low water/cement 

ratio). In 1902, also at Southampton, another reinforced concrete pier 

was erected; its deck was 360 feet by 20 feet and about 34 feet high. 

This second facility was made with "rather wet" concrete as it was 

considered that the resultant workability would assure better passage 

through the maze of reinforcement than would be possible with a concrete 
of stiff consistency. In a few years the latter pier exhibited deterio¬ 

ration which was partly due to the fact that the wet mixture tended to 

shrink away from the reinforcement while undergoing set (the excessive 

air voids accompanying a high water/cement ratio tending toward a weak 

and permeable concrete), and partly due to electrolytic action resulting 

from the electric cranes being grounded to the pier (Wentworth-Shields, 

1956) . 
In Japan early in the 20th century, immense precast concrete blocks 

were used (Hiroi, 1904) in constructing jetties, and, as far as known, 

are in service today. During the period 1909 to 1918, the USN graving 

dock at Pearl Harbor was constructed of reinforced concrete (Stanford, 

1916). It is over 1000 feet long and is still in serviceable condition 

today. 
For the past 60 years the Port of Los Angeles has successfully used 

reinforced portland cement concrete for wharf construction (Wakeman, et. 

al., 1958). Two exceptions have detracted from an extraordinary record 

of performance in sea water (Lorman, 1965). Berths 57 through 60 were 

built in 1914, but 10 years later the longitudinal reinforcing steel 

had become exposed by the cracks in the concrete cover; shotcrete was 

used for restoration and 40 years later the structures were still intact. 

The second exception to outstanding performance occurred in 1960 at 

Berths 135 and 187, which were built in 1920, although necessary pre¬ 

cautions had been taken relative to mix proportions, placement, curing, 

and structural design; the difficulty was traced to contaiminated 

cement; the cracks were sealed in 1960 by grouting with pressurized 

epoxy. The admirable performance of waterfront structures at the Port 
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of Los Angeles has been accomplished by observing established facts 

regarding concrete, applying the best constructional procedures, and 

adhering to principles of good workmanship, all of which necessitated 

correctly written specifications and assiduous inspection. 

Service records of 27 specific American concrete waterfront struc¬ 

tures, built during the period 1904 to 1951, have been briefly presented 

in geographic sequence (Mather, 1957). The north and central Atlantic 

Coast, from Canada to North Carolina, is a zone in which the dominant 

influence on durability is characterized by freezing and thawing. The 

south Atlantic Coast, the Gulf Coast, and most of the Pacific Coast are 

zones where chemical factors are dominant relative to influencing 
concrete durability. 

Service records of 105 concrete structures in seawater were atudied 

iooT\1922 t0 1924 and certain conclusions deduced (Atwood and Johnson, 
1924). Maritime structures included 31 facilities in foreign nations 

(built during the period 1855 to 1911) and 74 American structures (built 

during the period 1889 to 1919). The evidence showed great variations 

n the serviceability of both plain and reinforced concrete waterfront 

structures. The durability of the cementitious matrices in general use 

as of 1924 seemed to ue questionable. Plain concrete in seawater may 

deteriorate as the result of chemical action of sulfates (in the seawater) 

on the constituents of the concrete and mechanical action of water, ice 

and debris. Reinforced concrete in seawater may deteriorate not only 

because of such chemical and mechanical actions, but also because of the 

splitting and spalling brought about by the corrosion of the steel 

reinforcement. The rate of deterioration is related to the permeability 

and porosity of the concrete. Most of the deterioration, in both plain 

and reinforced concrete, occurs above low tide level; good concrete 

seldom suffers below this level. "Deterioration of well built rein¬ 

forced concrete does not often indicate its presence by rust stains in 

much less than 10 years." Disintegration by the chemical action of mag¬ 

nesium sulfate in seawater can be prevented by incorporating siliceous 

materials in the concrete; such materials (volcanic origin) are pozzolana 
rom Italy, Santorin earth from Greece, trass from Germany, and tuff 

from California. Other siliceous materials are diatomaceous earth from 

Denmark and California, certain blast furnace slags, and some burned 
clays. 

In Norway, during the period from 1962 to 1968, comprehensive 

field inspections of 219 reinforced concrete wharves (among a total of 

/16 concrete maritime structures erected since about 1910) disclosed 

that deterioration developed very slowly within the tidal zone. Above 

high tide level the deck beams were especially vulnerable to corrosion 

of steel reinforcement. However', neither the deck slabs nor seawalls 

underwent any serious impairment of strength during a half century of 

service. The wharves inspected involved over 2,000,000 square feet of 

reinforced concrete decks supported by more than 5000 reinforced on- 

crete pillars. Evidenc* indicated that deck beams should be either very 

shallow or, preferably, avoided altogether in order to assure good per¬ 

formance of concrete wharves under severe marine environment (Gjorv, 1969), 
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The many adverse effects of ice on concrete marine structures have 

been described (Peyton, 1968). These effects have been experienced at 

oil drilling platforms (Cloyd, 1969) and concrete piers in Alaska where 

it has been demonstrated that the magnitude of forces due to ice flows 

must be carefully provided for if the structurée, are to successfully 
meet operational requirements. 

The Posey Tube, a two-lane subway nearly one mile long under the 

estuary oetween Alameda and Oakland, California, is another significant 

concrete maritime structure. Constructed in 1927, and in continual 

use to the present, it included 12 precast reinforced concrete tubes, 
each 203 feet long, which were fabricated at Hunter's Point near San 

Francisco and then floated across the Bay, sunk in place, and joined 

underwater (Horwege, 1929). 

Precast reinforced concrete units for wharves exposed to seawater 

were used in constructing harbor facilities at Aberdeen, England and 

at Tanga, East Africa during the period 1908 to 1912 (Bilîig 1955). 

These structures are probably the earliest examples of precasting methods 

necessitated by economic reasons (e. g., excessive cost of hauling raw 

materials to the construction site or shortage of skilled labor or both). 

A more recent example of precast concrete is found in the San Mateo- 

Hayward Bridge, constructed in 1928 and 1929, in San Francisco Bay. The 

total length, including approaches, is nearly 12 miles, of which, 7 

miles consists of the concrete trestle portion. The concrete deck slabs 

were precast on shore, barged to the site, and installed over precast 

piles. Within 8 years serious cracking was evident (Gewertz, 1958) and 

repairs were made intermittently until 1951, when the California State 

Highway Division purchased the bridge. Repairs have been continued to 

the present; portions previously restored have undergone more recent 

restoration. Extensive investigations of the structure indicate that 

rupture and spalling of the concrete were caused by the reinforcing 

steel suffering from corrosion promoted by the chemical action of sodium 
chloride and sea mist (Temper and Bright, 1958). 

Many of the caot-in-situ reinforced concrete structures built during 

the early decades of the» 20th century now appear rather ponderous when 

compared with currently built structures which are comprised of slender 

precast members made of higher strength concrete. 

During 1946 and 1947, a 3800 feet long by 26 feet wide causeway and 

a 3500 feet long by 120 feet wide wharf, both of reinforced concrete, 

were constructed in San Francisco Bay at Richmond (Gerwick, 1948) . Pre¬ 

cast deck slabs and precast piles were transported to the site by barge. 

Pile caps were cast in place using precast concrete forms designed to 

slip over the precast piles. This construction job typified most of 

the principles of precast concrete for maritime use. The central casting 
yard, suitably located relative to transportation facilities, was: (a) 

level, yet drained readily; (b) did not settle under extremely heavy 

loads; (c) equipped with slabs for precasting operations; (d) had 

facilities for unloading and installing reinforcing steel, --*ving the 

forms, placing freshly mixed concrete, lifting and storing completed 
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early in 1970. Each tube section consists of a 3/3-inch thick steel 
shell9the interior of which is covered with a 27-inch thick lining of 
reinforced concrete. Each steel shell is stiffened transversely by 
8-inch structural steel tees spaced at 6-foot centers. The steel 
shells were fabricated at South San Francisco on shipways, launched, 
and towed to a nearby wharf for concreting while afloat. Concrete 
placement sequence was in four stages so as to keep each tube section 
trim in the seawater and avoid high stresses in the shell. The first 
stage was the floor; second, the straight central wall; third, the 
curved side walls; and fourth, the crown. Unit weight of the concrete 
was critical; at 145 pcf the complete tube section would float satis¬ 
factorily, but at 150 pcf it would sink (Western Construction, 1967). 
After being concreted, the weight of a tube section ranged between 
9,000 and 9,500 tons; these weights were a few hundred tons less than 
needed for sinking. A decrease of 17. in density of seawater would 
affect the buoyancy as much as 100 tons for a structure of this dis¬ 
placement. The typical tube section contained 4,200 cubic yards of 
concrete which had been transferred from the transit mixers by means of 
10-cubic yard buckets operated by gantry cranes.- The cranes, which 
were 70 feet high and equipped with 100-foot booms, moved along a 15- 
foot gage track. Each completed tube section was equipped with temporary 
water tight bulkheads. After a section was lowered about 130 feet into 
a trench on the floor of the Bay and coupled to the preceding section, 
the seawater crapped between the adjoining bulkheads was pumped out. 
Removal of the water in the joint between two sections created sufficient 
hydrostatic pressure at the outboard end of the lowered section to cause 
the joint gasket to compress longitudinally and form a water tight seal. 

Since 1946 there has been an extensive application of prestressing 
and post-tensioning techniques in the area of concrete structures. In¬ 
cluded are pipes, piles, long-span beams and slabs, bridges, piers, 
walls, roofs, and offshore platforms; additionally, there are many mis¬ 
cellaneous items (e. g., electric light poles and railroad ties). 
Modern methods of fabricating precast prestressed concrete structural 
members have assured the production of much larger units than would 
otherwise have been possible; prestressed pavements, aircraft runways, 
tanks, tunnels, folded plate roofs, and thin shell structures are 
examples. Nevertheless, prestressed concrete is a material requiring 
specialized knowledge. The structural design must be entrusted to a 
specialist in this area of structural engineering, the production of 
precast units requires unusually high standards of workmanship, and the 
assembly and erection necessitates considerably more technical detail 
than is the case with conventional reinforced concrete. 

The largest group of marine structures consisting of prestressed 
concrete are wharves (Gerwick, 1959). 

Z7 
Information on concrete production for BART is contained in Part 

Four of this report. 
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Figure 2.1. Schematic of a BART section emplacement 
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An example of precast prestressed concrete construction in a 
marine environment is found in the oil-storage platform situated 35 
miles offshore in the Gulf of Mexico. The platform supports two 5,000- 
bbl tanks on a prestressed piles some of which are 192 feet long (Bruce, 
1956). This structure is situated in 37-foot-deep seawater and rises 
4Í feet above mean high tide level. It is designed to withstand a 
hurricane load of 62 psf and 36-foot high waves. The piles having an 
outside diameter of 5A inches and a wall thickness of 4 inches, are 
braced horizontally and diagonally by steel pipe. The sections composing 
the platform deck are prestressed concrete slabs 48 feet long and nearly 
17 feet wide. 

Another example of a prestressed concrete platform, 254 by 136 feet 
in area and supported by 192-foot long precast prestressed concrete 
piles, is situated 28 miles offshore in the 81-feet-deep water of Lake 
Maracaibo in Venezuela. The structure was erected in conjunction with 
an offshore natural gas conservation plant. The centrifugally spun 
piles are hollow, 3 feet in diameter, wall thickness 5 inches, and 
each prestressed by 12 cables in addition to longitudinal and spiral 
reinforcement (O'Connor, 1964). 

In 1968 the Federation Internationale de la Précontrainte's 
Commission on Durability authorized a survey of the performance of pre¬ 
stressed concrete structures in America, Canada, Guam, Australia, New 
Zealand, Japan, Republic of China, India, and Ceylon (Szilard, 1969). 
Among eight categories of structures was the category "Wharves, Piers, 
and Quays." In a total of 103 of these maritime facilities, represent¬ 
ing those in America (72), Canada (1), Austrialia (10), and New Zealand 
(2), only one structure showed evidAnce of damage. In the category 
"Bridges", in America the most serious case of damage to prestressing 
tendons (caused by corrosion) was found in the Lake Washington floating 
bridge. The survey revealed that Instances of distress or failures 
were very few. The report indicates that distress is mostly the result 
of improper constructional techniques; it is also due to improper 
structural design, faulty materials, insufficiently detailed specifica¬ 
tions, and insufficiently strict inspection and quality control of 
concrete. 

SIGNIFICANT FLOATING STRUCTURES 

The first floating structures made of portland cement mortar, the 
forerunner of today's ferro-cement type of construction, were the 10- 
foot long reinforced mortar rowboats built in 1848 or 1849 by J. L. 
Lambot on France (C&ssle, 1967 and Morgan, 1968). This patent, issued 
in 1856, describes how the mortar hull is reinforced with wire fabric 
and ircn grid. More than a centruy later, one of the aforementioned 
boats was afloat (at age 118 years) in the freshwater pond on Lambot's 
estate; this boat is now on display in a French museum and a companion 
boat, 1 year younger, is boxed and in storage at Paris. 
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205 feet long, 32 feet wide, and nearly 20 feet high; from 1929 to 

about 1949 she operated between Liverpool, England and Lagos, Nigeria, 

after which period, the ship was stripped of all machinery and used as 

a floating warehouse. In 1969 the Armistice was scuttled at tea because 

her hull was badly spalled (Morgan, 1970). 
From 1914 to 1918 a small number of concrete ocean-going ships ¿nd 

barges were produced in France; each approximated 300 gross tons in 

size. During the years 1919 through 1921, the French built 15 concrete 

hulls of which 11 were designed by E. Freyssinet. The unit weight of 

concrete in these 180 foot long vessels was 140 pcf. Though heavier 
than steel ships, Freyssinefs ships utilized numerous strands of small 

diameter reinforcing steel so that the ratio of total deadweight to full 

load displacement was 0.61, which approached that of a steel sh_p of 

equal size. j j 
The first large reinforced concrete ocean-going ship produced in 

America was the Faith which was constructed at Redwood City, California 

in 1917. This vessel of 3,427 gross tons, hull thickness varying from 

4 to 4-1/2 inches>was in operation from 1918 to 1921. Though the U. S. 

Shipping Board Emergency Fleet Corporation program called for construct¬ 

ing 38 concrete ships for World War I use, only 12 were built. Lengths 

ranged from 260 to 434 feet; beams, from 43 to 54 feet; and depths, from 

26 to 36 feet. The hulls of these 12 ships (six of them were tankers) 

incorporated steel reinforcing bars ranging from 3/8 to 1-3/8 inch 

diameter. Hull thicknesses ranged from 4 to 6 inches. The average 

compressive strength of the concrete was 4,000 psi at age 28 da^s. 

The following tabulation, prepared for the U. S. Shipping Board, shows 

the tonnage comparison among three types of hull: 

Hull 
Fittings and Equipment 

Propelling Machinery 

Margin 

Reserve feed 

Ordnance 

Fuel 

Stores 

Cargo 

Total dead weight 

Full load displacement 

Ratio of total dead weight 

to full load displacement 

*U. S. Senate Documents, 20 (239) 

Concrete Wood Steel 

2,500 2,300 1,160 

191 191 180 

206 206 200 

75_80_60_ 
2,972 2,777 1,600 

80 80 80 

23 23 23 

300 300 300 

40 40 40 

2.760 2.180 3.057 

3,203 2,623 3,500 

0,175 5,400 5,100 

0.52 0.48 0.69 

Washington, (1918). 
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Crushed lightweight (expanded clay) aggregate was utilized in the 120 

pcf concrete of 11 of these 12 ships (Boyd, et. al., 1921). It is 

apropos to note that drill cores extracted about 1953 from the hull of 

the wrecked Selma, constructed of this lightweight concrete, revealed 

no corrosion of reinforcing steel after 35 years of exposure to sea¬ 

water (Mather, 1969). In addition to the 12 concrete ships actually 

built in America during World War I, a total of 32 concrete barges 

(ranging from 500 to 1200 gross tons) were also built; 21 were used on 

the Erie Canal and Hudson River and 11 were used at New York Harbor. 

Most of these barges were too easily damaged by blows that would not 

have been severe enough to impair the serviceability of either wooden 

or steel vessels. Moreover, also constructed at that time were three 

100 foot tankers and five lighters (each 500 gross tons). The greatest 

shortcoming of these various concrete ships and barges was the extreme 

brittleness of the concrete. The record of performance indicated some 

doubts that reinforced concrete ships and barges would ever become 

commercially popular. Despite such negative attitudes, the consensus 

regarding general characteristics disclosed that concrete ships served 

their intended purpose in World War I. In passing, it is of interest 

to note that concrete ship construction is more economical along the 

Pacific coast than elsewhere in the continental U. S. because of 

equable climate. The history of the American concrete ships has been 

described (Haviland, 1962) and sumnarized previously (Jackson and 
Sutherland, 1969). 

In Great Britain, during 1943 and 1944, the construction of 

enormous concrete floating caissons known as "Phoenixes" ( a military 

code name) was accomplished as part of the invasion harbors known as 

Mulberries which were installed, after being towed across the English 

Channel» along the coast of Normandy. Mulberry A (the American harbor) 

was located off Omaha Beach; and Mulberry B (the British harbor), off 

Utah Beach. These 146 caissons were constructed as precast concrete 

units which necessitated 330,000 cubic yards of concrete and 31,000 

tons of reinforcing steel, and involved 1,500,000 square yards of 

forms. The labor force approximated 20,000 men (Billig, 1955). The 

units ranged from 176 to 204 feet in length and were as high as 60 

feet (Stanford, 1951). Other published data (Wood, 1948) indicated the 

use of 410,000 cubic yards of concrete for Phoneix units and an additional 

132,000 cubic yards for supplementary caissons. The bridge-carrying pre¬ 
cast concrete pontoons, known as "Beetles", were 50 feet long by 22 

feet wide by 9 feet high (hull proper). For the Phoenix concrete, the 

aggregate/cement ratio was 4.5, maximum size of crushed stone aggregate 

was 3/4 inches and the designed compressive strength was 850 psi. For 

the Beetle concrete, maximum size of aggregate was 3/8 inches and the 

designed compressive strength was 1500 psi. The intended life of these 
units was 90 days. 

Meanwhile, America was constructing ships and barges as part 
of the U. S. Maritime Commission program that was underway in 1942. 

These vessels were built at five concrete shipyards, namely, Savannah, 
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rïü’tini TÎS;; S*i Fy*"el‘C0' tnd »*«»“1 City, adjacent to San Diego 
( uthill 1945). During the period 1942 and 1945 a total of 104 con- 

Cí?te /«lTl8 WuTe buiit; 24 of the8e were for self-propelled dry cargo 
ships (McLaughlin, 1944) each 350 feet long by 54 feet wide by 35 feet 

igh; the remainder were for barges (Engineering News-Record, 1943) or 

lighters which were designed for towing and which ranged from 265 to 

366 feet in length, 48 to 56 feet in width, and 18 to 38 feet in 

eight. The concrete in all of these vessels incorporated lightweight 

aggregate (maximum size 1/2 inch) modified portland cement (ÀSTM Type 

II), and in some cases a set-retarding admixture. Average slumps 

were seldom over 4 inches. Cement factor was 9 bags in most caces. 

Minimum compressive strength required at age 28 days was 5,000 psi. 

h îwÜy*?6 wat"'c®,nent «tio ranged between 0.45 and 0.50 (by weight). 
Hull thickness of the concrete vessels was 6-1/2 inches. 

Among the 80 ship-shaped concrete barges, 26 were built at the 

Delair shipyard of Barret & Hilp, contractors, at San Francisco Bay 

under contract for the Ü. S. Maritime Commission. The first of these 

366-foot barges was floated in its graving dock in June 1943. The 

barge, were designed for loads of 2,368 pounds per square feet of ship 

bottom and 416 pounds per square feet of deck. The superstructure was 

designed so that vertical bulkheads would resist horizontal forces, due 

to waves arriving aft on the deck, as high as 950 pounds per square 

feet. Reinforcement was heaviest in the midsection where steel amounted 

to 35 pounds per cubic feet of concrete. Reinforcing bars were positioned 

CííhíUlW9t! 8P«cified clearances which, at certain locations, were 

WÍÍhíü ?f íhe concrete 8urf*ce. The bottom was 7 inches thick 
and the sides 6 inches thick. Each longitudinal reinforcing bar was 
welded into one piece 366 feet long, dragged into the formwork, and 

laid in proper position. Unit weight of freshly mixed concrete was 126 

pounds per cubic feet initially, but was later reduced to 116 pounds 

per cubic feet. Wooden forms for the hulls were erected in 6 graving 

docks. The completed concrete hulls were floated into the Bay by 
flooding the graving docks. 7 7 

Early in the U. S. Maritime Commission's concrete shipbuilding 

program, an investigation of concrete vessels built previously during 

World War I revealed that reinforcing steel rarely corroded or became 

exposed due to spalling wherever the concrete cover over steel was 
greated than 3/8 inch. 

i._r tÍ" !udÍÜl0n tC Uj S‘ iJaritln,e Commission's program during World 
lí1’ tb?4Bureau4°i Yard8 ind Do«*8 in 1943 undertook the construction 

I ÎQrt«UXlllary relntr'rced concrete floating repair docks (ARDC), each 
of 2800 ton capacity (Anon., 1947). These were 389 feet long, 84 feet 

wide, and had an overal height of 40 feet which included 14 feet high 
bottom pontoons (compartmental); the 26 feet high wing walls tapered 

from I* feet at the base to 10 feet at the top deck. Eight of these 

were built at Wilmington, North Carolina and five at San Pedro, Califor¬ 

nia in dry basins. Each required 3300 cubic yards of concrete which was 

designed to have a 28 day compressive strength of 4000 psi, obtained 
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by using a cement factor of over 8 bags per dubic yards and a water/ 

cement ration of 5 gallons per bag. Five of these 13 floating repair 

docks* were towed to advanced bases in the Pacific Ocean area. All 

proved water tight and required no maintenance during the war. The 

use of concrete for these ARDC's was based on the successful earlier 

performance of 400-ton capacity floating concrete docks, designed by 

the Bureau, for use in repairing small patrol craft. 

Another concrete vessel designed at BuDocks, and constructed early 

in 1944, was the prototype of the concrete LCT (Landing Craft Tank). 

The overall dimensions aud capacity were identical to the steel LCT's 

in use at that time. The prototype was 112 feet long, 32 feet wide, 

and weighed 224 tons (in air). The construction involved precast 

slabs, precast cells, shotcrete, and cast-in-place concrete (MacLeay, 

1950). The cells were 4 by 7 by 5 feet in size and had wall thick¬ 

nesses of 3/4 inch (for the 4 foot sides) and 1-1/2 Inches (for the 7 
foot sides). Reinforcement was wire fabric. Compressive strength Of 

the concrete in the cells was 8500 psi at age 28 days; aggregate/cement 

ratio of the rather stiff mixture was about 2.5 for the cells and for 

the slabs which were 1-1/4 inches thick and also reinforced by wire 

fabric. The completed prototype was tested for 6 weeks, during which 

the vessel outrode a hurricane and underwent full-speed landings on 

gravelly beaches, without damage to the concrete. The cost of such 

concrete LCT's was deemed comparable to that of steel LCT's built under 

wartime conditions, but apparently the USN need for such landing craft 

diminished the following year, and no production was Initiated. 

All of the concrete vessels constructed in America, Great Britain, 
and Europe during both World Wars I and II have been estimated to re¬ 

present a total displacement of 500,000 tons (Jackson and Sutherland, 

1969). These ocean going concrete ships and barges were structurally 

sound. Nevertheless, further development was apparently undesirable 

because conventionally reinforced thick concrete hulls are heavier 

than comparatively thin steel hulls. Assuming no shortage of steel 

plate in peacetime, the greater motive power requirements of a concrete 

ship preclude the comparatively economic operation that prevails among 

steel ships. This weight disadvantage might be overcome by resorting 

to prestressed concrete hulls, but such possible trend has not yet 

appeared among the steel-Oriented ship designers. 

The experienced gained in building concrete hulls during World 

War II subsequently led to improved methods of fabricating floating 

concrete platforms. A post-war example is the landing stage built 

in 1952 at Hamburg, Germany (Minetti, 1956). It consists of five com¬ 

partmentalized reinforced concrete pontoons, each 39C feet long by 60 

feet wide by 13 feet high, having wall 10 Inches thick (Billig, 1960). 

A floating highway, nearly 1-1/2 mile long, and known as the Hood 

Canal Bridge crosses a portion of Puget Sound about 35 miles north of 

Seattle. The structure, completed in 1960, consists of 23 floating 

reinforced concrete pontoon bolted together (Andrew, 1959). Water 

depths at mean low tide range from 70 to 340 feet, tidal range is 18 

* 
Designated ARDC during the war and in 1946 redesignated ARDL(C) which 

denotes Auxiliary Repair Drydock Little (Concrete). 
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feet, and maximum observed tidal velocity is nearly 3 knots; when wind 

velocities reach 92 knots (the observed extreme) the choppy waters in¬ 

volve 5 feet high wave at 35-foot wave lengths. The roadway is 20 

feet above the waterline, or 14 feet above the pontoon decks, to protect 

automotive vehicles from seawater spray. Each concrete pontoon is 50 

feet wide, divided into cells 15 feet long and 12 feet wide; pontoon 

lengths range up to 360 feet; bottoms and sides are 9 inches thick, 

decks are 7 inches thick and the walls of the interior cells are 6 
inches thick. The draft of the typical pontoon is nearly 9 feet. 

Adjacent pontoons are joined by bolts spaced at 15-inch centers around 

the perimeters of the pontoons. The bolts pass through heavy concrete 

beams that are integral with the top and bottom slabs and the side walls 

of the pontoons. Two continuous floating structures were thus created, 

each being attached to a 600-foot draw span which is situated necr the 

middle of the floating bridge in order to accommodate passage of air¬ 

craft carriers. The floating highway is anchored by means of wire 

cables that extend from the pontoons to concrete-filled anchorage blocks 

previously placed underwater; there are 42 of these gravity anchorages, 

each of which has a submerged weight of 550 tons. The pontoons were 

precast in a graving dock. Each pontoon was post-tensioned before the 

deck was cast; the tendons, composed of eight 3/8 inch diameter strands 

of seven wires each, lie in the bottom slab (at 2-foot centers) and in 

the lower portions of the walls (interior and exterior). The cost of 

construction was $20,000,000 and required three years to complete; the 

pontoon work represented $14,000,000. A severe storm early in 1960, 

when ten of the 23 pontoons had been joined, damaged the joints between 

adjacent pontoons and cracked the decks and bottom slabs of seven pontoons 

(Engineering News-Record, 1961). Repairs and modifications during 1961 

cost an additional $3,500,000. The modified design involved joining 

the pontoons with bolts supplemented by epoxy resin bonds, and post¬ 

tensioning the assembly (Nichols, 1964). 

Also of interest, although never built, is the floating tunnel 

proposed 19 years ago to accommodate automotive traffic across Puget 

Sound. The nearly 14,000-foot long underwater concrete tube was 

designed to have a buoyancy nearly three times the maximum live load, 

to be situated 50 feet beneath the surface so as to not obstruct ocean¬ 

going ships, and to be anchored to the 800-foot deep floor of Puget 

Sound. The tube was to consist of 34 precast sections, each 400 feet 

long by 60 feet wide by 30 feet high. The cross-section was to be 

similar to the outer end of binoculars, a configuration adopted for the 

BART twin-tube described previously. Precasting was to be done in a 
graving dock, necessitating 400,000 cubic yards of concrete. The 

estimated cost of this floating concrete structure was about $55,000,000 

based on 1949 price levels (Andrew, 1951). 

Hollow concrete pontoons have been used for marinas since the early 

1960^ (Sellner, 1964). Customary sizes of the modular units range 
from 6 feet long by 3 feet wide by 1 foot high to 8 by 2-1/2 feet; in 

this range the wall thickness varies from 1-1/2 to 2 inches (Noble, 1964). 
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More recent unit8 are 30 feet long by 8 feet wide by nearly 3 feet high 

and baye waHs 3 inches thick. Though pontoons of normal weight concrete 

iif p^f) P°”e88 the advantage of inertia, lightweight concrete (50 to 
5 pcf) has been used. Compressive strengths range from 2,000 to 6,000 

psi at age 28 days. 

*P?r* from 8^ructures ashore, prestressed concrete is a promising 
material for use in pontoons and flat-bottom barges. Ferro-cement- 

construeted vessels, described previously, are generally thin curved 

nulIs although a few prestressed ferro-cement flat-bottom hulls have 

been built in England and New Zealand. Prestressed concrete flat-bottom 

in a^/e11 38 conventional> are known to have been built 
in the Philippines, China, and the Soviet Union. Prestressed concrete 

byrU8feet high Island8 are 200 ^ long by 55 feet wide 

Twenty years ago Freyssinet (1950) stated, "All methods of assembly 

y prestress of units, whetner themselves prestressed or not, into 

larger structures can be used for the assembly of floating units of 

dimensions dependent upon the available means of floatation. By further 

flnaM688 Ih i9 8i“Ple to llnk 8uch assemblies together once they are 
are Inf ’ enablln8 the building up of structures whose dimensions 

tfan ÎÎ °f !he 0f floatation- This method is applicable 

fïoïïing or fSerrnoat?°Ck8i ^ÍP8’ qU3y8' and b«akwaters, whether 
oating or fixed, floating platforms monolithic over very large areas- 

power-stations utilizing energy derived from the sea (thermal, potential 

in dr?amlCî ; as we“ as floating structures with or without hollow 
nteriors later anchored to the ground (locks, docks, etc.)." 

for Sheîflh^î ürÍÍÍ8!¡ fÍrrm 0f con8ultin8 engineers prepared a report 
New Yorí pm f Í relative to concrete seadromes at London, 
New York, Chicago, Los Angeles, Tokyo, and Caracas in Venezuela (Civil 

Engineering and Public Works Review, 1970). They are proposing a Hoat- 

xng cellular prestressed post-tensioned concrete raft to provide an 

aircraft runway length of 14,000 feet for accord a ting jumbo jet aircraft 

3 I S™' 2eSlgSed t0 ,lth,t“<1 exerting a takeoff lolf 
o wfi000 P®^8* Precase prestressed concrete cells each 100 v ion 

X 3 1/2 feet in size and filled with expanded polystyre^ woíld L 

fînuM 8lí dÍC.ally‘ Protection «gainst waves would be provided by a Y 
oating breakwater. More recently, another floating airport (FLAIR1 

freshwater structures 

Notable exceptions, i. e., structures not in a mari 

Washin¿tíñCí Lake P°“tchartrain Bridge (fixed) and tl 
Washington Causeways (floating). 

enviornment 
two Lake 
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I 

inn îhe.KUr,e* /?PllCati0n of PrecMt* Preten.loned concrete conetruct- 
ion in the world is exemplified by the twin-span Greater New Orleans 

causeway which extends north from metropolitan New Orleans for 24 miles 

across freshwater Lake Ponchartrain. This structure is the longest 

Í 86 l? the ^10 (Paln,er» l957>- T»1* fi«t span was begun 
rd co®plet*d. Jn 1956* at • cost of $30,000,000 using a simpli¬ 

fied design and assembly-line methods for fabricating the precast ne- 
tensioned P*rts of the bridge. The second and parallel span was opened 

969. Except for two bascule spans and three humps for passage of 

water-borne traffic, there are no vertial or horizontal curves throughout 

its entire length. The following facts pertain to the first of the two 

spans (Vanßuren, 1957). Production facilities for the bridge decks in- 

volved three pretensioning benches each of which was 490 feet long by 43 
feet wide and capable of producing a line of eight bridge sections at 

one time. By casting sections on one of the three benches everyday, a 

«ÍÍM?rKd!ÍCtÍSn 8?hcdule of el8ht «Ubs or 448 feet of bridge deck was 
established. Nearly 5,000 hollow, eentrifugally cast, prestressed 

steam-cured cylindrical piles were made. Each pile has a wall thickness 

fLt Ta ^ ? dla,net*r of 54 inches, and average length of 88 
DÎomisefîn 86 CO"8ifts of 2’215 identical bent, each of which com¬ 
promises four precast elements; specifically, two piles each weighing 

30 tons, one cap weighing 30 tons, and one prestressed slab weighing 

85 °n**..K?aCî 8lab 18 56 feet 1008 by 33 feet wide* Precast Lps* 

necLïlîîÎ J* b*TT* íhe ^118- Were hollowi «oiid Piles would have 
necessitated cast-in-place caps. The compressive strength of the con¬ 

crete constituting the bridge deck slabs was 3,000 psl before prestress- 

ng wires were released at a 36-hour age. All components were precast 

in a specially built yard. Erection reached a peak of 1/2 mile per week 

I and Il8i8fíhanLakl0¡tlK? COnCre5* ,tructure erected between World Wars’ 

and roiíiííJ î îu"810" Flo8tln8 Brid8* «Ituated at Seattle 
and completed in 1940. The bridge includes 25 cellular flat-bottom rein¬ 

forced concrete pontoons, each 59 feet wide and varying from 117 to 378 

ïche. th^f iA?dreW’ m0)- 0ut8lde W811» and bottom slabs are 8 
inches thick and inner compartmental wall are 6 Inches thick. Drafts of 

on\henpueeî ITIa l t0 ^ f*at* ^ docks were constructed 
on the Puget Sound waterfront were a tidal range of 10 to 17 feet afford 

suitable means of launching the units; they were towed to Lake Washington 

rough the existent ship canal and locks. The bridge is loc/.ted where 

the freshwater lake depth varies between 100 and 220 feet The asaemhlv 
of po-toon. 1. .t.bill«,d by .t.el e.bl.. .tc«L « 

foot ?r ° * 0cean’8°ln8 *hips pass through a 200- 
Wit °Pfnln8 created whenever a special pontoon section is retracted 
longitudinally. The water level in the lake fluctuates a maximum of 3 

freezing is ^°"trolled by the locks. The pontoons are not subjected to 
V,? K1«?! Pontoons are connected by means of shear keys (3x3x1 foot) 

H î/4 Í k J? the conn^tlon. .r. .uppl.Lnt.d by M boU. 
(3-1/4-inch diameter) distributed around the outer margins of adjacent 

pontoon. (Andrew, 1941). Water content of the 6-inch-¡lump coñete was 
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PART THREE - SYNTHESIS OF CONCEPTS 

by ]). A. Davis 

DESCRIPTION OF CONCEPTS 

T„ hÎ? ï6,??8? if dl8CU88lon> various platform concepts are described. 
In this initial phase of concept definition, a concerted effort is 

ln£lude a wide »Pectrum of ideas and approaches. Concepts which 
appear weak now may develop later into promising approaches to satisfy 

Tnt8- Pr0S *nd COns of the varlout concept* « v“Í ÍI 
operational and constructional deficiencies are discussed. 

í-h» iïndidüte! Were cla88ifled according to their buoyancy elements into 
the three basic types defined below. emencs mco 

Platform 
Definition 

Elevated 

Barge 

Semi-Submeralble 

single or multi-story decks sup¬ 

ported on vertical, hollow 

buoyant legs (also called columns 
or piles. 

single or multi-story decks sup¬ 

ported on barge-type hulls. 

single or multi-story decks sup¬ 

ported on vertical legs atop 

submerged horizontal pontoons. 

All suggested configurations not failing into 

tions were grouped into a separate section. 
one of the above defini- 

Elevated Platforms 

The most obvious feature of this concept (Fiaure 3 n rh- 

varlou. vertical buoyant element, poa.lble for aupporllg thedeck 

De-coupling from the ae. i, achieved by reduction of the water nU« 

- ÍÂa^t“-: IcVlorr-loa^ ^rl“¡ H “ 
î“i Neva-Record,'*946)Hi.*platfo^ tr“-*tU"“« (Engineer- 
that depicted in Figure 3.1. rm’ con8tructed of steel, resembled 

3-1 



í 

3-2 



ti 

An elevated platform can be designed to have a minimum heave, pitch, 

and roll response for practically any sea condition. For a platform 

having cylindrical legs of constant diameter and length and uniform 

spacing in both plan dimensions, the natural heave period is: 

th-1.11^7 

where is the wetted length of one of the legs. Thus, an elevated 

platform with a draft of 330-feet would have a natural heave period of 

20 seconds, which insures that the platform will exhibit little heave 

motion in, say, a sea state 7 where the significant wave period is 
about 10 to 11 seconds. 

Advantages. The advantages of a hydrodynamicslly stable elevated 

platform are manifold. Firstly, because ei stability, aircraft take¬ 

offs and landings are facilitated. This becomes an especially impor¬ 

tant consideration for handling large, heavily laden cargo aircraft, 

such as the C-130, that are designed to operate from terrestrial air 
terminals. 

Since elevated sections of modest plan dimensions are themselves 

stable, the assembly of much larger floating units from these sections 
will be a simpler procedure tftan will be the case with the dynamically 
less stable shallow-draft sections. 

Assume a heavy-lift role for the 300 x 300 platform. The raising 

and lowering of large acoustic arrays or other heavy gear (weighing 

up to, say 400 - 600 tons) through a center-well is greatly simplified 

by elimination or reduction of dynamic loads induced by the oscillation 

of the platform. According to Davis and Wolfe Ü969) this becomes an 
especially critical factor if cable is the suspension medium. 

Habitation aboard the platform will be enhanced if it is hydro- 

dynamically stable. The large platforms may require the presence of 

considerable number of support personnel, having little or no nautical 
experience, who may be susceptible to motion sickness. Certainly, life 

will be more pleasent for everyone aboard a stable platform. 

Another advantage mentioned by proponents of levated platforms, is 

the favorable station keeping properties of floating structures having 

minimal watei plan and sail area. Pilot tests conducted in a wave tank 

tend to support the belief that an elevated platform with suitably 

shaped legs may actually remain stationary or advance into an incident 

train of regular waves. Additional tests are needed to support this 

finding, including tests with random seas which are more representative 

of actual sea conditions. It seems umikely, however, that hydrodynamic 

form will ever be a suitable answer for some sea and wind conditions. 

For example, at locales were steady currents prevail, it will have no 

real effect. The platform will drift with the current. Steady winds 

of 20, 30 or more knots intensity can induce an appreciable thrust on 

floating structure having a large sail area. This latter effect sug¬ 

gests limitlug the deck thickness and the diameter of the legs above 
the sea surface. 
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The elevated platform could be designed so that damaged legs could 

be removed without recourse to dry-docking. Pumps could handle minor 

leaks which might develop from time-to-time, while water-tight compart¬ 

ments would isolate flooding due to localized failure in a leg. 

Disadvantages. The principal disadvantage of an elevated platform 

is its inherent lack of static stability. A positive restoring moment 

can be assured only if enough ballast is added at the base of the legs 

(or if the length and breadth of the platform is increased, thereby 

increasing the water plane restoring moment). Depending on the plat¬ 

form size and the weight distribution of the structural and buoyant 

elements, the ballast can assume an appreciable percentage of the total 
weight. 

Compared with the more conventional barge configurations, additional 

disadvantages of the elevated platform include (1) restriction to sites 

having a water depth greater than 300-400 feet because of the platform's 
large draft, and (2) high towing drag. 

Candidate Leg Configurations. Figure 3.2 depicts five candidate 

leg configurations for a MOBS elevated platform. The simple geometry 

of the constant diameter circular cylindrical leg (a) lends itself to 
a variety of construction techniques including, for example, slip form 

casting and post tensioning of precast cylindrical segments. Cylinders 

could be capped with hemispherical end sections or left uncapped, the 

buoyancy of the latter would be adjusted by the addition or removal of 

compressed air. It has even been proposed that cylindrical legs be 

attached to deck sections by use of a gimbaled joint. Supposedly, this 

arrangement will result in, among other things, an elimination of moment 
transfer between the deck and the legs. 

Legs (b) through (e) are typical examples of "bulbous" configurations. 

These legs are characterized by the following salient features (1) a 

low water plane area, which is desirable for minimizing the platform 

dynamic resp^aoe, and (2) a bulbous shape which results in increased 

damping and induced added-mass, hence, a reduced platform response. 

When used as buoyant support in a modestly dimensioned platform, 

say 300 x 300 feet in plan, any of the legs depicted in Figure 3.2 will 

require considerable ballasting if static stability is to be insured. 

Ballast in the form of dense concrete (addition of scap steel to the 
ballast mix), sand, scap iron or water could be used. 

Barge Platforms 

Advantages. Large concrete floating platforms have several inherent 
attributes which commend them for consideration in the MOBS program. 

It is apparent, for example, that there is a long and successful record 

established in^the construction of ocean going concrete barges, ships 

and dry-docks. A 300 x 300-foot or even a 400 x 1200-foot barge plat¬ 

form is certainly not beyond today's state-of-the-art in floating 
concrete structures. 
* 
See Part 2. 



(a) 

circular cylinder 
(b) 

bottle 
(c) 

cubical 

(d) 

spherical 
(e) 

conical 

Figure 3.2. Leg types proposed for MOBS 

elevated platform. 



A 300 X 300-foot barge MOBS can be constructed which has a consid¬ 

erable degree of positive static stability without the need of ballast, 
whereas the semi-submersible and elevated platforms must be ballasted 
to prevent capsizing. 

The barge platform hull can be used for storing and housing 

personnel and equipment, including power plants and propulsion systems. 

The shallow draft of the barge, and the use of fairings fore and 

aft, will result in a comparatively low hydrodynamic drag. This becomes 

an important consideration if the platform must be moved rapidly, or 

for appreciable distances. The shallow draft will also allow operations 

at near-shore sites that are not possible with deeper draft configurations. 

The barge may also be an effective breakwater. It has been demon¬ 

strated, both analytically and experimentally, that a large, floating 

slab is an effective wave attenuator. It has been reported (Bureau of 

Yards and Docks, 1963) that the transfer coefficient (ratio of transmitted 

wave height to incident wave height) for a rigid, floating slab, in deep 

water with zero draft, is about 0.2 for a ratio of slab length to incid¬ 

ent wave length of 1.0. Thus, by assuming that a flat bottom barge be¬ 

haves as a rigid slab, a moored barge with plan dimensions of 1,200 x 

400-feet could be expected to attenuate 1,200-foot by 400-foot long 

waves by 807., depending upon the alignment of the longitudinal axis of 

the barge. This is tantamount to a 967. reduction in the transmitted 

wave energy. One can conceive a sheltered arua in the lee of the plat¬ 

form which could be used for docking all types of vessels, large and 

small. The relative motion between the barge-type platform and the 

vessels would be minimal and, as a result, cargo could be easily 

transferred. 

Disadvantages. Compared to a 300-foot x 300-foot elevated platform, 

a barge platform of the same size will tend to respond more readily to 

the seaway. Helicopters can tolerate some deck movement - operation 

from aircraft carriers are routine - and future VTOL aircraft may event¬ 

ually achieve a similar tolerance to deck movement. It is questionable, 

therefore, whether the stability afforded by a semi-submersible or an 

elevated platform is really necessary for operations envolving these 
types of aircraft. 

The barge platform is susceptible to two loading conditions which 
are of lesser importance for elevated and semi-submersible platforms. 

Firstly, hogging and sagging stresses must be considered due to the 

shallower height of the barge and greater water plane area. In all 

likelihood, the stresses induced by hogging and sagging can be accom¬ 

modated by judicious use of longitudinal prestressed structural elements, 
especially at the barge mid-point. 

Barge Configurations. Figure 3.3 illustrates three possible barge 

hulls. The first, the simplest configuration geometrically, is a flat 

sided, flat bottom hull having the distinction of offering the lowest 

draft to displacement ratio. Although catamaran and trimaran hulls will 

3-6 



^*V* * 8r®*t*r draft than a comparable flat hull thau nee 

t“™¿.n*¿«““Ú«“?Lln*ftah:8!11,8Jtr;>"í- In*dd8”“" 

r‘dUC‘"8 th‘ coupítafb:^ Seiet?“. 

(or SsSXtitS“!?: :r‘Tttd *• ^ ^ aoch. 
cat module. .hd/oTSc?So. ??!r ? : 0r “ 8ea fr0" 0-- 

s?íot!.ho^-rF;teTro*?htS:t -tcsrco*i?t- «wn m ngure 3.4 or the finished product shown in Figure 3.5. 

Semi-Submersible Platform 

sKSr3““ i“-“'.“1:..";."™,"' ss»-,•••■„, 
:¾¾ HE;;Jr::32!T““ ""=• - 
bu.mer.lble. ..rvlAg the offaSr.tîÎ ¡adiSr?’.. atwr^ d“"1; 
ment and work platforms. 7 exPloration, develop- 

bi® äs SÄSTtSlS s.;:;rprreíud) tha 
ssiÄXtÄT •-^‘pS-srîrbiîïLi.rin 
.ult. from (1) the relatlv”y'iow ^““íh"“ ‘tt r*' 
port., (2) the large added-maa. re.ultlng “S iSufatSuStS 8UP' 
horlroutal pontoon., and ,3) fluid drag ?n the ponttStdtSctlng 

l?lilSspSpH££L 
S“!=3= s-T—- 
could be streamlined for reducinK thenfCr°88 ^eCti°n 88 shovm» or they 

S“ »2 “ ” 

system i. determined to be compSbU ”!h ithS Í * O-»“1'1»” 
then a seml-submersible DUt-fním k a ®ubmer8ed concrete hull, 
In the MOBS pro£S P ”” b' «o*1«“-« » strong contend«; 
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Figure 3.3. Alternative barge hulls. Figure 3.4. Alternative modular 
barge hulls. 
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Other Concepts 

coianend-Tts^cÕnslderation^s^^MOBsHplatf ^ 80me qualities which 
considerable savings in üaîlrî^ f platform’ Fi«tly, there is a 
A typical slab platform might have l totaî^ Î? deePer draft platforms, 
or less. The slab would be composed of soWH^ °n thickne88 10 feet 
each on the order of inches of f Ud t0p and bottom panels, 
and longitudinal interior bulkheads f“PP°rted between by transverse 
Interior, the voids of which could b* rn i lattfrLWOuld form a cellular 
plastic to insure floatatioï in the evfíí oî I n °u den8ity foamed 
panels. ent of a breach in the outer slab 

Full use would be made of 
platform modules. The modules formed Í I®8*“* panels in forming 
X 300-foot or larger secU^ns could b. ?'f00t X 100-foOt* 300-fo¿t 
dock, floated to the fînal „¡e^W sÏL"^ in 3 8uitable d^ 
form a platform of practically aSÍ des t08ether to 

Lately, considerable interest has b!l dimen8i°n8- 
concrete floating slabs for cons^uítinv oîf k^"88^ Ín U8Ín8 thin 
Shell United Kingdom Limited . airPort8* For example, 
floating concrete slabs for cinstrL ^ a 8tUdy °n the U8e 
London. They reconmended that thl 1 8 neW alrP°rt for the city of 
and hangers be supported on a floatin^^8trip8’ terminals 
the interior cells of which woíld be ÎC°nCrete Pave"*ent, 
A typical pavement section, 3 feet 4 inches "*th exPaned polystyrene, 
of a "sandwich" of polystyrene her« hc thÍCk overaU> would consist 
and a 3-inch bottom slab. Interiorconcrete top slab 
»ately 6 feet square. Estimate, are^s* ^ f°rm cella aPProxi- 
100-foot x 100-foot precast moduleU^ 8eadrome" assembled from 
the heaviest aircraft now operational or olalT^f^ loads imP°8ed by 
up to and including the oronneea p^anned f°r the immediate future 
transport. Oue tTthÏ ^ °f the C'5A 
suggest using a floating breakwat« * low freeboard, the designers 

th. runway perimeter to'pr^“.“,,^ ^h ‘ UhTd T““'"1 
In a study condurtA/i a*, n .. .. L tne ril*8nt deck. 

lug .Ud the Center for Ir.r.spo«ftíôn st^íê.^of^h'^ C?1U8<! °£ En8iue«r- 
a proposal was made for develonina a pi ^a*8 °/ the Ea8leton Institute, 
One possibility envisioned was a 1 OOO-foo^d/78^ airPort (Nawy> 1967). 
inforced concrete, circular cy 1 indrJ 21-foot deaP re¬ 
deck for terminal facilities and Aircraft sílr™ ,1°8 30 interi°r 
feet, it in claimed that this platform could iWíth 3 draft of 12‘ 
any water area such as rivers,^akes and tld-í e“Ployed In practically 
structure would be pre-cast in * kfV d îid 1 e8tuaries. The entire 
location. Pre C38t in a ba8ln a«d then towed to its permanent 

important rolf^the^tÍre^Unni^8 fiU undoubtedly play a more 
platforms such as the Shell and Rutgers Con,inerical airports; floating 

“re deairabla -Iternatives to less^ost^te^.^.rii^^:0 ^ere 
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is a serious question, however, whether thin slabs are applicable to the 

MOBS mission requirements, which presumably will include the open sea. 

The low freeboard offers virtually no protection against deck washing, 

and it is extremely doubtful whether a floating breakwater can be developed 

which is effective in deep water against large ocean waves. The relatively 

low mass and large water plane area suggest that the thin slab will be 

closely coupled to the seaway and that platform motion, particularly 

heave, will be considerable. 

Platform with Pre-Tensioned Mooring Lines. This concept is a vari¬ 

ation of the semi-submersible platform. The platform (Figure 3.7) is 

first towed to the operational site in a shallow draft mode (to minimize 

drag resistance); then the anchor lines are deployed from each of the 

vertical buoyant support legs while water is added to the ballast tanks; 

and finally, the platform is emplaced with each gravity anchor resting 

on the seafloor. Hydrodynamic stability is due to several factors, the 

most important being: 

1. low water plane area, 
2. placement of the horizontal pontoons beneath the 

water surface where wave action is minimal, and 

3. the anchor lines, which are always in tension, 

prevent vertical platform movement. 

The platform depicted in Figure 3.7 is intended to serve as an oil 

exploration and development facility and, presumably, would be constructed 

from steel. There is no inherent reason, however, why concrete could 

not serve as the principle structural material. Recently, for example, 

Weidlinger (1970) described a composite steel/concrete floating airport 

which is anchored by taut mooring lines to the seafloor. Like the oil 

platform, most of the buoyant support is submerged to a depth sufficient 

to prevent excitation by the seaway. 

The disadvantages of using this concept for MOBS are twofold: (1) 

It would be difficult (and expensive) to deploy platforms in deep water, 
and (2) large platforms would require numerous anchors and mooring line«? 

that will take time to emplace, as well as create a severe logistics 

burden. As a result, rapid re-deployment of the platform would be 

sacrifled. 

CONCEPT OPTIMIZATION 

Crucial to any attempt at optimizing the base concepts for MOBS, 

viz. the elevated platform, semi-submersible platform and the barge 

platform, is a recognition of those parameters which characterize a 

candidate's performance. A complete listing of parameters would be long 

and an analysis of their effects time consuming and unwarranted due to 

the present uncertainty regarding the MOBS mission. Consequently, only 

a partial listing and discussion of the more important ones used in the 

preliminary design, will be attempted here. 
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(A) Towing condition - 
anchors retracted 

O 
(C) Additional ballai l 

taken on, anchorn 
touch sea floor 

(D) Operational 
condition • 
additional 
ballast taken 
on to reduce 
anchor line 
tension 

Pl«w. 3.7. Ten*Ion l.g pl.tfor» .„chorlng 

*Source: 
_ 

Cooperate Brochure: 
petroleum operations. 

Tension leg platforms for offshore 
Deep Oil Technology Corporation. 

\ 
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Elevated Platform 

"ií”í:eí” rMW*r- “b* 

Length of legs 
Spacing of legs 
Shape of legs 
Static stability 
Dynamic stability 

Drag under tow 
Total weight and distribution 

of weight 
Freeboard 
Station keeping 

s.s™r.,"«ris r“ís" ““í'-ím 
°r“iL L 

by fixlnff lí. H : tr—P° *nd *tt,Ch t0 th' P1*««». Obviously 

»ai u8a 

Z’/ziZ r*d““ «^ip-XrÄ(};^.lr:::.r 

Spacing of _ This parameter is closelv alliasi *•»» «.u .. 

âSKSfsSHÏS” Hiams»*-.. i / Z . f ’ mi8C re8ult ln either longer less or larser 

tru. If the^Bpaclng^a decreassd ^ Th' U 

It ..y b. oonsldsrod voy, ds.lr.bl. to loclud. . Í¿'«1Í 
hobs platforms for the purpose of raising and lowering heavv ou^TLi 

ÄSÄ 
« •T11* Ifv h le8 *P*cln8 1« Urge enough to allow, say a fiftv 

foot clearance between adjacent legs, It may be unneces.irító leave 

lift d" îh? *¡!íínR‘ A pUu,ible ‘»-«““nt can be made fo/lncludlng a 
Ift-dock In MOBS and consideration must be given to the effect that 

this feature would have on leg spacing. h 
If the deck Is envisioned as a sinale «Iah or a -..ird i i 
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mean decreased static stability unless compensated for by additional 
ballast at the base of the legs. 

Shape of Legs. The legs can assume any one of the configurations 
discussed earlier. Generally, legs are proposed which have either 
simple geometric shapes - e. g., circular, constant diameter cylinders 
which are relatively easy to design and analyze hydrodynamicsliy - or 
exhibit one form or another of the bulbous type. 

The circular cylindrical leg can change only by increasing length 
and/or diameter4. The effects of these changes have been discussed 
previously. The bulbous leg can undergo certain trims format ions in 
shape which will improve the platform performance, and others which 
will detract from performance. For example, the size of the bulb at 
the base of each leg can be increased for the purpose of increasing 
the buoyancy. Increasing the buoyancy may result in a reduction of 
the total number of legs required. It may also mean that the narrow 
vertical support member between the deck and bulb can be reduced in 
diameter which results in a decrease of the water plane area per leg. 
However, increasing the buoyancy at the base of the legs will aggravate 
the problem of static stability and additional ballast must be added. 
Clearly, then, for the bulbous leg platform a distinct trade-off exists 
between an increase in the bulb size, ballast requirement and acceptable 
degree of static stability. 

Static Stability. Static stability is assured if a righting moment 
exists for all expected loading conditions and angles of platform list. 
Paradoxically, the elevated platforms which have good dynamic stability 
typically exhibit relatively poor static stability. As will be shown 
later, the ballast requirement for small platforms can amount to a 
significant portion of the total dead weight of the platform. Lateral 
and longitudinal stability can also be increased by enlarging the dimen¬ 
sions of the platform, i. e., increase the water nlane restoring moment. 
A very large MOBS platform, say 1,000-feet x 4,000-feet is likely to 
have considerable stability, perhaps without the need for any ballast. 

Dynamic Stability. Dynamic stability will be investigated in more 
detail in a later section of this report. Suffice it to say, this 
platform property is dependent on a number of factors including: 

Water plane area: stability is increased by a small value 
for this factor. 

Shape of legs: certain leg configurations lead to an 
increase in the added-mass and damping. 

Mas8: the natural period of heave, pitch and 
roll increase as the mass increases. 
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Hydrodynamic Drag. The force required to tow a platform in the 

ocean depends on the fluid drag of the buoyant support. Generally the 

drag will increase with an increase in leg length, diameter, or drag 

coefficient. The drag can he minimized by employing streamlined leg 

shapes, e. g., teardrop or "airfoil" shaped legs, and will be maximized 

for such non-streamline configurations as the cubical float leg of 

Figure 3.2. The addition of struts or other lateral support members 

between legs, which may be necessary for structural integrity and de¬ 

sirable for increasing the platform damping, will tend to increase the 

drag. Since the drag on a properly streamlined strut at certain Reynold's 

numbers may be as little as 1/10 the drag on a circular cylinder with 

the same projected area, serious consideration should be given to 

employing streamlined components whenever possible (Shapiro, 1961). 

Mass. The total mass and its distribution is important, of course, 

in studying the static and dynamic stability of candidate platforms. 

For elevated platforms with modest plan dimensions, e. g., the 300 x 

300-foot platforms, each added pound of dead weight in the deck must be 

compensated for by additional ballast in the legs if the same degree 

of static stability is to be preserved. It behooves the designer to 

maintain the deck weight at a minimum. The use of prestressed structural 

elements and lightweight concrete are two ways of achieving this. 

Freeboard. The freeboard must be sufficiently high to prevent deck 

washing and wave uplift on the underside of the deck. Raising the free¬ 

board will have the effect of increasing the displacement and reducing 

static stability. To preserve stability, ballast, once again, must be 

added to increase the restoring moment. increase in the freeboard 

also effects the aerodynamic aud hydrodynamic drag, since both the sail 

area and submerged leg length are increased. For an efficient design, 

then, it is imperative that the freeboard be kept to a minimum, com¬ 

mensurate with the operational requirements for the platform. 

Station Keeping. One of the inherent advantages of an elevated 

platform is its apparently favorable drift response in a seaway. Pilot 

tests at NCEL (Naval Civil Engineering Laboratory) have shown (somewhat 

inconclusively) that certain leg cross-sectional shapes, e. g., a cre¬ 

scent section with cusps aligned in the direction of wave travel, may 

actually result in the platform's drifting into the advancing sea. It 

should be emphasized, however, that keeping the platform "on station" 

is dependent on factors other than wave induced drift. If the platform 

is located at a site where steady currents and winds prevail, then no 

variety of exotically shaped leg is likely to prevent the platform from 

drifting. 
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Seol-Submersible Platform 

Most of the design/performance parameters of interest for the 

Th!t th.’,Í!^°rV’Plí a* »«ll “ ft« «emi-.ubmer.lbU concept. 

Îïëîfo«? ' t0 the Pr‘Vl0U‘ dl*cu»«“>" the elevated 

Especially noteworthy for the semi-submersible is the significant 

amount of added-maa. induced by oscillation of the submerged^horfontal 

pontoons. Increasing the girth of these buoyant elements results in 

" ptn:“ ^ 1‘ ^ ^ 
Barge Platform 

Optimization of a barge platform is dependent 
design/performance criteria: 

on the following 

1. Configuration of buoyant support 

2. Static and dynamic stability 
3. Hydrodynamic drag 
4. Freeboard 

ibl^tfo Buoyant Support. As opposed to elevated and semi-submers¬ 
ible platforms, barge platforms have a shallow draft. Barge hulls can 

be continuous, extending the width and breadth of the deckf or they can 

bZT .?*raa °r trimarân confi^ation, etc. Comparid to a fuU- 
beam hull, the catamaran or trimaran hull offers the advantage of in¬ 

creased static and dynamic stability. This advantage is offset however 

loads transmitted the need t0 atCOunt for hydrodynamic 
incase in thl Líal “T ®trufures 1970) and the probable 
increase in the total mass of the platform. The latter is due largely 

pontoons? ^ 8trUCtural member8 to support the deck span between 

lnB a»d Dynamic Stability. Typically, barge or ship-like float- 

íeL T”8 h!Ve adequate lon8itudinal static stability, and this 

mit nïLÎ6 3 maj0r c0ncern for lar8er size MOBS platforms. A small 

kT??61' WÍU require a check of both transverse and 
ran K n 8tabi;1^ under a11 loading conditions. Generally, catama- 
r n hulls are noted for their favorable transverse stability Ld this 

t;p:nM0^”l«C.rea8°n £0r ad0Ptln8 thlS for a barge 

Shallow draft floating platforms, which typically have a relatively 

large water plane area, unquestionably will be more susceptible to Y 

forms dA^IÍ ^ comParable elevated and semi-submersible plat- 

’ COmPareí t0 the flat b0tt0m hul1» the catamaran is a 

puÍe area r’ 8ely t0 lt8 8reat6r draí!t and áe*™**ed water 



Hydrodynamic Drag. An analysis of the hydrodynamic drag acting on 
a barge platform must consider three components of drag: (1) form drag 

urÄitSÄÄthrou8h che cu"ic ^ 

Freeboard. An increase in the freeboard will be accomplished by 

an increase in the draft and static instability of the barge. Thus, as 

is generaliy true for all floating platforms, it is desirable to main¬ 

tain the freeboard at a minimum height which is commensurate with the 
mission requirements. 

PRELIMINARY DESIGN 

Several candidate platform configurations have been described with 

particular emphasis placed on elevated, semi-submersible and barge 

platforms. Certain design trade-offs possible with each of the leading 

configurations was presented. From the latter, optimization was found 

to depend primarily on considerations of static and dynamic stability 
material requirements, and design complexity. 

In this section an estimate of candidate platform size, weight 

and hydrodynamic response will be presented. Size and weight estimates 

will be particularly helpîul in estimating the producticn plant and 

material handling requirements essential for an accurate accounting of 

feasibility and total concept cost. The prediction of hydrodynamic 

response, especially dynamic response in heave, pitch and roll, is an 

important indicator of a candidate's potential for meeting stated 
mission objectives. 

It is emphasized that the platform specifications presented are 

preliminary estimates only. The design calculations were based on 

simplified geometries of each basic configuration as given in Table 3.1 

Such approximations are sufficiently accurate for relative comparisons 

and determining the order of magnitude of concrete quantities involved. 

Structural Design Assumptions and Criteria 

In addition to the simplified geometric configurations, the follow¬ 
ing assumptions were applied: 

1. Both the single slab and multi-level decks for the elevated 
and semi-submersible platforms were considered as separate structural 
components resting on buoyant support elements. 

ui , .r 2* vertical le8s for both the elevated and semi-submersi¬ 
ble platforms were considered to have sufficient lateral bracing to 
prevent failure due to buckling. 
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apt » j 3j í11 itructural element» were designed according to 
ÀCI standards for reinforced concrete construction. 

4. Design live load for the platforms were: 

(a) with multiple decks 

flight deck. 250 psf 
aircraft storage deck. 250 psf 
personnel deck.100 psf 

(b) with single slab deck 

flight/storage deck.400 psf 

thrm.ah«. ^liv® load was considered distributed uniformly 
throughout, no allowance was made for partial loading. 

SnCreíe ^1°8 0 den8ity of 150 lb/ft3 and a compressive strength of 6,000 psi was used in all design estimates. 

7. Ail elevated and semi-submersible platforms were held to 

water ^ ÎV* the b0tt0m deck sUb and the mear 
Wn?. í.b Platform waa l°aded with the full design dead 
t dp 8 ÍneKl0ad’ hÍS 8Peclfication insured that wave uplift on 
the deck will be prevented in all but exceptionally high sea states. 

60 r«8; AU PUtf°rm8 were designed with a minimum "reeboard of 
takeoffa^a ^ deck washin8 does not impede aircraft landings/ 
takeoffs as well as cargo transfer and storage operations. 

gr.ph:lÂÎÎ”?rlM 8lve" l” IabU 3a in ‘0. para- 

Structural Design Approach 

z’lZXTl “it?- nbeh—8 
minimized without unduly increaseing the weight of 0ther components 

anÍ roU^blnastPírth^d7^ h°rÍZOntal buoyant 8UPP°rt cylinders 
r, 0 d bal;a8t) if the decks were assumed to be uniformly supported 

dlcS ° CenterS re8Pectively f°r the single and multi-îevel 
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Table 3.1. Typical Simplified Geometry Used in Preliminary 

Design Calculations 

Element Description 

Deck 

Single Solid, two way slab structurally adequate 

to span spacing between supports. 

Multiple 

Three deck levels consisting of fi.i'-' t deck 

plus two lower-level decks with 20-ft clear¬ 

ance for middle deck and 8-ft clearance for 
bottom deck. 

Barge-type hull 100-ft beam with 50-ft clear span between 

hulls; U-shaped cross section. 

Elevated platform 

columns or legs 

25-ft diameter, cylindrical, spaced at 

50-ft and 43-ft centers each way respec¬ 

tively for the single and multi-level 
decks.* 

Semi-submersible with 

36-ft. diameter hulls 

and column supports. 

26-ft diameter, cylindrical columns, spaced 
as for the elevated platform, atop horizon¬ 

tal cylindrical hulls transversely spaced 

to match 50-ft or 43-ft spacing of columns. 

Selected spacing was for purpose of maintaining same draft for the 
single and multi-level decked platforms. 

Multi-Level Deck for Elevated and Semi-Submersible Platforms. All 

three decks were designed as two-way slabs. Drop panels, column capi- 

tols and interior circu-tat columns were designed to support dead and 

live loads between deck levels (the longitudinal axes of the deck 

columns were assumed coincidental with the axes of the vertical buoyant 

legs). The clearance between the flight deck and the first interior 

deck was fixed at 20 feet to meet the mission requirement for aircraft 

storage. An 8-foot ceiling height was provided for the lower interior 

deck. The peripheral deck columns (rectangular in cross-section) were 

covered by an outer wall, designed to resist the hydrostatic pressure 

that would be present if the deck were launched and floated to an at- 
sea assembly site. 

Single-Slab Deck for Elevated and Semi-Submersible Platforms. A 
much simpler design than the preceeding one, the deck was designed as 

a two-way slab fupperted at 50-feet centers by the vertical buoyant legs. 
The weight totfIs determined included an estimate of the mass of the 
connection between the deck and legs. 

u 
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Vertical Lega for Elevated and Semi-Submersible Platforms. The 
vertical legs were designed to support the deck dead and live loads and 
to resist the imposed hydrostatic and hydrodynamic pressure. Adequate 
lateral support between legs to prevent buckling was assumed. 

Horizontal Buoyant Members for Semi-Submersible Piatforms. It was 
assumed that the critical leading condition for the horizontal cylinders 
is the surrounding hydrostatic pressure. The design of the connection 
between these members.and the vertical legs was not attempted. 

Barge Platforms. For all three sizes of the barge platform the 
pontoons were considered to be spanned by a solid, two-way deck slab. 
Two interior deck levels were provided in each for internal storage of 
aircraft, equipment and personnel. 

Hyddrodynamic Design - Assumptions and Procedure 

Static Stability. All of the platforms summarized have at least 
neutral static stability? An acceptable standard for static stability 
has not been established for MOBS. More information is needed on the 
type and possible distribution of the live load and the effect of pitch 
and roll on aircraft operations and habitability. A platform which has 
low transverse static stability will inherently have a long natural 
roll period. Thus, a platform with roll period, say on the order of 
100 seconds would be ideal for a floating airbase, but may be so near 
static instability as to be severely limited in its load carrying 
capacity. 

Dynamic Stabi1ity. A floating platform has six possible modes of 
motion: linear displacement as heave, surge and sway and angular dis¬ 
placement as pitch, roll and yaw. For MOBS the most important modes 
will probably be heave, pitch, and roll?* 

An analytical scheme for predicting the elevated platform motion 
in heave was developed and proved to be a useful aide in selecting 
feasibile platform configurations (See Appendix A for details). Al¬ 
though the equations have been linearalized, i. e., they are applicable 
to small amplitude motion only, the results are worthwhile when properly 
interpreted. 

It is particularly important that the correct values for the damp¬ 
ing and added-mass coefficients be used if response accuracy is desired 
at resonance. The damping and s.dded-mass are dependent on the motion 
of the platform: on velocity for damping and acceleration for added- 
mass. Since the predicted results are relatively insensitive to a wide 
range of values for the«e coefficients outside of resonance, where the 

Several, such as the barge platforms and the elevated platforms with 
a deep draft, have considerable positive stability. 
** 

Pilot tests recently conducted at NCEL of an elevated platform indicate 
that surge may also be important. 
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platform velocities and acceleration are small, any "reasonable" 

choice of coefficient will suffice for predicting the response in that 

frequency domain. This is fortunate since it is difficult to predict 

the damping and added-mass effects by analytical means. Recourse is 
usually made to experimentation for the answer. 

Results 

Size and Weight. Preliminary design specifications for five types 

of MOBS platforms are presented in Table 3.2. The platform types 
summarized are: 

1. Semi-submersible platform with single level deck. 

2. Semi-submersible platform with multi-level deck. 
3. Elevated platform with single level deck. 

4. Elevated platform with multi-level deck. 
5. Barge platform. 

The tabulations for the elevated platform and the ¿^mi-subowrsible 

platform are given for both single and multiple decks, '..ase values 

represent the extremes, since in all probability the optimir.er’. designs 

for specific missions will have combinations of single^and multiple 

decks; the weights of such platforms will lie between these extremes. 

The barge-hull platform has interior decks; the single deck did not 

appear practical for structural reasons. Thus, only one tabluatlon for 
the barge is given. 

It is apparent from Table 3.2 that considerable savings in concrete 

are possible with the barge platform. This can be seen clearly in 

Figure 3.8 which compares the weight of the multi-level deck, elevated 

and semi-submersible platforms with the barge platform. The platforms 

each have the same plan dimensions, i. e., 300 x 300-feet, and support 

the same live load. The weight advantage, and material saving«», of the 

barge configuration is reflected also in the estimates for the 400 x 
1200-foot and 1000 x 4000-foot size platforms. 

Figure 3.9 illustrates the relative size of the three MOBS base 

concepts while the freeboard and plan dimensions are identical for 

each platform. The principal difference lies in the draft for each 

candidate, the elevated platform having a loaded draft more than fiw 
times that of the barge. 

Dynamic Response. The natural heave periods for three selected 

300 x 300 platforms are presented in Table 3.3. The estimates for the 

elevated and semi-submersible platforms were deterained from the fol¬ 
lowing expression: 27T 

where TH is the natural period in heave, k is the restoring force per 

foot of submergence and M is the total mass of the platform (including 
the mass of the live load and the added-mass). 
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Table 3.2. Preliminary Design 

Platform Type 

(1) 
Semi-Submersible/ 
Single Level Deck 

(2) 
Semi-Submersible/ 

Multi-Level Deck 

(3) 

Elevated/Single 
Level Deck 

(4) 

Elevated/Multi- 
Level Deck 

Platform 

Property_ 

Wgt, structural concrete 

Wgt, ballast concrete 
Wgt, water ballast 

Wgt, total 

Draft (heavy) 

Freeboard (heavy) 

Deck clearance_ 

Wgt, structural concrete 

Wgt, ballast concrete 

Wgt, water ballast 

Wgt, total 

Draft (heavy) 

Freeboard (heavy) 
Deck clearance_ 

Wgt, structural concrete 

Wgt, ballast concrete 

Wgt, water ballast 

Wgt, total 

Draft (heavy) 

Freeboard (heavy) 

Deck clearance __ 

Wgt, structural concrete 

Wgt, ballast concrete 

Wgt, water ballast 
Wgt, total 

Draft (heavy) 

Freeboard (heavy) 

Barge 
(5) 

Deck clearance_ 

Wgt, structural concrete 

Wgt, ballast concrete 
Wgt, water ballast 
Wgt, total 

Draft (heavy) 

Freeboard (heavy) 

Deck clearance 

(LT) 

(LT) 
(LT) 

(LT) 

(FT) 

(FT) 

sni 
(LT) 

(LT) 

(LT) 

(LT) 

(FT) 

(FT) 
(FT) 

(LT) 

(LT) 

(LT) 

(LT) 

(FT) 

(FT) 

LHL 
(LT) 

(LT) 

(LT) 

(LT) 

(FT) 

(FT) 

ini. 
(LT) 

(LT) 

Slt) 

(FT) 

(FT) 
(FT) 

1. 
2. 

All weights given in long cons. 

Tabulations for draft, freeboard and 

conditions of full uniform live loa'’ 
deck clearance 

roughout. 
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Specifications for MOBS Platforms 

( 

Platform Size 
300' X 300' M2: 400' X 1.200' M3: 1.000' X 4.000' 
57,400 
13.300 
25.300 
96,000 

138 
60 
58 

306,000 
71,000 

135,000 
512,000 

138 
60 
58 

2,550,000 
592,000 

1,130,000 
4,270,000 

138 
60 
58 

84,400 
8,500 

32,100 
125,000 

138 
88 
50 

450,000 
45,000 

171,000 
666,000 

138 
88 
50 

3,760,000 
378,000 

1,420,000 
5,560,000 

138 
88 
50 

73,100 
22,600 
54,300 

150,000 
330 

60 
58 

390,000 
121,000 
289,000 
800,000 

330 
60 
58 

3,250,000 
1,010,000 
2,400,000 
6,660,000 

330 
60 
58 

113,600 
33,000 
64,400 

211,000 
330 

88 
50 

605,000 
176,000 
344,000 

1,125,000 
330 

88 
50 

5,060,000 
1,470,000 
2,860,000 
9,390,000 

330 
88 
50 

60,400 
0 
C 

60,400 
63 
62 
60 

321,932 
0 
0 

321,932 
63 
62 
60 

2,687,800 
0 
0 

2,687,000 
63 
62 
60 

for 
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Table 3.3. Estimated Heave Periods for 

Selected MOBS Candidates 

Platform Type 
Natural Period in Heave 

(Sec) 

(1) Elevated (330 ft-draft, 

multi-deck) 

(2) Semi-submersible 

(multi-deck) 

(3) Barge 

20 

20 

10 - 12 

Thejadd*d'ma!8 for the elevated platform was assumed to be negli¬ 
gible and was neglected in arriving at the estimates in Table 3.3. 

^terar!HP5l0n ^ if leg8 are ^ende., constant dia- 
meter cylinders without inter-connecting structural support. The ad- 

euPP^t8ubetween legs and the inclusion, especially, of damp- 

maL of tí at the b88e ot £he legs will add considerably to the vitural 
mass of the elevated platform. The heav? period, in this case, would 

be greater than that shown in the Table. The added mass for the semi- 

submersibie pUtform was assumed equal to the mass of the water dis¬ 
placed by the horizontal floats. The barge natural heave period is a 

ba8ed Up0n the re8P°n8e of conventional ships with com¬ 
parable displacement. 

For a platform to be considered "stable" in heave, it should have 

a natural heave period of at least 20 seconds, k natural period of 
this magnitude is insurance against high platform response for all but 
extreme storm wave and swell conditions. 

An analysis, programmad to run on a computer and described in 

,^ndlÍLA\PredÍCtS the htiaVe re8P°n8e for elevated platforms in regular 
seas. The heave response for various assumed irregular seas is also 

it Ím» fíg,íre J*1? rePre8ents a typical output from the program. 
In this case it is the heave response of the 300 x 300, single deck 

blZataei Plat^0rni ?itb a heavy draft of 330-feet. Several values have 
been assumed for the damping coefficient. The principal effect of 

changing this coefficient is to alter the response at resonance. For 

1 practical purposes the three curves concide to the left and tn th* 
* “ “ -—-——— 

The estimate given by the equation compares favorably with the results 

tí Ü/Ü * dascribed in Appendix A. Since the latter accounts for 
the added-mass, there is further justification for concluding that this 
eti.ect is small compared to the platform mass. 
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right of resonance. Thus, even without the precise value for the damp¬ 

ing coefficient, it is possible to estimate with confidence the heave 

response for this particular platform to incident waves with periods 

up to, say, 15 seconds. 

Figures 3.11 through 3. 12 depict the heave response for the same 

platform for three assumed irregular sea states using the Neumann 

windwave spectrum. Each of these plots shows the heave response of 

the subject platform in both a "light" and a "heavy" load condition for 

a single assumed Neumann wind velocity (30 and 40 knots). Even at 

the highese sea state investigated, the platform exhibits a small motion 

relative to the height of tne incident sea. 

One is cautioned about extending this approach to higher sea states 

for at least two reasons: 

1. The equations of motion have been linearlized and, thus, 

should not be applied too far beyond the domain of "small amplitude" 

waves. 

2. The platform heave response curve, i. e., the platform 

response to regular waves, is at present, imprecisely known around 

resonance. This fact begins to have importance at higher sea states 

since the energy contained in the wave spectrum tends to shift towards 

lower frequencies and to concide with the heave response curve at 

resonance. S’"nee the heave spectrum is obtained by forming the product 

of the square of the heave response curve and the ordinate of the wave 

amplitude spectrum at the same frequency, the uncertain value of the 

platform heave response near and at resonance tends to create uncertainty 

as well as in the heave spectrum. 

The total vertical movement at any point on the platform is a 

superposition of the pure heive response and the vertical movement due 

to pitch and roll. The investigation into the effects of the latter are 

not complete and therefore are not included in this report. 

An elevated platform having constant diameter cylindrical legs for 

buoyant support is perhaps the easiest configuration for analysis. 

Other platform types, e. g., elevated platforms with bulbous legs, semi- 
submersibles and barges, are also amenable to analysis. The principal 

difficulty lies in determining the damping and added-mass coefficients 

by analysis or experiment. 
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PART FOUR - CONCRETE PRODUCTION 

by D. F. Griffin 

RESOURCES 

The size and scope of facilities required to produce portland 

cement concrete for mobile ocean based platforms will depend upon (a) 

size and number of platforms to be constructed as well as (b) the 

location selected for construction. 

The production and placing of concrete requires a spectrum of 

operations including (a) mining, crushing, and processing of sand and 

gravel (or crushed rock) to produce aggregate of suitable quality, 

gradation, and quantity, (b) mining of raw materials for the production 
of cement clinker subsequently to be ground into portland cement, (c) 

the location of a suitable and adequate source of water, and (d) the 

combining of sand, gravel, cement, and water into freshly mixed concrete 
ready for emplacement. 

Depending upon the quantity of concrete to be produced and upon 

the location most feasible for its production, new facilities may have 

to be established if not, for all, at least for a part of the operations. 

A floating platform of the scale envisaged will obviously be a 

high cost item. Therefore, it must be assumed that fabrication pro¬ 

cesses and materials will be of the highest quality attainable on a 

practical working basis. The buoyant components must be of dense, 

well compacted, concrete of low water-cement ratio and high cement 

content in order to be impermeable to water, and to provide utmost 

protection to embedded reinforcing metal or metal fasteners. In fact, 

the metal required might well be made of corrosion-free titanium. Its 

higher cost could be offset to some degree by savings in concrete cover 
that might be as low as 1.5 inches. 

Construction Site 

It is believed at this time that the first decision should be to 

select two or three alternate feasible construction: sites from the 

point of view of launching the completed platform. Each site should 

then be considered in relation to availability and economy of labor, 
aggregates, cement, and water. 

Initial consideration of construction sites on the Pacific Coast 

of the U. S. might well include areas close to San Diego, Los Angeles, 
San Francisco, Portland, and Seattle. 

Materials of Construction 

Aggregates. High quality aggregates are not to be found everywhere, 

nor generally in great abundance. For each specific possible construction 

site, the location and supply of acceptable aggregates should be considered 

4-1 



very carefully. Acceptability of aggregates should be based on standard 

tests of the American Society for Testing and Materials. An investi¬ 

gation of a source for aggregates should be thorough and make certain 

any supply of acceptable a[^regates is adequate for the amount of 

concrete required. It is quite probable that some existing source of 

aggregates already processed and ready for use will be found. On the 

other hand the exigency of the situation may require development of 

an entirely new source of raw materials. In this case, a custom-built 

mining and processing plant will be required. A plant of this nature 

would be quite costly. It could be justified on the basis that there 

is no other alternative or that enough aggregates will be required to 

make the price of the product competitive with other sources of 

materials. 

To the best of the author's knowledge, data concerning amounts and 

locations of deposits of suitable concrete aggregates are not available. 

The following table showing sand and gravel production in the Pacific 

Coastal states provides an indication of the availability of aggregates; 

however, these are not necessarily all suitable for use in portland 

concrete. 

Sand and Gravel Production - Pacific Coast States 

Location 1967 1968 

California, short tons 

Washington, short tons 

Oregon, short tons 

116,125,000 

28,164,000 

19,630,000 

124,655,000 

31,432,000 

18,260,000 

Source: Separate Reprints from the 1968 U. S. Department 

of the Interior, Bureau of Mines Minerals Year¬ 

book. The Mineral Industry of California. 

(Washington), (Oregon). Includes names and 

addresses of principal producers of sand, gravel, 

and cement. 

The Pit and Quarry publications issues annually a Directory of 

Nonmetallic Minerals Industries. (Pit and Quarry, 1970). Producers 

are listed alphabetically with a geographical cross-reference section 

of plants so all existent sources of production are known. 

Manufactured lightweight aggregates are available and weight 

savings are sometimes very advantageous compared to conventional mined 

aggregates. A schematic diagram of a lightweight aggregate manufactur¬ 

ing plant is contained in the Rocklite Lightweight Concrete Reference 

Manual (Lightweight Processing Company Publication). Many technical 

details about lightweight aggregate and concrete made with this aggregate 

are also included. 
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fot both p^ll^oi^ufa^úrêfággregaut^rího™“"'^^61 S“t<! 

a8gtegate plants to ba tn^.í^^ "h”' A1' U*ht- 
Lightweight Aeereeiïf«» Ma« ^ j i_ t, xistence are listed on the 

Each plant's address, the typ^ot tynes a"d.<ju‘‘rry Publications (1969). 

produces, and the brand n.„e or nan," of thetoduct^arTs"*™? “ 

portland^cement^shipped f^^Us'td^10" ‘T the —' 
the U. S., the Pacific Coast Stated fa Í l"an“fabturing capacity for 

largest producer on the sol^^‘elsï““¡eab^“" ‘S the 

Location 

Shipment From Mills 

• W .„P i. C J. Ö 

Manufacturing Caoaritv 
1967 1968 1967 1968 % uti lized 

U. S. 

Washington 

Oregon-Nevada 

California 

Texas 

Source: Tables 

374,017 

5,614 

3,518 

42,034 

31,944 

2 and 7 c 

397,448 

6,328 

3,812 

47,595 

34,499 

f U. S. Den;; 

508,952 

9,575 

6,400 

62,300 

46,199 

509,058 

8,200 

5,700 

64,300 

47,793 

1967 

72.6 

61.5 

53.0 

67.5 

69.9 

-im. 

77.6 

77.2 

63.5 

73.1 

71.5 

production of "nt by coft »°rld»id ' 
24 of this reference.^ C0Untries is *1™» 1" Table 22, p. 

It may be observed that in thp ri c » l e 
manufacturing capacity of about 23% and in16 there is a reserve 
capacity amounted to about 277 in 1968 3 lfornia» ^16 reserve 

m 1968 ^tidfo Uhp." Z °1 renient 
unlikely that a new cemenfpUn” wofd f • S; P'0““'“'’", it is 
tion site were to be selected in Oregon o/washinat ^ lf 3 constru" 
plant may not be justified for MORS r «- • ln8to«» a new cement 
on the basis of abrade oïf ^th cÔ« fshîn h‘Ve C° be “«o-ine. 
The number of U. S. portland cement d-sÎrib,ïï 8 fr°m °ther areas 
map of Figure 4.2. The original ;,PorMa a í1"8 plants is shown on the 
Producing plant by city aÄte as “nfs c'hTgrfd’S" “‘f “Ch 
ing plants. (plt and Quarry Publications, “e« ® “ dlitrlbut- 
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Water. Concrete for MOBS should be of high quality, i. e., low 

.lump, low water requirement, and high cement content. Assuming not 

less than 8 sacks of cement per cubic yard of concrete, and a water to 

cement ratio by weight of 0.4, the water required for each 1,000 cubic 

yards of concrete would be: 36,100 gallons. In addition, considerable 

water would be required for washing tools and mixers. In general, water 

for concrete should be of the same quality as drinking water. 

Ready-Mixed Concrete. Depending upon the potentially feasibile 

construction site locations, it may or may not be economical to con¬ 

struct a new concrete batching plant. In California, as of 1967, there 

were 62 companies operating 274 plants producing 8.8 million cubic yards 

of ready-mixed concrete; Oregon had 17 companies operating 22 plants 

producing 0.5 million cubic yards; and Washington had 21 companies op¬ 
erating 50 plants producing 1.2 million cubic yards. 

Collectively, the southern coastal and eastern seaboard states 

produce concrete vastly in excess of that produced in the three western 

coastal states; however, California produced 2.75 times mere ready-mixed 

concrete than Texas, the second highest producing seaboard state. 

Within the U. S. as a whole, the number of plants producing annual 

quantities in excess of a specified level are indicated below. 

Quantities in Excess of 

100,000 cu. yds. 

200,000 

300,000 

400,000 

500,000 

No. of Ready-Mix Plants 

Producing 

134 

65 

34 

25 

17 

Based on a 5-day, 40-hour week, each company that produced 500,000 cubic 

yards per year, averaged at least 1,900 cubic yards per day, or 240 per 
hour. 

Transit mixed (truck mounted mixer) concrete accounted for 76 per¬ 
cent of the total reported production during 1967. Central mixing 

(pre-mixed at plant, agitated in truck enroute), accounted for about 24 
percent. 

In the event that ready-mixed concrete were to be used, the disposal 

of truck mixer wash water and unused concrete may become a problem. A 

solution to this problem is offered by the National Ready-Mixed Concrete 
Association (1964). 

Ready-Mix Concrete Costs. Published data as to costs of various 

motions involved in the production of concrete are not to be found in 

the open literature. In lieu of information of this type which would 
be variable for different types of plant set-ups as well as dependent 



the published price8 

prices reflect all costs «socUtL with C°V lndex* 
Product, that is, production of sand h? Production of the final 

appropriate combination of these materUl^A ^emenf' water and the 
ready to be placed in molds terials to formulate plastic concrete 

»es ;or the peri»d 
concrete during this neriod ha» u u 1 5 the U‘ S* 1116 price of 
a whole. The national average (based8teady for the U. S. as 

$14.27 in 1965 to $15.62 per cubic yaríTin 1969°r t^ÍqaÍ increased from 
price per cubic yard was reported for am î J* 1969 the lowe8t 
In New York at $21.65. reP°rted for Atlanta at $12.75; the highest, 

costs of planningC°desÍKn ^015100%18 another story, and includes all 

Und use/ubcn 8Je?0f:’r.£r:"k-„^ífrCl"8 for 
has been adopter and designed such costs a sP®cific structural concept 
with accuracy. 80 ’ h cost8 flre impossible to esimate 

PRODUCTION 

Production Plants 

prrbllltie8 o£ 
CONUS site are very good Regard? 8^ement» and concrete at a 

site is likely to be - CONUS or r °f where the M0BS construction 
ample capacity to supply reouired aÜ^ t exí8tent cement plants have 

«.son for considering a íeTc^n X? lîdTrt.t“' 

”°“ld « 1- chance Co“.1»hX"*“X„?Xr‘ 

desigffix: s^XttegXíí;8„X8iarr re"liy —- 
excavating machinery, rock crushers, elèíltêd sSr«« m" mlnln8 

»ê hiXg“°:«ebelspeccourr,\bucket -'«y*» ^b ::iü?s.x 

Mineral. Industries (Rick, 1969), i„íeS .„“au" "0“"UUlc 

»ne tÿprîirfaî^!7?ôcret"':mlMrs1s”t*uprin0f 'h” general ‘TPea. 
mixed concrete is delivered bvn*»ano f P i” 8UCh 8 W8y that freshly 

supporting system direct from the mixf/to^he ÍT ?UCket °n 8 C8ble 
ment. The construction of Hoover Dam nidaCtU81 point of emplace- 
system is economical only where lar** exemPlifled this system. Such a 

fabricated and delivered to a site lílose^o ?f COncrete are to be 
a plant might be economical for MOBS. Plant. Establishing such 
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By far the greatest amount of concrete produced In the U. S. is 

known as ready-mixed concrete. The term ready-mixed concrete means 

any portland cement concrete mixture which is re&dy to use on arrival 

at the Job site. Ready-mixed concrete includes: (1) transit-mixing, 

or concrete produced from a central-batching plant, where the materials 

are proportioned and placed in truck-mixers for mixing enroute to the 

job or after arrival there, and (2) central-mixing, or concrete pro¬ 

portioned and mixed at a central-mixing plant and hauled in agitator- 

type trucks to the Job. 
The major items, or classes, or equipment required in setting up 

a ready mixed concrete plant may be enumerated as follows. 

1. Means for delivering, unloading, storing, and handling 

fine and coarse aggregates. 

(a) Delivering - Railroad gondola cars (and railroad 

accessories) and/or dump trucks. 
(b) Storing - Open field stockpiling, elevated closed 

bins. . 
(c) Handling - Pit dumps equipped with conveyor belts 

(or bucket belt system) to move material either to stockpiles or to 

elevated bin storage. If aggregate has to be classified into specific 

particle sizes, washing and screening plants are also rtiuired. 

2. Provision for delivering, unloading, storing and handling 

cement: ia) in sacks, (b) in bulk. 

(a) Delivering - Sacked cement should be delivered in 

closed railroad cars or closed trucks to avoid effects of adverse 

weather. Open vehicles may be used for short hauls in dry weather. 

Bulk cement requires delivery by special bulk delivery railroad cars 

or trucks were the cement is completely enclosed from the weather. 
(b) Unloading - Sacked cement requires forklifts for 

unloading palletized sacks. Bulk delivery requires unloading cement 

into elevated bins by pneumatic pumps. 
(c) Storing - Bulk cement is stored in elevated closed 

weather-tight bins, sacked cement is stored inside weather-tight ware¬ 

houses. 

3. Equipment for elevating the aggregates and cement. Either 

aggregate or cement can be transported on conveyor belts if the slope is 

not too steep. For steep slopes bucket conveyors are used. 

4. Overhead compartment bins for storage of various sizes 

of fine and coarse aggregates; also for one or more types or brands of 

cement when bulk cement is used. 

5. Weighing batchers for measuring the quantities of aggregate, 

cement, and water. Batching systems range from completely manual 
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operations to fully automatic. An example of the latter is the ABC 

Count-Way System: This is a fully transistorized digital system of 

solid state design, which uses computer logic and a photo-electric 

scale reader. Logic blocks are grouped on cards for control function, 

and field maintenance is reduced ¿o plugging in replacement cards. 

There are no relays or other moving parts in the logic circuitry, oxcept 

for the switches and push buttons. Functioning of this system is based 

on pulse-generating unit which derives aü illuminated sensor arm on 

face of scales dial. Number of pulses generated is determined by pre¬ 

set digital dials, punched tape or cards, or other input means. A floor- 

mounted console houses the electronic equipment. 

6. Stationary mixers for the central mixing plant. 

7. Collecting hopper and chute for truck - mixer operations. 

8. Two-way chute and flop-gate arrangement for combination 

central-mixing and transit-mixing plants. 

9. Boiler and accessories for cold-weather operation for 

heating water, thawing aggregates and heating the operating platform 

enclosure. 

1C. Recording instruments, temperature, relative humidity, 

weights of ingredients for each batch, etc. 

11. Office and quality control testing facilities. Most, if 

not all, of the above items are detailed in the Handbook and Purchasing 
Guide, (Rt<1969) and Concrete Industries Yearbook, (Peck, 1969). 

An example of a specialized concrete products plant is the Bay- 

shore Concrete Products Corporation plant at Cape Charles, Virginia, in 

which Raymond Concrete Pile Company has a partial ownership. This plant 

represents an investment of approximately $3,500,000. It is situated 

on 50 arces of land. A single shift operation can produce about 

$5,000,000 worth of miscellaneous concrete products per year. On a 40- 

hour week basis, this plant can produce about 3,000 lineal feet of 

cylinder piles per week in size up to 60 inches outside diameter. It 

can also handle precast concrete units up to 300 tons each. 

Cost of Concrete in Place. The San Francisco Bay Tube project 

(Western Construction, 1967), known as BART (Bay Area Rapid Transit), 

might well be used as^an example of current history of a large concrete 

construction project —and as a means for estimating the cost of a 

Mobile Ocean Basing System. For a total contract price of $89,000,000, 

the building, launching, outfitting, sinking and joining of twin tube 

sections for a length of 3.6 miles were accomplished. Included were: 

-^Additional information on BART construction is contained in Part 2 

of this report. 
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15,600,000 cubic yards of material t-n ho a 4 1 j 
trench on the bottom of tho Ra„ * “«rial to be displaced to form a 

"öl,oc„Ur-.i.p°,d° cro.. LcMJ ! £íe tU,,e The 
and contains two 17-foot diameter cores^ ' 18 ab°''t 24 £eet by 48 feet 

¡.an Franc isco ^end le «rT"' V ?««“*tton etrncture on the 
108 feet h ¡h. ; „ui 8ntL in nL^ ^ "“*• 122 long, and 
tons of concrete. 0,00° t0"S o£ »Ituctural steel and 27.800 

(c) 80.000 cubic yard, of rock dike at the eastern end of the tube. 

(d) Temporary electrical facilities. 

(e) Imbedded electricail facilities. 

thick steel plate skin ÍSVín^róf'«^!^ 3/8 

»nc:“r^.e c-oX^rÄ^i0- >£- - 2-8 

the cost~pêr cubíc^aíd^ul^ap^oaS ^OO^^n^h^oih^ ,the .concrete» 

8henríeÍOinforcÍngfsteeneanra?fIstUbi ^d“00’ includ^ the’steel 
$120 per cubic yard. ’ sociated work, was approximately 

yardsLófkc°ícieirfírB«-tClíedUíhi t0 £urnlsh the 300.000 cubic 
Rhodes 4 Jamieson Ud a ™îer î toftactor to buy the concrete from 

Jamieson set up ï specUl b«eh ei"'? ln the Bay area' «h-Oaa and 
in Northern California, and dellie^d 0na °f tha Ur8est 
In transit trucks. Tha plant had * nfh c“n'rete a distance of 1.5 miles 
250 cubic yard, per hour añd lí ! ‘Ji-yard Re, mixer, a capacity of 
with 24 prs-set m" deUgn“ e‘IUlPPa'1 With “ »^'«onlc console 

th. sa™: cC: ifrdc:m::ttha,,d aTegatas- “hiia at 
400 tons of overhead aggregated storapp i i h scales* The plant had 
overhead cement alios with 500 bbls efch tU0 
Placement was estimated to reach 3.000 culc yarl lMl. C°nCreta 

Quality Control in Production 

om, iiíi.cr.t::ilitth:fp:::cuc1i::t:f po:tlani came“£ "n"ata 
active participation o? Wlíd^írÂ “■‘^“.-^Ire. the 
be capable of sampling aggregates cempn.o ^ ¡ in8Pectors must 
forming necessary tests to assure*that th/f?" rgSh concrete and Per- 
specifications. e product meets all 
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Aggregates. Any producer of aggregate for use in portland cement 

concrete must be prepared to demonstrate that his product is suitable 

for use in portland cement concrete. Speifications must include reference 

to accepted standard tests such as those promulgated by the American 

Society for Testing and Materials (1969). 

Cement. Most cement mills maintain their own testing laboratories 

to remain assured of good quality control of this highly competitive 

product. Specifications for portland cement are available (ibid). 

Concrete. Most of the concrete in the U. S. is produced as ready- 

mixed concrete. Ninety percent of the total volume is produced by companies 

that are members of the National Ready Mixed Concrete Association. As 

one means of assuring the consumer of high quality concrete delivered to 

the job site, the NRMCA and the Associated General Contractors of America 

have adopted and published a statement of separate and joint responsibilities 

(NRMCA, 1965). NR/1CA has also published a statement entitled, What Quality 

Guarantee Should the Customer Expect from the Ready-Mixed Concrete Producer 

(Walker, 1961), and standard specifications for ready-mixed concrete, 

NRMCA Pub. No. 124. 

In an effort to assure adequate standard for concrete plants the 

NRMCA and the Concrete Plant Manufacturers Bureau have published a 
statement entitled. Generate Plant Standards of the Concrete Plant Manu- 

factureres Bureau (NRMCA, 1967) . NRMCA also provides instructions and 

check lists for certification fo Ready Mixed Concrete Production Facilities 

(NRMCA, 1967). In order to assure that concrete delivered in trucks is 

acceptable, NRMCA and the Truck Mixer Manufacturers Bureau have published 

a statement entitled, Truck Mixer and Agitator Standards of the Truck 
Mixer Manufacturers Bureau (NRMCA, 1966). Each member company is expected 

to abide by these standards. * 
The referenced documents are excellent guides; however, they must 

be enforced and reinforced by inspectors on the job. 

Requirements in CONUS or Remote 

Fundamentally, there is no difference in requirements for production 

of ingredients and their blending into portland cement concrete whether 

the job site is in CONUS or remote. The same plant items and equipment 

are required in either case. A CONUS site may make it possible to use 
existent concrete production facilities whereas a remote site may require 

the whole spectrum of operations to be new. 

*Various additional NRMCA publications are included in ths reference 

list. 
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PART FIVE - CONSTRUCTION METHODOLOGY 
by M. J. Wolfe 

CONSTRUCTION PROCEDURES 

Semi-Submersible _ 

procedure^wiU"require a^iMc^h^ef^18 °f instruction 
cause of the varying configurations of ít, example platform. Be¬ 
ño one technique, procedure or ani n 6 ree ^a8^c types of platforms 
of the platforms under consideration without so SUÍ¡;ably aPPUed to all 
remarks apply to the choice of construction ,chan««- Similar 
note, however, that enough descriptive detsi?1 T’ “ ÍS imP°rtant to 

Yet valid, conclusions on the overall suítabiiiíf t0 ^ general* 

3ï«u“t“.‘c“Cïi«0br‘T'can be conven- ctive categories based on platform type: 

Elevated .. Launch deck fully assembled as a module- 

««."t SÄr“1 colu"”* 
Launch bunyant elementa fully assembled 

:: ¡..rïïLXzr- -■ --- 

Är&rxs :;-K « s;, 
at sel. * 8emi"8ubmersible, adding deck 

Location of Construction 

site Tor large^íoIíing^frÚcturéa^lch^há^b3 CyPe °f constf“ofion 
dredêe * Ur*<’ P“ ([,°lder) ‘s excepted behind'^ *““e"fuU>’ “sed In the 
dredge can excavate enough material to for™ dik 0r’ PerhaPS, a 
constructed on the polder u“ne com,^M° Y dik*- tte “”ffa are 
and equipment. After the unit! ar! ^™? !1aCOcStructlon foohnlques 
and part of the dike dredged away Th^' í?d th<! polder 'an be flooded 
towed to the site of opwftloüT' th" be “"«ed out and 

3. Barge 

5-1 





Figure 5.2 is a cross-section view of a tvoical Hike tj,« j 
made of a substance more impervious than the surrounding material^The 
effects of6 prOVÍdes Protection from incoming waves and the possible 
tvfe wîllflÎT Í Properly designed and constructed diie of this 
type will last a very long time with little need of repair. 

*nere is a considerable amount of information available on rh» 
d«i8n and con.traction of a dike. Most dike. ha”. b„„ d„t».d 

«£« .£' La aV°hld dl‘í*Ster à-‘ “«« attack, storm snrges, 
eaKage, and similar phenomena. For a polder to be used as the mor«; 

construction site, it appears highly llïely that a las. c“.^v.UvI 
design may be acceptable because the useful life of the MOBS fHke < 
many times shorter than that of a dike built for iLl t 
Settlement and/or shrinkage of the dlfc \e ^ 
can be combated by installing pumps. Also, it may not be mcms«Ï\o 

the cons truc t ion Ís ite?re ^ Uttle ^ aCtÍ°n Ín the waters 8u"ounding 

slmllar^odie^of wate^nea^the ocea^whlch^wlt^little^ffor^'^could 

can^e^found » 3 locati^ of t^I iy ““ 
rnn-Î! f ^ bc P0S8Íble to decrease site preparation costs 
conalderably A amall dike could be built to block-off the âe^ tie 

r:„gPUÄt:nd> lf neCC8,ary- eaPa"dad convent Iona l^e.rth- 

alMlt? °b:l0U: aáva,ítãl- «I the dike and polder approach is the pos- 

f.ig„ ZTJinlTt likel^be^uffleten^: I 
or equipment and material storage. Another import«” .“««"^e u" 

sc i^rshaipÄoS: :^th^ 

p“a£- 

f«trüag‘,etíh7dík° l‘T ffhT*iih'o.r:pïp““î^;;t3ro*rd 
of rho r , A 6 extended over a half mile into the waterway All 
of the tunnel sections were constructed before a portion of rh- AU 
broken and the construction area flooded The serM u WaS 
to the tunnel site and lowered 

is the large '7 c0"»tr“ttion technique 

Arabian Gulf (Ocean InHn.t-rv Sent iqfiqf 1 ^ P^ f” 3 beaCh ln the 

ífooo^tof í°d '“I f° dla;ater at “■'“W«t'-ccue„„*n uTe'ff,£Unna1' 

ho», for towing “ p““f 
a. * _ 

PCI Journal, August 1965 and Engineering News Record, 1 july 1965, 
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coat pe1r8Umtu'^1íí““íkrã„Hthã,âP'’ar0Í1rt? "‘«“’“»»ip between the 
These coats Include tí, noïïir .nh ? eht <Ralph M' c»'. 1^69). 
chnnnela and sealer. Assuming a 40-1001^1^11,0''thé “* dralna8e 
cost would be $7½ million per mile of dike- th. ÍÕIt 5 PP™’<i"a':e 
platform, based on the assumnHnn hT i!’ Í 8 f°r each size of 
is given in Table 5.1. Sin« a 40-foot°hieh dik ^ ^66 SÍdeS’ 
than most platforms need tn harre. ^ ?h dÍ^6 is somewiat higher 

in Table 5?. canT co^ i^r^ofo“8^'^,'.1“:“'6- t<,ta ' 

Table 5.1. Estimated Costs of Polder Dike 

Platform 
Size (ft) 

Assumed Polder 
Size (ft) 

Cost of Polder Dike 
(40-ft dike) 

300 X 300 

400 X 1200 

1000 X 4000 

400 X 500 

500 X 1400 

1200 X 4400 

$1,840,000 

3,400,000 

9,600,000 

puÍtnTurgl amount s^of'ma ter la 1 ^to c^níS^ f' m“" °f a"d 
between wide extremes bee“« of dUleréñc^ ía |P V*ry 
cost estimates for the dike and nnin 68 1 locati°n* Thus, any 

indicators of orders of magnitudes rathêrSSncÎuâria^es^6' ^ 

used SSifulî; as'constructlon have been 
While feasible for this tvna nf 68 °r ^oatl-n8 concrete vessels, 
full-scale pUtfom c^ld bl bíl t"? “"1“?’ “ 18 doubt£ul that a 
limitations on width. There are 10 p" eji8tin8 drydock because of 
a 300-foot by 300-foot structure ¡7 fe" drydocks bi8 enough to build 

largest shipbuilding docÍ Jn ^e „ofîd^ 8 t0 KOhler (1970)> the 
and 100 yards wide. Located ir. Belfast^thi^docí^ mile lon8 
modating ships of up to one milUnn ’ j a d°Ck ÍS caPablfi of accom- 
alternative ío u.lñg such a Ur.. LT“ “el8ht' As a Practical 

best tn design the -iüu. to brjrf.hípfm?^!.1"11“'’ ‘í “*“8 
feet by 300 feet or even 100 feet by 1^000. ^ ^ PUn " perhaps 100 

modules'ln r^1"8 fr°" fal>rlcatl„R 
water’s edge. Il.„, the« U ready “““ M“r the 
which are standard eouipment at an. .ht “ j LCh lar8e capacity cranes 
t< establish complete cowrete-mlLv r“^' ï“,’ 8lnCe “ i8 mutine 
cranes, In virtually any location 1? woü"î“’ I“cJudln8 heavy-llft 
availability of heavy construct,oi è^tT.^^Ânct 
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Figure 5.3. Polder and dike cos:s. 
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above Ä water Mr^Bw' éornéutÍ' ‘’“J1' 0" * pUte*u «omewhat 
1. .Ud aovn rail. *ich ¡oattae'Ser ‘.°úr '^fT“10"' th' »all 
SO the longest axis of the hull is Dempn^î Í Slipways are oriented 
in this way, valuable waterfront anl p®ndicular to the water's edge; 
the slipway is the "side-launch" t^rof8/0???™^* A variation of 
is built parallel to the~water s IZl ^ ln the hul1 

The slipway suffers from the sam¡ 
respect to the maximum outside dimensin Citations as a drydock with 
the positive side, such a facilitv permitted for a module. On 
point for long aérions êolpol of orlflbrî0 a« a ...«.bl, 

lar th, cylindrical buoyancy chamber, of pîatfo™?"' 

Itaair-^; “«tructlon ,it, ls th, 

later In the tert), thla l,’a „,c,‘alt, *i‘P f°™ pr°«a' Wlacus,«! 
of using the ocean as a work site neer/f others> the Possibilities 
larly advantageou. 1. the unlimited 8tUdy' pattlcu- 

Ing tremendous buoyant force, for aupportlng heavy'TÕL. 5’ °f 

Concrete Construction Practice 

In the^ay^^cóncret^conatructIon p"d",”tUdy î"ta11 "«thing unuaual 
concrete fabrication, such as cast-iï-niî^68’j 1116 various types of 
practiced in enough different situations aV^ precast> have been 
■»at unlikely problem, have been ë“Ô^e«a räJ*Cf" that a11 but th‘ 
error expetlence alone ha. Improved thê nr^cî *0l**<,• Ttl*l-and- 
concrete measuring, mixing handlino ^ P Ctlces and techniques of 
stage »here the.e operation, are pUcIn8 « the 
It 1. justified in assuming that ««vtM^.Ï Î*- "»‘“"‘ly. then, 
concrete 1, virtually Independent ôf th^ tS T8 ^ placl"8 «f 
uither, there appears to be no un.olvable^roM c0">tructl°" site; and, 
hose site, previously discussed or reasonably Í™gi£d ^ ^ °f 

the müsT cumon'appÎôâch"to"ûïIding’a'îâr«“' C°nstructl0" 1" by far 
basic step. l„ the procedure Include Í1) str“oture. The 
"lal"8 a"d placing of the concreted (3)>an^U* í°“ °f I116 l«™*- (2) 
and (4) removal of the forms Tho’ ( ^iowing the concrete to cure 
irrigation channels, dams™nd sailli*“ ^ °f the buicings, ’ 
A cast-in-place" MOBS platform or modul^^îî" bullt ln this manner. 

re8U Itnislïnth* 'T kÍnd °f monolithice8trücture.bUÍlt ^ 8ame Way’ 

incorporated ^^t-îrpïr81”8 reinforcement can be 
Usually post-tensioning is used All of íh ^0I,crete structures, 
are achieved yet the great dead-load weLhÎ! a^vanta8es ** Prestressing 

hit fVOided- 0rdinary forms and pouring8methodsCO,nParable preca8t unit8 
Has been used for all types of stLtur^X* ^ 
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Precast Construction. Precasting is the fabrication of a member 

in a location other than its final position in a structure. Usually 

precasting is done at a specialized factory from which the pieces are 

shipped to the assembly site. However, job-site precasting is not 

unusual; tilt-up slabs used for constructing buildings is an example of 

the latter. 

A majority of the precast items are mass-produced with each manu¬ 
facturer supplying well-defined specifications. Piles, girders, roof 

members, and other standard products form the great bulk of the products 

fabricated at the factories. The acceptance of off-the-shelf precast 

items by engineers has increased the quality and decreased the unit 

costs of the end product. This is due primarily to the cyclic nature 

of the precast technique, which can be performed daily, thereby increasing 

the efficiency of the labor. Another added cost-reducing factor is 

the manufacturers' willingness to invest in better quality equipment to 

produce the standardized items, knowing that they can amotorize the 

initial investment over a longer period of time. In short, all the 

benefits which accrue in mass production in general can be had in a pre¬ 

cast concrete operation. 

The equipment used in a precasting operation does not differ from 

that found in any concrete project. Conventional mixers, vibrators, 

and associated equipment are suitable for mixing and placing the concrete 

into reusable forms. Transporting and handling of precast concrete 

items are carefully controlled operations. Pickup points are designated 

and used to lift and place the units. Indiscriminate attachment of lift¬ 

ing lines will likely overstress the member, as will tilting or placing 

in a way other than the position designated. None of these provisions 

and restrictions on handling is unduly troublesome, as the widespread 

use of precast concrete elements indicates. 
In addition to providing items of high quality, precasting also 

offers the advantage of easy prestressing. Either pretensioning or post¬ 

tensioning can be done quickly and economically, under the best of 

conditions, at the casting site. 

A disadvantage of precasting, particularly with respect to MOBS, is 

the limitation on the size of the units that can be cast. The size 

constraints are not inherent in the technique itself, but are imposed by 

the availability and capacities of heavy-lift equipment. Heavy and large 

concrete sections are not practical to transport and difficult to placé 

and position. Consequently, the weight of a precast section is foremost 

in the design. For MOBS elements, or in a platform of moderate size, 
this is not a drawback. But if a large platform were to be assembled 

from easily-managed components, it appears certain there would be too 

many elements and connections to be practical. 

The cost of a preca t concrete item is usually determined on the 

basis of area or length. Precast concrete panels 7 inches thick and 

300 to 500 square feet in area will cost about $1.80 per square foot, 

including erection and alignment. This is approximately $60 per cubic 

yard (using 3,000 psi concrete). Standard precast bridge beams (3 feet 



wide) for highway leading cost $25 to $33 per lineal foot, depending on 

the span. This cost includes all labor and materials necessary for 

final positioning and securing of the span. On the basis of cost per 
cubic yard, it appears that precast reinforced concrete is roughly two- 

thirds that of cast-in-place for simple and small structures. Pre¬ 

stressed, precast concrete costs roughly twice that of reinforce concrete 

Fabrication of Cylindrical Elements 

Standard Technique. A successful and efficient technique for 

fabricating large prestressed concrete pipe is presently being used in 

the California State Water Project. Pipe sections 20 feet in outside 

diameter with walls 20 inches tnick are fabricated at a temporary plant 

located on a 45-acre site near the Castaic Dam, fifty miles north of 

Los Angeles. 
The fabrication technique consists of two basic steps. First, 

concrete is placed into vertical, cylindrical steel forms and vibrated. 

A relatively thin steel membrane is imbedded in the resulting concrete 

"core" to give the final product complete impermeability to seepage in 

either direction. ca t + 
After a short period of curing, the core has gained sufficient 

strength to be transported and placed vertically on a large turn-table 

where it is rotated rapidly while prestressing wire is wrapped around 

the circumference. The prestressing tension in the wire can be as high 

as 170,000 pounds per square inch. A.fter the first layer of wire is 
finished, a layer of concrete is applied, allowed to dry, and a second 

layer of wire is wrapped. A final coating of concrete follows. Up to 

16 miles of prestressing wire have been installed in a single pipe section. 

The pipe sections are made in 20-foot lengths and weigh 150 tons. 

To handle and position these large objects, two speci'.l pieces of equip¬ 

ment were designed and built. One, called the "Liftmobile1 is a large 

traveling frame, towed by a standard rubber-tired caterpiller tractor, 

which can lift, transport, and accurately position the sections onto 

the prestress and cement mortar coating turn-tables. When the pipe is 

ready for installation, the Liftmobile tips it on its side where it 

can be picked up by a second vehicle, the "Pipemobile." The Pipemobile 
is a 63-foot long, 20-foot high rubber-tired machine which can be backed 

through a pipe section, lift it, and move at 12 miles per hour to the 

final installation point (Figure 5.4). The pipemobile operator can 

position the 150-ton sections to within the 1/8-inch tolerance specified 

for the project. Ä .. 
High quality concrete is used for the pipe section. Depending on 

the location of the section, compressive strengths vary from 4,500 to 

6,000 psi. The production rate varies from about 350 to 700 cubic 

yards per day. The entire batching system is automated and no difficulties 

in quality control have been encountered. 
With two eight-hour shifts and a total payroll of 60, the factory 

comfortably produces eight 20-foot sections per day. Construction costs 
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are somewhere in the range of $50 to $60 per ton (or $100 to $120 per 

cubic yard of concrete). At this rate, a 20-foot 0. D. pipe would cost 

from $7,500 to $9,000 per 20 feet of length. These sections are con¬ 

servatively designed to withstand an internal pressure of approximately 

175 psi. 

High quality concrete pipe sections from 30 inches to 25 feet in 

diameter can be constructed routinely using equipment of the above 

description. Larger diameters are feasible, but most equipment used 

in the process would have to be strengthened and enlarged; this is not 

a problem. Since the cylindrical sections for the MOBS platforms are 

on the order of 30 feet, this process is nearly capable of immediately 

supplying the required construction elements. 

If desired, such things as longitudinal holes for post-tensioning 

cable, an internal reinforcing net, or access holes can be made a part 

of a section. These and other reasonable design requirements pose no 

problems for the technique. 

Vertical Slip Form Casting. Vertical slip form casting is a 

patented method of fabricating long cylindrical sections in deep water. 

Developed in Europe, the process involves a floating work platform which 

is furnished with all the equipment needed to mix and place concrete, 

store and transport materials and provide living quarters for the crew. 

The method is well-suited for mass production. As shown in Figure 

5.5(a), the casting begins with a precast end piece (in this case a 

hemispherical section) which can be made locally, perhaps on a nearby 

floating dry dock, or shipped to the scene of the slip-forming operation. 

If necessary, water ballast can be added to the casting for stability. 

The casting is done in a floating form, as shown in Figure 5.5(b). 

The unit can be trimmed by periodically adding water to the completed 

portion below the waterline. Using this procedure, it is possible to 

maintain the top of the form at a constant height. Usually this height 

is about 20 feet, so at a pour rate of 8 inches per hour, the concrete 

will be 30 hours old when it reaches the waterline. Concrete at this 

age will be strons enough to survive the water pressure. Curing will 

continue under water. 

When sections are completed, the open end can be capped, perhaps 

with another concrete end-piece. By pumping the water out, the section 

will slowly rotate until it is in a horizontal position, Figure 5.5(c), 

ready for towing. If desirable, the completed section can be maintained 

vertically for final positioning under the deck of an elevated 

platform. 

The vertical orientation of slide form casting is favorable to 

longitudinal prestressing. Good quality concrete, combined with pre¬ 

stressing will ensure water tightness. Prestressing also markedly 

increases the capability of the section to resist longitudinal bending 

moments. 
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An advantage of this method is the ease with which construction 

Mn 68 "k I11"6 18 n0 need f0r dry docks or Polders; instead, construc- 
ion can begin at any time in any quiet water of sufficient depth. The 

construction rate is estimated to be about 500 feet of section per 

IT number of forms '“y be “sed, and the area required 

on landÍderably ^88 lf Sectlons were constructed horizontally 

The process is a continuous manufacturing technique which results 

in a homogeneous concrete structure with no joints. Like all repetitious 

casting techniques, it is efficient and economical, particularly because 
there is very little equipment needed. The latter is particularly 

advantageous from an investment standpoint, since the major items of 

quipment can and should be conventional items presently available on 

relafark^t*< ^ ^ OIîly unu8ual elements, but they should be 
relatively inexpensive to build. 

As far as is known, no large sections have been constructed using 

fDrPflf- T" Some Preliminary cost estimates have been derived 
f two large vessels which have been proposed as likely 

cand-dates for the technique. One, a 1,400 foot long supertanker, is 

estimated to cost 250-300 kronors per ton of concrete weight.* At the 

current exchange rate of 5.2 kronors per dollar, this is about $50 to 

V'Vr °r “b°f $10° to 5120 P” '“»‘P yard- A much smaller vessel 
of 1,000 tons displacement was estimated to cost $200 per cubic yard.” 

St tô’excfed "n8tructl°” °£ the supertanker is estimated 
®?ce®d *M00,000. These cost figures are within 10% of the 

cost estimates given for more conventional methods of concrete construction 
practiced in the continental United States. 

Fabrication of Peck and Hull Elements 

DeCk elements for the elevated or the semi-submersible 
platform are seen as precast, prestressed concrete "box" elements post- 

tensioned in final assembly to obtain an integral deck and for connecting 

meeihmulM?r H6 Lement8; ^ bOX elementa coul<i b« sized and tiered to 
for ,-k Pi? ï requirements. Solid slab construction appears unlikely 
for the smaller platforms, but probably would be employed in the larger 

platforms in combinations with multiple decks. In optimizing the design 

the box element could emerge as a likely candidate even for the single^ ’ 

deck; the depth would satisfy structural requirements while the box 
feature would minimize weight and provide buoyancy. 

Hi,<,ro Beton8- 
** 

Ibid., page 2 of Section PM No. 4 
*** 

Ibi¿., page 4 of Section PM No. 4 
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The deck for the barge platform will probably be a combination of 

slabs, boxes and monolithic construction with the hull. Post-tensioning 
will be utilized were applicable. 

The aircraft landing strip, a relatively thick section, could be 

precast integrally with the deck boxes, but more probably would he cast 
in place after the deck was fully assembled. The deck itself would 

serve as forms for casting the strip. The option of whether the strip 

will be cast before launching or after launching, at sea, is a designer's 
choice. 

Construction techniques in practice for building systems will pro¬ 
vide the necessary guidance to engineer the deck systems. 

Hulls. For deep hull sections, it appears likely that cylindrical 

or curved sections will be the only efficient configurations. Cylindrical 

sections can be fabricated using any of the techniques discussed earlier. 

Curved sections can be constructed using forms or prefabricated sections. 

Both of the latter approaches have been successful in building large 

diameter tunnels and water pipes. Curved hull sections need not be un¬ 

usually large, but some of the unique design requirements will impose 

modifications on conventional construction practices. Monolithic 

construction employed in building concrete ships will be an attractive 
option for hull construction. 

Requirements for a Baseline Batching and Mixing Plant 

A structure as large as MOBS will be composed of as much concrete 

as is used to construct a medium-size dam. It is anticipated that 

something on the order of 2,000,000 or more cubic yards of mass concrete 

will be required for a large MOBS platform. The experiences and methods 

of construction firms engaged in mixing and placing large volumes of 

concrete, particularly dam construction, are excellent guides for evalu¬ 

ating the type and size of the batch plant needed for MOBS. 

For the purposesof illustration, it is assumed that the plant is 

to be designed to mix and place 1,000,000 cubic yards of concrete per 
year. A plant of this size would be somewhat as follows: 

Baseline Plant 

Production 

Operation 

Quantities handled per year 

Cement . 

Coarse aggregate . . . 

Fine aggregate .... 

Water . 

8,000,000 sacks 

(2,000,000 barrels) 

850,000 tons 

550,000 tons 

36,000,000 gallons 

1,000,000 cu yd/year 

two 10-hour shifts 
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As noted i" Part 4 there are currently 17 plants routinely producing 

assembled It ’ cubic yards per year. Any number of these can be 
assembled at the construction site to obtain virtually any production 

rate. It is reasonable to assume that any multiple or fraction of the 

been6**;!? achieved by a system composed of equipment whose outputs have 

5* " 8®*led nV°r down the appropriate amount. The only limitation appears 
e he problems of finding adequate manpower (both in skill and 

numbers) for exceptionally rapid construction. 

for 3 large nUmber °f feasible anJ Practical alternatives 
for establishing a concrete-mixing plant, thus making it relatively 

safe to reason that the problem can be solved in all but the most 

remote locations. While it is difficult to estimate the total cost of 

th!ÍPr!!’ d&t:®ymlned from various sources on heavy construction 
ï? ? million-cubic-yard per year plant, newly purchased, would be 

pri!e ïniün^r $4 ^111°11, 71118 dollar fi«ure includes purchase 
price, installation cost and dismantling cost, and zero salvage value. 

Materials 

i k T?e te^hnical literature includes much information on mix design 

structurM ^ Produ<:ti<>" of concrete for waterfront ’ 
structures and ships. The extent of information is too great to report 

here. Coranents on material specifications applicable to MOBS are 

offered in Appendix B, together with a selected reference listing. 

CONSTRUCTION TIME AND COST 

At a production rate of one million cubic yards per year, the time 
necessary ^ construct any of the platforms is indicated In T^le s“ 

rrîeVS aPPr°ximately 3½ years for the elevated plat- 
with multiple decks. As was discussed in Part 3, the table values 

represent the extremes, the final platform will probably be a combination 

oil! 0°¾ anJ deCkS- °n the °ther hand* the Bhor^e^t Ume Is n 
°k?3 years’ ^1011 suggests that a baseline plant producing con- 

era ly less than one million cubic years per year would suffice. 

Cost 

Table 5.3 presents the estimated construction costs of the platform 

exclusive of power systems, machinery and personnel support facilities 

The costs of mixing and placing the concrete, fabricating and installing 

ÏethêTlgUra"'.PUrCh8Sl"8 a,,d iMtalU"8 the -‘"io-ement are 



a/ 
Table 5.2. Concrete^'Quantities (in million 

cu yds) for Type of Platform Indicated. 

Elevated Semi-Submersible 

Platform 

Size (ft) 

Single 

deck 

Multiple 

deck 

Single Multiple 

deck deck 

300 X 300 

400 X 1200 

1000 X 4000 

0.05 0.08 

0.28 0.42 

2.34 3.59 

0.04 

0. 

1.73 

0.05 

0.27 

2.28 

0.03 

0.18 

1.48 

a/ 

Includes both structural and ballast concrete from Table 3.2. 

The table values s'ao represent time in years, when production 
rate is one million cubic yards per year. 

a/ 
Table 5.3. Estimated-'Construction Costs 

(in millions of dollars) 

Platform Type 

Semi-submersible, single 

level deck 

Scmi-submersible, multi¬ 

level deck 

Elevated, single level 

deck 

Elevated, multi-level 

deck 

Barge 

300'x3001 

7.0 

10.7 

5.0 

400'xl200 

28.3 

39.2 

37.4 

57.5 

26.7 

236 

328 

312 

481 

223 

— Based on $150 per cubic yard for structural concrete and $75 per 

cubic yard for ballast concrete for the quantities given in 

Table 3.2. Costs include prices of concrete, forms, reinforcing 
and placing equipment. 
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The estimates in Table 5.3 are based on the cost per cubic yard 

of concrete required for construction. Conservative estimates of $150/ 

cubic yard for structural concrete and $75/cubic yard for ballast concrete 

were used in the calculations. In Table 5.4 unit cost figures for 

concrete construction are given for purposes of comparison. The $150 

per cubic yard chosen for MOBS is about 50% greater than the national 

average for buildings and 25% greater than the prevalent estimate of 
$120/cubic yard for floating concrete airports. 

Table 5.4. Comparative Cost of Cast-in-Place Concrete 

National average for concrete framed building 

including forms, hoisting equipment, but not 
including finishing.- 

National average for concrete footings.”^ 

FLAIR:— (a) Reinforced concrete for anchors and 
buoyancy units 

(b) Prestressed, precast deck panels, 

14" thick (about 16 feet on a side 

(calculated cost)) 

Bay Area Rapid Transit, tunnel sections 

(estimated cost; also see Part 4) 

MOBS: (a) Structural concrete (estimated) 

(b) Ballast concrete (estimated) 

Dollars/Cu Yd. 

$ 92.50 

48.00 

120.00 

105.00 

120.00 

150.00 

75.00 

Sources: 
a/ 

Building Construction Coat Data 1970. Robert Snow Means 

Company, Inc., Doxbury, Mass., p. 36. 
b/ 

Ibid., p. 37 

Weidlinger, 1970 

Table 5.5 presents some data on the unit area costs of single level 

floating platforms. The Lake Washington Floating Bridge was completed 



in 1963. The remaining structures are only proposals.for which cost 

estimates have been made. The costs for the Toronto Floating Airport 

varied from $35 per square foot to " . . a pessimistic $4,356,000 per 
acre. . ." (100 dollars per square foot) by the Canadien Department of 

Transport; the differences arise over the estimated costs of solving 

difficult anchorage and etructural problems peculiar to the chosen site. 

The comparatively hljjh cost of MOBS is due to the more severe design 

loads imposed by the ocean environment, combined with the more conservative 
unit cost of structural concrete. 

Table 5.5. Selected Unit Area Costs of Single-Level 

Floating Concrete Structures 

Dollars/sq ft 

FLAIR:— (a) Large area $ 29.40 

33.40 (b) Small area 

Rutgers Aquadrome^(Parsons' estimate) 

c/ 
Lake Washington Floating Bridger- 

Parsons' Floating Pontoon Airport^ 

Toronto Floating Airport:^ 

100.00 

25.70 

30.10 

(a) Originator's estimate •35.40 

100.00 (b) Canadian Department of Transport estimate 

MOBS, single-deck semi-submersible, (300' x 300') 59.00 

Weidlinger, 1970 

b/ 

Ralph M. Parsons Co., 1969 

City cost indexes are conmonly applied to construction cost estimates 

to account for variations between locations. From recently published 

figures* it does not appear likely the total costs given in Tables 5.3 

* Building Construction Cost Data 1970. 28th Annual Edition, R. S. Means, 
Co., Doxbury, Mass. 
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and 5.A wou'd differ significantly among coastal cities considered as 

possible construction sites. However, prices quoted are for metropolitan 

and adjacent areas. For remote sites the costs could vary enough to 
warrant special consideration. 

ASSEMBLY TECHNIQUES 

The techniques described in these sections are in accordance with 

the philosophy expressed earlier in the text (section on Construction 

Procedure Summary). Some of the more promlnient assembly methods tor 
these platforms are discussed below. 

Elevated Platforms 

The assembling of large elevated platform will be a difficult task 

because of the tremendous mass and size of most of the components. The 

primary problem is that of moving and accurately positioning the support¬ 

ing columns; their long length and varying buoyancy are seldom encountered 

in present-day construction at sea. The proposed assembly techniques are 
based on the availability of a floating deck, which is essentiallj a 

large pontoon designed to accept the columns that project downward. The 
proposed techniques have not been studied in depth. 

Caole Guided Technique. Figure 5.6 schematically illustrates the 

essential steps for this technique. In step (a) the cylinder and deck 
are brought to the construction site. The cylinder is th*n , 

is resting vertically and fairly low in the water. A cable is attached 1 

to the cylinder and the other end is passed through the floating deck 

as shown in step (b), to a winch of moderate size. The cylinder is then 

flooded further (minimum negative buoyancy) until it is low enough to 

pass under the deck and be pulled via the cable into position, and sub¬ 

sequently attached. The connected column would then be deballasted to 

neutral buoyancy. Step (c) illustrates how the flooded columns and deck 

would be resting in the water after oil columns were attached. Finally 

the columns would be dewatered in the appropriate sequence until the 

*!? rises the re<lulrcd distance out of the water, as shown in 
step (d). 

It may be possible to install only some of the columns and then 

dewater so that the platform would be partially elevated (the deck would 

have to be designed accordingly). If this were possible it would be 

unnecessary to flood the remaining columns to the point where thuy are 

completely submerged, thereby simplifying attachment of remaining columns. 

|.e.g"*pted qol.um Technique. Another suggested assembly technique 

is illustrated in Figure 5.7. In this technique easy-to-handle, water¬ 

tight sections are lowered through openings in the floating deck. The 

techniques requires a water-tight seal between sections and connecting 



the sections together with longitudinal cables pr rods. The maximum 

practical length for such an assemblage is subject for further study. 

Water ballast can be used in the columns for buoyancy control. When 

all legs are assembled, the interiors can be pumped dry. The same vari¬ 

ations discussed in the previous technique apply to this concept. 

In this technique the segments may be towed to the assenfcly site or 

shipped via barge. In either case, heavy-duty handling equipment will 

be involved; the need for hoisting heavy loads in the open sea is a dis¬ 

tinct disadvantage. 

Slip Form Technique. The use of a slip form (discussed earlier in 

the section on construction procedures) offers a different kind of 

assembly procedure. In this technique the floating deck has circular 

forms built or installed into the deck openings. A cement mixing plant 

can be installed on the deck, or equipment which can receive concrete 

from a nearby floating plant can be installed. As in other assembly 

techniques, the requirements for sufficient buoyancy and structural 

adequacy of '.he deck will require investigating. 

Semi-Submersible Platform 

As with the elevated platforms, the semi-submersible can be con¬ 

sidered to consist of two major sub-assen*lies: (1) the superstructure 

or deck and (2) the supporting buoyant sub-structure. The deck of the 

semi-submersible differs little from that oí the other types of platforms 

and can be constructed in the same way, most likely as modular units 

post-tensioned together to form the complete deck. Assembling the pon¬ 

toons and vertical supports are unique problems. 
If the cylindrical buoyancy pontoons are cast monolithically, no 

associated assembly problem exists. The alternate method of fabricating 

short sections with assembly by post-tensioning does require some thought. 

The most promising approach appears to be assembly on a polder, behind a 

dike. The sections could be positioned end-to-end and post-tensioned. 

Vertical support elements and necessary framing would be added and post- 

tensioned. After completion of the assembly, the basin would be flooded 

and the sub-structure floated out. Deck elements could be cast at an 

adjacent site and placed onto the sub-structure at sea. 

Barge Platforms 

Monolithically cast barge modules would be built and launched with¬ 

out need for assembly. The same would apply to a barge module composed 

of prefabricated elements. The latter would probably be connected to¬ 
gether by post-tensioning. As in ship construction, it may be desirable 

to fabricate the hull on land, launch it, and then outfit it while 
floating. Where draft is a problem, deck elements could be added at sea. 
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PLATFORM transport 

(» «Xo c0N“s-,*bric««'i**i*«»t.! 
on the aurface by tow or aalf-prt>pul,io' "° s*ctlon8 “nd tranaportad 
«oda. ara diacu.aad tn thl. .acüon. SO,,,e faCeU of ^ transport 

Elements Transported as Cargo 

If prefabricated element» u 
site, the limitations on cargo dimensionsT^0^6!! t0 the a88embly 
holds, etc., suggest means oíher îh^n T ï”1508®0 by the sizes of hatches 
barges and some of the Navy's unusual ínniardJar80 8hip8, Ocean-going ’ 
space considerably l«rger than sïandL ?P y ip8 °ffer deck and hold 
some data on the maximum practical d^lT8° Ve88el8* Table 5.6 presents 
carried in a selected group of vesse t"8 0f.ltem8 can ba 
permissible dimensions of a IC Can be 8een that the maximum 

«»ke It highly Lernet c:í’t„COtPUd ”Ith h*"dU->* « the re^te 
fabricated elements. only atÍraÍMn8P°fC °f the lar8e Pre- 
surface transport. ve aIternative appears to be the 

Table 5.6. Dimensions for Large Loads. 

Vessel 

McDermott #16 (barge) 
McDermott #11 (barge) 
AFDB Drydock 
LSD 2 
INAGAUA (LST) 

Length Width 
(ft) (ft) 

400 
300 
255 
250 
180 

100 
90 
80 
45 
50 

Surface Transport - Towing 

sectíon'at^ea^S^^no^fLr1^0 ^ tran8P°rtad will be a 

for tow wÜL^ga¿ed, 

For modules fabricated at a remof-« -d*. 

«lí í0<írí”íPOrt ‘ny nMded r« m.t.íuut“íní Cîr,° can b‘ well-suited for transportina cenwn.- Not only are these vessel, 
they are also available in large numh3881^8^68’ and 8lmllar materials 
there may be no permanent por^ acm^.^t^b^118!^ a"y ^nc ’ 

T^n — ^“-ciîîtS: :ííí 
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with partial live load, and (2) partial sections with 807. of the deck 

removed. For the latter, only the buoyant sub-structure, completely 

assembled with necessary framing and partial deck, would be towed; the 

deck elements would be shipped separately for final assembly on station. 

While dynamic loads on the structure underway must be investigated, it 

appears unlikely that these will be a major problem since the structures 

will necessarily be designed to withstand the continuous dynamic loading 

encountered in the operational mode. This in itself will likely satisfy 
surface transport requirements. 

When speed is not a factor, the size of sections that can be trans¬ 

ported via towing is virtually unlimited. Perhaps the only constraint 

of any consequence is the limited water depths which are encountered 

in ports, canals, and channels throughout the world. If it is antici¬ 

pated the structures will be transported through any of these depth- 

limited areas, a maximum draft of 35 feet is the most that can be tol¬ 

erated. Although some shallow ports and facilities are being deepened 

and enlarged to accommodate large supertankers, it appears necessary to 

tow units smaller than sections, with a minimum draft, if they are to 
be towed through these areas. 

* 
Towing Speed. It appears unnecessary and undesirable to limit 

the discussion of towing tc any one speed. The possible missions for 
a MOBS platform could encompass a wide range of requirements from fast 

deployment, maybe on th« order of an aircraft carrier, to something 

less rapid, where the time between the derioion to deploy and the instal¬ 

lation of a complete base could be as much as a year. 

Whether the platform is self-propelled or towed, the most important 

characteristic with respect to propulsion requirements in the hydro- 

dynamic drag. Unfortunately, estimates of the hydrodynamic drag acting 

on the relatively complex hull forms are problematical at best. In the 

calculations which follow, wave drag acting on the buoyant elements of 

the elevated and semi-submersible platforms and the barge hull will be 

disregarded. This drag component, for barge hulls at least, is negligible 
for Froude numbers less than about 0.2. A basic expression for cal¬ 
culating drag is 

D « ½ PV2CdA 

where P is the mass density of the fluid medium, V is the relative 

velocity between the submerged object and the fluid, C is the drag 

coefficient, and A is the projected area of the object normal to the 

direction of relative motion. The principle difficulty in applying 

the equation is selection of the appropriate value for the drag co¬ 

efficient, C-. For simple geometric shapes, e. g., spheres and circular 

cylinders, the drag coefficients are well defined, at least for Reynolds 
numbers less than 107. 

*The section on towing speed was contributed by D. A. Davis 



The initial step in determining C for the three different 300-foot 

X 300-foot concepts is to consider the configuration for the buoyant 

support elements noted. In each case, the listed drafts are for (1) 

total dead load plus 25% live load, but with all unnecessary water 

ballast removed and (2) partial sections with 80% of the deck removed 

and no live load. Furthermore, it is assumed that the barge hull does 

not have highly streamlined "ship-like" prow and aft sections, and that 

the cylindrical elements employed in the semi-submersible and elevated 

platform have not been made more hydrodynamically efficient by envelop¬ 
ing them in streamlined fairings. 

Hoerner (1965) presents drag coefficient data for barge-like hulls. 

Hulls with squared-off ends and length to beam ratios of 4 to 1 have 

drag coefficients on the order or 0.9 (for this type of vessel pressure 

drag dominates drag due to fluid friction) while hulls with flat bottoms 

and rounded ends have much lower values of C-, 0.30 being typical. On 

the other hand, highly efficient hull forms in high speed displacement 

craft can have Cp values considerably less than 0.30. For the purposes 

of the present comparison, the MOBS barge-type hull will be assumed to 
have a drag coefficient of 0.30. 

For Reynolds numbers greater than 10 , the drag coefficient for a 

single, circular cylinder with its axis aligned normal to the incident 

flow is around 0.3. A matrix of cylinders, however, will be subject 

to interference effects which will probably result in a net lowering of 

the drag coefficient, especially for those cylinders in the matrix 

interior. However, since the effects of interference are difficult (if 

not impossible) to predict analytically it will be assumed herein that 

the drag coefficient for all vertical buoyant elements for both the 

elevated and semi-submersible platforms is equal to the value for a 

single, isolated cylindrical element, i. e., C » 0.30. The horizontal 

cylindrical hulls, characteristic of the semi-submersible platform, 

are assumed to have a drag coefficient of 0.20 (See Hoerner (1965). 
Figure 21, p. 3-12). 

Accordingly, Table 5.7 and 5.8 present the results of the drag 

estimates for the three candidates. In Table 5.8, V is the towing speed 

in knot«, D is the drag force in pounds and P is the horsepower required 

to tow or propel each of the candidates. A comparison of conditions (1) 

and (2) reflect favorably on the latter to warrant further consideration. 

As a basis for towing comparison, it is noted that very large ocean¬ 
going tugs have about 10,000 horsepower. 

Future studies should be based on more accurate determination of 

the drag coefficients (much will depend on selection of final hull con¬ 

figurations) by experimentation with models in a towing tank. In addi¬ 

tion, wave-making drag and aerodynamic drag should be considered in 
final trade-off studies of competing systems. 



Table 5.7. Input Data for Drag Estimates 

r 

Platform 

Elevated 

Semi-Submersible 

Barge 

Buoyant Support Elements 

49 vertical circular cylinders, 
25 ft in diameter (a 43 ft 
centers in a 7 x 7 array 

49 vertical circular cylinders, 
26 ft in diameter @ 43 ft 
centers in a 7 x 7 array atop 
seven 36 ft diameter horizontal 
pontoons capped with hemi¬ 
spheres 

Twin hulls 100 x 300 ft in plan 
separated by a 50 ft gap. Each 
hull has a cylindrical trans¬ 
verse cross-section and is 
capped with spherical end 
sections 

Surface Transport 
Draft (ft)®' 

1 2 

324 NA 

78 44 

58 32 

a/ 
1. Dead load plus 25% of live load 
2. 80% of deck structure removed 
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Past Examples of Long Tows 

B Crue turcs V. ‘’’tÍÍ:?,'“:.“"1"'1”8,"““"* 

th’^T“ foi obj*ct’o£ v'rioua «•»'•**«. h°:; 
iubT^“"1 “ e,“lpped vith * f‘lrl"8 “ ••«"«•ny «hip- 

•rabl^dUtances*1 ”rh " â 1"g*. nu"ber °f *** docks »are tovad conald- 
y d0ck* v*rl*d ln d lap lacement for 1,000 to 

hfî. «'i °íóñ , ' 0VerfU •ver**' “»“'S 8Paed 6.2 knoti For 
of tnôtn! r'6 0"8 t°n8) dry dock*' * 3.000 horaepover tug capable 

Triof 4-6 l3ot8 (8Ughtiy u“ « f«.î/ second; aaa uaed. Table 5.10 presents some data on a few of these tows 

n lat form Ur8e TT\“hl'h *" U,,d f“r buoyancy ln the elevated 
of™hrrr„pt;hl;pUc8 u?8 than 2-oo° to»>. =° it t» f„.ibi. 

to tow them (in the hör,rental position) with relatively small tow boats. 

lore ton"’ while th^fl^íí^k'*'01“ C8n dl,pl*ce 8r'»ter than 30,000 
^11 th fioatlng barges of this size can be towed It Is 

en Irl r>re^PKaCtuCal t0 th* units fonslderably smaller so they 
could be towed by th, smaller, readily available tug boat, of t" m 

of 2 OOo'lTTi."*.^* components or modules are In the neighborhood 
ot ¿ ÜÜO iorg tons, a towing speed of six knots Is possible If he 
moduies are 5,000 long tons or more, a towing speed of four knot. îs 
probably all that 1, practical. A, a con.eqienc., Û do« n« weir 
that speed on the order of that of a cargo ship is possible if the 
modules are to be towed by conventional means. 
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PART SIX - SUMMARY AND RDT&E PLAN 
by J. J. Hromadik and D. A. Davis 

CONSTRUCTION PROCEDURES SUMMARY 

tion ma ter lal^o^large^cea^plat forms and Practlcal construc- 
conotructlon technolosv can h* a» c’n 1 8eems clear that existing 

:¾. tl;r “i i; • 
production of one million ton« „-o Also, the aggregate 

Neither the size nor shape of the com^ ^ readily accompllshed. 
tion requirements. The exoerlenr«. pre8ents unusual construc- 

program it also indicative of th^ 83 ” thC concrete shiP building 

i™:: r 
niques8duringeth¡ livening‘"yearî^offerí a«8"88 inhc0ncrete "«h-* 
under study can be built. I? Appears likely that^hí ^ât the 8tructurea 
of a MOBS platform will be mor-. L/Vi . Y th C the final 8«l®ction 

assimbly, Ld .díctdr.^Í.Í.T^^.^" .. 
feasibility vis-a-vi« rh« defi8n and cost rather than to 

m L1” c:?crete 
and limitation, a. y.t undefined - a J.ÎÎÏ “T*! ' also c°n*tralnts 

linn techniques and^equ^ce. u not p^ hü .T íu".?" 
auggests the following as possibilities. * ‘tudy 

Elevated Platform 

•dded^'t: íirtSlte^í; tt ‘ ÏT™ 
be optimized during desian Th* LÍ a aection, the size of which would 
atre.aed ho.-Ilk. 

The deck will be single tiered ? complete deck module, 

size of the elements and/or modules Îilî’broÎumr^î^f?8 ?8 re<luiredi 
Construction and asseofcly ot the deck will Drohíhí^í í“ fínal desi8n' 
polder and dike. The buoyant eÍemíít.íÍll^*^ pUce in 3 
post'tensioned into a complete buovan^ i 6 precast> Prestressed and 
« area adjacent to îhÎXk buï ïhe casÍT* will be in 

.Up-form mathod at sa. ahouid ba con. darld ltttr^í,10" a“",1“’® the 
assembled, the basin will be flonH*H m k > 11 module8 are 

launched. Various tci»m.s for tr th‘ "“d“U> 
hav. bean explorad in depth for feasibílUv"1“/™ ‘“S8e8t<¡d' b,lt “one 

location, logistic, burden, and ...liability tf h^-^“2ip^"“bly 

*Volume approximately that of Hoover Dam 



will in all likelihood determine the "best" assembly method. Thus, if 
the choice is "to proceed" with elevated platforms, several at-sea 
assembly options should be investigated. 

Semi-Submersible Platforms 

The most attractive construction method appears to be one where 
the buoyant elements are assembled in the dry into a complete module 

columns and hulls would consist of post-tensioned, precast, prestressed 
elements, although monolithic construction cannot be eliminated at this 
time as an option. The columns, hulls and necessary framing would be 
fabricated and assembled into a complete buoyant module. Construction 
would probably be best suited to a polder and dike. The draft would 
be held to a minimum by installing the deck after launch. The deck 
construction could be similar to that for the elevated platform, **' 
fering only in the final assembly aspects. Where a deeper draft 
be tolerated, portions of the deck would be added before launch. 

Barge Platforms 

The construction sequence of this type platform is seen as s 
what similar to that for the semi-submersible, 1. e., launching t 
completed buoyant module and adding the deck at sea. Monolithic 
construction of the hulls appears to be the choice, but as with t 
semi-submersible, alternatives require investigating. Portions o 
deck could be inonolithically cast (or assembled) with the hull be 
launching within draft limitations. The polder and dike appear t 
a likely construction site. 

METHODOLOGY FOR COMPARING CANDIDATE PLATFORMS 

To avoid a premature selection of the concept (configuration, size, 
materials, construction techniques, etc.T a methodical, systematic 
approach is suggested. Such an approach has mechanisms available to 
further the concept formulation and establish the performance baseline. 
A number of attractive options for sub-systems should be explored and 
decision points reach before proceedings with the system definition. 
Accordingly, no attempt is made to rank the viable alternatives at this 
time. 

Particularly lacking, and absolutely essential for a rational choice 
of alternatives, is a well-defined statement of mission objectives and 
operational requirements. This is a comnon situation in the early 
définition and development of a major RAD program. A certain amount of 
flexibility is desirable prior to commitment of large amounts of re¬ 
sources. Eventually, however, a mission commitment will be made. From 
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tht. die la loo .111 folio. . logical 0f .«„ta, loclodlog: 

ataodard of p.“o^‘c, t c.ch crUcrL aCCePUbU " de*lrable 

r.lafî’ 'fei8hting the li8t of performance criteria to reflect the 
3 l»Port.K, of each lo achlavlog the .l.aloo gol!. * 

ao „‘“itÄaX^Tüa^iuä'to' « tUblH Cin<ll<Ut' performance standards. ability to meet predetermined 

resuits 

Criteria 

(3) drag under tow (mobilitví ÍaÍ Í 8t8bility. (2) dynamic stability, 

prop,«;... Fu ~. “idi. y jîd lzi,T 'rd (s) k‘^ 
o..., depaodablllcy, 

th, eÜSaTTT?;,.^* lL* “**Ure of the P«*ibillty of lncraa.log 

^pl,ifr::cr.d-iôrœ 
oaca.jary to aotaod a .y.t„', c.p«l“ * * re™rk‘“8 

uodetacted duríog opàrltîo” at^M ^, “y’î“/* c*P*blUty to remain 

thl. crlterloo maanl^gl,.,. Ur8'r pUtfor"' Probably reod.r. 

.. ..¾¾¾. :,¼ 

:ü5S£ r-£““ :• 
th, platform ».t b. capable of Lvlvlog «^“ftc“^«.^10”5- 

.loc.TrÜ^r?.r^1"“el“blUt)' l* “ ^«„t coo.ldaratloo 
Ooe problem, .d*“ “ T'?" ll<«- 

of r.palr or r.pl.ce^ot of ïl^d “o“« ‘ ïj« * 
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The foregoing, and any additional criteria deemed important, must 

be assigned standards of performance. For example a desirable standard 

for dynamic stability might be the requirement for safe aircraft opera¬ 

tions in a sea state of 5. Platforms which meet or exceed this standard 

would be given the highest possible score, while a lower score would be 

awarded to candidate's falling short of the standard. 

Some of the performance criteria are more important than others. 

This fact must be acknowledged by giving proportionately greater con¬ 
sideration to these. Personnel knowledgeable in the mission require¬ 

ments should be assigned the task of establishing the relative worth 

of performance criteria. 

Performance Record 

As much information as possible must be accumulated concerning the 

projected operational characteristics of the candidate systems so that 

each candidate can be scored (its worth estimated) according to an 

established list of criteria. The required information could include, 

for example, analytical results and model test data of the dynamic 

response of candidate platforms in the seaway, the estimated life and 

maintenance requirements of important subsystems, and refined estimates 

of the power requirement for propulsion or tow, stations keeping and 

life support. 

It will not be an easy task to assess the performance record of 

presently non-existent systems with the rigor required for a comprehensive 

worth determination. It is apparent, however, that studies leading 

to the establishment of a more complete performance record is the next 

logical step in the development program. Investigative efforts intended 

to supply the missing performance record include: (1) structural 

analysis, (2) materials, (3) assembly, (4) hydrodynamic response, (5) 

station keeping, (6) construction, (7) human factors, (8) support facil¬ 

ities, and (9) vulnerability. Many of the proposed efforts relate di¬ 

rectly to the materials and fabrication phase. An RDT&E plan for defining 

the MOBS performance record for FY 1971 and beyond is offered later in 

the text. 

Costs 

* 
The cost estimates presented in this report are based on preliminary 

estimates of size, weight and assembly plant requirements and should, 

therefore, be interpreted as order of magnitude figures. Eventually 
more refined cost estimates will be available, and these, combined with 

the performance records, should be uaed in ranking alternative MOBS 

coneepts. 

★ 
See Part 5. 
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feasible candidate 

"Optimize" selected 
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Figure 6,1. MOBS candidate selection methodology. 
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Hydrodynamic Response 

Dynamic Response of Modulea. Sections and Platforms. Assembly at- 

sea of modules and sections must be planned around expected motions 

(amplitude and frequency) of these bodies in the seaway. In addition, 

second order design of MOBS candidates must consider such motion depend¬ 

ent loads as hull slamming, hydrostatic forces due to cyclic submergence 

above and below the mean hull water line, payload inertial forces on 

decks and bulkheads and ths inertial effects of the added-mass on the 

hull bottom. Motion (in both regular and random seas) will be predicted 

by analytical means, if possible, but experimentation will likely be 

necessary for determing the effects of damping and added-mass. The 

latter effects will vary with each assumed buoyant support configuration. 

Eventually the most promising candidate(s) will be modeled, and the 

analytical predictions checked experimentally in a suitable wave tank. 

Analytical studies, backed by results from towing tests, will 

demonstrate the feasibility, or lack thereof, of towing or propelling 

large platform modules/sections. Directional stability will be evaluated 

at the same time these studies are conducted. Finally, the estimates 

of platform drag, hydrodynamic as well as aerodynamic, will be used as 

input in the design of mooring systems for alternative concepts. 

Station Keeping. Alternatives for maintaining the position of 

platforms should be investigated. Wind and current loadings should be 

determined analytically and experimentally. A comparison of alternative 

station keeping techniques would consider conventional moorings and 

anchors, unconventional systems, and dynamic positioning. 

Oper at ional /l.og is t ic Requirement s 

Construction Sites. The objective would be to investigate the 

availability of construction materials, labor and equipment at sites 

suitable for construction. Factors to be considered in selecting a 

construction site include the potent*al and need for establishing (1) 

production plants (for the production of aggregate, cement, concrete 

mix and concrete products), (2) assembly plants (utilizing heavy 

materials handling and prestressing equipment), and (3) launching 

facilities. The study should consider potential sites in the Continental 

United States and Hawaii and be extended to include remote sites, par¬ 

ticularly those in the Western Pacific. 

Final assembly at sea will require work systems such as floating 

cranes and ships and barges for support of construction personnel and 

equipment. Estimates '<ould be made of the logistic burden, i. e., 

types, numbers, range and duration of support vessels, and the critical 

resupply factors essential for maintaining the flotilla at remote sites. 

Human Factors. Essentially, this considers the human factors 

engineering necessary to operate and maintain the platform on station; 
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Table 6.1. RDT&E Criticality 

Structural Analysis 

Assembly 

Hydrodynamic Response 

Station Keeping 

Construction 

Human Factors 

Support Facilities 

Vulnerability 

Deck elements 

Buoyant elements 

Intersection of elements 

Selection 
Protective and maintenance 

Behavior 

At-sea-positioning and connecting 

Connection development 

Transport/remute assembly 

Motions 

Drag 
Stability 

Tow 

Moorings and anchors 

Dynamic position^-ig 

Fabrication sites - CONUS 

Fabrication - remote 

Production 

Manpower 
Power and utilities 
Habitability and life support 

Aircraft storage/maintenance 

Ship docking/cargo transfer 

Dry docking 
_ 

Weapons effects (conv.) 

Weapons effects (nuclear) 

Environmental 
Repair/replacement 

C - Critical 

N - Necessary 

A - Adequate 
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Appendix A 

HEAVE RESPONSE OF AN ELEVATED PLATFORM 
by H. S. Zwibel 

'ârz-XJi-XrTu’iï^.1' - - ““c. 

nf ./ !eneral m°ti0n 0f a floatin8 object requires the specification 
of six degrees of freedom. If the floating object is sufficientîv 
symmetric and the waves are coming at it f?om Î .yn^tîy dir.ctîon 
then these motions become uncoupled. The MOBS elevated^latform ta 
• C1ea y 8)nnmetric so that with head-on waves, the heave motion is 
decoupled from the other five degrees of freedom. 

_ 1 Íen/Íth thVe8tricti°n to head-on seas and a consideration of 

dUUcÏît Is ffill; ne TCt,‘°,lUtl0rl °£ the Probl™ extremely 

£ Äi 
mations ^o not invalidate the results that will be obtained The^ 

»r..r*tPen,0Pey Í! ïî*t£f the ca”dld“e 1* eneulCabU for s^Il 
waves it will undoubtably be unsuitable for large waves Ev.n m, 

‘“i n™ÍÍUn ‘PPr°Xl“':l0n' the Problem 1, still difficult'. Consider 
lnlld.nn<* sequence of events for »eves of definite frequency 
incident bead-on on our floating structure. Ilvese incident waves are 

th/lÍMHd the 8t’[ucture 8lvin8 rise, therefore, to two sets of waves 

i» n n on î“10“ ° 

io™riin:iiny^n.thj.ns'iopnt.i*.ir:::.“ine:íeincirittyLer 

solution to the problem, Iheîefore, iolïd Si II II cllete loVlwL 

Z ottZll Millie?'“0 “"I8 a"d £°r a ««ÄiZ o, 

the added mass force and damping force^ould^fcllculated/'^tlrmf 
hese parameters and assuming steady-state harmonic motion tb* 

following equation Is satisfied by the heave motlonlltrlol ih, p'latform 



. 

L- (M + Ma(.)) id - i u) V (^) + P 8 a] Zo - Fw(u») 

whcri^^hc heave as a function of time is equal to the real part of 
Z e . The other terms arc 
o 

M - mass of platform 

M. (<i)) - added mass factor 

Y (id) - damping due to wave making 

p - density of fluid 

g - acceleration of gravity 

A - waterplane area ci platform 

id - frequency of waves (radians/sec) 
ZQ- complex amplitude of heave 

F„0d) - force exerted on platform due to waves 

Simple division by the bracket on the left side of the equation gives 

an immediate solution. However, there are still complications. Exact 

expressions for the added mass, damping, and waves forces are not known. 

Approximate formuli for these quantities were obtained by use of Grim's 
(1959) coefficients. These coefficients were generated for use in the 

strip method for analyzing ship motions, and their use in the present 

case is justified primarily for purposes of expediency. 

In the strip theory, the floating structure is mathematically 

divided into thin transverse strips. The wave forces, added mass, and 

damping coefficients are calculated for each strip on the assumption 

that the presence of one strip does not influence the waves incident on 

other strips. The total effect is then obtained by integrating over 

all the strips. In general, the coefficients generated by Grim depend 

on the wave frequency as well as the beam, draft and section fullness 

of the ship. Kaplan and Putz (1962) using Grim's formulation, obtain 

the following formuli for the forces on a thin section of the structure: 

dM (C) - C PTtB2(C) d c 
8 

dY(0 “ cz P ÍL (Ãz)2 d C 
K2 

«VO = dFwI(C) + dFwB(C) + dFwD(C) 

dFwr(C) = agke'kZ [p S(0 + CpttB2(Ç)] eik£ d C 
8 
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where 



sección. ■i t-u 'c variab^e» C> is the longitudinal position of thí 

«upplîed*b” ürLVrl “>eíUcUnC. 
section dullness «d wio v«r “ 1^' ^ 
incident wave fi e ,,k i ? û k 1 che wave number of the 

® ®*> 2tt/à., where \ is the wave ieneth^ an/t 0 j_ 

ESS ÄSfSr1-”' - 
intaoroMadded ma88’ damPln8» and wave forces are obtained tv 
in egrating these expressions over the length of the structure ll nrH 
to carry out the integrations for the multi-legged elevated 
is assumed that R/X«l h í« 8fea elevatea platform it 

rideredWhence'average ílluUs^re'taíen ^îhul* f°f ^^«^P^con-18° 

multiple cases?' ^8, the 8t»Pl>lcal output from ' 



à^<Q) “ P g * B(C) elkC d £ 

dFwD(C) - ig C p_ (Ä>2 i-kZ elk£ d C 
k 

The variable, is the longitudinal position of the section. B 

is the beam and S is *he_transverse submerged area. The coefficients 

supplied by Grim are C, Ã^, and are dependent on the wavs frequency, 

section fullness and beani to draft ratio, k is the wave number of the 

incident wave (i. e., 2tt/X, where X is the wave length) and a is the 
wave amplitude. Cz is an additional correction to the wave making re¬ 

sistance due to the three-dimenslo^allty of the problet«., rather than 
two-dimensional as assumed by Gric. 

The total added mass, damping, and wave forces are obtained by 

integrating these expressions over the length of the structure. In order 

to carry out the integrations for the multi-legged flevated platform it 

is assumed that R/X«l,_where R is the radius of a supporting leg. Also, 

the coefficients C and \ are not really available for the shape con¬ 

sidered, hence average valules are taken. This is not too serious an 

approximation, since the effect of the coefficients are only predominant 

near resonance. _It does mean, however, that a variety of different 

values of C and A should be used for each problem. It will then be 

readily apparent tor what range of frequencies the results are reliable. 

For this reason, program HEAVE, superimposes the graphical output from 

multiple cases. 
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Appendix B 

MATERIALS 
by W. R. Lorman 

**” *t0Mli -rde.lgn.d. As design method, end on. Íuctlõ' 
techniques become more sophisticated and critical thp 
of good behaviour of concíete vessels ceases ti le nll/ Z 'l™* 
be assumed that modern vessels will h* !. î! a lu ;d* 11 mu8t not 
which had very laree faíío™ of hî ï « sound as their predecessors 
ing structures elfLiin! ? °f 8afety inher«nt in their design. Float- 

mo.tí ébo«“hê"hÍgh-w«.fr^dkCO"rete In “rltüne occur. 

Î3- - o^isZir, ioruo^^^:::.:1^^:.1“-1 

ÍÓíÍn .. rte ”^6^ t0 "***'" *»«*• deleterious effects 

magnesium sulfate »hLrüiuIll^Ittlck'roat'orih“*"11 J0l"tl0M of 
hardened cement paste matrix in th» k ï f ^16 con8tituents of the 

centration, promote T/ïtl IT' 

Ä wC“1* tho*concret »“ »on^ 
hydroxide ÎVyltaU T i reactio« between calcium 

magnesimn sulfate (from the seawater)riesult8fiP°thlafd cement’ and £he 
sulfate and magesium hydroxide Th* in««i hi ” formatIon of calcium 
occupy a greater voTumí thín dô rïï ^oluble product, of this reaction 

replaced; consequently^hese oíoíuctí - Thhydr0Xide Cry8tals that are 
which are evidenced by crackine of th 16 h6 CaU8e °f dlsruPtlve forces 
subsequent spalling. The sit^tion ï COncreta ^over °ver the steel and 

and pc,aiblyPby the* aliïîi!“^1 e""^ To ^ 
the concrete must incorporate a SîlfaU^esi^anï nñ ÎÎ“ î* the8C Problen». 
Type V preferably or Tvoe in LZ tu l , Mt PortUnd cernent (ASTM 
wiíh at leasí 3 incíe^íí wateiiivhî6 8teel/aíafo“88*nt must be covered 
In warm seawater the deterioratin concre * e*» low permeability), 
lu col,, seavat": Z S^ï.^î^.r*111' dU' t0 ««“l 

Steel reinforcement embedded in concr*»-« ca .... 

;XTiontar" ^ to 

--re nL^u5*"rdfbLïiiu"* 

ç™ çonuini,.. =:r.^crjsr.r^:fc.liít 
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A pozzolan, as partial replacement of the cement, is another 

effective precautionary measure. The pozzolanic silicate combines, in 

the presence of moisture, with any excess calcium hydroxide present in 

the concrete. This reaction precludes any leaching of the lime, due to 

evaporation at the concrete surface, since additional cementitious 

compounds (calcium silicates) are created within the mass of concrete. 

These additional silicates strengthen the concrete to resist cracking; 

they improve its durability by increasing its resistance to the effects 

of the sulfates present in the seawater. 
Cement content, weter/cement ratio, and workability are the funda¬ 

mental factors relative to durability of concrete. The least permeable 

concrete is usually the most durable concrete. The cement content 

should not be less than 8 bags per cubic yard of concrete. The aggre¬ 

gate/cement ratio should not be less than 2.6 (by weight). 

The durability of concrete exposed to freezing and thawing in sea¬ 

water is enhanced by incorporating an air-entraining admixture. As the 

effects of freezing and thawing are much more severe in seawater than 

in freshwater, the optimum amount of entrained air should be from 10 to 

207. by volume (Lyse, 1961). The maximum size of aggregate is of minor 

importance relative to frost resistance of the concrete in a seawater 

environment. 
The resistance of the concrete to abrasion varies directly with 

both cement content and compressive strength of the concrete, and 

inversely with the water/cement ratio. This relation is vaAid regard¬ 

less of the aggregate quality or the combinations of aggreRate used 

(Smith, 1958). 
If the precast units are cured in a high-pressure steam environment, 

their potential volume change (shrinkage due to drying and sweliage 

due to vetting) is minimized and their strength (flexural, torsional, 

compressive) is maximized. Note, however, that improving the strength 

by increasing the cement content tends to increase the potential shrink¬ 

age, whereas improving the strength by complete compaction of the freshly 

mixed concrete serves in reducing the potential shrinkage. 

The concrete Inspection program should provide not only quality 

control of concrete at the mixing plant, but should be so comprehensive 

that no discrepancies occur in the ',rmwork, reinforcement, prestressing, 

concreting, curing, and post-tens:: jning. ACI Standard 311 contains 

recommended practice. 
The following are apparent advantages of prestressed concrete in a 

floating structure: The concrete is in compression, high prestress 

tends to increase durability of the concrete, fatigue resistance is high, 

elasticity is equally good in cold or warm water, and the small steel 

area warrants thinner members which are more flexible than conventionally 

reinforced concrete members. 
Precast prestressed concrete structural elements are desirable 

because they can be standardized, but it is vital that the strength/ 

weight ratio always be high. Prestreased deck slabs can be connected 

transversely by post-tensioning to make them act as a lateral girder in 



the plane c£ the deck. Shortening of beams and slabs may occur because 

of creep and may result in troublesome joints and undesirable tensile 

stresses. This problem can be minimized by using high-strength concrete, 

avtlding extreme prestress, and curing the concrete adequately (at least 

one month) before installing the components. Connections must be de¬ 

signed to distribute stresses caused by shortening and thus can minimize 

cracking. A girder designed as a simple beam must not be raised or 

supported at the center since tensile cracking will develop due to neg¬ 

ative moment. Units must always be raised or supported at the designed 
bearing points. 

Lightweight prestressed concrete is not used as extensively in 

marine structures as in buildings located inland. Gerwick (1959) states 

that excellent durability in seawater is attainable if the proper type 

of lightweight aggregate is used; supposedly, he is referring to expanded 

shale aggregate in pellet form (1. e., aggregate that has been fired 

after, rather than before béit.g graded). The use of natural sand with 

lightweight coarse aggregate is reconmended because concrete containing 

all lightweight aggregate has a lower modulus of elasticity, undergoes 

greater deflection in bending, and creeps more than conventional sand- 

and-gravel cracrete; blending natural sand with lightweight coarse 

aggregate serves to counteract these effects. The submerged weight of 

lightweight concrete Is about half that of conventional concrete. 

Increasing the thickness or concrete cover over prestressed strands 

causes considerable increase in cost. Gerwick (1959) considers a 2-inch 

cover adequate for most American harbor structures, but recommends further 

research to ascertain the most economical use of prestressed concrete in 

marine structures. 

Loss of prestress in prestressed concrete may be due to relaxation 

of presfressing steel, steam-curing of concrete, shrinkage of concrete, 

elastic shortening of the structural member, creep of concrete, anchor¬ 

age slip, and friction of the steel tendons during post-tensioning. In 

an assembled structure some of these losses occur simultaneously and 

affect each other. The structural designer must know the causes and 

magnitudes so that the completed assemblage will perform satisfactorily 

(Podolny, 1969). 

Lightweight-aggregate concrete usually undergoes greater shrinkage 

and swellage, due to moisture change, thrn does normal-weight-concrete. 

Nevertheless, corrosion of steel reinforcement is no greater in fully 

compacted structural grade lightweight concrete, Incorporating chemically 

inert aggregate such as expanded shale, than in conventional concrete. 

Moreover, such lightweight-aggregate concrete is more fire resistant 
than is concrete containing sand and gravel. 

Portland Cement Association (Design and Control of Concrete Mixtures, 

11th Edition, 1968) defines structural lightweight concrete as having a 

28-day compressive strength in excess of 2,500 pci and an air-dry unit 

weight of less than 115 lb. per cu ft. 
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^ Uniî,.Wei8Î5 °f ^S^tweight concrete for stuictural purposes 
ranges from Ö5 to 120 pcf. The greatest strengths are attained with 

aggregates derived from shale, clay, or slate and expanded into pellets 

y means °f the rotary-kiln process. Lightweight aggregates should 

conform to ASTM Standard Specification C330, and should have a unit 
weight within the 85 to 120 pcf limits, in order to assure a concrete 
compressive strength of at least 2,500 psi. 

, th lightweight concrete mixture should be designed in accordance 
v.th ACI Standard 211.2, and due regard given to the cement content 

rather than the water/cement ratio. As lightweight aggregate absorbs 
mixing water more readily than does natural aggregate, the slump and 

cement content are more important than water/cement ratio in controlling 

the quality of concrete. On the basis of equal workability, the slump 

of ligrttweight concrete is usually one-half to two-thirds that of con¬ 
ventional concrete. 

^rkabi“ty for a given slump and a simultaneous improve¬ 
ment in strength can be attained by using water-reducing and set-ïetard- 

ing admixtures that conform to ASTM Standard Specification C494. A» 

air-entraining admixture also should be used to assure optimum work- 

a Hit . The amount of entrained air needed in lightweight concrete 

normally ranges between 6 and 8% whereas conventional concrete requires 

from . to 5%; however, as explained previously, higher percentages are 
needec. to resist freezing and thawing in seawater. 

Slump, air content, and unit weight are the principal physical 

c aracteristics utilized on controlling quality of lightweight concrete, 

esting samples of the freshly mixed concrete with regaio to these three 

characteristics is more important than testing 28-day compressive 

strengths. Maintaining uniformity is facilitated if the tolerance in 

unit-weight variations is restricted to +1 pcf, the slump is the lowest 

compatible with practicable placement and full compaction, and the air 

content is determined by the volumetric method specified in ASTM Standard 
iesc Method Cl73* 

Compacting freshly mixed lightweight concrete by vibration must 

be done carefully to preclude segregation of the aggregate. The fine 

aggregate usually consititues about one-half the volume of the total 

aggregate, but the weight of the fine portion is about douL’e that of 
the coarse portion. 
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