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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 cénstruction; 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-
shoré 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 summarized 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.
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- TABLE A\l NominaL MATERIAL PROPERTIES
Elastic
Specific Poisson's Modglus Yield Ultimate
Material Gravity Ratio (10 " psi} (ksi) (ksi)
Steel
A537 29 50 80
A36 . 29 36 65
A242 . 29 60 75
Concrete
Light (APL) 1.2 - - 4-5
Common . 0.2 - 6
FRP (isotropic) 1.8 0.2 3.0 - 10
Nylon/Rubber 1.25 0.45 1 0.1/0.05 - 37.5
0.1 short-term o .
Polyethelene 0.96 - 0.04 long-term - (3% strain)




A.l Steel

Steel is a material 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 induétry practices can be used for welding and
inspection. A36 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, A36 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 ecoating, 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'AISC'Specification for the
Design, Fabrication and Erection of Structural Steel for Buildings.
The AWS S-N curves for steel are used in cffshore steel design.

For high cycle fatigue, the industry practice for cathedicly-
protected steel is to exﬁrapolate the straight line (on the log-
log plot) out to 2 x lO8 cyclesg, at which point the allocwable
stress no longer decreasas with increasing cycles (i.e., the

design line becomes flat).

A.2 Concreta

There is considerable offshore experience with common
concrete. Questions about corresion of the reinforcing or post-
tensioning steel are perhaps extendable from common concrete to
the APL lightwaight conc¢rete (~ 76 pounds per cubic foot). If

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

Common concrete constructior techniques may well not
be applicable to the lightweight modified concrete. A problem
of obtaining a nonuniform distribution of the lightweight aggregates
exists in the industry's light concrete (ﬁulZO.lb/ftB). 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, creepx 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.
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1 Presentation by Al 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.1.0 x 10° psI. , 2
2. .The initial phase of. this study was divided into three tasks:

Lo

~ Assess current practice
‘wta

Determine available, suitable aggregates
% -Develop mix designs

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

were considered:

s
~

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 C150, 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- lZO'PCF are
feasible. 15-50 PCF arelused for insulation, 100-120 PCF
are used for structures with 2500 PSI or greater compressive
strength. 50-100 PCF have generally not been used to date.
6. Considered various aggregates including:

* Expanded shale
* A P Green
* Cenispheres
* Styrospheres
Based on extensive preliminary studies it was decided to

use livlite fines primarily. An original series of 40 mixes

“were tested for workability, placability under vibration,

strength. Mixtures with resin (WRDA) and latex were generally
not good. , N



7. Compressive tests yielded the
general results shown in the
figure. Tensile tests were also
carried out. Based on these tests
Mix A was selected for further
testing. Variations on Mix A were
then tested. Mix A is 68 PCF,
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2860 PSI strength. Density is 92 PCF | ‘
at 3000 foot depth (1400 PSI). S W W w dg
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9. Various other. combinations of aggregate and additive
were considered; these generally showed that compressive
strength increased from about 3000 PSI at 75 PCF to 4000 PSI

at 80 PCF.
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 10° PSI
This mix, denoted Mix B, was not tested as a fully hardened
material (28 days) due to lack of time.
11. Typical costs for concretes at the plant are:

* Normal concrete - $20/yard3
'Lightweight - $30/yard3
* Lightweight with latex- $lOS/yard3

3%




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 CWP heave dynamics. From the analysis of
November 20, the minimum saturated weight was determined to
be 80-82 PCF. With 2-3 PCF for steel, the total demsity

is 84 PCF. '

2. The vrimary task of CTC was to develop a suitable mix.
design which could be used to manufacture the CWP and which

used normal practices. The goals in the concrete were:- ..

*

5000 PSI compressive strength
* 85 + 2 PCF weight ‘
Modulus of elasticity of 1 x 10% PST or greater -

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

*

* Cadcrete - using cenospheres
#* Latex modified cenospheres concrete )
. * Expanded shale aggregéte with no fines, cenospheres,
A with/without latex .
4. After extensive studies a mix design was selected.

The weight and cost per cubic yard are:

Type III Concrete 1010 1b $35
Cenospherés 520 1b $130
Latex, antifoam 31.5 gallons $100 )
Water , 25.25 gallons -
2033 1b $265

The net weight is 75.3 PCF dry with no steel.



5. Construction of CWP 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 important. -A special mixing procedﬁre was developed.
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 PSI compressive strength, the limit of work-
ability. At 100° F - 2.5 hours, at 500 ¥ - &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.duringcould be used - a'la Ameron. The use of heat
wires in the form appears more effective as it blocks
moisture loss. With such curing an "optimum" time may
be 18 hours in the forms plus 7 days of air drying.
Typical compressive strengths are:

* Wet cure- 3820 PST

* Air cure- 4200 PSI

. % Oven dry cure - 5040 PSI (at 200°F)

9. Typical properties for various mixes considered are:

Mix 7-Day Compressive Tensile - Modulus Percent
Strength Strength of RUPTURE Latex

43 4000 - - ' -

45 4000 216 115 0

46 4580 - - -

48 4080 430 550 20

49 4165 319 322 15

50 3930 280 200 10

53 5010 . - - -




’

10. Typical design parameters for concretes with and
without latex are:

Latex Compressive  Weight Modulus of
Strength-PST ' Elasticity-PSI

No 4600-4800 76-78 1.4-1.5 x 10°

Yes 4800-5000 71-74 1.1-1.2 x 106

11. It is assumed that coefficient of variance (as per
AC1-214) will be about 87, producing a reduction of about
80-90 PSI in cumpressive strenglh. )

12. It is felt that addition of latex will not cause
greater shrinkage than with normal structural concrete.
13. Creep may be a problem - analjzed using an effective

modulus method. Find a coefficient of creep, Ct,'where

Ct= 1l at t = 0: Tested at 20 and 50 percent of ultimate
strength and found creep is proportional to stress. The

variation of C. with time is as . Oa

shown in the plot. There is a
greater pull-out problem for : ey
rebars than for regular cbncreteég. o

but don't think it is a serious

problem, but it does need more / 4
study. TmE A

14. Water absorption at 3000 foot depth (1400 psi.head)
was measured for concrete after 7 days air drying. The
absorption rate rose rapidly for five days, then increased

at a lower rate up to about the theoretical limit of 227%
increase in weight. It appears that an average density for
72-75 PCF dry concrete will be 84 PCF after prolonged ‘
sﬁbmergence at 3000 PCF. Weight increase.is less at lesser
depths. At atmospheric préssure weight‘increase is about

1 PCF.
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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 CWP, cast bell housings, etc.

18. The estimated CWP cost (at dock face) is $5.8M.
Ameron made a rough estimate of $6.0M. These costs do
not include overhead or profit, or cost inflation.

19. It is estimated that it would cost $8M to build a
new U.S. pre-cast plant.

3 Concluding Remarks by Ralph Blevins - APL

1. A suitable concrete can be developed.
2. The phase II tests of CWP segments and materials should
begin. If started in January, 1979, these would span
the entire year of. 1979. ) ‘
3. The phase II tests would include:
% Proof and characterization of mix
* Model structural tests with minimum practiéal scale
model (say 1l/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 woven fabric, chopped fiber mat, 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




also a function of the loading conditions on the laminate.
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
stfength 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 in 'wet environments' (boats, pipes, buried
tanks, etc.).. Also, éeawater 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 excelleht 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 raisers.

The seawater fatigue characteristics of fiberglass are
also very good; the fatigue strength of fiberglass at 106 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 106 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 10° + 2 x 10° psi and v of 0.4 + 0.25), it is
difficult to select a set of propéerties. 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:
B = 3.6 x 10° psi
hoop
* = ]
E axial 1.8 x 10~ psi
where E* is the effective modulus of elasticity.
For fiberglass that is filament wound over stiffeners:
E* = 1.8 x 106 psi
hoop ‘
: 6 . (A=-2)
* = E
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:
E* = 0.9 x 10° psi
hoop i
(A-3)
6 .
* =
E axial 0.45 x 10" psi



For equal biaxial action, such as orthotropic plate buckling,

E* is defined as:

Brr = \/»(E*hoop) (E* xial (A-4)

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

_ __E }
EY S Ty ' (A=3)

This simplification is justified for conceptual design work

because of the nebulas nature of both E and v.

For wet stiffener plates,

E* = 1.8 x 10° psi. (A-6)



A.4 Elastomer Composites

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 és 40% of ultimate
stress, however, a safety 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, S etc., which are

'
available for the pipe construction, are infiuenced 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 Talile A.3
‘are representative of single layers of composite with a specific

fiber orientation angle and loading density.

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.

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



TABLE A.2

PROPERTIES OF REINFORCING FIBERS

eiver | Biasrisicy | Seecific | fensilel
10° psi Gravity 104 psi
Nylon 5 1.14 1.0
Rayon 1.8 1.50 0.4
Polyester 10.0 1.38 0.8
Kevlar 80.0 1.44 4.0
Steel 300.0 7.86 10.0




dm = ¢
" TABLE A.3 RuBBer CoMPOSITE PROPERTIES
’ REINFORCEMENT - 207 By VoLume
Reinforcement Material
Steel . Kevlar Nylon
Modulus (psi) 19 x 10° 5 x 10° 2 x 10°
Ply Angle 0° 220 0° 220 0° 220
E, (psi) 3.7 x 10° 87,000 1 x 105 79,000 40,000 20,000
E, (psi) 2,900 2,400 2,900 2,400 2,900 2,400
Gy, (psi) 520 450,000 520 120,000 520 52,000

Rubber shear modulus = 500 psi




o 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. 1In 1978, 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 expensive than other necoprene compounds. 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 MA852 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.



MA852 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 MA852. Most of this scatter is caused
by our inability to control the environment in which 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 MA852 or a rubber éompound 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 iﬁ 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 Polyethylene

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 thickness
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 modulﬁs.
The associated natural frequencies and system dynamic loads
are highly sensitive to this effect.  For example, stress due

to platform sway motion varies as the /E.

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 CWP is neufrally 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 CWP verti-
cal. 1In mahy respects, the low density of polyethyiene pro-—

vides for flexibility in design.



The high coefficient of thermal expansion of poly-
ethylene is not generally ‘a consideration in OTEC loads be-
cause the pipe is free to accommodate expansion at the lower
end. During assembly, thermal expansion is important; a
3000 ft pipe varies 13.5' in length during a 50° F tempera-
ture variation. A different material, steel; is recommended
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 temperature 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.
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DATE: March 12, 1979

TO: P. Grote FROM: D. Peterson

SUBJECT: SUMMARY OF RESULTS OF DYNAMIC FLOW ANALYSIS
OF THE OTEC COLD WATER SYSTEM

Discussion
A stﬁdy of the fluid flow dynamics was conducted. i
a schematic of the OTEC Col% Water System. The ana § %gei%ciﬁggé

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 wa3s considcrcd was platform heave oscil-
lations which cause internal velocity and pressure oscillations
in the fluid. In addition, wave passage causes external pressure
variations upon the CWP 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 oscillating power requirements and impeller

fatigue. On the heat exchangers, oscillating flows result in
unsteady flow losses and unsteady heat transfer.

Results

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.

Conclusions

© 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.



P. Grote
March 12, 1979
Page Two of Two

@ 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 CWP.material.

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

DP:em



CONDENSER

Ficure 1
SCHEMATIC OF BARGE COLD WATER SYSTEM



Depth Below Sea Level (feet)

Barge
Attachmeni
Spar
Attachment
500
1000
1500
2000 |-
2500}~
| |- | |
30000 0.5 1.0 1.5 2.0 3.0 3.5

Pressure (psi)

FIGURE 2.  PRESSURE DIFFEREMTIAL Across CWP WaLL Due To STEADY
INTERNAL FLOW
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TaBLE 1.

MATERIAL

STEEL
CONCRETE
FRP

POLYETHYLENE

RMS Dvynamic VeroctTy FLUCTUATIONS For
Barce ATTACHED CWP's

MAX. OPERATING S.S. * SURVIVAL S.S.

SUNP LEVEL  DISCHARGE  SUMP LEVEL  DISCHARGE
VELOCITY  VELOCITY VELOCITY VELOCITY
(FPS). (FPS) (FPS) (FPS)
038 159 314 933
038 159 31 936
038 160 309 947
037 160 319 1979



DATE: °

TO:

£
7 /T 5
g L

INTER-OFFICE MEMO

7 SCIENCE ARPPLICATIONS, INC.

25 January 1979

P. Grote , EROM: D. Peterson

suJsecT Preliminary OTEC Cold Water Pipe Transportation Analysis

Results

SUMMARY

The objective of the CWP transportation analysis is to
determine feasibility of horizontal deployment of the CWP.
Preliminary calculations indicate that horizontal‘deployment
of either a steel or fiberglass CWP is feasible. The fiber-
glass CWP may be towed either on the surface or at least
200 feet submerged, at any heading, in any sea state up to
5 (ﬁs = 12 ft.). The steel pipe cannot be towed on the
surface, but may be towed submerged at least 200 feet, at

any heading, in any sea state up to 5.
DISCUSSION

The response of the pipe has been characterized by
bending of a uniform pipe in two orthogonél planes: hori-
zontal and vertical. Torsional response has been neglected,
as discussed later., The vertical-plane bending response
is given by a heave model, and the horizontal plane response
is given by a sway model. The total stress is derived from

the combined response.
Heave Model-

The heave model is shown in Figure 1. The corresponding

equation of motion for the heave model is,

. (1)



FIGURE 1

HEAVE MODEL

pA, EI
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The pipe is considered uniform, with mass per unit length,
pA, and stiffness, EI. The mass per unit length'iﬁcludes
the pipe mass, the mass of internal fluid (if any) and the
external added mass. For the case where the pipe is towed,
floating on the surface, the internal fluid mass is zero,
and the external added mass will be less than for the sub-
merged case.

The hydrodynamic buoyancy stiffness, rep;esented by kf,
is found by linearizing the buoyancy force about the calm

water force. It is equal to,

].Kf = prW ' (2)
where p = sea water density,
g = acceleration of gravity

waterline beanm

1l

w

The linearization is accurate for water displacement relative

- to the calm water lines that are small. For larger displace-

ments, the linear assumption results in conservative loads.

The damping coefficient, b, represents the sum of the

viscous damping and wave-making. damping,
b=>b +b_ . |
bw bv (3)
The coefficient of viscous damping, b&,'repreSents an equiva--

inear dzmping coefficient.  The true viscous damping

s a functisn of velocity squared, and thus cannot be included .

in a linear model. The equivalent damping coefficient, bv’
was selected as one which dissipates the same energy per
cycle as the true viscous damper, It is equal to,

.4

b. = == phC.V 4

v 37 Pa%p 0 (4)




0

where h = projected height,

‘p

vV, = peak relative velocity.

drag coefficient,

Because the damping coefficient is a function of peak rela-
tive velocity, it is necessary to iterate on the damping

until the response corresponds to the value of damping assumed.

The coefficient of wave-making damping was obtained from
curves available in Reference 1. It is not a function of |
amplitude, but it is a function of fréquency, and thus is
different for each frequency component of an irregular wave.
The wave-making damping is maximum at the surface, but .de-
creases rapidly with depth. For depths greater than 2.5 pipe
diameters, the wave-making damping is practically zero, '

The quantity, Mg, is an effective inertia Whi;h results
from a hydrostatic pressure force plus an inertia force.
Both these forces are proportional to the £fluid particlé
acceleration, znd therefore the quantity mg may be identi-

-fied. Freocm Reference 2, is 1is equal to,

mg=1.1Fp0% - (5
where D = outside diameter,

It should be noted that mf‘is 10% greater than twice the

ad

ded mass, and thus represents a theoretical value with a
For the case of the pipe towed floating

should be set equal to zero, as it is small

equation (5) is incorrect in this case.

way Model
The sway model is shown in Figure 2, and a similar
equation of motion applies,
2
A 4 .o s  6yf

ATy 9y 3y _ ' P
pA + b =~ + EI —&% = m_ + b (6)
T oat 9t o 3X4 . T atz at _




FIGURE 2

" SWAY MODEL




The méjor difference is that there is no buoyancy stiffness
in sway (kf = 0). Because of this fact, the sway response
is small compared to the heave response, and may be neglected

for the case of the pipe towed on the surface.

Similarly, below the surface the heave response is

‘always greater than or equal to the sway response. And,

since the pipe is symmetrical, its responses.in heave and
sway are everywhere 90° out of phase. Therafore, the maximum
stress is the larger of the heave stress or sway stress.
Finally, since the heave response is always greater than or
equal to the sway response, only the heave response needs

to be considered.

Therefore, from this point on,. only the response to the

heave equation of motion will be considered.

Input

Fignure 3 shows the pipe subjected to regular, long-
crested waves., Let the horizontal lines on the paper repre-
sent successive wave crests. As the heading angle, 8
increases, the actual shape of the wave does not change,
but the apparent wavelength,.ie, as meaSuréd along the
length of the pipe, increases. This relationship is shown

graphically in the subfigure (3a), which is

. . -. x . i
A= — 7) ..
e cos 6 - < ).
or, in terms of the wave numbexr, k, which is inversely
proportionel to A,
ke = k cos 6 ' (8)
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Similarly, the transverse displacement, velocity and
acceleration -change with heading as shown in Figure (3b),

¥ = v sin 8 | ‘ (9)

The wave frequency, and the heave motions, are unaffected.

Therefore,'the'input'for the case where the pipe is
toewed at a heading angle, 6, to the wave direction is,

[ i(mt—kex)- —Azo] | (10)
zf(x,t) = Re LA e e

where ke is given by equation (8) above, A is the wave

amplitude and Z, is the submergence depth. of the pipe.

Solution

The mathematical solution of equation (1) consists of
a particular and a homogeneous part. ‘the particular part
constitutes the major portion of the forced response, and
the addition of the homogeneous part is necessary to satisfy
the boundary conditions. If the-length of the pipe is much
greater than the wavéléngth of the inpﬁt, tHe pipe‘caﬁ be

considefed te be infinitely long, and then the particular

part is a good 9pprox1matlon to the total solutlon° Phys1cally,
this means that the condition of zero bend:l.nc ‘stress at the

ends of the pipe does not affect the response at the middle of
the pipe, where the stresses are maximum. Since the pipe 1ength5

znd a typical wavelenorh i1s 500 Leot this is

There ore, since the.input is a regular wave given by

i(wt-k_X) é-kzo] 10y

z-(x,t) = Re |A e



the solution to.Equation (1) is given by the transfer function,

. 2 TkZ .
'(4mfw “+ ibw + kf) e
B (0) = —55 - (11)
f -0Aw” + ibw + EI ke + kf

the mcment at any point in the pipe is,

2
M = EI ——5-2’— T (12)
9xX

and the formula for bending stress is, .

_ Mc
°=T

(13)

Substituting (11) and (12) into (13) gives the transfer func-

tion for stress, given wave amplitude,

Hy_p (@) = Be K2 R OR Cas

The frequency response given by Equation (14) can be used to
etermine the response of the pipe in irregular waves as

ollows: The power spectral density (PSD) of wave amplitude

S _(u) = |H0_yf<m)[2 5, () | | (15)



Then the RMS stress'in the_pipe.is given by,
O = : S (w) dw
rms .\/J; o

Ec \/J k4 HZ . (w)l SZ (w) duw (16)

I

RESULTS

Figure 4 shows the results of the transportatidn analysis.

Maximum rms bending stress is plotted as a function of heading

. angle, for two pipe configurations at various depths. Also

shown is a line representing an allowable stress. The accept-
able range lies below this line. The assumed pipe parameters.

are given in Table 1.

Sea state 5, with a significant wave helght of 12 feet
was chosen as input. This sea state or milder occurs 99.67%
of the time at the Punta Tuna, Puerto Rico, site. It is assumed
that this represents the maximum sea state that could reasonably

be expected to occur during the towing operation.

The peak in response, which occurs at a heading of about
60° and at 75° for fiberglass and steel pipes, respectively,
results from a match between the wave driving frequency (w)
and mode shzape (ke), and the natural frequency and mode shapew
£ tha oipe. Eazcause of the requirement of ﬁntchlnc both w
and k_, a2 psa2k in the response occurs at just a single value
of w (or k_), rather than for a series of frqeucneis, as is

normal in a continuous system,

Physicz21ly speaking, the pipe is sensitive to wavelengths
in a critical range. For very short waves, the pipe can
bridge the span between wave crests without failing. In very

larze waves, the pipe conforms to the shape of the wave, and

10
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- PARAMETER .

pA (floating)

" pA (submerged)

b

TABLE 1

ASSUMED PIPE PARAMETERS

UNTTS | . VALUE
STEEL
'siuié ' A
e 178.
Sluts 2903.
1bffps 25-700
psf o | 4.32 x 109
Fe4 o 622.7
'léégE S 1225.
El%%i . 3095,
fr 15.0

12

”78.5'"M
3394,

25-700

1.64 x 108

1380.
985.5
3690.

16.38



because the curvature is small the stress is low. However
for a middle length range of waves, the pipe can neither SLDpOIt
itself nor follow the wave without exceeding an allowable

stress. ThisAde5cription”applies to fiberglass or steel pipes.

.For very flexible pipes, however, such as polyethelene, the

pipe can follow the waves down to the very shortest wavelengths
wicthout failing. So horizontal towing is a lower risk operation
for more compliant pipes.,

The very high response which occurs in the ‘awash condition
results from a decrease in the wave-making damping which occurs
as the pipe submerges. At shallow depths, even though the
wave-making damping has decreased considerably, the wave action

is still strong, and this results in high response.

Additional Considerations

Torsional response of the pipe to wave excitation was
also considered. This excitation was shown to be negligible,
resulting in & maximum bending stress of .62 psi. The reason
this response is so low is that the input is very small. The
only way torsional input can be applied to the pipe by ocean
waves is by skin friction. ALl other pressure and inertia
forces caused by the waves act against the pipe wall by pressure,
which is normal to the surface. Since the4pipe-is circular, ’
all pressure forces act through the center of the circle, and

there is no torque.

Another horizontal tow load condition which has been
postulated i3 pipe flutter caused by axial flow velocites
sucernal =2 =hz pipe. This may be of greater significance
for compliant pipes. It is expected that this source of loading:
is not important, However, articles relevant to this phenomenon
are in ths literature and have been requested. When these have

been receivad, its significance will be assessed.

13
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NOMENCLATURE

total damping coefficient

equivalent viscous ‘damping coefficient
wave4makiﬁg damping coefficient

waterline beanm

Dipe radius

drag coefficient -

pipe diameter

elastic modulus

acceleration of gravity

projected height exposed to flow

pipe moment of inertia

wave number :
effective wave number defined by Equation (8)
hydrodynamic buoyancy stiffness

moment '

effective inertia defined by Equation (5)

wave amplitude power spectral -density

pipe bending stress power spectral’density
wave celerity ' . v
peak relative velocity between pipe and fluid
distznce along pipe l
sway displacement

heave displacement'

fluid displacement from calm water line

submerzence depth to pipe centerline
1Y

ERSE S

pipe mass per unit length
pipe heading stress

RMS pipe bending stress

angular frequency

15
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Problem 1 - STATIC

‘ﬂ/

Weight Density of_Pipe

Y =
s
Y, = Weight Density of Salt Water

Problem 2.

NOMINAL AXIAL STRESS AT TOP DUE TO
WEIGHT OF CWP

(BOUYANT WEIGHT)/(CROSS SECTIOMAL AREA)

(v, - y) L

Buckling Pressure For Thin

p
" Walled Cylinder
= 2.1978 E t3/D3
E = Young's Modulus
t = Thickness
D = Diameter
P e




Problem 3.

J(////Zf:/”” Either Simply Supported or Built-In

— CD = Drao Coefficient
EEE P = Mass Density of UYWater
¢, e U2D/2. U = Magnitude of Uniform, Deep Sea Current
L ‘::: D = Diameter of Pipe
« 'EEE T = Horizontal Force at Lower End
__Li__r ;_,z.‘_— Free End W = Vertical Force at Lower End
l = WFRAC*(Pipe Weight)

<

Governing Equation

EL 8" -WO=1/2 Cy p WD x+T

9 = slope (dy/dx)

EI = pipe bending stiffness

For Simply Supported Case:

MAXIMUM BENDING STRESS = BENDING STRESS AT L/2-=‘E DQ ‘(L/2) /2.
E = Young's modulus

For Built In Case:

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




Program 2 - HEAVE

"e
Barge T (HO cos wt - XB) AB yw+(—How sin wt - X
T
v \\\\\‘\\-——-_.rigid H, cos wt = wave height.
connection
L Xg = XB(t) = heave position of barge
X CB = damping from the sea on the barge‘
1L |
Ay v, = (area of barge at waterline) *
Free end (weight density of sea water)
Governing Equations
pp U+ Cp u - F Us oy =0

for uniform pipe

g=E Usy

°h = mass density of pipe material + virtual

CP = pipe damping = y2 (water viscosity) (water mass density) 4 _
(pipe wall thickness)

E = Young's modulus

u = vertical displacement of pipe = u{x,t)

o = stress in. pipe

.MBV Xg =.(H0 coslnt—XB) AB yw+(—Hozﬂ s1n<gt—XB) CB-c(L)'Ap

for barge

8)




-

><
]

XBC cos wt + XBS sin ot

=
|

gy - mass of barge + virtual mass of barge

p=J
H

p cross sectional area of CWP

Program 3 - HORIZONTAL, UNARTICULATED

Simple supported end horizontal wave displacement = y

F W
- - —
Yw Yo € (2n/0) (LX) xcos (2t /1)
Force from _ 2
Wave Motion * ~ (g/2w) T~ = wavelength
L .
T = period
T y(L,t) = YC cos(2nt/T)+YS sin (2%L/T)
yau O *—~—5J Free End

= TC cos(2rt/T) + TS sin (2nt/T).

= l ‘ -_l-'
W=WFRAC x(pipe weight)

F = FTOP cos{wt + o)

damping force on pipe from X to X+dx = (4/8n)) Cp'5 D dx V (¥ -¥)

(]
[}

d drag coefficient

§ = water mass density
D- = pipe diameter
V = maximum relative velocity (yw-y) during oscillation




Governing Equations

EL y"""" Wy' + (4./(3.7)) Cua DV (y-y,) +0o¥ =0
F= -EI y'''(L,t)
o= (ED/2) y''(x,t)

EI = bending stiffness
p = mass per unit length of pipe including virtual and untrained mass
o = bending stress

E D= (Young's modulus) x (diameter)

Program 4 - HORIZONTAL, ARTICULATED

F"T—
Simply supported end

LS
b |
Force from wave motion
joint, no moment

L2

X

_1_ ] Free end

This program was the same equation as the Horizontal, Unarticulated
pipe. The two sections are attached using the conditions that the
forces and displacements match at the joint. The motion at the top
is prescribed and the resulting values of F and the stresses in the
pipe are determined.




Program 5 - HORIZONTAL, BARGE, ARTICULATED

Barge Barge can roll and sway

Waves apply horizontal forces and
rolling moments to barge .

simply supported

-1 . ><\

= force from
wave motion
Le

simply supported

Equations developed for the Horizontal,
Articulated program are used to
represent the CWP

Free end
Equations of motion for barge:

2 2 M'_ _
- Mnn n.-W Nnn n;-w Mwn»wr W aniwi = (Fnr

+

FTC) a

2., 2.
+u Nrm N Mnn n;tw an ¥ 0 MWn v, (Fni

-+

FTS) -a

2

) 2
~w MWn n

-0 N, nit + - .
w Ny, n; (07 Myy*Byy) ¥pmw Ny ¥y

(F,.. +&, FTC) a

r vyr "H

2.
+ - .+ +(- + .
w an Ny 7w Mwn nite Ny ¥ (o™ My #8,,) ¥

(Fwi +£H'FTS) a

Where FTC and FTS are forces at the top of the articulated pipe.
FTC and FTS are deduced by matching the displacement of the
barge and pipe at their attachment point.




Compatibility conditions:

YIC =n,. + ¢

YTS ny t oy

In the above equations

2, = vertical distance from barge center of mass to barge-CWP attachment
w = circular frequency of wave

n.. = component of sway in phase with the wave

n. = component of sway out of phase with the wave

y = component of roll in phase with the wave

y. = component of roll out of phase with the wave

a = wave amplitude (wave height = a cos wt)

Mnn’ MWn’ yy? Nnn’ NnW’

from, for example, "Hydrodynamic Characteristics of Prismatic Barges"

M N B F ., F F.: can be determined

Yy Cyy? FnY" ni Yy’ T yi

by C. H. Kim, C. J. Henry and F. Chou, OTC Paper No. 1417, copyright 1971.




CWP DAMPING - HORIZONTAL MOTION

To develop the appropriate damping in theory, the following study
was needed.

1. Review
K LTJC if X = a cos wt
i = -y a sin wt
M )
| C. =2 /KW
X
1, 2
PEmax,= 7 ' Ka
1, 22
KEmaX-2 Mw a
_ o .. ) /32
DE/cyc =/ (damping force) dx =/ (C-X) (X dt) = €/ X dt
cyc cyc J
2 . 2n/w
= C W az_)/ﬁ sin wt dt = C w2 azlj -% - §l%_ﬁL£ﬂL_ ]
wt=0 v t=0
-TrC-waZ
JPEKE -1 L8 KT
max . max 2

(DE/cyc) / »/PEmax KEmaX = 2nC/ /KM=4n C/C

c/c, = (1/4) [(DE/cyc) / PE_RE_— ] .




2.

PE

Application to CWP, assuming CWP is a beam
- y = lateral deflection of CNP
= Y sin 2mx/A cOS pt = yo(x)
. y,'' = =Y (2n/3)% sin 2mx/a
) (v, )% = Y2 (2n/2)% sin? 2mx/a
A
y = -w yo(x) sin wt
|
—i— w2 y02 =m2 Y2 sin2 2wx/ A
L - EI = bending stiffness,
p = mass per unit length
[y 2
2
max =) TEL(y,'")? dx=p €1 V7 (zn/x)“/ s1n?(2mx/2) dx
x=0 7 x=0
1 2 s | A
=5 EIY (27/1) j:x/Z - sin(4mx/r) / (4n/x{]
x=0
=2 e Y2 (2)?
A A
max j/(\%- p w? y02 dx = %- o 0 Yf)/ﬂ sin2 (2ax/1). dx
x=0 x=0
= %‘ p w2 Y2 (x/2m)

cos wt




LS

A 27/

fr = 2.2 20 4y
DE/cyc = J/ﬂ Cyydtdx’® =Cuw Y_][— sin“(2nmx/x) sin“(wt) dt dx
t=0

3.

C/CC

1]

x=0 t=0

= A 2 = 2
=Cw" Y 3 :—)=n Cuw Y (A/2nm)

- [1/(%)] 2 Cw Y2 (a/2n) //-"21 EL ¥ (20/2) T o w? YE (h/2)
=T (2m)? 7 (2 ETs ) (2
Estimate of Damping
classical drag force on dx length of pipe
L5 0dx X |-X
2 p°f
energy dissipated per cycle in harmonic motion i//fFa dx
cyc
7 CoeDdx[ [X| % dt,  K=-Vsinut - V= constant s 0

o
ye oo

= CD 5D dx/wv//— v3 sin3(mt) d(wt)

‘u)t=0

™

cos3 (mt)]

wt=0

(V3 CD 5 D dx/w) [j - cos(wt) +

| —

%— CD p D dx V3/m




— -

linear drag force on-dx length of pipe = C X dx

-n
]

FS dx

-

m
1]

energy dissipated per cycle in harmonic motion/linear case i//’

cyc

C dx\j/‘ X2 dt ., x=-Vsinat , V = constant 2 0
cyc o '

(C dx VZ/&) J/’ sinz(wt) d{wt) = = T dx V2/w
wt=0

In order to have a valid approximation when the linear damping is
used in analytical studies the two energies Ea and ES are equated
to give

It

€ dx v/ %— ¢, 5 D dx v3e

W]
]

so that C is proportional to the velocity amplitude and

-4 -
F. = I ChpDVX

S D

When these results are introduced into equation 3 ,

C/C, =2 Cy 5 DV (\/2m) / (3n/ETp)

D

Replace V using

<
it

YO w YO 2u/T




YO is the displacement amplitude, T is the period and

C/C. = CyB D Y02/ (3T /ET5 ) (4
CD = drag coefficient : A = wavelength along CWP

7 = mass density of water T = period

D = pipe diameter EI = pipe bending stiffness

4, Numerical example

¢, = 1.0

2.0 1b—sec2ft4

kol
H

D = 30.00 ft.

Y0 20.0 ft.

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

(30 10% 144) (- 30% (1.5/12)/8.) = 5.73 10'% 1b-7t?

El
(w30 12 1.5 0.3) 12/32.2 + 2. (v 30%/4) 2

©
[l

3017. Ib-sec?/ft2

190. + 2827.

¢/C, = 1.0-2.0 30.0 20 -1000.%/(3. w%12.8- /'5.73 101 3017.)
= 0.0241
amplification factor at resonance = ] = 20.76

200151
et 22
BN




Steel CWP Performance Analysis

Brown & Root utilized the programs prepared by Mr. Paslay to
determine performance of both steel conceptual designs. The
scalloped and the longitudinal and ring stiffened (shell and tee)

CWP designs were evaluated by varying several different parameters
and analyzing the results of each run. The following runs and output
were obtained: :

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

HEAVE Program - The design parameters used in the static runs were
applied in the dynamic heave analysis utilizing values of Ty = .72
in. (scalloped) and Ty = 7.2 in. (shell and tee) for 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 Ty (1.5 and 3.0) were made. The results from this
analysis were plotted ard are shown in Figure 50.

HORIZ1 Program - Both design concepts (unarticulated) were analyzed
for CWP deflection, stresses, and forces with a pipe thickness

of 1.1132 inches (scalloped) and .7368 inches (shell and tee). The
wave periods applied in the analysis were 7, 12.8, and 18 seconds.

HORIZ2 Program - The two designs incorporating a joint at a distance
X down from the OTEC hull/CWP interface were analyzed for different

periods (7, 12.8, 18 seconds) and barge connection amplitudes. The

distance x varied from 400 feet to 550 feet (in 50 feet increments)

for the articulated joint placement.

The wave period was varied from 5 to 18 seconds for the 450 feet
and 550 feet articulated shell and tee design for an in phase

barge connection. Maximum stress in the upper CWP section, maximum
CWP stress (along the entire length), and the amplification factor
( Hinge/ Interface) are shown for each period in Figures 51 and

52.




Conclusions - From the results obtained, stresses appear to be
significant in the upper-portion of the CWP in the 450 feet articulated
shell and tee during wave periods of around 12 seconds. The

results of the shell and tee articulated at 550 feet indicate that

the stress level in the CWP may be acceptable.

The response of the CWP in heave reveals high stresses for each
unarticulated design during wave periods of around 12 seconds. The
result thus far in the performance analysis of the steel CWP's
indicate articulation is necessary and further joints (hinges) may
be required. ‘
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APPENDIX E

INVESTIGATICN COF THE APL/ARAM CWP DESIGN

1 INTRODUCTICN

The purpose of this study was:

1. To check the feasibility of the APL/ABAM CWP

2. To make realistic criticism on tﬁis design if necessary

3. To give an estimated cost of the CWP precasting on shore and
consequently to build the general scheme of the construction site
organization as well as a schedule |

4. To suggest some changes in the design in order to improve its
feasibility

5. To present new ideas which could ke developed in a further step.

It should ke noted that:

At the time this effort was undertaken -

~ scme elemen£s of the design; e.g. the intermediate results of the kending
moment calculation the angle of rotation or on the shear forces of the
cold water pipe with the different positions of hinges were lacking so
the problem could not ke analysed corpletely. This could be a source of
deficiencies or inaccuracies in the conclusions and recammendations.

-~ all the problems involved in the conception and/or erecticn of the CGWP
were not investigated in depth as the leading idea to ke as "constructive”
as possible to ensure the feasibility of the concept as well as to cbtain

a reasonable cost estimate.




-

" .

v
!

- some alternatives to the APL/ABAM concept are: It should be understccd
that these suggesticns would need a complete analysis which has not keen
herein performed. Scme of the problems are found interesting: time

delivery, construction or erection problems and cost to name a few.

2.1 Hydraulic Considerations

2.1.1 CGeneral Platform ILayout
Two types of platforms are considered:
~ Spar platform

-~ Barge platform

Taking in account the fact that the evaporator uses surface waters that
contain quite a lot of living organisms implying that pericdic cleaning operations
will be needed the barge type plattorm seems preferable as it provides easier access

to this element.

2.1.2 Suction Mesh
A protective conical mesh is placed at the extreme lowest part of the pipe
in order to prevent any fcreign body from entering the pipe. -It is to ke feared theat
these bodies will remain fixed on the mesh by the pressure difference existing
N

between both sides. For cleaning purpose it seems appropriate to place this mesh

at the top of the pipe.

2.1.3 Top Part
In the present design the pipe is obturated by the pump housing elerent
equipped with four cold water pumps. Such an arrangement may be crificized with
respect to pressure variations due to changss in the cold water flow speed or to

barge‘heave.




ILetting the upper part of the cold water pipe be totally free would
create (in the middle of the barge) a cold water well freely communicating with
deep waters. It may ke estimated that water level in the well will ke a bit
lower (about 6') than sea level mainly bkecause of - the greater density of cold

water, — pressure losses due to pipe flow.

Punps may be located on the barge with protective grids on the sides of
the well, Foreign kodies will be easily rewoved at this level. 1o decrease the
lowering of cold water. level when starting the purps, a system of by-passes is
provided. DProgressively shut they should allow an easy start of cold water motion.
Cn the other hand non-return valves situated to the outside when purps are stoppad.

Tt will limit efficiently the increase of water level in the pipe at that tire.

The alternative hydraulic design resulting from these considerations

is shown in Figure 1.



ABAM CWP DESIGN

2.2 Technical Considerations

2.2.1 Materials
The concept is based on the use of a special lightweicht concrete on

which a detailed study has been performed.

Experience does not exist on this particular type of lightweight concrete.
Experience does exist on structures such as bridges using a 116 PCF gravity
lightweight concrete. From this experience, it should be noted that: the use
of lightweight concrete needs a permanent control of the mixing propgortions to ensure
the desired final breaking strength. The concrete workability is very dependant
uport Wie guannlily of water and sand in the mixturc and thus necd a vory accurate
batch plant which must be specially modified for this type of concrete. The
standard deviation (or the percentage of variation) of material properties is
somewhat greater than for regular concrete. The use of steam curing to accelerate
the hardening of the concrete does not substantially affect the final breaking

strength.

In the case of the CWP, the propésed lightweight concrete has a very small
Young mcdulus. This fact, in combination with the use of elastomeric bearing pads
in hinges is favorable for a gocd aistribution of the axial loéd between the 12
teeth of each junction. On the other hand it should be necessary to use a special
grout mixture for prestressing cables in order to avoid cracks in this grout due
to elongation. This is due to the variation of stresses hetween storage and working
conditions as sea. Further investigations into this matter seem warrented as it

is of prime interest for the life expectancy of the cold watexr pipe.



.2.2.2 Forms
Apart from structural considerations, the forms given to the actual design
seem to be right. Nevertheless, it should be noted that with a thickness of
4 1/2 inches, the placing of concrete will have tc be very accurately surveyed.
Performing a full scale test kefore a final decision to use this concept is strongly
urged. This takes in consideration the fact that there is no basis of experience
to determine the behavior of the proposed lichtweight concrete in similar casting

conditions. We have anple experience with reqular concrete.

After a review of cgeneral industry practice, for the bcedy of the GWP the
concrete cover of prestressing sheaths is sufficient providing that ducts are nade
with continuous steel pipes 1 to 2" thick and that special devices, such as heat

shrink plastic tubes, are placed at the construction joint to ensure watertightness.

2.2.3 Construction Joint
In the APL/ABAM design a construction joint is a necessary raequirement
for the completion of each segment. This point presents several drawbacks:

. It is always a weak structural part where cracks may be expected and
where there is no reinforcing steel continuity which is a serious fla&
in the design.

. In such a corrosive environment as sea water, peculiar attention should
be given to the watertightness of the prestressing sheaths. This is a
hard problem to solve in a satisfactory manner for such a joint. Usually
in marine works, sheaths should be made watertight at each connecticn for
instance by the use of heat shrink plastic hoses. For the actual design
a suggestion is the use of rubber seals compressed by the weight of the

upper segment before grouting the remaining necessary gap.




. Another very important problem is the roundness of the two facing
sections. With such a small wall thickness, no big misalignment of

steel

i

generatrices may be tolerated. This implies that very stif
forms must be used. The addition of a concrete circular stiffener
at the joint level would help alleviate must of the problems already

mentioned.

2.2.4 Structural Analysis
First consider the design of the "teeth" between the CWP segrments. Assuming
that normal stresses due to prestressing forces are distributed with a 4s° angle on each
side of the bearing plate (and this is already an optimistic assumption) it is seen
from Figures 2 and - 3 that on both sides of the pad, a non-negligible part of the

load is not properly transfered to the rest of the structure. Cracks and even

rupture may be encountered in these areas.

In the region where the thickness of the shell is tapered, preliminary
analysis of the shell shows the existence of weak points where shell thickness is
insufficient. In particular at level of section 2-A (Fig. . 2) and B-B (Fig. 3).
The first two apprcaches were as follows:

- A simple shell “nélysis by a finite elewent program was ﬁsed to find

out stresses in the structure considered as a system of shells and rings
subjected to the maximum vertical static load (2.4 tons) and to its own
prestressing system. It is assumed that there is a symmetry of revolution
around a vertical axis for the structure as well as for the loads (see

Fig. . 4).
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~ A second analysis with the same program on a very similar structure
was made because of the difficulty in medeling the rings, their dimensions
being in rmost cases quite of the same order as those of the shells.
Therefore all rings were eliminated the structure was mcdeled as a
combination of shells only (see Fig. 5). Table 1 shows that in

both analyses concrete stresses reach unacceptable levels in both

sections:
Table 1
' Section A-A Secticn BB

Normal stress Normal stress Norral stress Normal stress

on inner fiker on cuter fiber on imner fiber on outer fiber
First computer - 4540 psi 5170 psi | 6370 psi - 5340 psi
run (Fig. 4) (- 3180 t/m2) (3620 t/m2) (4460 t/m2) (= 3740 t/m2)

a

Second computer -~ 4060 psi 4720 psi "8260 psi - 7170 psi
run (Fig. 5) (- 2840 t/m2) (3300 t/m2) (5780 t/m2) (- 5020 t/m2)

(tensile stresses are negative and compressive stresses ars positive) ..

These results have led to a finite element analysis of the joint area
in order to find out with more accuracy the stress distribution existing in this
part of the structure. The chosen mesh is joined with the drawings of stress
distributions for:

- prestressing alone

- prestressing and static lcad (2400 metric tons)

~ prestressing and assumed dynamic locad (3800 metric tons)



All stresses are principal stresses and for the sake of clarity their
representation is limited to the areas where serious problems may be expected.

Numerical results in sections A-2 and B-B are found as:

Section A-A Section B-B

Principal Principal Brincipal  Principal
compressive tensile compressive tensile
stress stress stress stress
Prestressing 2730 psi - 3290 psi 3310 psi =~ 2570 psi
+ static load (1920 t/m2) (= 2310 t/m2) (2330 t/m2) (- 1810 t/m2)
Prestressing 4460 psi - 6120 psi 4550 psi . 5050 psi

+ dynamic load (3135 t/m2) (- 4300 t/m2) (3200 t/m2) (~ 35%0 t/m2)

From these results it is concluded that the APL/ABAM cdesign should be
altered in several points to glve a sufficient strength to the structure in particular

in the joint area.

Very high stresses always exist in the areas situated just below the
prestressing anchorages, in particular under the bearing plate and around the

"erumpet”.

To avoid splitting and cracking two measures are normally taken:
- a well defined hoop reinforcement is placed

- a sufficient concrete cover is regquired.

If Freyssinet "K" range* anchorages were used to ensure the vertical
prestressing of each element, it would require:

~ 19 K 5 type with 16 strands in segments 20 to 60.

Taking for example the 19 K 5 type, a typical spiral reinforcement would



be 9 turns of %" bar to form a 13%" outer diameter spiral, 19" long and
that the recomrended distance between cable axis and concrete surface is 7 3/4".

Spiral reinforcement as well below these values (see Fig. F.6).
In the prestressing layout |
several important details are missing:

-Vertical prestressing is needed at the Lower part of the djoint to carry
the load up to the level of the inclined cables. Ducts and recesses are shown but
without indication of the type of prestressing - likely rods because of the small

length - vhich is of prime importance to the resistance of this part.

pe

~Circumferential prestressing is shown but only in the cross-secticn draw-
ings. 7 detailed layout showing the shape of each cable in a horizontal plane to-
gether with anchoring points - that must be situated on the cuter side of the shell -

is needed.

The mechanical behavior of the hinges is of prime concemn.
Rotation between two consecutive segments is essentially obtained by distorsion of
neoprene pads. It may be assured that the maximum distorsion is:

- equal to the thickness of the pad, ccrresponding to a transvers displace-

ment equal to the pad thickness, or to an angle of 45° which is the
comron maximm value,

A . - 3 o~
- equal to 0.58 times the thickness of the pad corresponding to an angle of

o) ‘ . . . -
30 that may be a maximm value for geometrical rxeasons ( i.e. the shape of concrete

recess)

For pads inclined of 300 with respect to the horizontal plane, the center of’




rotation.is situated at the sumit of an equilateral triengle and its distance to the

d is equal to the horizontal distance between two opposite pads:
- - &

d 10.30m

If o 1is the rotation and dn the neoprene movement, then
m

Thus yielding :

for a 45° angle d, =h =102 mm (4")

o = 102 = (0.0099 rad
15 300
O, = 0.57

Similarly for a §Qo angle

d = 0.58 h = 59 mm

0 = 59 = 0.0057
10 300

o = 0.33°

m

Both values are below the required 1.0° angle of rotation of each joint
for the Brazil site requirement and belcw the 2.6 to 2,8° rotation requirement for
the Puerto Rico site. It seems that with such an angle it will not be possible to
keep the same mechanical principle for joint design, but at the same time no alterma-

tive could be developed to ccope with such a rotation.
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2.2.5. Elastoneric Pads

The vertical load is carried from one CWP segment to the next by means of
twelve elastomeric pads. Each pad has a total thickness of 4" (102 mm). This kind
of pad is usually made of a succession of nebprene layers separated by steel plates.
Typical layer thicknesses range from 1/3" to 1/2" and may reach the maximm value of
1". Bigger values would induce excessive deformations of this soft material, especially

for this case where the rad carries coupression and shear at the same tine.

The normal, (through the pad thickness) stiffness of the pa& should be as
small as possible. BAs the stiffness increases with the number of layers, the use of
pads made with four 1" thick neoprene layers separated by 1/8" to 1/16" thick steel
plates is recormended. Under the static load such a pad will flatten of about 1/7"
(3.6 mm) . Assuning that a very accurats rrecasting is made, followed by an accurate
level control of all concrete pads, which results in a final correcticn that could be
actually made by means of steel shims for example, a final accuracy in the pad level
(for load distribution) of 1/25" (1 mm) may be acheived. It is then obvious that a
problem of load distribution may arise and that further investigations are definitely
needed on this topic to make sure that the structure is able to withstand wmeven values
of loads on the pads. Furthermore this shows that the normal stiffness of the elastomer-
ic pad should be minimized which is what lead to the choice of the minimuen acceptable

nuber of layers.
A

2.2.6. Circumferentizal Seal
In the APL/ABAM CWP design leakage of water flow is avoided by the use of
a hollow circumferential seal filled with fluid or silastic compound. . During the
rovements of one CWP segment with respect to the other the top part of the seal will
follow the upper element wovement while the bottom part will follow the lower element

moverent. If in a certain cross-secticn the seal distorsion is purely radiel, a de-
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formation for which it is well suited, in the section situated at a 90 angle of
rotation with respect to a vertical exis, the deformation will be purely tangential

and the seal will not function prorerly under this condition for thirty years.

2.3.1 General

The CWP segments will be precast on an area near the sealshore. Figure
7 shows a possible general lay out of the construction site, without kncwledge of
general lay out of the exact lccation, the study of the harbour for pipe segwent ship-

ment was not performed one 50' long pipe segment could be cast every three cdays, with

each 50' pipe segment being made in = as shown in APL design.

The manufacture of the (WP seguents will take akout 8 months. To this time
3 months must be added for tapered segrent and Pump Housing precasting. It means a
total fabrication time of 11 to 12 wonths when accounting is made for the beginning

of the work which is always a little more difficult.

2.3.2. Typical Segment Casting

Concrete will ke made by means cf a katch plant lecated nsar the concrete
work area. This plant nust be able to preduce 20 to 25 cubic yards of concrete per
hour.

2 tower crane with a 100/120 fcot boom can take the concrete directly fromr

the batch plant and pour it into the forms. This tower crane is also employed for

other operations. Its load capacity must be about 3 metric tons within 100 feet

reacn.

The two half-pipes will be precast with two steel forms located within



the track rails of a gantry-crane. The concrete is placed in forms by small openings
lccated at different places and levels to avoid segregation and to ensure proper
filling of the forms. The concrete will be vibrated by needles coing through the

openings which will ke closed when concrete reaches that level.

The gantry-crane moves on a 100 feet track and can carry various eguipment.
It will ke used to transfer the prefabricated reinforcing cages into the forms, to carry
these forms, for transportation of the pipes to the storage area, and for loading the

CWP secments onto the barges.

A complete QWP typical segment weights akcout 130 metric tons. Tapered
segrent and pump housing rust also be lifted but in separated pieces. The maxirmum
weight to be lifted is about 170 metric tons which is why the gantry crane is de-

f

signed for 200 metric tons cagacity.
e Y

The upper segment will be cast inverted in order to carry out the joint
in good condition. This segment is then tilted by means of a rccking device and put

on the lower segment with which it is assambled by prestressing cables.

The complete pires are located on the storage area to be transported to

the installation site barge.
2.3.3. Tapered and Pump Housing Segments

Cnce all (WP typical segments are precast, the top seawent can he precast
at the same place. This section will be madce in separated pieces. First the tapered
segment is manufactured. -.On. the top of this piece the lower housing can then be cast.
Then the top ring on the lower housing and the upper housing on the top ring are made.
The four support inserts are prefabricated and their external diameter will be smaller

than the internal diameter of the pump housing to leave rcom between oth for this
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joint to be grouted. The purmp housing seaments can be successively loined on the

support inserts by means of prestressing cables.

1- Typical Segmwents

- Lightweight concrete for precast segmwents m3 6.000
- Forms for precast segnénts 2 | 65.000
- Reinforcing steel for precast segments kg 360.000C
- Prestressing steel for precast segments kg 327.000

- BAncheorages for prestressing cables
Tyge 19 K 5 U 864
Type 12K 5 U 2.676

- Ducts for prestressing cables

Pay

2 172" (64 mm) I.D. m . 6.700

3" (76 mm) I.D. m 27.000
- Elastomeric bearings ‘ dm3 24.000
~ Circumferential seal m - 1.750
- Laminated steel for embedded pieces kg 46.000
- Prestressing rods # 36 nm kg 27.500
- Anchorages for prestressing rods U 6.528
- Ducts for.érestressing rods 1 5/16" (41 mm) m 3.000
- PRubber seals for construction joints U 1.416

c

- Cement grout for construction joints dm3 2.250



m—

2- Purp Housing Element

~ Lightweight concrete m3 490
- Forms . : me 2.850
- Reinforcing steel kg 39.000
~ Prestressing steel kg 13.000

- Mnchorages for prastressing cables

Tyee 27 K 5 4] 12
Type 19 K 5 U - 48
Type 12 K S U 38

- Ducts for prestressing cables

- 2 1/2" (64 mm) I.D m 700
3" (76 mm) I.D m 170
4" (102 mm) I.D m 250

Assumptions for Quantities Calculation

~ It was assured that:
. the percentage or rebars is 60 kg/m3 in typical segments and

80 kg/m3 in pump housing elements.

t-h

. the vertical prestressing in the bottom part of each joint is
made with 36 mm diameter rods with a nominal force of 60 metric
tons each.

laminated steel for embedded pieces is estimated on the basis

of cxisting drawings.

. prestressing cables and anchorages are FEEYSSINET K type.

. It should be noticed that all quantities are computed from the drawings

on which some details are missing thus yielding a certain inaccuracy.




2.5 Cost Estimate

(Precast alements ashore at plant site)

2.5.1 Cost Estimate Breakdown

- Bare Costs - $
. General facilities 370,000
. Site Fringe Benefits and Miscellaneous 280,000

. Main Contractor Vorks

- Concreta 725,000
- Forms 1,050,000
~ Prestressing rods aﬁd laminated steel 335,000
~ Elastomeric bearings and seal 680,000

Tilting and storage of precast
segments and standard 1,145,000

Equipment rental

Sub total (1) 3,935,000
Sub~Contracted Works
. Reinforcing steel 275,000
. Prestressing steel 1,260,000

Sub total (2) ' 1,535,000

- Sale Price -

. General facilities and main contractor

works

(370,000 + 280,000 + 3,935,000) 1,333 = 6,111,805
- Subcontracted works

1,535,000 x 1,282 : = 1,967,870

8,079,675

‘Pourded to $§ 8,100,000
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2.5.2 Cost Estimate Per Item

Sale Prices in $

Casting Plant 620,000
Typical Pipe Segrents 6,960,000
Tapered and Pump Housing Segments 520,000

- $ 8,100,000

Note: This cost should be considered as a lower boud estimate of the

APL design as described in the preliminary file without any changes

of the APL design.

Estimated cost for designing of site facilities and special
equipment: $ 50,000.

2.5.3 Cost Estimate Assumptions

. Bverage labor rate, including fringe benefits due to site staff

$ 11.20 per hour.

Standard ecuipment: normal amortization rate.

Special equipwenﬁ: 100% arortization

(for example: the gantry crane is 100% included in the item "Tilting

and storage of precast segments")

. Livlite aggregates $ 30./cubic yard

Carment $ 56./metric ton

Elastcmeric material to be at the same price as elastomeric material
used for bridges

$ 19.5/ dm3

. Circumferential seal S 45. /etre




. The gantry crane with its appliances is estimated
roughly $ 50

. No engineering cost included for C.W.P

. No engineering cost included for designing of site facilities and

special equipment.

. Coefficient breakdown on bare costs are:

Main contractor

works (

Corrorate overhead 5
Contingencies 10
Profit _10

25
That. is to say coefficients on bare cost' of

1.333
. No charge included for site rental.
. No charge included for escalation‘
. Time delivery of present segnents: 12 months

to:

0,000.

2) wWorks
2

10

. Bonding, insurances, and finance charges are not included.

Subcont

tracted

(%)
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3.1 Altermate Desian Possibilities
4

3.1.1 General
Having considered the various problems raised by the basic design as

explained in chapter 2, an effart was made to improve the joint with the assurptions
that the same distance between joints and the same mechanical principles would
be employed. The overall behavior of the structure is not altered and even the
joint distorsion capabilities were kept identical. The first geoal was to ensure
a safer transfer of the load through all structural elements. This led to an
alternative design for which concrete and steel quantities are somewhat increased

but in reasonable proportions that allow retention of the barge platform principle.

In the bottom part of the element prestressing has been drastically
increased and shapes arve deeply altered. In the top part the alternation is less
visible but a great improvement made is due to the fact that the upper free surface
is horizontal thus allowing casting in the vertical position. With convenient
alternations to the equipment and to the casting process this will permit eliminaticn

of the casting join.

3.1.2 Structural Analysis
It was tried to improve the structural behavior at joint level with a nore
stfaightforward load transfer. The vertical load is carriedAthrough continuous
ring beams at the top as well as at the bottom of the segment. Moreover the
torsional stiffness of these beams reduces the flexural mement in the connection
shells. Post-tensioning is always carried far enough to be evenly distributed in
the necessary areas. Hcop prestressing is increased and distributed all albng the

bottom shell thus bringing extra strength to this part of the structure.



Computer analyses have shown that a much smaller prestressing force was
sufficient to ensure the strength of the vertical cylindrical shell while high
stresses could be expected in the tapersed part. For that reason vertical prestressing

of the element is made:

o]

-~ 24 long cables, going from the bottom to the top of the element, that
carry the load from the lower ring beam to the upper one

~ 36 short cables anchofed by weans of closed lcop anchors in the ring
connecting the tapered shell to the vertical shell. Their purpcse is
to add the necessary prestressing force to the previous ones in the tapered

shell.

Concrete volure is increased by 20% thus increasing the values of maximim
loads in the same proportion from 2,400 metric tons to 2,900 metric tons. It is
desirable to keep the structure fully compressed (no normal tensile stress) under
the applied dynamic load but also the allcowable compressive stresses must not ke
exceeded at the storage area when prestrassing is applied. For an assurmed dynamic
load of 4600 metric tons, the normal stress values are found as shown below in the
nost critical parts of the structures at the point where shell thickness is equal

to 0.35 m (tapered shell zone).

Prestressing + full dynamic load

i

maxi 1,570 psi (1,100 +/m2)

il

mini 60 psi (42 t/m2)

Prestressing alone:

maxi = 2,570 psi (1,800 t/m2)

mini 30 psi (21 t/m2)




3.1.3 Circumferential Seal

A different type of seal is progosed. Commonly used in hydraulic
applications its particular shape is well suited to the watertichtness problem.
Made of plain rubber, its own flexibility added to the slight pressure difference
between the exterior and intericr of the pipe ensures a gocd contact with
concrete at the top rounded part. As sliding between the joint and the concrete
surface is free it accomcdates radial motion as wéll as tangential novement, the
joint being thus waterticht in eny confiquration without excessive stresses in the

rubber seal.

3.1.4 Construction Metheds

It was already mentiocned that casting could ke performed continuously without
the necessity of a construction joint (see 3.1.1). This is the main and only

difference with construction metheds defined previously in 2.3.

Some equipment will no longer be necessary as the system used to tilt half
segments but on the other hand the portal crane will have to be higher and some other
items may be more expensive because of a greater neight. Though a detaile @ analysis

was not rade, this was taken in account in the cost estimate given hereafter.
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5.2 Alternative Design 8ill of Quantities

- Lightweight congrete for precast se
- Forms for precast segments

- Reinforcing steel for precast segme
- Prestressing steel for precast segm

Type 4 X 6
7T K 0
12 K 6

~ Ducts for prestressing cazbles

2v 4 (84 mm ) I.D
3" (76 mm ) I.D
- Elastomeric vearings

- Circular seal
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It was assumed that

the percentage or rebars is 60 kg/@3 in typical segments and
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80 kg/m3 in pump housin

l.aminated steel for embedded pieces is estimated on the basis of

existing drawings.

Prestressing cables ard anchorages are FREYSSINET K
It should be noticed that all quantities are computed from the

drawings on which some details are missing thus yielding a certain

inaccuracy.



- 3.3 Alternative Design Cost
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Cost estimate assurptions are the same as for the ABAM CWP Design.
This estimated cost is closer to the actual price because of changes in the design
which make it more feasible. Nevertheless there were so many problems to be checked

that this result must ke conly considersed as a first approach.

[

Assumping that technological points for which uncertainties were stated
can be resolved in a timely manner, ronghly 15% should be added to the estimated
cost to reach uprer Lhounded estimated cost wnich could be:

$ 10,500,000




INFORMATI

ONS ON LICHTWEIGHT CONCRETE

USED FOR

TRICASTIN BRIDGE (Results of laboratory tes

LIGHTWEIGHT CONCRETE

SPECIFICATION

Cement 400 kg
Water 180 1
Absorbed water 19.2 1
Sand 600 kg
Lightweight aggre-
gat 317 kg
Admixture 0,5 %
SLUMP TEST 7,3 cm

GRAVITY at

COMPRESSION STRENGTH

at 7 days

at 28 days

TH
(Brasilian
at 7 days

at 28 days

batcning plant

365 kg/cm

2

2
440 kg/cm

NSION STRENGTH

test)

‘Ss.kg/cmz

2
40 kp/cm

GRAVITY OF GRAIN AGGREGATE 1240 kg/mJ
- . . o - 3
GRAVITY OF BULK AGGREGATES 716 kg/m
ABSORPTION OF WATER AT 20° C
at 30 minutes 3.2 %
at 2 hours 3.7 %
at 2 days 4.9 %
at 7 days 8.7 %

—

ts)

(3.7 % at 2 hours)

water reductor and f

PCF

—

200 PS

250 PST)

1
L

o
=0
[V

uidizer

{without external oressure)





