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ABSTRACT

This study was undertaken to evaluate the technical and economic
feasibility of constructing and operating a large glass reinforced plas-
tic (GRP) cargo vessel or, alternatively, using GRP for major structural
componants on a steel cargo ship.

The design and fabrication of a large GRP cargo ship is shown to
be totally within the present state-of-the-art, but the long term dura-
bitity of the structure is questionable. Additional research 1is
required to establish satisfactory confidence in material properties.
Experience with existing large GRP vessels is reviewed and extrapolated,
where possible, to the large GRP cargo ship. Criteria for the design
of the GRP hull structurs are presented and justified. |lethods of
system/equipment installation are reviewed.

GRP ship structures are unacceptable under present U.S. Coast
Guard fire vregulations vregquiring the use of incombustible materials.

The design of a large GRP cargo vessel utilizing a composite
unidirectionai-woven roving laminate is presented and compared to the

equivalent steel ship. The saving 1in the structural weight of the GRP
ship is 40 per cent. The hull 1is five times as flexible as the steel
hull.

Cost studies indicate that, for the same return on investment,
the Required Freight Rate of the GRP cargo ship is nigher than that of
the equivalent steel ship for all Tevels of procurement, hull Tife and
for various laminate layup rates considered. Similar studies of con-
tainer ships and bulk carriers arrive at similar conclustions. However,
major structural components such as deckhouses, hatch covers, king posts
and bow modules are shown to be economically justified in some cases.

fireas for further research are presented
nn1'1nnc of smaller GRP vessels (‘Iﬁﬁ 250 feet lon
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these appear most promising at th1s time.
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I. INTRODUCTION

This report summarizes the results of a technical and eccrnomic feasibility
study for designing, bullding and operating a large glass reinforced plastic
'3RP) cargo vessel, and of utilizing large GRP structural components.

BACKGROUND

Glass reinforced plastics as a marine structural material were first
introduced just after the end of World War II. A series of ¥8 foot GRP
personnel boats were manufactured for the U.S. Navy. Since that time,
both the quantity and size of GRP boats has increased significantly,
the major growth being in the pleasure boat industry. In recent years, the
advantages of GRP have been recognized for some commercial type vessels,
resulting in the construction of GRP shrimp trawlers and fishing vessels up
to 93 feet in length, References (1) through (5). Recent studies have demon-
strated the technical and economic feasibility of building fishing trawlers
of up to 110 feet in length (Reference (»)). It is generally accepted, that
there are no technical restraints for building GRP vessels approximately N0
feet in length within the present state-of-the-art.

Since the introduction of GRP the U.5. Navy has been actively engaged In
advancing the state-of-the-art for application to naval craft and is responsi-
ble for numerous advances in its technology and development. Recent U.5. Ravy
feasibility studies on GRP minesweepers to 189 feet in length, summarized in
Reference (7), have resulted in the construction and testing of a full scale
midship section of a GRP minesweeper. In Great Britain, parallel studies have
advanced from the evaluation of tests on a midship section to the production
of a prototype GRP minehunter. When this 153 foot minehunter is completed in
the near future, it will be the largest GRP vessel ever fabricated.

The advantages of using GRP in lieu of other materials for the construc-
tion of vessels have been elaborated extensively in the literature. Briefly,
they are as follows:

o Resistance to the Marine Envirornment. GRP does not corrode, rot
or otherwise deteriorate when exposed for extended periods o salt
air or water.

o Light Weight. With proper design and control in the shop, GRP
structures can be fabricated which are about one-half the weight
of equivalent steel or wood structures, and about equal in
weight to eguivalent aluminum structures.

o High Strength. The inherent strength of GRP is quite high relative
to its weight, and long exposure to salt water has little effect on
its properties.




Seamless Construction. GRP hulls are generally fabricated as a
one-piece melding, without seams or laps.

Chemically Inert. GRP does not react to salt water or most
chemical cargoes, and is not susceptible to electrolysis.

Apility to Orienf Fiber Strength. The nature of GRP reinforcement
permits the glass fibers to be oriented in the direction of maximum
stress, thus providing the designer with the ability to economically
optimize strength-weight relationships to a greater extent than with

metals.

Ability to Mold Complex Shapes. GEP mzterials can be molded into a
wide variety of complex shapes with relative ease and economy. This
provides design flexibility =and the ability to easily comply with
optimum form requirements.

Flexibility. The low modulus of elasticity of GRP is beneficial in
absorbing energy from impact loads, such szs slamming. However, this
flexibility can also be a design constraint.

Competitive Cost. Although the cost of GRP materials is usually
considerably higher than wood or steel, the over-all cost of a GRP
boat 1s usually only slightly higher than the eguivalent wood or
steel hull providing the mamber of hulls being built in GRP are
sufficient to amortize the cost of molds and other tooling. Higher
costs are to be expected for protoilype or one of a kind GRP hulls.
GRP is generally competitive with, or slightly cheaper than, aluminum
construction for high-volume production.

Low Maintenance. The non-corrosive nature of GRP generally results

in much lower hull maintenance for smaller craft. The corresponding
savings for larger hulls may be less, since antifouling painting is

required at the same intervals as with steel hulls, and painting of

topsides will eventually be required to cover up scrapes, gouges

and color fading even if the gel coat is originally pigmented.

Long Life. Recent surveys of U.3, Havy small boats, Reference (8),
indicate no degradation in laminate properties after as long as 15

years service. This conclusion can probably be extrapolated to 20

years which 1s the usual vessel life. Longer hull life may well be
possible, though substantiating data is presently unavailable.

. These advantages are offset by a number of potential problems associated
with GRP when larger hulls are being considered, including the following:

8]

dull Stiffress. The modulus of elasticity of GRP laminates . incorpora-
ting unidirectional rovings does not exceed =-1/7 %o L x 10~ PSI,
compared to 30 x 107 PSI for steel. Thus, for equivalent thickness,

2 GRP hull would deflect about "0 to 1+ times as much as a steel hull.
For eguivalent weight, the deflection of a GRP hull would be about
7-1/7 to 3 times that of a steel hull. Although there are presently
ne firm guidelines on allowable deflection of oceangoing freighters,
it is obvicus that excessive hull deflections could cause binding

and damage to the propulsion shafting, as well as damage to longi-

tudinally-oriented piping.




Hull Strength. Although the basic short term strength of GRP is quite
satisfactory, its fatigue strength is generally low, which must be
consldered in selecting design loads and safety factors. addaition,

large GRP structures must be evaluated to determine the problems
associated with stress concentrations such as at hatch corners
endings of stiffeners or decks, and other discontinuities. The

low buckling strength of GRF also warrants consideration in evalua~
ting basilc structural concepts.

Creep. GRP has a tendency to creep 1f subjected to long-term loading and
if the laminate stresses are high. This indicates the need tc mini-
mize still water btending moment, and may significantly affect lcading
conditions.

Vibration. The low modulus of elasticity of GRP could lead to problems
with hull girder natural frequencies and potential resonance with wave-
induced forcing functions on the propulsion system components.

Abrasion. The abrasion resistance of GRP is generally not satisfactory
for the type of cargo handling and shifting associated with a break-
bulk cargo ship, which must be considered in selecting materials for
cargo decks.

Fuel Tanks. The tendency of fuel oil to soak into flaws and into
laminates laid up with coarse fabric reinforcements such as woven
roving will require special attenticn in configuring fuel oil tanks.
For limited fuel capacity, separately molded non-integral tanks are

rvnnnv-g—]—l'rr nsed, Hatwrevar for a2 cargo vessel the large fuel capacity
genera.ly nowever, Igr a Trgo SsSel, lhe rge Uuel capacluy

requlred would make separate tanks unattractive both from a cost
and weight point of view.

Quality Control. The key to successful quality control at this time
1s visual inspection of laminates and destructive testing, though
non-destructive methods such as ultrasonics are currently under
development., TFor the proposed cargo ship application, both visual
inspection and destructive testing may be impracticable, indicating
a reguirement for development anduse of non-destructive means of
assuring quality.

Layup. The fabrication of a large carge ship hull of GRP will neces-
sitate a complete re-evaluation of layup methods and assembly of
components. The traditional hand layup technigues must be augmented
by mechanized impregnation, distribution and compacting of the fiber-
glass reinforcement. The current laminating resins must be cured at
temperatures of 50 degrees F or better, indicating the need for a
very large enclosed area with proper temperature control. The large
quantities of resin required may be an incentive for the chemical
industry to develop new low-temperature and slow curing resins
suitable to this application.

Assembly. The massiveness of the layups being considered for a cargo
ship hull indicates the need for an extensive evaluation of structural
module size. For example, in lieu of a one-piece shell, it may be

more economical to divide the hull inte a number of large sub-
agssemblies,



Secondary Bonds. The secondary bonding of two precured GRP parts is
perhaps the weakest part of the technology today. The reliability

of guch joints is questionable since there are no proven,consistently
optimunm methods of accomplishing these types of joints and their
long-term behavior is unknown. This is an area requiring intensive
and immediate investigation.

Yulnerability to Fire. GRP laminates laid up with general purpose

resin will support combustion, and rapidly lose strength. This
indicates the need for consideration of fire-retardant resins or
other protective methods.

Installation of Systems. The attachment of equipment, pipes, cable-

wravre and miapallanamiie ~11tf3+ S+taema +a +he GRP 10117 ctrnindiivg 4o
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general more difficult than with steel construction. This may
require sophisticated detzils which could be reflected in higher
construction cost,

A
Lii

SCOPE OF STUDY

This program consisted of seven phases:

o]

[e]

Material and design studies including a review of GRP material
properties, operational experience, fabrication concepts, fire
protection, and system and equipment installation.

Development of design criteria for the GEP hull girder and principal
structural components.

Design of the GRP cargo ship, including structural studies, welght
and stability studies and analysis of hull girder deflections.

n11“§xrn‘|an+ c+c-cx-| ")Y\rq ORP n-nv\n-n cﬂﬁ-iﬂc are
v LEC L alld il CaX BilApPS

analyzed to determine required freight rates for varlous levels of
procurement and vessel life of from 20 to 30 years, as well as
sensitivity studies of the effects of varying design assumptions.

Cost studies, wherein equivalen

Investigation of alternative ship types, including containerships,
bulk carriers and tankers.

Investigation of large GREP structural components as an alternative
to an all-GRP hull.

Recommended areas for further study, wherein a research program is
proposed for extending this study into areas requiring further
investigation, including assessment of the benefits from and
probabilities of, achieving a solution to the stated problems.

LIMITATIONS

Prior to undertaking this study, the following basic limitations were
egtahliashed:

PR e W SR

a
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The GRP hull structure will be fabricated with state-of-the-art
materials and processes since the study is intended to develop



a design suitable for construction in the immediate future. Thus,
major technical advances in materials are not conzldered applicable

to this study. The large size of the hull might dictate the use
of heavier reinforcements such as 0 ounce per square yard woven
roving versus the conventional ! ounce material, but these
shiould not have a major effect on total construction costs. More
gophisticated state-of-the-art materials and construction methods,
such as filament winding, graphite or carbon composites, ete.

were not considered,

Mzjor advances in fabricaticn procedures were not considered

for this study for severazl reasons. First, procurement of these
ships in the next few years precludes the development of a major
breakthrough in fabrication of large GRP structures. Such a
breakthrough will undoubtedly involve a significant R&D effort,
requiring a great deal of time and money. Tt is unlikely that
such a development, when it is forthcoming, will be tried initially
on such a large hull, due to the risks involved. Therefore, it

has been assumed that labor productivity will correspond o present
hand-layup technology, with such automation as can be economically
Justified. It 1s apparent that some improvements in layup
technigues must be utilized if the present small-boat labor uti-
lization is to be realized. For example, mechanized lay-down of
preimpregnated reinforcement, ultraviclet cure systems, etc, must
be considered, which are within the present state-of-the-art.

All economic studles are based upon the assumption that the level

of technology and available facilitles and s%kills are equivalent

to those presently available for building the equivalent steel ship.
This implies that one or more GRP ships of equal size and complexity
have been built prior ¢ the ship or ships under consideration. This
study specifically excludes detall consideration of the economics

of the prototype large GRP hull, and thus does not consider the
fellowing:

Cost of building and cutfitting the shipyard required to
fabricate large GRP hulls or, alternatively, the cost of
modifying an existing shipyard to perform this function.

Regesvrch and development for improving materials, production
techniques, inspection, etc.

Development of general equipment and tooling for GRF not
intended for a specific ship or class of ships, such as pre-
impregnating equipment,.resin distribution systems, test
equipment, etc,

Initial training reguired to develop a large staff of capable
laminators, line foremen, supervisors, engineers, etc.
knowledgeable in GRP production and technology.

Start-up problems associated with the design and construction
of a prototype.



It is necessary to make these limitations in order to compare the economics
of GRP and steel vessels on an equal basis. It is difficult to assess the
effects of the above factors on the economics of a GRP caggo ship. Howaver,

T ey R PN

experlence with U.S.-built GRP fishing vessels in the 70- Poot length

range indicates that the direct cost of a prototype trawler will be from S
to 7 times that of a production vessel, exclusive of plant construction costs.

SELECTION OF CARGO SHIP

The baseline ship should preferably have the machinery located relatively
far aft, to minimize the effects of hull girder deflection on shafting, and
relatively small cargo hatches to minimize problems with excessive laminate
thickness and flexibility. The vessel selected for this study is the
55 JAMES LYKES, Lykes Bros. Steamship Co., Inc. which has the characteristics
shown in Table 1. The general arrangements and midship section are shown in

Figures 1, 2 respectively.

TAELE 1

PRINCIPAL CHARACTERISTICS - SS JAMES LYKES

Type: Dry/Bulk Cargo, 5 Holds
MarAd Designation: C3-8-37a
Length Between Perpendiculars L7or on
Beam 691 on
Depth IR
Draft (Scantiing) 30 o
Builder The Ingalls Shipbuilding Corporation
Classification BS % A1 ®

This vessel is representative of a broad spectrum of medium-to-large
dry cargo vessels being built today and is sufficiently well documented to
produce a high level of confidence in the physical characteristics of the

hooaldna dAacion
UdoT L ilic UBS1lELL.
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IT. MATERTAI AND DESTGN STUDIES

TTA. REVIEW OF GRP MATERTALS

In this section, the basic materials presently in use feor fabricating
GRP marine structures will be briefly reviewed to determine those which would
be applicable to the constructicn of a large cargo vessel (or major components
of the ship's structure) in the immediaie future. This investigation is
based upon a review of state-of-the-art materials and their properties, and
will include resins, reinforcements and core materials.
RESTNS
The selection of resins involves consideration of the followlng factors:
o polyester vs, epoxy
o rigid vs. semi-rigid or flexible
o fire-retardant vs. general purpose
¢ isophthalic vs. orthophthalic
o air inhibited vs. non-air inhibited
o fillers, including thixotropic additives and pigments
o curing cycles and catalyzation systems
Polyester vs. Epoxy. DPolyester resins, similar to MIL-R-7575 or

commercial equivalents, are recommended for the subject application in
preference to epoxy resins, for the following reasons:

o Less expensive.

o Have adequate strength. Although epoxies will result in higher
strength laminates under controlled conditions, this petential
1s not as significant in field applicaticns where cure is taking
place at room temperature and without pressure.

o Most epoxies have a tendency fto lose viscosity as the heat of exo-
therm increases, and will drain from vertical or inclined surfaces.

o Polyester resinsg allow the use of the simplest and most versatile
production techniques of all thermosets, and do not present the
personnel hazards of epoxies.

0 Good chemical resistance in the presence of potential fuels and
cargoes to be carried.

o Better mold release.

¢ Somewhat better heat resistance.
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Epoxies possess superior abrasion resistance, less water absorption,
greater bonding strength and much lower shrinkage. In addition, they provide
somewhat greater flexibility in imparting desired mechanical or resistance
properties than polyesters. However, these advantdages are not considered
sufficient to offset the disadvantages of epoxies, particularly with regard
to cost.

Rigidity. The use of flexible or semi-rigid resins offers potential
advantages in increasing the resistance of laminates to impact loads, such
25 hull slamming. However they offer relatively 1little advantage for the
primary hull structure of a carge vessel, due primarily to the increased over-
all hull flexibility. Therefore general purpose resins are recommended for
structural laminates, though 2 more resilient formulation would he desirable
for gel coats.

Fire Retardancy. The use of fire-retardant polyester resins will be
evaluated fully in the subseguent studies of fire resistance. The materials
test program for the U,S., Navy fiberglass minesweeper program, Reference (7),
showed that state-of-the-art fire-retardant resins do not affect laminate
strength significantly, though a weight increase of about 7 per cent can
e expected. Therefore the use of such resins at the surface of laminates
will not degrade properties. Certain fire-retardant additives will reduce
laminate transparency and may discolor when exposed to suniight for extended
periods. However, these factors are not considered significant, particulariy
since present laminate visual inspection technigues are of little value for
very thick laminates.

Isophthalic vs. Orthophthalic. Isophthalic polyesters have found
increasing use as gel coat resins for GRP boats becauss of their greater
resistance to water, toughness, abrasion resistance and colorfastness. BHefer-
ence (18) indicates an apparent marked superiority of isophthalic resin over
orthophthalic resins in strength and stiffness retention, both in terms of

outdoor weathering and immersion in water. This data is over 13 years old,
however, and subsequent improvements in general purpose orthophthalic resins
are credited with reducing this apparent advantage to the point that the
higher cost of isophthalic resins is often not justified for general laminating
resin. Further long-term weathering and water immersion tests are required to
fully satisfy this question.

Inhibition of Cure. The addition of paraffin wax 1o polyester regins to
promote cure in the presence of air 1s widely accepted, both in commercial
and military boat construction. This presents significani problems in secondary
bonding, due to the necessity of removing the wax film before laying up the
bond. For this reason, it is proposed to develop fabrication concepts for
air-inhikited resins to provide better secondary bond strengths. This will
involve the development of a post-cure system to exclude air from the non-mold
surface of the layup after completion, such as the use of a peel ply of rein-
forcement or spray-up of an air-excluding film. Though thils is not now
commen practice, it does not appear difficult to develop a workable system.
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to gel coat resins to reduce shrinkage, minimize crazing and to improve
surface finishes. Laminates containing fillers may be opaque, making visual
inspection difficult. Pigments may be added to both the resin and gel coat
to impart permanent color, Although this impairs visual inspecticn of the
laminate, this is not considered cbjectionable.

Curing Cycles and Catalyzation. Fiberglass reinforcement and properiy
catalyzed resin can be cured to a hard structural laminate by either the
application of heat from an external source, heat cure, or by the addition of
an accelerator to the resin catalyst mixture to produce sufficient internal
heat to cure the laminate at room temperature. Heat cure has been used to
oroduce small parts with superior physical properties on a mass produced basis.
Jue to the rapid cure cycle, cost of the heated molds and the cost of the large
external power supplies,the use of heat cure for larger lay-ups such as required
for the proposed cargo vessel 1s considered impractical.

For a room temperature cure, the curing cycle or "gel time" of a resin is

z function of the type and concentration of the catalyst and accelerator. By
adjusting the percentages of catalyst and accelerator the fabricator can
sdjust cure time to provide adequate time for impregrnation and layup of the
reinforcement prior tc the start of resin hardening. For normal boat layups,
with laminate thicknesses of one-half inch or less, gel times as short as 30
minutes are common. However, for thicker laminates such as those required for
large cargo ship, the heat of cure, or exotherm, would be so great with such
rort gel times that laminate distortion and poor quality would result. Thus
<he guestion of proper gel time for thick laminates must be given careful
consideration. Accelerators and catalysts will only work together in certain
combinations. The following combinaitions are most commonly used for hand
Zayup of polyester rssin:

o

o Catalyst: Methyl Fthyl Ketone Peroxide (MEK)
Accelerator: Cobalt Naphthanate

o Catalyst: Cuemene Hydroperoxide
Accelerator:  Manganese Naphthanate

The former combination should not be used for gel times exceeding four hours.

Recent advances in ultraviolet (uv) curing permit the curing of pre-
‘mpregnated reinforcement under direct exposure to uv energy. Since the cure
cvele is directly dependent on the application of uv energy, it is possible to
eliminate pre-cure and to control the cure cycle very closely. In addition,
ro appreciable exotherm results, and cure times can be considerably reduced with
thin laminates., However, present uv cure technology is primarily tased upon
sacuum bag curing of relatively small, thin laminates under closely controlled
conditions. Manufacturers of uv prepregs do not feel that the technology is
oregsently applicable to the cure of large GREF components, or that a techno-
logical breakthrough can be expocted in the near futurs.

The use of radio frequency curing of resins has led to the development of
"pultruded" structural GEP sections such as I beams and channels, which could
be used in fabricating GRP ship structures. These sections are formed by
drawing continuous fiberglass strands through a die, and injecting and curing
the resin in a contirmuous operation., The unidirectional orientation of the
glass fibers results in high axial and bending strength.
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REINFORCEMENTS

Reinforcing materials are made from very thin glass filaments drawn
together to form contimuous bundles, known as strands. The strands are used
to make various types of reinforcements such as cloth, woven roving, mat,
and unidirectional rovings. The glass filament used in boat hull construc-
tion is a lime-alumina borosilicate E glass of low alkell conteni, which has
high chemical stability and moisture resistance. The higher strength 5 glass
is not used because of its high price.

Cloth. OCloth is a plain square open weave material, used primarily in
small boat construction for surfacing the exposed areas of hulls and super-
structures and for repairing laminate defects. 1t improves appearance, but
is expensive and builds up thickness too slowly to be econcmical for thick
laminates such as will be required for the GRP carge vessel,

Woven Roving. Woven roving reinforcements, similar to MIL-C-19343 or
commercial equivalent, consist of flattened bundles of continuous strands
woven intc a heavy plain weave with a slightly greater number of strands in
the warp direction parallel to the length of the roll of material, than
in the fill, perpendicular to the roll. Woven rovirng is commonly used as a
reinforcement for marine applications. When layup is by the contact or hand
layup molding method, woven roving has the following advantages:

o Has good drapeability and handling characteristics,

o Builds up laminate thickness

Wl 4} A1)

o Provides higher strength and stiffness than mat,

o Has directional physical properties for orientation in high
stress areas.

o Has good resistance to impact because of the continuous, untwisted
strands in the individual bundles.

The fine, tightly compacted filaments of the glass strands and the coarse
weave of woveh roving may cause resinstarvedareas within and resin rich
areas between the individual bundles of rovings unless special attention is
paid to the wet out of the plies during layup. Woven rovings weighing up to
L0 ounces per square yard (compared to the 24 ounce per square yard woven
roving in general use today) are within the state-of-the-art capabilities of
reinforcement manufacturers. The use of these heavier woven rovings is
recommended for laying up the thick laminates required for larger hulls.

Mechanical impregnating and material handling systems are also suggested in
order to insure proper wet out and quality contrel. Mechanical impregnation
will provide greater control of the glass-resin ratio, increase wetting of

the glass fibers, reduce resin waslage and will permit the use of polyester
resins of higher viscosity. The cost of additicnal equipment should be offset
by lower resin wastage and labor costs. A mechanical impregnation of this

type was used successfully in laying up the midship test section for the

U,S, Navy GRP minesweeper program. Thus the technology required to develop such
equipment is now available,
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Mat and Chopped Strand. The chopped-fiber type of reinforcement is
available as a prefabricated mat made from short randomly oriented chopped
strands of fiberglass held together with a soluble resin binder, or the
glass strands may be chopped, mixed with resin-and simultaneously deposited
onn the mold with a chopper-spray gun. Mat reinforcement has the following
advantages:

o Lower cost per pound and unit thickness thsn fabrics.

o Homogeneous material with equal physical properties in ail
directions.

o Good interlaminar bond due to the interlocking action of the
" fibers. ‘

o Can be molded into more complex surfaces and shapes than fabrics.
o Fasy to wet out, i.e. rapidly impregnating the glass with resin.

Contact molded mat laminates have a lower glass content than fabric
laminates with a resulting lower modulus of elasticity. Thus mat laminates
rust be thicker in order to have the eguivalent stiffness of a fabric laminate.
Jue to their lower glass contents, mat laminates alsc have lower physical
strength properties than woven roving or cloth laminates.

Although chopped strands deposited with a chopper gun produces a rein-
forcement with properties equivalent to prefabricated mat reinforcement, it is
difficult to accurately control laminate thickness and glass content. There-
fore this method is not recommended for laminates where high strength or good
quality control is required, unless a mechanized system can be developed for
depositing the resin and reinforcement.

Unidirectional Materials. There ares presently several mamufacturers
oroducing inexpensive unidirectional materials suitable for marine applications
using hand layup procedures. These materials consist of continuocus paraliel
strands of fiberglass either sewn together or bonded to a light mat backing
to form a roll or bolt of reinforcement. In addition to the pure unidirectional
material, with all fibers parallel to the warp, there are a number of possible
variations with bundles of glass in the fill direction as required to suit
strength requirements. The percentage of glass in the warp and fill direction
can be varied over a wide range. These materials offer high strength and
stiffness in the warp direction, and maximum freedom to optimize weight-
sirength relationships. They are generally somewhat more expensive than
woven roving, though purchases of large quantities of material would reduce
“his differential., To date, the primary use of unidirectional reinforcements
of this type for marine applications has been in the producticn of large sailboat
~ulls, particularly in Canada. No attempt has yeit bsen made to mechanically
oreimpregnate and lay down these unidirectional reinforcements, though this
“ould not appear to be a problem.

Sizes, Finishes and Binders. Sizes and finishes are chemical treatments
applied either during the manufacture of the fiberglass filaments or to the
reinforcement after it is woven into cloth and cleaned teo improve the chemical
bond between the molding resin and the glags filaments. For use with polyester
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resing, sllane, chrome or other ftype sizes and finishes compatible with the
resin are used, although the silane types are recommended for marine applica-
tions since greater laminate wet strength is obtained. Highly soluble
polyester resin binders are used to hold together the shori randomly oriented
chopped strands of mat reinforcement during handling and layup.

GRP Composgites. Composite fiberglass reinforcements, particularly alter-
nating plies of mat and woven roving, are used extenzively in commercial
small boat hull construction. This uu.u:yu:u.'tc: reinforcement J_.Jl”OVldc:; J.UI.HAU."ed
interlaminar bonds between successive plies, reduced porosity, and allows
several plies to be laid up at one time. In addition, the resultant weight-
strength and weight-stiffness characteristics appear to be ideal feor small
boat hulls except where maximum weight is required for high performance.
Since the GRF cargo ship is relying heavily on reduced weight to increase
available cargo deadweight, the use of a low-strength composite GRP laminate
is not justified.

Preimpregnated Reinforcements. Preimpregnated reinforcements are rein-
forcements preloaded with polyester or other melding resins which are either
layed up immediately or stored for later use. The preimmregnsting is usually
done by machine in order to bhetter control the glass to resin ratio. In
addition to greater control of the glass-resin ratio, preimpregnated rein-
forcements provide increased wetting of the glass fibers, reduced resin wastage
and allew the use of high viscosity resins. The additional equipment and
gtorage facilities required, the reduced storage life and handiing difficulties
during layup due to the tackiness of the resin are the major disadvantages of
preimpregnating. However, gserious consideration must be glven to preimpregnated
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CORE MATERIALS

Marny materials are used as structural cores for stiffeners and sandwich
panels; including wood, foamed plastics and honeycomb., The selected core
material should have good shear strength and rigidity; ability to bond
adecuately to the facings with a minimum of difficulty; resistance to
deterioration due to water, fungi, and decay; light weight; and sufficient
crushing strength to withstand local loading, such as fork 1ift tires rolling
on a deck.

Wood. Hard woods, plywood and balsa are some of the typical types of
wood used as core materials. Plywood has good strength, rigidity and ability
to withstand local loads. However, plywood is relatively heavy and should be
of marine grade only, Hard woods should not be used since they have a
tendency to swell and crack the covering laminate. Both hard and soft woods,
except balsa, are similar to plywood in that they are too heavy to perform
efficientl:y' as sandwich cores. Balsa wuut, while L)JLUVJ-\-U-..HE’, the necessary
lightress, would have to be built up in layers in order to obtain the core
thicknesses requirea for the subject application. Because of possible rotting,
swelling and degradation, the use of wood cores in areas below the waterline
or adjacent to tanks :s not recommended for the GRP cargo ship.
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Foamed Plastics. Foamed plastics such as cellular cellulose acetate (ccay,
polystyrene, polyurathane and polyvinyl chloride (PVC) offer the advantages of
light weight and vresistance to water, fungi and decay. Low compressive
strength, especially of the very light weight foams, makes them susceptible
to damage from local impact loads. Low foam shear strength often dictates
the uge of GRF shear webs between faces to avoid excessive core thickness on
highly-loaded panels. Polystyrene is not recommended, since it will be
attacked by polyester resins. For the GRP cargo ship, neither CCA or PVC
foams are recommended, due to high cost. Polyurethane is acceptable, though
the effective use of this foam as & core material, like all foams, dictates
the layup of the GRP laminate onto the foam, rather than pressing the foam
into the laminate, to provide a good skin-to-core bond. Alternatively, vacuunm
bagging can be used, though this 1s gquite expensive.

Honeycomb. Honeycomb cores of aluminum, fiberglass laminates, cotton duck,
waterproof paper and nylon are available in various sizes and weights. They
have light weight, good rigidity, poor resistance to concentrated local loads
and require highly developed fabrication technigues to assume good bonding
between core and facings. Imperfect core-to-facing bonds will permit water
travel throughout the core in the event of a leak. The use of honeycomb cores
in marine construction is usually limited to interior decks, flats and bulk-
hieads. For the GRP carge ship, honeycomb has not been considered for
primary structural elements.

Microballoons. Light weight hollow glass or gas-filled phenolic spheres
and polystyrene beads embedded in resin are examples of the high density,
trowelled-in-place type of core material presently being used in certain areas
of some small boat hulls. In general, their high cost has limited their use
to local areas where high core strength is required, such as in way of engine
mounts, etc. Alternatively a local core insert of vermiculite and resin (80
per cent resin by weight) can be used.

PHYSTICAL PROPERTIES - 3TATIC

The physical properties of typical marine GRP laminates are available from
a number of sources, including References (9) and (10). Table 2, derived from
Reference (10), presents average design values which are considered suitable
for this study. It is noted that the properties of GRP laminates vary widely
because of the variations inherent in the hand layup process. This variation
is reflected in the safety factors selected in the design criteria. The
properties in Table 2 are somewhat lower than those applicable to Navy or
U.8. Coast Guard boats, as reflected in MIL-P-175L9C, but are considered
typical of commercially fabricated GRP marine structures.

The average physical properties of unidirectional laminates preduced by
the hand layup process are highly variable, depending upon the per cent glass
present in the laminate. Table 3 presents typical values for the warp
direction of a high strength laminate utilizing unidirectional rovings. The
tensile and flexural properties are derived from Reference (11). Compressive
properties are assumed due to lack of test data. The properties in the fill
direction would be far lower. The values in Table 3 assume that the rovings
are not prestressed during the cure cycle.
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TBLE 2

SECIICAL PROPERTIES OF TYPICAL MARTNE GRP LAMINATES (a)

Average Valuves for Guidance Only

Choppod Btrand Ceomposite Woven Roving
Mat Laminate  Laminate \C Laminate
Low Class Medium Glass High Glass
Eiiﬁiﬁﬂimﬁ?QuﬂﬁlﬂfE)(d) _ Content Content Content
Yercent Class by Veloht 25 - 30 30 - 40 40 - 55
Spreiiic Gravity 1.40 - 1.50 1.50 - 1.65 1.65 - 1.80
Tlexural Strength
PST x 103 18 - 25 25 - 30 30 - 35
Flexural Modulus,
PST x 10° 0.8 - 1.2 1.1 - 1.5 1.5 - 2,2
Tensile Strength,
PST x 107 11 - 15 18 - 25 28 - 32
Tensile Modulus,
PST x 100 0.9 - 1.2 1.0 - 1.4 1.5 - 2.0
Compressive Strength,
PS1 x 103 17 - 21 17 - 21 17 - 22
Compressive Modulus,
PST x 10° 0.9 - 1.3 1.0 - 1.6 1.7 - 2.4
Shear Styength Perpendicular,
PST x 107 10 - 13 11 - 14 13 - 15
Shear Strength Parallel,
PSY = 10~ 10 - 12 g - 12 8 - 11
Shear ¥Motulus Perallel,
PSL % 10V 0.4 0.45 0.5

(a) Propertics from short term loading tests - wet condition,
Compousite and woven voving valucs for warp dirvection,

{p) Tested in sccordomce with ASTH Standard Spocification or
equivoient Federal Standard LI -40061,

() Based ou typical altervate plics of 2-0z./sq.ft. mat and
24 or. /e vd, woven roving,

(@) Strength values are ultimate strengths.
11A-g
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TABLE 3

a
AVERAGE( %HYSICAL PROPERTIES - UNIDIRECTIONAL GRP LAMINATES

Per Cent Glass by Weight, % H0-55
Specific Gravity 1.9
Flexural Strength, PST 114,M00
Flexural Modulus, PSI h.1 x 107
Tensile Strength, PST 110,000
Tensile Modulus, PST 2.9 x 107
Compressive Strength, PSI 100,0N0
Compressive Modulus, PSI 3.9 x 105

(a) Average values for Guidance Only, Warp Direction.
Strength values are ultimate sirengths.

Tahle |, presents assumed properties of a proposed composite laminate
consisting of 50 per cent woven roving and 50 per cent unidirectional rein-
forcement. This composite is desirable to provide adequate transverse and
diagonal strength to the laminate, which cannot be achieved with the uni-
directional reinforcement only. Alternatively, cross-plies of unidirectional
reinforcement could be used.

Typical physical properties of core materials obtained from the sources
cited are shown in Table S,
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TABLE

&
APPROXIMATE( %HYSICAL PROPERTIES OF WOVEN ROVING
UNIDIRECTIONAL COMPOSITE LAMINATE

Per Cent Glass by Weight, % 85
Specific Gravity 1.8
Flexural Strength, PSI 55,000
Flexural Modulus, PSI 2.9 x 706
Tensile Strength, BSI 65,000
Tensile Modulus, PSI 2.9 x 706
Compressive Strength, PST 50,000
Compressive Modulus, PST 3.0 x ‘IO6

(a) Average values for Guidance Only, Warp Direction.
Strength values are ultimate strengths.

TABLE &

AVERAGE PHYSICAL PROPERTIES - CORE MATERIALS

ProEequ

Density, Lb./Cu.Ft.

Ult. Tensile
Strength, PSI

Ult. Compressive
Strength, PSI

Ult. Flexural

At st DaT
SULCILS Ly Lo L

Ult. Shear
Strength, PSI

Source, Reference

MATERTIAL

PVC Ve
(Thermo- (Thermo-  Polyur-
setting) plastic)  ethane End Grain Balsa
5 5 ! 6
- - 200 1375 parallel tc grain
112 perp. to grain
250 at 50 200 500 parallel %o grain
10% compr. 8 perp. te grain
- 140 300 825 parallel ito grain
170 2h0 100 179
(12) (13) (11 (15)
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PHYSICAL PROPERTIES - FATIGUE

The fatigue strength of typi~al GRP laminates relative to that for steel
is shown in Figure 3, based upon data from Reference {9). These data are
based primarily upon mat and cloth laminates. Lack of data on fatigue of
unidirectional and composite laminates makes it necessary to use these data
for those materials as well. The single curve is considered applicable to
tensile, flexural, compressive and shear strength of GRP laminates, for

full stress reversal.
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FIGURE 3

S-N CURVES OF STEEL AND GRP LAMINATES

Reference (9) indicates that the fatigue strength of notched specimens
is about 15 peﬁ cent less than that of an unnotched specimen in the range of
Fram 102 +~ 10 el Ao dlhmnwmsln L d o A O e am Fenn o A mmea kLl
BIPALHi S EW) i LYoy MIVUWELl WD WMILILIUIGIICE 1TUlCEy Lo adoQ ae uiae
extremities of the curve, i.,e. the ultimate strength retention of notched
specimens of 10Y cycles is about 20 per cent.

The fatigue strength of GRP laminates exposed to elevated temperatures
and extreme weathering conditions or immersed in water will be less than that
shown in Figure 3, though the data available %o date are too limited to
present quantitative information on these effects.

In summary, it is considered that the relative fatigue strengths shown

in Fiome 2 awe antdcafantarmr farm fhda obarder Flumarwl,  Pavmakl. man sm o mainl 4=
e Lt ) QAT pRvaodals UWLy Wl WilhD D VY o WIIJUELL LWL UWISL P SOVALULL LD

required to fully delineate the fatigue behavior of GRP,
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CREEP

Reference (9) presents data which indicate that creep, or deformation
under constant stress, 1s negligible for GRP laminates at room temperature
if stress levels are kept to 20 to 30 per cent of the ultimate strength.
For higher contimual stress levels or higher temperatures, however, creep
can be significant and must be carefully considered.

The heat distortien temperature of the thermeplastic PVC foam is
relatively low, (Reference (?8)) resulting in possible creep of PVC-cored
deck surfaces subjected to direct sunlight or internal heat. This character-
istic is not necessarily a disad  ntage, but one which must be recognized in
designing structures with this material.

IMPACT STRENGTH

Data in Reference (9) indicate that the impact strength of GRP laminates
incorporating cloth or woven roving reinforcement is about twice that of
mat laminates of equal thickness or weight. It is not possible to equate
these quantitative impact strength data on GRP laminates to those for steel
or aluminum due to differences in test methoeds. However, general observations
of GRP boat hulls over extended periods indicate that the impact strength of
GRP is quite satisfactory for the normal range impact loads such as slamming,
where the siructure responds elastically. This is primarily due to the highly
resilient nature of the material. Under extreme conditions of impact, GRP
panels suffer from their inability to respond plastically. Thus, whereas a
steel or aluminum panel would dish, GRP laminates will craze around the edges
and in way of the load. If the load is sufficiently severe, rupture of the
panel will occur. As noted previously, there are ‘no data available to indicate
whether a GRP panel will craze or rupture under impact enough to lose water-
tightness at a lower energy level than an equivalent steel or aluminum panel.
However it would appear that metals would be somewhat superior to GRP in this
regard, due primarily to their ability to deform plastically.

BUCKLING STRENGTH

The tendency of GRP structures to buckle is considerably more pronounced
than with metals due to the much lower modulus of elasticity of GRP. This
places increased importance on checking GRP plate panels and columns to
determine their ability to resist buckling loads. In general, it is satis-
factory to analyze GRP panels and columns using conventional theoretical
techniques, treating the material as isotropic, and considering compressive
moduli and uvltimate strengths.

Buckling must also be carefully considered in selecting the dimensions
of stiffening members, both to prevent local buckling of the webs and over-all
instability of the member. These considerations suggest the use of curvature
in laminate panels wherever possible and lateral supports for exceptionally
deep framing members.

SECONDARY BOND

A secaondary bond is defined as any bond betwseen two GRP structures which
is made after one or both of the individual structures has effectively cured.
In this case, the bonding resin is essentially "gluing" itself to the pre-
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cured part, and proper surface preparation is essential in producing a good
mechanical bond, particularly when non-air inhibited resins are used wh}ch
produce wax film. The altermative to secordary bonding is primary bonding,

in which both parts are uncured when the bond is made. In this case the

bond strength is based upon a chemical linkage as a result of contimious cure
of the resin. Primary bonds exhibit higher strength than secordary bonds, and
are recommended wherever possible.

™ atrisn Af seronds Ty Weard at ¥l 3a AT mos nearwe s tha GRP
ine q‘aebtJ.ULL of secondary bond strength is of W ne Gos
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industry, since the inability to achieve full effective laminate st? pgth at
joints requires the use of excessively high safety factors and prohibits
the designer from taking maximum advantage of the properties of GRP.

g

Perhaps the most extensive investigations of secondary bond strength
were those undertaken in connection with the U.S. Navy's GRP minesweeper
program, Heference {16) summarizes the results of the ini@ial test program
and provides considerable quantitative data on static and impact bond strength.
In reviewing these results, the following conclusions were reached:

o FPreferable bonding procedures are as follows:
Bond resin: general purpose or fire-retardant, resilient.
Surface treatment: bumped with a pneumatic saw tooth hammer,

peel ply, or continucus cure of rib to panel; one ply of mat
in way of bond.

Faying flange thickness: minimum consistent with rib strength
requirement.

Bolts or other mechanical fasteners are recommended in areas
of high stress.

o

Acceptable procedures are as follows:

Bond resin: general purpose or fire-retardant, rigid air
inhibited.

Surface treaiment: rough sanding.

o Undesirable procedures are as follows:
Excessive rib faying flange thicknesses.
No surface treatment in way of bond.

Recent tests conducted in Great Britain for their GRP 153 foot Mine-
hunter indicated that the peel ply method is the most effective.

The ability to satisfactorily fabricate structurally sound secondary
bonds is essential to the feasibility of the GRP cargo ship. Experience to
date with the performance of secondary bonds in GRP pleasure and commercial
vessels up to 80 feet long has been quite good. However, this does not
obviate the need for far more research in this area.



_22-

RESTSTANCE TO ENVIRONMENT AND AGING

The ability of GRP to resist a marine enviromment is well documented.
GRP 1s composed of substances which do not rot or suffer attack by marine
organisms, other than attachment of barnacles and grass. However, the latier
condition can be effectively controlled with the same anti-fouling paint
systems used with metal vessels.

CRP laminates are compatible with all anticipated cargoes and fluids
which would normally be carried in a dry cargo ship, ircluding fuel oil. The
only known effect of GRP on a cargo or fluld is the possible taste of
polyester imparted to drinking water when the resin 1s not fully cured.
However, this can be overcome using technlques now employed in the small
Aot dFrnAnvietyesr
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Table ¢», derived from Reference (18), presents data on the chemical
resistance of the various types of resins normally used in GRFP boatbuilding.
These data are perhaps academic for the general design of a GRP cargo ship,
since the listed chemicals are seldom if ever carried. However, this infor-
mation is useful in considering GRP compeonents, such as liquid cargo tanks,
or alternate types of GRP ships. This tabkle shows that the chemical
resistance of general purpose polyester resin is generally good, though in
certain cases, epoxy resins or polyurethane linings are recommended.

GRP laminates which are immersed in water over extended periods will Lave
wet strengths approximately 85 to 90 per cent of their dry strength due to the
effecte of the water on the bond between the glass fibers and the resin.

Reference (18) projects a loss in strength and stiffness of about 50
per cent over 20 years. However, this data is old, and is not considered
representative of recent improvements in glass finishing and resins.
Reference (17) indicates substantially no change in wet strength of =z
GRF submarine fairwater after 11 years service including submergence at high
pressures.

GRP laminate strength is adversely affected by high temperatures. For a
typical laminate incorporating fire-retardant polyester resin the per cent
strength retention at 200 degrees ¥, 300 degrees F and 100 degrees F are 90,

S0 and 10 per cent respectively of the strength at room temperature. Thus

it is concluded that GRP structures can withstand continuous exposure to
temperatures of about 150 degrees ¥ - 200 degrees F and intermittent exposures
to higher temperature. Since polyester resin is a thermosetting resin, it is
unlikely that the laminate would regain sirength after removal of the heat
source. This loss in strength at elevated temperatures must be considered when
designing tank heating systems.

The properties of GRP in a cold or supercooled environment are higher
than at room temperature. Thus operation of a GRF ship in cold climates will
not degrade its strength.

The core materials being considered vary in their ability to withstand
the enviremment and aging. Wood, including balsa, is organic and subject to
rotting, decay and general loss of strength if not properly preserved or
encapsulated with GRP. For this reason wood cores are not being considered
for use in the primary structure of the GRP cargo ship.
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TABLE 6

+ - resistant;

t = questionable;

- = not recommended

i
i Chemicals to be transported

Polyester resins

General | Isoph- Bisphenol Epoxy Polyure-
purpose | thalic resin resin thane
resin acid lining
resin
| Acetone - - - f +
' Spent acid + + +
. Ammenia {aqg. ) - + (5 %)
' Benzene - - - + +
| Butanol + + + (up to 80°C) + +
E Butylacetate + + o - <
. Carbontetrachloride + + + (up to 30°C) - +
. Caustic soda {48 %} - + + + + (10 %
i 4 weeks }
I Chlorobenzene + + +
Naphthenic acid
Di-isobutylene + + + + +
Dirnethylamine {40 % Aq. sol.) -
Dimethylformamide {tech.) -
Dioctylphtalate +
Ethanol + + + {up to 80°G) + +
Ethylacetate - - + +
Ethylbenzene + + 1 + +
Ethylenedichioride - - - +
Ethyleneglycol + + + +
Furfural - + (5%)
Furfurylalcohol + {up to 70°C) 5¢
Glycereol +
Hexane + + + + +
Methanol + + + {up to 60°C) -
Methylethylketone - + {up to 300C}
Methylmethacrylate (monomer) -
Methylenechloride - - -
Formic acid + {up to 85 %)
I Octanol + + + + +
1 Orthoxylene + + + {up to 30°¢) + +
¢ Chloroparaffine +
: Perchloro-ethylene + {upto 20°C) +
! Phenol - - -
! Pine oils + + + + +
! N-propanol + + + + +
. Propionic acid +
| Solvent naphtha + + + * +
Styrene (monomer) + + + - +
Sulphuric acid - + + + (up to 709C) T0 7 : +
| (30 %)
| Synthelic latices {various grades)
| Talloil fatty acids + + + - -
I Toluene + (up to 30°C) - +
i Trichloro-ethylene - - - -
Turpentines (gum and distilled) +
Vinylacetate {monomer} kA -
Fvlene + + + {up to 10°%¢C) - +
. “arious vegelable oils + + + - +
CoSulphite 4
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Foams generally are quite resistant to the eff'ects of age and environ-
ment with two exceptions. Light density foams, less than ! pounds per cubic
foot, are subject to embrittlement and may become friable and disintegrate
with time. Therefore such foams are not recommended. Thermoplastic PVC
begins to lose stiffness a2t temperatures above about 120 degrees F, and
requires additional support to prevent sagging.

ABRASION RESISTANCE

GRP laminates are not as abrasion resistant as metals, though the bottoms
of GRP landing craft have stood up well under repeated beachings (Reference
(8)). Special protection is recommended in areas where heavy abrasion might
be expected. Ixamples would include:

o FHubbing strips near the waterline to prevent damage from pier

14 a
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o Protection for the side shell in way of anchor bolsters and
mooring chocks.

o Protective deck coatings in areas where cargo may be skidded.

o Chafing strips in way of hatch coamings for protection from
cargo whips.

There is presently no known quantitative data on wear rates of GRP
laminates relative to those of steel. Thus the approach to abrasion protec-
tion must be empirical or based upon future testing.

MATERTAL CCBTS

The final factor to be considered in selecting materials is cost,
Table 7 presents cost data on the more common GRP basic materials of high
quality, when purchased in large quantities. These prices are highly
variable, dependent upon competitive conditions.

TABLE 7

GRP MATERTAL COST

Cost per Pound

Item ($ US, 1970)
Mat 0.50
Woven Roving 0.50
Unidirectional Rovings 0.52
Gerneral Purpose Polyester Resin 0.20
Fire-Retardant Polyester Resin .31
Polyurethane Foam 1.50
End Grain Balsa 1.50

BVC 3.00
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SELECTION CF MATERTALS

Based upon the foregoing discussion of GRP materials, the following
materials and laminate configurations are proposed for further consideration
in evaluating a large GRP cargo ship or major structural component:

o Resins. Use general purpose rigid air inhibited polyester resins
except where fire retardancy is required. Epoxies are not
recommended because of high cost, handling problems and marginal
strength advantages in hand layup applications. Resilient resins
might have applicability locally in way of secondary bonds but
general use would result in unacceptably large deflections. Non-
air inhibited resins require removal of wax film before making
secondary bonds, which is undesirable and lowers bond strength.
Fire-retardant resins, as shown later, add weight and cost to the
hull, which suggests limiting their use to plies near the expoged
surfaces, particularly with thick laminates, Isophthalic resins
appear preferable to orthophthalics in increasing wet strength
retention, but further testing and study ig required to fully
Justify thelr selection.

o Reinforcements. Fither woven roving or unidirectional reinforce-
ment, or combinations thereof, of the maximum weight and width
consistent with the equipment used for wetout and laydown are
selected. Cloth is too expensive, and mat has too low a strength-
to-cost ratio and insufficient impact strength for general use.
Mat can be used in way of secondary bonds and as a light backup
for unidirectional rovings.

o Core Materials. Foams of structura

cubic foot density, or end grain ba
the following limitations:

End grain balsa is not recommended for shell panels below
the waterline or in way of tanks.

Thermoplastic PVC is not recommended where exposed to high
temperatures,

o

Laminate Compositions. An all woven roving laminate or a composite
laminate of woven rov1ng and unidirectional rovings are recommended,
based upon high strength, relatively low cost and ease of layup.

As an alternate to the above composite laminate, a bidirectional
material with higher strength in the warp direction than in the
fill direction would be satisfactory. For example, a reinforce-
ment with 70 per cent of its glass in the warp direction and 30

per cent in the fill direction would have properties approximately
equivalent to the composite propesed above.
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IIB. STRUCTURAL CONCEPTS

In this section, the construction concepts best suited to laying up a
large GRP cargo ship will be evaluated and selected. Ideally, such a study
would encompass detailed trade-off studies, including cost optimization
studies. BSuch studies are beyond the scope of this program, however, and
are not justifisd, since the accuracy of the cost sstiimates cannct be refined
sufficiently to justify an extensive effort to optimize the structure. There-
fore, these proposals are presented on the basis of extrapclating previous
similar studies for the GRP minesweeper, Reference (7), and engineering judgment.

SINGLE SKIN VS.SANDWICH

The choice of single skin construction vs. the use of sandwich panels
involves the following ccnsiderations:

o Sandwich panels are generally somewhat lighter than eguivalent
stiffened single skin panels, and have less overall depth.

o Sandwich panels are generally more expensive to fabricate than
equivalent single skin panels, particularly if the panel has
curvature.

o The basic hull girder of the cargo ship will be heavily in-
fluenced by longitudinal strength and stiffness considerations,
implying selection of the least expensive method of providing

laminate area to the hull girder, particularly at the deck and
keel.

o The overall depths of deckg, sideshell and double bottom should
not be increased beyond those of the steel ship, to prevent re-
duction in available cargo volume.

¢ The thickness of hull girder laminates, must be sufficient to
resist impact loads, abrasion, etc. This often dictates increased
h

+h alen o Farn aandnurd

alrim ~ 1
SKln TN1CLNEsses 10 Sanawilcd g1

1 pane.is.
Gonsideration of the above factors favors single skin construction in all

areas except possibly flat deck panels, where depth restrictions may favor
sandwich panel construction.

LONGITUDINAL VS. TRANSVERSE FRAMING

Longitudinal framing is highly desirable for the deck and bottom of the
hull, to increase hull girder inertia and section modulus. The side shell
should be transversely framed, sparming between decks, since longitudinal
framing would require the addition of deep supporting web frames, which detract
from hold volume. Transverse side framing is somewhat superior in resisting
damage from docks and fleoats, since the line of framing is perpendicular to the
bearing surface of the dock or float.
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T7C. OPERATIONAL FEXPERIENCE WITH EXISTING GRP VESSELS

At this time, there are many thousands of GRP boats of various sizes
in operation throughout the world, many of which have seen 15 years or more
of service. These vessels range in size from small prams to fishing vessels
up to $3 feet long. Although there is a significant difference in size and
operational environment between this group of vessels and the proposed
large GRP cargo ship, a review of the operational experience of these vessels
is meaningful.

GENERAL OBSFRVATIONS

The performance of GRP as a structural material for marine applications
has been very satisfactory and the material has dsmonstrated its compatibility
with the salt water envirconment at least as well, or generally better than
either woods or metals. As with any other material, there have been problems
resulting from improper use of the material or failure to recognize and either
avoid or accept inherent weaknesses of GRP. Many of these problems were dis-
cussed briefly in the previous section, amd need not be reiterated here. How-
ever, some specific observations relative to past performance of GEP boats
and structures, particularly as they apply to a larger ship, are of interest.

RESISTANCE TO ENVIRONMENT

As previously noted, the basic resistance of GRP to a marine environment
is excellent, References (1) and (8). Degradation of material characteristics,
particularly physical properties, has been negligible. There is 1ittle
evidence to date of problems with fatigue or creep except in areas of cbvious
design or construction deficiencies. TIn general, design safety factors, have
been sufficiently high to prevent such problems. Long-term weathering or
aging effects have generally been limited to fading of gel coats, surface
crazing, deterioration of wood cores in sandwich panels where the GRP protective
surfacing was porous, and delamination of secondary bonds. Tn most instances,
the latter problem has resulted from improper design or workmanship, though
the inherent problem in obtaining a good secondary bond has been discussed
previously.

ABRASION AND IMPACT

Experience with existing boats up to 80 feet long indicates that GRP
is somewhat more sensitive to localized impact, such as slamming into a piler,
than equivalent metal structures. For a given energy level, an impact which
would scrape the surface of a metal hull will gouge GEP to a greater depth.
Similarly, an impact which would plastically deform or dish a metal hull
will produce crazing around the periphery of a GRP panel and possible loss
of watertightness. In many cases, the aforementioned gouging is relatively
shallow, and the edge crazing is restricted to the gel coat and its reinforce-
ment, in which case the damage is cosmetic rather than structural in nature.

The abrasion resistance of GRP boats is generally satisfactory for
normal service. Under extreme conditicns, however, abrasion damage has
resulted, at a more rapid rate and with greater severity than with metal,
—xamples of such damage include:

o Wear down of trawler decks in way of fishing gear

o Damage to deck edges and bulwarks from chafing of mooring lines
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o Abrasion of side shell at waterline from chafing against floats

o Wear down of decks of landing craft from vehicle movements, and
gimilar damage tobottoms from repeated beachings

This indicates the need for protection where excessive abrasive loading is
anticipated.

REFPATRS

Repairs to GRP boats have proven to be generally easier than with wood
or metal, and the durabiliiy of these repairs has been satisfactory, as long
as they vere properly made. References (19) through (24) discuss the tech-
nigues for making repairs in detail.

Repairs Lo badly damaged laminates are generally accomplished by cutting
away tha: damaged material, scarphing the edges and laying up & patching laminate
using tne same materials as those being replaced. The process is simple,
requires a minimum of equipment and technical skills, and is relatively in-
expensivz to perform. The fundamental wealmess of such repairs is that they
rely upon a secondary bond between the repair laminate and the undamaged exist-
ing laminate. This requires careful attention in making the repairs if the
laminate s to be restored to full strength. Tt is generally desirable to
tuild up the thicknegs of the repalr laminate by laying up an extensive
doubler over the patching laminate, which overlaps well on to sound existing
material. The repair can be further strengthened by the use of mechanical
fasteners at the Iinterface between new and existing laminate.

Minor damage, such as scratching, gouging or abrasion, is generally
repairable with a commercial fiberglass putty or a mixture of resin and milled
glass fibers.

Ixperience in repairing GRP boats indicates that there are several keys
to affecting a good repair:

o Careful surface preparation in way of secondary bonds
o Adeguate overlap of repair laminate onto existing sound laminate
o Careful control of moisture and ambient temperature

o Use of repair materials which are, as a minimum, equal in

strength to the existing laminate. The use of epoxy resins for
repairs will increase the strength of a repair significantly.

0o Cleanliness, t0 avoid contaminating the surface to which the
repair laminate will bond

o Use of a double scarph wherever possible, with the repair laminate
layed up from both sides
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MATNTENANCE

The maintenance history of GRP boats now in service is very good, dus
primarily to the materialls resistance to the environment. General and pre-
ventive maintenance of GRP structures has proven to be far less than with
either wood or steel, as noted in References (1), (8} and (17). 1In general,
the maintenance required for GRF structures, other than renewal of anti-
fouling bottom paint, is of a cosmetic nature. Although most GEP boats are
unpainted initially, due to the use of pigmented gel coat resins, most owners
eventually find it desirable to paint the hull to renew faded gel coat colors
or to cover up repairs. The frequency with which this paint must be renewed
is usually less than with wood or steel.

ITh, FABRTICATION FACTLITIES AND PROCEDURES

The feaslibility of a GRP cargo ship depends, to a great extent, upon
demonstrating that a facility can be developed which can undertake such a
task and produce a structure of satisfactory quality at an acceptable cost.

In this section, the general requirements for such a facility wiil be
briefly discussed, and a proposed method of cons'ruction will be developed.
This proposal will be based upon the fabrication of the entire vessel of
GRP, rather than large structural components, since facilities already exist
for producing the latter. The propesed method is not necessarily the opbtimum
method of building such a hull. Optimizailion would require extensive
investigations, including detalled consideration of the problem by shipyard
plammers, GRP boat fabricators, materials suppliers and the entire spectrum
of disciplines involved in such a program. A detailed study of this nature
is beyond the scope of this program. However, it is considered satisfactory
at this time o develop a feasible approach to the construction of a large
GHP cargo ship, and to defer studies of alternmative methods and optimization.

FACILITY REQUIREMENTS

It would appear that the initial interest in fabricating large GRP ships
will be limited, and that the investment required to develop an entirely new
shipyard specifically for fabricating large GRP ships would be too large to
Justify. Therefore, it is proposed to develop a GRP facility and capability

at an existing shipyard, preferably ina temperate climate. This would offer
several advantages. An existing shipyard has the capability of procuring,
installing and testing all non-GRP components such as machinery, cabling,
ventilation, cargo gear, piping, etc. It would appear far more desirable to
use existing capabilities in these areas and to develop a new capability in
GRP rather than the reverse. In addition, an existing shipyard can provide
the equipment required for the fabrication of such a ship, such as dry-
docks, cranes, rail and road facilities, machine shops, etc.

The altermative to the above approsch would be to fabricate the hull and
major GRP components in a special, separate facility and tow the incomplete
hull to a shipyard for outfitting and installaticn of machinery. However, it

would appear more practical and economical to provide this facility at, or
immediately adjacent to, the shipyard.

The area in which the GRP components are to be layed up must be enclosed
o provide the envirommental controls required te maintain both temperature
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and humidity within specified limits. It appears obvious that mechanized
preimpregnation will be required for high layup productivity, thus such
controls are particularly important. For the proposed facility, a mean

R RS T AT et e SR  r.— S mm PR

ambisent LEenpera Lure of 70 u.cg.u:eb r, ig dzgirable in the moldi ing area, with a
maximum variation of plus or minus S degrees. Such a limit on variability will
eliminate problems of adjusting resin-to-catalyst ratios. Although present
industry practice places no limits on humidity in the molding area, an upper
limit would appear desirable for layup of a ship of this size. Since opinion
on the effechs of humidity on iaminate and bonding quality is divided at this
time, this recommendztion should be justified by testing.

.o

Additional facility requirements include the following:

0 Storage areas for glass reinforcement, with both temperature and
humidity controls.

o HResin storage tanks which will maintain large gquantities of resin
under conditions meeting the manufacturer's recommendations for
storage.

o Resin day tarnks in the molding area which will maintain the resin
within the specified temperature range.

o Resin mixing equipment which disperses resin of uniform catalyst
concentration to all stations.

© Mechanical equipment to impregnate reinforcement with a carefully
contrelled quantity of resin and to transfer the impregnated rein-
forcement to the mold surface. Such eguipment has been successfully
used in both the United States and Great Britain for laying up GRP
minesweeper structures. For a very large hull, it may be desirable
to utilize rolls of reinforcement which are wider and longer than
those now commercially available,

o Mechanical equipment for high-speed transfer of glass reinforce-
ment from the storage area to the impregnating machines.

411 of these requirements are within the state-of-the-art, though the
development of specialized equipment may reguire considerable time and effort.

PROPOSED HULL FABRICATTION PROCEDURE

The method proososed for laying up the hull of the GRP cargo ship is
illustrated schematically in Figure L. This system is based upon conventional
hand layup techniques in conjunction with the mechanization discussed pre-
viously, which is a reasonably conservative estimate of the state-of-the-art
in large GRP hull fabrication within the next few years.

The hull mold would be of steel, supported by trusswork, and would
consist of four sections: a bottom portion which is fixed to a floating
drydock, two sections incorporating the sides and bow, and a stern section.
Bridge cranes and mechanized layup equipment would roll along the top of
the hull mold. This entire assembly would be enclosed in an inexpensive
weather envelope such as translucent fiberglass sheeis over a light steel
framework. This envelope would afford sufficient environmental protection
and control to permit year-around layup of GRP laminates.



-31-

=

|

i i ,'i’é-}fv_-"pﬂ..g&l : ":“.I"; T Al
i W BECK WDIDS | ;
sEment Ae:#—— Th :
GIROER — ——— - F : [ 5
! ¥ R = 2
g J
. SIEEL . o | ~
S BERNCHIeT T 1 J
‘ ] Ak !
mewsrorg—. b | FIGURE 4. — PROPOSED HULL MOLDING
. GRRINNER BOTTOM b [ WZaNBRALmE " =N - _D'T‘Y"D_-:i:L
a=iliace o ] JE B AND LAYUP PROCEDURE
T I
(INERESEIN iTIV |

BOTTOM MO ]_.[__' i 1T
CETICWED TG o

ELOATING |
DR DOCA .

The layup procedure would be as follows (referring to Figure L):

o Floating mold {1) and side and end mold structures (2) are
in initial positions as shown.

o Shell {3) and stiffening are laid up intc mold.

o Innerbottom grillage (L) is installed.

o Tank top (5) is laid up.

o Stanchions (%) and side girders (7) are positioned.

o Temporary deck molds with supporting structure (8) are installed
above tank top and lowest deck sections (9) are laid up in place.

o When lowest deck is cured, temporary structure is removed and
reassembled on deck just installed and next deck is laid up.
This procedure is repeated until all decks are laid up.

o After hull is complete, the drydock is lowered and hull floats free.
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Major items of equipment and machinery may be installed prior to removing
the hull from the mold, though this is not necessary.

QUALTITY CONTROL AND INSPECTION

The development of suitable guality contrel and inspection techniques
for large GRP hulls represents a particularly difficult challenge. At this
time, it must be concluded that state-of-the-art procedures are inadequate
for a hull of this size, indicating a need for a major research and development
effort.

The need for good quality control and inspection procedures is pariticularly
critical for GRP, since the physical characteristics of the basic structure
are dependent upon the abilities of the individuals laying up the laminate
and controlling wetout. If suitable procedures cannot be developed, it will
be necessary to resort to high safety factors to account for material
variability,

Present Procedures. Before evaluating this problem further, it is
desirable to review the guality control and inspection techniques now
available. In general, these techniques represent those used for Navy and
Cosst Guard boats. Commercial standards are less severe, though the quality
of the laminates produced has proven guite satisfactory. Present quality
control and inspection procedures include the following:

o Careful control of basic materials (resin, [iberglass, etc.) by MIL
Specifications, inspection and testing.

o Careful documentation by the builder of fabrication procedures, from
which he may not deviate without approval.

o High quality engineering work, including carsful attention to
critical details.

o Carefyl control of resin gel times, pot life, viscosity, ambient
temperature and other factors affecting cure.

o Fhysical properties tests on laminates and sandwich panels to
check against minimum allowables in the Specification. The laminate
tests are based either on hull cutouts or extensions of the
laminated part.

o laminate visual inspection for bubbles, voids, contamination or
cther visible flaws.

o Use of a detail=d inspection checkoff list.
o Weighing of completed parts for uniformity.

Vany of the strict quality control and inspection procedures now required
by the Navy and US Coast Guard might not be practical for very large hulls,
particularly visual inspection, testing of laminate cutouts, and repairs to
defects in laminates. The question of quality control and inspection of GRP
hull structures is presently being investigated by the fAmerican Bureau of
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Shipping and the Society of Naval Architects and Marine Engineers Hull Structure
Panel HS-7-3, The results of these studies sghould be very valuable in futurs
studies of large GRP ship fabrication.

Future Developments. It is rather difficult to predict what the state-
of-the-art in GRP quality control and inspection will be in the next few
years. It 1s unlikely that a major breakthrough will occur, since progress
in this area has been rather slow in recent years. As interest in larger
GRP hulls grows, possibly through developments in GHP minesweepers, attention
will be focused upon improving the most critical areas 1n inspection and
guality control. These potential developments ir:zlude:

o Maximum use of mechanized preimpregnation and resin mixing equip-

aent na nronaced] carligr This will control resin content very
ment, as proposed eariier, 118 WXli ContIeL Treslhl conuens Iy

closely, which is the prime factor in controlling laminate strength.

o More closely controlled ambient conditions in the shop, including
humidity and control of temperature/humidity variations within the
mold.,

¢ Ultrgsonic laminate inspection to determine vold content, thickmess
and the soundness of secondary bonds.

o Improvements in secondary bonding technigues to increase reliability,
by a combination of improved bonding resins and better surface
preparation techniques.

It sppears that the key to improving GRP quality lies more in quality
control, in preventing undesirable variations and defects than in improved
inspection techniques. It is invariably less expengsive and more desirable
structurally to prevent the problem than to find and correct it. The
problem of guality control and inspection will be considerably alleviated
when sutomated manufacturing methods are developed because of the possibility

to monitor thé process.

ITE. FIRE RESISTANCE

The subject of fire resistance is a very important element which must
be considered in ary study of the use of GRP or GRP componenvs in the con-
struction of a cargo ship.

211 GRP laminates are considered combustible, even those with fire
retardant qualities. In the presence of fire the general purpose resins used
in GRP will burn away, exposing the glass reinforcement, thereby losing all of
‘ts strength. The use of chlorine and bromide compounds in the formulation
5f the resins and the inelusion of such additives as antimomy trioxide will
orovide some degree of fire retardancy. However, in the presence of fire
<hese special resins will emit toxie chlorine and bromine gases thereby
"resenting additional personnel hazards. Even if sufficient compounds could

re used so as to significantly increase the ignition temperature and dis-

~ounting the toxicity effect of the resins, a further problem, that of the
Zoss of structural strength at elevated temperatures, must also be considered.
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Current Coast Guard regulations for cargo ships, Subchapter I, Pari $2.07
requires the use of incombustible materials. Construction is to be of steel or
other equivalent metal construction. The use of other suitable materials may
be permitted in special cases having in mind the risk of fire.

Aluminum, which is incombustible in itself but deteriorates structurally
in the presence of fire, has recently been accepted in ship construction.
However, this acceptance carries many conditions and restrictions. Aluminum
must be protected to the degree that in the presence of fire the alumimum will
not be exposed to flame and that the resultant elevated temperature of the
aluminum structure be held to within a temperature of about 150 degrees F
for a period of not less than one hour. The constructions incorporating the
necessary insulations o accomplish the aluminum protection were the result
of extensive fire testing and evaluation. These constructions are both
heavy and expensive.

"Having in mind the risk of fire" precludes using materials that are com-
bustible. OSuch materials would require such excessive protection as to make
their consideration unfeasible from the standpoint of economics, weight and space.

Since GRP is combustible its use as a ship's structural material keeping
in mind the risk of fire is not acceptable at this time under current regula-
tions even with protection afforded similar to that used on aluminum construction.
In addition to the U.S. Coast Guard regulations, proposals are currently being
offered among member nations of the Intergovermmental Maritime Consultative
Organization (IMCO), including the United States, for greater use of incombusti-
ble materials in ship construction.

Where proven economically feasible,certain nonstructural GRP components,
such as fairings, window frames, masts, yardarms, or remote non-structural
bulkheads etc., may possibly be considered, on a case basis, for use in
areas affording little or no threat of fire.

For GRP to be considered as a structural material extensive testing and
evaluation would be required of various types of GRP panels using resins
with different basic compounds and addltlves as well as a number of protective
systems., In addition, improved detection, extinguishing and inerting systems
would have to be developed and tested for use in conjunction with the pro-

tected GEP 1in an effort to provide an acceptable level of fire protection.

Before any extensive testing programs are considered justification should
first be established that GRP is significantly better both technically and
economically than the various types of competitive incombustible structural
constructions currently in use. Otherwise there is no valid incentive to
deviate so signiffcantly from present structural standards of fire protection.

Presently, no firm conclusion can be drawn relative to the feasibility of
providing a satisfactory level of fire protection tc a GRP cargo ship. By
today's standards GRP is entirely unfeasible. For the future, any proposal
to use GHP must clearly justify any intention to revise today's standards
based on proven superior economic and technical advantages.
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TITF,., INSTALLATTION OF SYSTEMS AND EQUIPMENT

MATERTALS

Installation of systems and equipment on a QRP cargo ship is relatively
simple, since the hull material is chemically and galvanically inert. This
gliminates the problem of isolation common to such installations on steel or
aluminum ships, particularly the latter. The only galvanic problem which
must be given consideration is the mutual galvanic interaction of various
metallic components. This would include the rudder, propeller and other
appendages and attachment of piping to metal equipments or fittings of
different material. In general, the former problem is solved by installing
sacrificial anodes, while the latter problem can be solved with conventicnal
isclation techniques. Hull corrosion control, such as an impressed current
system, would not be required.

ATTACHMENT OF EQUIPMENT

The attachment of highly loaded fittings or equipment to GRP requires
careful attention to detail, including proper distribution of bolt lecads to
prevent bearing failure or tear out. This is generally accomplished by pro-
viding large backup plates in way of the bolts and laminate doublers.

Heavy pieces of equipment, should be bolted to a steel or aluminum sub-
base which is in turn bolted through the GRP, This increases the number of
bolts through the GRP above that generally provided on equipment, and spreads
the equipment load over a larger area of GRP,

PIPING

The basic hull and machinery piping systems on a GRP cargo ship would
be identical to those on a steel ship, except for the following:

o Bulkhead penetrations would have to be gpecifically developed
for GRP. In way of hot pipes, such as steam lines, special
precautions would be required to prevent overheating the GRP
structure.,

o Longitudinally-oriented pipe runs would have to be checked to

[ ram Al

determine the effects of the greater hull girder deflection of
a GRP ship. Two solutions are possible: Use of low -modulus
piping materials, such as GRP or polyvinyl chloride, or provision

of expansion loops.

GRP or other plastic piping is considered both technically and economically
feasible for sanitary, bilge and ballast piping, as shown in Reference {25},
However, these materials are flammable and are not permitted by U.3. Coast Guard
regulations for use in machinery spaces or other areas where the risk of fire
is high, or for firemain, fuel oil and other critical systems.
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IIG. OPERATICNAL CHARACTERISTICS OF A GRP CARGO SHIP

The operational characteristics of a cargo sghip will be greatly
affected by the substitution of GRP for steel zs the hull material,
particularly in the areas of hull maintsnance, repairs, special surveys
and ingurance. In the following paragraphs, each of these factors will be
briefly discussed.

MATHNTENANCE

Past experience with GRP hulls and deckhouses indicates that it is
feasible and desirable to utilize pigmented resins for all external and
internal surfaces. Although antifouling paint will be required below the
deep load line, the gradual fading of the gel coat, as well as accumulations
of scratches and other surface damage, will eventually lead to painting for
cosmetic purposes. Once painted, these surfaces will require periodic re-
newal, though with far less frequency than on steel surfaces.

In gener t appears that norm i :
to an occasional water wash and scrubbing. However, the renewal of anti-
fouling paint will be required periodically, as will bottom seraping. This,
coupled with requirements for maintaining equipment, appendages and outfit,
etc., will result in essentially the same drydocking cycie for GRP and steel
hulls, It is noted that the removal of paint and marine growth from GRP
surfaces requires greater care than with steel, Conventional scraping and
sandblasting methods must be modified to suit the lower abrasion resistance
of GRPF. Sand washing has proven successful in removing old paint from GRP
surfaces.

During drydocking, special attention should be paid Lo the proper support
of the hull on the blocks. (losely spaced keel and bilge blocks are desirable
to prevent large concentrated loads and localized failure of the GRP laminate.

During drydocking, the GRP structure should be carefully checked for
cracks, blisters, abrasion damage, delamination and other potential problems.
Foundatlons and other highly loaded structures raquire particuiar attention.

Obtaining proper repairs to hull damage,or minor structural modifications
to a GRP ship will be more difficult than with a steel ship, since the number
of large repairs yards with qualified personnel having GRP experience is very
limited at this time. This results in two options: Develop a GRP repair
capablility in a limited namber of facilities, in addition to those capable of
bullding GRP ships, or alternately provide a mobile repair facility, including
trained personnel, which could travel to various facilities throughout the
world, as required, to meke emergency repairs or %o assist in scheduled overhaul.

It CRP gains acceptance as a hull structural material for large ships,
the availability of trained GRF repalr personnel and facilities will increase
accordingly. However, until such a time, it must be assumed that the time and
cost required for repairs to large GRP ships will be considerably higher than
equlvalent steel ships.
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SPECIAL SURVEYS

At this time, the Regulatory Bodies have no special policy relative to
additional surveys for GRP vessels. However, based upon the large size of
the GRP cargo ship being considered, it would appear advisable to schedule
additional structural surveys, at least for the prototype vessels. In order
to be effective, these surveys should include close examination of internal
structures, particularly in way of secondary bonds. Since this would entail
gas freeing tanks and cleaning of all surfaces, 1t would be advisable to spot
check in a limited number of tanks, and check others only if problems are un-
covered, Additional items to be checked would include those noted in the previous
i scussion of hull maintenance, as well as a careful examination of shell and
deck laminates for signs of cracking or deterloration.

HULL INSURANCE

The cost of hull insurance for a GRP cargo ship will undoubtedly be
higher than that of an equivalent steel hull, due to its higher replacement
and repair cost and the greater risk of loss by fire. The relative increase
ig difficult to predict, since it is dependent upon the degree of fire pro-
tection provided, types of cargo to be carried, risk of fire as affected by type
of machinery and equipment installed and other factors.

DISPGSITION OF THE HULL

The scrapping of an obsolete GRP ship presents some rather unusual
oroblems, since GRP camnot be easily disposed of or rendered into a useful
or reusable product. Cutting the hull into small pieces and burning the
scrap is feasible unless the hull is fabricated with a fire-retardant resin.
However, this would be very costly and would generate a significant quantity
5f air pollution. Scuttling the hulls at sea would be the most economical
means, but would be considered "dumping" and therefore in conflict with
current policies on pollution and ecology. It would appear, therefore, that
the most practical solution to the scrapping of a large CRP hull would be to
sink it as part of a landfill or harbor development program, or possibly as
a figh habitat.

ITH, SUMMARY

In this section, the basic characteristics of GRP have been reviewed,
including past performance and potential applicability as a structural
material for large ship hulls. This review confirmed the suitability of GRP
“or use in constructing vessels of up to approximately “0C feet in length
2g demonstrated by past studies.

As vessel length increased beyona 200 feet a number of additional factors
afecting hull material selection must be considered. For example, hull
girder loading and longitudinal strength and/or stiffness become more
}mportant than local considerations in selecting scantlings, TFatigue loading
becomes a more serious consideration, Higher nominal stress levels are
generally accepted, leading to greater concern for notch sensitivity and
oropagation of failures initiating at hard spots and discontinuities.
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For some materials, this change in loading has a profound effect on
maximum ship size. For example, wood constructicn proved feasible for
clipper ships and schooners of up to about 300 feet in length. Beyond this,
the problems of providing adequate hull tightnéss, sirength and stiffness,
particularly at plank seams and butts, proved technically prohibitive. On
the other hand, there does not appear to be any technical limit on the size
of a steel ship based solely on material capability. DMNo matter how large
the ships become, it would be possible to provide sufficient material to
withstand anticipated over-all and local loading.

At this time, it appears that the fabrication of a GRP cargo ship 500 feet
long is within the state-of-the-art. However, there are serious questions
relative to the long-term performance of such a structure, particularly with
the very thick lamlnates which will be required. Aress of particular concern
include the following:

o The strictly elastic nature of GRP raises questions as to the
acceptability of its life-cycle notch sensitivity and fatigue
strength in a highly loaded, highly redundant structure such
as a ship's hull,

o The potential flexibility of = GRP hull may aggravate problems
with notch sensitivity, bond strength, and vibrations.

o Lack of data raises concern relative to long-term strength
retention, abrasion and impact resistance, fire retardancy,
strength retention at higher temperatures, notch sensitivity
and bond strength of GRP,

o The relatively low strength of secondary bonds and the present
lack of consistent results in their fabrication is a major
concern. This may represent a significant weak link in the GRP
gtructural chain, possibly requiring the use of mechanical
fasteners.

On the basis of the foregoing, it is possible to design and fabricate a
iarge GRP ship within the present state-of-the-art. However, the performance
of the very thick laminates required and the necessary joints and connections
have not been sufficiently proven in service or in the laboratory. Until
sufficient experience is gained in the performance of such laminates, %the
over-all feasibility of a 500 foot GRP cargo ship cannot be confirmed. The
required data can come only from extensive laboratory testing supplemented
by service experience in craft sizes intermediate between the 100 foot range
now going into service and the 500 foot ship contemplated.
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ITT. DESIGN CRITERIA

The development of acceptable design criteria for the hull structure of
a GRP cargo ship represents one of the most challenging and important
considerations in this study. These criteria are fundamental in developing
a technically feasible design, and require a thorough evaluation of the
empirical and theoretical considerations leading to the steel scantlings
presently required by regulatory bodies.

Design criteria have been developed for the primary hull girder structure
and secondary midship structure to the extent necessary to demonstrate
technical feasibility, including the following:

o Hull girder section modulus at midships.

¢ Primary hull structure: decks, tank top, shell plating and
framing, longitudinal floors and girders, center vertical keel.

In general, the proposed criteria are based upon the conversion of
existing steel scantlings to GRP on the basis of relative strength or stiff-
ness ratios, as applicable. Where such procedures are deficient, allowable
stresses and design loads are proposed to facilitate the required stress
analysis.

EXISTING CRITERIA

As a prelude to developing design criteria for a GRP cargo ship, a review
was made of existing criteriaz and procedures for developing GRP structures for
commercial and naval vessels. There are presently four regulatory bodies
with rules for the selection of materials, scantlings and quality assurance
procedures for GRP vessels up to approximately 130 feet in length, References
(#7) through (30). In addition the American Bureau of Shipping is currently
developing requirements for the design and construction of GRP yachts,
trawlers and workboats up to 120 feet in length. In general, the regulatory
body rules published to date have béen based on the experience gained with
GRP yachts and fishing trawlers over the past twenty years and as such cannot
be extrapolated to the desipgn criteriaz for a 500 foot GRP cargo ship.

In its feasibility studies of GRP minesweepers, the U.S. Navy developed
design criteria for GRP vessels up to 189 feet in length, Reference (7).
However, the special operational requirements of a Navy combatant ship preclude
the direct application of the same design loads and safety factors to a
commercial GRP cargo ship.

PRCPOSED CRITERIA - MIDSHIP SECTION HULL
GIRDER SECTION MODULUS

The required section modulus of the hull girder at midships for steel
merchant vessels has traditionally been determined on the basis of balancing
the vessel statically on a trochoidal wave and equating the resultant wave
bending moment to an allowable stress. This stress, generally around 8 tons
per square inch, was arrived at empirically, based upon the successful
performance of mamy previous designs. During the last decade, rapid growth
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in the size and number of super tankers and large bulk carriers has prompted
the regulatory agencies to reconsider their requirements for huil girder
strength, This has been possible because of recent developments in the
sclence of oceanography and sez spectrum analysis, which have made it possi-
ble to predict life-cycle hull girder stress patterns with acceptable
accuracy, and to relate these to the fatigue characteristice of the material,

The state-of-the-art in hull girder stress analysis has not yet
advanced to the point where a truly classical structural design is possible.
At this time, the process of hull design is essentially one of working back-
wards, comparing proven, acceptable scantlings with more sophisticated load
inputs and resulting moments and shears to determine the range of safety
factors which have provided satisfactory designs in the past.

Based upon the above limitations, it will be necessary to determine the
GRF hull section modulus on the basis of converting acceptable steel
scantlings, maintaining equivalent safety faciors. In this process, the
following factors apply:

o Steel Hull SM - For this study, the baseline steel hull girder
section modulus will be based on the midship section of the
S5 JAMES LYKES. The midship section scantlings will not be up-
dated to conform to 19717 ABS rules, since the as-built scantliings
are assumed to substantially conform to present ABS requirements.
From these required scantlings an effective steel midship section

will be determined by taking into account the allowance for corrosion.

o Corrosion Allowance - Present data indicates that GRP laminates will
not experience any reduction in thickness when exposed to & marine

enviromment for *twenty years or more., For the equivalent steel hull,

the corrosion anticipated by ABS can be derived from the allowance

which they permit for steel protected by an approved corrosion control

system, such as inorganic coatings. This allowance is 10 per csnt
or 1/8 inch, whichever is less, for the exposed side shell and deck

plating. It is noted that the ABS equations for converting mild steel

to HTS steel consider corrosion allowances of .12 inch for tank
top, deep tank and double bottom girder plating, and .17 inch for
asxposed shell and deck plating. Since these latter values are
deducted from the mild steel scantlings prior to conversion and
are then added back to the HT3, it is slightly conservative to
apply the higher allowances in converting from M3 to HTS. However,
where an allowance is being deducted from steel which will not be
added back to the GRP scantlings, the 1/8 inch or 10 per cent
allowance is more appropriate. Therefore, in converting from
steel to GRP, an "effective" steel midship section will be derived
by deducting 1/8 inch or 10 per cent from bottom and side shell

and_ expo.‘:ed Aderl p'!:a‘f‘pi A lﬂdqﬁw allawance nf 1/13 inch T:‘\Till be
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deducted from all other longitudinally effective structure.

o Short-Term Static Loading - In considering short-term static loading,

it is desirable that the GRP and steel hulls have the same safety
factor when experiencing the maximum combination of wave and still
water bending moments. For a constant hull girder bending moment,
this can be expressed by the relationship in Equation (1) :



-41-

Equation {1): Hull SMygp = Hull SMyyoe1 (effective)
25000 .
-éé——' x 1.0
u

Where Ty, is the short term tenszile or compressive ultimate strength
of the laminate, whichever is less,

The factor of 1.20 is an additional margin of safety to account for
the following factors:

loss in strength of GRP due to moisture absorption.
Variability in thickness.

Greater variability from assumed average mechanical properties
than with steel.

Loss of the ipherent safety factor in steel construction afforded
by plastic response following yielding of the material.

Unknown notch sensitivity and fracture toughness characteristics
relative to steel. This is of particular importance since most
structural failures in steel vessels originate at an area of
stress concentration.

Greater loss in strength for relatively limited cyclic loading.
As shown in Figure 3, the ultimate strength retention at 10-
cycles is only about £0 per cent of that of steel.

Greater tendency toward creep and stress rupture failure than
with steel.

Each factor or group of factors was assigned a coefficient approxi-
mately proportional to its adverse affect on the ultimate fensile
or compressive strength of the GRP laminate, relative to steel,

as shown in Table 8. The coefficients for wet strength reduction
and variability of physical properties and laminate thickness were
selected on the basis of industry averages, while the coefficients
for non-yielding characteristics, unknown notch sensitivity and
fracture toughness characteristics, etc., were based on engineering
judgment pending development of necessary datz from tests.
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TABLE 8

SAFETY FACTOR COEFFICIENTS - GRP LAMINATES

Ttem Coefficient
Wet strength reduction 1.10
Variability in material properties 1.20

or laminate thickness
Non-yielding characteristics 1.10

Notch sensitivity and other factors 1,10

The factor of 1.50 is somewhat arbitrary and must be based upon
conservative engineering judgment where valid quantitative data is
lacking. In subsequent studies, the sensitivity of vessel life
cycle cost to changes in this factor will be evaluated, thereby
providing insight into the potential economic worth of research
needed to refine it.

Long-Term loading - Long-term loading implies consideration of the
anticipated stress levels which the hull will experience throughout
its life, in conjunction with the low cycle fatigue strength of the
hull material. The relationship between steel and GRP is similar
to that developed for short-term static loading except for an
additional safety factor as shown in Equation (#):

Fquation (2): Hull SMypp = Hull SMgpee; (effective)

{5000

Fy x 1.00 x 1.20

Where Iy and the 1.00 safety factor are as noted previously for
Iquation (1).

The additional 1.20 factor of safety represents the ratio of areas
under the S-N curves of mi%d steel and typical GRP laminates,
Figure 3, between 7 and 10° cycles. This range corresponds to the
anticipated maximum range of 1life cycle tensile or compressive
bending stresses.

5t

1

Hull Girder Moment o i ears obvious that the hu
girder stiffness of a GRP cargo ship must be less than that of its
steel counterpart if it is to be economically feasible. Since
there is no regulatory body guldance as to the extent to which the
hul? girder deflection can be increased over that of a steel ship,
it is proposed that initially no limitation be imposed in order

1o determine what deflection will result when normal strength con-
siderations govern the selection of scantlings., The resultant
deflection will be ewvaluated later,

11
14 L

.
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PROPOSED CRITERIA - PRIMARY HULIL STRUCTURE

In this section, criterla are proposed for converting ABS steel scantlings
to GRP for application to the design of the primary hull structure of a GRP
cargo ship. In the event that the structural configuration is not conducive
to a straightforward conversion of plate thickness or stiffener section
modulus, alternate design criteria based on design loads and safety factors
are presented. The following structural elements are considered:

o Bottom Shell Plate and Framing
o Side Shell Plate and Framing
o Main Deck Plate and Framing

o Upper Tween Deck Plate and Framing

o Tank Top Plate and Framing

o Inner Bottom Floor and Girder Flates

o Other Hull Framing Members
In general, these criteria will establish minimum scantlings to resist combina-
tions of primary and secondary stresses, local loads, impact, abrasion,
slamming, etc., with consideration given to vibration and buckling problems.
It will often be necessary to ilncrease these minimum scantlings to sult hull
section modulus requirements.

Design Criteria for Plates

In general, the approach to converting steel plate thicknesses to
equivalent GRP thicknesses requires the derivation of an "effective" steel
thickmess by deducting s1l corrosion allowances, then increasing this thickness
by a function of the relative strength ratios, and adding back anmy required
allowances for abrasion or other factors.

The corrosion allowance to be deaucted from steel will depend upon its
anticipated exposure to salt water. An allowance of 1/8 inch or 10 per cent
of the thickness, whichever is less, is proposed for the hull envelope (deck,
side and bottom plate) with a 1/15 inch allowance for the internal plates.

If the Owner or regulatory bodies have added an additional margin for abrasion,
such as on the flat of bottom or on the boltom of the hold, this should also
be deducted.

The factor by which the "effective" thickness is to be modified is based
upon the ratio of the uwitimate tensile or compressive strengths of the
materials as in Equation (1) previously. For plates loaded primarily in shear,
tension or compression, the full ratio should be used. However, for plates
which are loaded primarily in tertiary bending (bending between stiffeners due
to applied normal load) the square root of this ratio should be used, since
the section modulus of an element of plate is a function of (thickness)?. For
plates subjected to a combination of teritiary bending and tension, compression
or shear, an average factor should be used.
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The allowance for abrasion to be added back to the resultant GRP
laminate thickness is somewhat arbitrary. However, the previous discussions
of GRP laminate abrasion resistance indicates that GRP is not as abrasion
resistant as metals. Thus, for equal life, the steel allowance should be
muitiplied by k, the wear rate of GRP laminates relative %o sieel. Since
there is presently no known gquantitative data on the relative wear rates of
GRP laminates and steel, the approach to abrasion protection rmst be empirical
or based upon future testing.

Summarizing the foregoing discussion, the conversion of mild steel plate
thicknesses to GRP would be as shown in Equation (3):

p 1
. : £5000
Equation (3): LGRE = (tsteel - 01 - 02) Ty (1,60) + k Co
Where:
tapp = minimum reguired GRP thickness
totee1r = steel thickness required by ABS Rules without
correction for corrosion control or increases
for hull girder section medulus requirements
Gy = corrosion allowance for mild steel
Co = additional allowance for abrasion, if any
k = wear rabe of GRP relative to steel {to be determined)
Fu = short term tensile or compressive ultimate strength of GRP

n is an exponent based on type of loading. TFor axial and
shear loads, n = 1. For normal loads, n = 1/2. For a
combination of axial and normal loading, a value of 3/L is
recommended.

Values of Cq, G- and n are as shown in Table 9.

COEFFICIENTS FOR DETERMINING GRP PLATE THICKNESS

Item El 92 n
Minimum bottom thickness 1/8" or .10% As required by Owner 1
Side plate 1/8" or .10t N 1
Deck plate (exposed) Determined primarily by hull girder SM require-

ments. Equation {3) not applicable.
Tween deck plate 1/16M As reguired by Owner 3/L
Tank top plate 1/16Mm As required by Cwner 3/L
or ABS

Floors and girders 1 /160 0 1



A safety factor of 1.50 on the critical panel buckling strength is
recommended. The 1.50 safety factor is higher than the 1.0 factor used for
steel design, due to the varizbility in compressive modulus, laminate thick-
ness, and wet strength., The panel buckling analysis can be based upen the
primary hull bending stress without considering the additional stress from
secondary bending of the plate-stiffener combination, since the latter is
gererally quite small,

Design Criteria for Stiffeners

The design procedure for comverting mild steel stiffener scantlings to
CGRP consists of increasing the section modulus of the steel member by the
relative strength ratio noted previously for plates:

x .70

Bquation (1): SMopp = SMgpeey % _%00_”

u

Where F, and the 1.50 safety factor are as noted previously for
Equatlon M.

Corrosion allowances are technically applicakle to the above equation,
but ars neglected to provide an additional margin for member stiffness.

The additional weight resulting from this simplication is negligible.

Stiffeners should be checked for column buckling strength under the
effects of axial loads. It is suggested that the L/r ratio of the plate-

I T N oy e 5
gtiffener combination be DLA_LJ..LLJJ_eﬁuJ_J low that the safety factor on column
1.

buckling failure would be 7.0, This value is higher than the '..7 safety
factor used for steel due to the factors noted above.

The deflection of GRP stiffeners and sandwich pan&ls should be kept
within reasonable limits, to minimize secondary bending problems at supports
and to prevent damage Lo cargo stowed under decks and flats. However, it is
difficult to establish a specific deflection limitation, since this is a
somewhat arbitrary decision, with little technical justification. Until a
valid technical foundation for such a limitation can be deveioped, it is
proposed to 1limit the deflections of GRP stiffeners and sandwich panels to
three times that of the equivalent steel section. This corresponds to
approximately L/120, where L is the maximum unsupported span. Deflection
limitations of this magnitude have proven satisfactory in designming small
GRP craft, where the analysis is based upon maximum beam or panel loading.

ATTERNATE DESIGN CRITERIA

Where the structural configuration is not conducive to a straight-
forward conversion of plate thickness or stiffener section modulus, 1t is
proposed that the structure be designed for the loads and safety factors
shown in Table 10,
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TABLE 10

DESIGN LOADS AND SAFETY FACTORS - GEP HULL STRUCTUEE

Ttem

Bottom shell

Side shell

Main Deck

Upper Tween
Deck

Tank Top -
Cond., 1

Tank Top -
Cond. 2

Floors &
Girders

Normal Head Axial Lead Safety Factors
or Load (Tens.or Compr.)} Bending/Axial Buckling Deflection
Hydrostatic  Long'l bending 4 L L/100
head to stress
Main Deck
Hydrostatic  Long'l bending L/100
head to stress
Main Deck
7.5 foot Long'l bending L/100
hydrostatic  stress
head 5.0 on ult. 2.0 on

. strength column
Ll B#/Ft° Long'l bending for trans- buckling L/100
per foot of  stress verse struct.,
deck height 5.0 for 1.5 on

longitudinal panel .

Hydrostatic  None struct, buckling L/100
head 37-QM
above Main
Deck
LL.8#/Ft” Tong'l bending L/100
per foot of stress
deck height
Hydrostatic Long'l bending ! L/100
head to stress <
Main Deck M

In general the safety factors and deflection limitations proposed in

Table 10 correspond to those previously developed for plate panels and

With the 1.50 factor applied to GRP for the items noted pre-
viously, these safety factors are equiva

stiffeners,

respectively.

len

t to a design stress of 8.0 and

9.0 tons per sguare inch for longitudinal and transverse steel structure

The safety faclors proposed in Table 10 are somewhat higher than the
factor of 4.0 applied to the primary hull structure of present GRP displace-

ment craft such as yachts, trawlers and minesweepers.

This reflects greater

concern for the effects of fatigue and higher hull girder loading on large

ships.
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IV. DESIGN OF GRP CARGO SHIP

In this phase of the study, a hypothetical GRP cargo ship is developed
which is essentially identical to the 53 JAMES LYKES. This includes the
following tasks:

o Selection o
o Design of GRP midship section.

o Determination of hull girder deflection.
o Estimated light ship weight.

¢ Determination of trim and stability.

SELECTION OF PRINCIPAL DII

The principal dimensions of the GRP cargo ship will be identical to those
of the 535 JAMES LYKES, as delineated in Table 1. The GRP carge ship is
assumed to be identieczal in full load displacement, with the reduction in light
ship weight used to increase the cargo deadweight, and thus the earning
capacity, The anticipated increase in available cargo deadweight is TLh7 tons
or 17 per cent, which means that the existing cargo hold dimensions would be
unsatisfactory for all but weight-critical cargoes. TFor a new design, the
hold volume could be increased accordingly. However, for this study, the
volume of the cargo holds for the steel and GRP ships will be kept identical
to permit direct comparison, although the cargo stowage factor will be higher
for the GRP vessel.

A17 hull dimensions and form coefficlents of the two ships are to be
identical, so that speed-power relationships at full load displacement are
similar. This means that the power plants of the two ships will be identical,
thereby eliminating costs associated with the machinery system as variables.
ecognized that this cach, although saiisfactory for a
feasibility study, will no necessarlly result in an optimum GRP hull. A
preliminary design study to develop an optimum GRP cargo ship with the same
full load displacement and carge stowage factor as the S8 JAMES LYKES could
result in a vessel whose hull dimensions and form characteristics are
different, which would preclude direct comparison. The reduction in hull
weight without a corresponding reduction in the machinery and outfit weights
will result in greater trim in some loading conditions. However, these
refinements can easily be incorporated in the design if desired, but should
be excluded from this feasibility study so that direct basis is maintained

for comparing the two designs.

DESIGN OF GRP MIDSHIP SECTION

Structural Configuration. The basic configuration of the GRP midship
section shown in Figure 5 is dimensiocnally similar to the steel ship, Figure
2. It is proposed to use single skin and frames construction for the shell
and double bottom, with samdwich panel construction for the decks. The
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reason for this choice is primarily economic. For the shell, it would
appear that sandwich construction would he very expensive due to curvature
and the need for vacuum bag moldlng to achieve satisfactory core bond

q'!'rr:-ncr‘i'h and laminate pro
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For the decks, where deflections are critical, the use of single skin
and frames construction would require transverse beams with depths in excess
of the present steel beams. Since reduced headroom is undesirable, the best
method of achieving required stiffness appears to be sandwich construction.
Since these decks are relatively flat, layup with vacuum pressure or other
forms of pressure would be less expensive than on the shell.

The hatchside girders and pillars are to be steel, since stiffness
requirements preclude the economic use of GRP. These girders must be dis-
continucus &t bulkheads so that they do not act in conjunction with the hull
in resisting longitudinal bending loads, which would overstress them.

The double bottom is to be of corrugated single skin construction, both
to provide a structurally rigid bottom grillage and to 1limit shell and inner
bottom panel widths. Alternatively, filament-wound box girders could be used.

It is recognized that the question of hull configuration requires far
greater investigation before the foregoing assumptions can be fully Justified.

For this particular study, however, these assumptions can be accepted, since
longitudinal strength considerations dictate much of the laminate thickness,

and the cost of providing this large mass of material overshadows the potential
cost differential which would be achieved by further optimization of the

midship structural configuration. It is sufficient to state at this time that
the most economical method of construction consistent with strength and stiff-
ness requirements will be used in subsequent design studies of GRP cargo vessels.

Laminzte Configurations, This study is based upon a composite laminate of
unidirectional rovings and woven roving as proposed in Section II, which
appears to have a proper balance between warp and £ill strength for this
application.

Two alternative laminate configurations have been given consideration.

The first alternative utilized woven roving laminzte throughout the hull.

A second alternative midship section was developed utilizing the compesite
reinforced laminate in highly stressed deck and bottom areas and the all
woven roving reinforced laminate in the area near the neutral axis. However,
preliminary analysis indicated that the area in which the all woven roving
reinforced laminate could be used would be too small to warrant its use.
Therefore this concept was dropped from further consideration.

Composite Reinforced laminate Midship Section. Scantlings for the uni-
directional/woven roving laminate composite midship sectlon are shown in
Figure 5 based upon the following development:

o Initially, the scantlings of those structural components whose
configurations corresponded to the equivalent steel section are
determined on the basis of direct conversion from steel to GRP
using the equations given in Section ITI. Minimum GRP scantlings
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for the bottom, bilge, side shell and tank top plating, sheer
strake and flat plate keel are determined in this mammer.

o The scantlings thus developed are checked to ascertain whether they
satisfy the compressive buckiing criteria for GRP given in Section
IIT.

¢ For those GRP components whose configurations are substantially
different from the equivalent steel components, scantlings are
developed based on the criteris shown in Table 10. The corrugated
inner bottom structure, upper tween deck and main deck are designed
in this manner,

¢ Scantlings of the deck and bottom structure are increased as needed
to satisfy the long term hull girder section modulus requirements
of Section III,

The transverse hold and tween deck frames maintain the 30 Inch spacing of
the steel ship and are designed by direct conversion of plate-stiffener
section moduil from steel to GRP, Hat secticns are used with an effective
GRP plating width of 30 inches.

A1l Woven Roving Midship Section, The CGRP midship section utilizing
all woven roving is qulite similar in configuration to that for the composite
GRP laminate, Figure 5. However, the scantlings would be substantially
heavier, since the compressive ultimate strength of woven roving is only
gbout one-third that of the composite laminate.

Evaluation. Table 11 summarizes the strength, stiffness and weight
characteristics of the steel and GRP midship sectlons. As indicated therein,
the weight saving per foot of the composite laminate hull relative to the
steel ship is approximately L3 per cent with the inclusion of steel hatch
side girders, while the woven roving section weighs slightly more than the
steel section, The FI ratio of the GRP composite and woven roving section
to steel is only 20 and 3k per cent of that of the steel ship, respectively,
resulting in hull girder deflections being increased substantially. The
guestion of excessive hull girder deflections will be discussed 1n greater
detail later., It is noted that the section moduli to the keel shown in
Tsble 11 for the GRP hulls are slightly greater than the required value,
reflecting the effects of the panel buckling requirements on single skin

T . PR
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Based upon the foregoing evaluation, it is concluded that the woven
roving GRP section will not provide the hull weight saving relative to steel
which is required to Justify its higher cest., For this reason, no further
consideration will be given to the all-woven roving GREP hull.
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TABLE 11

COMPARISON OF STEEL AND GRP MIDSHIP SECTIONS

GRP
Woven Roving Uni-
Steel A11 Woven Roving directional Composite
Item Figure 2 Laminate Laminate - Figure 5

Weight per foot(a), tons 5.88 5.18(b) 3.33(b)
Weight/foot relative to steel - 1.03 0.57
Section Modulus (Deck) inlrt 31,?55(0) 198,985 68,575
Section Modulus (Bottom) in’ft  L2,091(c) 208,191 8L, 72l
Minimum SM relative to steel - 5.27 2016
Moment of inertia, in®ft? 752,584 () )y, 230,440 1,575,86L
EI, in?ft’ 22,58 x 1072 7,51 x 1072 L.57 x 1012
EI, relative to steel - 0.34 0.20

(a) Includes transverse structure.

{b) Incliudes steel hatchside girder.

(¢) Based on "effective" thicknesses, after deduction of
appropriate corrosion allowances,
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ssive hull girder
deflection. As shown 1n Table 11, the deflection of the GHP hulls constructed
of unidirectional/woven roving composite laminate is 5 times that of the
equivalent steel ship. The findings of the aluminum bulk carrier study,

Refaranca {20 dndicate that hull oirder defliectiane af o to 1.5 times that

Reference (25}, indicate that hull girder deflections of up to 1.5 times that
of steel are acceptable and should cause no problems in the areas of shafting,
piping or other system runs, hatch cover tightness, hull response to sea-
induced loads, or hull vibrations. A detailed discussion of these factors can
be found in Reference (25) Without further study, it appears reasonable to
extrapolate the conclusion of Reference (P5) to a factor of 2. However, the
much larger deflecticns of the GRP hulls cannot be accepted without a major
investigation, which is beyond the scope of the present study. DBecause of the
large deflection noted, there does not appear to be any Justification for
refining the conservative design criteria proposed in order to reduce
scantlings, since this would result in still further increases in hull girder
deflection.
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The problem of GEP hull girder deflection involves two factors: reducing
deflections as much as possible, and designing the ship and its system to
accept larger deflections than those now generally accepted.

For a new design, hull girder deflections can be limited by judicious
selection of hull form, scantlings, cargo and light ship weight distribution,
and ballast arrangement. Reduction in the still water bending stresses will
minimize the effects of hull girder deflections on full load draft. Exces-
sive still water deflection can limit cargo carrying capacity both for free-
board requirements and for limiting drafts requirements entering harbors or
crossing sandbars, thus adversely affecting the economic potential of the
GRP vessel.

Areas which should be considered in selecting the characteristics of a
new CRP carge ship design te reduce deflection include the following:

0 Increasing the depth and beam while reducing hull length. The
maximum practical extent to which such changes could be made
would be based upon speed-power considerations and stability.

o Adding high modulus unidirectional GRP material to the hull girder
deck and bottom, to increase hull stiffness.

o Careful review of arrangemenis to achieve a weight distribution
minimizing hull girder bending moments in all operating conditions.

These factors were not applied to this study in designing the GRP
equivalent to the 5S JAMES LYKES, since changes to hull dimensions, arrange-
ments or an arvitrary increase 1n hull girder inertia would prevent a direct
comparison with the steel ship. However, a new design would surely recognize
these factors.

Despite the best efforts of the designer to minimize hull girder deflec-
tion by the methods noted previously, it can be assumed that the deflections
of a GRP cargo ship will be higher than those of steel ships of similar size.
These larger deflections must be accepted, since further increases in stiff-
ness will have an unacceptable effect on the economics of the GRP ship. Among
the key factors to be considered are the following:

o Propulsion shafting. The machinery should be as far aft as possible
to minimize shaft deflsctions and bearing reactions, though this
may result in undesirable weight distributions.

o Low modulus piping such as GHP or PVC showld be used wherever
possible, as noted in Section II. Where long longitudinal runs of
steel or copper-nickel piping are required, expansion loops should
be provided.

o Hull girder frequency spectra should be carefully compared to
propulsion system RPM and propeller characteristics to avoid
undesirable resonances.

o Hatech cover gasketing and dogging systems must accommodate greater
relative deflections yet maintain tightness.
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LIGET SHIP WEIGHT ESTIMATE

The light ship weight estimate for the steel ship is shown in Table 12,
based upon data from the building yards. These weights are applicable to the
steel vessel as built with an assumed life of 20 years.

TABIE 12

LIGHT SHIP WEIGHT ESTIMATE - STEEL CONSTRHUCTION

Weight  VCG  Vert. Momt.,  LCG  Long'l Momt.,

Long Tons Feet Ft. Tons Feet Ft. Tons

Steel 3,394 25,31 89,398 10.9 A 36,885 A
Equipment and Outfit 1,610 11.93 57,508 16,6 A 26,726 A
Mechinery 782 2l.3hL 19,005 01,3 A 79,205 A
Light Ship 5,785 0.4 175,932 2L.7 A 142,817 A

Light ship weight estimates for the GEP hull are obtained by applying
appropriate conversion factors to the steel ship weight estimate. The vertical
and longitudinal centers of gravity are assumed to be identical to the steel
ship. Coefficients for converting the hull structure and the equipment and
outfit weights of' the steel ship for an equivalent GRP ship are shown in
Tables 13 and 1h. The total machinery weight for the GRP hull is assumed to
be the same as that of the steel ship. Light ship weights for the GRP
equivalent to the S5 JAMES LYKES are summarized in Table 15.

It should be noted that the conversion factors in Tables 13 and 1L reflect
engineering judgment based on previous studies and assumptions as to the per-
centage of items included in the original group weight breakdown which would
be affected by the conversion between steel and GRP., An additional § per cent
of the total hull structural weight was added for the CGRP hulls as an approxi-
mation of the weight of bonding angles and overlaps.

A review of Tables 12 and 15 indicate that the light ship weight of the
composite laminate GRP cargo ship will be about 0.75 times that of an equivalent
steel ship. The vertical center of gravity of the GRP ship is more than a foot
higher than that of the steel ship. This results from the weight savings in
the hull structure being of a lower center of gravity than that of the ship as
a whole. A higher VCG for GRP ships can be expected as long as the large
reduction in hull structural weight is not matched by a corresponding reduction
in the weight of eguipment and outfit.
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TABLE 13

WEIGHT REDUCTION COEFFICIENTS - HULL STRUCTURE

weight(a) Weight Reduction
Steel Steel Coefficients
Iten (Long Tons) Sub-Division {(long Tons) for GRP
Shell Plating 795,3 Midbody 0% 477.8 0.57(0)
Ends ho% 318.5 0.50
Framing ch3.3 Midbody £0% 329.0 0.57(b)
Ends Lo% 217.3 0.50
Forging & Castings 52.5 A1l 52.5 0.50
Decks (Plating & Beams) 712.0 Midbody 70% L,98.8 0.57(b)
Ends 30% 213.8 0.50
Bulkheads & Trunks 350.8 ALl 350.8 C.u0
Pillars & Girders 1501 A1l 15).1 1.00
Foundations 63,2 A1 63.2 1.00
Superstructure 380.6 A1l 380.5 0.50
Miscellaneous P26l A1 22t .hL 0.75

(a) Steel weights obtained from shipyard weight estimates.

(b) Reduction coefficients equal to the respective ratios
of the weight per foot of the GRP midship sections
to that of steel (Table 11).
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TABLE 1)

WEIGHT REDUCTION COEFFICIENTS - OUTFIT

Item
Struct. Steel in Outfit

Hull Attachments

Joiner Work

Deck Ouifit

Stewards Outfit
Hull Engineering
Piping

Misc. Machy.

Weight(a) Reduction
Steel Ship Coefficients
(Long Tons) for GRP
377.8 1.00
1h1.5 1.00
15.3 0.60
93.h 1.00
120.8 1.00
1760.h .25 for Paint
1.00 for Other Items
12.0 1.00
269.h 1.00
153.6 0.70
2l9.9 1.00

(a) Weights for steel ship obtained from shipyard weight estimates

TABLE 15

LIGHT SHIP WEIGHT ESTIMATE - COMPOSITE GRP CONSTRUCTION

Vertical Longi tudinal
Weight VCG Moment LCG Moment
Long Tons Feet I't. Tons IFeet It. Tons
Hull Structure 2,03 °5.7h 52,35) 10.5 A #1,L00 A
Outfit 1,52L 43.20 65,811 1.1 4 2L,592 A
Machinery 782 2h. 3l 19,026 101.3 4 79,2056 A
Light Ship  L,33¢% 31.62 137,201 8.9 A 125,198 A
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THIM AND STABTLITY

A check of stability and trim was made for the fudl load depariture and
half lecad, half consumables conditions. The results of these studies are
shown in Tables 10 and 17, which are based upon the assumption that the reduc-
ticn in light ship is available for additional cargo.

In the full load condition the stability of the GRP ship is slightly
Letter than that of the steel ship, since the VCG of the added carge is lower
than the VCG of the reduction in structural weight. Trim by the bow has
increased appreciably, but this could be corrected in a new design by proper
placement of tanks.

T e helf Ancess T AAIosIme Tl aam AamwAdS b3 e bl abalad TS Far 3o o lo~
L4l ulle llddl Ll val ity bladldl LULLD LGN LE0 UL L LIULL, LI obdUlil U 1o dalou
Improved, as 1s the trim.

In summary, the use of (RP in lieu of steel for the hull structure of =&
carge vessel will not degrade stability or create trim problems in any normal
loading condition. In extremely light conditions, the quantity of ballast
required to sulit stability requirements will be greater than for the steel
ship, but to total displacement will be less.

TRIM AND STABILITY - FULL LOAD DEPARTURE CONDITION

Steel Ship GRP Ship
wrooo ves  Log wroo Veo LoG

Light Ship 5,786 3041t eh.7t A L,339 31.62¢ 28.91 A
Crew & Misc DWT 52 L5.17' 51,5t A g2 LhnaTe 51.50 4
Fuel 2,000 7.22v 2,53t A 2,000 7.221 2h.531 A
W 226 20,08 71.61' A 226 20.08! 71.61" A
Cargo 8,500 27.Lh9' 10,30t F 9,847 21491 10.30' F
Displacement 16,565 22.9L1 7.0 A 16,56 22,480 5.h8" A
Draft at LCF 291 -1-3/] 29t -3/

KM 28.30¢ 28.30"

KG 22,91 22.18¢

GM 5.361 S.821

F3 011 0.4t

aM, L.o50 St

C

Gmégg 1.00° 1.001

Margin 3.957 bl

LOB 7.73 A T.73" A

LCG 7.4 A c.L8v &

LVR 291 F 2,251 F

MT1 1,388 Ft,Tons 1,388 Ft.Tons

Trim 3-1/2" by Bow 26-7/8" by Bow

Draft Twd 291-3-3/Ln 0r-h-1/4m

Draft Aft 29101/l 281-1-3/8"
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TABLE 1

7

Light 3hip
Crew & Stores
Fuel

W

Cargo

SW Ballast(®)
Displacement

Draft at LCF

KM

KGa

GM

F3torrection
orrected

CrMReg_uired

Margin

LCB
ICG
LVER
M_T‘" I
Trim
Draft Fud
Draft Aft

Steel Ship GRP Ship
WT WT
L. Tons VCG,Ft. LCG,Ft. L. Tons VCG,Ft. LCG,Ft.
5,786 30.L1¢ 2h.7t A L,339  31.621 28.91 A
L7 L5.311 51.811 A L7 h5.311 51.8' A
1,000 3,501 26,151 A 1,000 3.590° 26,151 A
113 20.011 70.7L A 113 20.011 70,74 A
I, 250 21.49! 10.3' F h,o7h 21,1491 10.3" F
213 17.81 1974t F 213 17.81 191, 4t F
11,409 2l 48" 8.321 A 10,686 23,971 6,551 A
211-3" 2071-0-3/L"
27,811 28,031
2L.h8! 23.971
3.33 L.o5!
0.59! 0.5631
2.7 3.43"
2.05! 2,387
0.691 1.051
L.76% A Y.ust A
8.32' A 6,551 A
3,567 A 2.10" A
1,085 Ft. Tons 1,059 Ft. Tons
37-1/2" by Stern 21-1/8" by Stern
191-7-1/2" 191-1-3/4L"
221-gn 201-10-7/8"

(a) Ballast added in clean ballast tank for trim only
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V. COST STUDIES

OBJECTIVES

The objective of these studies was to compare the life cycle costs of
an existing steel carge ship with a GRP ship of the same over-all dimensions
to determine 1f the higher first cost of the GRP ship can be justified on
the basis of long term economics, including extended ship life.

CONSTRUCTION COST ESTIMATES

The indtial investment cost of the unidirectional/woven roving composite
GRP hwll was obtained by first estimating the initial cost of the 35 JAMES
LYKES for construction in a United States shipyard in 1970. Subsequently
the cost of the steel cargo ship was divided into components which were
adjusted to reflect an equivalent construction cost for the GRP ship. All
costs were initially determined on the basis of a five ship procurement and
a vessel life of 20 years. Subsequently, the cogt estimates were modified to
reflect procurements of one and ten ships and a vessel life of 30 years.

Cost Estimate of Steel Cargo Ship. The cost of the steel ship at 1970
price levels was based on the total 1957 construction cost (low bid price
plus cost adjustments) for each of five ships, Reference (31), upgraded to 1970
price levels by means of the Index of Estimated Shipbuilding Costs in the United
States, Reference (31). Comparisons with other estimating procedures led to
the conclusion that a walid 1970 level price for a steel ship similar to the
55 JAMES LYKES would be approximately $13,500,000. The construction cost
breakdown shown in Table 18 was computed using relative cost ratios for hull,
machinery and outfit developed from the shipyard's Construction Progress and/
or Payment Report {CPPR} and an assumed profit margin of 10 per cent. General

costs, including engineering, are contained in the hull, machinery and outfit
costs.

Hull Structure $ 2,790,000
Outfit 5,200,000
Machinery 3,280,000

Subtotal $12,280,000
Profit (10%) 1,220,000
Total Construction Cost Per $13,500,000

Ship

(a) Cost is for each ship of a 5-ship procurement

To estimate accurately the effects of GRP on the construction costs of
the vessel, the cost groups shown in Table 18 were divided into approximately
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75 subgroups by means of the shipyard's Construction Progress and/or Payment
Report (CPPR). The CPPR divides the total contract price of the ship into
10,000 pointe and assigns these points to various components of the ship

or the shipbuilding process in proportion to the component's assumed cost.
By dividing the total CPPR points intoc the dollar price of the steel ship
(exclusive of profit) from Table 18, an average dollar value per point was
derived. Knowing the average cost per point, the individual costs of the
subgroups were computed,

Cost Per Foot of (RP Midship Section. The cogt criteria used to estimate
the cost per foot of the composite GRP midship section structure are as follows:

o Costs were estimated for each ship of a five ghip procurement.

o Total glass content for the composite laminate is 55 per cent by
weight. The glass weight per square yard is 2L ounce for woven
roving, 18 ounce for unidirectional material. Thus, woven roving
comprises 60 per cent of total glass content, unidirectional
material 4O per cent.

o Core material was assumed to be 2 Lb/Ft3 polyurethane foam since
it is non-sitructural.

o 1970 level material costs were assumed as follows:

Steel $ 0.09/1b
Woven roving reinforcement 0.50/1b
Undirectional reinforcement 0.62/1b
Polyester resin (general purpose) 0.20/1b
Polyurethane foam 1.50/1b

A 10 per cent margin was added to the total material cost for scrap.

¢ Since precise information concerning labor productivity is not known,
it was decided to assume a range of three values, which may be thought
of as pessimistic, average and optimistic: 15 1b/MH, 30 1b/MH and
45 1b/MH, respectively, for a five ship procurement. The wage rate
was assumed to be $3.00 per hour.

o Overhead was assumed to be 150 per cent of direct labor cost.
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o Profit was assumed to be 10 per cent of material, labor and overhead.

o The tooling cost per pound was obtained by dividing the tooling
costs discussed later, and shown in Table 22 for each ship of a five
ship procurement, by the toital hull structure weight from Table 13.
Knowing the tooling cost per pound and the weight per foot of the
midship section, Table 11, the tooling cost per foot was determined.
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The cost per foot of the midship section is based on its estimated weight:
per foot given in Teble 11. A summary of the results appears in Table
1% and includes figures for selling price per foot and selling price per
pound, both with and without the caost of tooling.

Tooling Costs. In order to approximate tooling costs, the proposed
molding arrangement shown in Figure | was used. Total tooling costs for
each ship are comprised of the initial cost of constructing the molds divided
by the number of hulls laié up, plus recurring labor costs associated with
setting up and dismantling the molds for each ship.

Cost of Hull Mold. The hull mold was assumed to be constructed of mild
steel plate of light scantlings (3/8 inch - 1/2 inch) supported by trusswork.
The weight of the structure was assumed to be about equal to the combined
steel weight of the shell, framing and end forgings of the SS JAMES LIKES, or
1390 long tons. The cost per pound of mold was assumed to be $0.60, including
materials, labor, overhead and profit., This resulted in a direct cost of the
hull mold of $1,870,000. An additional $130,000 has been added for site
preparation in way of the mold, resulting in a total hull tooling cost of
$2,300,000, including profit, which would be distributed among the total
number of ships fabricated.

Cost of Deck Molds. The average deck area of the main and upper tween
decks is 17,430 square feet. Since the smallest hatch opening is 25 x 18
feet, the maximum allowable size for the deck mold sections cannot exceed
these dimensions to permit passing them up through the hatches to lay up the
next higher deck. This means an average of L0 such sections would be needed
to lay up one deck. It is assumed that each section is of steel, welghs
20 pounds per square foot, amd costs $0.30/1b. This results in a total cost
for LO sections of $108,000, which would also be divided among the total
mumber of ships built. Additional framework supports will increase the deck
tooling cost to about $150,000, including profit.

Labor Costs - Hull Mold. The total cost of moving and unbolting the mold
for each hull was assumed to be 1000 manhours at $12/Hr., including labor,
overhead and profit, or $12,000 for each ship.

Labor Costs - Deck Molds., It was assumed that 30 manhours at $12/Hr.
would be required to install and remove each form from each of the decks.
This results in a labor cost of $3C,000 per ship.

Scaffolding, Erection and dismantling of scaffolding within the mold was
assumed to require 2000 manhours at $12/Hr., or $24,000 for each ship.

A 10 per cent margin was added to the costs given above to cover contin-
gencies and the deckhouse tooling. The foregoing analysis resulted in a
fixed tooling cost of $2,700,000, which is equally distributed among the total
number of ships constructed, plus $72,000 per ghip in direct labor.

General Costs. General costs include expenditures for such items as
plans and engireering, mold lofting, staging and erection, checking and
expediting, cleaning, launching and trials. The costs were computed by taking
the point values of items for steel from the CPFR, times a cost coefficient
for GRP construction, times the average dollar value per point. The resultant
constribution to the contract price was assumed constant for each ship in a
given flight. The cost figure was adjusted for flights of 71, 5 and 10 ships.
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For each of five GRP ships the general costs were determined to be $1,121,200,
without profit.

Hull Structure Costs for Each of Five GRP Ships. The cost of shell plating
and framing, innerbotiom structure, bulkheads, stanchicns, decks, bow and
stern assemblies, and superstructure decks and bulkheads were calculaied by
taking the hull structure weight, Table 13, minus the weight of foundations,
times the cost per pound of the midship structure (without tooling and profit)
for pessimistic, average and optimistic labor production rates, Table 19. The
cost of additional hull structure items were obtained by upgrading the corres-
ponding steel costs as follows:

o Foundations and ladders were assumed to be primarily of steel
construction. The cost of these items was assumed to be 1.25 times
the comparable steel cost, or $227,200. This differential accounts
for the greater difficulty of installztion.

o Costs for materials and fabrication of steel masts, king posts and
booms for the GRP ship were assumed to squal the comparable costs
for the steel ship, or $127,700 and $85,000, respectively. Mast
erection was assumed to be twice that of steel, or $51,000.

TABLE 19

______________ & e
o TIMATHED COSTS  OF GRHEP MIDSHILE SECTION STHUCTURRE

Pessimistic Average Optimistic

Rate Rate Rate
Material $3,135 $3,135 $3,135
Labor 1,L92 7hé L57
Overhead 2,238 1,119 7L5
Subtotal % ,865 $5,000 $h,378
Facility Amortization 15% 1,030 750 657
Profit 10% 687 500 L38
Tooling P70 970 70
Selling Price per Foot (with
Tooling) $9,552 $7,220 $5,4L3
Selling Price per Foot (without
Tooling) $8,582 $5,250 35,073
Selling Price per Pound (with
Tooling) $1.28 $ 0.97 $ 0.8
Selling Price per Pound (without
Tooling) $1.15 $0.84 $0.73
Cost per Pound (without Tooling
or Profit) $ 1,06 $0.77 $ 0.68

(a) Costs are for each of a five ship procurement.
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o Hull testing was assumed to be 1.25 times the steel cost, or $62,900.

The steel costs were obtained from the CPPR for each ship of a five ship procure-
ment. A summary of the hull structure cvosts is shown in Table 20.

TABLE 20

HULL STRUCTURE COSTS F(R EACH OF FIVE GRP SHIPS

Pessimistic Average Optimistic
Rate _Rate . fate
Foundations and Ladders $ 227,200 $ 227,200 $ 227,200
Magts, King Post and Booms
Materials (Steel) 127,700 127,700 127,700
Fabrication 86,000 86,000 86,000
Erection 5k,000 54,000 Sh,000
Hull Testing 62,900 62,900 62,900
Subtotal $ 557,800 $ 557,800 $ 557,800
GRP Structure 4,672,300 3,390,100 2,997,100
Total Cost (Without Profit) $5,230,100 $3,951,500 $3,555,200

bfit and Equipment Costs for Fach of Five GRP Ships.

It was assumed that,

except for the adjustments which will be mentioned dlrectly, the costs for outfit

W 1 P
and egquipment would be eduas: IOr MaETSTials ANl

ot oot e o med 4

5 amo

Ion LLIGS LJ\.[J.U -Ld.UUJ. bUbb J.UJ-

the steel ship, Again the costs for the steel ship were based on the assigned
points from the CPPR times the average dollar value per point for outfit and
equipment. An additional $40,000 was added for extra fire fighting equipment
and two-thirds of the initiszl cost of painting the steel ship, or $217,800

Cact ~f &L a0 r‘nn

was deducted. This gave a

total Cutfit and ux.id.J.ymc:uu LOSU O 40O ,£7 0,0,

A A ae

without profit, for construction of five identical hulls.

Machinery Costs for Each of Five GRP Ships.

As noted previously, the power

plant of the GRP ship was assumed to be identisl to that for the steel ship.

h + £ +h I - e
18 CO08U Gl uGile mac.ulner:'y ior

a3 oo

oo Lo

. fctud
LIS LIPI..P bll-l-y was d.tiﬁbullt-‘iu. LvU UL'-' tPDUU UUU grt:auc;

than the corresponding steel ship cost, fte account for greater 1nstallat10n
costs. Accordingly, the total GRP machineny cost was $3,790,000 excluding

profit,
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Variable Levels of Procurement. In addition to obtaining the acquisitien
costs for each of five steel and GREP ships, the costs of building a single
ship and each of a ten ship procurement were determined. This was accom-
plished by adjusting the estimated cost of hull structure, outfit and machinery
by 1.18 and 0.92 for one and ten ships respectively. These multiple ship cost
coefficients were obtained by averaging the values given in References (32)
and {33). The costs of tooling and the nen-recurring components of general
costs were redistributed for one and ten ships.

Total Construction Cost Estimates. The range of estimated construction
costs Tor steel and GRP carge ships in flights of 1, 5 and 10 ships and a ship
life of twenty years is shown in Tables 2?1 and 22, respectively, and graphically
in Figure 6. No margin for contingencies or risk has been added to the cost
of the GRP ship, though these would undoubtedly affect the procurement costs
for the first group of large GRP hulls, as discussed later.

TABLE 29

CONSTRUCTION COST ESTIMATE SUMMARY
_STEEL CARGO VESSEL - 20 YEAR LIFE

1 Ship 5 Ships 10 Ships
Hull Structure $ 3,292,000 $ 2,790,000 $ 2,5687,nNN
Outfit 7,316,000 6,200,000 5,700,000
Machinery 3,882,000 3,290,000 3,027,000
Subtotal $11;,490,000 $12,280,00n 311,298,000

Profit (108} 1,449,000 1,220,000 1,130,000

Total $15,939,000 $13,5N00,000 $12,428,000

Figure & indicates that for the procurement of five or ten GRP hulls,
the cost differential between a GRP and steel cargo vessel will vary from 2.8
to 5.2 million dollars, depending upon the assumed labor productivity in
fabricating the GRP hull. For a single ship procurement the cost differential

will vary from 5.8 to 9.0 million dollars.
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TABLE 2?7

Pegsimistic Rate

Hull Structure(a)

Quttit
Machine:y(b)
General

Subtotasl

Profit {10%)
Tooling

Average Rate

TOTAL

Hull Structurefa)

Outfit
Machine:y(b)
General

Subtotal

Profit (10%)
Tooling

Optimistic Rate

TOTAL

M1l Structure (a)

Qutfit
Machinery(b)
General

Subtotal

Profit (10%)
Tooling

TOTAL

1 Suip

$ 6,171,500

5 Ships

$ 5,230,100

10 Ships

$ L,811,700

7,L26, 300 6,293,500 5,790,000
L,h72,200 3,790,000 3,486,800
2,034,800 1,121,200 1,007,000
$20,10k4,800 $16,43),800 $15,095,500
2,010,500 1,503,500 1,509,500
2,772,600 612,600 342,500
$2li, 887,900 $18,5%0,900 $16,9L7,700

$ 1,663,200

$ 3,951,900

$ 3,635,700

7,LP5, 300 6,293,500 5,790,000
L,472,200. 3,790,000 3,486,800
2,034,800 1,121,200 1,007,000
$18,595,500 $15,156,600 $13,919,500
1,859,700 1,515,700 1,392,000
2,772,600 512,600 3L2,600
$23,228,800 $17,284,90 $15,65L,100
$ L,195,100 $ 3,555,200 $ 3,270,800
7,525,300 6,293,500 5,797,000
h,h72,200 3,790,000 3,4L85,800
2,03L,800 1,121,200 1,007,000
$18,128,400 $14,759,900 $13,55L,600
1,812,800 1,476,000 1,355,500
2,772,600 512,500 3L2,600
$22,713,800 $16,848,500 $15,252,700

(a)Composite unidirectional/woven roving laminate used throughout.
(b)Machineny plant of GRP vessel identical to steel ship.
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I 5
NUMBTR OF IDENTICAL SHIP3
FIGURE 6

CONSTRUCTICN COST ESTIMATES - STEEL AND GRP CARGO VESSELS
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The questicn of contingencies was addressed earlier and requires further
consideration. Within the constraints of this study, which relate te con-
struction of GRP carge ships in the immediate future, it can be assumed that
the response of the shipbuilding industry will be somewhat pessimistic, since
this proposal represents a major departure from conventional shipyard practices,
and would involve retraining, introduction of new skills, medifications to
physical facilities and a significant learning =ffort on the part of labor,
engineering and management. Unless there is a significant inceniive associated
with the GHP cargo ship program, either financial or in terms of future work,
few if any major U.S. shipyards may be interested. Thus, it must be assumed
that the procurement costs of the first flight of GRP carge ships will be
higher than shown in Figure &, because of contingencies and risk being incor-
porated in the bid. The size of this factor is difficult to evaluate, but it
could be significant since the competition between shipyards will probably
not be keen,

On this bagis, it must be assumed that the foregoing acquisition cost
aestimates are optimistic and would not be achievable until the feasibility
of a GEP cargo ship has been fully demonstrated by the construction of a
prototype. Such a prototype would undoubtedly cost far more than the
$23 - 25,000,000 estimated for a single GRP ship procurement based on assumed
available shipyard capability.

Variable Life Spans. The procurement costs for GRP and steel vessels with
lives in excess of 20 years were increased from the baseline figures in Tables
21 and 22 as follows:

o The GRP hull siructure was assumed to be satisfactory for a 30 year
1life without modification.

o The steel hull structure was assumed to be satisfactory for a life
of 25 years without plate renewsl, based upon discussions with
American Bureau of Shipping. Two methods are therefore open to extend
the hull 1ife to 30 years: provide greater plate thickness initially
so that the net plate thickness at 30 years is marginally satisfactory,
or renew excessively corroded plate at 25 years. The first approach
was chosen, and ohe-sixteenth inch was added %to the immersed shell
plating throughout and to selected areas of the Main Deck, and
upper side shell, which would extend the shell life 5 years, based
on an average corrosion rate of .01 inches per year. This was
assumed. to increase the light ship weight 75 tons, with a corres-
ponding increase in cost and reduction in available deadweight for
weight critical cargoes. It is assumed that the use of inorganic
zines or equal in conjunction with a reasonable maintenance program
Wwill prevent excessive corrosion of the plating. The additional steel

and improved corrosion protection were estimated to add $75,000 to
the initial price of each ship of a five ship procurement with a
twenty year 1ife. It is inferesting to note that a vecent sudiogauge
survey of the shell and main deck plating of a vessel of the

85 JAMES LYKES Class indicated that after ten years of service the
corrogion rate was substantially below the .01 inches per year
ailowance, except in certain localized areas. Thus, the above
assumptions are considered realistic.
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o Procurement costs for machinery and outfit were assumed identical
for 20 and 30 year lives, since they do not directly affect the
qualitative results of the study. In reality however, it is obvious
that the cost of eguipment with a 30 year 1life will be higher than
for a 20 year life, in most cases, uniess a more rigorous life cycle
maintenance program is utilized.

LIFE CYCLE ECONOMIC STUDIES

Approach. In order to determine the life cycle economic benefits, if any,
of the GRP ship, a study was made comparing the steel ship and the GRFP ship
operating in a hypothetical trade. The structural weighisaving inherent to
GRP was assumed to be translated ints increased cargo capaclity, hence greater
revenue. Since revenue varied between alternate designs, the Reguired Freight
Rate (RFR) was used as the eccnomic measure of merit. The alternative with
the lowest HFR is the more economically attractive.

Tt is noted that for scheduled cargo-liner operations, an economic model
based on the comparison of individual ships rather than on the over-all trans-
portation system is not completely realisiic. The size and number of ships,
the availability of cargo, the flexibility .of schedules, and so forth, are
important variables in the selection of an optimum cargo-liner system. However,
due to the limited scope of this study, it has been assumed that these additional
factors can be eliminated without affecting the final conclusions regarding the
relative economic benefits of steel and GRP construction.

Ecopomic Criteria. The measure of merit used for this study was Required
Freight Rate (RPR)}, since revenues are unknown and vary between alternatives.
The Required Freight Rate is the income per unit of cargo that must be
collected in order to earn returns eguivalent to the repayment of the initial
investment at a specified rate of interest. &KFR is equal to the Average
Anmual Cost (AAC) divided by the anmual cargo transported. The total average
annual cost 1s equal to the average anmual cost of coperation plus the annual
cost of capital recovery as fellows:

MC = Y +!CRF P

13

Annuegl direct costs (wages, repairs, fuel,
insurance, etc.)

Before-tax capital recovery factor. The
capital recovery factor transforms the
investment (P) into equivalent annual
amounts (R) which will recapture the
investment (P) in n years, at an interest
rate (1).

Investment = the total initial price of the ship.

where: Y

CRF

lav]
]
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Financial Assumptions. The Ownér's initial investment was assumed to be
25 per cent of the initial ship cost; the remainder to be borrowed from a bank
at 8 per cent anmial interest. The loan period was assumed equal to the life
of the ship, with paymenis in anmual instaliments. Additional assumptions
included an after tax return to the Owner of 10 per cent on the total invest-
ment, a L8 per cent tax rate, straight-line depreciation over the 1ife of the
ship, no investment tax credit and no consideration of inflation or subsidies,

The before-tax capital recovery factor {(CRF) was computed using
Fquations 12 and 17, Reference (3L}, as follows:
n & Ip

o
CRFM 4 -~V F

1T -t

where: CRF = Capital recovery factor before tax.
CRF' = Capital recovery factor after tax.

= Yigld nr afTter—-tsvy interect rate = 1(\‘%

.
!

i Yield, or after-tax interegt rate 10%.
n = Life span of ship = 20 or 30 years.
t = Tax rate = LBZ.
P = Total initial investment.
Ig = Annval interest payment to bank.
Il
= CRF, - 1 - Pp, where ig is the annual
~1B n

interest rate stipulated by the bank at 8%.
Pp = capital borrowed from bank or 0.75 P,

For 1life spans of twenty and thirty years CRF equaled 0.14395 and 0.13487,

respectively.

Voyage Assumptions. For the purpose of estimating costs the following
voyage assumptions were made:

o Operation in trans-Atlantic liner trade.
o Average round-trip voyage of 28 days (17 days at sea, 12 days in port).

o Twelve round-irip voyages per year for a total of 339 operating days
per year.

o Total of a 194 sea days per year (scheduled voyages plus trips to
and from the shipyard for overhaul).

o Total of a 150 port days per year (scheduled voyages plus an
allowance for delays, in port repairs, and overhaul).

o An over-all utilization factor of 70 per cent of the available
cargo deadwelght was assumed for both the steel and GRP ship. Due
to volume limitations or the unavailability of cargo, an additional
utilization factor of S0 per cent was applied to the increased
deadwelght made available by the reduced hull structural weight of
the GRP ship. The effects of eliminating this 50 per cent factor
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on RFR are evaluated later. The effective cargo deadweight of the
GRP ship was estimated as follows:

- Light Shipggp |

f

o {a) N
Effect. Cargo Dwt.ggp = .7 8500'% "+ .5 Kh339(b)

(a)MAXimum cargo deadweight of the steel SS JAMES LYKES.
(0)1ight ship weight of the steel SS JAMES LYKES, Table 12.

Operating and Maintenance Cost Assumptions. The assumptions used to esti-
mate the fixed and variable operating and maintenance costs applicable to the
steel and GRP ships are as follows:

o All costs for U.3. flag operation.
o Operating expenses were assumed to be unsubsidized.

o Anmal crewwage rates are estimated by proportioning figure given
in Reference (25). Wage rates for both the steel and GRP ships =
$979,900 per year including vacation, overtime, pension and welfare,
social security and training, assuming identical crew size. It may
be feasible to reduce the crew size on a GRP ship due to reduced top-
side maintenance, though this would require reevaluation of present
mamming level requirements and labor agreements.

o Subsistence cost = $L0,500 per year, proportioned from Reference (25).
o Stores and Supplies = $50,500, proportioned from Reference (25).

o Overhead and miscellaneous cost egual to $50,000 and $20,000,
respectively, per Reference (5).

o Insurance costs per year for both ships were estimated using the
formalas in Reference (33) updated to 197C insurance rates:

1 (acquisition cost for a
c

urement)

$800 (Crew Size + Gross Tonnage/1000}
$Lh,100

Protection and Indemnity

1t

War Risk = .001 (acquisition cost for a one ship procurement)

o Fuel costs for the steel ship were estimated at $188,700 for 19L sea
days and 150 port days per year. TFor the steel and CRP shipe operating
at the same speed, a 10 per cent reduction in power requirements over
the 1ife of the GRP ship was assumed due ito the decreased light ship
weight when not fully utilized for additional cargo, and smoother
hull surface. The resultant fuel savings was estimated to be
$15,000 per year.

o Annual maintenance and repair costs exclusive of costs related to the
builder's guarantee, betterments, insurance claims and work performed
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by the crew were determined from data based on an average of seven
years service for ships of the 35S JAMES [YKES Class, Reference (35).
Actual steel ship maintenance and repair costs for hull, machinery
and outfit averaged $2.,800, $7,L00 and $31,000, respectively, for
a yearly cost of $80,L00. Tor a twenty year life span the total
annual MR cost for the steel ship was assumed to average $100,000,
Equivalent anrual M&R costs for the GRP ship were difficult to
estimate due to lack of experience with GRP hulls of this size.
Therefore, it was assumed that the average MR cost of the GRP ship
will be identical to that for the steel ship since any savings
inherent to GRP construction will be overshadowed by the following
considerationg:

The maintenance costs for machinery and eguipment will be
identical for steel and GHP ships.

Bottom painting requirements for steel and GRP will be
essentially the same.

To cover scratches, goupes and abrasions, the remainder of the
GRP hull structure will be periecdically painted.

Life cycle uninsured repairs to the GRP ship may be more
expensive than the equivalent repairs in steel, including
plate renewal.

The first large GRP ships will undoubtedly be required to have
mere speclal surveys than an equivalent steel ship.

The average annual cost of maintenance and repair for both the steel
and GEP ships with a life span of thirty years was assumed to be 50
per cenit greater than the M&R costs for twenty years. This assumption
reflects the accelerated rate of maintenance and repair during the
additioral ten years of service and assumes that major plate renewal
for the steel ship will not be required due to additional plate
thickness provided initially., Since the cost of M&R is less than &5
per cent of the total average annual cost, any error in M&R due to

the assumptions above will have negligible effect on the RFR.

Salvage was assumed to be a negative cost. The salvage value of the
steel ship after twenty and thirty years was arblitrarily assumed to
be $100,000 and $50,000, respectively. Applying capital recavery
and present worth factors gave an equivalent annual (negative) cost
of $2,700 and $500 for ship lifes of twenty and thirty years
respectively, Since a GRP hull cannot be rendered inte amy reusable
material, the salvage value of the equipment was assumed offset by
the cost of disposing of the hull. Thus, there is no salvage value
for the GRP hulls.

Port and cargo handling costs were assumed equal for all alternatives
and omitted from the cost studies.
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Summary. The average anmial cost and KFR for the proposed GHP cargc ship
in flights of one, five and ten ships and ship life of 20 and 30 years are
compared to the equivalent steel ships in Table 23 and Figures 7 and 8. Table
23 indicates that regardiess of the vessel life, level of procurement and
fabrication rate the Required Freight Rate (EFR) of the GRP ship will be greater
than for the equivalent steel ship. Although there is substantial saving in
hull weight, the higher first cost of the GRP ship cannot be fully compensated

for by increased cargo deadweight or reduced fuel consumption.

The RFR differential between a GRP and steel vessel varies from $0.259
to $:.68 per ton. The actual differences in RFR will be greater, since the
GRP acquisition costs do not reflect contingencies and risk as discussed
previously. It is noted that absolute rather than percentage differences are
used in comparing equivalent RFRs since up to 35 per cent of the total average
anrmual cost, mostly Iin cargo handling, port and brokerage expenses, have been
negiected in this study.

SENSITIVITY STUDIES

The foregoing economic studies were based upon a fixed set of criteria,
both for ship cost and operatiomal considerations. This phase of the study
investigates the possible effects on the life cycle cost estimates of varying
thege factors, to determine which has the greatest effect on profitability
and thus deserves greatest attention in future studies of this nature.

o Study A - Factors of Safety

Reduce the 1.50 factor of safety in Equations 1 and 2, Section IIT,

A 1IN
Uit e Ve

Reduce the 1.20 fatigue factor in Equation 2, Section III, %o 1.10.

Reduce the 1.50 safety factor on the critical panel buckling strength,
Section ITI, to 1.25.

Reduce the 1.50 factor of safety for plate panels and stiffeners,
Equations 3 and h, Section ITI, %e 1.30.

o Study B - Weight Reduction Coefficients

Reduce the weight reduction coefficients for bulkheads and trunks,
foundations, and miscellaneous structure, Table 13, from 0.50, 1.0
and 1.0 to 0.50, 0.75 and 0.50 respectively.

Reduce the weight reduction coefficients for structural steel in
outfit, hull attachments, carpenter work and decking, joiner work,
stewards outflt, hull engineering and miscellaneous machinery,
Table 1L, from 1.0 to 0.75.
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TABLE 23
SUMMARY OF LIFE CYCLE CCSTS FOR STEEL AND GRP CARGO SHIP
20 YEAR LIFE 30 YEAR LIFE
No.
Line of GRP GRP
No, Ships Item Steel Low Cost High Cost Stesl Low Cost High Cost
1 Vessel Expense/Yr.
2 Wages $ 979,900 $ 979,900 $ 979,900 4 979,900 $ 979,900 $ 979,90
3 Subsistence Lo, 500 40,500 4o, 500 un,500 ho, 500 Lo, 50t
L Stores and Supplies 50,500 50,600 50,500 50,500 50,500 50,500
5 Fuel (including port fusl) 188,700 173,700 173,000 188,700 173,700 173,700
5 Maintenance and Repair 100,000 100,000 100,000 150,000 150,000 150,00¢
7 Insurance 229,500 30L,000 327,90 230,400 30L,000 327,500
8 TOTAL Vessel Expense $1,58%,200 $1,5L8,700 $1,571,900  $1,540,100  $1,598,700 $1,722,500
9 Owner's Expense/Yr.
10 Salvage $  -2,700 0 2 3 -501 0 r
11 Overhead 50,000 5,000 50,000 59,007 50,020 50,000
12 Miscellaneous 20,000 23,000 20,000 20,000 20,000 27,70
13 SUBTOTAL Owner's Expense $ 47,300 § 70,000 & 70,000 % 69,500 % 70,000 $ 0 70,700
14 Owner's Bxpense/Yr. (Cont'd)
15 Cost of Capital Recovery 2,291,800 $3,269,700 $3,582,500  $2,151,400  $3,003,L00  $3,355,300
16 1 TQTAL Owper's Expense =
snip 13+ 18 $2,362,100 $3,339,700 $3,552,500  $2,231,100  $3,133,L00 §$3,L25,500
17 i TOTAL Average Annual Cost =
8 + 15 $3,951,300 $h,988,h00  $5,324,500  $3,871,200  $L,832,100 $5,1L9,200
18 Anmial Cargo Carried (ILeng Tons) 142,800 155,000 155,000 141,500 185,000 155,000
19 Required Freight Hate =
17+ 18 $27.67/ton  $32.18/ton  $34.35/ton  $27.35/ton  $31.17/ton  $33.22/tor
20 Owner's Expense/Yr. (Cont'd)
21 Cost of Capital Recovery $1,943,300 #5,425,300 $2,590,600 1,830,900 $2,272,L00 $2,520,800
22 TOTAL Owper's Fzpense =
Ea;h 3+ 2 $2,010,500 $2,L495,300 42,750,500  $1,900,L00 $2,3h2,L00 $2,5%0,800
Q
23 5 TOTAL Average Anmual “ost =
Ships 8. + 22 $3,599,800 #L,1LL,000 $h,L32,500  $3,540,500  $L,041,100  $L,313, 400
2l Annual Cargo Carried (Long Tons) 142,800 155,000 155,000 h1,500 155,700 155,000
25 Required Freight Rate =
- 23 + 2k B25.21/ton $26.70/ton $78.50/ton  $25.02/ton $25.07/ton $27.83/tor

24 L] Owner's Expense/Yr. (Cont'd)

27 Cost of Capital Recovery $1,789,200 $2,195,500 $2,L3%,500 1,585,500 32,087,100 $2,285,70C
28 TQTAL Owmer's Expense =
Each 130+ 27 31,856,500 $2,205,500 $2,509,%00  $1,755,000 $2,127,100 $2,355,700
2y of TOTAL Average Annual Cest =
10 8 + 28 83,Lb5,700 $3,91L,300 $L,181,500  $3,395,100 $3,825,800 $L,078,300
0 PP® pnmal Cargo Carried (Long Toms) 142,800 155,000 125,000 111,500 155,000 155,000
n l Required AF\‘reight Rate =
EE ) $24.13/ton  $25.25/ton  $25.96/ton  $23.99/ton $24.58/ton $25.31/ten
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Study C - Costing Criteria for Main Structure

Modify the criteria used to estlmate the cost per foot of midship
section as follows:

Reduce the scrap allowance from 10 to 5 per cent.

Heduce the overhead allowance from 150 to 175 per cent of
direct labor.

Delete the 15 per cent allowance for facility amortization.
Study D - Costing Criteria for Tooling and Specific Subsystems
Reduce the total tooling cost per ship by one third.

Reduce the cost coefficient for foundaticns and ladders from 1.95
to 1.00.

Heduce the cost coefficient for mast erection from 7.0 to 1.5.

Reduce the $500,000 allowance for installing the machinery plant in
the GEP hull to $250,000.

Study £ - Combination
Combine Studies A through D.
Study F - Fire-Retardant Resins

Substitute fire-retardant resin for the general purpose resin used
in the analysis of the baseline GRP hull.

Study G - Deadweight Utilization
Increase the utilization factor of the additional cargo deadweight

made available because of the reduced light ship weight of GRP
construction from 0,50 to 1.0.

All the sensitivity studies assume a five ship procurement and a thirty year
vessel life,

Summary of Results. A summary of light ship weights, construction costs

and life cycle costs for sensitivites studies A through G are presented in
Tables 2L, 25 and 2. These results indicate that the use of more optimistic
design and cost analysis criteria can, in some cases, make the GRP ship
marginally competitive with the equivalent steel ship, for a procurement of
five or more ships. The conclusions of the individual studies are as follows:

o}

ctudy A - The use of more optimistic design criteria resulted in a

48 ton or 3 per cent savings in the hull structure weight of the

baseline GRP ship. Although the weight reduction corresponded

to an average $0.25 reduction in RFR, the RFR of the GRP ship is

still $0.81 to $2.55 per ton higher than the equivalent steel ship.

It is noted tha t ny reduction in scantllngs will increase the
girder deflections of the GRF vessel,
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Study B - Reduced weight reduction coefficients for selected hull
structural and outfit items resulted in a L?9 ton or 10 per cent
reduction in total light ship weight of the GRP ghip. For the case
of optimistic labor rates, the $1.5 million reduction in construction

costs resulted in a RFRE a $1.08 per ton less than the RIR of the
equivalent steel ship.

Study C - Modification of the criteria used to estimate the cost per

ot A 3 Aalg = 4+ £ 43 1 ] ] 3
foot of midship section of the GRP ship resulted in a constructicn

cost savings of $0.0 million and $1.0 million for optimistic and
pessimistic labor rates respectively. These cost savings were not
sufficient to make the RFR of the GRP ship competitive with that
for steel.

Study D - The reduction in tooling, machinery and selected hull
structure and outfit costs resulted in a construction cost savings
of approximately $500,000 for the GRP vessel. While reducing the
RFR of the baseline GRP ship by $0.57, the cost savings were not
gufficient to make the GRP ship competitive with steel,

Study E - Combining the modified design and cost amalysis criteria
of Sensitivity Studies A through D resulted in a 498 ton or 11.5

per cent reduction in light ship weight and a $2.9 million to $3.4
million savings in construction cost for the optimistic and pessi-
mistic labor rates respectively. The corresponding RFRs for the low
and high cost options were $7,.38 and $'.15 lower than for the steel
ship, respectively, Study E indicates that the GRP ship is marginally
competitive with steel. Tt is important to note that no allowance
for contingencies has been added and that the technical feasibility
of realizing all of the coptimistic design and cost analysis criteria
has not been proven.

Study F - The use of fire-retardant resin in the construction of all
hull structure components resulted in an increased hull structure
weight of 100 tons or § per cent. Total construction costs increased
approximately $L00,000 to $E00,0C0 with a resultant increase in the
RFR of the baseline GRP ship of $0.50 and $0.50 per ton for the low
and high labor production rates respectively. The analysis of

Study F assumed the use of fire-retardant resin throughout the
laminate. However, for thick laminates, such as used for the bottom,
side ghell and main deck plating, limiting the use of the fire-
retardant resin to the surface of the laminate should be investigated.
The anmial insurance cost used in Study F does rnot reflect the reduced
level of risk commensurate with the use of fire-retardant resin.
Reduced insurance cost will help to offset the higher initial cost

of the fire-retardant vessel.

Study G - Increasing the utilization factor of the additicnal cargo
deadweight made available by the reduced light ship weight of GRP
construction reduced the RFR of the baseline GRP ship $1.87 and

$2.0?7 per ton for the low and high cost option respectively. As
shown in Table 2?0 the RFR of the low cost GRP ship is competitive
with the equivalent steel ship. As Study G indicates, the full
economic benefit of the reduced structurazl weight of GRP construction
can only be realized when there is an unlimiied gquantity of welight
critical cargo available, which will allow the wvessel to sail fully
loaded at all times.
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TABLE 2l

SUMMARY OF SENSTTIVITY STUDIES A AND B

Item

Light Ship Weight
Hull Structure
Outfit
Machinery
TOTAL Light Ship Weight

Construction Cost
Hull Structure
Outfith
Machinery
General

Subtotal
Frofit (10%)

Tooling
TOTAL Construction Cost

Vessel Expense/Yr.
Wages
Subsistence
Stores and Supplies
Fuel (including port fuel)
Maintenance and Repair
Insurance

TOTAL Vegsel Expense

Owner's Fxpense/Yr.
Cost of Capital Recovery
Overhead
Miscellaneous

TOTAL Owner's Expensge

tf_-\
TOTAL AVERAGE Annual Cost = Rg2/ +

Annual Cargo Carried (LongﬁTons)/
Required Freight Rate = 28 = 29
RFHR Differential - Baseliﬁe GRP
RFR Differential - Bageline Steel

&

Study A Study B
Factors of Safety Weight Reduction
Low Cost High Cost Low Cost High Cost
1,966 LT 1,956 LT 1,521 LT 1,921 LT
1,523 1,523 1,207 1,207
782 782 782 782
L,271 LT 4,271 LT 3,910 LT 3,910 LT
$ 3,408,900 $ 5,008,Ll00 $ 3,357,200 $ 4,553,200
5,293,500 6,293,500 4,987,700 L, 987,700
3,790,000 3,750,000 3,790,000 3,790,000
1,121,200 1,121,200 1,121,200 1,121,200
$1L,613,800  $16,273,100  $13,255,100  $14,852,170
1,451,400 1,527,300 1,325,600 1,488, 200
512,500 512,500 512,600 A12,500
$16,687,500  $18,513,000  #$15,794,300  $16,5L9,900
3 979,500 $ 979,90 $ 979,900 $ 979,900
Lo, 500 L0y, 500 Lp,500 ko, 500
50,600 50,500 50,500 50,500
173,700 173,700 173,700 173,700
150,000 15n,000 150,000 150,000
301,800 325,600 282,500 305,200

$ 1,695,500

$ 2,250,700
50,000
20,000

$ 2,320,700

$ 4,017,200
155,500
$25.83/ton
- $0.24
+ $0.81

$ 1,720,300

$ 2,Lk96,800
50,000
20,000
$ 2,566,800

$ L,287,100
155,500
827.57/ton
- $0.26
+ $2.55

$ 1,677,200

$ 2,042,300
50,000
20,000

$ 2,119,300

$ 3,795,500
158,400
$23.9L/ton
- $2.13
- $1.,08

$ 1,699,900

$ 2,286,000
50,000
20,000

$ 2,355,000

$ l,055, 90
158,600
$25.57/ton
- $2.26
+ $0.55
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TABLE 2l

(Cont'd)

SUMMARY OF SENSITIVITY STUDIES C, D AND E

Item
Light Ship Weight
Hull Structure
Dutfit
Machinery
TOTAL Light Ship Weight

Construction Cost
Hull Struecture
Cutfit
Machinery
General
Subtotal
Profit (10%)
Tooling
TOTAL Construction Cost

Wages

Subsistence

Stores and Supplies

Fuel {(including port fuel)
Maintenance and Repair
Ingurance

TOTAL Vesszel Expense

Owner's Expense/Yr.
Gost of Capital Recovery
Overhead
Migcellaneous

TOTAL Owner's Lxpense

TOTAL AVERAGE Anrual Cost =
22 + ?7,

Annual Cargo Carried {Leng Tons)

Required Freight Rate =
b s )
IR

RFR Differential - Baseline GRP

RFR Differentiasl - Easeline Steel

Study € Study D
Cost Criteria Cost Criteria Study E
Mzin Structure Tooling and Subsystems Combination
Low Cost High Cost Low Cost High Cost Low Cost High Cost
2,034 LT 2,034 LT 2,034 LT 2,03L LT +,852 LT 1,852 LT
1,523 1,523 1,523 1,523 1,207 1,207
782 782 782 782 782 782
4,339 1T 4,339 LT L,339 LT b,339 LT 1,841 LT 3,841 LT
$ 2,982,100 & L,30L,500 $ 3,L96,300 $ 5,171,200 $ 2,673,800 $ 3,865,000
6,293,500 6,293,500 6,293,500 6,293,500 14,953,200 h,953,200
3,750,000 3,790,000 3,5L0,000 3,540,000 3,540,000 3,540,000
1,121,200 1,121,200 1,121,200 1,121,200 1,121,200 1,121,200
$1L,185,800 $15,509,200 $ik,L51,000 $16,125,900 $12,288,200 $13,499,L00
1,418,700 1,550,900 1,LL5,100 1,612,600 1,028,800 1,3h9,500
612,600 812,600 ho8, koo Lo8,Loc 108,400 ho8, L0
$16,218,100 $17,672,700 $156,304,500 $18,1L6,900 $13,925,L00 $15,257,700
$ 979,500 3 979,500 $ 979,900 B 979,900 $ 979,500 F 979,900
Lo,500 Lo,500 Lo, 500 Lo, 500 o, 500 by, 500
50,500 50,500 50,500 50,500 50,500 501,500
173,700 173,700 173,700 173,700 173,700 173,700
150,000 150,000 150,000 150,000 150,000 150,000
295,800 3L, 700 289,400 313,300 258,500 275,800
$ 1,690,500 & 1,70%,L00 $ 1,684,700 $ 1,708,000 $ 1,553,200 $ 1,670,500

% 2,187,300
50,000
20,000

$ 2,257,300

$ 3,947,800
155,000

$25.L7/ton
- $0.60
+ $0.45

$ 2,383,500
50,000
20,000

$ 2,453,500

$ 4,162,900

155,000

$26.86/ton
- $0.97
+ $1.8L

$ 2,199,000
50,000
20,000

$ 2,269,000

$ 3,953,100
155,000

$25.50/ton
- $0.57
+ $0.48

$ 2,447,500

50,000
20,000
$ 2,517,500

$ 1,225,500

155,000

$o7.26/ton
- $0.57
+ $2,20

$ 1,878,100
50,000
20,000

% 1,9L8,100

$ 3,601,300

159,100

$o2,64/ton
- $3.13
- $2.38

§ 2,057,800
£0,000
20,000

$ 2,127,800

$ 3,798,300

159,100

$23.87/ton
- $3.96
- $1.15
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TABLY 5

SUMMARY OF SENSITIVITY STUDY ' - FIRE-RETARDANT RESINS

Ttem

Light Ship Weight
Hull Structure
Outfit

Marhd nerr
SBCHLNe Ty

TOTAL Light Ship Weight

Construction Cost
Hull Structure
Outfit
Machinery
General
Subtotal
Profit (10%)
Tooling
TOTAL Construction Cost

Vessel Fxpense/Yr.
Wages
Subsistence
Stores amnd Supplies
Fuel (including port fuel)
Maintenance and Repair
Insurance

TOTAL Vessel Expense

Owner's Expense/Yr.
Cost of Capital Recovery
Overhead
Migcellaneous

TOTAL Owner's Expense

TOTAL Average Anrmal Cast = + @

Annual Cargo Carried (Long Tons)
Required Freight Rate = {?E) s (?%)
RFR Differential - Baseline GRP
RFR Differential - Baseline Steel

TABLE 26

Low Cost

213 L,T.
1530

782

LULS L.T.

$ 3,891,800
6,293,500
3,790,000
1,121,200

$15,095,500
1,509,700

612,600
$7,218,800

$ 979,500
Lo, 500
50,600

173,000
150,000
308,800

$ 1,702,800

$ 2,322,300
50,000
20,000

$ 2,392,300

$ 4,095,100
154,100
$26,57/ton
+ $0.50
+ $1.55

High Cost

213l L.7T.
1530

782

Lhis L.T.

$ 5,651,400
6,293,500
3,790,000
1,121,200

$16,855,100
1,685,600

612,600
$19,15L, 300

$ 979,900
Lo,500
50,5600

173,000
150,000
333,800
$ 1,727,800

% 2,583,300
50,000
20,000

$ 2,653,300

$ L,381,100
154,100

$28.43/ton
+ $0.60
+ $3.0

SUMMARY OF SENSITIVITY STUDY G - DEADWEIGHT UTILIZATION

Item Low Cost High Cost
TOTAL Average Anmual Cost - From
Table 23 $i:,0U1,100 $l, 313,400
Anmual Cargo Carried (Long Tons) 167,100 167,100
Required Freight Rate = (1) « {2) $el.18/ton  $25.8%/ton
RFR Differential - Baseline GRP - $1.89 - B2.02
RFR Differential - Baseline Steel - $0.84 + 30.79
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VI. ALTERNATIVE TYPES OF LARGE GRP SHEIPS

This phase of the study investigates the feasibility of using GRFP for
the construction of altermative types of large ships, including container-
ships, bulk carriers and others. In general, these studies are primarily
economic rather than technical, under the assumption that the technical
considerations would be essentially identical to those for the cargo ship.
However, where operational differences exist between these alternative ship
types and a cargo ship which would have a bearing on technical feasibility,
these factors are briefly discussed.

The studies of alternative GRP ship types are based upon the assumptions,
criteria and procedures used for the GRP cargo ship studies except as noted.
A1l studies are based upon a 5-ship procurement and a 20 year ship life.

Hulls are fabricated with composite unidirectional/woven roving laminate,
using average layup rates.

CONTAINER SHIP

Characteristics. The baseline steel container ship used for this study
is derived from Reference (35}, and has the principle characteristics shown in
Table 7. The arrangements are shown in Figure 9. This particular design was
chosen because it is representative of typical small medium speed container
ships now being built, and because Reference (35) contains an economic model
of the ship which facilitates this study.

TABLE »7

PRINCIPAL. CHARACTERISTICS - STEFL CONTAINER SHIP

Length between perpendiculars L90 feet
Beam - 75 feet
Draft (design) 28-1/2 feet
Draft (scantling) 30 feet
Depth h3-1/2 feet
Container capacity (2Lt x 8! x8-1/21) 520 vans
Cargo oil capacity 3,188 tons
D?adweigbt 14,990 tons
ILight ship 5,210 tons
Displacement 21,200 tons
Sea speed, knots 16-1/2 knots

Shaft horsepower (normal) 10,000 SHP
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Weights. The light ship weight estimates for steel and GRP container
ships are shown in Table 28, based upon the weight ratios derived from the
cargo ship studies.

TABLE 28

LIGHT SHIF WEIGHT ESTIMATES
STEEL AND GRP CONTAINER SHIPS

Steel GRP
VGG Above LCG from Weight  VCG Above  LCG from
Ttem L. Tons  BL, Ft. Midships, Ft. L. Tons BL, Ft. Midships, Fi.
Structure 1,383 27.84 9.8 A 2630 27.28 9.5 A
Outfit 1120 L0.89 29.4 A 1064 2,12 28.5 A
Machinery 707 21,80 17h.6 A 707 21,80 17h.5 A
Light Ship 6210 25.85 32.1 A LhoT 30.4L7 In.5 A

The reductions on hull structure and light ship weight for the GRP
container ship are L0 and 28 per cent respectively.

Construction Costs. The estimated cost for each of 5 identical steel and
GRP container ships at 1970 price levels is shown in Table 29,

TAELE 29

CONSTRUCTYON COST - STEEL AND GRP CONTAINER SHIPS

Structure, $ 2,060,000 3,440,000
utfit, $ 4,170,000 5,025,000
Machinery, $ 2,547,000 3,290,000
General Cost, § 1,100,000 1,120,000
Tooling $ - £Lo,000
Profit $ 988,000 1,373,000

Total Cost $ 10,850,000 15,088,000
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The GRP centainer ship is about W1 per cent more expensive than the
equivalent steel ship, whereas the corresponding increase for the GRP cargo
ship is only 28 per cent. This reflects the proportionally higher cost of
the hull structure of a contalner ship not fitted with deck cranes.

Life Cycle Costs. The average annual cost and RFR for the proposed GRP
container ship are compared to those of the equivalent steel ship in Table
30. The life cycle operational profile is based upon the data in Reference
{3%), which assumes a 2,200 nautical mile steaming distance, 2?2 round trips
per year, carrying cargo oil and 520 containers, For the steel ship, the
average weight per container is gssumed to be 13 tons, For the GRP container
ship, the increase in deadweight was derived similarly to the GRP cargo ship,
by assuming that one-half of the additional "effective' available deadweight
(0.7 times the total additional dezdweight) would be utilized.

For the specific case investigated (5-ship procurement, 20 year life)
Table 30 indicates that the RFR of the GRP containership is $1.00 higher
than that of the steel ship. The corresponding increase for GRP and steel
general cargo ships is $2.L5. Therefore it can be concluded that a GRP
container ship represents a better economic investment than the URP general
cargo ship evaluated previously, but that a steel ship would still be a
better investment.

Technical Considerations. The principle area in which the technical
feasibility of a GRP container ship and general cargo ship differ is hull
torsional stiffmness. The all-hatch concept used in the design of container
ships has led to concern for the torsional strength and stiffness of steel
hulls, resulting in the use of deep transverse and longitudinal box girders
in the upper portion of the hull, outboard of and between the hatches. The
torsionsl characteristics of a GRP container ship appear to present a serious
technical problem requiring thorough investigation.

Other technical considerations include proper distribution of container
corner post loads, particularly at the tank btop; maintaining aligmment of
container guide cells; support of crane rails (if required); provision of
adequate deck area for longitudinal strength, with special consideration of

rmarr FhA ol T amdrmatoa
V\.’J.J LIlLi BN Lcolllldl Voo .
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TABLE 30

SUMMARY OF LIFE CYCLE COSTS
FOR STEEL AND GRP CONTATNER SHIP

Vessel Fxpense/Yr.
Wages
Subsigtence
Stores and Supplies
Fuel (including Port Fuel)
Maintenance and Repair

Insurance

Owner's Expense/Yr,
Cost of Capital Recovery
Overhead
Miscellaneous
Salvage
TOTAL Owner's IExpense
TOTAL Average Anrual Cost = 8 + 1L
Annual Cargo Carried (Long Tons)

Required Freight Rate (RFR} = 15 + 16

Steel

$1,088, 500
h5,000
56,200

305,400

100,000

$1,L6L, 700
50,000
20,000
-2,700

$1,532,000

$3,329,000
355,700
$9.36/ton

GRP

$1,088.800

275,800
100,000
8L, 500
$1,850,700
$2,055,100
£0,000
20,000
$2,125,100
$3,975,800
383,600

$10.35/ton
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BULK CARRIER

. Characteri§tics. This study is based upon a similar investigation of
equivalent aluminum and steel bulk carriers in Reference (25). The bulk

§arrier being considered is the MV CHALLENCER, with the characteristics shown
in Table 31.

TABLE 31

PRINCIPAL CHARACTERISTICS - BULK CARRIER MV CHALLENGER

length Over-all 632100

Length Between Perpendiculars 5901 -6-1/21

Beam gg8r-n

Depth getogn

Draft 351_G1

Deadweight 35,858 LT max.
Light Ship 7,892 LT
Displacement I, 750 LT max.
Shaft Horsepower 9,500 max, (Diesel)
Design Speed 14.8 knots

Figure 10, derived from Reference (?5), shows the arrangements of the
steel wvessel.

Weights. Table 32 summarizes the light ship weight estimates including
margins for the steel, aluminum and GRP. Weight ratios with steel are indicated
in parenthesis. The weights for steel and aluminum ships are from Reference
(25), while the (RP ship weights are proportioned from the container ship
weights in Table 28,

TABELE 32

LIGHT SHIP WEIGHT ESTIMATES
STEEL, ALUMINUM AND GRP BULK CARRIERS

Item Steel Alumiynam GRP
Structure, L. Tons 5920 3375 (.57) 3550 (.50)
Outfit, L. Tons 1190 1027 (.86) 1027 (.85)
Machinery, L. Tons _152 720 (.96) 770 (.95)

Light Ship, L. Tons 7892 5220 (.66) 5297 (.67)
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This table indicates that the GRP bulk carrier will be slightly heavier
than an aluminum ship of similar size, and will thus have a slightly lower
increase in carge deadweight relative to the steel ship.

Construction Cost. The estimated cost for each of § identical steel,
aluminum and GRP bulk carriers at 1970 price levels is shown in Table 33.
Aluminum and steel costs are based upon data in Reference {25). GRP
structure costs are based upon the cost per pound obtained from the study
of the GRP cargo ship, while machinery and outfit costs are assumed to be
identical to the aluminum ship.

TABLE 33

CONSTRUCTION COST - STEEL, ALUMINUM AND GRP BULK CARRIERS

Ttem Steel Aluminum GRP

Structure, 3,377,000 4,175,000 5,851,000
Outfit, L,0h%,000 1,203,000 L, 203,000
Machinery, 2,192,000 2,349,000 2,349,000
General Cost, & 1,216,000 1,597,000 1,597,000
Toaling, $ - - 971,000
Profit, $ 1,085,000 1,432,000 1,598,000

Total Cost $ 11,919,000 15,756,000 17,575,000

The GRP bulk carrier is approximately Lo per cent more expensive than the
steel ship, versus 28 per cent for the cargo ship. This reflects the
proportionally higher cost of the hull structure of a bulk carrier.

Cost Analysis. Reference (25) indicates that an aluminum bulk carrier
will have a higher Required Freight Rate than the equivalent steel bulk
carrier, regardless of voyage length, vessel life or level of procurement.
Since the GEP bulk carrier weighs more and costs more than the aluminum ship,
and has less scrap value, it can be concluded that the GRP bulk carrier will
be even less attractive economically than an aluminum one.

Technical Considerations. The only area in which the technical feasibility
of a GEP bulk carrier would require further study than for a GRP cargo ship
would be in the area of impact and abrasion protection in the cargo hold. It
is 1likely that a layer of steel or other impact and abrasion resistant material
would be required to protect the (RP tank top and lower bulkheads from

damage by grab buckets and bulldozers used in cargo discharge.

OTHER TYPES OF GRP VESSELS

The foregoing studies strongly indicate that, within the present state-
of-the-art, GRP is both technically and economically undesirable compared
to conventional steel construction for large cargo ships, container ships
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and bulk carriers. It appears logical to extend this conclusion to other
types of large vessels as well, including tankers, oil-bulk-ore (OBO)
vessels, LASH ships, and others,

In contrast to the above, it is generally recognized that GRP is
economically competitive with steel on a life cycle basis in smaller craft,
such as fishing vessels, due to proportionally greater weight savings and
maintenance cost savings. Therefore it would appear that GRP might be com-
petitive with steel for small coastwise tankers and freights in the 150 to 250
foot range. Smaller GHP vessels of this type also represent a substantially
smaller technical and economic risk, and should be evaluated in further detail.

The use of GHP for the structure of tankers intended to carry flammable
or combustible ligquids is presently unacceptable since the U.S. Coast Guard
requires that such vessels be of steel construction. Thus the use of GRP
for such tankers would require a relaxation of this reguirement, necessitating
an extensive evaluation of the risk involwved and alternate methods of satisfy-
ing the intent of the Coast Guard requirements,
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VII. INVESTIGATION OF LARGE GRP STRUCTURAL COMPONENTS

This phase of the study presents technical and economic evaluations of
using GRP in lieu of steel for a selected number of large structural
components on a cargo ship.

AFPROACH

This investigation is based on the asgumption that the components to
be considered should be discrete, well definable structural elements, such
as a deckhouse,section of deck or platform, a bulkhead, hatch cover or
other similar items. Use of GRP for portiong of other major steel components,
such as a section of the hull girder amidships has not been given detailed
consideration for the following reasons:

o]

Use of GRP for such portions would introduce a major discontinuity
in the over-ali structural arrangement of the component, and
would introduce severe problems in transferring hull Ioads around
or through the GRP portion. This discontinuity could seriously
degrade the over-all strength and stiffness of the hull.

The attachment of the GRP portion to the steel would be difficult
and expensive.

Substitution of GRP for steel in this manner would not result in
sufficient weight and maintenance saving to justify the higher
first cost. This is particularly true if the steel hull girder
mist be reinforced significantly in way of the discontinuity
introduced by GRP,

Prior to undertaking this study, the detail hull weight estimate of the
53 JAMES LYKES was reviewed, with each item evaluated for the following

criteriaz:

o]

[¢)

Would the use of GEP in lieu of steel reduce weight significantly?

Would the use of GRP improve stability?

Is the item particularly susceptible to corrosion and, therefore,
a high-maintenance item?

Is a smooth, easily-clsaned or magintained surface desirable?

Is the part subjected to a severe impact or zbrasion environment?

Is deflection or vibration critical?

Is it a complex shape, where the easy moldability of GRF could
be an advantage?

Would it be difficult te attach the GRP item to the steel hull?

What are potential construction cost differences?
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o What quantities are invelved?

The following potential components were selected on the basis of the
above evaluations:

o Deckhouse

o Hatch covers

o King posts

o Edible oil tank boundariesg
o DBulwarks

o Decks which are not part of the hull girder
0 Bulkheads - structural

o Bulkheads - non-structural
o Immersed portion of bow and stern
o LASH barges

The deckhouses, hatch covers and king posts were studied in some detail,
and the conclusions derived from these studies are extended to the other
items, which are discussed briefly.

The design approach adopted for these studies involved the following

o Design GRP component equivalent in strength to the steel component
o Compare welghts
o Compare construction costs

o FEvaluate life cycle economics

Figure 11 provides guidance relative to the maximum acceptable increase
in acquisiftion cost of GRFP components over that of the equivalent steel
component as a function of weight savings. This IMigure is bazsed upon data in
Appendix A, and assumes equivalence of Required Freight Rates for the all-
steel ship and the ship with GRP components. This FFigure indicates that the
zllowable cost premium increases rapidly as the weight savings increases,
and that the premium can be greater for more expensive steel components.

It is noted that these values are slightly conservative in that the possible
reduced maintenance costs of GRP are not included., However, they assume
that the weight savings can be converted to additional revenue at least 70
per cent of the time.

DECKHOUSE
As noted previously, present U.3. Coast Guard rules would prohibit the

use of GRP for the structure of a merchant ship deckhouse, making this study
academic at this time. However, it is of interest to determine if the use of
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GRP in conjunction with a system of insulaticn and proteciive sheathing has
any potentizl economic merit. If this is the case, further consideratlon of
such a propcesal is warranted.

This investigation considers the forward subassembly of the deckhouse
of the JAMES LYKES located between No. 3 and I Holds above the Upper Deck.

Sandwich construction was selected for the GRF deckhouse since it
satisfies strength, stiffness and insulation requirements. The core consisis
of closely-spaced GRP shear webs separating the faces with the intervening
voids filled with polyurethane foam of ? pounds per cubic foot density. This
was necessary bescause of the excessive core thickness reguired to satisfy
shear strength if structural grade foam had been used as the core material,
Use of fire-retardant resins was assumed throughout.

Oriteria -~ House Front, Sides and End. The GRP deckhouse sandwich panels
are designed by converting the steel scantlings using Equation (1) in Secticn
III, except that a correction factor of 1.5 is used versus 1.5. This is
possible because the lower strength of GRP in the wet condiftion is not
critical for a deckhouse. The sandwich panels are assumed to be simply
supported on all edpges, subjected to a uniform load over their surface. A
deflection limit of L/100 1s imposed.

Criteria - Deckhouse Decks. The decks of the GEP superstruciure are
designed for the same criteria as the front, sides z2nd end except for a
deflection limitation of L/70C under a uniform load of 100 PSF.

Srimm
eyasthiife
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and GRP deckhouses, where consideration is given to both an all-woven roving
and a composite woven roving-unidirectional laminate.
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Weights. Table 35 summarizes the weight of structure and thermal insulation
for the primary steel and CGRP deckhouse elements. Fire insulation and Jolner
work are not included, but will be discussed later. This Table indicates that
the poiential weight savings afforded by GRP are quite appreciable, and reflect
the weight and cost required for the corrosion allowances required for
relatively thin steel plates.

Construction Costs. The cost of constructing and insulating the GRP and
steel deckhouses is shown in Table 30, based upen a S-ship procurement and the
criteria of Section V.

GRP labor costs are based upon a layup rate of 15 pounds per manhour and
a labor rate of $3.00 per hour. Tooling and engineering are assumed to add
20 per cent to the production cost. The labor cost is based upon present hand
layup productivity and could be reduced by automation and modularization if
enough identical units are to be produced.

Cost Evalugtion. Table 36 indicates that the construction cost of a GRP
de?khogse 1s slightly lower than an equivalent insulated steel deckhouse,
primarily due to the high cost of insulating the steel. Figure 171 indicates

that the cost per pound of the GRP deckhouse could be about $1.00 per pound
higher than that of the steel house, or aboubt $1.47

LOUSE, 2




TARLE 3l

SCARTLINGS -~ GRP AND STEEL, DECKHCUSES

Ttem

(1) House Front
and Side -
Upper Deck to
Navigating
Bridge Deck

(2) After House End -
Upper Deck to
Forward House Top

(3) Cabin Deck

{l) Navigating Bridge
Deck

(5) Forward House Top

Steel
12.75# Plating

Hxha} 2,34 L
at 30"

10.2# Plating

3-1/0x2-1/2xl,9% L

at 3o"

10.2# Plating
5x3x6.0# L Inbd.

8xlx17.2# L Outbd.

at 307

Scantlings
Woven Roving

h" core

3/B" skins

3/15" shear webs
at on

3" core

3/15" skins

3/16" ghear webs
at 18"

M core

1/L" skins

1/L" shear webs
at 2%

10.2# Plating Inbd. 2.5" core
11.08# Plating Outbd 3/15" skins

5x3x5.5# 1 Inbd.

8xlx17.2# L Outbd.

at 30"

10.2# Plating
5x3x6.6# 1
at 30"

3/16" ghear webs
at 12"

2" core

3/14" skins

3/16% shear webs
at 18"

COEEOSite

L core

3/16" skins

3/15" shear webs
at on

2" core

3/16" skins

3/15" shear webs
at 12"

2" core

3/16" skins

1/L" shear webs
at 9"

2" core

3/16" skins

3/16" shear webs
at on

1.5" core

3/16" gkins

3/16" shear webs
at 15"
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TABLE 35

TEEL. DECKHOUSES

Area
{Both Sides)

Tten (Ft2)
House Front and 1618
Side - Upper
Deck to Navigating
Bridge Deck
After House End 1381
- Upper Deck to
Forward House Top
Cabin Deck 1870
Navigating Bridge 1550
Deck
Forward House Top 12166

Total
Wt GRP/W% Steel

(a)

CONSTRUCTION COST COMPARISON -~ GRP AND STEEL DECKHOUSES

GRP Weight(albs

Equivalent Steel Weight, Ths

13221

8510

a3L5
52515
46

Includes weight of core material

TABLE 36

Composite Structure Insulation Total
11015 25220 1932 cal3e
7598 17394 1187 18581
10771 e7h12 137 7544
84595 o532l 515 25839
5131 15080 835 15895
14531 114291
.39

Item
Structure:

Material

Labor

Overhead (150%)

Facility Amort. (15%)

Tooling (5 Ships)

Profit (10%)

Total

Insulation Total

Total Cost

w®w & e &

Cost Par Pound

GRp
UL

Steal Woven Roving Composite
- 37,500 33,100

- 1L, h00 12,200

- 21,600 18,300

- 11,000 9,500

- 16,000 16,000

- .00 6,100
7h,600 106,000 95,500
112,900 106,000 95,500
0.67 1,47 1.56
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As noted previously, this cost study does not reflect the cost of addi-
tional fire protection deck covering and insulation. Based upon data in
Reference (20), the weight and cost of this added protection would be about

155000 pounds and $30,000 respectively. This would result in the cost of the
protected GRP house being about $25,000 higher than the steel house and the
weight savings reduced to between L0 and 50 per cent. However, the concept

is still economically feasible.

Based upon the above analysis, a GRP deckhouse is a potentially attractive
candidate for incorporationom a steel ship contingent upon U.S. Coast Guard
acceptance of properly protected GRP as a deckhouse structural material in
1iving and working areas. A composite laminate would be preferable to a
woven roving laminate on the basis of weight and cost.

CARGO KING POST

This investigation considers a typical 10 ton cargo king post supported
rigidly at the Main and Upper Tween Decks and partially by the winch platform
house. A unidirectionmal/woven roving composite laminate is assumed, with
the unidirectional material parallel to the long axis of the king pest. A
woven roving laminate is not considered due to inadequate cost-stiffness
relationships compared to the composite laminate. The king post is of con-
stant circular cross section between its base and the winch platform, and
tapers slightly to 75 per cent of its maximum diameter at the upper tip.
General purpose resin is used in lieu of fire-retardant resin since these

king posts are located in an area where the possibility of a fire starting
is remote.

Criteria. The GRP king post is designed for a safety factor 1.5 times
Ffhoa ARQ saq11dmsd Fontan 0 U me 2lin s e fe 3n —dbesmenmedl ~8 klia wat Ayt sl M3
LLL Rl LSuliclu dalb ol 04 > Ol Ui€ ULTLmgave Sureligun O1L Ui€ mauvsilad. Slle
increase in the safety factor is less than that shown in Section III for the
reasons noted previously in the discussion of the deckhouse. A minirmum
safety factor of 2.0 on the local or over-all buckling strength is used.
No deflection limitation is imposed, though consideration must be given to

o e B ¥ e
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from the topping 1ift.

The leading diagram for the GRFP king post is assumed to be identical to
that of the steel king post.

Summary of Scantlings.. Table 37 summarizes the scantlings of the GRP
and steel king posts. The GHP king post is circular, of varying diameter while

the steel king post is a 36 inch by 2L-1/2 inch rectangle with 4 inch corner
radii. The steel king post is HTS.

The unstayed deflection at the top of the GRP king post for the most
critical loading condition is about 17 inches. The corresponding unstayed
deflection of a steel king post for similar bending moments would be
approximately 11 inches and 5 inches in the transverse and longitudinal

A4 mandt S A mncman bt sl
CGiTeCUilll TESPECLIVE.LY .



TABLE 37

SCANTLINGS - GRP AND STEEL KING POSTS

Scantlings
Location GRP Steel
Upper End 36 0D x 1-1/2" thick 0.} 1lb. plate
Boom Heel LWLt oD x 1-1/2" thick 33.15 1b. plate(a)
Winch Platform L8 OD x 1-1/2" thick 33.15 1b. piate (8)
Main Deck LB" OD x 1-1/2" thick 33.15 1b. plate (&)
Bottom B8" OD x 1-1/2" thick 20.L 1b. plate (@)

(a) 11" x 5/8" doubler on fore and aft face.

Weights. The steel and GRP king posts weigh approximately 18,500 pounds
and 10,1%0 pounds respectively, exclusive of ladders, fittings, etc. This
represents a weight ratio of 0.55. For the entire ship, the corresponding
total amounts would be 139 tons and 89 tons respectively; a 50 ton savings
for the GRP.

Construction Costs. The estimated costs to fabricate the steel and GRP
king posts are $15,600 and $15,500 respectively, including tooling. These
costs are based upon unit costs of $0.83 and $1.50 per pound for steel and
GRF respectively. It can be assumed that the total GRP king post cost,
including fittings and installation, will be perhaps 25 per cent higher than
that of a steel king post, due primarily to attachment problems. Within the
accuracy of this study, however, it is reasonable. to assume that the GRP
king posts represent an attractive economic prospect, since the allowable
increase in unit cost from Figure 11 is about $7.10 per pound, corresponding
to a GRP price of $1.93 per pound. It would not appear difficult to keep
below this upper limit for large-scale production of GRP king posts.

HATCH COVERS

This investigation considers a number of typical hydraunlically actuated
watertight and nontight hateh cover panels similar in geometry and operation
to those installed on the 55 JAMES LYKES. The typical cover sections are 25
feet 9 inches wide, varying from 4-1/2 to 9-1/2 feet in length to suit the
size of the hatch opening, and with a structural depth of about 1L inches.
The steel covers have longitudinal secondary framing attaching to either two
or three deep transverse girders as shown in Figure 12.

The equivalent GRP hatch cover is of sandwich construction, with a uni-
directional/woven roving composite laminate, to provide maximum stiffness
for minimum weight. The depth of the cover panel was kept similar to that
of the steel cover to provide esquivalent loss of cubic in the closed position,
ard similar over-all stacking dimensions in the open position. They are
fabricated with fire-retardant resins.
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The GRP covers incorporate shear webs rather than relying on the strength
of the core material, similar to the deckhouse panels. A typical GRP hatch

cover panel is shown in Figure 12 for comparison te the steel cover
scantiings. '

/ nnIs¥e (31

e L &R <" sPen 21" ! o
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STEEL COVER
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l 48" N
! b

G.R. P COVER

FIGURE 12

CROSS SECTION THROUGH TYPICAL STEEL
AND GRP HATCH COVERS

Criteria. The steel hatch covers are designed to suit current ABS
criteria which require a safety factor of L.25 on the ultimate strength of

the material and a maximum deflection of 0.0028 times the span (L/360) for
the following live loads:

Weather deck hatch covers forward: 358 PSF

Weather deck hatch covers aft: 266 PST

Tween deck hatch covers: Li},BH PSF
where H is the height of cargo stowed in feet.

The GRP covers are designed for similar loads, though the safety factor
on the ultimate strength is increased by a factor of 1.50, similar to the
deckhouse and king posts. The deflection of the GRP panels is specified as



being a maximum of three times that of the permissible deflection of the
steel covers, or about L/120, This is consistent with the deflection limita-
tions proposed for deck panels under maximum design load, znd requires
similar consideration in stowing cargo to prevent its damage as the covers
deflect downward. For hydraulically actuated hinged GRP covers such as

those under conslderation, deflections in excess of the steel covers may
lead to excessive limberness, causing problems in opening and closing the
covers and maintaining tightness, It should be noted that the deadload
cover due to reduction in weight. However, the large deflection under load
will require the development of a suitable watertight gasketing system, or

else the use of GRP covers will have to be limited to tween decks where
tightness is not required.

Scantlings. TFigure 12 shows the scantlings of comparable steel and GRP
covers designed for the above criteria. The steel cover is strength critical
while the CGRP cover is deflection critical, even with the relaxation in
requirements.,

Weights. The average weights per square foot of the steel and GRP
hatch covers shown in Figure 12 are 26 and 13 pounds respectively, repre-
senting a 50 per cent structural weight savings. For the entire ship, the
weight of hatch covers would be reduced from 185 to about 105 tons; a
savings of 80 tons for the GRP covers. This is equivalent to a weight reduc-
tion of about LO per cent for the entire group, reflecting the unchanging
weight of hinges, hydraulic components, seals, etc.

Costs. The estimated cost per pound to fabricate the basic structure of
the steel and GRP hatch covers is &0.75 and $1.50 per pound respectively.
These costs reflect the relatively high dimensiocnal and quality control
required for covers of this type, as well as the extensive tooling required
for the large number of cover section sizes in a shipset. The steel hatch
cover cost is similar to that for the structural steel of the deckhouse, while

the GRP unit cost is based upon a manpower utilization rate of 15 pourds per
hour. This high productivity appears achievable for the production of a very
large number of identiczl cover units, and also leads to rapid amortization
of the tooling cost. Other assumptions relative to GRF costs are identical
to those for the declkhouse,

The over-all cost of the basic structure for the steel and GEP covers
would be about $270,000 and $290,000 respectively, including tooling, a
$20,000 cost differential. The total differential of the installed covers
would probably be considerably higher than this, due to greater difficulty
attaching steel hinges, hydraulic components, dogs, etc. to the GRP covers,
and possible problems introduced by the greater cover deflection. These will
be offset somewhat by the possible reduction in the hydraulic cover opening
system afforded by the lower cover weight.

Cost Evaluation. For the basic structure of the steel and GRF covers,
the weight savings is 5O per cent, with a corresponding cost penalty of $0.60
per pound. Figure 11 indicates that the cost penalty of a 50 per cent
welght savings cannot exceed $1.20 per pound, corresponding to a maximum
price of $2.80 per pound. This is within the state-of-the-art capabilities
of the GRF industry. Thus,GHP hatch covers are a potentially attractive
economic invesiment, 1f the weight savings can be converted to additional
revenue.




-08-

QTHER COMPONENTS

The following additional components are considered possible candidates
for the use of GRP in lieu of steel.

Edible 0il Tank Boundaries. Deep tanks are often provided aft, adjacent
to the shaft alley, for the stowage of edible cargo oils. Cleanliness con-
siderations usually dictate the use of cofferdam construction to provide
smooth, easily malntained surfaces within the tanks. Stainless steel is speci-
fied for the immer tank surfaces where extreme cleanliness is required.

A molded GHP inner tank liner would appear to be economically feasible
in this case. In addition to being light (about 50 to %0 per cent of the
welght of equivalent steel liners) and eccnomically competitive, it would be
easily maintained and would not contaminate the cargo.

The attachment of this liner to the steel structure represents a potential
problem, since it is desirable to avoid through-bolting which might eventually
lead to leakage. A possible solution would be to band GRP angles to the outer
tank surface which overlap onto the supporting steel, and mechanically fasten
the overlap to the steel after cure. As an alternative, the GRP liner ccoculd
essentially "float" on the steel structure with no physical attachment, since

all pressure loads would temd to push the GRP against the steel except in
the case of flooding from outside the tank. In this case the faying surface
between the GEP liner and the siteel hull structure should be filled with a
regsilient resin putty to insure uniform bearing.

An acceptable and possible preferable alternative to the separately
molded GRP iiner would be to spray the inner mild steel surfaces with a
flake-glass coating.

The use of GRP for this application would again be contingent upon
U.S. Coast Ouard approval.

Bulwarks. Protective bulwarks on the weather deck could be of GEP con-
struction, with the bulwark brackets mechanically fastened to steel clips
welded to the deck. GRP bulwarks would be approximately one-half as heavy
as steel bulwarks, thereby saving about 15 tons, which would alsoc improve
stability. They would not be subjected to the corrosion and rusting
zsgociated with steel bulwarks.

GRP bulwarks present several problems, however, They would be less
resistant to the type of impact and abrasion damage to which bulwarks are
subjected, and would not be as good a fourdation for the usual assortment of
miscelianeous clips, cleats, pads, etc. as a steel bulwark.

Local Decks and Platforms. Decks and platforms which are not a part of
the hull girder could be of GRP construction. These decks would consist of
GHP sandwich panels supported by steel side shell stringers, girders and
stanchions. The principle advantages of GRP in this application would be
reduced weight and maintenance, though the deck surfaces might reguire protec-
tion from abrasion and impact.

Structural Bulkheads. The consideration applicable to decks, discussed
previously, would apply to the structural bulkheads. Since the total weight
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of structural bulkheads on the SS JAMES LYKES is about 320 tons, the potential
weight savings is attractive. However, the substitution of GRP for steel in
main transverse bulkheads could seriously affect the transverse strength and
stiffness of the hull girder, particularly in racking. This would probably
necessitate the installation of a steel trusswork in the plane of the bulk-

head, to provide the required strength. This would decrease the weight

savings and might increase the total thickness of the bulkhead, thereby reducing
available cubic. Thus the economics of such a proposal are doubtful. In addi-
tion, GRP bulkheads bounding machinery spaces are presently unacceptable to the
U.3. Coast Guard.

Non-Structural Bulkheads. The use of fire-retardant GHEP panels for non-
structural bulkheads zppears to offer both a weight and life c¢cyecle cost savings,
the latter due primarily to reduced maintenance. The major drawback to such a
proposal is the potential fire problem, since such bulkheads would find wide
use in living and working areas, where structural fire protection reguirements
apply. In most cases, such bulkheads would be of U.S. Coast Guard Class "B"
or "C" construction, requiring that they be incombustible and for Class "B",

capable of preventing the passage of smoke or flame for cne-half hour. The

incombustitility and inbtegrity of proposed GRP panels would have to be
clearly demonstrated by fire tests, and the question of toxicity would have
to he resolved. These factors make the feasibility of this particular
application questionable.

Immersed Fortion of Bow. The immersed bow of a cargo ship or other
relatively high speed vessel is both difficult and expensive to fabricate in
steel, particularly if a bulbous bow is fitted. This difficulty arises from
the relatively complex shape of the hull, requiring furnaced plates in most
areas, as well as extensive bending of framing members. The design require-
ments for this structure are severe, including consideration of siamming loads
on the flat of bottom, large hydrostatic heads, and cavitation erosion.

The use of a GRP module in this area would appear to offer several
advantages cover steel:

o Lower relative cost for fabrication, due to the high cost of
fabricating steel plates and shapes.

¢ Lower weight for equivalent strength in satisfying 1life cycle
slamming requirements without plastic deformation.

o Elimination of erosion at the stern and near the waterline from
cavitation and bow wave bubble sweepdown.

o Greater resistance to inelastic deformation.
o Less resistance due to smoother hull surface.

o A frangible bow structure, which would collapse and absorb energy
upon impact thus reducing the extent of damage in a collision,

The primary disadvantage would be the difficulty of mechanically attaching
the GRP module tc the steel hull structure.

For a typical 500 foot cargo vessel, with 29-1/° inch frame spacing, the
steel plate thickness required by American Bureau of Shipping for the bottom
forward and immersed bow are 0.79 inches and 0.58 inches respectively., The
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corresponding thicknesses of a unidirsctional/woven roving GRP shell would

be 1.05 inches and 0.77 inches respectively, weighing about L0 per cent as
much as the squivalent steel plating. The weight savings of internal GRP
structure (floors, frames, etc.) would probably be less, due to the added
welght caused by bonding angles and local buckling considerations. However,
it can be assumed that a GRP bow module will weigh about 50 per cent of the
equivalent steel structure. The total weight savings could amount to as much
as a hundred tons, depending upon the extent to which the GRP is used.

As an alternative to single skin with transverse floors on 30 inch centers,
a sandwich panel with a li inch thick core and skin thicknesses of 0.0 inches on
the bottom and 0.4 inches on the side supported on 7-1/2 foot centers would be
acceptable, both for stress and deflection. This concept appears preferable,
since less internal framing would be required and the larger panels would dampen
impact loads to a greater extent than single skin. Figure 13 shows a concept
where the GRP structure has been carried up to just above the waterline. The
entire bow could be made of GRP, but the ecconomic advantages of using GRP
above the boottop area appear less due to lower corrosion rate,protection
required for the anchor and difficuliy of installing mooring géar. The shell
panel would utilize longitudinally-oriented GEP shear webs for the reasons
noted in the discussion of the deckhouse. The shell sandwich would be sup-
ported by corrugated GRP transverse floors of sufficient depth and thickness
to avoid buckling failure, attached at the top to the steel deck. The extreme
forward portion would be filled with high density foam both to support the
shell panel and to act as a barrier to prevent flooding in the event of a minor
collision., The inner skin of the shell would form a molded-in center keel,

The estimated cost for steel and GRP structure in the bow ares is $0.75
and $2.00 per pound respectively, installed, Since the GRP structure will
only weigh about 50 per cent of the steel structure weight, it appears that
the GRP bow structure would be nearly competitive on a first-cost basis, and
would definitely be competitive on a life cycle cost basis. Therefore, this
concept appears both feasible and desirable if the GEP bow modules can be
procured 1n sufficient quantity,

Immersed Portion of Stern. 4 GRP module similar to the bow module just
discussed could be considered for the stern, since most of the plates on a
steel stern assembly must be furnaced. However, the difficulties foreseen
in maintaining attachment and structural integrity on the GRP module appear
prohibitive, because of the high propeller-induced loads and vibratory
forces, as well as those from the rudder.

LASH Barges. The concept of a GRP LASH (Lighter Aboard Ship) Barge is
not being considered in detail in this study, since it is not truly a structural
component of a cargo ship. However, it would be an integral pari of a LASH
cargo ship operation, and is certainly worthy of mention as a potential candidate
for GRP construction.

At the time of this study, a prototype GRP LASH barge is undergoing final
testing and evaluation. The initial testing of this barge was successfully
completed in mid-1971. Thus there appears to be no question as to the
technical feasibility of such a barge.

Although the GRP barge is expected to sell for about 20 to 30 per cent
more than an equivalent double-walled stecl barge, this is expected to be
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offset by lower weight (about LO-LS per cent reduction) allowing additional

cargo capacity, reduced maintenance and inexpensive integrally molded insulation
for reefer barges.

It is expected that these barges will be in gquantity production and in
service competing with equivalent steel barges in late 1977, and their relative
performance will he carefully monitored.

SUMMARY

The concept of using GREP for large structural components on a steel cargo
ship is technically feasible, and appears to be economically atiractive in most
cagses, This reflects the fact that shapes which are relatively complex %o
fabricate from steel can be fabricated from GRP for little more than uncomplicated
structures. This 1s the fundamental reason that the economics of GRF components
are more attractive than for the ship as a whole. This also resulted from
reduced maintenance, as well as the relatively high cost penalty which can be
accepted for GRP if the weight savings can be converted to additional earning
capacity at least 70 per cent of the time. This latter assumption is gquestionable
in many cases however. If a carge ship is carrying light density cargo and Iis
volume-limited, it would not bhe possible to uitilize the extra available weight
unless deck containers are carried. Alsc, it often happens that the amount of
cargo available at the dock is limited, and extra available deadwsight 1s wasted.
Thus, the potential economic benefits of GRP will not be achievable at all times.
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It would appear that GRP components wowld be economically justifiable only
if the over-all weight savings 1s appreciable. For a very small savings, the
difference in vessel draft would be so small as to be indistinguishable when
reading drafts. Thus, additional cargo, if available, would be carried, whether
the welght savings 1s available or not. If the savings is appreciable, however,
there would be a distinguishable and thus usable difference in vessel draft,
allowing the stowage of additionzl cargo before limiting drafts are exceeded.

On the above basls, it would appear that further consideration should be
given to GRP LASHE barges, bow modules, king posts and hatch covers. These items
represent a combined potential weight saving of several hundred tons in a high
maintenance area, These components can also be instrumented to provide valuable
data on their long term performance as an integral part of a large ship siructure.

Further consideration of GRP deckhouses is questionable, because of the
problem of combustibility. It appears that the reduced weight and lower
life cycle cost of a GRP deckhouse relative to one of steel may not justify
acceptance of a greater fire risk, when metal deckhouses of approximately
equal weight and cost can be built which satisfy current U.S. Coast Guard
regulations.
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VIITI. RECOMMENDED AREAS FOR FURTHER STUDY

GENERAL CONSIDERATIONS

One of the results of a limited feasibility study such as this, is that
numerous questions are raised which cannot be satisfactorily answered within
the time or cost allocated to the study. The GRP cargo ship study is typical
in this regard, and the following paragraphs delineate the major areas
requiring further study.

The following nine major areas requiring further study are discussed in
this section, in the chronological order suggested for the inception of new
research work:

o GRP Structural Components
Costs
Materials

Fire Protection

c O ©C ©

Design Criteria

o Defiections

o Fabrication Procedures

o Quality Contrel and Inspection

o Maintenance and Repair Costs

0 Structural Details

As a part of the discussion, each of the proposed areas is evaluated
relative to the following:

o Value of the output from additional studies relative to the time
and cost for the studies, i.e. rate of return on R and D investment.

The suggested order of priority is somewhat arbitrary, and is based upon
the assumption that the economic feasibility of a GRP cargo ship is presently
more questionable than the technical feasibility. However, these two areas
camot truly be separated, -since it can likewise be argued that there is no

point in investigating economics until the technical feasibility is fully
proven. At this time, there are four major areas in which technical
feasibility has not been fully demonstrated: fire protection, design
criteria, hull girder deflection, and material properties and capabilities.

Therefore, if further studies of a GRP cargo chip are to be considered
1% is suggested that these four studies be conducted jointly with the cost
studies since all five studies must be completed before greater confidence

in the feasibility of a GRP cargo ship can be achieved.
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GRP STRUCTURAL COMPONENTS

onents evaluated in Se
f GRP in merchant Sbi

jea iy Liicd

o They are technically feasible,

© The use of a combustible material for secondary structures
in non-living or non-working spaces may be acceptable if the
risk of fire is low.

0 They appear to be more economically attractive than the concept
of an all-GRP cargo ship.

o They can be used in areas where their specilic advantages can
best be exploited.

The component which appears to offer the best potential technical and
economic advantage 15 a frangible GRP bow module, designed to minimize the
effects of a collision. OSuch a bow would offer a number of advantages in
addition to the lower weight, cost and maintenance noted in Section VII,
gince it would result in reduced insurance ratezs. and would be in In:\prnncr
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with current pelicies regarding increasing safety at sea and reducing
poliution resulting from oil spills caused by collision.

Other GRP components which deserve further consideration include LASH
barges, king posts, and hateh covers.

The likelihood of accomplishing the objectives of such a study or series
of studies is very high, since these initial imvestigations indicates that
such components offer the best potential economic gains, and acceptance of
GRP components by the shipbuilding industry is far more likely than on an
all-GEP ship. The value of such studies should also be very high, since a
significant R and D effort should not ke required to thoroughly investigate
and develop these components.

COSTS

The proposed cost studies involve two major areas: construction costs
and 1life cycle costs.

Construction Costs. The cost of fabricating large GRP hulls or major
components must be more fulily defined to permit accurate construction
cost estimates and trade-offs of alternative construction techniques.
At present, it is necessary to use approximate over-all manhours-per-
pound values to estimate labor costs and associated overhead, which do not
permit the type of relatively sophisticated trade-offs reguired to optimize
structural design. For example, it has been necessary to assume that
current hand layup productivity rates would be applicable to larger
hulls, with automation, pre-impregnation of reinforcement and mechanized
material handling offsetting the inherent difficulty of wetting out and
curing very large areas of thick laminate. Until this is proven, or
more accurate information is made available, it will be impossible to
improve cost estimates.
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Other areas relating to construction costs which require further
study include the following:

Q

o}

Need for envirommental control during construction,
particularly temperature and humidity limits.

Extent to which automation and mechanized materials
handling can be Jjustified, based upon anticipated pro-
curement levels.

Relative advantages of laying up decks in place, as
proposed, versus separate layup of large deck sections
and secondary bonding of these sections to each other
and to the hull.

Integration of the GRP facility into the basic workload
and operational procedures of the shipyard.

Optimization of structural component fabrication, including hull
erection sections, bulkhead panels, deckhouse, mejor foundations,
etc. relative to the hull production sequence.

Further studies of tooling cost.

EOL LA W ¢ it

The requirements which must be met in order to achieve reasonable con-
fidence in construction cost estimates for a GRP cargo ship would include,
as a minimum, the following:

o]

Preparation of preliminary contract drawings and outline specifica-
tions for the GRP hull structure.

Development of a fabrication procedure by knowledgeable people
representing shipyards, GRP fabrication, materials, design,
quality control and equipment installation.

Preparation of competitive bids by a minimum of two facilities
which are both interested in such a program and capable of
performing the necessary tasks.

Life Cycle Costs. These studies would incorporate the results of the

construction cost studies, and would utilize an improved life cycle cost
model to obiain more accurate relative Required Freight Rates. Although the
model used in this study is reasonable for a preliminary study, a refined
model is desirable, incorporating the following improvements:

0]

Analysis of a break-bulk transportation system, rather than
identical steel and GRP ships. The basic constraints would be
avallable deadweight tonnage, stowage factor, schedule require-
ments for liner service and a fleet of baseline steel ships
capable of handling these requirements. This provides the
investigator the options of varying number, size and speed of
GRP ships to best take advantage of reduced hull weight.

Refinement of deadweight utilization factors, i.e. ratio of
available deadweight to cargo carried per voyage.
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o Consideration of fuel cost savings in partially lecaded or ballast
conditions.

o Inclusion of port fees, cargo handling costs and other factors
previously neglected.

o Better evaluation of maintenance costs, including the effects of
increasingly higher maintenance costs on ships as they age.

0 Further investigation of inmsurance costs for GRP ships.

o Further studies of the optimum method of extending steel ship life
to 30 years.

The likelihood of =sccomplishing the objectives of the construction and
life cycle cost studies is fairly good, though the accuracy of subssquent
construction cost estimates is highly dependent upon the development of
complete guidance information to assist the shipyards in making their
estimates. The rate of return on such a study would be very good, since
the concept of feasibility of a GRP cargo ship is highly sensitive to the
accuracy of the cost estimates.

MATERTALS

Further studies are required to justify the selection of the proposed
resins and reinforcements, particularly since experience with the proposed
unidirectional reinforcements has been relatively limited to date in GRP
hull fabrication.

Such data can be obtained, by a combination of design analysis and
testing, and will serve to provide basic material properties to proceed with
further structural and economic studies.

The steps reguired to acquire these data include the following:

o Investigate alternatives to the composite unidirectional woven
roving laminate suggested, including use of bias plies of uni-
directional reinforcement for strength in a transverse and
diagonal direction, and use of a thin layer of mat between plies
of unidirectional or woven roving material to improve interlaminar
shear strength.

o Optimize warp-fill relationships for primary hull girder laminates
and those of secondary sbtructures.

o Develop, conduct and evaluate a test program to obtain laminate
physical properties data and layup rates for laminate compositions
selected. This would include static properties, fatigue strength,
wet strengths, impact strength, notch sensitivity, abrasion
registance and creep properties.

o Select optimum laminates for various huil components, based
upon weight/strength and strength/cost relationships. This
would include studies of alternative high-performance laminates
for use in areas requiring high strength and stiffness, including
higher strength glass, boron or graphite filaments and "Wire
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Sheet", which utilizes fine, high strength unidirectional steel
wires in combination with fiberglass reinforcement and polyester
resin.

The likelihood of accomplishing these objectives is excellent, as is the
rate of return, since a properly developed materials test and evaluation
program can provide a satisfactory level of confidence in those areas which
are now gquestionable.

FIRE RESISTANCE

The entire question of the effects of GRP's combustibility must be
thoroughly analyzed to determine to what extent it would be acceptable in
future merchant ship designs. This study indicates that further investiga-
tions of fire resistance should be directed primarily toward GRP components,
due to the questionable ecconomic viability of an all-GRP ship. These
studies shouid include the following:

o  Discussicns with U. S. Coast Guard to determine which potentially
attractive GRP components would be acceptable within the present
requirements for fire resistance.

0 Investigate necessary improvements in detection and extinguishing
equipment which would be reguired if GHRP components are used.

o Evaluate toxicity problems.

The likelihood of accomplishing these objectives is fairly good, though
extensive consultation with U.S. Coast Guard will be required. The rate
of return on further studies of fire resistance should be good, since fire
protection is one of the most critical technical problems to be resolved

in connection with the use of GRP on merchant ships.

DESIGN CRITERIA

Many of the criteria esitablished in this study for designing the GRP
hull? structure have been based upon a conservative estimate of the material's
ability to withstand the life cycle enviromment as well as an equivalent steel
hull, Sensitivity studies have demonstrated that these congervative assump-
tions have a significant effect on the economics of the GRP ship, and the
following require further study:

o The relative significance of fatigue strength in establishing
hull girder section modulus requirements, including considera-
tion of relative strength retention in the low cycle range
(103 - 105) and the high cycle range (105 - 108).

o The relative significance of wet strength, material property
variability, impact strength, abrasion resistance, non-yielding
behavior and creep in establishing safety factors.

o Compariscn of GHP scantlings when derived by theoretical
analysis versus those converted from accepted steel scantlings.

o Deflection 1limits for local structures such as deck panels
and girders.
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o Discussion of criteria with ABS, Lloyds and other regulatory
bodies.

The likelihood of accomplishing these objectives is quite high, since
it is primarily a function of reviewing additional materisl properties data
and applying sound engineering judgment in their interpretation. The rate
of return would also be quite high due to the importance of these criteria
in selecting hull scantlings.

DEFLECTIONS

It was previously noted that the hull girder deflection of a strength-
critical GRP cargo ship will be between L and 5 times that of an equivalent
steel ship. It is obvious that any arbitrary increase in scantlings to
increase stiffness will have a detrimental effect on the weight, cost and
earning capacity of the GHP ship. Therefore it is wvital that further studies

be initiated to determine the zac ccep 'I'r-uh‘l'h'hr of these T:H"x:m deflection

considering such factors as:

o Stresses at secondary bonds due to rotation of structural
elements at supperis.

o Hull girder and local structural vibrations.
o DResponse to sea-induced forces,

o Effects on systems, such as cableg, piping and vent ducts and on
propulsion shafting.

o Effects on tightness of hatch covers.
o Psychological factors.
o Effects on limiting draft and freeboard.
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bending moment and assocciated still water deflections should be investigated,
as well as the wvalidity of assumed deflection limitations on local structural
elements such as panels and beams. Studies of high-modulus reinforcements

for the deck and keel are also proposed.

The success of these studies depends largely upon the willingness of
regulatory bodies to accept larger hmll girder deflections than normal if
they appear technically Justifiable. If tighter deflection limitations are
arbitrarily imposed on the GRP hull, therse would be no point in giving further
econgideration to a GRP cargo ship, since GRP 1s a poor choice of materials for
a deflection-limited structure.

The likelihood of accomplishing these objectives is guite good, and

again the rate of return would be high since deflection problems are a major
technical concern at this time.
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FABRTICATION PROCEDURES

In the previous discussion of fabrication facilities and procedures, it
was noted that the proposed construction procedure was an attempt to present
one method which appeared feasible and, within the effort devoted to this
study, reasonably close to optimunm.

As noted, numerous variations on this procedure are possible, and
perhaps more desirable, Such alternatives should be evaluated in detail,
with consideration given to the following factors, as a minimum:

o Molding methods for hull and major structural components.

o Suitable reinforcement, wet-out and cure cycles to achieve
reliable interlaminar and intralaminar structural characteristics.

o Material handling and distribution, including impregnation
techniques and cycles; extent to which automation is justified.

o Sectionalized versus one-piece construction of the hull and major
components.

o Construction of the GRP hull and components of an existing shipyard
versus use of a separate GRP facility.

o PFurther structural optimization, including studies of integral
versus non-integral tanks, single skin versus sandwich construc-
tion, ete.

o A suitably rigid quality control procedure to assure fabrication
of sound laminates and Jjoints,

The likelihood of accomplishing these objectives is quite high, though
the required level of effort for such studies is difficult to determine at
this time, since the potential rate of return is highly variable. A limited
effort in this area, involving a qualitative evaluation of various
alternatives, would be a valuable adjunct to the construction cost studies
previously proposed. If the concept of a GRP cargo ship remains attractive
after closer examination, each of these areas could be examined in greater
detail to determine their relative merits.

Fach study should include development of sketches and narratives in
sufficient detail to allow the estimating shipyards to assess the relative

differences on the over-all cost and schedule of the proposed procurement
prograim.

QUALITY CONTROL AND INSPECTION

The question of quality control and inspection of GRP laminates is
extremely important, for, as stated previously, state-of-the-art methods are
often inadequate for larger hulls with thicker laminates. Bopefully, the
U.8. Navy, British Admiralty and SNAME studies now being conducted in this
area will provide guidance in the near future.
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The likelihood of accomplishing the set objectives and achieving a high
rate of return for the R and D effort in this area is somewhat questionable,
gince there 1s presently little incentive to invest the money and time
necessary to fully evaluate the problem and achieve viable solutions. Most
of the GRP fabrication requiring very careful control, such as in the aero-
space industry, involves relatively small components fabricated under
carefully controlled conditions. The GRP boatbuilding industry represents
the other end of the spectrum, where the gradual extension of small boat
quality assurance and inspection procedures to larger hulis has heen accepted
and, to a reasonable extent, proven satisfactory.

These factors reinforce the previous discussions wherein it was proposed
that efforts in this direction be aimed at minimizing the causes of quality
variability at the source, through such procedures as preimpregnating
laminates to achieve satisfactory confidence in resin-to-glass ratiocs. This,
in conjunctior with improvements in non-destructive testing, should form a
suitable basis for controlling the quality of CGRP structures for larger hulls.

The R and D effort in this area should be directed initially at determining
the true causes and effects of GRP structural deficiencies, rather than at
their detection and correction. This would include consideration of material
property variability, effects of foreign matter, void content and gel time
varigtion on iaminate quality, effects of secondary bonds, overlaps, dis-
continuities and hard spots on strength, etc. Many of these factors are
presently being evaluated in conjunction with the United States and British
GRP minesweeper studies, and may eliminate much of the controversy as to
the effects of these factors.

MATNTENANCE AND REPAIR COSTS

Reduced hull maintenance and repair costs are a key factor in selecting
GEP in many marine applications. Further studies are required to evaluate
more accurately the life cycle M and R cost of a GHP cargo ship hull for
comparison to the equivalent steel hull. This is particularly important
as the ships get older, since the costs of steel hull repairs begin to increase
rapidly as plate replacement becomes necessary.

The probability of accomplishing the objectives of such a study is
somewhat doubtful, for several reasons. First, it would be necessary to
extrapolate the M and R history of older small GRP boats to the large cargo
ship. Alternatively, it would be necessary to extrapolate the relatively
limited and poorly documented M and R history of larger GHP vessels such as
trawlers. In either case, such extrapolation is hoth difficult and dangerous,
since the GRP cargo ship presents potential M and R problems not yet encountered
with smaller hulls.

Therefore it can be assumed that the rate of return on further
investigations into GRP cargo ship M and R cost will be relatively low since
they would be expected to improve only slightly upon the values presented in
this report. The true picture will not be obtained until such a veszel is
in service.

STRUCTURAL DETATLS

The present study has been primarily concerned with the development of



-111-

primary hull structural elements for a GRP cargo ship, with relatively little
attention given to design details. As the design and study effort progresses,
however, it becomes increasingly more important to give careful consideration
to the more critical structural details. This study would consider the
following as a minimum:

o Secondary bonding of major structural components.

¢ Installation of major pieces of equipment such as gears, turbines,
boilers, generators, typical winches, king posts, steering gear and

other similar items.
o PRudder attachment.
o Stiffener attachments.

o Required cormer radii, particularly in way of hatch cuts.

The likelihood of accomplishing the objectives of such a study is
quite high, but the direct return on the investment will not be particularly
high during a feasibility study, where such details are generally not given
major consideration. However, such studies would provide valuable guidance
in further construction cost studies.
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IX., CONCLUSIONS AMD RECOMMENDATIONS

CONCLUSTIONS

The conclusions to be derived from this Feasibiliity Study for a GRP
cargo ship are summarized below.

General. The construction of a eargo ship utiiizing GRP for the hull
structure is technically feasible within the present state-of-the-art, hut
the long-term durability of the structure is questionable and the concept is
net economically justified in direct competition with a steel vessel of
equivalent capabilities, The combustibility of GRP is also unacceptable.

The uge of GRP for major structural components is technically feasible and
appears to be economically attractive for some components if they are procured
in sufficient quantity, and if limited use of combustible materials is acceptable.

GHP Materials, The resins, reinforcements and core materials presently
available, or modifications thereof, are technically acceptable for building
larger GHP hulls than those now in service or In development, up to perhaps
250 or 300 feet in length. However, there is no conclusive evidence to
establish the long-term durability and capabilities of state-of-the-art GRP
Taminates and core materials when used in much larger hulls, such as a cargo
ship. It is not considered reascnable to extrapolate current knowledge of
GRP durability to such large hulls without considerable additional testing
and analysis. Therefore, the technical feaslblllty of GRP materials for this
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application cannot be fully demonstrated at this time.

GRP laminates are available with adeguate short-term properties. However,
the lack of stiffness of GRP must be recognized, and careful attention must be
given to material property variability, loss of strength due to immersion in
water and long-term aging, creep, fatigue, impact strength, abrasion resistance
and secondary bonding.

Structural Concepts., Single skin construction using either woven roving
or a composite of woven roving and undirectional reinforcement ig recommended
for general application to a GRP cargo ship, though sandwich construction is
preferable for large fiat deck pansls where over-all deflection limitaticns
become critical.

Tengitudinal framing is generally preferred, to minimize shell and deck
laminate buckling problems. Transverse framing is recommended for the side
shell to aveid the need for web frames and to provide greater protection when
the shell bears up against piers or floats.

Operational Bxperience with IFxisting GRP Vessels. The operational
experience to date with existing GRP vessels up fto about 100 feet in lengih
is very good. The resistance to the envirorment is excellent, though some
minor problems have been encountered with impact, abrasion and secondary bonds.

Repairs to GRP structures are generally accomplished quite easily, though
the integrity of such repairs, particularly for large hull sections, is
sometimes questicnable., The maintenance history of GRP hulls has been
excellent. Maintenance isg generally limited to renewal of antifouling paint,
cosmetic palnting and topside repairs.
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Fabrication Facilities and Procedures. The basic requirements for a
facility to fabricate a GRP cargo ship suggest the use of an existing shipyard
as a base, with a special CGRP facility constructed on the site, providing

necessary envirommental control and specialized equipment and material
storage areas.

4 fabrication precedure can be developed and optimized which is suitable
for a large GRP hull. Steel tooling can be utilized tc minimize costs, which
will be approximately 2/3 the cost of the hull structure for one ship.

Present quality control and inspection procedures must be improved and
modified to suit larger GRP hulls with exceptionally thick laminates and
sandwich panels. DMaximum use of mechanized preimpregnating equipment, close
environmental control and ultrasonic laminate inspection is recommended to
reduce problems with GRP quality.

Fire Resistance. GCRP is a combustible material, even with fire-retardant
additives in the resin. For this reason, it i1s unacceptable for use in
structural applications under current U.S. Coast Guard regulations. Thus
a GHP carge ship is not now technically feasible., Any future proposal to
use GRP must clearly justify ary intention to revise today's standards hased
on proven superior economic and technical advantages.

Installation of Systems and Equipment., TInstallation of systems and equip-
ment in a GRP hull is relatively easy, though loads should be well distributed.
A1l shipbuilding materials are compatible with GRP hull structure. The
flexibility of the GRF hull must be considered in designing piping and duct
systems, particularly those with long runs in the fore and aft direction.

Operational Characteristics of a GRP Cargo Ship. The use of pigmented
resins will reduce topside maintenance, but renewal of antifouling paint will
be required below the waterline. Drydock cycles will be the same as with
steel ships. Special hull surveys may be required more often than with
steel ships,

Repairs may be more difficult to accomplish, due to lack of trained
persomnel and difficulties in returning the damaged area to required strength.

The higher cost of repairs and vessel replacement will increase hull insurance
costs for GRP ships.

Design Criteria. Existing regulatory body design criteria for GRP vessels
cannot be extrapolated to large carge ship hulls. However, rational and
Justifiable design criteria can be established for the strength requirements
of the hull girder and local structures of a GRP cargo shipn. In general these
criteria are based upon modification of proven steel scantlings to GRP, on

the basis of relative ultimate sirength ratios, with corrections for GRP

property variability, long-term durability, non~yilelding nature, creep, and
loss of strength when immersed.

Restrictions on hull girder deflection have not been imposed, since there

B

is no ratiomal justification for such limits. However, the effects of hull
deflection on its own strength and ship systems, must be carefully analyzed,
and steps taken to minimize hull girder bending moment and deflection.
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Design of GHP Cargo Ship. The principal dimensions of the GRP cargo ship
selected for this study are identical to the baseline steel ship, to facilitate
direct comparisen. The GRP hull utilizes discontinuous steel hatchside girders,
which are not a part of the hull girder strength, to satisfy local deflection
limitations.

Both woven roving and composite unidirectional /woven roving GRP designs
were considered. However, the woven roving design proved to be slightly
heavier than steel and higher in cost, and further consideration was urwarranted.

The weight per foot of the composite GRP section is 0,57 times that of the
steel ship, and the stiffness is one-fifth, This deflection is far higher than

.00 : v -
would presently be accepted, a .l may require ingreasing hull depth, use of

high modulus material 1n the deck and bottom and optimizing of weight distribu-
tion to reduce deflection. Further studies of the effects of hull deflection
on strength of joints and hull systems are required to establish rational limits.

The total weight of the hull structure was reduced from 339 long tons
for the steel ship to 203! laorp tons for the GRP ship, a savings of L0 per cent.
The reduction in light ship is from 5786 to L339 long tons; a savings of 25
per cent. The stability of the GRP ship is slightly better in all but the
lightest conditions, where additicnal ballast is required.

Cost Studies. The cosb analyses for this study represent the best possi-
ble estimate of realistic construction and operational costs, based upon the
information presently available. These studies indicate that a GRP cargo ship
similar to the S5 JAMES LYKES has a higher required freight rate (RFR) than an
equivalent steel ship, regardiess of the vessel life {20 or 30 years), level
of procurement {1 to 10 identical hulls), and minimum assumed GRP fabrication
costs. Thus the greater sarning capacity of the GRP hull is not sufficient to
offset its higher initial cost.

Sensitivity studies indicate that the use of more optimistic design and
cost analysis criteria can, in some cases, make the GRP ship marginally
competitive with equivalent steel ships, for a procurement of 5 or more ships.
However, the uncertainty of realizing these more optimistic assumptions, as
well as the lack of a clear economic advantage for GEP, camnot justify the risk
involved in pursuing its development at this time.

Alternative Types of Large GRP Ships. lLife cycle cost studies of alternative
types of Jarge GRP ships, including container ships, bulk carriers and tankers,

- e I3
result in relative GRP-steel cost comparisons quite similar to the ecargo ship.

Thus further consideration of GRP for other types of large ships is also
wmwarranted at this time. However, small coastal vessels in the 150-250 foot
range may be economically justified and warrant further study.

Large GRP Structural Components. A number of GRP structural components
were investigated for incorporation on & steel cargo ship, including deck-
house, hatch covers, king posts and others. In general, the weight savings
resulting from using GRP composite laminates in lieu of steel is between
50 and &0 per cent.

Al though the cost of these GRP components is higher than the equivalent
steel component, this higher cost can be justified on the basis of increased
life cycle earning capacity. However, these savings will only be realized
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3f the lower weight resulting from the use of GRP can be utilized for addi-
tional cargo capacity.

Recommended Areas for Future Research. Further research is required in
the areas of construction cost and procedures, materizl properties, fire
registance, quality control and inspection, design criteria, deflections,
long-term durability, maintenance and repair costs.

RECOMMENDATIONS

On the basis of the foregoing conclusions the following recommendations
are offered:

o Further effort toward the development of GRP cargo ships or other
large GRP ships is not warranted and should not be reconsidered
until improved GRP materials at lower costs and experience in long-
term durability on the present larger GRP trawlers and the British
153 foot minehunter under construction are obtained.

o The technical feasibility of smaller GRP cargo ships, offshore
supply vessels, and other types of ships up to 300 feet long is
Justified on the basis of both the United States and British
minesweeper programs and should be investigated. Similarly, the
feasibility of other large GRP ships such as fishing trawlers,
ferriers, naval auxiliaries and gunboats looks very promising and
should be investigated, The guestion of fire resistance must be
carefully considered prior to such studies, however.

o Research into the areas previously delineated for further studies
should be initiated, since these studies would directly affect the
future of the larger GRP hulls.

© Research inte light weight hulls should continue, since the potential
economic gains appear attractive if the risks involved in building
and operating the vessel can be minimized.

o The higher strength and stiffness properties of the more sophisticated
laminates and composites should be investigated for use on weight
sensitive craft such as hydrofoils and air cushion vehicles.
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APPENDIX A

DETERMINATION COF MAXIMUM ACQUISITION COST OF GRP COMPONENTS
F(OR EQUIVALENT LIFE CYCLE COST WITH STEEL COMPONENT

BASTC ASSUMPTICNS FCR STUDY

The baseline for this study is the steel cargo ship 55 JAMES LYKES,
with all procurement costs updated to 1970 price levels, and an
assumed procurement level of 5 ships.

A T A

P F onmmt = i
L LU UL CINCLIY LUaO v Wl

35
Vesgel life of 20 years assumed. Life of GRP component to be similar
to that for steel hull, machinery and equipment.

The higher cost of insuring and repailring a GRP component offssts the
reduced maintenance cost. Higher GRP repair costs are assumed, since
the limited use of GRP on a steel cargo ship will not generate a GRP
repair capability in the world's shipyards. Thus repairs to GRP
components could require more time and cost than those for equivalent
steel repairs due to lack of experience.

Neglect all factors which are constant for this study, such as crew
and subsistence, drydock and layup and cargo handling. Scrap value
is also neglected.

211 other economic criteria, including the economic model for evaluating
Required Freight Rate, to be identical to those in the body of the
Report.

PROCEDURE

This study was conducted on the basis of replacing a 100 ton steel
component with equivalent GRP, and assuming a weight savings of L0, 50 and 50
per cent, which is a reasonable range. The L0, 50 and 60 ton weight savings,
respectively, was converted to increased cargo deadweight with a 70 per cent
utilization factor. Thus the average deadweight increase utilized is 0.7
times the available increase.

The Reg )3 or t 1 d h
components were determined, leading to the allowable increase in cost per
pound of a GRP component relative to the equivalent steel component cost per
pound for equal RFR.

117 W,
Md

The results of this analysis are shown in Table A-1, which indicates that
the acquisition cost per pound of GRP components can be increasingly greater
than that of the equivalent steel component as its weight ratio diminishes.
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TABLE 21

ALLOWABLE INCREASE TN ACQUISITION CO8T OF GRI' COMPCNENTS

Steel - GRP Composite Ship
{100 Tong of Steel Replaced)

Al11-Steel
Ship

Light Ship Weight, Long Tons 5785
Annual Cargo Carrying 143,000
Capacity, Long Tons
Acquisition Cost Per Ship, $ 13,500,000
Cost of Capital Recovery, $ 1,943,300
Required Freight Rate =

5+ 2, $/Ton 13.5855

Maximum Difference in
Acquisition Cost, $ -

Welght of GRP
Component, Lb. -

For Steel at $0.L0/Lb.

Cost of Steel Component, &
Maximum Cost of GRP Component,$
Maximum Cost of GRP, $/Lb.
Maxcitoum Cost Premium, $/Lb.

For Steel at $0.50/Lb,

Cost of Steel Component, $
Maximum Cost of GRP Component,$
Maximum Cost of GRP, $/Lb.
Maximum Cost Premium, $/Lb.

For Steel at $0.80/Ib.

Cost of Steel Component, $
Maximum Cost for GRP Component,$
Maximum Cost of GRP, $/Lb,

Maximum Cost Premium, $/Ib.

Lo Ton 50 Ton 20 Ton
Saving Saving Saving
5705 5736 5723
113,570 1h3,8L0 1Ll,010
13,503,000 13,579,160 13,595,200
1,952,400 1,954,720 1,957,037
13,5895 13.5895 13.5895
3,000 79,1560 95, 200
13L, 400 112,000 89,500
89,500 85,500 89,500
152,600 168,760 181,800
1,14 1.51 2,05
0.74 1,11 1,56
134, ho0 13L,Loo 134,400
197,440 213,560 229,600
147 1.9 2.56
0.87 1.31 1.4
179,200 179,200 179,200
2h2,2L0 258, 360 274,100
1.80 2. 31 3.09
1.00 1.51 2,26
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