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1.0 INTRODUCTION

It is generally acknowledged that the labor hours of constructing commercial ships in U.S.
shipyards is higher than foreign shipyards, particularly those in the Far East, Southern Europe
and Brazil. There are significant differences of a technical nature which will have a substantial
impact, including labor hour requirements for design and construction, materials, equipment and
machinery lead time, shipbuilding practices and facilities, use of standards, contractual
processes, and institutional constraints.

During the past twenty years, U.S. shipyards, various agencies of the government and the
Society of Naval Architects and Marine Engineers (SNAME) have tried to address the matter
and improve producibility. U.S. shipyards have acknowledged the advancement of Japanese
shipbuilding techniques and, together with the U.S. Maritime Administration (MARAD), have
imported technology from innovators like IHI Marine Technology, Inc. (IHI), who has
transferred information to Bath Iron Works Corporation, Newport News Shipbuilding, Ingalls
Shipbuilding, Avondale Shipyards, National Steel and Shipbuilding Company (NASSCO) and
others. MARAD and later SNAME have sponsored the National Shipbuilding Research Program
(NSRP) (now under SNAME sponsorship with U.S. Navy funding), which supports extensive
and varied research in shipbuilding technology from design through delivery. However, a
significant gap still appears to be present between the U.S. and the major world shipbuilders.

The time required for the construction of a vessel has been identified as having a major
impact on vessel labor hours. Reported delivery times in foreign shipyards are considerably less
than U.S. shipyards. The reasons for this must be largely tied to the nature of the structure
being manufactured and to the degree it facilitates installation of outfit and much of the painting
prior to erection on the building berths. The design phase and its integration with construction
has a significant influence on achieving this goal. These matters, which are in the shipbuilder’s
control, are addressed herein.

It is acknowledged that the world’s aging tanker fleet must be replaced in the years to
come. This will provide a significant opportunity to revitalize shipbuilding in the U.S.
Furthermore, the passage of OPA ’90 has resulted in new requirements for tankers, specifically
double hulls, and this allows significant latitude for the development of designs with innovative
enhancements for producibility. These could give the developer a significant advantage over the
competition.

The objective of this project was to "develop alternative structural system concepts” for
40,000 (i.e. 40K) and 100K deadweight tons (KDWT) (reduced to 9SKDWT later) Jones Act
double hull tankers for construction in existing U.S. shipyard facilities. These should result in
decreased labor requirements in the design, construction, and outfitting phases of the
shipbuilding program as well as providing for low cost maintenance during the life of the
vessels. It is hoped that addressing this type and these sizes of vessels will provide information
to shipbuilders which will be useful in identifying improvements necessary for competing in the
upcoming boom for rebuilding the world tanker fleet.




The objective of the project was approached by a series of six "tasks":

Task [

Task 11
Task IIT
Task IV

Task V

Task VI

Concurrent Engineering Requirements

Structural Elements
Alternative Structural System Concepts
Application to Specific Double Hull Tankers

Estimates of Physical Production Characteristics for Alternative Structural
System Concepts

Labor Hours and Schedules

Summaries of the results obtained for each task now follow.

[}



2.0 TASK I - CONCURRENT ENGINEERING REQUIREMENTS

2.1 OBIECTIVE

Concurrent engineering is an approach to the development of a product or system which
seeks to integrate design, production and user requirements from the outset, to arrive at the
optimum solution in the most direct manner. The objective of this task is to define the
characteristics of concurrent engineering which when applied to tanker structural design will
facilitate identifying the optimum characteristics of a vessel which also result in the least
construction labor hours and schedule.

Recent discussions have proposed introducing the ship construction method and sequence
earlier into the design process (i.e. at the conceptual/preliminary design level), with emphasis
on preliminary build strategy, subdivision of the hull into erection blocks and outfit modules,
and advance planning for the development of work instruction packages during the detail design,
References [1][2][3]*. The interests of the shipowner have been incorporated as well, [2]. By
expanding on this approach a concurrent engineering philosophy and its characteristics for this
project can be readily established.

2.2 PHILOSOPHY OF CONSTRUCTION

The objective of both the shipyard and owner should be identical in the delivery of a ship.
An enlightened shipowner and shipyard manager will negotiate a contract design which
simultaneously incorporates the owners’ performance requirements and the yards’ build strategy.
However, their individual concerns along the way will be different.

Shipowners may tend to be unconcerned with the distinction between the design phases,
but will seek to understand the nature of not only the principal design characteristics, but the
intended detail of the construction and character of the equipment provided, in particular as to
how it impacts reliability and maintainability. As an additional concern, OPA ’90 has placed
a significant amount of liability for spills on the shipowners, and it can be expected that their
concern for risk, reliability and safety will be especially acute.

Shipyards are concerned with the design and construction details of the vessel once a
contract has been signed. Theoretically, a shipyard is free to incorporate the production
attributes of the organization into the design process at any stage. As personnel most
experienced in production may not always be associated with the design departments, successful
integration of production into design must involve a coordination of disciplines, which does not
always occur.

Design, construction and shipowner requirements should be properly integrated to achieve
the most desirable structural alternatives at lowest cost.

*  Numbers in brackets indicate reference numbers in Section 10.0.




2.3 DESIGN STAGE

It has been noted that about 30% of the difference in productivity between the typical U.S.
shipyard and good foreign shipyards can be accounted for by superior design for production in

the foreign yards, [1]. Accordingly, any improvement in producibility at the preliminary design
stage can have a major impact on the labor hours of ships,

The design stage in shipbuilding consists of a sequential series of design phases, i.e.
Conceptual, Preliminary, Contract, Functional, Transition and Detail Phases. Transition design
is the phase in which there is usually a translation of the design from a systems orientation
necessary to establish functional performance, to a planning unit orientation necessary to
establish production requirements.

The Conceptual/Preliminary design represents the design phase at which rough order of
magnitude (ROM) price quotations may be required for a timely response to a potential buyer.
Competitive shipyards simultaneously produce a material budget, which they employ with their
history of man-hours required to process materials, for predicting cost.  Production
improvements should be fully considered at this stage in determining price. This will result in
the opportunity to make a meaningful improvement in producibility before the ship construction
process begins, when significant changes are still possible without disrupting the entire process.
IHI advised nine-years ago "...that initial or basic designers have most affect on a ship’s cost,
about 60%, while at the same time the cost of their efforts accounts for no more than 3% on
incurred direct costs. ...all design phases combined with material procurement activity affects
85% of a ship’s cost while such efforts account for approximately 10% of incurred direct costs.
Obviously, the efforts of design engineers are the most significant and decisive," [4].

The conceptual design phase establishes an overall outline design to meet an owner’s
outline specification. It can also define a marketable design as part of a shipyard’s product
development. Essentially, it embodies technical feasibility studies to determine such fundamental
characteristics of the proposed ship as length, beam, depth, draft, hull form coefficients, power
or alternative sets of characteristics, all of which meet the required speed, range, cargo cubic,
payload or deadweight. Although the main outcome is a design to meet specified ship mission
requirements, an account can and should be taken of production requirements. At this stage,
the designer has considerable flexibility in his choice of dimensions and other parameters which
define the vessel, and those selected can be for enhanced production. For example, the tank
length versus a shipyard’s maximum plate panel line length may be considered in determining
the length of cargo tanks for oil tankers.

The preliminary design builds on the concept design with the intent of solidifying certain
vessel principal characteristics. These usually include the vessel’s length, beam, depth, draft,
displacement and propulsion power. Its completion provides a precise definition of a vessel that
will meet service requirements. Concurrent with the fixing of certain vessel principal
characteristics, it is possible to further elaborate on the production scenario.

The contents of any design phase can be defined as a series of inputs and outputs. The

concept/preliminary design inputs may be presented in the form of an outline specification or
service requirements. A more complete list of inputs and outputs is given in Table 2.1. During
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each of the design phases, from conceptual design through detail design, the entire ship is always
addressed. The design process is really continuous definitization. At first, information is
grouped in a large-frame sense with few such groups. Thereafter the design process is one of
grouping information into smaller frames while increasing the number of frames. The process
ends when the final grouping, detail design, exactly matches how work is to be performed.

Table 2.1:
CONCEPT/PRELIMINARY DESIGN CHARACTERISTICS
INPUT/OUTPUT

Design Input

Service requirements, such as cargo capacity and speed.
Routes.
Critical components and equipment.

Design Outputs

Preliminary specification.

Preliminary general arrangement and midship section.
Preliminary calculations (dimensions, capacities, weight etc.).
Preliminary hull form body sections and lines.

Simultaneously at this stage, the shipbuilder or production discipline should identify the
essential production inputs and outputs given in Table 2.2.

Table 2.2:

CONCEPT/PRELIMINARY DESIGN PRODUCTION CHARACTERISTICS

INPUT/OUTPUT

Production Inputs

Shipbuilding policy.

Facility dimension and capacities.

Interim product types, including blocks and outfit modules.
Material choices.

Fabrication choices.

Production Outputs

Outline build strategy.
Preliminary block breakdown.
Zone identification.

Material preferences.
Fabrication preferences.




Preliminary Arrangements. The general arrangement is among the most important aspects
of preliminary ship design, as it largely defines the functional effectiveness of a vessel. The
arrangement drawings must consider the functional spaces, cargo spaces, superstructure,
machinery spaces and their relationships. No less important is the provision for access between

all spaces, meeting operational and regulatory requirements.

During this phace, the machinery systems arrangement may be incorporated in the general
arrangement. The principal components are the main propulsion and auxiliary machinery,
including the main engine and large auxiliaries, electrical generators, switchboards and control
areas, shafting, propellers, and the steering gear. The main engine and shafting may be the only
machinery items actually shown, with space allocations provided for the remaining items.

The general and machinery systems arrangements of the nature described provide a
blueprint of space allocations which can be utilized for determination of preliminary structural
block breakdown, block definition and outfit module considerations. It is at this point that major
changes to the design to best accommodate these production considerations can be introduced
and the arrangements of the vessel altered to suit.

Preliminary Calculations.  Preliminary design calculations include powering, tank
capacities, weight, trim, stability and structural strength requirements. Estimates of vessel
weight must be maintained during all phases in the development of the design. The designer
should be aware of the placement of major machinery components and their effect on the balance
of the vessel. Weight estimates are needed to establish stability, trim and list of the vessel, in
addition to verifying the design deadweight. The basic weight calculations can form the basis
for estimating the construction labor hours.

Although weight is an appropriate parameter for an initial labor hour estimate, it must be
treated with caution. A reduction in weight will reduce the relevant material cost, but will not
necessarily reduce the induced labor hours. In some circumstances, it may result in a labor hour
increase as more time intensive fabrication or equipment may be involved. With the potential
improvement in production resulting from a comprehensive build strategy introduced at an early
stage, weight can only give a partial indication of labor hours. Labor hours as affected by
producibility should impact the production more significantly than relative changes in weight.

If weight is a serious consideration, then an innovative approach based on more detailed
structural analysis may provide a more optimum solution. Alternatively, a review of the main
design parameters can be undertaken with an eye toward relaxation of those having the greatest
negative impact. Both of these alternatives should be investigated rather than rigid applications
of rules and guidelines to a weight-sensitive design, which may result in a design incorporating
complex fabrication and a wide variety of material sizes. On the other hand, as it is to be
expected that material costs will be less than labor costs, where weight is not a serious problem,
a reduction in stiffening elements with increased plate element scantlings should seriously be
considered as a means of reducing the number of welded elements and thereby reducing labor
hours.




Structural Considerations. Upon completion of the preliminary general arrangement, a
midship section is developed. This design development will have a profound effect on
production. Basic decisions pertaining to the location of framing elements must be made along
with the establishment of the material to be used in certain areas of the vessel. Consideration
should be given at this time to the standardization of the elements of frame spacing, types of
structural elements to be utilized and the use of minimum number of different shaped elements,
all in order to simplify fabrication. Methods of structural element fabrication should be
considered as well, including stiffeners and supports (rolled vs. built-up vs. flanged plate),
bulkheads (plate-stiffeners vs. corrugated), etc.

In the conceptual/preliminary design phase, the designer has considerable freedom to
attempt innovative structural element arrangements. As a minimum, he should avoid the use of
fabricated sections which inherently have greater work content than standard rolled sections.
If it is shipyard practice to utilize fabricated sections, then this option should be re-analyzed.

This task considers the alternative structural system concepts for tankers in the context of
conceptual/preliminary design. Accordingly the aspects of these phases as just discussed will
be considered and some of the design/production input/output characteristics presented in Tables
2.1 and 2.2 applied to the structural alternative system will be identified.

2.4 APPROACH

In order to obtain concurrent engineering input from knowledgeable parties, contacts with
shipbuilders, shipowners, designers and classification society representatives were made as
follows:

O American Bureau of Shipping Tanker Seminar with shipowners, shipbuilders,
designers and Classification Society personnel.

NSRP Panel SP-4 Design/Production Integration.

Conducted 3 shipowner interviews.

Conducted 1 shipbuilder interview.

Received information from 2 shipbuilders.

Received information from ship surveyor.

Received comments from Government Agencies.

O O 00O O0O0

The inquiries addressed those requirements related to the design/production outputs given
in Table 2.1 and 2.2 and the desired characteristics of the components of double hull tankers of
40K and approximately 100KDWT. Simultaneously, a literature search was conducted to
identify information pertinent to the project and to identify gaps in the literature which might
be filled by input from the marine community. In order to address gaps in background data
obtained as a result of the above, two questionnaires were also developed, one aimed at owners
and the other at builders. The information requested therein was relevant to Tasks I & II, and
also addressed Alternative Structural System Concepts for construction of tankers.




2.5 RESULTS OF SURVEY

2.5.1 General

The features Of the Concept/pre]iminary design and production input/output characteristics
identified in Tables 2.1 and 2.2 were considered in grouping the information collected from the
survey described in Section 2.4. This information has been highlighted herein and utilized later
in the appropriate remaining tasks. A summary of shipyard facility considerations is also
provided, followed by a discussion of institutional restraints. Construction schedule and labor
hour data obtained are discussed in Section 5.3.

2.5.2 Design/Production Input

2.5.2.1 Design Input
With regard to design, the following input was established from the survey:

o Service requirements -
The vessels studied were to be 40K and 100KDWT Jones Act double hull tankers.
However, it was established that tankers in the I00KDWT size range are being
constructed internationally in Aframax sizes of 9SKDWT. For consistency,
comparison purposes and application to the international market, this capacity has
therefore been adopted herein in lieu of 100KDWT.

° Routes -
The routes include those for the U.S. Panamax and Aframax type Jones Act trade
vessels.

o Critical components and equipment -
Risk in design is a significant potentially overriding concern for a shipowner
considering the scope of liability in the event of an oil spill. Components,
equipment or structural alternatives which are not based on previous full scale
experience inherently introduce risk through possible failure.

The availability of machinery and equipment relies on many foreign vendors.
Owners may have typical lists of acceptable vendors, many of which are foreign
and with which U.S. shipyards have had limited interchanges.

The 40K and 95SKDWT vessels should be single screw with medium speed twin
diesels or slow speed diesel, dependent on owners preference.
Maintenance and repair requirements should be given a high profile.




2.5.2.2 Production Input
With regard to production, the following input was established from the survey:

Shipbuilding policy -
To suit structural alternatives within constraints of U.S. shipyards without facilities
enhancements.

Environmental restrictions may impact on construction practices, coatings, etc..

Incentives for workers may be considered as a means to increase productivity;
what are trade/union restrictions?

Fitting accuracy is very important in block production. The less rework due to
poor marrying of blocks, the faster the hull will be erected.

Side blocks should be landed on the bottom blocks. Production capabilities will
be different between 40K and 9SKDWT vessels; what may be possible with one,
may not be possible with the other.

Landing inner bottom plating above bilge turn is good practice for producibility,
although generally not applicable to double hull tankers.

With regard to machinery/outfitting, owners should provide any specific material
coating and equipment preferences and reasons for preferences; i.e. types of
pumps, pump locations, equipment makers, coatings, materials, cable types, cable
trays, piping arrangements, valve types, valve locations, windlass arrangements,
hose arrangements, etc.

Material and fabrication choices -

It is considered that the more conventional large double hull tankers will be
constructed of high strength steel (HSS) at the deck and bottom, with mild steel
(MS) in the mid height section. This is to take advantage of the higher bending
stress and reduced thickness afforded by the HSS (typically AH32). One would
expect the more unusually configured vessel such as the unidirectional hull, with
its complete double envelope and unusual number of girders, to be constructed of
mild steel throughout, since its longitudinal strength is very high and high strength
steel is generally not required. Of course, it may be made lighter with the use of
HSS, but the cost factor would have to be considered and evaluated.

Compound curvature in plates should be severely limited, including the bulbous
bow shape which can be simplified.

High strength steel is considered less the ideal material than previous, due to

fatigue problems experienced in ships with less than optimum attention to detail.
Corrugated versus stiffened plate bulkheads is mostly an owners choice.
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There are welding problems in U.S. yards with joining bulb flats, resulting in poor
quality weld splices.

There is a question as to where on a vessel to introduce transverse framing, which
is less production friendly than longitudinal framing. Transverse framing may

sometimes be installed at the ends of otherwise longitudinally framed vessels, due

to the amount of twist required in end longitudinals.

Bilge plates without longitudinals and possibly also without brackets, are good
from a production viewpoint.

Lapped joints in plating may be acceptable in non-critical areas, but may be more
expensive than butt joints.

Tapered plating is not liked, possibly due to cost.

0 s

2.5.3 Shipyard Facility Considerations

.
¥ P

Table 2.3 depicts what is considered to be anﬂ%xis‘tgg U.S. shipyard, that is, one that
would be capable and interested in competing in the wo i, agmmercial ship market (adopted and
modified from [5]). Table 2.4 depicts a notional shipyard, which may be considered typical of
a modern foreign shipyard.

The study herein is concerned with existing U.S. shipyards without significant
facilities enhancements. ~ Consequently, the data contained in Table 2.4 is presented for

informational and comparison purposes only.

2.5.4 Institutional Constraints

The burden of institutional constraints, in the form of the added cost of compliance with
U.S. regulations in the marine industry, has often been cited as a significant contributor to the
high cost of building commercial ships in the U.S. This subject was discussed in Reference [6],
specifically with regard to the impact of U.S. Coast Guard (USCG) regulations. Some important
points extracted from this paper are as follows:

© U.S. shipbuilders have little choice, in many cases, but to purchase marine machinery
and equipment from foreign vendors. According to a recent statement by the
Shipbuilders Council of America (SCA), foreign manufacturers of marine machinery
charge premium prices, adding an average of 15% to the material costs of a U.S.-flag
ship built in a U.S. shipyard, to cover the costs - real or perceived - of compliance with
USCG design and inspection requirements for U.S. flag ships. The cause of this is the
erosion of the U.S. supply base for marine equipment and material.

O The American Commission on Shipbuilding, created by Congress through the Merchant
Marine Act of 1970 in its "Report of the Commission on American Shipbuilding" cites

an addition of 3-5% of the cost of a U.S.-flag vessel for compliance with the technical
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requirements of the Coast Guard, American Bureau of Shipping (ABS), and U.S. Public
Health Service. Other added costs are cited which range from a low of 1% to a high
of 9% of total vessel cost. These differences in cost were largely attributed to
implementation of the International Convention for the Safety of Life at Sea, 1974
(SOLAS 74) and its Amendments. The impact of this was particularly severe on the
conversion of older ships built before SOLAS 74. However, it should be noted that
SOLAS 74, as amended, and other IMO requirements, have minimized the difference
between design requirements in force worldwide and those in USCG regulations.

The cost of ABS classification has been cited as an "add on" cost; however, all
commercial ships in foreign trade must be classed by a reputable classification society
in order to obtain insurance, and the technical standards and service charges of the
leading Classification Societies are not all that different.

It is not clear whether all percentages quoted are based on total ship cost or the price the
purchaser pays the shipyard for the ship, which may exclude sizeable foreign
government subsidies.

a?v' .,

While the percentage ﬁgur””",’ QUé%ed vary widely, it appears that some small incremental
cost of compliance with USt jSegulations exists. USCQG is sensitive to this incremental
cost and continues to make efforts to reduce the regulatory burden. In any case, a U.S.
flag vessel built in a foreign shipyard or within the U.S. is required to comply with the
same regulations. Therefore, the differences in cost and added time for approval may
then be in favor of the vessel building in a U.S. yard.

USCG regulations are not applicable to foreign flag ships even if built in U.S. yards.
The absence of foreign flag shipbuilding in the U.S. must be attributed to factors such
as long delivery schedules and corresponding high costs at U.S. yards, not any "added"
cost of compliance with USCG regulations.
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Table 2.3: EXISTING U.S. SHIPYARD

- OMid 1980 technology steel processing. ¢>> .
- and fabrication shops, material handlmg '
and cranage. $5 0 mll annual unprov

* 0 Facilities
- Plate stockyard:
<Shape stockyard
- Plate treatment
.« Shape treatment
= Plate'proce’ssing’ shop -
.= Shape processing shop
- Panel line
-~ Subassembly shop
- Assembly shop _
= Shaped assembly shop
=Block platens
=“Treatment'and’ coating
--Shop/platens to berth handling
- Berths
- Pipe shop
- Equipment module shop
- Outfitting quay
©.Equipment
-:Includes plate and shape pre-processing
treatment. '
= N/C burning machmes plate rolls
“and presses..
- Line heatmg, frame """
hydraulic ~machine. Panel hne_ for flat
‘stiffenied panels. Welding: Subassemblies
are processed-in: “designated-area‘and fed
“to both panel line and shaped structure
shop. -Pin ‘
jigs are used for 'shape structure.. Some -
multi-wheeled transportersused: o
“=:Equipment:and plpmg produced in-outfit
package-shop. g
- Conveyors, overhead cranes in: shops,,
.panel and block transporters, outfit pallet
:trucks; platen cranes and berth cranes are
all material handling.
O’ Designated *"On Block" ‘outfitting before or
after block coating treatment.
- Deckhouse panels assembled in
specialshop for "On Block" outfitting.
- Joiner work done after completion of
structure and’ outfitting;:




Table 2.4: NOTIONAL SHIPYARD

; ape pre- processing
onveyor handling.

mg, . frame:bending by
'..hydraullc ‘machine w/ computer templates
or inverse ‘lines.. .. Panelline for: flat
stiffened panels w/ one side welding and. . -
:-automatxc stiffener. weldmg Panels and

:--Cranes w1th magnetxc or: pneumauc hft S
= Automatlc beam forming.’
--Computer fairing, straking; nesting and
layout.
- Modular-scaffolding.
--Self- traveling staging
= Hydraullc block ahgnment systems
| O-Complete design, engineering and CAD,

- ‘Design for production émphasized. Sultable
documentation;to’suit:structural block and -
zore outfitting:

O Welding
- With Fluxcore Wires (FCW welding).
--Welding robotics for the more difficult
~ areas.
= - Laser Welding.
- O-Process lanes.
_{g O Statlsncal accuracy control
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3.0 TASK II - STRUCTURAL ELEMENTS

3.1 OBJECTIVE

The objective of this task is to identify structural elements which can be utilized in
assembling alternative structural system concepts having the potential of improving the
producibility of double hull tankers. The characteristics of the structural elements which can be
utilized in assembling structural systems for double hull tankers will be identified first. These
include tanker structural arrangements, individual structural components, structural standards,
and processes. This was achieved by the identification of structural elements utilized in the past,
proposed concepts, variations suggested by new and relatively modest fabrication equipment, and
characteristics suggested for possible reduction of potential oil pollution.

. - | . .
At this stage, it is useful to define some structural terminology as used herein - see Table
3.1

Table 3.1: STRUCTURAL TERMINOLOGY

Structural Elements.
Fundamental features of a structure, such as individual components, type of
framing (longitudinal or transverse), flat versus curved plating, incorporation of
structural standards etc., or a production process such as plate forming, flame
burning or welding.

Structural Standards.
Standard designs of such items as webs, brackets, collars, outfit modules, etc.

Blocks.
Pre-assembled portions of ship’s structure. Blocks may be 2-dimensional, such
as a stiffened panel of plating, or 3-dimensional, such as a portion of a double
bottom or wing tank. Blocks may be pre-outfitted, i.e. portions of outfit such
as piping, access hatches, ladders, etc. may be installed prior to erection of the
block on the building berth.

Modules.
Outfit assemblies consisting of functionally related components and fittings (such
as a pump unit with associated piping, valves, etc.) mounted on a steel frame
ready for installation in the ship. Applies particularly to machinery spaces.

Process Lane (or Street).
A group of work stations designed to produce a family or families of products
which require similar processes.
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3.2 TANKER STRUCTURE - OVERALL CONSIDERATIONS

Tank vessels have been traditionally designed as single skinned hulls with transverse and
longitudinal bulkheads. The overwhelming majority of such vessels are longitudinally framed,
(Figure 3.1). Because of major oil spills and the resulting damage to the environment, the U.S.
Congress mandated in OPA 90 the use of double skinned tanker designs, (Figure 3.2) as an
effective means to protect the ocean environment from potentially devastating oil pollution.
Since then, a number of alternative generic configurations have emerged as well, most
prominently the mid-deck design, (Figure 3.3), and are being considered by the international
community, although not permitted by OPA ’90. Such designs are not therefore considered
herein. All of the new designs are aimed at achieving the same objective, i.e., reduction of the
amount of outflow in the event of hull puncture.

The function of a tank vessel’s structural system may be viewed from the standpoints of
normal operation and casualty operation. In providing adequate resistance for normal
operations, the objective in structural design is to maintain structural integrity of the hull girder,
of bulkheads, decks, plating, stiffeners and details. Other design considerations relate to vessel
size, complexity and weight of the structure, producibility, and maintainability. In terms of
casualty operations, the objective is to maintain vessel integrity and to protect cargo, or,
conversely, to protect the environment from oil pollution in case of a casualty. In this case, the
primary structural design considerations should encompass:

Resistance to fire and explosion damage and its containment.

Resistance to collision and grounding damage.

Containment of petroleum outflow if damage does occur.

Maintenance of sufficient residual strength after damage to permit salvage and rescue
operation.

0 O OO0

Tanker structure is characterized by structural arrangements consisting of a number of
elements oriented in repetitive patterns. Examples are the traditional transverse system
consisting of transverse frames supported by girders and bulkheads, and the longitudinal system
consisting of longitudinal girders and frames supported by transverse web frames and bulkheads.
These have been incorporated in most tanker construction to date. However, the transverse
system has largely been discontinued for tankers (except in the bow and stern) in consideration
of the minimization of steel weight.

In recent times, unidirectional double hull structural systems have received attention from
the commercial community, [7] [8] [9]. Specifically, this hull structural system uses a double
hull structure supported between transverse bulkheads by a series of longitudinal girders between
the inner and outer hulls (Figure 3.4). Structural simplification is significant, with intersections
between the longitudinal and transverse members reduced to a minimum. Longitudinal stiffeners
have been eliminated except for the girders, which are spaced wider apart than conventional
longitudinals. As a result, the thickness of shell and other plating increases, resulting in heavier
hull structure than that of the more conventional double hull tankers. However, the number of
pieces and unique pieces required for construction decreases considerably. Other new unidirec-
tional concepts have been developed as well, such as the dished shell plate system, [10] - see
Figure 3.5.
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3.3 RESULTS

Table 3.2 provides concepts for improved producibility which can be utilized in
identifying structural elements for double hull tankers which exhibit the desired
improvement.

Table 3.2: CONCEPTS FOR IMPROVED PRODUCIBILITY

A. Maximize areas of flat plate
Continue parallel midbody as far forward and aft as possible, replacing
curved plate with flat as far as practicable.

B. Maximize areas of single curvature and developable surfaces for remaining shell
plating, including bow and stern.
Compound curvature of plating to be avoided wherever possible.

C. Maximize frame or longitudinal spacing
Increase frame or longitudinal spacing as far as practicable to obtain an efficient
structure with fewer piece parts. A balance between heavier structure and benefits
from this concept will have to be reached. Maximize web frame and longitudinal
spacing without the plate thickness requiring additional weld passes.

D. Maximize ease of fit-up and accuracy of construction configuration
Endeavor to provide block breakdown that provides ease of fit up and associated
increased accuracy of construction. Employ statistical accuracy control for producing
parts subassemblies, blocks and for all hull erection work.

E. Maximize stiffener cross-section efficiency
Maximized stiffener cross-section efficiency will provide the least weight. In addition
if a structural piece is made up of a number of sections, care in their arrangement will
not only give the most efficient structure but will facilitate fit up. Maximize use of flat
bar stiffeners; use angle bars, tee bars or bulb flats elsewhere. Where angle bars are
used, endeavor to vary only the web depth and use the same flange width with the
varying web depths. Use smallest variations in bar stock size practicable.

F. Maximize producibility friendly structure
This is structure that when properly arranged will facilitate the erection process due to
self-supporting and self-aligning characteristics. This also means that hull blocks will
be defined that are stable when they are upside down and when they are right-side up
in order to facilitate preoutfitting and painting.

G. Maximize applicability to automatic devices and robotics.
The structure should be arranged as much as possible to take advantage of automatic
devices and robots for welding, painting, and inspection, although this will require the
structure to be built to finer tolerances.

H. Maximize plate forming compatibility
Arrangement of seams can facilitate the efficient forming of plate in areas of compound
curvature, e.g. arrange seams so that both ends of plate have approximately the same
curvature.
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Maximize use of standardization of parts and procedures
(a) Standardize brackets, stiffeners etc.
(b) Standardize construction blocks as far as possible.
(c) Use of process lanes.

Optimize the weights and sizes of blocks to be transported for the purpose of
facilitating work flow.

Maximize weights and sizes of blocks commensurate with lifting capacity at the
building berth.

. Minimize the total number of piece parts required.

. Minimize weight without sacrificing producibility
Do not increase the number of piece parts while minimizing weight.

. Minimize fatigue effect of structural detailing while improving producibility.
Try to minimize fatigue without sacrificing producibility.

. Minimize welding
One sided welding, use of robotics, prefabricated pieces. Minimize fitting and welding
lengths for subassembly, block assembly and erection work.

. Support pre-outfitting

Provide as much pre-outfitting as possible in blocks and outfit modules, including
painting on block. Devise block shapes that provide good access for pre-outfitting,
(including electric-cable pulling), and painting and that facilitate handling by cranes
and/or transporters.

- Support machinery packaged outfit module development
For machinery space, pump rooms, etc.

. Minimize staging
Possibly through use of structure that is self supporting and by performing work when
blocks are upside down.

. Maximize maintainability without compromising producibility.
Plan for flat surfaces which will shed cargo, i.e. easy or self-draining surfaces.

Maximize automatic welding

Some foreign shipyards may incorporate 60% of semi-automatic or automatic welding.
Endeavor to plan blocks for its maximum use. Participate in the development of
lightweight automatic welding devices for preferred structural configurations vice being
just depended upon what welding machine manufacturers have available.

. Maximize the dual use of structural components
¢.g. Bulkheads below deck supporting above-deck foundations, and substituting square
steel tubing that can serve as vent ducts for H-beams that support engine room flats.

The list of concepts for improved producibility provided in Table 3.2 have been utilized
to identify candidate structural elements including components, material, processes,
shipyard facilities or design features, as shown in Table 3.3 below.
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Table 3.3: STRUCTURAL ELEMENTS

Element

14.
15.

16.
17.
18.

19.

— OV NAN R WN -

Extra wide plating to reduce the number of welded seams.

Tapered plating.

High percentage of single curvature plate at forward and aft ends.

Reduced numbers of piece parts in structural assemblies.

Built up plate piece vs. single plate with cut-outs (e.g. lower wing tank web)
Corrugated or swedged plating - see Figure 3.6.

Rolled vs. built up sections.

Fabricated stiffeners and girders (possibly of two strength materials) vs. rolled section
Stringers - to facilitate construction and aid inspection.

. Use of bilge brackets in lieu of longitudinals in the bilge turn area.
. No longitudinals in bilge turn area and bilge brackets negated due to thicker shell

plating.

. Longitudinal girders without transverses.
13.

Standardized plate thicknesses in inventory. Establish limiting plate thickness to avoid
weight gain from transition thickness plate.

Standardized stiffener sizes in inventory.

Standardized structural details (good producibility and weldability together with low
failure rate).

Standardized equipment and foundations.

Coiled plate - Presumably in rolls and would be available in longer lengths.

Stiffened elements fashioned from one frame space width of plate with stiffener formed
on one side - see Figure 3.7.

Double bottom floors and girders lugged and slotted into bottom shell and inner bottom
for easier alignment. Similar technique could be used in wing tanks and on double plate
bulkheads etc. - see Figure 3.8.

Materials

Limit steel grades used to those which do not present problems with welding, fatigue due

to less than optimum datailing, etc.

Processes

1. Use of a product work breakdown structure which identified interim, i.e. in-house
products.

2. Statistical analysis of in-process structural accuracy variations.

3. Employment of statistically obtained data to anticipate shrinkage caused by flame-cutting
and welding operations.

4. Automatic and robotic welding.

5. Automatic and Robotic painting.

6. Automatic and robotic inspection.

7. Numerically-controlled flame cutting.

8. Line heating both for creating required curvature and for removing distortions in
process.

9. Standardize welding details.

10. One-sided welding.



Use of Shipyard Facilities

1.
2.

Optimize block size to suit shipyard transporter and crane capacities.
Optimize structure to suit shipyard panel line and other facilities.

Design Features

OOXNAN B W=
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13.
14.

15.
16.

No dead rise, camber or sheer.

Standardized stiffener spacing.

Standardized double skin separation (keep same in all size vessels if feasible).
Standardized aft end design - engine room, mooring etc.

Standardized forward end design - mooring, anchoring etc.

Standardized transition of double skin to single skin.

Formed hopper corner knuckle - see Figure 4.1.

Flat deckhouse sides and ends.

Standardize deck heights to minimize number of different heights.
Standardize size and type of closures, scuttles, and accesses to the smallest variation
practicable.

. Align and locate all sanitary spaces to simplify piping.

Collocate spaces of similar temperature characteristics to minimize insulation
requirements.

Locate access openings clear of erection joints to allow pre-installation of closures.
Provide specific material coating and equipment preferences and reasons for preferences
i.e. types of pumps, pump locations, equipment makers, coatings, materials,

cable types, cable trays, piping arrangements, valve types, valve locations, windlass
arrangements, hose arrangements, etc..

Structural trunks for cables and pipes (lower tween deck height is then possible).
Design risk and possible failure should be considered when proposing new structural or
outfit concepts.

Structural Arrangements

1.
2.
3

Longitudinal framing with formed hopper side corner and corrugated bulkheads.
Unidirectional stiffening supporting inner and outer shells.

Dished plate unidirectional hull, wherein the added strength due to the curvature in the
shell and other plating increases the resistance to deformation and buckling and therefore
permits decreased thickness of plating for a given spacing of girders.

Table 3. indicates those structural elements applicable to existing shipyards as set forth in

Table 2.3. Table 3.5 indicates those alternative elements applicable to a notional shipyard as
set forth in Table 2.4.




Flot bars, angle bars, tee—bars
or bulb flats.
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(a) Conventional Stiffening

Spacing of swedges ssimilar to
spacing of conventional “stiffeners.

Swedge (triangular shape
recess pressed into plates
to form stiffener)
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(b) Swedged Plating

Spacing of corrugations similar
to spacing of conventional stiffeners.
Plating pressed into
corrugated shape to
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(c) Corrugated Plgting
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Figure 3.8
ALTERNATIVE METHODS FOR STIFFENER PLATING
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Full penetration weld

¥ Figure 3.7
STIFFENED ELEMENTS FORMED FROM ONE FRAME (OR STIFFENER)
SPACE WIDTH OF PLATE WITH STIFFENER FORMED ON ONE SIDE.
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! ‘i_»;" Floor plate lugged and slotted
g through inner bottom and
bottom shell for easy alignment.
After welding (full penetration)
lugs burnt off flush and ground
Inner Bottom—\ smooth.
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Tronsverse Floor \Bottom Shell
(or Longitudinal Girder) Figure 38
LUGGED AND SLOTTED STRUCTURE
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NOTE: With the structure depicted in Figure 3.7, there may be
problems with small bending radii in thick plates, full penetration
welds in every frame or stiffener space, locked in stresses,

and maintenance problems due to the large number of shell
penetrations. ke

With the strug huré}}depicted in Figure 3.8, there may be
problems with cuttim;"giff;ovf@y longitudinal material, stress risers,
fatigue and cracks. ** ’




Table 3.4: STRUCTURAL ELEMENTS
APPLICABLE TO EXISTING U.S.
SHIPYARDS

edS, 25% on outﬁttmg pier;
Blast 'g'f-w/ steel and 80%

Table 3.5: STRUCTURAL ELEMENTS
APPLICABLE TO A NOTIONAL

SHIPYARD

- . Standardized accuracy.
- Standardlzed modular/zone con
(Interlm products): =

= One'sided welds

smallest variation practlcable

- Standardized design-details.

- Single curvature longitudinals.

- Developable surfaces.

- Cheaper to change structure to make it
more friendly: to-automation at-a fraction

of cost of robotics.
- Unidirectional vessel blocks are ;
‘practical considering crane ca
s - Engine-room block size to 80
° - Deckliouse 60% outﬁttmg done efi
on board.
- Deck piping 80% done before hfted on
board. '
- Standard-statistical analysis of structural
accuracy variations. .
- Robotic welding: (Note = see "cheaper
=Robotic inspection.
=-Robotic painting and touch. up
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4.0 TASK III - ALTERNATIVE STRUCTURAL SYSTEM CONCEPTS

4.1 OBJECTIVE

The objective of this task is to synthesize the structural elements discussed in Section 3.0
into alternative structural system concepts based on their apparent potential for improved
producibility. These then become the candidate alternative system concepts to be utilized in the
remaining tasks.

The nature of the alternative structural concepts selected is to be such that their principal
characteristics are sufficient to establish the entire structural concept for a tanker. That is, they
are to include shell, inner hull, shell stiffening, inner bottom, deck, subdivision bulkheads and
other primary hull structure. Some aspects of the alternative concepts may be similar to those
already utilized in tanker construction, as these have proven effective. On the other hand, even
previously adopted concepts may offer opportunity for optimization as, for example, in the
number of structural pieces or processes employed in their fabrication.

4.2 APPROACH

In order to assemble the structural elements identified in Task II into alternative structural
system concepts for a double skin tanker, they were first grouped into categories associated with
the components of the structural, machinery and outfitting systems, as shown in Table 4.1.

Table 4.1:
COMPONENTS AND ELEMENTS OF
STRUCTURAL SYSTEMS

Hull Form Tank Arrangement (in addition to double skin)
Flat surfaces No CL or wing bulkheads
Developable surfaces CL bulkhead (oil tight or non-tight)
Compound curvature Wing bulkhead P/S
No bulbous bow
Cylindrical bulbous bow Machinery
Bulbous bow with compound curvature Single screw slow speed diesel
Cylindrical bow Single or twin screw medium speed diesels
Single screw stern
Single screw stern with bulb Pumping System
Twin screw stern Variable
Deckhouse Rudder
Block configuration Horn type
Straight sides and ends Spade type
Flat decks
Shell

Smooth plate
Dished plate




Table 4.1 continued

Shell and Deck Longitudinals
None
Flat bars
Angles
Tees
Bulb flats
Rolled vs fabricated sections
Unidirectional system

Deck
No sheer
No camber
Parabolic camber
Straight line camber with C.L. knuckle
Straight line camber with knuckle P/S
Single vs double skin

Main Bulkheads
Stiffened Plate
Corrugated
Double Plate

Girders
Stiffened plate
Swedged plate

Plate
Flat
Swedged
Corrugated

Dished

Inner Hull Connection to Inner Bottom
Bracketed
Sloped hopper
Sloped hopper with formed corners
Radiused corner (unidirectional designs)

Main Deck/Sheer Strake Connection
Square (sheer strake extends above deck)
Radiused

Blocks
Number of blocks
Size and weight

Blocks Cont’d.
Structural complexity
Number of pieces
Shoring, pins or jigs
Number of turns

Material
Mild Steel (MS)
High Strength Steel (HSS)
Combination (HSS/MS)

Welding
Manual
Automatic
Robotic

Plate Forming
Rolling

Pressing
Line Heating

Accuracy
Normal standard

High standard

Shipyard Facilities
Cranes
Transportation
Automation
Material throughput
Process lanes

Structural Details
Standard
Specialized/Fitted

Coatings
Pre-construction primer

Standard quality

High quality
Design

Standardization

Maintainability, Strength and Fatigue

Accessibility
Smooth surfaces
Structural intersections.



In order to maintain a manageable number of alternatives and facilitate an objective
producibility comparison, some elements and components had to be selectively considered on
a subjective basis. This was accomplished as follows:

1. Hull Form - Hull form should be based on the principles of developable surfaces, with
compound surfaces avoided except for minor areas such as those at the forward and after ends
of the bilge turn. This provides for simpler and more accurate production of curved plates by
rolling in one direction, [11]. The bow portion of the 40KDWT alternatives has been assumed
to have a cylindrical bulbous bow. The 95KDWT alternatives have been assumed to have a
cylindrical bow (no bulb), since such a bow at block coefficients above 0.825 has been shown
to reduce power requirements at 15 knots for the size of vessels considered herein, [12], versus
the typically shaped bow and bulb with compound curvature. The stern is configured as a
conventional single screw vessel without bulb. There has been some consideration of a twin
screw configuration for a "get us home" redundance, but this would be an owner’s option.

As the alternative structural concepts are basically of the same configuration, the effect
of the ship’s end structure on labor hours will be similar with the exception of the dished plate
unidirectional alternatives. The transition from dished to flat and curved plate at ends is a
unique feature of these vessels, but the effect on labor hours was considered to be small.

2. Deckhouse - The deckhouse is located aft and should be of block configuration with
straight sides and ends. To support producibility, the decks should have no camber and be of
uniform height between decks. Decks should be continuous with the structural bulkheads
(including outboard bulkheads) intercostal. This requires a small piece of each deck to project
outside the peripheries of the house to provide space for fillet welds. This will improve
producibility, since pre-outfitting and painting can be accomplished on upside-down blocks prior
to erection of the complete deckhouse. Structural bulkheads may have swedged plate stiffeners.

The machinery casings on the weather deck and the stack should form a structure separate
from the main deckhouse, so that the latter can be completed without interference from
machinery space related work.

3. Tank Arrangement - Owner preference and the results of stability studies have favored
a centerline bulkhead for the sizes of vessels considered herein. Two longitudinal bulkheads
with no centerline bulkhead have been utilized for the larger VLCC’s, but are not considered
here. The centerline bulkhead may be omitted or be tight or non-tight, leading to two or one
cargo tanks across, depending upon stability requirements. One of the 40KDWT alternative
structural concepts has no centerline bulkhead, for comparison purposes. The wing tanks and
double bottom tanks are port and starboard ballast tanks.

4.  Machinery - A single screw slow speed diesel has been used for the baseline ships as a
representative option. As the sterns of the alternative structural concepts are of basically similar
configuration, the effect of differences in machinery pre-outfitting and machinery/piping package
units on producibility can therefore be assumed small and neglected.

5. Pumping System - This is a variable that will depend on owners preference, products
carried or production considerations. There may be a pump room or deep well pumps. Pumps
may be electric or hydraulic. For study purposes, all alternatives were assumed to have a pump
room with similar pumping and piping arrangements, cargo piping on deck and ballast piping
run through a tunnel in the double bottom.




6. Rudder - The horn rudder is the predominant type provided for tankers. It is
characterized by a large horn casting or weldment with a gudgeon and pintle. On the other
hand, the spade rudder does not include these characteristics, although the rudder stock will be
larger. The anticipated improved producibility of the spade rudder supports its being utilized
despite the larger stock.

7. Shell - Both smooth shell and dished shell were considered for the alternative structural
concepts. The dished shell provides additional strength as a result of its curvature.

8. Shell and Deck longitudinals - Shell and deck longitudinals may be flat bars, angles, tees
or bulb flats. Large flat bars are often installed at the main deck as a means of reducing deck
plate thickness. They are easier to install than other sections, but very large flat bars require
significant welds at butt joints. The unidirectional hulls, both smooth and dished plate, have no
longitudinal stiffeners in the conventional sense of the word, but are framed longitudinally with
plate girders joining the inner and outer shells. The longitudinal plate girders are supported by
the transverse bulkheads, with no intervening transverse webs.

Tee sections are more desirable than angle sections from the viewpoint of structural
stability and fatigue. Also, although they are harder to paint, it is understood from various
owners that there is not much trouble with them in pooling of cargo. Therefore, tee sections
were considered to be a viable alternative to angle sections.

For the conventionally framed vessels, bulb flats have advantages when considering surface
corrosion, cargo shedding, fit-up and painting because of less surface area and lack of flanges.
However, they introduce problems at butt joints, due to difficulty in getting a satisfactory weld
in way of the bulb. Considering strength, available bulb flats are generally too small for
applicability to a vessel of 9SKDWT, but recent information on jumbo bulb flats has become
available (although physical availability is questionable) and bulb flats are therefore considered

for both tanker alternative structural system sizes, notwithstanding the problem with butt joints.

Another consideration is the need to fabricate sections as their size increases past the
available rolled section level. Recent advances in welding technology, laser, and high frequency
resistance welding have decreased the distortion associated with fabricated sections, although
these new welding technologies have not as yet made significant inroads into shipbuilding
practice, [13]. However, for all sizes of sections, all but bulb plates were considered fabricated
in the yard, with the welding of stiffener flanges to webs accounted for in the evaluations of
weld length and volume. Comparisons between rolled and fabricated sections can be found in
consideration of alternative structural concepts for both 40K and S5KDWT vessels with bulb
flats and similar concepts constructed with fabricated angles and tees. The impact of rolled vs.
fabricated sections on labor hours and schedule can be gleaned from these comparisons.

In summary, one conventionally framed structural alternative of each vessel size is
stiffened entirely with bulb flats. The remainder of the conventional alternatives have tees on
the bottom shell and inner bottom, angles on the side shell and flat bars on the deck, so that all
available section shapes have been used. Also, as described in Section 5.4, an additional range
of stiffener sizes was incorporated in one alternative structural concept for both 40K and 95
KDWT vessels.



9.  Deck - Sheer or camber of weather decks is undesirable from a producibility point of
view, and sheer has been generally eliminated from large cargo vessels. It has therefore been
eliminated from the vessels under consideration. Camber has been retained since its lack would
allow pooling of water on deck. However, parabolic camber has been replaced by the more
producible straight line camber having a central flat portion with port and starboard knuckles.

With regard to a single vs. double skin main deck, it appears that the double deck has been
generally avoided in the design of double hull tankers, due to its impact on vessel dimensions
and cost. However, it was noted that some of the proposed unidirectional designs, [7] [8] 9]
[10], have opted for a double skin at the deck, so as to continue the double envelope with its
longitudinal girder system across the deck. Therefore, the alternatives considered are a single
skin deck for conventional double skin tankers and a double skin deck (tight or non-tight inner
deck) for the unidirectional designs. It may be noted that a double deck provides a convenient
location for a pipe tunnel for cargo piping, should this be considered desirable.

10. Main Bulkheads - Main transverse bulkheads have been constructed from plate and
vertical stiffeners in the conventional double hull alternatives, with the exception of vertically
corrugated bulkheads with top and bottom stools on one 40K and one 9SKDWT alternative, for
producibility comparisons. Centerline bulkheads have also been constructed from plate and
longitudinal stiffeners. With regard to the corrugated bulkhead option, such bulkheads are not
necessarily the bulkheads of choice due to reported problems with cracking in service, although
they are preferred by some owners for their cargo shedding property as compared with
conventional bulkheads. Corrugated bulkheads may also provide some producibility advantages.
The unidirectional and dished unidirectional plate alternatives have been constructed with
vertically corrugated bulkheads, conventionally stiffened bulkheads with horizontal stiffeners and
double plate bulkheads.

11. Girders - A swedged girder may be described as one in which the web plate stiffeners are
formed by pressing swedges (see Figure 3.6) into the web plate in lieu of fitting flat bar or angle
bar stiffeners. However, swedged girder webs are not used (particularly for primary structure),
since it is believed that the accordion like swedging will not allow the web to develop the full
shear transfer capabilities that a flat plate would develop.

12. Plate - The option between stiffened and swedged plating is not viable for the primary
structure of a vessel. However, swedged plating can be used for miscellaneous bulkheads and
deckhouse bulkheads. Corrugated plating is applicable to main or miscellaneous bulkheads.
Dished plating is a feature of the dished plate unidirectional concept.

13. Inner Hull Connection to Inner Bottom - This alternative is concerned with the form of
the outboard lower corners of the cargo tanks. "Bracketed corner”, "sloped hopper”, "sloped
hopper with formed corners”, as shown in Figure 4.1, have all been considered from the
standpoint of producibility. This alternative component is largely in the hands of the designer
and owner, and there may be a noticeable but perhaps small difference in producibility. The
unidirectional alternatives have rounded corner connections in these areas.
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14.  Main Deck/Sheer Strake (Gunwale) Connection - This is usually a square corner, with
the sheer strake extended a short distance above the deck plating. Alternatively, a radiused
corner may be fitted for the purpose of alleviating stress concentration. Since the square corner
generally requires less labor hours than the radiused type, it has been adopted as standard for
the various alternatives, with the exception of the unidirectional vessels. Radiused gunwale
connections are a particular feature of the latter designs.

15.  Blocks - The breakdown of structural blocks was dictated by the use of a crane capacity
of 75 tons. This was selected as a weight that can be easily handled throughout a U.S. shipyard
facility capable of constructing the alternative designs. Although it was endeavored to keep the
block size below 75 tons, some of the blocks exceed this throughout the alternative structural
concepts considered. The heavier blocks were then considered as grand blocks to be handled
on the building berths. From information reviewed concerning shipyard facilities, 150 tons can
be handled on the berths by any U.S. facility large enough to produce the alternative structural
concepts.

A potential reduction of 11% in labor hours was reported by Hills et al [14] for a
reduction of blocks in the midship section of a RO/RO vessel from nine to three, and a similar
savings was reported by Bong et al [15] for a reduction of blocks in the midship section of a
bulk carrier from eight to four. Although these savings are applicable only to the construction
of the midship portion of these vessels (one block length), it is apparent that block size should
be maximized to suit yard facilities.

The need for shoring, pins or jigs in the construction of blocks depends upon their
structural complexity and the amount and shape of curved plating. The need for turning blocks
over depends upon types of welding processes used, lifting arrangements, etc. For example, the
use of one sided welding on a flat plate structure removes the need for turnover of such a unit.
Such considerations are typically the same for all of the structural alternatives considered, since
the breakdown of blocks is the same throughout.

16. Material - As discussed in Section 2.5.2.2, it is considered that large conventional double
hull tankers will be generally constructed with HSS (typically grade AH32) in the deck to the
lower edge of the sheer strake, and in the bottom to the upper turn of the bilge. The
unidirectional designs will be constructed of MS throughout. However, for comparative
purposes, one 40K and one 95KDWT alternative have been constructed of MS throughout and
one 40KDWT unidirectional alternative has been constructed with a combination of HSS and MS
as above.

17. Welding - There is a wide range of welding considerations - manual, automatic, robotic,
one sided welding, the type of welding process, welding position, etc. Such considerations and
their application to the structural alternatives are addressed quantitatively in Section 6.0. Typical
U.S. shipyard welding facilities have been assumed as a baseline.

18. Plate Forming - The choice of rolling, pressing or line heating for forming plating
depends largely on the nature and complexity of the required shape or curvature, whether it be
simple (one-directional), conical or compound. As indicated in Section 6.0, only the midship
portions (one tank length) of the various structural alternatives have been evaluated for
producibility. Thus, the only plate forming required for the majority of these consisted of the
corrugated bulkhead plating (by pressing) and the curved bilge shell plating (by rolling). The
dished plate unidirectional alternatives provide the only exception, where a large quantity of
plating required rolling or pressing to the desired curvature.
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19. Accuracy - In the process of building ships, it has long been known that in manufacturing
components in accordance with design drawings, the dimensions of these components may vary
to an extent that adjustments have to be made during the construction process to arrive at the
vessel depicted in the design. These adjustments can include a significant amount of re-work,
including trimming of excess material, inserting additional material, pulling, straightening and
bending structure to suit alignment, and in some cases discarding components which are too
distorted to be reasonably utilized. The setting of accuracy goals and the understanding of the
actual accuracy attainable in various manufacturing processes in the shipyard has been identified
as a means of pre-determining some of the aforementioned problems and to avoid them by
adjustments during the manufacturing process.

Although this matter has always been of importance in shipbuilding, it is probably more
critical in modern shipbuilding techniques utilizing Product Work Breakdown Structure (PWBS)
as units, blocks and complex modules are erected and a multitude of systems need to fit
together. This is opposed to the older systems approach to ship construction where simultaneous
interconnection at one time of many systems or components of the same system did not occur.

In order to address accuracy control, the NSRP has compared accuracy levels
measurement such as those contained in NSRP 0371, [16]. This reference provides data on the
cutting of individual pieces for fabrication and on the fabricated components themselves. It is
interesting to note from this data that the U.S. shows some superiority over Japan in the cutting
of components, whereas the reverse is true for fabricated components. This may be due to the
fact that most shipyard cutting is accomplished by numerically controlled equipment which is
available world wide, whereas fabrication requires control of many other processes. This
suggests that the Japanese have a better control of accuracy on fabricated components.

This also suggests that the Japanese followed the Pareto principle for prioritizing their
methods development. They recognized that for hull construction typically about 5% of work-
hours are required for parts cutting, 50% for sub-assembly and block-assembly, and 45% for
hull erection. Thus, they first focused on statistical accuracy control and line heating as means
to reduce the work hours associated with the large percentages. This ultimately led to the need
to provide shrinkage compensation both for flame cutting and for subsequent welding operations.
In contrast, shipyard managers elsewhere focused on the least amount of work hours with N/C
cutting and ultimately direct computer control of cutting machines. They continued to look for
devices to force fits without significant drop in sub-assembly, block assembly, and hull-erection
work-hours, without improvement in safety, and with the continuance of locked-in stresses.

The most modern approach which has been taken to achieve accuracy control in
shipbuilding is termed "Statistical Accuracy Control." In this procedure, the manufacturing
processes throughout the shipyard are closely monitored, dimensional data of components is
collected and a data base established. This data is then statistically analyzed and based on the
mean dimensions and standard deviations exhibited by any repetitive production process,
adjustments are made to the "designed" dimensions of components so that "adjusted" dimensions
can be used in the production process to enable components to be produced having dimensional
characteristics that are within anticipated mean values and variance. The process, when applied
to all the various components throughout the vessel, can result in a pre-determined knowledge
of the ultimate dimensions of the entire vessel within the combined mean dimensions and
standard deviation of its parts. Further adjustments can then be made such that the dimensional
characteristics of each of the components can be defined for the construction process and
fabrication can proceed to these specific dimensions with the confidence that the results will be
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within an acceptable tolerance level. This will result in all components fitting together to form
the complete vessel without the need for expensive and time-consuming rework. The practice
of incorporating additional material into components, to be trimmed later as necessary, can be
virtually abolished, since all material can be cut to a predetermined tolerance.

Accuracy control is not considered as a separate structural alternative herein, but the
amount of rework assumed for alternatives is identified in Section 7.0. Reduction of this rework
by greater accuracy control will be self evident in the results presented in that Section.

20. Shipyard Facilities - The production inputs including shipbuilding policy, facility
dimensions and capacities and interim product types (blocks) were selected in a manner that can
be accommodated by existing U.S. shipyards. As an example, crane lifting capacity was limited
to 75 tons for individual blocks and 150 tons for grand blocks.

The importance of identifying the entire production strategy cannot be over emphasized.
When utilizing advanced shipbuilding systems, a general yard practice is to carry out extensive
study and evaluation prior to finalization of the basic hull block breakdown to assure that the
best compromise of fabrication cost, block erection and outfitting cost is achieved. Also, the
use of large multi-system machinery/piping package units is one of the most significant
improvements in ship construction methods and these units have to be defined as well. These
decisions should be made very early in design for production.

21. Structural Details - Specialized/fitted structural details are considered time consuming in
design and fabrication. On the other hand, the use of standardized structural details eliminates
design and can save time in fabrication and are therefore more producible. In order to obtain
a comparison, two alternative choices were selected. Specialized/fitted structural details have
been taken as indicating the norm and standardized structural details have been taken as
indicating the option supporting higher producibility, although details have not been specifically
identified.

22. Coatings - Coating choice can be complicated by many factors, including owners
preference, yard capability, quality, etc.. The selection of coatings is usually more closely tied
to the level of maintenance acceptable to the owner. Although this will not be explicitly
considered herein, the type of coating system used will also depend upon whether the alternative
system concept is constructed of mild steel or high strength steel. The latter will be thinner than
the equivalent mild steel and may therefore require superior coatings to provide adequate
corrosion resistance.

Coatings are also complicated by the need to have a weld-through pre-construction primer
that will be satisfactory as a base for the next paint coat together with a fast enough work flow
so that the primer is sufficiently intact when the next coat is applied. Otherwise there must be
complete blasting and painting rework. It can be seen therefore that the primers are an
important consideration in producibility.

23. Design (Standardization) - An important aspect of Japanese shipyard productivity is that
tanker design has been totally standardized. Unfortunately, it takes a great amount of effort and
experience to obtain the standard design, and it is highly unlikely that the first go around on the
ship design would be suitable for use as a standard without exceptional effort.

For example, Ishikawajima-Harima Heavy Industries Col, Ltd. (IHI) exploits a very
flexible approach to standardization. For a so called standard ship, even hull blocks can vary
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significantly while achieveing the benefit normally associated only with a standard design that
must be rigidly followed. They employ group technology, wherein manufacturing characteristics
are emphasized. As long as the distribution of work does not change significantly, insofar as the
shipbuilding system is concerned, a standard ship is being produced regardless of the design
differences. Regarding engine-room outfitting, IHI employs four basic machinery arrangements.
Two are for different low speed and two are for different medium speed main diesel engines.
For each auxiiliary machine position in an arrangement, two or three different vendor catalog
items are certified as shipyard standards. The items are functionally equivalent but physically
different. For the purpose of declaring vendors’ equipments as shipyard standards, preference
is given to those vendors who each produce machines of the same basic design for a range of
capacities. Thus, each standard machinery arrangement can expand or contract with engine
horsepower. Therefore, IHI’s standards system offers options that can be negotiated during
contract design and provides for more than one vendor’s equipment for each application in order
to insure competitive pricing. IHI has been able to incorporate the standards in its Future-
Oriented Refined Engineering System for Shipbuilding Aided by Computer (FRESCO).
FRESCO also features separation of engine room fittings into module assemblies with companion
diagrammatics modularized the same way [17].

Due to standardization, there is no need for preliminary design, design studies or
component selection. Everything has already been determined from midship section to main
engine selection. The makes and models of equipment to be used are known, and there appears
to be a loyalty to suppliers. The most extreme case of the latter occurs when a shipyard has a
product license. For example, if a shipyard is licensed to build a particular engine, all ships
from that shipyard will be powered by those engines.

Even drawing numbers are standardized. If the Inert Gas System diagram on one ship is
numbered PAZ0031, then it is numbered PAZ0031 on every ship they build, no matter how if
differs. The name of the appropriate ship is all that appears on the drawing to distinguish it
from other drawings. This procedure saves significant time in obtaining drawing numbers,
references and correct schedules. In Japan, they never change and it is obviously very time
saving when preparing control documents such as drawing sc