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DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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, APPENDIX A 
MATERIALS AND ASSOCIATED DESIGN CRITERIA 

, 

Various materials have been proposed for the OTEC CWP- 

structures. Among these are steel, concrete, fiberglass (FRP) , 
rubber composites and plastics such as polyethelene. Although. 

aluminum has .been' suggested, it was eliminated from consideration 

due to its extreme susceptability to corrosion in a marine 

environment. Each material appears to have properties beneficial 

to CWP c6nstruction; however, no one material offers a panacea 

to offshore requirements. 

Of greatest concern is the long term performance under 

cyclical loading in a saltwater environment. Definitive test data 

are lacking for all materials except possibly steel. Steel 

performance is known to be significantly degraded so corrosion 

protection schemes have been devised. The majority of the off- 

shore oil industry experience with large structures involves steel; 

only recently have large concrete storage vessels been built for 

North Sea applications. 

It would be unwise to dismiss a potentially attractive 

material from consideration merely because it had not been used 

previously, and we have no intention of doing so. Where 

definitive data and experience are lacking, confidence is lowered. 

For those materials/concepts in which cost and performance merits 

are attractive, test programs should be established immediately. 

In the following sections, material-related design criteria are 

described; nominal properties are sumrnariz.ed in Table A.l. It 

should be noted that for most materials, there is a significant 

difference between the static and dynamic (young's) modulus of 

elasticity. This is especially important since the value which 

is most easily found is the former one, and the value which 

controls the dynamic response is the latter. 





A. 1 Steel 

Steel is a.materia1 with a long history of development 

of predictible material properties. Before fabrication, the 

properties of the base metal can be determined and rejectible 

material (due to poor properties) need never become part of a 

finished structure. A  properly designed steel structure accounts 

for the need for inspection of welds. The required electrodes 

for welding various steels can be.determined from a wealth of 

experience. Post-welding treatment and inspection can be 

established during the design process. For steel, the static 

and dynamic values of the modulus of elasticity have a negligible 

difference. The value determined in 'static' tests is most 

adequate for determining the natural frequencies of the modes of 

dynamic response. 

The steels considered are the typical ones used for 

structural and pipeline applications in the offshore industry. 

Thus, standard industry practices can be used for welding and 

inspection. A 3 6  steel is commonly used in offshore structures 

from Alaska or the North Sea to the Gulf of Mexico. It is a 

.ductile steel, but if there is a concern about its Charpy impact 

strength at low temperatures, A 3 6  steel can be normalized. 

Steels in the ocean are usually protected against corrosion 

by using consumable anodes (i.e., cathodic protection). In the 

splash zone where corrosion is a great problem (there is no 

splash zone on the CWP), steel structures are painted with a 

zinc-rich paint. Plastic and rubber coatings are used for some 

applications. Cathodic protection, perhaps in conjunction with 

some coating, can protect a steel CWP against unacceptable 

corrosion for the required design life. 

Steel is available with adequate lead time for a mill 

order. Its availability and cost should not be unduely impacted 

in the event of a shortage of petroleum. 



For steel, there exists standard offshore structural 

design practices which are codified in API RP 2A in the 'API 

Recommended Practice for Planning, Designing and Constructing 

Fixed Offshore Platforms'and in the'AISCISpecification for the 

Design, Fabrication and Erection of Structural Steel for Bnildings. 

The AWS S-N curves for steel are used in offshore steel design. 

For high cycie.fatigue, the industry practice for cathodicly- 

protected steel is to extrapolate the straight line (on the log- 
8 log plot) out to 2 x 10 cycles, at which point the allowable 

stress no longer decreases with izcreasing cycles (i.e., the 

design line becomes flat). 

There is co~siderable offshore experience with corrmon 

concrete. Questions about corrosion of the reinforcing or post- 

tensioning steel are perhaps extendable from common. cmcrete to 

the APL 1igh.tweight. conerete !- 76 pounds per cubic foot) . If 

this is the case, corrosion of the irnbeded steel is not a problem. 

Common concrete constructi~r. techniques rcay well not 

be appl-cable to the lightwei'ght modified 'concrete. A problem 

of obtaining a nonuniform distribution of the lightweight aggregates 
3 exists in the industry's light concrete (-120 lb/ft ) .  This 

results in varying material properties. The problem could be 

worse and more serious for lightweight modified concrete. 
, 

Since this is still only a laboratory material, creep, relaxation, 

cure time and fatigue are not adequately characterized yet. 

Industry standards.do not exist for-.designing with a laboratory 

material. 

The remaining discussion summarizes the efforts by 

APL to develop a super lightweight concrete. 



A.2.1 Presentation by A 1  Litvin of Portland Cement Association 

1. The goal of the study was to develop a concrete with a 

weight of 65-70 pounds per cubic foot (PCF), a compressive 

strength (after 7 days) of at least 3000 PSI and a modulus 

of elasticity of 0.5 to .l. 0 x lo6 PSI. 

2. . The initial phase of. this study was divided into three' tasks : 
* Assess current practice 

'* ~ e t e r m k e  available, suitable aggregates 

. Develop mix designs 

3. For all tests of different mix designs, the following 

were considered : 

* Fresh concrete - Slump, air content, unit weight, 
yield, workability 

* Hardened concrete - Weight, strength, modulus, creep, . 
shrinkage ,. absorption (to 3000 foot depth) 

4 .  A cement based on ASTM ~ 1 5 0 ,  Type 1, was used. This 

cement has a nominal C3A content of 7% and a maximum C3A 
of 8% and. is suitable for seawater uses. 
5. With current practice,. concretes with -15-120 'PCF are 

feasible. 15-50 ?CF are used for insulation, 100-120 PCF 

are used for structures with 2500 PSI or great'er compressive 

strength. 50-100 PCF have generally not been used to date. 

6 .  Considered various aggregates including : 
. " ,. Expanded sha1.e 

* A P Green 

Cenispheres 

Styrospheres 

Based on extensive preliminary studies it was decided to 

use livlite fines primarily. A n  original series of 40 mixes 
..*. . . 
wgre tested for workability, placability under vibration, .. 

strength. Mixtures with resin (WRDA) and latex were generally 

not good. ., 



7. Compressive tests yielded the 

general results 'shown in the 
f 4  
C. 

figure. Tensile tests were also 
carried out. Based on these tests 

Mix A was selected for further 
testing. Variations on Mix A 
then tested. Mix A is 68 TCF, 
2860 PSI strength. Density is 92 PCF 

at 3000 foot *depth (1400 PSI). >@ bd I C  f~ I 
$0 

were considered;.these generally showed that compressive . 

strength increased from about 3000 PSI at 75 PCF to 4000 PSI 
at 80 PCF. 

4 
8. Mix A contains livlite, $gcG 

/ A P  Green,cenispheres. It 5 
I 

had the creep propertres in >/~c 'd  d 
the figure - for 7 days wet 

10. A best mix was selected. This mix had the following 

properties: 
* Density - 76 PCF-dry, 91 PCF-wet 
* Strength - 4240 PSI 
* Modulus of elasticity - 2 x lo6 PSI 

This mix, denoted Mix B, was not tested as a fully hardened 
mat.eria1 (28 days) due to lack of time. 
11. Typical costs for concretes at the plant are: 

* Normal concrete - $20/~ard3 

* Lightweight - $30/~ard~ 
* Lightweight with latex- $105/~ard~ 

- 

. -  

I 

hardening, plus dry hardening. 0 2 .r ,, ~ J I X ~ S  r Ir) d 

9. Various other. combinations of aggregate and additive 



12. It is thus concluded that a satisfactory material is 

available and that water absorption stabilized at an 

acceptable level for this light weight material. 
.- - - - . . . .  . 

A.2.2 Presentation by Don Magura of ABAM and Dennis MErwood 
of Concrete Technology Corporation (CTC) 

1. The primary task of ABAM was a loads analysis of CWP, as 

described on November. 20. Considerable effort went into design 
of pad areas; this led to selection of 30 degree pad angle. 

Axial load reversals, with subsequent lift-off from pads, 

cannot be tolerated. The minimum CWP material density will 

be determined by GJP heave dynamics. From the analysis of 

November 20, the minimum saturated. rieight was determine'd to 

be 80-82 PCF. With 2-3 PCF for steel, thetotal density 

is 84 PCF. 

2. The g-imtiry.task of CTC was to develop a suitable mix. 
design which could be used to.manufacture 'the Cf@ and which 

used normal practices. The goals in ,the concrete were:.. ..' 
. . 

* 5000 PSI compressive strength 
ik 85 f 2 PCF weight 
* Modulus of elasticity of 1 x lo6 PSI or greater. 

3 .  The choice of mix designs was narrowed to three concepts: 

* Cadcrete - using cenospheres 
* Latex modified cenospheres concrete - 

. * Expanded shale aggregate with no fines, cenospheres, 

withlwithout latex 

4. After extensive studies a nix design was selected. 

The weight and cost per cubic yard are: 

Type 111 Concrete 1010 lb $35 

Cenospheres 520 lb $130 ' 

Latex, antifoam 31.5 gallons Sl0O 

Water 25.25 gallons - - 
-. 2033 lb $265 

. . .  - - -  

The net weight is 75.3 PCF dry with no steel. 



5. Construction of CTJP sections is compariable to the 18 

foot diameter postensioning pipe sections built by Ameron 

for neuclear power plants. 

6. .,.'The precasting process was considered as good quality 

control is needed for high strength and mixing procedure is 

very im~ortant . .A special nixing procedure was d-eveloped. 

Water/cement ratio is also very important, as it effects, 

both strength and density. Rate of set is also important; 

early set-up is not acceptable. 

7. The initial set-up was determined by measuring the time 

to reach 500 BSI compressive strength, the limit of work- 

ability. At 1000 E - 2.5 hours, at 500 F - 4 hours were 
required to reach this limit. Low density concretes need 

high amplitude vibrations; this is different than normal 

concretes which uses low amplitudes. 

8. Accelerated curing is needed for light weight concrete. 

Steam curingcould be used - a'la Ameron. The use of heat 

wires in the form appears more effective as it blocks 

moisture 108s. With such curing an '"optimumv time may 

be 18 hours in the forms plus 7 days of air drying. 
Typical compressive strengths are: 

* Wet cure- 3820 PSZ 

* Air cure- 4200 PSI 

* Oven dry cure - 5040 PSI (at 200°F) 
9. Typical properties for various mixes considered are: 

Nix 7-DBy Compressive Tensile Modulus percent 
- Strength Strength of RUPTURE Latex 

43 4000 - - - 



1 0 .  Typical design parameters fo r  concretes with and 

without l a tex  are :  

Latex 

No 

Yes 

Compressive Weight Modulus of 
Strength-PSI ' ' Elastictty-PSI r 

11. It i s  assumed tha t  coeff ic ient  of variance' (as per 

AC1-214) w i l l  be about 8%, producing a reduct ion 'of  about 

80-90 P S I  i n  cumpressive strengLh. 

1 2 .  It i s  f e l t  t ha t  addition of l a tex  w i l l  not cause 

greater  shrinkage than with normal s t ruc tu ra l  concrete. 

13. Creep may be a problem - analyzed using an ef fec t ive  

modulus method. Find a coeff ic ient  of creep, Ct ,where . :  

Ct= 1 a t  t = 0 :  Tested a t  20 and 50 percent of ult imate 

s trength and found creep. i s  proportional to  s t r e s s .  The 

varia.t ian of C w i t h  time is as r 
shown i n  the p lo t .  There i s  a 

greater  pull-out pro.blem fo r  

rebars than fo r  ,regular cbncrete (r 
but don' t ' think i t  i s  a serious 

problem, but i t  does need nore 

study . 'i7 ME 

14. Water absorption a t  3000 foot  depth (1400 p s i  head) 

was measured fo r  concrete a f t e r  7 days a i r  drying. The 

absorption r a t e  rose rapidly fo r  f i ve  days, then increased 

a t  a lower r a t e  up to  about the theore t ica l  l i m i t  of 22% 

increase i n  weight. It appears tha t  an average density fo r  

72-75 PCF dry concrete w i l l  be 84 PCF a f t e r  prolonged 

submergence a t  3000 PCF. Weight i nc rease - i s  l e s s  a t  l e sse r  

depths. A t  atmospheric pressure weight increase i s  about 

1 PCF. 



15. More work on light weight concrete is needed for 
* Degredation of properties between lab and field 

* Serviceability, durability and fatigue properties 
16. The proposed CWP construction scheme is similar to 
that used for any concrete pipe; the technology is comparable 

to that used, by Ameron. 
17. Cost estimates are based on use of an existing pre- 
cast plant with the addition of some special handling equip- 
ment and cradle used to invert M ,  cast bell housings, etc. 

18. The estimated C?&P cost (at dock face) is S5-8M. 
Ameron made a rough estimate of $6.OM. These costs 'do 
not include overhead or profit, or cost inflation. 
19. It is estimated that it would cost S8M to build a 
new U.S. pre-cast plant. 

Concluding Remarks by Ralph Blevins - APL 

1. A suitable concrete can be developed. 
2. The phase I1 tests of CWP segments and materials should 

begin. If started in January, 1979, these would span 
the entire year of. 1979. 
3. The phase I1 tests would include: 

* Proof and characterization of mix 
* Model structural tests with minimum practical scale 

model (say. 1/5 scale) 
* Full scale section fabrication (hinge area) 
* Hinge operation - characterization of elastomer pads 

4. A detailed program will be developed during the next 
month. 

5. One contractor will be selected to carry out these 
tests. 



A. 3 Fiberglass- 

Fiberglass reinforced plastics exhibit structural 

characteristics which can be made to vary over a broad spectrum. 

For example, the fabricator can control the percentage and the 

orientation of the glass fibers in the laminate. The glass fibers 

used would be the commonly used 'E' glass (referred to as such 

because of its initial development for electrical applications). 

This is a lime-alumina-borosilicate glass that is relatively 

soda-free. The glass fibers themselves have tensile strengths 

of about 400,000 pounds per square inch and a modulus of elasticity 

of about 10,500,000 pounds per square inch. Polyester resins 

are recommended for the binding matrix. (Epoxies would be used 

as adhesives to bond cured or semi-cured laminates together 

and/or to freshly lay-up fiberglass.) 

The fibrous glass used as reinforcement is usually in 

the form nf wnven fabric, chopped fiber rr~at, continuous-fiber 

mat, warp, or roving. Each of these may be made in different 

ways to have different properties. The fiberglass CWP would be 

made basically by filament winding continuous fiber roving 

helically on a horizontal mandrel. Hence, its primary filament 

wound shell elements would be highly orthotropic. Some of its 

elements such as the webs could be made using chopped fiber mat, 

which is essentially isotropic in the plane of the mat. Other 

elements such as the layed-up joint reinforcement would be made 

up of woven fabric, layed-up with the warp of the fabric in the 

longitudinal direction (perpendicular to the joint) and the 

fill of the fabric in the circumferential direction (parallel 

to the joint). The woven fabric laminate is also orthotropic, 

having its greater strength and stiffness in the warp direction 

of the fabric, its intermediate strength and stiffness in the 

fill direction of the fabric, and its least strength and stiffness 

in a direction between that of the warp and the fill. The 

strength and stiffness of fiberglass-reinforced plastics are 



I @ 
also a function of the loading conditions on the laminate. 

I - The flexural strength and stiffness properties are generally 

the highest, often as much as .twice those in tension.and 

compression. 

The presence of water also affects the properties of 

fiberglass-reinforced plastics. The FRP's have about 15% more 

strength when dry than when wet. It is to be noted that most 

data for fiberglass is for its wet condition since most of its 

applications are i n  'wet environments' (boats, pipes, buried 

tanks, etc.). Also, seawater is considered to have a less 

deleterious effect on the structural properties of fiberglass 

than fresh water; hence, the wealth of fresh water fiberglass 

data may be conservatively applied to the design of the OTEC 

CWP in seawater. 

One excellent property of fiberglass is its immunity 

to corrosion in seawater. It also appears not to be detrimentally 

affected by marine organisms such as marine borers. However, 

this requires further investigation. One area of this, in 

particular, is the effect of fouling and/or fouling removal 

on the gelcoat surface finish of the fiberglass. Another is 

the incorporation of antifouling in the fiberglass. 

Fiberglass-reinforced plastics exhibit good resistance 

to crack propagation and are quite insensitive to notch effects. 

This is due primarily to the nonhomogeneous fibrous structure 

of the FRP, and to the inherent presence of microstructure 

stress raiskrs. 

The seawater fatigue characteristics of fiberglass are 

also very good; the fatigue strength of fiberglass at lob cycles 

being about one-third of its ultimate strength. Note that this 

compares very favorably with steel. Although steel has an . 

ideal fatigue strength in air at lo6 cycles of about one-half 

of its ultimate strength, its fatigue strength in seawater is 

severely reduced without corrosion protection. Fiberglass does 



not have a yield point and a plastic zone between yield and 

ultimate. Instead, it is nearly linearly elastic from zero 

load to fracture failure. This lack of durability is'a draw- 

back in comparison with ductile materials; and the selection 

of fiberglass design stress allowables must reflect this lack 

of ductility. 

With the extreme variability of fiberglass properties 

(say E of 2.5 x lo6 - + 2 x lo6 psi and v. o: 0.4 - + 0.25) , it is 
diIIicult tu select a set of properties. However, tor conceptual 

design, it is not unreasonable to define a set of properties as 

follows. For fiberglass that is solidly filament wound on a 

mandrel : 

1 

6 
E*hoop = 3 . 6 x 1 0  psi 

6 E*axial = 1.8 x 10 psi 

where E* is the effective modulus of elasticity. 

For fiberglass that is filament wound over stiffeners: 

6 
E*hoop = 1.8 x 10 psi 

, . 6 E*axial = 0.9 x 10 psi. 

For fiberglass that is filament wound with up to 40% spherical 

voids to form a fiberglass sandwich core: 

6 
E*hoop = 0.9 x 10 psi 

6 E*axial = 0.45 x 10 psi 



For equal biaxial action, such as orthotropic plate buckling, 

E* is defined as: 

E* includes the plate effects of Poisson's ratio, i.e., 

This simplification is justified for conceptual design work 

because of the nebulas nature of both E and v. 

For wet stiffener plates, 

b E* = 1.8 x 10 psi. 



A. 4 Elastomer Com~osites 

I Because the tensile strength and modulus of elasticity 

of the composite depend on the reinforcing material and its 

density and orientation, it is necessary to specifically design 

a composite for the task. For example, the properties of 

reinforcing fibers are tabulated in Table A.2. Under tensile 

loading, the endurance limit is usually given as 40% of ultimate 

• stress, however, a safet.y factor of 4 is used in all designs where 

long life is desired. Elongation is a function of the wrap angle 

and type of reinforcing filament. Allowable strain of 2-30% can 

be designed into the structure. 

The actual composite values of E ,  St, etc., which are 

available for the pipe construction, are influenced by the 

reinforcement material selected, by orientation of reinforcement 

fibers, by the number and size of the fibers in each layer and by 

the number of layers bonded together. The values give in ~ a ~ " l e  A.3 

.are representative of single layers of composite with a specific 

fiber orientation angle and loading density. 

I Information from the Goodrich and Goodyear companies 

indicates that rubber composites have been used in ocean 

environments for about ten years. A relevant example is the 

sonar dome installed on Navy ships. Underwater repairs can be 

made. E. I. Dupont has furnished data on long-term exposure 

of neoprene and neoprene-coated pipes to seawater. The following 

examples were furnished: 

o A 48-inch diameter steel pipe, 7863 feet long 
was coated with neoprene and has been in 
satisfactory seawater service since September, 
1954, in Venezuala. The neoprene coating is 
0.062 inches thick. 

A neoprene-coated nylon fabric dam (inflated 
by water) has been in service since 1959. 



TABLE A , 2  

Modulus o f  S p e c i f i c  T e n s . i l e  F i b e r  E l a s t i c i t y  
G r a v i t y  S t r e n g t h  1 0 5  p s i  1 0 4  p s i  

1 

Nylon 1 . 1 4  1 . 0  

Rayon 1 . 8  1 1 . 5 0  0.4 

P o l y e s t e r  1 0 . 0  1. '38 0 .8  

K e v l a r  80 .0  1 . 4 4  4.0 
! S t e e l  300.0  7.86 1 0 . 0  



Rubbe r  s h e a r  modu lus  = 500 p s i  
. - 

Modulus  ( p s i )  

P l y  A n g l e  

E~ ( p s i )  

E2 ( p s i )  

G12 ( p s i )  

R e i n f o r c e m e n t  Material 

S t e e l  . 

1 9  x l o 6  

0  O 22O 

3 . 7  x 10 8 7 , 0 0 0  6 

2 , 9 0 0  2 , 4 0 0  

520 4 5 0 , 0 0 0  

K e v l a r  

5  x l o 6  

0  O 22O 

1 x l o 6  7 9 , 0 0 0  

2 , 9 0 0  2 , 4 0 0  . 
520 1 2 0 , 0 0 0  

Ny lon  

2  l o 5  

0  O 22O 

40 ,ooo  2 0 , 0 0 0  

2 ,900 .  2 , 4 0 0  

520 5 2 , 0 0 0  
> 



In 1946, a neoprene coating, 0.063 inches thick 
was applied to the condenser tube plates at the 
Portishead 'A' power station on.the Seven Estuary. 
Seawater is the cooling medium. When inspected 
in 1963, the coating was still resilient and 
unimpaired. In 1537.8,. the coating is still in 
service, but some repairs were required to portions 
damaged by maintenance workers. 

Industry design practice is to keep working stresses less 

than 25% of the ultimate stress. No degradation in seawater is 

expected if the stresses are thus limited; however, no definitive 

test data were supplied for the selected elastomer composite, 

nylon-reinforced neoprene. 

Marine biofouling can be controlled by impregnating the 

composite with special compounds. Goodyear's MA852 antifouling 

neoprene is a vulcanizable elastomer originally developed for use 

on wire-reinforced rubber sonar domes. It is approximately 50% 

more expensj,ve than other neoprene compo.urids. MA852 contains 

Bis (tri-n-butyl-tin) oxide (TBTO) toxicant which is the. chemical 

used in many new antifouling paints. However, the amount of 

TBTO required in 1Yi1852 for long-term antifouling resistance is 

.much less than that required in paint coatings because the TBTO 

is dissolved in the neoprene elastomer matrix. TBTO is virtually 

insoluble in water, so the elastomer, acting as a semi-permeable 

membrane and a reservoir for the TBTO, controls the diffusion to 

the surface of the rubber, thereby maintaining the concentration 

of TBTO in the water boundry layer on the surface of the rubber , 

above the fouling threshold concentration,. The antifouling 

performance of MA852 is then dependent on the amount of toxicant 

reservoir provided, i.e., on the thickness of rubber used, and 

the concentration of TBTO initially in the compound. Laboratory 

data indicates that the solubility of TBTO in neoprene is 

approximately 10% by weight. 



M A 8 5 2  contains 5% TBTO by weight and the data shown in 

Figure A.l indicates.that 1/4" of this rubber will provide anti- 

fouling protection for 10 years. Scatter in long-term exposure . 

data prevents us from making a more positive statement about the 

long-term performance of M A 8 5 2 .  Most of this scatter is caused 

by our inability to control the environment in whic,h samples are 

immersed. Data has been accumulated for over 7 years' immersion 

in Biscayne Bay, Miami Beach, Florida, one of the severest fouling 

areas in the world. Samples are also being evaluated in San Diego 

Bay, but have not been exposed long enough to make performance 

predictions. 

Goodyear is also studying the effect of varying the 

concentration of TBTO in neoprene and has samples on test in 

Biscayne Bay which have been immersed for over 4 years. There 

is not enough data available yet to make long-term projections, 

but short-term data indicates the antifouling performance improves 

with increasing TBTO concentration which is in agreement with the 

diffusion theory. 

Based on the available data, it appears that 30 years 

antifouling protection can be provided for the OTEC Cold Water Pipe 

by using a thick coating of M A 8 5 2  or a rubber compound containing 

a higher concentration of TBTO. It is difficult to predict 

exactly how much antifouling compound will be required because 

the 30-year service life requirement is considerably outside the 

range of existing data. Changes in the physical properties of 

the antifouling compound during long-term ocean aging could 

affect TBTO diffusion rates and affect antifouling performance. 

Note that all of the aforementioned data was obtained 

statically. Water flowing over the surface of the rubber will 

affect performance by tending to deplete TBTO on the surface 

of the rubber and in the water boundary layer, particularly where 

turbulent flow exists, and this could increase the rate of TBTO 

depletion from the rubber. However, with turbulent flow, fouling 

organisms may not settle. 
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A. 5 Polyethyl'ene 

The low apparent modulus of elasticity for long-term 

loading of polyethylene is a significant consideration in the 

design of a pipe 30 ft in diameter subject to static collapse 

pressure. The long-term modulus for polyethylene is approxi- 

mately a factor of 1000 lower than for steel. Thus, this 

high-compliance can potentially lead to high wall thi.ckness 

requirements to obtain the necessary structural rigidity, EI, 

for the pipc. The design approach presented in the next section 

utilizes circumferential steel ring reinforcement to provide 

this rigidity. 

The material shows significant strain rate dependence, 

Thus, for loading which occurs over seconds, e.g,, platform 

motion input, the material exhibits a higher apparent modulus. 

The associated natural frequencies and system dynamic loads 

are highly sensitive to this effect: For example, stress due 

to sway motion varies as the a, 
The combined strains arising from static and dynamic 

loads are the significant design criterion for polyethylene. 

According to the strain limit approach, total strains must 

not exceed 3%. 

Polyethylene also offers the interesting property of 

a density less than that of water.. Thus, potentially a poly- 

ethylene CrrJP is neutrally buouant in sea water. However, for 

the large pipe under consideration here, the ring stiffeners 

add considerable weight. . . At either of the OTEC sites under 

consideration, weight is also .required to hold the CIKP verti- 

cal. In many respects, the low density of polyethylene pro- 

vides for flexibility in desi.gn. 



d The high coefficient of thermal expansion of poly- 
I ethylene is not genera1ly.a consideration in OTEC loads be- 

I cause. the pipe is free to accommodate expansion at the lower 

l end.. During assembly, thermal expansion is important; a 

I 3000 ft pipe, varies 13.5" in length during a 50° F tempera- 

I ture variation. A different material, steel, is recommended 

I for the ring. Therefore, to eliminate thermal stresses during 

operation, it is suggested that the ring be mounted to the 

cylinder when both the ring and cylinder are within a few 

degrees of the operating telilperature of the scction . 
Polyethylene is also thought to have desirable resis- 

tance to chemical action, provide a poor surface for the 

attachment of marine organisms, and to have low flow friction 

characteristics. 
- .  

Polyethylene items are generally manufactured by an 

extrusion process. Subsequent joining of polyethylene is best 

done by fusion under pressure. Polyethylene can be joined by 

mechanically clamping; however, this should not be necessary 

except at the ends of the pipe. 



APPENDIX B - SUMMARY OF RESULTS OF DYNAMIC FLOW 
AND TRANSPORTATION ANALYSES 
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SUBJECT: SU-WRY OF RESULTS OF DYWA-?IC FLOW ANALYSIS 
OF THE OTEC COLD WATER SYSTEY 

Discussion 

A study of the fluid flow d namics was conducted. i ure.1 
a schematic of the OTEC ~ 0 1 8  Water System. The anaryzls 1nc~hFiKi 
the fluid compressibility effects, which are.combined into a 
single parameter, y , which incorporates the pipe flexibility. 
One-dimensional flow equations describe the fluid flow throughout 
the system, which do not account for internal waves in the sump. 
The pump and condenser are modeled as resistance elements. 

The mechanism which was considcrcd was platform heave oscil- 
lations which cause internal velocity and pressure osciilations 
in the fluid. In addition, wave passage causes external pressure 
variations upon the C!@ and at the cold water discharge. 

The resulting differential pressure has several effects. On the 
CWP, the buckling loads are"increased, and an increase in internal 
pressure causes a decrease in net tension. On the pumps, oscil- 
lating flows cause oscil.lating power requirements and impeller 
fatigue. On the heat exchangers., oscillatin flows result in 
unsteady flow losses and unsteady heat trans?er. 

Resul'ts 

For reference, Figure 2 shows pressure differential across the 
pipe wall due to steady internal flow. Figures 3 and 4 show the 
dynamic pressure variations relative to this steady pressure drop. 
The associated velocity fluctuations are given in Table 1. . . 

Con'clusions 

e Dynamic pressure fluctuations significantly increase the 
AP across the pipe wall during survival conditions and 
during operations for inappropriate designs. The fluc- 
tuations are greater for the barge than for the spar. 
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e Retracting the CWP platform interface seal in survival. 
sea states significantly reduces dynamic loads. 

Velocity fluctuations (2.5% of nominal) in sump and 
discharge line are not sensitive to CIP.materia1. 

o Pressure fluctuations are relatively insensitive to 
sump characteristics, as long as a free surface is 
provided. 

DP: em 



F I G U R E  1 
SCHEMATIC OF BARGE COLD HATER SYSTEf.1 



P r e s : s u r e  (psi) 

F I G U R E  2. PRESSURE Q I F F E R E N T I A L  ACROSS CWP WALL DUE TO STEADY 
IN T E R N A L  FLOW 



L O  2.0 3,O 4.0 5, O 6'. O 
PRESSURE (PSI) 

RMS DYNAMIC PRESSURE VARIAT[ONS DURING SURVIVAL SEA STATE 



NOTE: . RESONANCE. EFFECTS 
MAY ' INCREASE P O L Y E T H Y L E N E  
AND FRP RESPONSE 

5 . 1 , O .  1,5 
. . PRESSURE (PSI  ) 

FIGURE 4 .  RMS DYNAMIC PRESSURE VARIATIONS DURING MAXIMUM OPERATIONAL SEA STATE 



. . .  . 

TABLE 1,' RMS DYNAMIC V E L O C [ T Y  FLUCTUATIONS FOR 
I.!'] 1 EARGE ATTACHED Cr l k  s 

PIAX . 0PERATI.NG S S SURVIVAL S,S, 

SUFlP LEVEL D l  SCHARGE SUMP LEVEL DISCHARGE 
MATERIAL VELOCITY VELOCITY VELOC [TY VELOCITY 

(FPS) (FPS) (FPS) (FPS) 

STEEL 

CONCRETE 

FRP ,038 ,160 ,309 ,947 

POLYETHYLENE . ,037 ,160 ,319 ,979 
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SUBJECT Preliminary OTEC Cold Water Pipe Transportat ion Analysis 
.Results 

SUMMARY 

The objec t ive  of the CWP t ranspor ta t ion  ana lys is  i s  t o  

determine f e a s i b i l i t y  of hor izontal  deployment of the  CWP. 

Preliminary ca lcu la t ions  indica te  t h a t  hor izonta l  deployment 

of e i t h e r  a s t e e l  or  f ibe rg lass  CWP i s  f e a s i b l e .  The f i b e r -  

glass  CWP may be towed e i t h e r  on the surface or a t  l e a s t  

200 f e e t  submerged, a t  any heading, i n  any sea s t a t e  up to  

5 (is = 1 2  f t . ) .  m e  s t e e l  pipe cannot be towed on the 

surface,  but may be towed submerged a t  l e a s t  200 f e e t ,  a t  

any heading, i n  any sea s t a t e  up to  5 .  

DISCUSSION 

The response of the  pipe has been character ized by 

bending of a ~~nLform p i p e  i n  two 0r tho~ona.1 planes:  hor i -  

zontal and v e r t i c a l .  Torsional response has been neglected,  . 

as  discussed l a t e r .  The ver t ica l -p lane  bending response 

i s  given by a heave model, and the hor izonta l  plane response 

i s  given by a sway model. The t o t a l  s t r e s s  i s  derived from 

the combined response. 

Heave. Mc~Jel- - 
The heave model i s  shown i n  Figure 1.. The corresponding 

equation of motion f o r  the heave model i s ,  





The 'pipe i s  considered uniform, with mzss p e r  u n i t  .length, 

PA, and s t i f f n e s s ,  E I .  The mass per u n i t  l eng th  inc ludes  

the  pipe mass', the  mass of i n t e r n a l  f l u i d  ( i f  any) and the  

external  added mass. For the case where t h e  pipe i s  towed, 

f loa t ing  on the surface,  the  i n t e r n a l  f l u i d  nass i s  zero, 

and the  external  added nass w i l l  be l e s s  than f o r  the  sub- 

nerged case. 

1 The hydrodynamic buoyancy s t i f f n e s s ,  represented by k f ,  

i s  found by l inea r i z ing  the  buoyancy fo rce  about t h e  calm 
. . 

wa.ter force.  It i s  equal t o ,  

I where . p  - sea water densi ty ,  

i 
! 

g = accelerat ion of gravi ty  

B = water l ine bean 
W 

.. . The l inea r i za t ion  i s  ~ c c u r a t i  f o r  ua ter  displa.cement r e l a t i v e  

t o  the calm ~ + i a t e r  l i n e s  t h a t  a r e  s n a l l ,  For l a r g e r  displace- 

aents  , the l inea r  assainption r e s u l t s  i n  'eonservat'Lve loads. 

The damping coe f f i c i en t ,  b ,  represents  the  sum of the  . ; . 

viscous damping and wave-making , danping , 

. . 

The coef f icienr of  viscous damping, bv, ' r ep resen t s  an equiva- 
. .. 

; ,=-> ;ipQS- !---.---- 
' P  r . 

..-.-- ,12;.l-. iiLs coz r r  ~ e i e r i t  . . The .tbr.ue vi'scous damping -.---- - .  
- .  

is a -iunc"iiz sf veloc i ty  squared, and thus cannot .be included . . ' . .  

- 7  Fr. a l i n e e r  r?sdal. ice equivalent  damping c o e f f i c i e n t ,  bV, 

wss selected as one which d i s s ipa tes .  the  same energy per 

cycls as t h e  t r u z  viscous damper. It i s  equal  t o ,  



where h  = projected he ight ,  

CD = drag coe f f i c i en t ,  
. . 

Vo = peak r e l a t i v e  ve loc i ty .  

Because the damping coe f f i c i en t  i s  a  function of peak . . r e l a -  

L ;  LA.,- y - =  veloc i ty ,  i t  i s  necessary to  i t e r a t e  on the  damping 

u n t i l  the response corresponds t o  the  value of danping assured.  

The coef f ic ien t  of wave-making damping was obtained f r o a  

curc-es ava i lab le  i n  Reference '1. It is- not  a  func t ion  of 

m ~ l i t u d e ,  but ir i-s a func t ion  of frequency, and thus i s  

d i f f e r e n t  f o r  each frequency"component of 2n i r r e g u l a r  wave. 

The wave-making damping i s  maximum a t  t h e  s u r f a c e , b u t  de -  

creases rapidly 'with depth. For depths g r e a t e r  than 2 . 5  p ipe  

diameters, the  wave-making damping i s  zero. 

The quantity, mf, i s  an e f f e c t i v e  i n e r t i a  which r e s u l t s  

from a hydrostat ic  force  plus  an i n e r t i a  ' force.  

Both these fo rce s  a re  proportional  t o  the  f l u i d  p a r t i c l e  

acce lera t ion ,  ~ n d  therefore  the quant i ty  mf &ay be ident i - '  
. . 

f i e d .  Frca ~ e f 2 r e n c e  2 ,  i s  i s  equal t o ,  

where D = 0-ctsid2 diameter. 
- . . .. . . . . 

It  should be noted t h a t  m f ' i s  10% gr&oter  than twice t h e  

added mass, and thus represents  a  t h e o r e t i c a l ' v a l u e  with a  . . 

. . -1: > r 2 - , q ~ t  .- corrpccscn,  For the case of the  pipe towed f l o a t i n g  

c;n I-~TZI - - s.----- . '" cli-L-, xt should be se'. equal t o  zero,  as i t  i s '  srnall 
i 

P and the rorz:~Lz of equation (5)  i s  incorrec t  i n  t h i s  case. 

i 
I The sxay codel i s  shorm i n  Figure 2 ,  and a  s i m i l a r  
I 

equation of notion appl ies ,  



FIGURE 2 

' STJAY MODEL 



The major dif ference i s  tha t  the re  i s  no biloyancy s t i f f n e s s  

i n  sway (kf = 0). Because of t h i s  f a c t ,  t:le s r~ay  response 

i s  small compared t o  the  heave response, and may.be neglected 

f o r  the  case of the pipe towed on the surface.  
. . . .- 

Similar ly ,  below the surface the  h e a v ~  response i s  

a l r~ays  grea ter  than o r  equal to  the sway resp0ns.e. And, 

s ince the pipe i s  synmetrical, i t s  r e sponses  i n  heave and 

sw.lay a r e  everywhere 90' out  of phase. Therefore, the maxim- 

scress  i s  the la rger  of the  heave s t r e s s  or  sway s t r e s s .  

F ina l ly ,  s ince the heave response i s  always g r e a t e r ,  than o r  

equal to  the.sway response, only the heave response needs 

to  be considered. 

Therefore, from t h i s  point  on,.  only the response t o  t h e  

heave equation of motion. w i l l  be considered. 

Input 

F i g i ~ . r e  3 .sh~ws the  p i p e  subjected t o  r egu la r ,  long- 

crested waves. Let the  horizontal  l i n e s  02 the .paper  repre- 

sent  successive wev2 c res t s .  A s  the headiog angle ,  8 

increases ,  the ac tua l  shape of the  wave does 'no t  change, . . .. 

but the  apparent wavelength,, A e ,  as  meas'ure'd along the  

length of the pipe, increases.  This r e l a t ionsh ip  i s  shown 

graphically i n  the  subfigure (3a), which i s  

' ' 'A' - - 
'e cos 0 

. .. . 
s r ,  i n  te=s of the  wave number, k ,  which i s  inverse ly  -- , ,oportionel t o  A ,  

ke = k cos 0 





Simi la r ly ,  t he  transver.se displacement,  p e l o c i t y  and 

acce l e r a t i on  change wi th  heading a s  shorn i n  E'igvre ( 3 b ) ,  

. 
j T .  = v s i n  8 ( 9 )  

The ~ 2 v e  'frequency, and t h e  heave no t ions ,  a r e  'unaffected.  

 heref fore,' the  ' input  . fo r  t h e  case  where t h e  p ipe  :is 

tciied a t  a  heading angle ,  8 ,  t o  the wave d i r e c t i o n  i s ,  
. . . . . . .  . . .  . . .  - . . . . .  

where ke i s  given by equation (8) above, A i s  t h e  wave 

amplitude and z i s  t h e  submergence depth. of  t h e  pip:e. 
0 

Solution 

The nathematical  so lu t ion  of equation ( I )  c o n s i s t s  of 

a  p a r t i c u l a r  a ~ d  a homogeneous p a r t .  The p a r t i c u l a ~  part 

c o n s t i t u t e s  t h e  major por t ion  o f  t he  fo rced  response ,  and 

. . the  a d d i t i o ~ ;  of the  homogeneous p a r t  i s  necessary  t o  s a t i s f y  

t he  boundary condi t ions .  I f  - the .  l eng th  of t h e  p i p e  i s  much . 

g r e a t e r  than the  wavelength of t h e  i n p u t ,  &he p i p e  c a n  be 

considered .to be i n f i n i t e l y  long,  .and then the  p a r t i c u l a r  

p a r t  i s  a good approximation t o  the  t o t a l  s o l u t i o n .  Phys ica l ly ,  
. . .  -. . . . . .  .......... . . 

t h i s  n?ear?s that  the, condi t ion of zero bending stress a t  t h e  

ends of t he  ?ice does no t  a f f e c t  the  response  a t  t h e  middle o f ;  

?he p i pe ,  w?ore the  s t r e s s e s  a r e  maxinum, Since  t h 2  pipe  length:.' . 

: - . 2.:-if~p , = a - L  5 ~ ~ 2  3 t y p i c a l  ~trzivelength Is 500 f e e t ,  t h i s  i s  
.... . . 

e goad ap?rc:<izstion and considerably sixitplif i e s  t h e  ana lys i s .  

Therefcrs ,  s i nce  t h e . i n p u t  i s  a regulzr wave given by . 



t h e  s o l u t i o n  t o .  Equation (1) i s  g i v e n  by t h e  t r a n s £  e r  f u n c t i o n ,  

2 -kz 
(.-m,w . +  'ibw + k,) e 

. -  0 

H 
- I - I 

z-zf (4 = - ? A L J ~  + ibw + EI k 4 + kf 
e 

t h e  ncnent  a t  any p o i n t  i n  t h e  p i p e  i s ,  

and t h e  f o m u l a  f o r  bending s t r e s s  i s ,  

S u b s t i t u t i n g  (ii) and (12) i n t o  (13) g i v e s  t h e  t r a n s f e r  func-  

t i o n  f o r  s t r e s s ,  g iven  wave ampli tude,  

H ( w )  = Ec k: H 
5 - Z F  . 2-ZF  (a) 

Tiia frequency response  g iven  by Equation (14) can b e  used t o  

determine t h e  response  of t h e  p i p e  in .  i r r e g u l a r  waves. as  
r ro l lows:  The r ~ o r ~ e r  s p e c t r a l  d e n s i t y  (,PSI)) o f  wave ampl i tude  
2'- , - - . -  . -, - : - i ~ \ . . ~ & - L  zc :::.-zrrrinaze 3 .  by S Z r ( w )  . Thed t h e  PSD o f  s t r e s s  - .., 

1'' ' + -  ---  pi'?? 12 given by ,  

S G ( * )  = I H,-yf(w) 1 sz ("I 
f 



Then the RPfS s t r e s s  i n  t h e , p i p e  i s  given by, 

KESULTS 

Figure 4 shoris the  r e s u l t s  of the  t ranspor ta t idn  ana lys i s .  

M a x i m  m s  bending s t r e s s  i s  p lo t t ed  a s  a funct ion of heading 

angle, f o r  two pipe configurations a t  various depths.  ~ l s o '  

s h o ~ , ~  i s  e l i n e  representing an allowable s t r e s s .  The accept-  

abie range l i e s  below t h i s  l i n e .  The assumed p ipe  parameters. 

a r e  given i n  Table .1. 

Sea s t z t e  5 , with a s ign i f i can t  wave height of 1 2  f e e t  

. was chosen as Fr-~put. This sea s t a t e  o r  milder occurs 99.6% 

of the  time ac the Punta Tuna, Puerto Rico, s i t e .  It i s .  assumed 

t h a t  t h i s  represents  the maximum sea s t a t e  t h a t  could reasonably 

be expected t o  occur during the towing operation. 

The peak i n  response, which occurs a t  a heading of about - - .a 60' and a t  3 f o r  f ibe rg lass  and s t e e l  pipes, r e s p e c t i v e l y ,  

r e s u l t s  f ron  a match between the  wave driving frequency (a) 
sild node shape (ke) , and the na tu ra l  frequency and node shape : 

k 

.- - i -  1 
. . . . r1.2 a:-\a . ,  . Z ~ ~ ~ c a ~ s e  of the requirement of matching b o t h  w - - 
z ~ ~ d  

2 ' E 2 ~ z k  I n  the response occurs a t  j u s t  a s i n g l e  va lue  - or 3 (or kc,) , r a t h e r  than f o r  a s e r i e s  of f rqeucneis  , a s  i s  - 
nnmal  i n  a continuous system. . - 

Physic.elly speaking, the pipe i s  sens i t ive  t o  wavelengths 

i n  a c r i t i c a i  range. For very short  waves., t h e ' p i p e  can 

bridge the span between wave c r e s t s  without f a i l i n g .  In very 

la rge  waves,, ishe pipe confonns to  the shape of t h e  wave, and 





PA (f i oa t i ng )  

pA (s~bmsrged) 

ASSULCIED PIPE. 'PARAMETERS ' 



I r -  . 
because the curvature i s  small,  the  s t r e s s  i s  low. Hawever,. 

f o r  a  middle length range '.of' waves, the  p i p e  'can ne i the r  scpport  

i t s e l f  nor follow' the wave 'without exceeding an allowable 
. . 

s t r e s s .  This description'  .appl ies  to  f i b e r g l a s s  o r  s t e e l  p i ~ e s .  

For very f l e x i b l e  p ipes ,  however, such 'as polyethelene, t h e  

pipe 'can follow the waves down t o  the  very shor . tes t  wavelengths 
--: i s j L c l : ~ ~ t  -:- r z i l i n g .  ,- So horizontal  toxing F s  a losqer r i s k  o ~ e r ~ t i o n  

. . 
f o r  more compliant pipes. 

The very high response 'which occurs i n  the  .awash c o ~ d i e i o n  

1 r e s u l t s  from a decrease i n  the wave-making damping which occurs 

1 as  the  pipe submerges. A t  shaL'loi.7 depths, even though the  

I wave-making damping has decreased considerably,  t h e  . . wave accion 

I i s  s t i l l  s trong,  and t h i s  r e s u l t s  i n  high response.  

. .  . 

Additional Considerations 

Torsional response of t h e  p i ~ e  t o  wave exc i t a t ion  was 

i a l so  considzred. This exc i t a t ion  was shos.,-rz to  be neg l ig ib le ,  
I 
I 

.. -- r e su l t ing  Ir: s; xaximm bending s t r e s s  of - 0 2  p s i .  The reason - 
t h i s  response i s  so low i s  tha t .  the input  i s  very small. m e  

only way  to rs ional  input can be applied to  the, p ipe  by ocean -' 

I 

waves i s  by skin f r i c t i o n .  A l l  o ther  pressure  and i n e r t i a  
1 
! forces caused by the waves a c t  aga ins t  t h e  p ipe  w a l l  by pressure ,  

1 which i s  nozal t o  the  surface. Since t h e  pipe.  i.s c i r c u l a r ,  

a l l  pressurz forces a c t  through the center  of the  c i r c l e ,  =d 

a there  i s  no torque. 

Anoth2r horizontal  tow load conditiozl which has been . 

7>osti;lat2:3 i s  z ige  - - f l u t t e r  caused by a x i a l  flow v e l o c i t e s  
- - - -  . .=-,._'I z.: =iyL? 2Lpeo This. nay be of g r e z t e r  s igni f icance  ---" -- -- 

. - 
rzr c o n p l i ~ n c  ?ipes.  It i s  expected t h a t  t h i s  source of loading 

i s  rrot inr;ortznt .  However, a r t i c l e s  r e l e v a n t  t o  t h i s  phenomenon 

are  i n  th? lL'-Lerature and have been requested. .. When'these have 

been received,  i t s  s igni f icance  w i l l  be assessed.  
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NOMENCLATURE 

t o t a l  dam~ing c.oeff.ic.ient 

equivalent viscous ,damping. coe f f i c i en t  

wave-making damp ipg. co,ef f i c i e n t  

water l ine beam 

pipe 'radius 

drag. coef f ic ien t  

pipe diameter 

e l a s t i c  modulus 

accelerat ion of g r a v i t y  

projected height exposed to  f l o w  

pipe moment of i n e r t i a  

xave nmber 

e f fec t ive  wave number defined by Equation (8) 

hydrod;mmic buoyancy ' s t i f fness  

mornen t 

e f fec t ive  i n e r t i a  defined by .Equation (5) 

weve amplitude power s p e c t r a i  d e n s i t y  

pipe bend.ing s t r e s s  power spec t ra l "  dens i ty  . . . 

wave c e l e r i t y  

peak r e l a t i v e  ve loc i ty  between pipe and f l u i d  

distance along pipe 

sway dtsplacenent 

heaage displacement 

f i r l id  displacement from calm water l i n e  

sch-ergence depth t o  pipe center l ine  L 

- - - _ - -  :;,, " , L 2Tfg th 

effzctii.re wavelength defined by Equation ( 7 )  
f l u i d  mzss density 

pi72 n l s s  per  u n i t  length 

pipe heading s t r e s s  

PJ.:S ptpe bending s t r e s s  

angular frequency 
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Problem 1 - '  STATIC 

NOFINAL A X I A L  STRESS AT TOP D U E  TO 

WEIGHT OF CUP 

Ys = Weight Density of Pipe 

yw = Weight Density of Sal t  Water 

Problem 2 .  

Bucklina Pressure For Thin 

' Wall ed Cyl i nder 
+ 

E = Young's Modulus 

t = ~hickness  

C = Diameter 



r 

d 

Problem 3. 

E i t h e r  S imply  Supported o r  B u i l  t - I n  

T :I 
li: 

CD = Draa C o e f f i c i e n t  

P = Mass Dens i t y  o f  \ l a t e r  

CD P U2D/2. I! = Magnitude o f  Uni form,  Deep Sea Cu r ren t  

D = Diameter o f  P ipe  

T = H o r i z o n t a l  Force a t  Lower End 

W = V e r t i c a l  Force a t  Lower End 
T . 

. 1, = WFRAC*(Pipe Weight)  

. . .  
Governing Equat ion  

E I  8"  - W 0 = 1/2 CD p u 2  D X + T  

8 = s l ope  (dy /dx )  

E I  = p i p e  bending s t i f f n e s s  

For S imply  Supported Case: 

MAXIMUM BENDING STRESS = BENDING STRESS AT L /2  = E D 8 ' ( L / 2 )  /2.  

E = Young's modulus 

For B u i l t  I n .  Case: 

MAXIMUM BENDING STRESS = BENDING STRESS AT BARGE = E D Q 1 ( L ) / 2 .  

... Free End 



Program 2 - HEAVE 

(Ho cos @t - XB) AB yW+(-Hoo s i n  o t  - xB)  cB 

r i g i d  Ho cos o t = wave h e i g h t .  
connec t ion  

XB = X B ( t )  = heave p o s i t i o n  o f  barge 

C '  = damping f r om t h e  sea on t h e  barge B 

? Free end 
A~ Yw 

= (a rea  o f  barge a t  w a t e r l i n e )  * 
(we igh t  d e n s i t y  o f  sea wa te r )  

Governing Equat ions 

i f o r  u n i f o r m  p i p e  

P 
= mass d e n s i t y  o f  p i p e  m a t e r i a l . +  v i r t u a l  

C p  = p i p e  damping = h (wa te r  v i s c o s i t y )  (wa te r  mass d e n s i t y )  w .  -- 
( p i p e  w a l l  t h i c k n e s s )  

E  = Young's modulus 
. . 

u = v e r t i c a l  d isp lacement  o f  p i p e  = u ( x , t )  

a  = s t r e s s  i n .  p i p e  

. , 

MBY iB = (H, cos t -XB) As y,+(-Ho .u s i n  CB-a(L) ' Ap 

f o r  barge 



XB = XBC cos w t  + XBS s i n  a t  

MBV = mass o f  barge t v i r t u a l  mass o f  barge 

Ap = c ross  s e c t i o n a l  area o f  CWP 

Program.3 - HORIZONTAL, UNARTICULATED 

Simp1 e suppor ted end h o r i z o n t a l  wave d isp lacement  = yw 

Yw=Yo e - (2n/h)  (L-x)*C0S(2nt/T) 

2 
A = (9/Zn) T = wave1 ength 

Wave Mot ion  

T = p e r i o d  

y ( L , t )  = Y C .  cos(Znt/T)+YS s i r !  ( 2w t lT )  

Y- - T = k cos(Zn t /T )  + TS s i n  ( ~ I T ~ / T ) . .  -, 

W=WFRAC x ( p i p e  we igh t )  
F = FTOP cos (w t  + p ) 

damping f o r c e  on p i p e  f rom X t o  X+dx = ( 4 1 ~ ~ ) )  C D F  D dx V ( iw -? )  

Cd = d rag  c o e f f i c i e n t  

b = wate r  mass d e n s i t y  

D '  = p i p e  d iameter  

V = maximum re1  a t i v e  v e l o c i t y  (yw-y )  d u r i n g  o s c i l l  a t i o n  



Governing Equat ions 

E l  y " "  -W y "  + ( 4 . / ( 3 . n ) )  C,, 6 D  V - + 04' ' 0 

E I  = bending s t i f f n e s s  

P = mass p e r  u n i t  l e n g t h  of p i p e  i n c l u d i n g  v i r t u a l  and u n t r a i n e d  mass 

a = bending s t r e s s  

E D = (Young's modulus) x ( d i ame te r )  

Program 4 - HORIZONTAL, ARTICULATED 

Simply  supporeted end 

Force f r om wave m o t i o n  
j o i n t ,  no moment 

+ Free end 

T h i s  program was t h e  same equa t i on  as t h e  H o r i z o n t a l ,  U n a r t i c u l a t e d  
p i pe .  The two s e c t i o n s  a r e  a t t ached  u s i n g  t h e  c o n d i t i o n s  t h a t  t h e  
f o r c e s  and d isp lacements match a t  t h e  j o i n t .  The mo t i on  a t  t h e  t o p  
i s  and t h e  r e s u l t i n g  va lues  o f  F and t h e  s t r esses  i n  t h e  
p i p e  a r e  determined. 



F r e e  end 

- . . 1 

Program 5 - HORIZONTAL, B A R G E ,  ARTICULATED 

E q u a t i o n s  of mot ion f o r  ba rge :  
. 

2 2 -u Mnq TI,-w N TI. -w M $,-u N y n  ,yi = (Fnr  + FTC) ' a  
rlrl 1 y n 

2 .  . 2 .  
+w N q n  0,-u M n n  q i+u N (Y -u M - '  

- 
YO 

- (Fni + FTS) . a  
,TI r 

2 -u My,, '' Q - u  H ' 

2 
r Y n  n i + ( w  M,,+B,,) yr-u N,, y i  = (Fyr +aH F T C ) a  

2 2 .  
+u N Y n  ill-u MYTI ni+u N,, yr+(-u Myy+Byy) yi  = (Fyi + a H F T S )  a 

Barge 

Where FTC and FPS a r e  f o r c e s  a t  t h e  t o p  o f  t h e  a r t i c u l a t e d  p i p e .  
FTC and FTS a r e  deduced by matching t h e  d i s p l a c e m e n t  o f  t h e  
ba rge  and p i p e  a t  t h e i r  a t t a c h m e n t  p o i n t .  

Barge can r o l l  and sway 

Waves a p p l y  ho i - i zon ta l  f o r c e s  and 
r o l l i n g  moments t o  b a r g e  

s imply  s u p p o r t e d  

-- f o r c e  from 
wave mot ion 

s i m p l y  s u p p o r t e d  

E q u a t i o n s  deve loped  f o r  t h e  H o r i z o n t a l ,  
A r t i c u l a t e d  program a r e  used t o  
r e p r e s e n t  t h e  CWP 



Compati b i  1 i ty c o n d i t i o n s  : 

YTC = qr + eH 'r 

YTS = qi + " 
Hi 

I n  t h e  above equat ions  

aH = v e r t i c a l  d i s t a n c e  f rom barge c e n t e r  o f  mass t o  barge-CWP at tachment  

u = c i r c u l a r  f requency  o f  wave 

"r = component o f  sway i n  phase w i t h  t h e  wave 

" i = component o f  sway o u t  o f  phase w i t h  t h e  wave 

' r = component o f  r o l l  i n  phase w i t h  t h e  wave 

I 'i = component o f  r o l l  o u t  o f  phase w i t h  t h e  wave 

I a = wave ampl i tude  (wave h e i g h t  = a cos w t )  

MqnY My,,, M y y y  Nu,,, NqyY N y y y  Byyy Fqry FqiY Fyry Fyi can be de te rmined  

from, f o r  example, "Hydrodynamic Cha rac te r i s , t i c s  o f  P r i s m a t i c  Barges" 

by C. H. Kim, C. J .  Henry and F. Chou, OTC Paper 'No. 1417, c o p y r i g h t  1971. 



if X = a cos ~t 

X = -a a s i n  ~ t .  

C c = 2 m T r  

CWP DAMPING - HORIZONTAL MOTION 

To develop t h e  a p p r o p r i a t e  damping i n  t heo ry ,  t h e  f o l l o w i n g  s tudy  
was needed. 

1. Review ~6. 
X 

1 
- ! K a  2 

= 2 

- - - M U2 a2 
KEmax 2 

LC f i 2  DElcyc {(damping f o r c e )  dx = ( ~ - i )  ( f  d t )  = C X d t  
CY c J 

2, 2n/w 
2 2 2[ ;- s i n  2 0 t  s i n  ~t d t  = C u a 

= U2 a 2 1 t = o  20 I t = o  

2 = n C ~ a  

(DEIcYc) / JPEmax KE,,, = 2 n C/ &-Ti = 4 n C/Cc 

CIC, = ( 1 1 4 ~ )  [(DEICYC) 1 JPEmax KE,nax 7 



f 

2. A p p l i c a t i o n  t o  CWP, assuming CWP i s  a beam 

- 

, T (  
y = l a t e r a l  d e f l e c t i o n  o f  C!dP 

= Y s i n  2nx/h cos u t  = y o ( x )  cos ~t 

I 
2  

YO"  = - Y  ( 2 7 ~ 1 ~ )  s i n  2 n x / ~  

2  2 ( y o w )  = Y ( ~ n / h ) ~  s i n 2  2nx/X 

1 1 1 .  
i. = w y o ( x )  s i n  w t  

I 

=u2 y2  s i n 2  2 n x / ~  Yo 

E I  = bending s t i f f n e s s ,  

p = mass p e r  u n i t  l e n g t h  

X 

f 1  1 

, LoX - E I  ( y o 1  I ) '  dx=- E i  'i2 ( ~ T / A ) ~  S ~ n ~ ( ~ n x / h )  dx 'Emax 'J 2  2  
x=o 

X 
- E I  y2 ( z T / x ) ~  [x/2 - s i n ( l n x / ~ )  / ( 4 ~ 1 ~ )  - 7 



3. Es t imate  o f  Damping 

Fa = c l a s s i c a l  d rag  f o r c e  on dx l e n g t h  o f  p i p e  

- c D ;  D dx ~i 1-i - 7 

ia = energy d i s s i p a t e d  pe r  c y c l e  i n  harmonic mo t i on  -1 dx 

CY c  

J - - - cD e D dx I X  I X 2  d t ,  2 X = - V  s i n  ~t 

CYC a 

= CD 6 D  dxlw / v3 s i n 3 ( u k )  d ( w t )  

w t = O  
a 

3  
= ( v  CD g D  ~XIU) [: - C O S ( U ~ )  + c0s3 (,,I] 

ot=O 

4 3 = T  C D b D d x V b  

V = cans tan t  z 0 



FS = l inear  drag force o n d x  length of pipe = dx 

-J's dx Es = energy dissipated per cycle in harmonic motionllinear case - 

= T dx J i2 d t  , i = - V  s in  w t  , V = constant a 0 

In order to have a  valid approximation when the l inear  damping i s  
used in analytical studies the two energies Ea  and ESeare equated 
to give 

so tha t  i s  proportional to  the velocity amp1 itude and 

When these resu l t s  are  introduced into equation 3 , ' 

C/C, = 2 CD 6 D V ( h / ~ n ) '  / ( 3 n m )  

Replace V using 



YO is the displacement amplitude, T is the period and 

CD = drag coefficient 

p = mass density of water 

D = pipe diameter 

2 C/Cc = C D 6  D YO A /(3 a2 T JEfa) 

x = wavelength along CWP 

T = period 

EI = pipe bending stiffness 

4. Numerical example 

CD = 1.0 

2 4 
= 2.0 lb-sec ft 

D = 30.00 ft. 

YO = 20.0 ft. 

x = 1000. ft. (from HORIZ 2 output for T = 12.8 sec. 

T = 12.8 sec. 

EI = (30 lo6 144) ( n 3 0 3  (1.5/12)/8.) = 5.73 10" 1b-ft 2 

p = ( n 3 0  12 1.5 0.3) 12/32.2 + 2. (n302/4) 2 

2 2 
= 190. + 2827. = 3017. Ib-sec /ft 

2 2 .  C/Cc = 1.0.2.0 30.0 20 . 1000 /(3. 8 :12.8 J5.73 10" 3017.) 

N 

amplification factor at resonance = 1 
= 20.76 

2. (0.0241) 



Steel CWP Performance Analysis 

Brown & Root u t i l ized  the programs prepared by Mr. Paslay to  
determine performance of both s teel  conceptual designs. The 
scalloped and the longitudinal and ring s t i f fened (shel l  and t ee )  
CWP designs were evaluated by varying several d i f fe rent  parameters 
and analyzing the resu l t s  of each run. The following runs and output 
were obtained: 

STATIC Program - Both design concepts were analyzed for  interface 
bending s t resses  with the variables;  CWP Length = 2435 F t . ,  CWP 
Diameter = 30 F t . ,  Pipe thickness (scalloped) = .8244 in.  and Pipe 
thickness (shell  and  tee)  = ,5528 in.  

H E A V E  Program - The design parameters used in the' s t a t i c  runs were 
applied in the dynamic heave analysis u t i l iz ing  values of Tw = . 72  
in. (scalloped) and Tw = 7 .2  in .  (shell  and t ee )  fo r  the thickness 
of the water virtual mass layer.  Periods of 1  through 18 seconds 
were input for  each design case. 

For the scalloped design, additional runs for  a  period of 5  seconds 
with varying Tw (1.5 and 3.0) were made. The resul t s  from t h i s  
analysis were plotted and are  shown in Figure - 50. 

HORIZI Proyra~r~ - Both design concepts (unarticul a ted)  wpre analyzed 
for  CWP deflection, s t resses ,  and forces with a  pipe thickness 
of 1.1132 inches (scalloped) and .7368 inches (she1 1 and t e e ) .  The 
wave periods applied in the analysis were 7 ,  12.8, and 18 seconds. 

HORIZ2 Program - The two designs incorporating a  jo in t  a t  a  distance 
X down from the O T E C  hull/CWP interface were analyz.ed for  d i f fe rent  
periods (7 ,  12.8, 18 seconds) and barge connection amplitudes. The 
distance x varied from 400 fee t  t o  550 fee t  ( i n  50 f e e t  increments) 
for  the ar t iculated joint  placement. 

The wave period was varied Prom 5 to  18 seconds for  the 450 fee t  
and 550 fee t  a r t icu la ted  shell  and tee design fo r  an in phase 
barge connection. Maximum s t r e s s  in the upper CWP sect ion,  maximum 
CWP s t r e s s  (along the en t i r e  length) ,  and the amp1 i f ica t ion  factor  
( Hinge/ Interface) a re  shown for  each period in Figures 51 and 
52. 



Conclus ions - From t h e  r e s u l t s  ob ta ined ,  s t r e s s e s  appear t o  be 
s i g n i f i c a n t  i n  t h e  u p p e r - p o r t i o n  o f  t h e  CWP i n  t h e  450 f e e t  a r t i c u l a t e d  
s h e l l  and t e e  d u r i n g  wave p e r i o d s  o f  around 12 seconds. The 
r e s u l t s  o f  t h e  s h e l l  and t e e  a r t i c u l a t e d  a t  550 f e e t  i n d i c a t e  t h a t  
t h e  s t r e s s  l e v e l  i n  t h e  CWP may be accep tab le .  

The response o f  t h e  CWP i n  heave r e v e a l s  h i g h  s t r e s s e s  f o r  each 
u n a r t i c u l a t e d  des ign  d u r i n g  wave p e r i o d s  o f  around 12 seconds. The 
r e s u l t  t hus  f a r  i n  t h e  performance a n a l y s i s  o f  t h e  s t e e l  CWP's 
i n d i c a t e  a r t i c u l a t i o n  i s  necessary  and f u r t h e r  j o i n t s  ( h i nges )  may 
be r e q u i r e d .  



.PERIOD , SECONDS 

8 0 0  - ----- SI IELL 8 .TEE DESIGN 

L -  2435: D I A . = ~ O '  

THICKNESS OF PIPE = 0.5528 

T w -  7.211 

7 0 0  - 

SCALLOPED DESIGN 
L = 2435 ' ,  DIA.: 3 0 '  

TtlICKNESS OF PIPE = 0.8244" 

Tw = 0 . 7 2 "  

. + SCALLOPED DESIGN 

O SCALLOPED DESIGN 

3 0 0  - 

100 - 



SHELL 8 TEE DESIGN 
L I = 450'; L2=  1985' 

THICK I = 1.022"; Tti ICK 2 = 06725" 

PER,IOD, SECONDS 
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The purpse  of this stcdy was : 

1. Tb c h ~ k  the feas ibi l i ty  of L\e F-FL/AVI\4 av-I? 

2 .  To mike r e d i s t i c  criticism on t h i s  d e s i ~ y  i f  n e c e s s q  

3. To give an esti.;natA wst or' Lie G!TP grecasting on shore m-d 

consequently to h i l d  the gureral s c h m  of the construcLiion s i t e  

organization as  as a schdule  

4. To saggest m e  c h ~ g e s  in the desip in order to inprove i t s  

f easibiliey 

5. Tb present nsw ideas which could he develo,ped jn a further step. 

It should ke notecl Lhat : 

A t  the tine this effor t  has uiidurtak=l - 

- smz elements of the design, e.  g. the intam-diate resul ts  of ~e kendincj 

m m - t  calculation the angle. of rotation or cri the shear farces of the 

cold hater pipe w i t h  the d i f f e r a t  p s i t i o i l s  of l-iinges w e r e  lacking' so 

the problem could not ke analysed c q l e t e l y .  Diis cou1.d ke a scjurce of 

deficiencies or  ir!accclracies in the conclusions a d  r e c m n d a t i o n s .  

- a l l  the problem invol.vect i? the conception md,'or t?,recticn of 'kt-2. CtQ 

tiere not i n  depth a s  the leadhg  idea t o  ?x as  " c a n s t m c t i ~ i ~ "  

as  p s s i b l e  t o  ensure the feas i5i l i ty  cf the coricept as  well as t o  ~ b t 2 i . n .  

a reasordole cost es t -bate  . 



- SCITR altemztives t o  the ATL/XWl concept are: It should be w-6exstccd 

that  these sugqesticns ;$.auld need a complete zmlysis  which has not k e n  

herein pxfo-&. %re or' "he problems fow~d interesting: t ine  

delivery, constru.ction or  erection problems and cost t o  rime a f?v. 

2 . 1  Hydraulic Consic!erations 

. 2.1.1 Gmeral Platfom, Byout 

TFX) t y ~ e s  of p l a t f o m  are considered: 

- Spar platform 

- Barge pia t fom 

Taking ir. accoullt Lhe fact  that +he evaprator uses surface miters that  

wntairl quite a l o t  of living org=isns i q l y i n g  t-kit px icd ic  cleanirg opra t ions  

w i l l  be neded ûz b a s e  tEe platform s e m  preferable a s  it provides ea.sier accsss 

C t o  this element. 

A protective conical resh is placed a t  the extreme lowest pa r t  of the pipe 

in ordm t o  piievent arly fcreign Hy fron at&-incj the p i p .  It i.s ts ke feaxcd tha.ti. 

these bodies w i l l  rmirl fixed. on the resh by the pressure Eifference euisting 
0 

k & e e n  bth sides. For c l a n i n g  p q c s e  it seems appropriate t o  place tl-us nesh 

1 a t  the top of the p i p .  

In the present des.i.qi? the pi12 is obtuated by +he p u r  hfiusing elem.,i.\t 
U 

equip@ wit.!! four cold mter pumps. Such w a;rrangemat ray k critj-cized with 

resmt t o  pressure ~rariat ions due t o  c h l g z s  in the cold mter flov~ s,& or t o  



Letting E-e  upF part of the cold water pipe be to ta l ly  free mul.d 

creiite (in the miZdle of L le  bhrcje) a cold $ata  ell freely c m i ~ n i c a t i z ~ g  wi+A- 

deep waters. It pa17 ke estiiiated. L k t  FEI~~L- lsvel  i i i  the \;ell wi.11 k ' a  b i t  

lower (&out 6 ' )  than s e  level rrainly kecausz of - the greater dansity of cold 

water, - pressure losses due t o  pipe flow. 

Pmps m y  ke locat& on +he h ~ g e  w i t h  p ro tx t ive  q i 6 s  on Lle sides of 

the well. E'o-rzicp M i e s  w i l l .  be easily rmovd.  a t  this level. 'To decrease "&-e 

lowering of cold v a t e . r  l e ~ l  when sLt- thg the p i m p ,  a sys tm of b ~ r - ~ s s e s  i s  

~rcvi6e4.  ,Prqressively shut L l q  should a l l ~ w  an ezsy sLm-t of cold ! v a t =  mt ion.  

Csl the other hand non-retlm- valves situated to the outside rc&en pcmps x e  stoppd.  

It r c r i l l  l i i t  ef f i c i m t l y  the i x c r a s e  of. m t e r  1.evel iD. the pip a-t t F M t  ths. 

The altnaative hydxaulic design resultkg fm these considexations 

i s shorn i n  F i v e  1. 



FBFN CF.'JI? DESIGN 

I 2.2 Technical Considerations -- 

2.2.1  baterials 

The cancept is h s e d  on the use of a special l iqhtwiqht  concrete on 

which a detiiiled study h s  k e n  pxrfomed. 

Expxience does not exist  on this psrticulax t y p  of lightvreiqht c o ~ c r e t e .  

E q a i e n c e  G o e s  exis t  on s L ~ c t l x e s  such as  bridges using a 116 PC3.' qa7rj.t:~ 

/ lightvreight concrete. Frcm t h i s  a p x i e n c e ,  it should be rut&, tkit: t2.e u e  

of lightweight concrete n=+.s a w m ~ e n t  control of the rrisb-g ~ r c - p r t i c n s  t o  ens~xcilre 

the desired f inal  breaking stxength. me concrete ~,mrWlilitj7 is very dep-admit 

C ? ~ J I !  the ~ ; ~ h l l L i L y  OE water and sand in in.e m i x . t . x c  m.d tlrm r ~ c d  a vary acmiate  

batch plant which nust k . ~  q e c i a l l y  - d i f i e d  for t h i s  tjp of cor?crete. 'FP.~ 

stm.dard deviation (or the ~ c e n t z q e  of variation) of rratcrial p r o p r t i e s  is 

s o r r e ~ h t  great= thaii for  re9-ular concrete. The use of s t m  ca-ing to accele-ate 

the hardening of the concrete dces not subsLaitially affect  tie f iml bredkiiig 

In the case of the CCP, thz pi-opsd lightweight mncrete has a very s.-all 

Young rnzdulus. This fact ,  in combination w i t h  the use of elastorneric karb-g  pads 

in hinges is fa:ror&le for a qxd distribution of the axial  lead bet~~v'e~n the 1 2  

teeth of.  each junction. On the other hand it should 3=e neces-WJ t o  use a special 

grout mistwe f ~ r  prestressing mbles in order t o  avoid cracks in this grout d m  

tc elonqtion.  This i s  due t o  +&e tw ia t ion  of stresses between storage and mrking 

) .conditions as sea. Fu-rt"1~~ invsstiga-tions into this rirtter s e n  m x r a i t d  as it 

is  of pr* interest  for th,e l i f e  e p x t a n p j  of the m l d  ~mte-r pipe. 



2.2.2 Forms 

Alxrf from ~ ~ c t u ~ ~ a l  considsrations, ti12 f o m s  qiveii- t o  the  actual d e s i p  

I seem. t o  k r ight .  b~evertheless, it s b d d  k note2 that wit35 a thicJmess of 

4 1/2 inches, the placbg of concrete w i l l  have t o  be v-1 accurately sm72yed. 

Performing a f u l l  scale  test t;.e?ore a f i n a l  decision t o  use tilis c o n c e ~ t  is strongly 

urged. T h i s  takes in consiGeration the  fac t  tht "&ere i s  no 'msis of e~cryerie~ce 

to determine the  behavior of the  p r o p s &  liqht?~X2iqht concrete in sin:ilar castb-g 

I conditions. We have ample ~ r i e n c e  wiL& regular concrete. 

After a review of qeneral indus-try pract ice,  f o r  the W y  of +&~e Oil the 
I 
I concrete cover of prestressing sheaths i s  suff ic ient  providing L k t  d ~ c t s  are rade 

w i t h  continuous steel pipes 1 t o  2" thick a~cl t h a t  spcial devices, scch a s  hezit 

shrink p las t i c  t&s, are placed a t  the constructior, joint  t o  e q s a e  v,at:ertightmss. 

I 2.2.3 S n s t r u c t i o n J o i n t  

In th2 APL/ZBN~! desiqr, a eonsLact ion  jo in t  is a necessary- requirement 

fo r  the ccmpletion of each segnent. T h i s  pint presents s e v e ~ a l  dra~~backs:  

. It is always a weak s t ruc tura l  P&L where cracks m y  be e x p t e d  xnd 

where there is no r e j l l f ~ r c k ~ g  steel continuity i?ibich i.s a sc?~:io.~s flaw 

in the  design. 

. In such a corrosive environrrerlt a s  sea waterr, p u l i a  at tent ion sbauld 

be given t o  the  \.ratertightness of the  presLressing s h ~ t 3 . s .  Zlis i s  a 

h x d  problem to solve i-11 a satisfacto:cy mnier fo r  such a joirlt. Usually 

in  varine mrks ,  sheaths should k md.e vi@certigk'lt at. each conr.ectioxi f c r  

insL&-ce by the use of heat s:?lii pla.stic hoses. For the  actual design 

a suqgestiox is "he u s e  of rubber sea ls  ~ 3 m p r e s s ~  by the weight of the 

upw sea;rm-t before qouti_ng +be r w a i i i k g  necessary gap. 



Fnother very - i A k t  problm is the ro~mdness of the ti*a f a c h g  

ssztions. W i t s 1  such a mall mll thickness, 20 big m i s a l i c ~ n m t  of 

I cpxratr ices m y  ke tolereted. This implies t h a t  ~~elc-y stiff s teei  

U a 
forms rnust 5e -sd, The sddition of a concrete c i r cu lw  sti.ffener 

a t  the joint level ~iould help a l levia te  mst of the p r ~ b l m s  already 

mltioned. 

2.2.4 Structural i?nall(sis 

L ,em the seqr31-k~ .. Fss~ming F i r s t  consic?,er the desiqn of +he "teeth" be'-v7 

0 
t t ~ t  n o m l  sLxesses d ~ e  t o  prestressing forces x e  distributed with a 45  smqle on each 

side of Lye hsring plate (and. t h i s  is a l r a 6 y  an o p k ~ i s t i . ~ :  ass~iit . i-on) it is s ~ t z l  

zrom Figures 2 .' 3 that on btl sides of the p5, a non-negligible paz-t of ?he 

load i s  not pro,-ly transferd t o  the r e s t  of tihe str.~cture. Cracks a3.d eve11 

I rupture m y  be mcour~ . t~ef i  Li these areas. 

I n  the region where the thickness of Cle s h d l  i s  tziLm&, pre1imFnm.y 

analysis of the shel l  s b ~ w s  the e x i s t a c e  of w e a k  pints where shell  thickness is 

insufficient.  Ln p ~ r t i c u l a r  a t  level of section A-3- (Fig. . 2)  -d E-5 (Fig, 3) . 
The f i ~ s t  +3,3 apprcaches v,eire a s  follows: 

- A s-e shell m d y s i s  by a f b i t e  elment prcqam us& t o  f i ~ c l  

out stresses in the structure consider& a s  a system of she1l.s rings 

sctb j e c t d  to the mdxim v a t i c a l  s e t i c  load (2 .4  toils) c'id t o  i.ts own 

I prestressing systm,. It  i s  assLx& t h a t  there is a symetry of revolution 

a~ound a vert ical  axis for the stmcture as  r\~eI.l as for the 1oz.d~ (see 

Fig. . 4 ) .  
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- A second &alysis \nth the sane proqm, on a vary s i i l a r  structure 

has mde keame of the diff  i c d t y  i n  rrdelh-g the rings, *ieh diner-sicns 

beb-g in rmst cases cpite of s-m o r d ~ r  a s  those of the shsl ls .  

Therefore all rhgs Fiere el-kiinatsd. the s tnctue FES rcdeled a s  a 

co~bi.nation of shells  o d y  (see Fi9. 5 ) .  T&le . l  sho~is thzt in 

lmLh analyses concrete sL-esses reach wiacceptable levels be- 

sections : 

Table 1 
--we- --.-- ----- 

SG-ction A-A Sxticjn 8-3 

----- --- 
m m l  stress Normal Et-cess Xom.al s t ress  ~:o.mal s t ress  

F i r s t  ccmputs - 4540 psi  5170 ps i  6370 psi - 5340 ps i  

run (Fiq. 4 )  (- 3130 t / m 2 )  (3620 t/rJ) (4460 t/m2) (- 3740 t/m2) 

------ -- ---L-- ' 

Second coqu te :~  - 4060 ps i  4720 ps i  3260 ps i  - 7170 ps i  

run (Fig. 5) ( -  2840 t/d) (3300 t/m2) (5780 t/&) (- 5020 t/d) 

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

( tensi le  stresses a e  negative an2 compressi~7e stxesses are p~ j - t i x re )  . 

These results  have 1&l t o  a f i n i t e  e lwent  &nalysis of the joint a ra  

in  o r d a  t o  find out with mre a c c 7 a a ~ y  the s t ress  distribution ucis t i ig  i n  this 

prt of the ~~~~~e. The chosen msh is j o i n d  with the &awinc;s of stxess 

distributions for : 

- prestressing alone 

- prestressing s t a t i c  I.c& (2400 ~ t r i c  tons) 

- prestressing and assured dy7mni.c loas, (3500 retric tons) 



All stresses L-e principd. stresses zzc! for the sake of clarity their 

representztian i s  limited to the areas where serioils p ~ b 1 s . s  m y  be expect&,. 

N m e c i c a l  results in sections 24-1. a d  B-B =e foucd as : 
.--- 

Sectior? A-A Section B-B 

Principal Fr~.c ipl IZrir~cipl Prin.cip1 
corqressive ta-s i le  compressive tsisi le 

stress stress stress stzess --- 

P r e ~ ~ e s s i n y  2730 psi - 3290 psi 3310 psi .- 2570 psi 

+ static load (1920 t / m 2 )  (-. 2310 t / ~ i 2 )  (2330 t/1i12) (- l81C t,'ir2) 

Prestressiig 4460 psi - 612C psi 4550 psi 5050 psi 

C From these results it i s  cc~~cluded. that the 22L/PBF_IVI 6esicjn should be 

altered in .  set-es'a.1 p & t s  t~ g i x ~  a silfficiw-t s t r m g t ?  to the si;suct~re k-1 particll l?~ 

in the joint x-ea. 

To avoid splitting ar-d cracking ti\- xeasures axe nomlly taka: 

- a well defined h a p  reblforc€rii~xt is plec€d 

- a su£fici.ent cmr~crete covm is required. 

If  Freyssinst "K" rculrje* a~.chorages bicre US& to ensme the vertical 

prestrass.ing of e c h  e l m t ,  it ~ a i l . 2  rqu - i r e :  

- 1 9  K 5 t y p  wiLk  1 6  sh-ar-ds in secjrw-ts 20 to 60. 

Taking for example the 1 9  I< 5 tl-ge, a typical spiral reinforce-t wou1.d 



be 9 turns of +" ba.r to fom a 133;" out= dkir.ete~- spiral, 19" long arid 

that tie recomEe_rld,r7. d.i.stance be tv~ee~ cable C2);_s mi! ccncrste surface is 7 3/4". 

Spiral reinforcemat a.s h7eal kel01\7 these d c e s  (sw Fig. F.6) . 

In the pres t rsss i?~  lay-o~t 

several Fmprtan-t details  xe n issbg:  

-Vertical prestressing is neelicxi zit the J-ewer part  of the joint t~ carey 

the load up t o  the lev& of +he incline2 cc&les. mcts  arid rccesses x e  S ~ C ) ~ C I  b ~ t  

without india t ion  of t he  type of prestressiq - likely rds  because of Cie ma l l  

lam. -- khick i s  of prim. imprtar~ce to  the resi .stace of this par t .  

- C i r c ~ ~ e r s n t i a l  prestressiiq is shcvn but only in the cross_-secticn 612i.i- 

i~ lgs .  3 dctai.led l a p u t  S P G ~ , $ J ~ ~ I ~  the  sh~.~r?i? of each czble Li a hosizs!ltal. plane to- 

gethex wit21 m~chorirq pir-ts - t h ~ t  m t  ke situated on the outer side of the shell- - 

is neetiei. 

The mhm-ica l  behavior of the h-bqes is  of p i n e  concern. 

Eotation betwsen edio consecutive s c q m t s  i s  essw-tially obtained by distc~rsion of 

neoprzne p d s .  It 17-ay ke assurd  t h i t  the m h .  distorsion is: 

- eqral tc, the th.ichess of the p6, correspndjLng t o  a t ransvas displace-. 

mt equal t c  the p d  thickness, or to  a_? angle of 450 which is  the 

- -1 tc 0.58 ttliis the thiclcness of 'cl-~e p d  corresFon6iigi t o  a. q l e  of 

0 
30 t h a t  ray t;e' a F Z I X ~ .  balue for q~rr ,e t r iczl  reasons ( i . e . the s b p  of concrete 

recess) 

For L , c l a  of 300 witih r3.s;-t to  the horizo~tal  p~an2, the center of 



If  o is the rotzition a d  d the neoprene mvemrit, then 
m n 

Thus yieldiq : 

for a 45O angle 4 = h = 102 mn ( 4 " )  

0 Simila-X>!i for  a 30 angle - - 

Seth values axe klos\r the required 1 . 0 ~  angle of rotation of each joint 

0 for ~e Brazil s i t e  r e w w - n t  ~ 7 6  kl0.q '&e 2.6 t o  2 .8  rotation rqdr=-t for 

the merto i?ico site. It s m s  *it w i t h  such arl angle it w i l l  r,ot be p s s i b l e  t o  

keep the sai7.e mbmicai  princ:iple for joint design, b ~ t  a t  the sa!e t - b ~  no a!.tema- 

tive could be developd. to  cqp  w i t h  such a rotation. 



FIGURE ! 6 POST 'TENSIONING CETAILS AT JOINTS 



The vertical load is cmied froin one CWP s v - t  to tl?e ne-e by x a n s  of 

twelve elastorccic pzds. Each  ad hzs a total  thic,hess of df '  (102 m) . ~ f i s  kbd 

of pad is mually m;Ze of a siiccession of nmprer~e 1z.y.yers s~p.rat&i by s t f e l  plates. 

Typical layer thic?c~esszs rznge from 1/3" t o  1/2 " and ray reach the m~-in;1:m value of 

I". Bigqer values r*d~uld b-dcce excessive de.efomz.tions of CIis soft  iraterial, espfcial.ly 

for th is  case where the  ad carries cficqression a d  shear a t  +he s m  tFr;:e. 

The n o m l ,  (through the p d  "thic-kness) stiffness of the pd sk~lild. k as 

m.11 as pss ib le .  As the s t i f a e s s  ircreases with the n~mber of layers, L\e .me of 

pads mde w i t h  four 1" thick nenprerie layers s e w a t &  by 1/8" to  1/16" thick steel  

plates i s  r w o m c l & .  U c 6 e r  the s ta t ic  load such a pzd. : . r i l l  f lat ten of aS3ut 1/7" 

(3 .6  mn) . i%smni?n.g tht a V-IJ zccarets p;ecastir.g i s  raS.s, Z~lLoxd by eccuat.e 

level control of a l l  concrete pads, xbich results in a f b-al corr.cc.tici.n 'A& mv.ld be 

actually rraiie by r t m - s  of steel  sikhs for exmple, a final accuracy in ti-13 pad level 

(for load d i s t -bu t im)  of 1/25" (1 m) m y  be acheivcd. It is then obvious that a 

problem of load disu-ibution m y  xis? and that Fa-ther invsstigat.ions ars  Zofmite!.y 

i needed on th is  topic to  rralce sure th3t the stmcture is able to  withstand uneven mlues 
i 

of loads on the pads. ~u-~Lh&re this  shows that the r~omal stiffness of "he e l a s t ~ 1 ~ ~ -  

ic pad S-0d.d be minimized which i s  what  leiid to  the choice of tie niiiinnr11. acceptable 

nurrber of layers. 
'? 

. >  . 

2.2.6. Ckc~m5erer;tial S-1 ... . . . 

In the liPL,/AE?P2/1 Cr,.P d e s i p  le&ge of b.wter flow is avoid& by E?e use of 

a hollow circ~nferent ial  seal f i l led  with fluid or s i las t ic  corqmuid. Curin9 the 

m v e m t s  of oze @>P ssgcmt wiLLh r e s p c t  .to t?s other the top part of tl?e s a l  sdll. 

folloc.~ the upper eiment ravezrlt ~.~:i..,i_le the b t t o n  ~a-t ~ , l ~ i l l  follor,+?i the lm7a el.=-t 

rrov~.€nt. If in a certtin cross-swtinn f ~ e  seal disLarsion i s  pixely radF;r?l, a de-. 



rotation wi.tn respect t o  a vert ical  axis, the defoLmtion w i l l  be puely t a ~ e r i t i a l  

md the seal w i l l  not fur-cil-on p r o ~ l y  mder *is cori6ition for t h i ~ t y  y ~ x s .  

The CIAP se-nts w i l l  be p r x a s t  on m area naaz t5e sea:-shre. Figure 

I 7 shows a ~ o s s i b l e  gmeral  lzy ovt of the consLir,lction s i t e ,  ~ 7 i t I 1 o ' i l t  hocvl~dge of 

? general lay out of "he w c t  lccation, Cne study ~f t3e h i i i ~ - b ~  flor p i p  s ~ q ~ m , t  s?-ip- 

mt was not F f ~ d  one 50' Icng p i ~ e  segment could be cas t  every Lket? l ays ,  with 

The nm~ufacture. of Lie C W  s ~ r e ~ t s  will take sh~1-t 8 r,mn'ULis. To t h i s  t3x.e 

3 mnths mst be adZd for ta.prai s$-~;mlt a d  PLLE Eousincj precastin.cj. It mans a 

to.tal fzbrication ti;e of 11 t o  1 2  mnths i.,'n~r: acc~w,tLicj is mde for ixgi i i ing  

of t l e  rmrl: which is always a l i t t l e  rmre diffi .cult.  

2 . 3 . 2 .  Typical Seg=t. Casting 

Concrete w i l l  be mde by F a n s  cf a kz~tch plmt locatF& n9ar t3.e ccpc::ete 

work a-rez. This plant mst be ab le . to  prcduce 20 t o  25 cubic yards of concrete p r  

hour. 

I A toc~w crane wild-- a 100/120 foot -WF. ca r̂ taks hie concrete di rect ly  frcrr! .. . 

the batch plant m d  p u r  it into "he forms. This to i~~er  crane i s  also q l o y e d  for 

other opra t icns .  Its load ca:-m.city m ~ s t  be &ut 3 r e b i c  toris within 1.00 f e t  

i reach. 

The ~ j o  half -pips  w i l l  be p r z a s t  w i t t i  t b io  s t ee l  ~OLTLS 10:atd : q i i t \ i i 7  



the track r a i l s  of a gzatq-crane. Tne concrete is placed i n  forms by %,all o p i i i q s  

lccat~d.  a t  d i f fs-3- t  places mi! levels t o  avoid segrqat icn a?d t o  =lsl-lre proper 

f i l l i ng  of the forms. The concrete xi11 k vibi-atml by needles c p b q  thrcugh the 

oy=enir!gs ;vfiich w i l l  k2 closc4 ;,vt?m- concrete , - a x ? ~ s  that  levei. 

The gantry-crate roves on a 100 feet  L-ack m-d can c=ry v a r i o ~ s  ecjuipr.at. 

It r d b 7 i l l  be as& t~ trmsi'er the prefabricated reinforcirg caqes into Lye £oms, tcl carry 

these foms, for t r m s p r t a t i o n  of the p i p s  t o  "he storage zrea, s ~ d  for l ~ ~ d k i c j  the 

CCQ sq.erlts ont3 L l e  barges. 

I' A cornplete C;P typical s-t w e i ~ h t s  &cut 130 mtr ic  tons. T a p s &  

s q . e n t  ar-d p~mp hodsiig mlst also ke l i f t &  but in se~pxateii pieces. The ~aximan 

I pisight t o  be l i f t &  is  h u t  170 ~ e ~ i c  'cons ~ d i c h  i s  why the gantry crzna is de- 

I sigr?ed for 2C0 ?etri.c tons ca~e.ccity. 

in g o d  condition. T-his s g r e n t  is then tilt& by rr.=is of a rcckb-g device m d  put 

on "he lower segrent w i t \  ijhich it is ass~nbl-ed by pres t r e s s i~q  c.&les. 

The complete p i p s  are locat& orr the storage ar-ea -to & transprtsc! t o  

the installa.cion s i t e  ?xr~;e .  

2.3.3. Tapred and Pmlp Eousiig Segrrerlts 

The f o ~ x  s u p p r t  inswts are  prefabricated w d  their  external di-aineter w i l l  he smaller 

t h a  t!-le intarnal dFaiiet.er of t i e  pmp hos ing  to  leave I C G ~  be ti*^^ Icctii for this 
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2- E O U S ~ ~  Ei?xrnt 

- Lightweiglt concrete 

- F o m ~  

- Reinforcifig sts1 

- P r e ~ ~ e s s i ~ g  s t ~ l  

- Anchoraqss for przsixessiig c&les 

' i y p  27 I( 5 

T p  19 K 5 

?tp 12 K 5 

- mts for prestressing c ~ h l e s  

2 1/2" (64 rrm) 1.D 

3" (76 m) 1 . D  

4" (102 m) I .D 

Ass~urptious for Quantities Cal.cliLation 

- It ~3.s a s s ~ i d  that:  

the ~ercentage or  r-s is 60 kg/r;L3 in typical se-ts a~d. 

80 kg/v3 in p ~ x  hous i~y  e l e ~ ~ t s .  

. the vert ical  prestressing LQ the Sottom p t  of ezch joint is 

made w i t h  36 m diaeter rods ~ i i t h  a noi~i ia l  force of 60 r e t r i c  

tons each. 

. l&at& stee l  for exbedded pieces i s  e s t i i t d  or1 "h2 'basis 

It should be noticed. t h z t  a l l  quantities =e conp~Tted from LIe &ai,qkcj~ 

on ~uhich sore Cietails are missing thus  y ie ldkg  a certah inaccuracy. 



Cost E s t b a t e  

(Precas t  21-ts aslmre at p l m t  site) 

2.5.1 Cost E s t i ~ a t e  Breakdotin 

- Ea-e Costs -- 

. General f s c i l i i i e s  

. S i t e  Fr inqe B m e f i t s  a -d  Ni.scellaneous 

. I.4aj.n Contractor 'vbd:s 

- Coficrete 725,000 

- Forms 1,050,000 

- T i l t i n g  s to rage  of prezcist 
s q r e n t s  ar:d stardarr5 

--- 

Sub t o t a l  (1) 3,935,000 

. &inforcing s t a l  

. Pre s t r e s s in9  steel 

Sub t o t a l  ( 2 )  

- Sale Pric:e - 

. General f a k i l i t i e s  and min cont rzc to r  
works 

- S&ontract&. works 
1,535,000 x 1,282 



2.5.2 Cost Esti~2,te Per Itcm 

Sale P~cices Li $ 

Casting T l w t  

m i c a 1  Pipe S-lts 

Tay=ersd ar-d amp Eoisixg Seqnierlts 

- 

Mte: T h i s  cost s b ~ d d  k consi2erd as a lower 'som6 estimte of the 

WL d e s i ~ -  as descrikd b. the prelixhry Cile wiLlizoc:-t w-y ckiyes 

of APL desip.  

Estimted cost for de~: i .cp~g of si te facili:-lies m-d spxial  

2 .5 .3  Cost Estivzite iissiil-rrptioils 

. l&s rate, incl~~ding fringe benefits d ~ 2  to si te staff 

$ 11.20 p r  horn. 

. SLtandar6 eqpip-rm-t: ~onra l  amrtization rate. 

. S~eci.al ecpipcent : 10 0% arcart-zatlon 

(for e~mple:  the crane i s  100% ir-eluded in the i t m  "Tilting . 

and storaqe of precast seqtxrltsU) 

Livlite agqsgates $ 30./cubic yard 

. CC-wnt $ 56. /netric ton. 

. E l a s t ~ ~ i c  raterial to be a t  the SITE price es elastomeric mterial 

for bridqes 



The c j a n t r 7  crme s.jiLLh its applia~ces is estirratd to: 

rou4-J-y $ 500,000. 

. KO engineering cost iricl~d& for C.W.2 

. Ab e.cgi~eerb-g cost kLcl~d.ed for &sip-ing of s i t e  fac i l i t ies  ar-d 

Tht. j s to say m z f  iciea~.ts on bare cost of 

. No c-ge include3 for s i t e  r m t d .  

. P:o charge incl~ded fcr escalation 

. Tirie delivery of present seqents:  1.2 mnfns 

. Bonding, L.csuraces, m d  f inaice c ~ ~ c j ~ s  z:e not ii.ic:luded. 





3.1 Altaaate  &sign Possibilities - 

I1 Havirlg considered the various p r ~ b l m s  raised by -tine basic & s i p  as 

ke employed. The overall k&vio:r of Ece stmctur2 is not altered a.t~d even 'he 

joint (qAstorsion ca~pb i l i t i e s  were kept ideiiztical. The f i r s t  qcal i e s  t.0 ensure 

a safcx transfez OF the load t h o q h  a l l  stm~ctura.1 e l m - t s .  This led t o  sn 

alterriatii~e & s i ~ -  f ~ r  which concrete =d steel  cpnt i . t ies  zre S G I T ~ A ~ ~  bcreased 

but in reasor&le propP~ic)r~s 6mt allcw reter~tion of the barcj-s p l c t f o ~ ~ ~  principle. 

Ln the 'miton of the e l e ~ e n t  prestressiq 'n33 k-en drastically 

ir,creasd m d  s b p s  are deeply alter&. I n  ti;.? top p ~ t  2r:e alternation is less 

visible b ~ t  a great i ~ - r o V ~ ~ n t  rade is dce to  the fzct enat the uppzir free sixface 

is horizon"tal thus allowing casting in the vex-tical psi . t ion.  With convenient 

F 
alternati.ons t o  the guipeiit ax3 t .  the casting prmess this  brill pernit e l i r i i n a t i ~ i ~  

of the casting join. 

1 3.1.2 Structural 

It wss tried t o  kqrovs the structural M a v i o r  a t  joint level b71t?1 a mre i 
I 

~ ~ a i g h t f o ~ ~ r ~ a ~ d  lozd txmsfer . TIE vaostical load i s  c a r r i d  --ugh ant.ir~uous 

ring kwis a t  "&e top as well as  a t  the bottom of the seq-mnt. Foreover the .: . 

'brsional stiffness of these k a ? s  r~duces "the f 1e:e::~ral. m m t  in the cor-mecti.on 

shells. Post-tm.sionii;g is alm.ys c a n i d  fsz enocgh to  1, evenly distributed i n  

the necessary- a res .  Ecop p_res'kressi_n.g is  ir?creasd. and a l l  along the 

bt tm shell thus bringing strm-g"k t o  this  ~ P L  of tile stnicture, 



- 

. - . . .,.. ,~.. - . -  - -  ..-. .-.-...---.. 

Conputer malyses hzv2 sh~a,n hbt  a mch wzller prestressiiig fcrce eras 

sUfficient t o  asura the str~c$ki of the vzctical c--lindrical shell  w5ile high 

stresses could be e,\~ectcid tile taprd ~&-t. For that reason vert ical  pres-tressing 

of t le  el-2.t i s  mde: 

- 20 l o ~ g  cables, q i n g  f m  the t=o t tmL .Lo t i ~ e  top of the elemnt,  *at 

car- the load fron the lo~vier ring bs37 to the u p w  or?e 

- 36 short c&lss a~chorcci by rre;.s,s of closed. lcop m-cbrs  j_n the ring 

corn-ectifig the  t a r ~ r e d  shell  t o  the vactical shell., Their prrqxse is 

to add the necessary prestressing force to  t i e  previous ones Lc the  t a p r s 2  

shell .  

Concrete v u l ~ c e  i s  kcreas& by 2% t h u s  increasixg the ~m.l~ss of ~ a h m  

I loails in "he sane pro;mrtion from 2,400 rretric tons 2,9CG retric t s n s .  1.L i.s 

I desirzble to  keep <.he s tmcture  fully compresse3 (no norrral tensi le  stress)  mder 

b\e a-pplid d w c  load b ~ t  also the allos.&le compressive stress2s mst ~ o t  k.e 

a:ce&.ed a t  the storage a-ra when prestressing is applied. For an assmd.  dymnic 

load of 4600 rretric tons, the n 0 i ~ 3 1  s t ress  vslues zce fousld as S ~ L V T I  below in t \e  

mst cri t ical .  parts of the s2mct.-ass a"i the pint  where d l e l l  thickness is eqmi 

to 0.35 m (" t~erecl  shell  zone) . 

?restressir,g + fclll dynmic load 

raxi  = 1,570 ps i  

mini = 60 psi 

na ,~ i  = 2,570 psi  

= 30 psi  
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I Cost e s t i m t e  assm~ptions are  the m e  as for the FBF$i &.,F Esiq. 

TICS estiratcrl cast is closer t o  t;?e actual price beca~ss  of chaiges .in_ the  desiqn 

w'nich F a k e  it m r e  feasible. Nev~rlel~ess 'there were so ~ m - y  picoblms t~ 'be checked 

that  this resul t  m t , k e  only c o n s i ~ e r d  as a £&st approach. 

can be res lvet i  iTI a t ~ i ~ l y  m n e r ,  rn11rjb1y 15% shcxdd be add& t o  the estirrated 

cost .to reach ~ p ~ e r  bmdcd. estj.rrztec-I cost ~ ~ h i c h  muLc', be: 
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