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SECI ION I

INTRODUCTION

Purpose and Scope

nis report summarizes data which has been developed and col leceo in oi'

to perform a study of the feasibility of using 1ightweight prestressed

concrete (LWPC) as a shipbuilding material. The Naval Sea Systems Command

(NAVSEA) wants to develop alternate materials which are suitable for the

construction of functional and cost-effective Navy ships, thus improving the

future ,,ilability of shipbuilding materials.

This report is the initial effort in the development of LWPC as a sUitable

shipbuilding material and the identification of applications which are most

suitable to the material. Therefore, the historical use and the current

state-of-the-art of the material for ship construction is identified. The

properties of the material and criteria for the desi]n of LWPC ships are

presented as well as considerations regarding the maintainability and

repairability of LWPC hulls. In order to focus on suitable applications,

LWPC hull concepts have been developed in order to compare costs and

capabilities with existing Navy ships.

In addition to making these comparitive studies with state-of-the-art

material properties, potentially viable properties have been used to

identify the benefits of further research and development of the material.

This effort has focused on conventional reinforced and prestressed concrete

which is suitable to the construction of the size of Navy hulls selected by

NAVSEA for the comparative studies. Ferrocement, a material suitable to

smaller sized vessels, is discussed minimally.
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SECTION II
DESCRIPTION OF STEEL HULL BA FL iNES

2. 0 NAVSEA Input Data

NAVSEA has pro.ided input data for fi .,e Navy stee! h I , s. This ir.,,t has

been used as a guide to the development of LvPC hull concepts fo comnar sC'n

of relative capabilities and costs.

Initially N, AVSEA selected a typical U.S. destroyer for tils purpose. The

following data .as provided as input for the destroyer:

o Design Specifications

o Longitudinal Strength

o Structural Profiles

o Lines and M,-Iolded Offsets

o Deck and Platform Scantlings

o Structural Sections

o Structural Bulkheads

o Weight Data

o Construction Cost Data

The cross sectional arrangement of a midship section of the destroyer is

shown in Figure II-1.

In order to allow further exploration of suitable applications of LWPC for

Navy ships, longitudinal strength drawings and structural sections were

provided for the remaining hull types. This data was used for investigation

of the sensitivity of LWPC hulls to ship size and function.

The characteristics of the input steel hulls are summarized in Table II-i

2
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SECTION III

STRUCIURE AND CONSI RUCT ION CONCEPTS FOR LWPC HULLS

3. 0 I t roduc t i on

An .hi pbu il ding material has on ique cons iderat ions wh i ch must be reccgn i zeo

for optimum use of the material. This section c) the report identifies con-

siderations for cost-effective LWPC hIull construction. Additionally, in

order to identify relative characteristics of LWPC hulls, concepts have been

developed which allow comparison with existing steel hulls. Based upon

these comparisons, sUitable applications of LWPC as a hull material can be

identified. As a result of an investigation of the sensitivities of

specific LWPC properties, the benefits of further development of the

material are also identified.

3.1 Advantages/Disadvantages of LWPC as a Hull Material

The de,,elopment of LWPC hull concepts has been based upon consideration of

the advantages and disadvantages of the material. LWPC has the following

advantages for its use as a shipbuilding material:

o Proven Durability in the Marine Environment -- When properly designed

arid constructed, concrete hulls provide excellent durability. This is

proven by concrete hulls which have been exposed to seawater for

greater than 60 years (References 1, 6).

o Low Maintenance -- Due to the durability of the material arid its lower'

susceptibility to corrosion, concrete hulls require much less frequent

drydocking than steel hulls. Prestressed concrete barges operating in

the Philippines have required no drydocking in their initial 12 years

of operation (Reference 2).

o Fire Resistance -- Concrete has proven superiority to unprotected steel

in terms of fire resistance.

5



0 Impact and Blast Resistance -- Experience has shown that reinforced and

prestressed concrete hulls have withstood impact and blast damage very

well (References 2, 3, 4). A study by the Corps of Engineers

(Reference 5) provides documentation of satisfactory performance of a

reintorced concrete trame subject to blast overpressures.

Availability of Materials -- Steel for concrete reinforcement is a

lower grade than that used for" shi p construction, af d is available Jn

the U.S. Materials used to batch concrete are available in the U.S.

0 Behavior in Cold Temperatures -- Concrete exhibits excellent properties

in cold temperatures. Reinforcing steel and prestressing strands,

subject to uniaxial tension, exhibit little los0 of ductility in low

temperatures.

o Thermal Conductivity - Concrete has a lower thermal conductivity than

steel.

0 Vibration Oampifng -- Concrete has excellent vibration damping

properties. Additional lv, concrete hul Is are more rigqid than steel

hulls of equal strength resulting in smai llr hul 1 deflections.

o Watertightness - Concrete hulls have proven through experience to be

watertight.

o Ease of Forming Shapes - Concrete can be formed to complex shapes.

LWPC has the following disadvantages as a shipbuilding material:

o Hull Weight. -- As a result of the lower strength-to-weight ratio of

concrete as compared to steel, LWPC hulls are heavier than steel hulls.

o Retrofits -- While retrotits can be accomplished in LWPC hulls, they

are more easily accomplished with steel construction.

6



3.2 Considerations for Cost-Effective LWPC Hull Construction

Concrete structures can be constructed usin(] many combinations of

cast-in-place concrete and precast concrete elements. Experience has shown

many benefits res ult from the utilization of precast elements in

construction. Precast elements are usually fabricated in a horizontal or

nearly horizontal orientation, anid unce the element has gainec sufficie )t

strength it is erecteu into its proper orientation in t!he structure.

Precast concrete construction offers the following advantages:

O Formwork costs are lower for panels constructed with a horizontal

orientation. Precast panels which will become vertical walls can bc

constructed using formwork on only one surface of the element,

Additionally, form pressures generated by the fluid concrete mix are

reduced by the horizontal orientation.

o Placement of both reinforcement and concrete are greatly simplified.

This results in reduced labor costs and allows reliable placement of

well-compacted high quality concrete, particularly in thin vertical

elements which contain post-tensioning ducts in two directions.

o Curing of concrete components is simplified. Accelerated curing

techniques can be readily used with the associated construction

schedule benefits.

Optimum construction of precast concrete structures is analogous to an

assembly line manufacturing process. Both construction schedule and cost

are reduced by the use of repeatable construction details which allow

multiple use of construction tooling and increased labor efficiency. The

benefits of repeatability are most greatly realized in hull forms with a

long parallel middle body. Construction of a number of vessels in a class

will also provide benefits of the repeatable use of formwork and other

construction tooling.

For applications of LWPC in hulls without a parallel middle body, con-

struction costs may be improved through the use of formwork with panels

7
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which can be adjusted to provide a variable qeometry. Such formwurk" ha

been used to cons truct curved beams for transit vehicle gtuidance.

The efficiency of a LWPC hull can be improved through the proper selection

of a framing plan. A minimum thickness of concrete plates is dictated by

that required to allow placement and protective cover of reinforcing steel

and post-tensioning ducts. Fiaming arrangements should be such that the

full strength of these plating elements are utilized. Where large spans are

required, the use of curved shells will improve efficiency by taking

advantage of the compressive strength of the material.

3.3 LWPC Hull Concepts for Comparisons With Steel Destroyer

In order to allow comparison between an existing steel hull and an
"equivalent" LWPC hull, NAVSEA has provided data for several Navy, ships. A

typical steel destroyer has been used for the baseline comparison, which is

discussed in this section. Other hull types have been used to investigate

the sensitivity of the material to hull type and function, and are discussed

in Section 3.4. The input steel hull characteristics ire discussed in

Section I.

Comparisons are based upon a conceptual design of a midship section of a

LWPC hull with the same molded shape as the steel hull. The framing

concepts developed for this comparison use LWPC exterior plating in the hull

structure and steel framing for all interior decks and platforms. The use

of this "composite" construction benefits from the advantages offered by

LWPC and minimizes the extent of the disadvantages of the material. A

midship section of the composite hull is shown in Figure III-1.

The sidewall plating resists the hydrostatic pressures by spanning

vertically between the decks and platforms. The bottom shell acts as a

curved shell supported at the ship centerline by stanchions. A concrete

beam is provided at the ship centerline to transfer unbalanced stanchion

loads longitudinally along the shell. The 01 level deck plate spans

transversely between sidewalls and stanchions at the ship centerline.

8



The concrete elements are sized to resist hydrostatic pressures and deck

loadings as defined in the design specification for the steel destroyer.

The plating is post-tensioned vertically and transversel, to a level or E8,1

psi to resist local plate bending loads. Rectangular post-tensioning ducts

are required in order to achieve the 6 inch side shell thickness. A

concrete strength, f' of 6000 Psi has been used.
c

Longitudinal strength of the composite section has been investigated using

hogging and sagging moments from the steel destroyer. Longitudinally

continuous steel framing in the decks and plaforms acts compositely with

the concrete shell in resisting longitudinal bending. Longitudinal

post-tensioning levels of approximately 1400 psi in the deck and 900 psi in

the bottom shell satisfy longitudinal strength criteria of no net tension.

Sagging moments result in compressive stresses in the deck which are near

the maximum allowable stress.

In order to limit the required longitudinal post-tensioning force it is

assumed that the steel framing is not made composite with the concrete shell

unti 1 longitudinal post-tensioning is complete. Construction details and

sequences for the steel framing must allow this. Maximum hogging and

sagging stresses in the steel framing elements are less than 11 ksi.

3.3.1 Hull Weight Comparison

A comparison of the hull weight of the steel destroyer hull and the

composite LWPC hull has been made in the following manner:

o The weight of the baseline steel hull is estimated from scantlin.s

furnished by NAVSEA. A unit weight of steel per foot of hull

length has been determined for a section of thL, hull near

midships.

o A similar unit weight is estimated for the composite LWPC hull.

The weight of the interior steel framing is the same as used tor

components of the baseline steel hull. The weight of the LWPC

plating is based upon a concrete density of 130 pcr. This density

9



includes an allowance for reinforcement and water absorption. The

weight ratio tor, this cros-section of the hull is then applied to

the total steel hull wei ght.

This weight comparison is presented in Table 111-1. The composite

LWPC hull structure weighs twice that of the steel destroyer

resulting in a full load displacement which is approximately 50

percent greater than that of the baseline steel hull. This is

particularly undesirable for hulls where speed is important.

Therefore, the benefits of improvements to the state-of-the-art

material properties are presented in Section 3.3.2. Additionally,

the suitability of LWPC to other hull types is discussed in

Section 3.4.

r



TABLE III-1. WEIGHT COMPARISON BETWEEN TYPICAL

U.S. DESTROYER AND COMPOSITE LWPC HULL

(concrete density = 130 pcf, fc 130 pct)

Steel Hull Composite LWPC Weight
1

Item Baseline Hull Ratio

Hull Structure 3,356 LT 6,646 L7 2.04

Systems 3,270 3,270

Lightship (w/o 6,626 10,116

Margi n)

Margin 40 665- --

Lightship (w/ 6,666 10,781 1.62

Margin)

Loads (Full) 2,340 2,340 --

Full Load Condition 9,006 13,121 1.46

1Based upon LWPC with strength, f' = 6,000 psi, and

density = 130 pcf.

2A margin of 10 percent is applied to the composite LWPC

hull structure weight.
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3.3.2 LWPC Hul Weight Sensitivities

As discussed previously, the primary disadvantage of cuncrete as a

shipbui lding material is the hull weight which resul s from the

relatively low strength-weight ratio of LWPC. Items which can have

significant effects on the weight of LWPC huls are identified below,

and wnere possible, the 3en-itivity of the hull weivint to potential

improvements to these items is quart;titied.

o Concrete Plating Thickness: A 1inimum possible thickness of LWPC

plating is dictated by the amount of concrete cover required for

protection of reinforcement and the space required to incorporate

reinforcing bars and post-tensioning ducts within the plate.

For hull types investigated in tnis stud.,, plating sizes are

dictated by strength considerations rather than the minimum

thickness. Smaller hulls may experience plating thicknesses which

are controlled by reinforcement placing considerations. In these

instances, weight penalties may be reduced by the development of

smaller post-tensionIng systems and investigation of minimum

concrete cover' requirements.

0 Concrete Density: The above comparison of hull weight is based

upon a state-of-the-art lightweight concrete with a compressive

strength fc = 6000 psi and a density of 130 pounds per cubic foot.

Structural lightweight concretes have been developed with

densities below 100 pcf, however, these concretes have not

achieved compressive strengths necessary for application in hull

structures. Lower density concretes can potentially be developed

to achieve compressive strengths between 6000 psi and 8000 psi.

Table 111-2 shows a comparison between hull weight of the steel

destroyer and the composite LWPC hull using concrete with F

density of 100 pcf ind a compressive strength, f' of 6000 psi.

12



TABLE [il- . WE IGHT C 0, 1 >C N BETWEEN T >P"AL

U.S DESTRONE R AND :Ctf'1i IL LWPC IULL

( concrete denvi = 1I J 6e , OiC' psi)
L

B i r C ' i ite We qn0t
Ite______t_____________ h WP'.i Htjl l Rai

Hull Str cture 3,3 G L, 5 -LT 7

Full Load Condition 9 1, l _ 1.32

1Concrete density = 100 pct. f' -

0 Concrete Strength: Lightweight concrete Yitn a Oefstv PC

can potentially be developed with compressi.e strenqths as high as

10,000 psi. Table 111-3 shows a comparison between hull weight of

the steel destroyer and the composite LWPC hull u Inq concrete

with a density of 130 pcf and a compressine streiiqth of 10,000

psi.

TABLE 111-3. WEIGHT COMPARISON BETWEEN TYPICAL

U.S. DESTROYER AND COMPOSITE LWPC DESTROYER

(concrete density= 130 pcf. f, = 10,000 psi)
c

Baseline Composite Weight

Steel Hull LWPC Hull Ratio

Hull Structure 3,356 LT 5,370 LT 1.60

Full Load 9,006 11,517 1.28

Condition

1Concrete density = 130 pcf, f' = 10,000 psic

o Fiber Reinforced Concrete (FRC): The incorporation of steel wire

or glass fibers into LWPC will improve the duct ilitV of the
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ma t e t, Ind i t> i e-, t ice toL imipaict. anml t iIa,, t. AI i t~a I I

the use of FRC i 1 infcreaise trip ten- i I an )d fI u ra -itrITenotqi of

t he ma tter ia I RC m i es ~h oLiid t" k dC~ e t eI (; in1 oT rei tI I jIuant J

tt b n i t to t he s t neit~ i tlilt 1',t i k -Alhl du!tJ 1i, . LWPC

r~ c: nais L e t vee t:-) tosu~: tis. te C nj~t e

anid tune steel destic'. en nas een iiade in! ttue 1o 1 1~ iy jA'nannv

0o tA VS[ halS ;)Vi Craie iCost da ta C)T a I'li L hp sePCt1ion ct a ste

hU l I uinirg RilId s teel. T h is d ata i ndic a t es a toctal hulI

ccnst ructioii cost of $0. 94 pen, pound in 1980 LI.S. ual a~s Ti

has been escal ated to $1.1 Ier' pound in L~2U.S. do, !ars.

0 T h is unit cost nas been applied to estimate,, steel weiqpitsz tonr a

unT)it length of the destrover. Z'sui cs a as ~

applied to the i nternal1 steel fraiinq in the composi to L'APC h11,

o Quanti ties for, conicr-ote shell miaterials, iii the compoSi to L %PC *ia~e

been based upon the conceptual des ign. Uniit prices for concrete

conStrLicti on have been) based UJPOii thlose fon s imi lan constrnuct ion,

and have been factored to accoun[t for r'elat ive constructiL on

difficulty. Formwork costs have assumed no parallel miiddle toodv

n the hulI Formwork costs have assumed reuse due to

construction of 20 vessels in the class with typical h Ll

geometry. Concnrete costs assume ConlstructiOn) by a precaist

concrete fabricator and costs include a markup of 100 percent for

overhead and profit.

A comipari son o f hll Conls truct ion)O cots i s pre sented i n T ablIe I1I1- 4.

This comparison shows that the initial cost of the composite LWPC hull

will be approximately 10 percent less than that of the steel destrover.

It should be noted that the unit cost for the steelI hullI has been based

upon a unit price for milId steel and for a section of the hull near

midships. It is felt. that the more complex hullI geometry at other

14



sect oen oT the ) i I ouc i Je 4r eter 3tttect orl tne Urt COSt 9f

steel const ructi on) n hh nthat o t LPC construction. Ad tina I;,

the ext ra co. t i -sic ted t!, or er stipe .jtt steel compcnerts c- the

destro er wi I rnc r ea_ e tre cot t'e ba, el ine steel ,IL.1.

The const!'uct'on cont Ler''rt it f L iPC Chu 1 ccnst r.Ct o L. I d he

ir1'p'U e,_ tor hu] coItjyatons . ith a lorg oar: ,. c.rdO'e cod)Y, due

to yreater henet its ct , e -it,, i t.

TABLE 11!-4 - HULL CDNSTRU2T0!4 COST O.3AVAR1SSt

BETWEEN TYPI..L U.S. DESTROE R A'D CMPOSITE LWPC HULL

Structural R cinf.

Conf i jurat ion S tee I C u-c rete Tot a !

Baseline Steel S12,300'ft -- S12,30. Dft

Hull

Composite LePC S 5,790/ft $5,170ift $0 ,960 ft

Note: Costs are for a 1-ft slice near midships of a

typical destroyer hull.

3.4 Sensitivity to Hull Type

The weight penalty of LWPC makes the material unsuitable for construction of

a destroyer. In order to further investigate the range of Navy ships where

LWPC affords potential, additional hull types were selected by NAVSEA for

comparison. The particulars of the Navy ships are presented in Section 11.

LWPC hull concepts have been developed for comparison with the AOE ard the

AS hulls. The AOE was selected since it is the longest hull and has the

largest displacement. The AS was selected as a smaller hull. Again, the

LWPC hull concepts provide the same molded shape as a midship section of the
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steel h UI I. Wei (jht compari sons have been based upon use ot LWPC for

exterior plating arid steel for" interior decks, platforms and bulkneads.

The thickness ot LWPC plating for both hulls is controlled by local plate

bending r3ther than global strenytb cons i derat ions. The i nest i gat ion

indicates that a composite LWPC hu 1 i s approximately 2.2 times the weight

of either steel hull. By inspection of the AO anid AD uil1 s, simi ar weiht

ratios are expected. Hull wei gn'-t comparisons are shown in Tables 111-5 and

111-6.

TABLE II-5. WEIGHT CO',PARiSCN BETviEE

AOE HULL AND COMPOSITE LWPC HULL

(concrete density = 130 pcf, f' = 6000 psi)
c

Composite Weight

Item AOE Hull LWPC HuLI Ratio
i1

Hull structure 21.6 Li ft 46.7 LT/ft 2.16
Lightship 19,000 LT 41,040 LT
Loads (full) 33,968 LT 33,968 LT
Full load conditions 52,968 LT 75,008 LT 1.42

1 Based upon hull weight estimate at STA 11

TABLE 111-6. WEIGHT COMPARISON BETWEEN

AS HULL AND COMPOSITE LWPC HULL

(concrete density = 130 pcf, f' = 6000 psi)' C

Composite Weight

Item AOE Hull LWPC Hull Ratio

Hull structure 9.9 LT/ft1  22.0 LT/ft 2.22
Lightship 12,770 LT 28,094 LT
Loads (full) 10,643 LT 10,643 LT
Full load conditions 23,413 LT 38,737 LT 1.65

1 Based upon hull weight estimate at STA 10
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Al1 tour hull types investi]ated in this sensitivity study are useu to

transport cargo. The increased hull weight for the LWPC hull reduces the

cargo capacity of these vessels. The suitability of LWPC hulls for carc

carrying applications will depend upon the life cycle cost of the vessel.

This can be determined by a tradeoff between the lower initial costs, lower

maintenance costs, and the reduction of dry dcck time for a LWPC hull as

compared to reduced operating costs associated with the gre.ter cargqo

capacit, and smaller hull weight of a steel hull.

3. 5 Coust ruction Methods for LePC Hull

A construction scenario for a composite LWPC hull is described below, and is

presen ted in Figures III-2 through I11-6. This construction procedure is

developed to maximize the use of precast concrete elements.

0 Precast the Elements -- In oroer to take advantage of the benefits

associated with precast concrete construction, all LWPC elements in th"e

composite hull are precast. Formwork for the bottom shell element is

shown in Fig]ure III- ' . Elements with significant curvature may reQuire

formwork on both surfaces.

o Erect the Precast Elements -- Precast elements are erected in a gray :-q

dock facilit). Precast elements will require special lifting hardware

to control strps.,es in the precast elements during handling. Elements

ma; he prestesed to facilitate handling. The precast elements are

supported and aligned using support frames and braces. Panel sizes

will be controlled by the capabilities of cranes at the construction

facility. See Figure 111-3.

o Form and Place Cast-in-Place Concrete Connections -- Connections

betw. an precast shell elements are made using cast-in-place concrete

closure pours. See Figure 111-4. Reinforcing steel and ducts for

post-tensioning tendons are placed in these closure pours. An epoxy

bonding agent is used to bond the cast-in-place concrete to the

hardened concrPte in the precast element.
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0 1rect Steel Decks/Platforms -- Steel decks and platforms art, connected

to te-t LWPC shell using weld plates or other hariware which is cast

i tho precast concrete elements. See F i qure I11-5

0 T he precast concrete ueck plate is supported from the steel decks bel ow

w0ei e cast- ir-plIace concrete connectiuns are cons tr,,cted. See F igure
111-6.

Once this con,tr'uction effort has Leen completed for a portion of the length

of the hul I the vertical, transverse and circumferential post-tensioning can

proceed. Longitudinal post- tension i eg cannot begin until constructi on is

completed for the full length of longitudinal tendons.

A portion of the hull construction may be completed while the vessel is

floating if dictated by draft limitations at the hull construction facility.

3.6 Specific Construction Details for LWPC Hull

3.6.1 Attachments to LWPC

Connections for the attachment of steel framing, equipment or machinery

to LV.'C elements can be madn with a variety of details. These details

fall into tw& general categories: preplanned connections and retrofit

connections. Several connection details for each of these categories

are presented in Figures 111-7 and 111-8. Preplanned connections

generally consist of hardware which is embedded in the concrete element

in a preplanned location. Connections of this type are presented in

Fignire 111-7. Retrofit connections generally consist of hardware which

is attached to the concrete element by drilling or coring into the

element. Connections of this type are presented in Figure 111-8.

The capacity of these connections are generally dependent. upon the

length of embedment into the concrete element and the concrete

strength. This relationship is shown graphically for headed bolts,

studs or bars in Figure 111-9.
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3.6.2 Non-Magnetic Reinforcement

For certain app 1 icat ions such as mine layers and mine sweepers, the use

ot non-magnetic materials for hull construction are essential. A

potential ,iaterial for use as a non-magnetic reinforcing and/or

prestressing steel is Armco Nitronic 50 stainless steel bar and wire.

This material remains non-,iagnetic even after severe cold working.

Research has been undertaken to study the behavior of fiberglass rods

as main reinforcement of concrete elements (reference 7). Testing

indicates that strength of such concrete elements is predictable:

however, further work is necessary to improve the durability and alkali

resistance of fiberglass. The investigation indicates that the

strength of fiberglass reintorcement cannot be fully realized due to

the low elastic modulus of the material.
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PANEL SUPPORT FRAME

LWPC HULL CONSTRUCTION CONCEPTS

ERECT PRECAST ELEMENTS

FIGURE 111-3
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C.I.P. CLOSURE POUR

ZIC.I.P. CONCRETE BEAM

LWPC HULL CONSTRUCTION CONCEPTS
FORM & PLACE CAST-IN-PLACE

CONCRETE CONNECTIONS

FIGURE 111-4
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SECTION IV

DESIGN CRITERIA FOR LIGHTWEIGHT PRLSTRE)SLD ONCGJT

FOR SHIP HULL CONSIRUCTION

4.0 i ntrUdUCt iOn

The LUrpobe UT this section is to provide an instr'ucti iV i , - t' e

concernincl recommended desi gn cri teria for concrete ap ie (,( t:, -hr

construction. The primary emphasis will be to give the rei_,onin,i beTwind the

design criteri3i, and to make comparisons with the more fami 'ii criteria for

steel ships. Basic design stresses and safety facto's .il be (live!i , this

section, but detailed lists of criteria which may be tcund in the cited

references will not be repeated.

Design criteria fall into two major categories: 1 -ies and ,trengths. Loads

are determined from principles of naval architecture, and are similar to the

loads used in the design of steel vessels. Strength_ are determined Using

established principles developed for dry-land concrete construction. Loads

are equated to strengths, with safety factors. The main task of developing

criteria for concrete vessels is to establish the proper safety factors for

various types of loads, considering also the degree of reliability of the

strength equations. This is done by comparing safety factors used in steel

ship construction to the safety factors used in steel and concrete

construction on dry land.

4.1 The Properties of Concrete as a Structural Material

It is important to understand the properties of concrete, for the properties

of the material affect the way in which it is used, and thus detp,'mine the

appropriate design criteria. Reinforced or prestressed concrete as used in

large-scale construction is a composite material which combines the

properties of both concrete and steel. There are various degrees or levels

of reinforcement, with differing properties of the composite material.
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4.1.1 Unreinforced Concrete

The use of unrei nforced concrete in ship conls t t i on is not

contemplated. The properties of unrei nforced Coc rete are gi ven he re

as a reference point, so that thc nlanner in wh ai re i norcement alters

the behavior can be better understood. The most important property of

unreinforced concrete is that it is prone tu cracki vg. UWieinreor ceLI

concrete has good compressive strength but low tend ile strenuth. It is

subject to shrinkage. The tensile stresses caused by loads, thermal

deformations and shrinkage deformations will almost inevitably cause

any large construction of unreinforced concrete to crack in tension.

Whereas cracking is something to be positively avoided in steel

construction, the cracking of concrete must be accepted as fundamental

to its nature.

Concrete is quite useful in compression. Good quality concrete has a

compressive strength approximately 1/6 that of mild steel. The elastic

modulus, although lower than steel, is fairly high in comparison to its

strength, so that a concrete structure is normally stiffer than a

comparable steel structure designed to resist the same loads. Concrete

creeps slowly under constantly applied loads, producing ultimate

deflections of roughly three times the initial elastic deflection.

This is often looked upon by engineers as an undesirable property of

concrete, because it makes deflections harder to predict. However, it

is also a very useful property, for creep relieves stress

concentrations.

A very important property of concrete is that of autogenous healing.

The chemical reactions that cause plastic concrete to harden or set

continue indefinitely in a moist environment. Thus, the concrete con-

tinues to gain strength throughout the life of the structure. Very old

structures may have strengths 50% to 100% in excess of the strengths

originally specified at the time of construction. The presence of

continuing chemical reactions also allow the concrete to "heal" itself

over a period of time. This property makes concrete relatively immune

to fatigue from large numbers of load cycles at low amplitude. Over
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time, the concrete heals the fat igue damage and thus the fatigue is not

cumulat ive as it is with steel structures. Additionally, if the

concrete is finely cracked, the cont inued ch, :nical reactions wi I hoal

the crack in a moi t env ruirnment , providi g the crack is not

cont i nuoUs Iy "wor ked.

4.1.2 Rein iwrced Concrete (Roinf0urced vith Mi! o Steel Bars

This is the type of concrete that is most widely used in bui I di nq con-

struction. Mild steel reinforcing bars are embedded in the concrete

for the primary purpose of controlling the effects of crackinq. It is

very important to understand that reinforcr , bars are not effective in

preventing cracking. Concrete shrinks slightly during curing, and the

shrinkage of the concrete causes the embedded reinforcing bars to

contract also. This puts a small amount of initial compression in the

steel. If an external tension is then applied to a reinforced section.

the concrete anu steel share the tension in proportion to .-heir moduli

of elasticity. At the time the concrete reaches its tensile strength,

the tensile stress shared by the steel is about sufficient to cancel

out the initial compression; thus the steel stress is about zero at the

time the concrete cracks. Therefore, the reinforcement is ineffective

in preventing cracking. However, the reinforcement is very important

in controlling the behavior of the concrete element after cracking.

Reinforcement is used to resist tensile stresses across the crack and

may also be used to resist shear stresses across the crack. In

reinforced concrete design, it is commonly assumed that all tensile

stresses are resisted by reinforcement rather than by the concrete.

Reinforcement also limits the width of the crack. The amount of

reinforcement and the distribution of reinforcement may be chosen in

order to limit cracks to an acceptable width. If the cracks are kept

small enough, they do not result in undesirable effects such as

corrosion of the reinforcement, for the alkalies in the concrete are

abl to chemically protect. the reinforcement in the presence of small

c rTic l. Concrete des i gn b tandards for dry- land cons truct i on are so

cholen a to 1 i it crack widths to about .010 inches in normal

con,tru:ction, ,ilthoiqh in very t irros iv environments, the limit may tie

about half thi,,.



Reinforced concrete was widely used t(r t h i; hull construction durinr

World Wars I and IT. Although it is the natUle ef rin forced concrete

to crack, whatever cracking was present in these shniii, (;d not

adversely affect their watertightness or their performance. in riu,ccnt

years, most large vessels have been constructed of prestressed

concrete, which was developed after World War II. Prestressing gives

better control of cracking arid thus has become favored Tor use in

concrete vessel construction. Nevertheless, it zhould Le unnnasized

that it is often impractical to prestress for, all stresses in all

directions, and a prestressed member retains some characteristics of a

reinforced member, at least for the minor stresses. There is ample

experience to indicate that reinforced concrete is a satisfactory

material for ship construction, even though it has largely been

superseded by prestressed concrete.

4.1.3 Ferrocement

Ferrocement is a special type of reinforced concrete in which the

reinforcement is very fi!,ely divided arid distributed throughout the

concrete. The reinforcement consists of fine wires spaced a maximum of

1/2 inch, and often much less. The behavior of ferrocement is quite

different from ordinary reinforced concrete. When tensile loads are

applied to a ferrocement section, cracking of the concrete does occur

as previously discussed. However, the cracks are effectively arrested

by the finely divided reinforcement, and thus the various small cracks

between the reinforcing wires do not unite into more continuous cracks

as happens with conventionally reinforced concrete. This causes the

material to behave as if it were uncracked, even though micro cracks

exist. Thus, ferrocement maintains the stiffness and watertightness

(at moderate heads) which would be characteristic of uncracked

concrete.

Ferrocement is commonly used as a boat building material for small

boats. Very thin sections can be made to retain their watertiqhtness

because of the special properties of ferrocement. Assemblinq the small

wires and applying the concrete to the assembled wires is a very
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lbor- intens ive process. Ferrocement is not widely used for, large

COns.t ruction because of the labor requirements. For navy ships, it is

UP iKe!y that Ferrocement would be an appropri.-te choice for

con,,truiction of the entire ship. There may be certain elements within

the ship, however, for, which Ferrocement miqh be an ar;propriate

material.

4.1.4 Prestressed Concrete

Prestressed concrete derives its name from the fact that the steei in

the concrete element is prestretched or prestressed in such a manner

that precompression is introduced into the concrete prior to the

application of external load. This may be done by stretching the steel

wires under high tension between fixed abutments prior to ca-sting the

concrete around them (pretensioning method). Alternately, the same

effect may be accomplished by casting ducts in the concrete, placing

steel wires in the ducts, and jacking the wires to high tension after

the concrete has hardened (post-tensioning method). Providing the

ducts are injected with cement grout after tensioning, the end result

of the two methods is essentially the same. The steel is placed under

initial tension and the concrete Under initial compression, prior to

the application of external loads.

Prestressed concrete was originally developed to make possible the use

of high-strength steel as concrete reinforcement. If high-strength

steel is used as concrete reinforcement without prestressing, the

excessive strains associated with high stresses lead to unacceptable

crack widths in conventionally reinforced concrete. Therefore, it is

essential that when using high-strength steel, the steel be

prestretched to remove this excessive strain. The resulting pre-

compression in the concrete enables one to design a structure in which

the major stresses in the concrete are compressive at all times with

external loads causing a fluctuation in the level of compression. Such

a structure would theoretically be uncracked throughout its service

lifetime. It is important to realize, however, that complex states of

stress may exist at the intersection of members and that it is otten
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impractical to prestress in all directions to counteract al I secondar,

tensions. Thus, it should not be assumed that prestressi nq .4i1

totally eliminate cracking. However, it does greatly reduce the amuwJl

of cracking compared to a reinforced structure, and conventional

reinforcing can be used lo control, to acceptable level-,, what cracki!nj

may occur.

4. 1.5 Reinforced and Prestressed Concrete

Current design standards for dry-land construction require that a

structure be classified as either prestressed or reinforced (without

prestressing), and different design rules apply to each. There is no

commonly used set of design rules that are appropriate to a structure

that utilizes a combination of prestressing and reinforcing steel to

share the load. However, such a combination may be highly desirable

for ship hull construction as will be discussed in Subsection 4.10.

4.2 General Arrangements

4.2.1 Comparison to Steel Properties

Lightweight concrete has a density 1/4 that of steel and a compressive

strength 1/6 that of steel. The comparison of compressive strengths

can be misleading, however. Steel has the same strength in compression

and tension, whereas concrete is only useful in compression. For

reversible stresses, such as hogging and sagging, it is the allowable

stress range that is significant. The allowable stress range in steel

is from 19,000 psi tension to 19,000 psi compression, for a total range

of 38,000 psi. In concrete of 6,000 psi strength, the allowable stress

range is from 0 to 2,700 psi compression. The total stress range is

2,700 psi, compared to 38,000 psi for steel. This is a ratio of about

1:14. Where plate thicknesses are controlled by hogging and sagging, a

concrete plate will be about 14 times the thickness of an equivalent

steel plate. In other words, a 10-inch thick concrete plate is about

equivalent to a 3/4-inch steel plate.
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The fact that concrete plates are so much thicker than steel plates has

a ,ignificant effect on the structural arrangements. The resistance 6f

a plate to bending (hydrostatic) loads varies as the squar'e ut the

thickness. Similarly, the critical buckling stress Tor a plate in

compression varies as the square of the thickness. SteeI plates

reqjuire sti ffeners at intervals of a few feet, to prevent buckI i in and

local bendi nq from becoming critical. Co!ncrete plates, being

approximately 14 times as thick, can be designed with unsupported

widths or lengths approximately 14 times that of steel plates. Thus.

stiffeners are generally not required, and the concrete plates span

directly from bulkhead to bulkhead. If the span between bulkheads is

too great, intermediate frames may be used. Also, curved concrete

shells may be used to increase the span between bulkheads. These

considerations lead to a framing system for a concrete vessel that is

generally much simpler than the equivalent steel system. See Figure

IV-1 for a comparison of concrete steel framing. Some weight is saved

as a result of the deletion of stiffeners. Nevertheless, if the ratio

of plate thicknesses is 1:14 and the ratio of density is 1:4, it is

obvious that a concrete hull will be heavier than the equivalent steel

hull. In practice, a concrete hull normally is tetween two and three

times the weight of a comparable steel hull. There are ways to improve

on this, as will be discussed later'.

It is usually advantageous to haunch or thicken the plates near the

intersection with bulkheads. Local bending stresses are, of course,

maximum at this location. Typically, slabs are haunched so that the

thickness at the support is between 1.5 arid 2.0 times the mid-span

thickness.

Shearing stresses are more likely to be critical in concrete than in

steel. The shearing strength of steel is about 60% of the tensile

strength, whereas the shearing strength of plain concrete is

approximately 5% of the compressive strength. The shearing strerqth of

concrete may be improved by the addition of reinforcing and

prestressing; nevertheless, shear is of greater concern in concrete

than in steel. The use of flat or curved plates without stiffeners
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allows the entire volume of concrete to be effective in resistinq botn

in-plane shear and out-of-plane shear, whereas in a sti fened pl.te,

the in-plane shear is resisted only by the plate and the out-(,-pla ,

shear is resisted only by the stiffeners. Thus, conside,'tions o

shear also argue for the use of unstiffened plates and shells.

4.3 Performance Requirements

4.3. 1 Strength

Strength is the obvious performance requirement and strength

requirements are spelled out in detail below.

4.3.2 Watertightness

Watertightness is obtained primarily by the use of prestressing,

although it is feasible to build a watertight vessel without

prestressing. If prestressing is not used, particular attention must

be paid to the details of any construction joints to obtain

watertightness. Construction joints are much less of a problem when

prestressing is used to maintain compression across the joint.

Nevertheless, if there are any problems with watertightness, they will

normally be at construction joints.

4.3.3 Durability

Durability is concerned with resistance to chemical attack of both the

concrete and the reinforcing steel. Good durability is obtained

primarily by attention to concrete quality as discussed elsewhere in

this report. Concrete qudlity is not only important in protecting the

concrete against attack, it is also the most important factor in

protecting the steel against attack. The cover (the minimum thickness

of concrete between steel and the face of the member) is also of some

importance in protection of the steel. Many existing design codes use

the specification of minimum cover as the primary means of controlling

corrosion of the steel. This is unfortunate, since concrete quality is
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actual ly a more important parameter. Excessive cover- requil'emelo-r, c '

lead to excessive weight, which has particularly serious coseguere _

in marine vessels.

4.3.4 Fatigue Resistance

Prestressced concrete is e xcep ionai ly resita t to faLig Ue. Uncer

normal design load"ngs, the stress in the concrete oscillates with'1in

the range of 0 to about 45% of the compressive strength, 'ith the

stress being compression at all times. Because of the autoUenlos

healing properties of concrete, concrete has an infinite fatig,.e life

at these stress ranges. The stress range in the steel is the stress

range in the concrete multiplied by the ratio of their elastic moduli.

This produces a stress range in the steel which is only a few percent

of the Ultimate strength of the steel. Thus, there is no fati cue

problem in the prestressing steel or mild steel.

There is a potential fatigue problem caused by a few cycles of repeated
12

load at very high stress levels, such as in a 1CC-year storm. This

is somewhat analogous to earthquake loads in a dry-land structure. In

earthquakes, a few cycles of very high loading may be experienced. At

the present time, earthquake desion standards applicable to cyclic

loads at high stress levels are not directly applicable to marine

construction, although future earthquake research results may be. The

allowable stresses and safety factors given in this section are

designed to prevent low cycle, high load fatigue from being a serious

problem. However, unduly conservative results may he produced. The

considerations of low cycle, high load fatigue is a research subject

which is rapidly evolving at this time,

4.3.5 Impact Resistance

At the present time, very little is available concerning impact

resistance of concrete structures. Of course, plate theory may be used

to analyze the elastic behavior under point loads, but impact

resistance generally involves inelastic behavior under overloads. Some r
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information has been developed by the Corps of Engineers for use in the

desi .jn of concrete fortifications, gi ving the resistance of concrete to

various explosives and projectiles. Also, the design of nuclear power

plants requires resistance to impact of various missiles which might be

generated by explosions or tornadoes, and some useful information may

be round here.

The design ot concrete structures to resist impact is also 3 subject

which is rapidly evolving at this time. The oil companies are

currently co;nsidering the design of large concrete structures for use

in ice-infested Aictic waters. It is quite probable that extensive

research will be conoucted in the resistance of concrete to impact

loads in the near future.

4.4 Philosophy of Strength Desion

4.4.1 Basic Equation

The basic equation of strength design is:

Loads = Strength

Of course, the strength should be greater than the applied loads bY an

amount called the "safety factor." Different design methods locate the

safety factor in different parts of the equation. The traditional

design method is called working stress design. In this method, the

strength of the material is divided by safety factor to produce an

allowable stress. The design equation is thus:

Loads = Strength/Safety Factor

In recent years, ultimate strength design has become popular. In

ultimate strength design, the loads are multiplied by safety factor and

equated to the strength ot the material. Thus, the basic equation is:

Loads x Safety Factor = Strength

r
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anld materi ii 5tt it i hu, , t:%.e des uir jo ti0ron is.

Loau -i ta'* , co trot (2 d c i i c t actr

F or Co0n Cre't e st)ip Pc d qi , the 1 oad arte 1PIrI ed I rom the printc iples DT

naval arch itectLre , ano are Las i ca ly theie as t oeused in- the

Liesiqn o f steel snhi ps . A probl11em so rtt "m e aYi es i n that

specifications for steel scaritIi ngs do rnot q iv.e tihe is rectlIy , but

rather g i ve recui: rements f or s- eel area n!- sectii no odUlus as a

fu~nction Of span arid depth. These reqli rements- coo be back-figured to

deterne the load oin which they wpre based. Hoveev there are often

corrosion al lowarice.: or- other considerationcs burlied in, the equation.

Where the lo;ad; are expl city stated, stoon i-: the trochoida 1 wave

10Th inrg of I. 1 times the squaire root of the l erqt h inr feet, the same?

loads may be Used for- concrete hlls1. 11he strergth 'i de of the

equation is computed Using the principles of dry-land conicrete desiqn.

The American Concrete Insti tote (ACI) Bll Idi;i n Code' and other ACI

standards are the primary source of tni s inrfor'mati on.

The safety factor must be determined by experience. This experience is

with steel ships and with other dry-land concrete constructioln.

Fortunately, the safety factors used in these two types Of conIstruction

are reasonabl, compatible.

The ACI code allows reinforced (unprestressed) concrete structures t~o

bo designed either by the ultimate strength method or the working

stress method. The designer may choose either method, but is not

required to use both. For prestressed concrete, however, the code

requires that a check be made by both methods. The reason is that in

prestressed Structures, stress is not proportional to load. Thus, the

true design equation is more complex than the very simplified equations

given above, which are based on the assumption that stress is
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proporti onal to 1 oad. In prestres.0(1 Sea structures, a wokir ng st res'

check is made at a "normal serv ice" load level , and an ultimate

strength check is made us i M; 1 Aods app lic:able to an extreme event zucrl

as a 10-year storm.

4.5 Type, of Stress

Stresses in steel ships are normal lv clas eo as one of three types. Primary

stress is the stress caused by hull -gi rder bendi rg. Secondary stress is

that due to bending of a stiffener plate combination, and tertiary stresses

are those due to hydrostatic or ether normal loads or) the plating. A

similar distinction is made in the case of concrete design.

4.5.1 Primary Stresses

These are normally stresses arising from hog/sag moments which produce

overall bending of the hull girder. The important feature of these

stresses is that they produce compression or tension throughout the

thickness of the hull plating. Such stresses are commonly called

membrane stresses in concrete design.

4.5.2 Secondary Stresses

These stresses are much less common in concrete design, for stiffeners

are normally not used. However, if a stiffening beam is used, the

flexure of the stiffening beam would produce membrane-type stresses in

the hull plating which forms a flange of the stiffening beam.

Therefore, the allowables for secondary stresses would be the same as

for primary.

4.5.3 Tertiary Stresses

These are stresses from hydrostatic or other loads acting perpendicular

to the plane of the plate. They are commonly called "plate bending

stresses" in concrete design. This type of stress produces tension on

one side of the plate and compression on) the other.
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Membrane (primary) stress car produce tension throughout the thickness

of the hull plate whereas plate bending (tertiary) stresses produce

tension on only one side of the pl-ate. Thus, the consequences of

tens i Ie cracki ng are go i te di fferent for these two types of stress, and

different allowables are used. In fact, experience has shown that for

plate bending stresses, prestressing is not necessary and that

conventionally reinforced concrete will maintain its watertightness

under plate bending loads.

4.6 Plate Bending (Tertiary) Loads and Stresses

4.6.1 Loading Diagrams

For preliminary design, hydrostatic loadings may be assumed as shown in

Figure IV-2. The maximum waterline is assumed to be at the level of

the deck. Alternatively, the maximum waterline may be taken as 1/2 the

wave height above the stillwater line. A triangular diagram is used

for the hull side, and a uniform pressure of maximum intensity is used

across the hull bottom. For final design, more complex rules for

determining hydrostatic pressures are given in the Det norske Veritas

(DNV) 9 and Nippon Kaiji Kyokai (NKK) 14 rules for steel ships. The

American Bureau of Shipping (ABS) 2 rules specify scantling requirements

for steel without giving a loading diagram, and are thus not readily

translatable into a design requirement for a concrete vessel.

4.6.2 Allowable Stresses for Prestressed Concrete

The allowable stresses for prestressed concrete are as follows:

For compression .45 f'

o For tension 5 (f') 0 .5
c

The allowable compression stress is the same as in dry-land structures.

The allowable tension stress is 2/3 the modulus of rupture, and is

slightly less than for dry-land structures. It. will normally be found
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that these allowables lead to a relatively smaIl volume u concrete

that is actually in tension, and the great share of the thicknes-

the plate is in compression.

4.6.3 Factors of Safety

For the hydrostatic loads defined above, 3 safety factor of 1. 7 is used

in combination with a 0 (material reduction factor) of 0.9 applied to

the strength side of the equation. These factors are the same as those

used for live loads in building construction and are similar to the

factors of safety in steel ships designed by ABS and other rules.

4.6.4 Damage Conditions

For damage conditions, hydrostatic loacs against the interior

watertight bulkheads are investigated. Additional pressure on the hull

sides and bottom may also arise from the sinkage, heel and trim

associated with damage conditions. Plate bending analysis should be

done for these hydrostatic loads; however, with a safety factor- of 1.3,

rather than 1.7. This analysis also uses a 0 factor of 0.9 for

flexure. The load factor of 1.3 is comparable to code load factors for

extraordinary wind and seismic loadings. Only a strength design check

is required for the damage condition.

4.7 Hull Girder Bending Resulting From Hog/Say Conditions

(Primary Stresses)

4.7.1 Loading Conditions

During the life of a vessel, it may be subjected to several types of

loading. These include, but are not limited to:

o Construction loads. These are temporary stresses which may occur

during construction and launching processes.
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o St i IIwater bending. This is computed iii the usual manner.

o Normal service wave. This is normally taken as the wave loadings

given by ABS, Lloyds, DNV, and other rule books.

o Extreme event (100-year storm). If data on extreme loac: are

available, the structure may be designed for the extreme loau

also, but with lesser factors of safety.

o Damage conditions.

4.7.2 Levels of Design

The design may be checked for allowable stresses at service load for

factor of safety against cracking at service load and factor of satety

with the respect to ultimate load. Not all loading conditions require

checks at all levels of design, hc:,ever. See Table IV-1 for the design

requirements.

TABLE IV-1
HULL FACTORS OF SAFETY, ALLOWABLE STRESSES

Factor of
Safety Ultimate

Allowable Against Load
Stresses Cracking Factors

Construction Loads .6 f' (c) - 1.5c

5 (f')0 "5 (t)

Stillwater + .45 f' (c) 1.5 1.7
Normal Wave 0 c (t)

Stillwater + - 1.3
Extreme Event

Damage Condition 1.3
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4.7.3 Shear

Shearing stresses may be checked using the methods given in the ACI

code. The ACI code calls for checking shear at a distance tfrom the

support equal to one-half the depth of the beam. In the case of the

hull girder, one-half of the depth is a large distance and it is

recommended that shear be checked at the suppo;t rather th'a3 at d."2

from the support.

The ACI code requires only a shear check for ultimate strength.

However, it is recommended that the principal tension at service load

also be checked, and that this principal tension at service load should

not exceed 4 (f')0.5c

4.8 Hull Plating Design

4.8.1 Combinations of Membrane and Bending Stress

In steel design, higher allowables are used for combinations of pr'imarv

and tertiary stresses. However, this is not recommended for concrete

design. Stresses from plate bending and hog/sag membrane stresses

should be directly added. The higher allowable tension applicable to

plate bending would then be the appropriate allowabIe stress providing

the membrane ter sion alnne does not exceed zero.

Plate bending stresses from hydrostatic Icids will have some effect on

the capability of the hull sides to resist shear arising from hul

girder bending. The interaction of plate bending and membrane shear

for concrete design is not well understood and virtually no research

data exist at this time. An appruach which is believed to be

conservative is to determine the reinforcement requirements for plate

bending and for shear arid to p"ovide reinforcement tor the sum of these

two requirements.
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4.8.2 Buckling Criteria

Buckling of concrete plates is seldom critical, fcr the thickness

ratios dictated by other, requirements are generally suftficient to
prevent buckling. For a flat plate i) which the long dimension is in

the same direction as the stress, the critical ratio of the short

dimension "b" to the thickness is ibuit 50. Formulae for tre Lnc':I ',g

of plates may be found in Reference 13. If the short dimension or the

plate is in the direction of the compressive stress, the plate may be

checked for buckling using the column provi sions of the ACI code.

For shells, the critical radius to thickness ratio is about 200 for

cylindrical shells loaded in compression parallel to the axis of the
6

cylinder. In practice, it is unlikely that this limit will be

exceeded.

4.9 Special Considerations for Lightweight Concrete

The modulus if elasticity of concrete is proportional to the 1.5 power of

the density. As a practical matter, lightweight concrete has a modulus of

about half that of regular weight concrete. This is a drawback in slender

structures, but it is not of great significance in ship design. The

critical buckling parameters are reduced approximately in proportion to the

square root of the modulus. Thus, for lightweight concrete, the critical

buckling parameters are about 700 of those given above.

The tensile strength of lightweight concrete made with regular sand is about

85% that of norma1 weight concrete of the same compressive strengIt.h. For

lightweight concrete made with lightweight fines, as well as lightweight

coarse aggregate, the tensile strength is 75%0 that of normal weight. The

allowable tensions given previously should be reduced by these percentages

when using lightweight concrete. Shear and bond strengths are also related

to the tensile strength of concrete. Therefore, shear stresses should be

reduced and bond lengths increased by the factors given above.
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4.10 Proposed New Limit State Criterion for Prestressed

Concrete Vessels Subject to Hog/Sag Bending

4.10.1 Introduction

A new limit state criterion for prestressed concrete vessels subject to

hog/sag oending is proposed. The limit state is a stress state in

between the conventional working stress and ultimate strength states.

It is thought of as a state comparable to that of first yielding in a

steel structure. There are three purposes for proposing the new

criteria. One is to develop more realistic criteria for the types of

bending encountered in hog/sag conditions. The second is to unify

criteria for prestressed and nonprestressed reinforced concrete. The

third purpose is to allow the utilization of a combination of

prestressing and reinforcing to produce a more efficient design.

4.10.2 Review of Present uesigrn Criteria fir Hog/Sag Bending

Present criteria for hog/sag bending are twofold: working stress and

ultimate strength. The working stress criteria call for limits of zero

tension and .45 fc compression. This essentially is a fatigue limit.

and concrete working within this range has an infinite fatigue life.

The second criterion is ultimate strength, which is the breaking

strength of a member subjected to a one-time loading in one direction,

allowing for whatever inelastic redistribution of stress occurs prior

to rupture.

The ultimate strength criterion is not appropriate to hog/sag bending.

The nature of hog/sag bending due to wave action is that of a fully

reversible stress applied many times at various levels of intensity.

Figure IV-3 illustrates a common assumption for the relationship

between number of cycles and load intensity experienced in the lifetime

of a ship. The total number of cycles of load in the life of a vessel

is approximately 108. If we plot the maximum load intensity occurring

in the lifetime of the vessel on the Y-axis and the logarithm of the

number of cycles of load on the X-axis, a straight line defines the
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P,

nun " of cycles of various intermediate load levels which might be

experienced. It would be inappropriate to equate the maximum load

level on the Y-axis to the ultimate st rength as determined by

conventional procedures. In a ship, rnot only will the maximum load

level be experienced once, but a load level 7/8 of the maximum will be

experienced ten times, 3/4 of the maximum 100 times, etc. Loadinq a

concrete structure to 7/8 of its ultimate load 10 times, with fully

reversed loading, is a more severe loading than one loading to

ultimate. Thus, a new limit state definition is needed to replace the

ultimate strength state.

The "design load" specified in ABS and other rules is not the absolute

maximum load which might be experienced. Rather, it corresponds to a

load which might be experienced 1,000 times, which is approximately 5/8

of the maximum load. See Figure IV-3. It is not necessary to apply

the conventional working stress criterion to this level of load, for

the working stress criterion defines a stress-state which concrete can

experience an infinite number of times. A more liberal limit should be

applied to a stress state which might be repeated 1000 times.

4.10.3 Proposed Limit State

The limiting conditions for ultimate strength design are the ultimate

strain, .003 in the concrete, and the rupture strain, .035 or more, in

the steel. A large amount of inelastic behavior normally takes place

prior to reaching these limits. Such behavior cannot be repeated in

loading reversals.

For the new limit state criterion, it is proposed to limit both

compressive and tensile strain to .002. This limits the concrete

stress and strain to a point where the stress-strain curve may have

some "rounding," but without gross departure from elastic behavior.

For Grade 60 rebar, .002 is the yield strain. For prestressing steel,

.002 strain over and above the prestressing level is approximately the

yield point of the prestressing steel. Thus, the proposed limit ot

.002 strain maintains the steel within the elastic range, going just up
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to yield. For, conrcr'ete, a parah('lC ct~>-. n CL1'.t- i .m
10

using the PCA eguat ions. Fu- the higher t r t -rt cr,,cte Jted i

ship construction the sttresses in1 !he cnc,'et Ilwa ,; hI es>. t ha

ultimate. F igure IV-4 shows, Atrain co-dit ion- fr T "ala eci iesijnn

in) which limiting tensile and cnmli)ress, e strain,:, of .002 are reached

simultaneously. In most cases, a Lalanced condition will nct ex t a,

either the compressi he or- tte!)_,ie Iimit ,ill contrul.

Figore IV-5 shows the results of applying the limit state crt ter tc

typical prestressed concrete hull section, with various Ieveh ,Y!

prestressing and rebar. The reinforcement was assumed to be u; nlorm,

distributed Lhroughout the section. The limit state moment wats

computed and divided by the section modulus of the concrete cross

section, to give an "effective" flexural stress. The breakpuint in the

curves shown on Figure IV-5 represent the balanced condition at wh ich

tensile and compressive strains reach .002 simultanecusly. Note that

this balanced condition occurs at a prestress level of about 2,150 psi,

whereas by conventional working stress design, the balanced prestressed

level would be 1,350 psi. (With the hull prestressed to 1,350 psi. the

flexural stress may then be ±1,350 psi, producing the allowables of

zero tension and 2,700 psi compression.)

4.10.4 Safety Factors

As previously noted, the load specified by ABS and other rles is not

the absolute maximum load which might be experienced in the lifetime of

a vessel, but is rather that which would be experienced 1000 times.

Inspection of Figure IV-3 shows that the maximum load is 1.625 time,

this level. Thus, by using the common safety factor of 1.7, the

maximum load would be just below the limit state. A 0 factor of 0.9 is

also recommended, to allow for variations in material propertie,. The

overall safety factor is thus 1.7/0.9, or 1.87. Figure IV-4 shows the

effective flexural stresses at the limit state. lhese shu 1ld be

divided by 1.87 to obtain the allowable stresses for use in conlparison

to ABS or other rules for hog/sag design. Still, the use (f limit

state design approach can result in considerably greater etfeCtive
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fIexural stresses than allowed under working strevs de, i qn. Fo r

instance, with 2,000 psi prestress and 3]% rebar, the limit state

flexuraI stress is 5,000 psi. Dividing this by 1.87 produ:ces an

"allowable" flexural stress of 2,700 psi, which is twice that al lowed

by conventional working stress design. Even higher percentages o

rebar are feasible with correspondingly higher effective stresses.

4.10.5 Summary

The proposed criterion is more rational than the current criterion for

design of reinforced and prestressed concrete hul Is for global noggir-10

and sagging stresses. The new critetion is established to provide a

more serviceable response of the hull structure to overload. The limit

state criterion is more restrictive than current ultimate strength

criteria since both tensile arid compressive strains are limited to

.002. The limit state criterion is more liberal than current working

stress criteria as controlled crackingL of the concrete is allowed.

Thus the criterion allows for muct) more efficient use ot the

reinforcing steel. The criterion should be tested in orce r to ass ure

the proposed strain limits will provide acceltab e periorma, ce of thne

hul 1 structure.
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SECTION V

HISTORY AND THE CURRENT STATE-OF-THE-ART IN LWPC FOR SHIPS HULLS

5.0 Introduction

As a hull strct a 1 t'era, port] ,ij cement concrete has been seriously

employed only durifng two nat Oni I emerqjencies.

Although it is one of the oldest and mo~t economical man-made construction

materials, its potentiil for ships' hulls has been seriously limited. Its

physical properties vary considerably, depending on the quality of the

ingredients and the qual]ificationls of the producer.

In contrast to steel, which is manufactured under controlled conditions and

delivered with a mill cerficiate, only the cement constituent of concrete is

furnished with a mill certificate.

In addition to portland cement which, when mixed with water, provides the

paste or binding agent, the bulk of the concrete material is in the

aggregates, most commonly natural sands and gravels, or particles of crushed

stone graded into specified sizes. Depending on the density of the stone

and concrete mix properties, the specific gravity of ordinary concrete will

vary between 2.2 and 2.5. Structural lightweight concretes with specific

gravities between 1.6 and 2.0 can be achieved using natural or manufactured

lightweight aggregates.

Concrete quality is most commonly measured by its compression strength,

usually determined by its resistance to axial load on 6 x 12 inch cylinders.

Its tensile strength is sometimes of importance, and usually amounts to

around 10% of the compression strength.

Although the quality of the concrete depends on the cement and the soundness

of the aggregates, the most important factor influencing it is the ratio of

water to cement in the paste.
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Concrete construction can be compared to a foundry process, in which fluid

material is poured into a mold to solidify. When uncontrolled, construction

workers naturally demand wetter concrete and more fluidity to ease the task

of filling the mold and consolidating the concrete. Under these cono ns,

"soupy" concrete flows into place with a minimum of placing and compacting

effort, but at the expense of good quality.

In addition to the ratio of water to cement, strength is also related to

ratio of cement to aggregate and the age of the concrete in a moist

environment (Figure V-i). Tensile strength of concrete, as measured by

flexural test beams (commonly known as modulus of rupture), varies in

proportion to the square root of the cylinder compression strength.

In most land-based facilities, the working loads on reinforced concrete

structures are generally unidirectional and slowly applied. Because of the

relatively high self-weight of concrete structures, the live (transient)

loads are less than the permanent loads. Even concrete highway bridges are

subjected to live loads amounting to less than 30% of the total load.

Only during the past two decades have limit-state or ultimate strength

methods been applied to reinforced concrete design. Prior t.i that time,

elastic theory (straight line) philosophy prevailed. Working stresses under

full service loads utilized 40 to 50% of the 28-day cylinder compression

strength for concrete ana 20,000 psi for the reinforcing steel. The tensile

strength of the concrete was generally ignored in reinforced concrete

design, although for shear, a nominal credit was taken.

Current practice in reinforced and prestressed concrete is based on ultimate

srength with load factors. Building codes provide for 1.4 times dead loads

plus 1.7 times live loads for ultimate design. In addition to load factors,

a further safety provision provides for strength-reduction factors: 0.9 for

flexure, 0.85 for shear, and 0.7 for axial loads.

Although plain concrete lacks tensile strength and ductility, it can sustain

cyclic compression loads with ease. Compared to metals, where tailures of a

brittle nature have created serious problems, concrete fati(ue tests have
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indicated endurance of ten million stress cycles, each load cycle at 50% the

static strength. Design for fatigue loading in concrete can be facilitated

by the use of a modified Goodman diagram, illustrated in Figure V-2.

5.1 Reinforced Concrete Ships

The earliest example of a reinforced concrete boat has been credited to

France's J. L. Lambot in 1848, at a time when wood was the only shipbuilding

material. It was some 70 years later that serious interest in concrete

ships was rekindled.

A Norwegian Civil Engineer, N. K. Fougner, built a coastal freighter, the

M. S. Namsenfjord, 200 tons dead weight capacity, completed in 1917 (see

Figure V-3). Designed as a dry cargo carrier, she was powered by a Bolinder

crude oil engine of 80 B.H.P. The Namsenfjord, on her builder's trails,

reached a speed of 7.5 knots.

Fougner's success led to a second contract for construction of the

1000-D.W.T. M. S. Askelad whose length, beam, and draft were 176 feet, 31

feet, and 19 feet, respectively. Equipped with twin 320 B.H.P. Bolinder

crude oil engines, the Askelad reached a speed of 8-1/2 knots on her trails

in August 1918.

Figures V-4 and V-5 show the general arrangement and midship section of the

Askelad. Particulars of the Askelad are tabulated in Table V-1. The M. S.

Askelad made a number of North Sea crossings and voyages into the Baltic.

While proceeding along the French coast in mid-January, 1919, the Askelad

went aground on the estuary of the River Saume. She was refloated after

having been severely buffeted by heavy seas for two weeks. A hull

inspection indicated only minor cracking. She returned to Norway and

continued to serve as a cargo ship for several years.

U.S.-Built Concrete Ships -- 1918 Through 1920

The first American reinforced concrete ship, the S. S. Faith, was built in

Redwood City, California. Construction commenced in September 1917, and
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launching took place March 1918. Particulars of tne S. S. Faith are

tabulated in Table V-2.

TABLE V-1 - PARTICULARS OF THE ASKELAD

Tons

Weight of reinforced concrete hull 733

Weight of equipYment 120

Weight of machinery 31

Displacement, light 884

Deadweight, freeboard 2' 6 1/2" 1,036

Displacement, loaded 1,920

Deadweight/Displacement 0.54

TABLE V-2 - PARTICULARS OF FAITH

Length between perpendiculars 320'-0"

Breadth 44'-6"

Depth 30'-0"

Freeboard, loaded 61-0"

Load displacement 8,150 tons

Block coefficient 0.835

Engines, triple expansion type 1,700 IHP

Speed about 10 knots

Shown in Figure V-6, the S. S. Faith is said to have had a hull consisting

of 2700 tons of concrete and 520 tons of reinforcinq steel. Heavy trans-
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verse frames were spaced 16 feet apart. The hUll sides anid bottom were

4-1/2 inches thick, and the main deck was 3-1/2 inches.

The Faith was launched six weeks after concreting started. Machinery

installation and outfitting was completed in only two months, and soon

thereafter went into service, transporting dry cargo to Honolulu, then to

Chile and New York via the Panama Canal. This was followed by transatlantic

voyages, anid a round trip to the Mediterranean.

After several voyages to Montevideo and Buenos Aires, the Faith was laid up

in New Orleans. Later she was stripped of her machinery. The hull was then

towed to Cuba and sunk as a breakwater. Thus ended a notable pioneering

effort in concrete shipbuilding and operation, all privately financed and

managed. No concrete ships subsequently have equalled the career of the

S. S. Faith.

U.S. Shipping Board Program -- 1913 Through1920

The heavy demand for steel plate for both merchant and naval vessels during

World War I stimulated interest in reinforced concrete ships. Reinforcing

bars, cement, and aggregate were in good Supply, which argued in favor' of a

substantial U.S. reinforced concrete ship program.

Fougner's Norwegian success may have been persuasive in his meetings with

the U.S. Shipping Board to discuss the merits of reinforced concretc, ships.

Soon thereafter the U.S. Shipping Board formed a concrete ship section.

Five shipyards were established especially designed for reinforced concrete

construction.

The U.S. Shipping Board Emergency Fleet Corporation shipyard contractors

are listed in Table V-3.
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TABLE V-3. U.S. SHIPPING BOARD EMERGENCY FLEET

CORPORATION SHIPYARD CONTRACTORS

Contractor/Location Ships (Qty/DWT/Type)

San Francisco Shipbuilding Company 2-7500 DWT Oil Tankers

Oakland, California 1-7500 DWT Cargo Ship

Pacific Marine & Construction Company 2-7500 DWT Oil Tankers

San Diego, California

Fred T. Ley & Company 2-7500 DWT Oil Tankers

Mobile, Alabama 1-7500 DWT Cargo Ship

A. Bentley & Sons Company 2-7500 DWT Oil Tankers

Jacksonville, Florida

Liberty Shipbuilding Company 2-3500 DWT Cargo Ships

Wilmington, N.C.

The concrete ship program mounted a substantial effort in structural

engineering research and experimental work for the development of artificial

lightweight aggregates, mainly expanded shales, which led to successful

reduction of the concrete density from 150 to 115 lbs per cubic foot, and a

compression strength of 4000 psi. The weight saving represented a gain of

nearly 1000 tons cargo capacity in the 7500-ton ships.

The 7500-ton cargo ships of the World War I program were the largest

concrete ships built -- a record which remains today. Unfortunately, they

63



were not completed until long after the end of the war and were not placed

in transoceanic service.

The U.S. Maritime Commission Concrete Ship Program --

1941 Through 1945

The steel plate shortage in mid-1941 prompted the U.S. Maritime Commissionl

to embark on a reinforced concrete barge program which led to a decision to

construct two tankers and five dry cargo barges, the principal features

tabulated in Table V-3.

After the U.S. entry into the war, the program was expanded from 15 concrete

hulls to a total of 65. The hull lines closely resembled those for

conventional steel ships (Figure V-7). Construction commenced in 1942, but

initial deliveries were slow, mainly due to lack of experience and ability

to combine the art of shipbuilding with the technology of concrete.

Concurrently with the Maritime Commission program, the U.S. Arry ordered 24

dry cargo lighters, designated B5J. The Maritime Commission ships, oil

tankers (B7A1 and B7A2) and dry cargo ships (CISD1 and B7D1) were

traditional ship hull forms (Figure V-7). The Army lighters had a blunt bow

and a scow-like stern (Figure V-8).

The hull structures followed the 1918 practice, utilizing lightweight

aggregate concrete, but the specified concrete strength was raised to 5000

psi, permitting a maximum working stress of 2250 psi. The concrete's

tensile strength was not utilized in the design, although tests of the

concrete consistently indicated values of 500 psi and more. In order to

utilize butt welding of the rebars, a medium carbon 40,000 psi structural

grade) steel was specified. Following the 1918 practice, a very

conservative (12,000 psi) working stress was specified for all reinforcing

steel below the waterline.

To verify calculated stresses in the hull structure, strain gage tests were

conducted on waterborne hulls in still water. Controlled filling of

selected compartments with measured quantities of water made it possible to

introduce known hogging and sagging bending moments. Strain gages on
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reinforcing bars indicated that measured stresses in the hull structure were

only about 50%, of the theoretical value. Although tension stresses in the

concrete on the order of 700 psi were observed, no cracks were fuurd,

leading to the conclusion that the heavy concentration of reinforcinq st&P

evidently supressed the cracking tendency observed in tests ot ,Ia'.

concrete.
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TABLE V-4

PRINCIPAL FEATURES OF THE U.S. CONCRETE SHIP PROGRAM CF WORLD WAR I1

Design Tvppe B7AI B7A2 CISDI B7D-.

Cargo 0i 0i 1 Dry Dry Dr,,

Leng th 0.A. , ft 366 375 3&366 263

Molded depth, tt 35 38 35 35 17.5

Molded beam, ft 54 56 54 54 48

Maximum draft, ft 28 .50 27.25 26.25 12.75

Displacement, tons l1,946 12,890 11,370 10.970 4,000

Long' l. bulkheads 2 1 None None 2

Traiis. tulkheads 10 10 10 10 5

Bale capacity, c.f. 325.000 354,000 282,000 292,000 183,C00

Deck thickness, in. 4 4.75 5.50 5/6.25 7

Side thickness, in. 4.25 4.5/5 6.5 6 8

Bottom thickness, in. 5 5 6.5 7 8

Framing system Long' l Trans. Long' 1 Trans. None

Block coefficient 0.77 0.79 0.77 0.77 0.86

DWT/Displacement 0.53 0.50 0.47 0.53 0.42

Reinforcing steel, 1,360 1,520 1,120 1,004 430
long. tons

Concrete, cu yds 2,940 3,200 2,890 2,440 1,500

Number built 11 22 24 20 27
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5.2 Prestressed Concrete Ship Hulls

U i ike the monolithic character of all-welded steel ship's hulls, where a

brittle fracture could spread with catastruphic consequences, prestressed

conicrete di.,tribUtes tensile forces over a multiplicity of small diameter

wiret. The high-tensile steel under uniaxial stress, working in concert

with precompressed concrete, behaves very sati sfactori ly even at very low

temperatures. In fact, concrete strengths rise wit h decreasing

temperature -- a characteristic of value for Arctic environments.

Prestressed concrete is naturally most efficient when a system of steady

loads can be counteracted by built-in prestress forces. For ship hulls

subjected to alternate tension-compression stresses such as hogging and

sagging, prestressing may be applied, but the compression strength of the

concrete must be considerably higher than that for structures subjected to

single direction loads.

During World War 11, two prestressed concrete vessels were built. One, a

landing craft (tank), was built by Roger Corbetta (Figure V-9). The other

was a barge of similar construction. The vessels were constructed using

open-ended precast cells with 3/4 inch walls. The landing craft was said to

have made a number of landings in rough surf with satisfactory results.

5.3 ARCO LPG Facility

A few very heavy prestressed concrete sea structures have been built for

petroleum production offshore. Perhaps one of the major examples of a

prestressed concrete floating sea structure is the Atlantic Richfield LPG

facility, the Arjuna Sakti, located in the Java Sea (Figure V-1O).

The hull section (Figure V-l) is essentially a three-cell box girder,

461 ft long, 136 ft beam, and 56 ft molded depth. The vessel is permanently

attached to a single buov mooring, collecting liquid petroleum gas through

underwater pipelines. The gas is liquified by cooling to -50'F and stored

in insulated tanks for later transfer to tanker ships. The general

arrangement of the facility is shown in Figure V-12. Figure V-13 shows

framing plans and a structural profile of the facility.
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The hull bottom consists of three cylindrical barrel shells whose shape most

efficiently functions to resist 3600 psf hydrostatic pressure, and also

reduces the vertical span for side shell pressure.

To minimize the transverse bending moments in the deck, Y-shaped sides and

Y-shaped longitudinal bulkheads were introduced. This configuration

eliminated the necessity for, transverse ribs and longitudinal stiffeners of

the type used with steel hull construction.

The bottom shell is stiffened by the four tank saddles and diaphragms at the

bow, stern and the midships bulkhead. The spacing of these stiffening

elements forces the side shell and deck plating to span primarily in the

transverse direction.

To the resist the longitudinal bending caused by the global distribution of

weights acting downward and buoyancy forces acting upward the hull functions
as a multicell box girder, in which the fore and aft global bending stresses

and shears are accommodated unencumbered by the local stresses due to

hydrostatic pressures against the bottom shell. Moreover, transverse local

bending stresses in the side shell and deck are not directly additive to the

global load stresses.

The development of design criteria for the hull structure took into account

the loadings for ships applicable to steel vessels of comparable dimensions,

as required by the rules of the American Bureau of Shipping. Longitudinal

hull girder bending stress limits were establisned for (1) delivery voyage-

(2) Normal service in the Java Sea; and (3) the 100-year storm.

The assumed wave heights and stress limits are given in Table V-4.
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TABLE V-5

ARCO LPG FACILITY, WAVE HEIGHTS AND STRESS LIMITS

Delivery Normal 100-Year

Sea Conditions Voyage Service Storm

Wave Height 23 ft 11 ft 27 ft

Max. Allowed Stress Zero Tension Zero Tension --

0.45 f' compr. 0.45 f' compr. --
c C

Cracking load
factor 1.65 2.00

Ultimate load factors:

Required 2.0 2.6 1.3
Actual 2.1 3.5 2.0

In the case of local bending due to hydrostatic pressure, a tension of
5 (f,)0.5 was permitted, in recognition of the fact that, in plate bending,

c
the cracks would not penetrate into the tendons, which were encased in steel

tubes filled with grout.

In addition to the stresses under service conditions, stresses during

construction were analyzed to insure the hull integrity during launching and

subsequent construction afloat.

Also, a special analysis was made to determine the rate of roll of the

vessel, and its effect on the tank foundations and certain items of

equi ment. Moreover, a special case of damaged stability was investigated

for the case of a collision and flooding of a below-deck compartment.

It was found that the vessel can survive a collision with one compartment

fully flooded. In this case, however, the vessel would heel to a 25-degree

angle.

The ARCO facility was constructed using normal weight concrete with a

density (including reinforcement) of approximately 160 pounds per cubic foot
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and a design compressive strength, f', of 6000 psi. Strength test records

kept during construction showed a strength exceeding 9000 psi was achieved.

Hull weight data is presented in Table V-5.

The hull construction scheme is shown in Figures V-14 through V-19. Bottom

shell elements were precast in steel forms using match casting techniques.

Each element was reinforced and provided with ducts far both longitudiral

and transverse tendons. The 40-ton bottom shell members were placeu on

precast concrete supports (Figure V-14). During assembly of the shell

segments, each joint was coated with epoxy adhesive, after which the segment

was then promptly stressed to its neighbor by means of Dywidag high-tensile

thread bars.

Following immediately after erection of the bottom shell came the

construction of the vertical sides and longitudinal bulkhead with

cast-in-place concrete (Fig. V-15). The transverse tendon ducts projecting

from the bottom segments were coupled with those in the vertical sections.

Prior to closing the form, a coating of epoxy adhesive was applied to the

hardened concrete joint surface, and shortly thereafter, the new concrete

was cast against it.

Erection of bottom shell segments, followed by cast-in-place vertical shells

and longitudinal bulkheads, proceeded on a vertical front in a routine

manner. The only exception was for a change in detail at the tank saddles

(Fig. V-16) and at the midship section, where vertical precast elements were

introduced for the amidship bulkheads.

A 45-degree rake to the bottom shell at the forward end was provided to

reduce towing resistance on the 10,000-mile delivery voyage.

Concreting of the lower 40 feet of the hull and erection of the end chell

members made the hull ready for launching. All longitudinal tendons which

were located below \.aterline were stressed prior to launch. Sufficient

vertical and transverse post-tensioning was completed to resist temporary

stresses during the completion of hull construct1on.
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TABLE V-6

ARCO LPG FACILITY -- WEIGHT SUMMARY

Item Weight (L.T.)

Basic Hull (41.5 T/foot) 18,992
Bow 638

Stern 1,002

Midship Bulkhead 1,026

Below Deck Saddles 1,808

Above Deck Saddles 1,032

Permanent Ballast 738

Subtotal 25,236

LPG Storage Tank Empty 3,840

Accommodations Module 577

Aft Refrigeration Platform 775

Stern Catwalks and Saltwater

Pumps 38

Deck Mounted Equipment and

Foundations 626

Piping and Supports 328

Miscellaneous 83

Displacement - Light 31,503

Cargo (375,000 BBL.) 34,720

Displacement - Fully Loaded 66,223

Draft Light 22 Ft

Draft Loaded 42 Ft
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The dock was then flooded and opened, and with the aid of tugs, the hull was

moved to the outfitting pier.

Concurrently with hull construction work on the tanks, refrigeration and

electrical plant and crew's housing structure was under way nearby. The

fabrication and insulation of the 12 tanks was an operation of the same

order of magnitude as the hull construction. The 400-ton tanks were lowered

into the hull by a pair of stiff-leg derricks installed especially for this

purpose (Fig. V-17). Each tank was seated on end-grain cedar pads built

into the concrete saddles, and then securely strapped down. The tanks at

-45 C (-49'F) were thus insulated from the concrete. In addition, the tanks

were insulated with a heavy layer of butyl-covered polyurethane material.

After tank placement, the upper portion of the hull was cast in place

utilizing movable steel forms (Fig. V-18). Starting at the after end the

concreting progressed forward, using the same techniques for tendon

alignment and epoxy bonding at the construction joints.

When the concreting of the upper hull and deck structure had reached

midship, erection of the upper-tier tank saddles commenced. These heavily

reinforced elements were precast on their side and post-tensioned with

U-shaped tendons. The 1200-kip final force in the circular path provided

the desired safeguard against cracking during tilt-up and erection of the

saddle element. After placement on deck, additional tendons were installed

and post-tensioned for the connection to the hull.

Upper hull post-tensioning followed closely behind the concreting.

Horizontal tendons stressed the deck and bulkheads, both fore and aft and

athwartships. U-shaped tendons anchored in the deck were stressed

simultaneously at both ends, providing transverse compression to the

longitudinal bulkheads, side shells and bottom shell elements.

As deck construction progressed, the above deck tanks were erected

(Fig. V-19). Additionally, the vessel was outfitted with a 600-ton

accommodations module for the 50-man crew and the necessary process

equipment for refrigeration and handling of the LPG carqo. When completed,

the vessel was towed to the Java Sea, a 100-day, 10,000-mile voyage.
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Fig. V-6. S.S. Faith, first U.S. concrete steamship.
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Fig. V-10. Atlantic Richfield Company LPG facility on station in the Java Sea.
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SECTION VI

CAPABILITIES OF LWPC USED FOR SHIP CONSTRUCTION

6.0 Introduction and Terminology

The discussion which follows will address the current state-of-the-art

capabilities and limitations of lightweight concretes used for marine struc-

tural applications. Particular, focus will be placed on the marine uses of

LWC rather than more conventional uses. This discussion will develop the

composition of LWC, its precedent for use and potentials for future use.

Additionally, the properties of the material which are important for use in

the design of LWPC hulls are discussed. A limited technical bibliography of

lightweight concrete technology is included to acquaint the reader with the

depth of knowledge available regarding this material. This bibliography

represents only a fraction of the data available on this subject. Hence,

this report will not attempt to fully school the reader on LWC technology,

but rather to provide a concise overview of LWC applications related to

marine vessel design and construction.

As a prelude to the discussions which follow, it is necessary at this point

to clearly define the terminology which will be used extensively herein.

0 Structural Concrete - A high quality, heterogeneous matrix of aggre-

gate. cement, water and admixtures which when combined and cured in a

predetermined manner, produce a structural material possessing

predictable elastic properties and load carrying capacity. Structural

concretes are set apart from other concretes used primarily for sound

and temperature insulation and for purely architectural purposes.

o Density - Typically defined as the oven-dried or air-dried density of

concrete specimens. Because of marine construction techniques and ship

exposure to seawater, it will be appropriate to discuss the saturated

density of the concrete as it plays a role in vessel mass, vessel draft
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and concrete materials properties which may vary from those determined

from oven-dry or air-dry samples. For this discussion, the symbol

(sat) will be used to express the saturated density ot the concrete

(less reintorcement).

o Compressive Strength - For the purposes of this Jiscussion, all

reterences to compressive strength of concrete wi I I be as per the

definition provided by ACI 318-77 (Reference 45), in that the common

expression of compressive strenqth is the specific 28-day desig n

compressive strength of the concrete. The symbol used for this

definition is f' and represents the statistical compressive strength efc
samples cast and cured for 28 days under actual construction

conditions. A clear distinction should always be drawn between f'
c

values and values obtained under well-controlled laboratory conditions.

Values of f' can be as much as 15% to 25%0 lowei than select samples
c

tested under laboratory conditions.

Structural lightweight concrete is the name of a category of concretes

having a (sat) = 100-130 pcf and associated f' values between 3,000c c
to 6,000 psi. This is the category of concrete to which this document
draws focus. Normal weight structural concretes are characterized by

,; (sat) = 145-165 pcf and design compressive strengths up to

9,000-10,000 psi and higher. There exists an additional family of

structural lightweight concretes which have a density range -. c (sat) =

75 to 95 pcf and strengths as high as 5,500 psi. Development of these

"hybrid" mix designs is relatively recent, and full optimization of

their characteristics has not been completed. Such mixes are generally

laboratory specific, have little precedent in the construction

industry, and tend to be costly compared to more traditional structural

lightweight concretes. Future demand for such products should speed

research activities to result in a more thorough understanding, and

hopefully a more economical assessment, of high strength, very low

density concretes. In any event, the emphasis of this document will

address state-of-the-art structural lightweight concretes having design

strengths up to 6,000 psi. Potential material capabilities are

discussed in Section 6.5.
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6.1 Composition of Structural Lightweight Concrete

Virtually all structural grade concretes are composed of various gradation

aggregates (coarse, medium, fine), Portland cement, water, and various

chemical admixtures. Structural lightweight concrete gains its density

reduction with regard to normal weight concrete by replacing part or all of

the natural hard rock aggregates with lower densit'Y lightweight aggreqates.

Chemical admixtures are added to "alloy" the concrete to achieve improved

durability of the hardened concrete or to impart improved handling

characteristics to the fresh concrete at the construction site.

Lightweight aggregates are grouped into three categories:

o Natural materials such as pumice, lava, scoria, volcanic materials and

porous limestone.

0 Natural materials which require further processing to reduce density,

such as expanded clay, shale or slate.

0 Industrial by-products such as sintered pulverized fuel ash (fly ash),

sintered slate and colliery waste, and expanded blast furnace slag.

Natural materials which do not require further processing are available in

limited quantities only in select areas of the world. Hence, processed

materials provide the maximum source capability for producing high quality,

lightweight structural concretes, and constitute the focus of the remainder

of this discussion on lightweight aggregates.

The manufacture of expanded shale, clay or slate involves the applications

of heat to the highly siliceous raw material. The heating causes expansion

of the gases which are trapped within the raw material. The release and

entrapment of gases cause the raw material to expand, thus producing an

aggregate with a considerably lower specific gravity. This is accomplished

by two manufacturing processes the rotary kiln or the sintering process.
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In the rotary kiln process, the raw material is crushed and introduced at

the upper end of a kiln similar to the type used in the Portla; d cement

industry. Hot air or gases are passed in the opposite direction and the raw

material is heated to about 2000°F. In the sintering process, crushed raw

material is mixed with pulverized fuel and burnt over travelling qjrates.

Crushing of the manufactured aggregate produces a coarse surface texture and

more permeable aggregate. These conditions adversely effect the workability

and strength of the lightweight concrete and may lead to additional

shrinkage cracking. Therefore, crushing of aggregate after manufacture

should be minimized.

The other primary constituent of structural concrete other than potable

mixing water is the Portland cement paste. Common practice in the marine

concrete industry today is to specify either Type II (modified) Portland

cement or Type III high early strength Portland cement. Type II is selected

because of its low chemicai reactivity with the aggregates in seawater, and

Type III is chosen because its high early strength will generally produce

lower total volume changes in prestressed structures than would normal type

cements (I or II).

Admixtures are frequently used to provide resistance to the deleterious

effects of freezing and thawing (air-entrainment) or to make the concrete

more plastic, retard the initial set, accelerate the final set and possibly

to reduce the amount of required mixir.g water. Air-entraining admixtures

are recommended when it is anticipated that the structure will be subject to

repeated freezing and thawing cycles after Lhe structure is complete and in

service. The admixtures for the fresh concrete are used to achieve economy

of precasting, prestressing and overall field construction, and generally

have no effect on the properties of the cured concrete structure.

6.2 Precedents for Use

Among the earliest marine applications of lightweight concrete was the con-

struction of reinforced concrete ships and barges for use in World Wars I

and II. Expanded shale aggregates were used to produce lightweight concrete

for these ships.
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Dry concrete densities of 119 pcf and 28-day compressive strengths exceeding

5,000 psi were achieved by the concrete used in the construction of the

U.S.S. Selma in 1919. After three years of service transporting crude oil,

the Selma, a reinforced, non-prestressed vessel, ran aground in Galveston

Bay, resulting in a large crack near the bow. Because no one would

guarantee a repair of the crack, she was intentionally sunk to act as a

breakwater, in Galveston Bay.

The hull of the Selma was inspected in 1953. Testing of core samples showed

the compressive strength of the hull exceeded 8,000 psi. There was n"

evidence of concrete deterioration in the hull. While the concrete cover on

the reinforcing steel was only 5/8-inch, no evidence of pitting of the bars

was evident, even in the splash zone. The concrete mix used in the

construction of the Selma had a water-cement ratio of 0.49, although the

quantity of cement was very high at 1,034 pounds per cubic yard. More

recent inspections of the Selma irdicate continued durability of the

material.

Among other examples of marine applications of ligntweight concrete are the

San Francisco-Oakland Bay Bridge, built in the 1930's, a floating drydock

built recently in Genoa, Italy, and caissons for Dome Petroleum's Tarsiut

project in the Canadian Beaufort Sea, which was completed in 1981. T ,e

Tarsiut project will provide valuable experience regarding the behavior of

lightweight concrete in the Arctic.

Further discussion of the historical use of LWPC for ship construction is

included in Section V of this report.

6.3 Properties of State-of-the-Art Structural Lightweight Concrete

6.3.1 Density

The density of lightweight concrete and the compressive strength of the

concrete are generally related. In order to achieve higher compressive

strengths, the concrete densities are commonly in the upper range of

lightweight concrete density.
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In compacted structural lightweight concretes, approximately 70'. of the

volume is taken up by the aggregates. Hence, the particle density of

the aggregate is the primary factor influencing concrete density. For

lightweight aggregates, the particle density is dependent upon particle

size. Therefore a reduction in the maximum coarse aggregate particle

size will generally result in an increase in density while ilso

increasing concrete strength. Therefore, natural sand is often used as

a tine aggregate in the mix. This results in a more economicai mix

design due to the reduced water demand tor a given workability;

however, the resulting density is greater than that possible with a

concrete with lightweight fines.

High strength lightweight concretes exist today which have oven-dry

densities in the 90 to 120 pcf range. The saturated density range of

such mixes used for marine applications may find a limit at 100 to 135

pcf. Should air-entraining admixtures be used to improve the cold

weather durability of such concretes, the expected density range may

reduce respectively to 95 to 130 pcf, with an accompanying loss of

design compressive strength and slight modifications to the elastic

properties of the mix. As will be noted in the following discussion,

such modifications to the elastic properties are not necessarily

deleterious and may, in fact, enhance the structural performance of the

concrete.

6.3.2 Strength

In general, because of the reduced strength of lightweight aggregates

as compared to normal hard rock counterparts, it is generally expected

that the lightweight concrete mix, when cured, would always possess

strength properties lower than normal weight concretes. This is only

true in part. Since the concrete "mix" consists of aggregates, cement

paste, water and admixtures, and because the aggregates are actually

inclusions in the concrete matrix, the performance of the matrix is

dependent upon not only the physical strength of each constituent, but

also the relative elastic properties of each constituent.
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A heterogleneous conc rete mat rix Tails hy cracking within the Illtria

and the naturke OT the fai Ure is intILIenro:d bs th, ',atrix deformation

characteristic,, 'UCh as mod l s ot elastic ity and Pu i son 's R 4t .

L iL;htweight a(g(gregates produce loyer stress concentrations wi thin the

mat ri x and ca n tt'e 'to,'e f i nicantly compensate fr reduced a,gre'gat'

strength with re, 1,rd to mat r i cracki n It is thie'etore not

unreasLIab Ie to produce 1 i " j I ght co nc retes it h 0xcePt ona , hL",

compress i e strengths ( 60,0 to 7000 p i) with present ctate ot the art

tecnnoI ogy, and attent ion is bei ng directed today for deve1L opent of

I ightwe concretes hav i ng des i grn com)ress Pe stregith> perhaps as

high as 9000 to lOL0,O psi.

The shear strength of concrete is related to the biaial or tri-axial

stress state where one of the principle stresses is tensile. Shear

strength and tensile strength is generall\ T'elated to the compre sive

strength of the concrete, as directed in ACI 318-77 (Reference 45).

Specific criteria for the design of LWPC hl5ll is d scussed in Sectior

TV of this report..

6.3.3 Delormat 'or £1 r'a(t -

The modul us of elasticity for 1] grhc,eight concrete in compression, E

is less than that for normal weight concrete of equivalent design

compressive strength. For high strength structural 1 ightrseight

concrete (100 to 120 pcf), Ec is estimated to be 50% to 60% of that for

equivalent hard rock, normal weight concrete. This will tend to

increase deflections of a loaded member, but stresses caused by

shrinkage and thermal effects will be lower. In addition, low modulus

lightweight concrete should exhibit lower coefficients of thermal

conductivity and thermal expansion than normal weight concrete and

should therefore have improved resistance to thermal cracking. Also,

the lower E value should allow the lightweight concrete structure to

absorb more elastic energy than normal weight counterparts.

The modulus of elasticity can be calculated by the equation

E 33w 1 5 (f, )I ., where w is the unit weight of concrete (pcf) and
c C



f' is tie -, pres s ire Strenq th (psi). Po ,s n s rat io Tor
c
l ightwei(jht concretes will range between (. 22 and U 24.

3.4 Durabi lit',,. Characteristics

Mar ine concretes, both normal ,wei ght ald I i ghtwe i qnt , Musit nIe duraL'U

as a nateri a e,,posed to i .a iet. of ev Qre env r1-1nmenl! a ana-'C

tional cond'tions. If the ves el jV to have . irtuI ', 1 7iT teo 1se

the lightweight concrete must exhibit good duraul 1 ity characteristics

when sAject to prolonged seawater exposu:e and possinle Marine growth,

to various types of abrasion, and to freeze-thaw cycles. Mechaanisms Cf

concrete damage and deterioration and the important considerations for

durable LWPC are discussed in Sections 7.1 and 7.2 of this report.

The proper design of concrete f7x components and the proper placement

of the concrete in order to assure a dense coTncrete is probably tr'e

most important requirement to reduce the permeabilitv ot the concrete

thus and to assure a durable concrete structure. The followinc

guidelines must be followed to assure this:

o Portland cement shall he Type i1 or III and shall have a maxi ..-

tricalcium aluminate (C 3 A) content of 8 percent.

o Concrete shall have a maximum water-cement ratio of 0.44 by weigo-t

and preferentially shall be below 0.40.

o The concrete shall be air entrained to include an air content

between 3 percent and 5 percent.

o A1l aggregates shall have a history of producing durable

concretes.

It is possible to further reduce the permeability of a concrete surface

and therefore improve the durability of the concrete through the use of

a surface sealer. Such sealers contain dissolved solids which

penetrate the voids in the concrete surface and then crystal ize. Such
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material, nas : ill~ p.in crpac i n the I.bitj 1  b r i dge

de ck s a l d pa t'k i ra; EW, r co nr i s u b j Uct t 0 the corr Civ

en,. i-onrne-t Lit I~ c '( A t ,( 6 1d be noJt ed t '13t SLICh' sea er

arYe Out Permanent ind Ma, ruWJL :1Y& 1t2"eattd ago" i cat'lits -uin I l o

,cl the StrLJCtU!'e.

60. 3. At) Urp'';ti orIn I Cnrc t TticL

T he imo :nt 0of MU i stUre in s c -Lei L b- i qhtwe i art conc rete is an i mport ant

corsIderaticn f or t ne ie t er' i na t i o f the ef fec tie ra f t o f

1igjhtweiqht ccrre te snl-)s. Studies b. th ha.N.a (ReferE-ce 46)

indicate the magnitude of seaw-ater absorpti . ), ol 1 iqrtwei gt -,ncrete.

Tht qual cv of the cement paste anid proper concrt-e conscl idatior are

important Tacturs In limiti-)g th .-.,iter aooru ; ocrete.

6. 3.6 Crecor and Sr-'I rr aqe

Co'ncrete is a composite material i n whi ch. stab e aggregates a re

Suspended in a matrix whi cn can he expected to change 'v'O 10c with time,

moisture content , and applIi ed s tre s s The Vo01lume change of the

concrete will be less than that of the matrix due to the rigidity of

the aggregates. Hence, the overall volumtricZ change should be a

function of aggregate stiffness and the quantity and distribUt-lon of

aggregates in the concrete.

Lightweight coarse aggregates have about 32'0 voids. The smaller or

f iner lightweight aggregate,, have a higher relative density. The

disparity in densities is accompanied by a disparity in elastic moduli.

Therefore it is expected that creep of lightweight concrete should be

greater than for normal weight concrete.

Lightweight concrete has a dryinc shrinhage of up to twice the mean

shrinkage of high density concrete. If the concrete remains saturated,

such differences will be mitigated and little difference should be

noted for drying shrinkage of lightweight and normal weight concretes
in marine structures.
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Spec i tic creep and hrinkai;e aharactori t ics hO te ith.. ,Tter Ia

deperntient arid h i jh i ' delvr1Elt upon cunchee c m- il cumponr t-. Suct

charac teriz,1c-. canr and ,luu d be et,, 'nr I' r-,J . te t aid tnie data

SLIpLI iU(I to the dep ,qn eng irlev-r to .3ssure oDer ccnsiderati-n irn the

rei nTorci nq stee desi qn and th de qi Tor presti t:s ilq ar-

post- tens ion i rI.

6.3. 7 Fat (ue Pfrformance

Concrete does not aprear to rave a Tati que 1 imt (i.e. a fatigue

strength at an infinite number of cycles) except when stress re'ersal_

cccur. The application of prestressing to concrete tends to minimize

stress reversals. Thus, if stresses are maintained viithin the fatIjue

strength of concrete, an unlimited nLumber of ]oaG cycles can be

resisted. The fatigue st,'ength of concrete in both comoression and

flexure is approximately 55-65 percent of the static strength.

Allowable concrete compressive stresses for loadings which can be

experienced frequently are 45 percent of the compressive strength (see

Section IV). This service level loading is selected such that only

limited cycles of loads with a higher intensity are experier-ed.

Further discussion of the fatigue resistance of reinforced and

prestressed concrete is included in Section 4. .4.

6.3.8 Thermal Properties

The porous nature and low density of lightweight aggregates tends to

make the thermal conductivity and coefficient of thermal expansion of

lightweight concrete smaller than those of normal weight concretes.

The magnitudes will be dependent upon concrete mix components; however

the thermal conductivity of saturated lightweight concrete is on the

order of 0.7-1.0 BTU-ft/hr-ft 2 
- Deg. F. Conductivity is reduced by

approximately a factor of two for air dry lightweight concrete. The

coefficient of thermal expansion of lightweight concrete is also

concrete specific, however it is on the order of magintidue of 5X10 - 6

per Deg. F.
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6.3 .9 F ire Resis tance

Conce s t ruc tures, h i e S hown exctellIent r e,. ) s t a nce t o t ie TP(I- aq-, a

c omftpa r ed t o o th[erY ia t er i a I . C o iI e t e '-;t T-LC tur 1e h av e b e Pn a t e toU

ina i ta i n load carryi ng capac i ty t or relat ively lunq per icds of* t imu

wh ilIe experiencing o n Ivsuper11! rC1 alI Su~rrce damage. L igh t-WE in

concr'etes behvt , e bettLerT thnj r,,O'ma Iw e r gut c oncre to( ( i.o t6 u , tl Iwe

thermal conduc t i v i ty . F .or: her d i sc s, i nor at tht, T i re re S iS tarnce

LWPC i s intclIuded i n Sect ion I7.1.2.

6.3. 10 Machine Founda-tiuns1

Concrete elements provide good vibration damping characteristics due '.0

their mrass and due to the fact that concrete elIements are generall-y

much sti ffer than steel elements of equal stl rent h.

6.4 Availability of Lightweight Aggregaties

The manlufacture of 11 ghtwei ght aggregate is enrg t ens i ye. I tc reas:rl

energy costs as well as the recent downturnI in the economy llas torced wia-.

manufacturers of lightweight aggegt ouItbs os Rgrl~ hr

is a ready Supply Of lightweight aggregate to meet cuirrent dempanois and many

manufacturers are planning for expanded capac itv in the event of inrcreab-ed

demnrd. The interest in lightweight concrete for otf fshore o il st ructures

will likely lead to expansion of the ilnduIstrv inl the ea tutLore.

6.5 Potential LWPC Properties

As discussed previously, a family Of Structural ligjhtweig]ht con)cretes exist"

with saturated densities between 75 and 95 pcf. In Order to achieve this

concrete density, low density materials Must be used for both coar'se arid

fine aggregates. Concretes of this density were developed for constructionI

of a scale model LWPC cold water pipe for the OTEC program. These concr'etes

achieved compressive strengths, f I in excess of 5000O psi. This concrete

used low density expanded clay materials for, both coarse and fine aggr'egate.

Research is currently underway to develop concretes of this density in)

Europe.
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I n ( r~der- to imp rove thte v iab iIi ty oT Pe.PC t or th ips it is felt that

con,-rietes of this density r'angje shOL 1(I be de el 1 pted w ith; strenIt hs exceedinrg

60G) psi. This will inovol1ve an extensive doeoupflerit piugmLn to thorouugh i,

define Wl pr~operties necessar-y for, design) wi th thi!) mater~ial . TIh pr~ogr'I'am

must beg in wi th an i nvesti gat in orOf potenI)tial materTi 3 , wh ich c an Le used to

achieve thi s dens ity, thus assur'ing the commer-cialI ava ilIab iIi ty of the

necess arYy r-aw materi alI f or thte cost-eff ecti Ve man1ufacturte of the i ghtweigh t

aggregate.
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SECTION VII

REPAIRABILITY AND MAINTAINABLIITf OF LWPC HULLS

7.0 Introduction

The development of epoxy resins, polymer mortars, fast-,ettinq hylr,1l ic

mortars and new bonding agents lias made it possible to repair and maintain

reinforced and prestressed concrete marine structures under most conditions.

Repairs may be performed by unski led personrel aboard marine structures

following instructions and guidelines issued by manufacturers of these

repair materials. Tools required for repair are not extraordinary and car

be easily carried on the structure.

Few special problems occur with the use of lightweight concrete in the

marine environment. Lightweight concrete hulls subjected to accidental or

incidental abrasion from hard objects may require more maintenance than

normal weight concrete or steel hulls. If for some reason, a large section

of a lightweight concrete hull needs replacement, the availability of a

suitable lightweight aggregate for repairs may be troublesome. Lightweight

concrete is sometimes more difficult to mix and place than normal weight

concrete.

On the other hand, lightweight concrete has several advantages over normal

weight concrete in marine structures in addition to the weight factor. It

has superior resistance to microcracking (i.e., very fine cracks around and

sometimes between aggregate particles created by inner stresses) because of

better, aggregate-to-paste bond and also, the elastic modulis of lightweight

aggregates and cement paste are similar, causing fewer microcracks.

Lighweight concrete has a high ultimate strain capacity because of its high

strength to elastic modulus ratio. This may result in fewer cracks.

Other benefits from the lightweight aggregate particles themselves are

(a) the particles normally exhibit some pozzolanic behavior resulting in

increasing strength and bond over a long term, and (b) wator is slowly
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released from the pores of lightweight particleb proviucng a guod CI rr()

medium as well as lower permeability.

7.1 Mechanisms of Damage inu Deterioration

The mechanisms and description of damage and deter'oration to concrete hulls

can be listed in the following categories.

7.1.1 Impact From Other Vessels and Falling Objects

The extent of damage frcm impact can range from small surface spalls to

a sizeable hole punched through the hull plate or deck. Thp ability

of concrete to resist impact is dependent on its toughness. Toughness

varies with the quality of concrete and the type and amount of

reinforcement or prestress in the hull. Concrete can be designed to

have excellent impact resistance.

7.1.2 Fire Damage

Prestressed concrete can sustain its abilit,, to perform during and

after fir'es of relatively long durat in. Fires introduce high

temperature gradients in concrete causing the hot surface layers to

delaminate and spall from the cooler interior. Cracks may be formed at

unreinforced joints, in areas of weak or porous concrete or in the

planes of reinforcing bars.

Lightweight concrete is mor- resistant to fire than normal weight

concrete because of a lesser tendency to spall due to the greater

resistance of heat transmission in lightweight concrete. Lightweight

concrete loses a lower percentage of its strength at high temperatures

than does normal weight.

7.1.3 Explosion and Implosion

The resistance of concrete to over-pressures resulting from explosions,

as well as the nature of damage resulting from theso over-pressures,
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has been studied by the 1!. S. Corps of Engineers. Prestressed concrete

offers superior res'stnc, to explosive loadings because of its qreater

tensile Strenqth (ennanc, t,. I ighweiqht concrete, also). Damage fro.rn

explosion- are lec 3 i;7d l,),! ,3n(P o'- um surface spalls to gaping noles.

7.1.4 Weaknrhs> n Cur'cticl or Design

If concrete for exposure to a marine environment is not manutacturec c.-

designed with a low water-cement ratio (0.44 maximum and preferanly

less than 0.40) it will deteriorate or lead to corrosion of

reinforcement as described in the following categories. Localized

areas of poor compaction or low quality concrete can cause a cancerous

growth of deterioration into adjacent good quality areas.

Inadequate design strength of a prestressed concrete hull resulting in

cracks may lead to damage from corrosion or deterioration that

otherwise may not occur.

7.1.5 Corrosion of Reinforcing and Prestressing Steel

Concrete normally provides excellent corrosion protection around

reinforcement due to its high alkalinity (pH of about 12.5). Chlorides

from salt water can destroy this alkaline protection if allowed to

penetrate to the steel by loss of resistivity of concrete (i.e., lower

pH). Oxygen from the atmosphere or dissolved in water in the splash or

tidal zone of the hull will then lead to corrosion if it, too,

penetrates to the reinforcement. The corrosion byproducts occupy more

volume in the concrete and eventually can cause cracks or delamination

of concrete from steel. Serious corrosion damage to reinforcement may

or may not be evident on the surface of concrete depending on several

factors.

Prestressing steel in concrete hulls generally has multiple protective

layers surrounding it: (1) the concrete cover between outer hull and

post-tensionsing duct, (2) the duct itself, generally galvanized steel,

(3) the highly alkaline cement grout in the duct around prestressing
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steel, and (4) mill1 coat ings ip ) iera :d manu! -ctw-e of pretr snq

stee,

Post- tens i on i Fi ducts nut complete!, filitd witl 'I gc> Or LnrTroL~ted

ducts elimvinate ain import ant s a fe~qLl3'( cra d lea(! to the mo ,t commur

source of orr u ot prestresslnj it1

SteelI i n r'e i n t (;rced and a" prestresse C orc-- t, -c"-p Ieta 1 arF

permanentl,, submerged at s-ome depth 5- 15 ft ) if rdater wil 1 not co r'!'jdc.

at any apprecianle rate.

7. 1.6 Deteriorationl 0! Concrete in Seawater

(See Figj. V11-1, from- Re 1.) Sulfates and chiorioces of mianes 1cm ar-,

s cd i urn a re the m i ~gros s .e n a tu raI1,y - occurring op cd

seawater. The mecna-n i em o f the ir it tack K n concret e s cmp e\ L.

general ly i n'.o Ie s c he m ical d eco-)mp oi tio'n o f h v Jrated a"iVfl) e 2

calci urn hy'droxide in) concrete. ThP attac 0. i S usLual, aoCC,-n a

expainsifon and subsequent c rac K' ng kor -spa n

Long- te rm tes ts at T rea t Is anIa1L, -ajinre. byh t h, 1., Cor~ 1 yr L,' -eer1;

l ed to some o f the ruLl es f or des i i nn andl pee rq c COO'e tO P a

marine envi ronment. I t was thoug(ht onf t i i recen)t \ears t niat h ;on cemen t

content and cement w ith a l OW tr i Ca IC i urn al IcM i ate 0CContent weOre t he

most i mportant factors f or go odLc dur a bi I i t v. Howe er., t he l at*es;t

resea rcm at tha t s ite and others i nd icate-5 t hat low water-cement !'atic'

and the use of pozzolans are probably more important.

Pozzolans such as fly ash and sil ica fume react. with) free lime or

calcium hydroxide in the concrete and prevent chemical attack.

Chemical decomposition of concrete Occurs almiost entirelN it. the cement

paste and] results in loss of b ind ing capc i t . C oar-se agg qr egat e

particles become exposed and the loss Of concrete su~rfac0 car' continue.

108



7.11 n" ii runile "tzil Curls ierati unt

Et-e I-e CGO :r hut c illates - c an iavf Je t ime;,t - f ef ectIs (.n :nnrcrf t.t

s n i ;p fr o m t o (Iil t foernt Ae terT o urat i onr mecnan i sm C Conc vte n i

Iree: i nq enI.I i r"co-me" t c-at- Iuf f er' darae fro T, n~ 0 Mr, p ct C f to U O

freeze- t nai cc es,. The Iam age ps art icuai ct thes]aro

S11 herte fn o re r -e ee- tni ' C ~c e S C Lc.r 'o 11 orop-eit2Tip r 1 , I

co n cre te toa resist th js k in d o ct e s S5 . e idccui nnt Hu.

Concrete in ih ot1 cina te is subject to g,-ea-,er Iattage f rom cnemIca"

a ttac k than ; n cco ort ccId cIi mate s becau se the chem ica'] react~cns

describedi earl er are greatly accelerated by heat.

The Ilighweiqgnt concrete, sh ips consic1 erec i n thiJs re,,urt ,ou 1d IKe1 ), tne
exposed to bo(t*.I o t and cold cl imates and chouklc be designedj to resist

freeze-thaw co-1nd-itions as wellI as :salt~vate- attack.

7. 1.8 Mar-ine Growth

C oncrTe o f the q uai ity to be Used i n marine sttue is o

vuIrI e rat)le to attac k by mar ine borer's or, othe r mar ine c reature s. The

gr'cath of barnacles on stationary or seldom-moved marine structures

takes place rapidly but this growth is slow and of little concern

except for loss of speed and freeboard on moving ships.

7.2 Considerations for Durable LWPC

7.2.1 Lightweight Concrete Durability

The most important quality for durable concrete in spawater is

impermeability. Recent findings show that permeability of concrete in,

seawater decreases whereas in fresh water it remains nearly constant.

This phenomenon is due to chemical reactions between ions in the

seawater and hydrated cement producing crystallized products that

precipitate and fill the pores near the surface with magnesium

hydroxide otherwise known as brucite.
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Permeability is dependent almost solely on the quality of the bindir>

cement paste and not on the porosity of aggregates. Thus, a

lightweight concrete with good quality paste (i.e., low water-cement

ratio) will be as impermeable as normal weight concrete with an equal

water-cement ratio. In fact, the permeability of lightweight concrete

ma: be lower because of fewe, micro-cracks. (See Figs. v 1-2 a n

VII-3, from Ref. 1)

7.2.2 Corrosion Protection

Concrete cover over reinforcing steel should provide the most effective

corrosion protection. The thickness of cover necessary to do this is

controversial because it is more dependent on the quality of this

concrete than the thickness.

In recent years, techniques for applying epoxy coatings on rebar have

been developed and the process is now commonly done by many suppliers.

Many state road authorities are specifying epoxy-coated rebar for

floating bridges and bridge decks. The epoxy is applied as a powder,

and then put into electrostatic ovens. Rebar may be bent after this

application without harming the coating. Research is currently being

done by many agencies on the use of calcium nitrite as a

corrosion-inhibiting admixture in concrete. Results to date look

promising and some governmental bodies are trying it in bridge decks.

Cathodic protection of reinforcing steel is undesirable because the

electrolytic state of the steel may change with time and reverse the

polarity causing rebar or prestressing steel to act as an anode.

Sacrificial anode protection may be desirable for steel embedments,

inserts and other metals used in ships.

7.2.3 Prevention of Marine Growth

Concrete attracts marine growth and, if allowed to accumulate, is

difficult to remove by ordinary scraping means with divers. Therefore,

it is desirable to consider use of antifouling systems.
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The U. S. Navy Civil Engineering Laboratory has extensively studied

antifoulants on and in concrete for marine structures. They tested

cuprous oxide and TBTO added as dry ingredients to concrete. Another

internal application involved impregnating the lightweight aggregate

with liquid toxicants. None of these treatments were very successful

or cost effective.

It has been determined that antifouling coatings such as used on steel

hulls perform well on concrete. Coatings should penetrate the concrete

surface sufficiently so that they are leached out and released along

with the marine growth. This may be hard to achieve on concrete which

is made to be impermeable, but it is thought that a light sandblasting

of the concrete surface should suffice.

The two successful antifouling coatings tested by the Navy Civil

Engineering Laboratory were proprietary products. One contained

organotin-polysiloxane and the other was a TBTO - impregnated

elastomer.

7.3 Materials for Repair

7.3.1 Concrete Materials

Many maintenance and repair functions on concrete ships can be done

with commonly available concrete materials.

o Portland cement - Cement should be a Type II or III (ASTM types)

cement with a C 3A content of less than 8%. Bagged cement should

be rotated frequently and stored in a dry place to prevent lumps.

o Aggregates - Readily available normal weight sand and gravel or

limestone can be used for small repairs. Small-sized (1/2-inch

minus) lightweight coarse aggregate may be necessary for replacing

large sections of a hull. In all cases, the aggregates should

have a history of producing durable concrete structures.
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0 Admixtures - Water-reducing admixtures should be used when mixing

quantities over one cubic yard fur repairs.

7.3.2 Rapid Setting Hydraulic Mortars

Many new polymeric, rapici-setting mortars are available. M, t of these

come conveniently packaged with 311 materials needed for repair. The

shelf life of the polymeric, prepackagea morta is usually much longer

than that of portland cement in bags. The binder is often a polyester

or acrylic liquid.

These materials are advantageously used where quick, thin, patches must

be applied above or below the water line.

Raoid-setting mortars, either cementitious or polymeric can also be

used as water plugs to stop ingress of water while repairs are made.

7.3.3 Epoxy Resin

Epoxies are rapidly developing as the most commonly-used bonding

material or protective coating for concrete repair and maintenance.

Epoxy formulations are available for applying on wet surfaces, concrete

below water and under freezing conditions. Low viscosity epoxies can

be pressure-injected into cracks as narrow as 0.004". Epoxy gels or,

pastes are available for patching thin areas or for use as a coating on

concrete or steel.

Epoxy coatings are commonly used to protect splash zones but should not

be used in lieu of good quality concrete. Any scratches or holes in

the coating will expose concrete to seawater in a localized area and

result in higher concentrations of the aggressive sulfates or chlorides

in that area.
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7.3.4 Aluminous Cement (Such as Cement Fondu)

High alumina cement offer's better, corrosion protection than does

portland cement. It also has much faster strength gain, normally

achieving its ultimate strength in 24 hours. A small amount of an

accelerator, lithium carbonate, can be used with it to reduce the

setting time to as little as I or 2 minutes after- mixing. This has

obvious advantages under emer'gency conditions at sea.

High alumina cement must be mixed with a water-cement ratio of less

than 0.40 to prevent it from converting (losing strength) in warm or'

hot temperatures. It is a much more expensive and less available

material than portland cement.

7.3.5 Urethane Foams

Recently, urethane foams have been used successfully to stop leaks

through cracked or porous concrete walls. The liquid material can be

sprayed at low to moderate pr'essure into holes or cracks where it wili

expand to many times its original volume. Bentonite has been used in

this manner for many years, but it has poor resistance to seawater

whereas urethane is said to be unaffected.

7.3.6 Latex

Latex bonding agents can be used for bonding new concrete to old where

higher - cost epoxies are not needed. Latex can also be incorporated

into portland cement mortars for improving toughness, tensile strength

and freeze-thaw durability.

7.4 'lanning for Repairs

Proper planning must be preceded by an evaluation of the damage or need for

maintenance. If routine periodic inspections are made, this evaluation

becomes a part of the analysis of inspection reports and the rate of

deterioration can be monitored.
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Fortunately, most distress in prestressed concrete structures becomes

evident on the surface before failure occurs. Honeycombed or porous

surfaces may indicate a compaction problem, discoloration may indicate loss

of cement paste during placement of concrete and rust stains, indicating

corrosion or cracks, signal a potential problem.

The availability of proper materials and trained labor to make repairs often

determines when, where and how repairs will be made. Some repairs will

require divers and underwater equipment not available at the time. It is

assumed that maintenance crews on board a concrete ship would be

knowledgeable of most of the repair methods that are described later. With

few exceptions, repairs can be done with unskilled labor, at least on a

temporary basis until permanent repairs are possible under better

conditions.

The choice of repairing under "wet" conditions or "dry" is often made by

necessity. Normally, better quality repair work is possible if the area can

be made dry by surrounding it with a caisson or by dry-docking the entire

ship. However, excellent repairs to leaking hulls can be made from the

inside of a hull without divers. Materials described earlier make it

possible to stop leaks while surfaces are readied for repair. Forms made

from ordinary plywood or synthetic materials can be used to dam areas for

repair without going outside the hull.

7.5 Repair Methods

Most repairs on concrete ships can be made with classical dry-land

construction techniques. The following sections hiqhliqht some of these

methods.

7.5.1 Concrete or Mortar Replacement

Damaged or deteriorated areas of a hull which require more than about

one cubic foot of replacement material should normally be "eplaced with

a hi(lh grade concrete mixture. It the area is large and requires more

than, say one cubic yard, consideration should be (liven to usinq light-
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weight aggregate as in the origina! hu I construction. Otherwise,

normal weight concrete with a water-cement ratio oT 0.40 or less and a

maximum aggregate size of 1/2" or, less can be used.

After, the surface has been prepared (see later section), large areas

are formed with plywood, wired to rebar with stainless wire or bolted

to adjacent concrete surfaces, or formed with synthetic materials

(e.g., nylon, fiberglass, reinforced plastics) and filled with

concrete. Forms can be vibrated externally or a narrow opening may be

left to insert an internal vibrator.

Small areas may be dry-packed with a stiff mortar. The depth-diameter

ratio of the patch should be at least one to enable proper compaction

of the dry pack. Shallow patches with a small area should be made by

troweling in a portland cement mortar, epoxy mortar or polymer mortar.

7.5.2 Epoxy Resin and Epoxy Mortar Patching

Epoxies are very useful and convenient for small, thin patches and for

filling narrow, deep holes where maximum protection is desired.

Compatibility problems between epoxy and the substrate concrete should

be considered, however, before large or thick neat epoxy or epoxy

mortar patches are attempted.

The physical properties of epoxy and concrete, particularly lightweight

concrete, are quite different. Differences in coefficient of thermal

expansion, tensile and flexural strength and elastic moduli can

introduce stresses between a patch and the substrate concrete that

could cause failure of one or both. When one considers temperature

changes, alone, in a concrete hull subjected to varying climates, and

variations within the hull in one location, it should lead to

alternative materials for large patches.

Normally epoxies should not be used where they would be exposed to

temperatures above 140'-150'F unless a special epoxy with a high heat

deflection temperature is used. Currently these special formulations

are limited to about 350'F.
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Epoxy resin formulations are available which permit mixing above water

but application under water to stop leaks or to patch damaged or

deteriorated areas. Often the compatibility concerns discussed above

do not apply here because of uniform temperature and stress conditions

below the water line.

One of the simplest techniques for underwater application of epoxy on

concrete is to spread the epoxy on a piece of fiberglass or stainless

mesh and have a diver press it into the prepared surface. The

underwater epoxies have a high viscosity similar to a thick grease and

will cure and harden at low temperatures (40'F+).

7.5.3 Crack Repairs

Cracks in a concrete ship hull are best repaired by pressure injecting

a low viscosity epoxy resin into them. Cracks wider than about 0.012"

on the deck or other horizontal surfaces can be repaired by veeing them

out to a depth of 1/2"-1" and flowing an epoxy into them by gravity.

Pressure injection is preceded by sealing the crack full length except

leaving 1/4"-3/8" wide openings for injection ports. Proprietary

processes are available where the epoxy is injected through these

openings from a rubber-tipped "gun" which also mixes the epoxy as it

passes through it. For small amounts of crack repair or for emergency

repairs when one of the above units is unavailable, 1/4" tubing, "Zerk"

fittings or one-way polyethelene valves may be used as injection ports.

Ordinary grease guns may then be used for pressure injecting. The

spacing of the ports should be approximately equal to the depth of the

crack. If water is in the cracks, it will be displaced and forced out

ahead of the epoxy at ports above the one where injection takes place.

As epoxy flows out of the adjacent port, injection stops and the

injection port is sealed. Epoxy injection then begins again at the

port above.

Cracks in structures underwater have been successfully repaired by the

pressure injection process. The procedure is the same as above.
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Normally, the curing time for the epoxy is 1-3 days depending on the

temperature of the surrounding concrete.

7.5.4 Shotcreting

Shotcrete applications are extensively used for repair of marine

structures where dry or damp conditions exist and where qualified

applicators are available. Skilled operators are a necessity for all

but portable hand-held units which require a minimum of experience. In

the shotcrete process, a considerable thickness of concrete may be

built up without the use of formwork. The gun-applied concrete is well

compacted and can fill tight spaces otherwise hard to reach. The

resulting surfaces are generally quite rough and uneven and 15-30% of

the applied material is lost through rebound.

Small patches with sufficient depth to confine the applied material may

be placed with small pneumatic guns. These are advantageous where a

large number of patches are required with a minimum of labor.

Concrete containing short, wire fibers can be successfully applied by

shotcreting. Fibrous concrete offers a high degree of toughness where

impact or high thermal stresses may occur. Research has shown that the

wire fibers do not corrode below the surface of the concrete when

immersed in seawater.

7.5.5 Polymer Resin Patching

Several polyester, acrylic and latex prepackaged mortars are available

and are excellent for easy mixing and application over small to medium

sized areas. Most of these do not require a bonding agent prior to

application of the mortar. Some mortars are available which set. in 1-2

minutes after application.

For repairs in areas with a depth of over 3", consult the manufacturer

to determine if the material is compatible with concrete in large

volumes.

117 t



7.5.6 Repairs with Jackets

Nylon or fiberglass jackets are frequently used tor splash zone or

underwater applications to prevent erosion of the repaired area while

the concrete is setting and curing. These jackets or flexible forms

allow easy forming of complex areas. Concrete is pumped or tremied

into the jackets.

7.6 Repair Techinques - Specific Types of Damage

7.6.1 Holes in Hull Plating

Permanent repairs to holes through hull plates are almost by necessity

done in dry conditions. Repairs done in submerged areas can usually be

sealed temporarily until that area can be taken out of water. (See

Fig. VII-4, from Ref. 2)

Most holes caused by punching from impact or explosion would have a

conical shape. It is best to retain this shape while preparing the

area for repair, to allow the patch to have a wedging action. Often the

area must be enlarged by removing concrete to expose sufficient

post-tensioning ducts and reinforcing steel to allow suitable splices

to be made.

After the concrete surface is chipped back and the reinforcement is

replaced, the concrete surface should be coated with a long pot life

epoxy bonding agent. Forms are then placed and repairs made by the

concrete replacement method.

A structural evaluation must be made if prestressed steel is damaged or

broken. It may be possible to replace broken prestressing tendons with

an externally applied post-tensioned tendon(s).

It is often possible to leave the forms permanently installed or, at

least they should remain fixed until the concrete has cured for 7-14

days.
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7.6.2 Damage to Framing Members

Reinforced beams or pilasters in a frame are often heavily reinforced

and should be structurally analyzed if damaged. It is difficult or

inadvisable to replace broken or dam,,ged rebar by welded splices, which

necessitates more extensive preparations.

Concrete should be chipped at least 3/4" away from any exposed rebar.

If possible, an epoxy bonding agent should be applied to the rebar as

well as the substrate concrete before concrete is replaced. The

concrete replacement or shotcrete methods work well for these repairs.

If cover over reinforcing steel is reduced or questionable, an epoxy

sealer or other good quality surface coating should be applied for

additional corrosion protection.

7.6.3 Spalled Concrete from Collisions or Impact

Most often these damaged areas are shallow and expose little, if any

reinforcement. It is important when preparing the concrete for

patching that the edges or shoulders of the damaged area be undercut

or, at least, squared to prevent a feathered edge.

A bonding agent should be applied to the lightweight concrete substrate

in order to prevent the absorptive lightweight aggregate from creating

a starved glue line. Considerations for the choice of the many

different patching mortars or materials were listed earlier.

7.6.4 Fire Damage

It is usually difficult to determine the depth of fire-damaged concretp

unless non-destructive test methods are used, such as core-drilling

and/or ultrasonic testing. Depending on the intensity and duration of

the fire, the concrete is seldom damaged beyond the first layer of

re',ar. This can be determined by first removing this cover area and

then testing the inner concrete.
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Concrete or steel damaged beyond the outer, concrete cover should

require a thorough aniysi . before proceeding with repairs.

The removal and replacement of spalled concrete can be performed as for

spalled concrete from collisions or impact.

7.6.5 Chemical Attack from Seawater

This problem can be treated according to the stage of deterioration.

If it has been determined that chlorides have significantly penetrated

the surface, but no corrosion of steel has occurred, a coating which

limits further ingress of saltwater should be applied.

If it can be determined that chlorides have reached the reinforcing

layer and exist in a concentration sufficient to lower the alkalinity

of the concrete in that area to corrosive level (about 0.3-0.4'

chlorides by weight of cement), a surface coating with chloride and

oxygen reducing capabilities will provide sufficient protection.

In the more usual case where cracking or deterioration of the concrete

is noted, the concrete is chipped back to behind the reinforcement

until sound, uncontaminated concrete is reached. The steel should be

treated with phosphate and coated with epoxy before the concrete is

Teplaced.

Preparation and completion of the damaged area should proceed as above

for spalling from impact. The choice of concrete or patching material

should consider one which yields a very dense patch. The area may be

further protected by application of a coating, if necessary.

7.7 Maintenance of LWPC Hulls

Routine inspection or monitoring of concrete hulls is highly recommended.

Damage or deterioration caught in the embryo stage is much more easily fixed

than after serious corrosion or distress occurs.
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It is possible to measure active corrosion of steel in concrete by direct

measurement of current flow. One side of a voltmeter is connected to an

embedded, but pairtially exposed rebar or prestressing tendon while the other

side is connected to a copper sulfate half cell. The half cell is put into

contact with the concrete sur'face at suspect locations. It is now thought

that if the potential measures more than 0.30 volts corrosion will occur.

Routine condition surveys of hulls should be made and suspect areas noted

and monitored at shorter intervals. If the sign of distress progresses, the

concrete should be examined by non-destructive testing to determine the

significance of damage.

Provisions should be made in the design and construction of concrete hulls

for making easier condition surveys. Rebar Could be blocked out in select

areas to allow access for a corrosion potential measurement. Walkways,

ladders, ledges and other access devices should be included to make close-up

inspections possible. Reference markings should be placed around, inside

and outside the hull for i7,isy identification of specific locations on the

hull.

Most protective coatings applied to concrete need replacement or

reapplication after a few years. Maintenance of these coatings Should be

part of the routine program.
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Fig. V1I-1. Deterioration of a concrete structure in sea water.
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(b) detail of temporary repair; (c) detail of repaired section.
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SECTION VIII

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

8.0 Suitable Applications of LWDC

LWPC is a feasible material for constructing ships' hulls. In fact, LWPC

offers important advantages for hull construction as compared with current

shipbuilding materials, including:

o proven durability and low maintenance;

o resistance to impact and blast;

o fire resistance;

o ductile behavior in cold temperatures; and

o availability of materials.

Comparisons with existing Navy steel ships indicate that LWPC hulls have a

hull weight that is approximately twice that of the steel hull. Therefore,

suitable applications of LWPC will be for hui; which are insensitive to the

increased hull weight.

An investigation of the sensitivity of hull weight to LWPC material pro-

perties indicates that this weight ratio between LWPC and steel hulls can be

reduced to approach a factor of 1.5 by plausible improvements to LWPC

properties.

Comparisons with existing Navy ships also indicate that the initial con-

struction cost of LWPC hulls is less than that of "equivalent" steel hulls.

Therefore, reduced efficiency in vessel speed or capacity is offset by lower

initial and maintenance costs and reduced vessel downtime for drydocking.

Thus it appears the most suitable applications of LWPC as a shipbuilding

material may be cargo vessels with a high deadweight/ displacement ratio or

vessels which are infrequently moved. Therefore, the hull weight penalty

imposed by LWPC will be a small percentage of the overall deadweight

tonnage. Additionally, in times of emergency with a shortage of steel plate
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suitable for ship construction, LWPC will provide a suitable alternate

shipbuilding material with domestically available material.

LWPC is suitable to the entire range of hull sizes in.estigated (see Sectiw-

II). It appears that LWPC can be applied to both smaller and larger hulls.

The weight penalty for LWPC will increase at some point for smaller hulls

since plating sizes will be controlled by the minimum thickness to

incorporate and protect reinforcement.

Currently, there is an increasing number of LWPC vessels being constructea

for application as stationary floating vessels. This family of applications

is suitable to deployment as various support vessels for the U.S. Navy.

Potential applications of LWPC support vessels are:

o Floating Drydocks

o Floating Docks

o Floating Supply Bases or Shops

o Floating and/or Submerged Fuel Storage Facilities

All of these applications benefit from the advantages of LWPC hull

construction with respect to steei construction. Further, applications as

stationary facilities or facilities which are occasionally moved overcome

the significance of the hull weight penalty. Floating docks, supply bases,

and shops may be permanently moored at a deployment site or be mobile to

allow quick deployment of these facilities to various sites. Examples of

such applications are a floating 100-foot by 700-foot container handling

pier for the City of Valdez, Alaska, and the ARCO LPG Facility discussed in

Section V. Floating concrete vessels can also be grounded on the sea floor

to act as partially or fully submerged structures. This application may be

useful as fuel storage facilities. Grounded oil production faclities in the

North Sea are examples of this application.
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8.1 Recommendations for Research and Development

In order to better define specific properties of LWPC and in order to
improve the viability of LWPC as a shipbuilding material, the following

research topics are recommended.

8.1.1 Improve LWPC Strength - Weight Ratio

Baseline weight comparisons between LWPC and steel hulls have been

based upon state-of-the-art structural lightweight concrete with a

density of 130 pcf and a compressive strength of 6000 psi. Potential

benefits from reduced density and increased strength have been

identified. It is recommended that lightweight concretes be developed

with the following characteristics:

Air-Dry
Unit Weight Compressive Strength, fc

75- 85 pcf 6000- 8000 psi
105-115 pcf 8000-10000 psi

Additionally, it is recommended that both glass and steel wire fiber

reinforced lightweight concretes be developed in order to define their

benefits in regard to concrete tensile and flexural strength, and

impact and blast resistance.

8.1.2 Define LWPC Durability Requirements

The following research is aimed at better defining the durability of

LWPC and developing LWPC design requirements for improved durability.

0 Effective concrete cover for steel protection in ship hulls

quality and quantity.

o Acceptable and actual chloride levels in concrete marine

structures.
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o Critical chloride levels for depassivation of steel in concrete

marine structures with different types of cement and cement

replacement materials.

o Easy methods for determining corrosive levels of steel

reinforcement in concrete ships.

o Oxygen diffusion flow rates for different concrete cover

conditions and different cover depths.

o Influence of concrete tensile strength on growth of corrosion

products.

o Performance of coatings to reduce chloride and oxygen penetration.

o Effective surface curing conditions for concrete ship hulls.

o Methods of designing and fabricating thin layers of wire fiber

reinforced concrete for hull protection.

o Durability of wire-fiber reinforced concrete subjected to stress

reversals in saltwater.

o Durability and maintainability of urethane foams for leak

stoppages in saltwater.

8.1.3 Test Proposed Longitudinal Strength Design Criteria

A new limit state criterion for longitudinal strength of LWPC vessels

has been proposed in Section 4.10 of this report. In order to define

steel and concrete strain limits and factors of safety, testing is

recommended to investigate the low cycle, high amplitude fatigue

behavior of reinforced and prestressed LWPC sections. This testing

should be performed under a hydrostatic head in order to model

hydraulic effects on opening and closing cracks.
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8.1. A Reduce LWPC Hull Construction Cot

The construction cost of LWPC hulls can be inpruvid by the use of

repeatable details. Therefore, vessels with a lon(; parallel middle

body will provide a LWPC hull with the lowest initial cost. The

efficiency of such hull forms should be investigated.

The construction of hulls without a parallel middle body may be

simplified using formwork with panels which can be adjusted to vary its

geometry, thus offering potential construction cost and schedule

benefits. Adjustable formwork concepts should be developed in order to

quantify these benefits.
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