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In past years, mmswmmmmmw
several studies to determine the camparative effectiveness of
glass-reinforoed plastics and aluminum for ship hull construction.
The procsdure folloved required that a fairly carplete set of
conpetitive ship designs be developed for each evaluation, making
m of trade-off investigation an expensive and time-

process.

To improve this situation, simpler, quicker and less
‘mwm.mmmndmnymammu
accuracy necessary to sypport investment in expensive material
awlopmtpmj.cuu\dwj\nﬂ.fymtnnumdumpot
uncawon material conbinations, were sought. The initial approach
h-hmhomwumblmtmmmmuo!m

of such things as ship life, construction costs, repair and
maintenance costs, together with noneconcmic oconsiderations, such
as suitability for intended use, environmental impact and use of
natural resources.

mmummummpmu an exarple
g aluminum and mild steel. Your comments and cpinions
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INTRODUCTION

Work under this contract was limited to the development of a method for
conducting Material Trade-Off Studies for merchant ships, and to the
performance of a sample calculation to demonstrate that method. The contract
did not include the development of a method applicable to non-merchant vessels,
or the development of computer programs to perform the calculations, or the
preparation of data needed for the sample calculation. Valid data were to be
used when available; where such data could not be obtained, reasonable estimates
were to be used to illustrate the application of the method.

The purpose of a Material Trade-Off Study is to evaluate the desirability
of a proposed new material for merchant ship structure. Implicit in the term
"Trade-Off Study” is the requirement that there be at least two alternates to
be compared. For Material Trade-Off Studies, the alternate material used for
comparison is steel. Steel was selected because of its use and acceptability
throughout the shipbuilding industry.

The method developed during this project provides a rational and systematic
way to compare a ship built of any proposed new material with a similar ship
built of steel. This approach is intended to meet the needs of a shipowner who
wants to investigate the use of an alternate structural material for a specific
ship design. It is, however, a very flexible method and is equally well suited
to the needs of a material supplier who wants to find new applications for his
product, or to the needs of a researcher who wants to improve existing
materials or develop new ones. The method can be used to evaluate the
desirability of an alternate material for an entire ship structure, or for
any selected part of that structure (such as cargo holds or bottom shell); it
thus permits the consideration of different materials in different parts of
the ship. It can also be used to evaluate the effect of proposed changes in
material properties, and thus to indicate the desirability of proposed research
and development of improved materials. The method is well adapted to computer
operation and can be used for parametric studies as well as for investigations
of single ship designs.

CONCLUSIONS

Work performed during this study has produced a viable method for evaluating
the use of a proposed new material in the structure of merchant vessels. The
method is based on comparison of a ship built of the new material with a
similar steel ship. It includes systematic techniques for substituting the new
structural material in place of steel, for "optimizing" the resulting new ship,
for developing the construction costs of that optimized ship, and for
evaluating the worth of the new ship compared to the original steel ship.

Caution must be used in interpreting the results of any Material Trade-Off
Study using this method. The results of such a study apply only to the
particular circumstances investigated (the specific ship, cargo, owner and
trade route) and do not necessarily apply in other cases. It is not safe,
therefore, to draw general conclusions about a material from the results of
one or only a few studies.

There are many reasons why Material Trade-Off Studies of the same material
may produce apparently conflicting answers in different circumstances. One
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reason is that the material may not be equally well suited to all applications.
An obvious example is that a material which is "very advantageous" in one trade
would be "undesirable" in another trade if it were incompatible with the cargo
carried in the second trade. A less obvious example is that a material with a
relatively high acquisition cost might be "undesirable" in a trade where the
ratio of annual capital amortization cost to annual operating cost was high,
but "advantageous" when this ratio was reversed. This means that a study
involving the same ship and cargo could produce different results on different
trade routes.

A second reason for the variation in results under different circumstances
is the different requirements of different owners. As noted in the section
"EVALUATION OF ECONOMIC FACTORS", many of the economic parameters used in
the calculation of RFR are established by the specific owner. Changes in these
requirements are reflected by differences in RFR and, therefore, by changes in
final material worth.

A more significant source of variation in material assessment is in the
choice of non-economic "factors" and "attributes"; the assignment of "values" and
"weights" for each attribute, as discussed in the section “EVALUATION OF
NON-ECONOMIC FACTORS"; and the assignment of the (dollar per ton) multipliers
used to convert "factor ratings" to "factor worths", as discussed in the section
"COMBINED EVALUATION". All of these parameters are selected subjectively by
the owner or analyst. No two analysts would make the same selections, so no
two analysts would produce the same results.

The apparent lack of repeatability of calculations performed with this
method is not a defect of the system. Instead it reflects the basic fact that
the same material will not be equally good for all applications. The surprising
thing is that the term "different applications" includes such apparently minor
variations as the same ship for different trade routes, or the same ship and
trade route for different owners. It would, of course, be possible to make a
rigid definicion of all the parameters that are used in the analysis and thus
ensure repceatability of results. This approach was not used and is not
recommended because it would generalize the procedure to a point where it was
academically interesting but of no value for practical use.

A sample calculation is included in the report to illustrate the steps to
be followed in a Material Trade-Off Study. This calculation evaluated the use
of 5456 aluminum for the hull structure of a bulk carrier transporting ore from
Seattle to Yokohama. Evaluation was performed from the point of view of a
(hypothetical) ship owner. If a different viewpoint were used, some of the
evaluation criteria would change and the results might be different.

Three aluminum ship configurations were developed. One had the same
geometry as the steel ship (with greater cargo capacity), one had the same
cargo capacity (with a different ship size), and the third had the cargo capacity
(and ship size) increased to reduce RFR. Results of the study are:




SHIP TYPE EVALUATION WORTH OF ALUMINUM

same geometry pessimistic - 0.41 $/ton
most probable - 0.32
optimistic - 0.22

same cargo capacity pessimistic - 0.69
most probable - 0.60
optimistic - 0.51

increased cargo capacity pessimistic - 0.21
most probable - 0.11
optimistic - 0.02

Negative worths mean that aluminum is less desirable than steel. These
worths can be compared directly with the steel ship RFR of 9.44 $/ton to assess
the importance of the numbers. On the basis of the sample study, aluminum
would not be recommended for the needs of this owner.

METHOD

Evaluation of the desirability of a proposed new material for merchant
ship hull structure can be done in a straightforward manner as shown in Figure 1.
A steel ship is selected to serve as the standard against which the new ship
can be compared, a ship using the new material is designed, and the advantages
and disadvantages of the two ships are quantified. For merchant ships, the
primary attribute to be measured is profitability. This is frequently expressed
in terms of Required Freight Rate (RFR), so RFR is used as the measure of
merit in this study. Non-economic factors are expressed as an equivalent
percentage of this value and combined with it. The resulting numerical rating
is a measure of the worth of the new material in the specific circumstances
studied. This evaluation process involves six steps.

The first stecp is to select a steel ship on which to base the trade-off
study. It may b2 an existing ship or a proposed new design. When the study is %
being performed for a specific owner, cargo and trade route, this selection is |
simple; but when the study is intended to provide general information about a
proposed material, the selection is more complex. The apparent worth of a new
material is affected by the type of steel ship with which it is compared. For
example: a material which reduces structural weight may be very advantageous
for carrying a dense cargo such as iron ore but may be of no value for a light
cargo. A material with high resistance to fouling and corrosion but poor
cold weather properties may be very advantageous in the tropics but unsuitable
for operation in Arctic ice. It is important to remember that the results of
an evaluation under one set of conditions cannot be applied to other sets of
conditions without careful reanalysis.

When the cargo and trade route have been established, the characteristics
of the specific steel ship can be selected. This ship will serve two purposes.
First,it will serve as the "parent" for design of a comparable and similar
ship of the new material. Second,it will serve as a "base" for quantification
of the superiority or inferiority of the new material under the specified
circumstances.
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The second step is to develop a ship structural design using the new
material. This new design is based on the ship selected in Step One, using
the same ship lines, powering, and general arrangement. The new structure can
be designed by any standard Naval Architectural methods, or it can be adapted
from the steel ship structure as described in the section "STRUCTURAL DESIGN
DEVELOPMENT". The latter method is recommended when several ship designs or
materials are involved because it is quicker and less expensive, and because
it produces consistent results when many comparisons are to be made.

The third step is to "optimize" the new design. This process involves
modifications to the "new ship" design to improve its worth to the shipowner.
These modifications may include changes to things such as principal characteristics,
cargo capacity, speed and power, and even to the type of machinery if the
changed power permits, but they should not include changes to things such as i
cargo handling apparatus, outfitting, etc. Normally, the steel ship design
should not be modified, but in some cases it may be necessary to optimize that
design also to ensure a fair comparison between materials. 1

The optimization process can be done intuitively by any good Naval
Architect, or it can be systematized and programmed for computer operation.
Development of such a program was excluded from the scope of this contract and
no complete program is currently available. A preliminary version of such a
program is described in the section "DESIGN OPTIMIZATION".

The fourth step is to quantify the success with which the new ship fulfills
its mission, as compared with the parent steel ship. The mission of a merchant 1
ship is to earn money, so the measure of merit used for this analysis is 1
Required Freight Rate (RFR). RFR's are calculated for each ship; the difference
between them expresses numefically the economic advantage or disadvantage of
the new material for the specified service. Any standard method can be used
for calculating RFR; Appendix A describes a generalized computer program which
is suitable for merchant ship applications. This program, or any other program,
requires the ship construction cost as part of the input data.

Construction costs of the steel ship are included in the design information
collected for that ship. Construction costs for the new ship can be estimated
by normal cost estimating techniques, or can be extrapolated from the steel
ship data as discussed in the section "EVALUATION OF ECONOMIC FACTORS". The
latter technique can be systematized and combined with the computer program
recommended in Step Three.

The fifth step is to evaluate the effect of non-economic factors on the
desirability of the new material. Normally for a merchant ship, economics are
all-important. However other factors should also be considered; in cases
where the economic differences are small, these other factors may govern. For
example, consider Risk. If an exotic material is used which can be welded at
only one or two building yards, the ship operator faces the risk that the ship
will be damaged while it is far from those yards and will be out of service
until it is towed to one of them for repair. Such a risk cannot be measured
economically but might negate a small advantage in RFR.

ettt i e i

The section "EVALUATION OF NON=-ECONOMIC FACTORS" describes how these
factors can be analyzed. The analysis method is applicable to any non-economic




factors. Five such factors have been described in the present study. These
can be deleted, or replaced, or supplemented by other factors to suit the
needs of any particular owner, without affecting the method of the Material
Trade-Off.

The sixth step is to combine the results of the non-economic factor
evaluation with the RFR advantage or disadvantage of the new material. The
resulting number is a quantified measure of the worth of the new material for
the selected application. The method for obtaining this final number is
discussed in the section "COMBINED EVALUATION".

STEEL SHIP SELECTION

Almost any steel ship can be used as the base ship, but there should be a
reasonable amount of information available to the analyst. He will need such
data as ship operation and construction costs, geometry, weights, speed,
horsepower and crew size. Information that is not available must be estimated,
so the amount and accuracy of the available data directly affects the quality
of the analysis.

The selected ship's cargo, trade route, and general characteristics also
affect the evaluation. A new material being investigated will not be equally
suited to all cargoes and trade routes. For example, a lightweight material
might be advantageous where the steel ship was weight limited, but might offer
no advantage if the ship were volume limited. When an analysis is undertaken
for a specific owner, that owner will specify the service to be investigated.
1f, however, general information is needed on the performance of a proposed
new material, the choice of service is more difficult. In this case, it may be
necessary to perform a series of trade-off studies, using various types of
steel ships, to be able to draw general conclusions as to the usefulness of
the new material.

Once the ship type, cargo, and trade route have been established, a steel
ship representative of that service can be chosen. As this steel ship will be
used both as a base for developing the new material ship and as a standard of
comparison for that vessel, it must be chosen carefully. It should be a
successful, modern design which would be suitable for any new construction
program.

STRUCTURAL DESIGN DEVELOPMENT

General Description

The structural development section of the evaluation process produces a
"new" vessel which has the same lines and arrangement as the selected steel
vessel. The only difference between the two ships is that the proposed new
material is used for main hull structure in place of steel. This new structural
design may be prepared by standard Naval Architectural calculations, or it may
be synthesized from the steel structure as described below. The level of
detail of the new structural design should be approximately that produced in a
normal preliminary design study.
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Structural Synthesis

Structure of the steel ship is broken down into "components" such as panels
of stiffened plating, or pillars. An "equivalent" component of the new material
is developed for each of these. (The term "equivalent component" means one
which satisfies whatever structural requirements are applicable to it equally as
well as the steel component it replaces.) The new components are reassembled
into a new hull structure, and the new structure checked both for compatibility
between its parts and for overall strength.

The magnitudes of the loads on each component are not calculated, but the
type of loading is. "Equivalence" between a new material and steel for each
component may be different for different loading conditions (tension, shear,
combined, etc.), so that the new component scantlings depend on the type of
load the component carries. If the steel component is adequate for the imposed
load, any "equivalent" new material component will also be adequate for that load,
so it is not necessary to calculate the magnitudes of the loads.

"Equivalence" depends not only on the type of loading but also on the
function of the component. Structures, such as a watertight bulkhead, which is
loaded only in an emergency and then is stressed beyond yield, may require
different equivalencies from structure, such as a deep tank bulkhead,which is
loaded frequently and whose design stresses are well below yield. If the
mechanical properties, such as the stress-strain curve, of the new material are
different from those of steel, the equivalency at working stresses may be very
different from the equivalencies at yield, ultimate or fatigue stresses. Also,
configurations with equal strength frequently produce widely different deflections
and deflection may be the controlling factor. All of these possibilities must
be considered in substituting new components for steel. £

Selection of Existing Structural Components

The main hull structure of the steel ship is broken down into major segments,
such as transverse bulkheads, longitudinal bulkheads, side shell, decks, etc.
These segments are in turn broken down into components which can be handled by
substitution. The basic components to be considered are:

1. Struts or Columns
2. Stiffened or Unstiffened Plates
3. Beams or Girders

Any structure which does not fall in one of these three categories is treated on
a case basis.

Struts or columns are usually long slender members designed to carry an
axial compressive load, but many variations of geometry and loading can be
found in normal ship structure.

Plates are usually flat and rectangular. They may carry in-plang tensile,
compressive or shear loads as well as normal loads.

Beams, such as transverse webs, girders and side shell longitudinals,
are usually sections that provide edge support to plating panels. They are




primarily loaded in bending, but tensile and compressive loads may be significant.

Development of Loading Characteristics

Each major hull segment has a structural function. The steel components
of each segment have been designed for the type and magnitude of load, or
combination of loads, generated by that function. The alternate material
components are made equivalent in "resistance" to the steel components; they
are, therefore, suitable for the loading to which they are exposed.

Types of loading to be considered are:
1. 1In-plane tension
2. In-plane compression
3. In-plane shear
4. Normal loads
Types of resistance to be considered are:
1. Equal "ultimate" load-carrying capacity
2. Equal "yield" or "buckling" load-carrying capacity
3. Equal “working" load-carrying capacity
4. Equal deflection under working loads
5. Equal deflection under design loads
6. Equal fatigue life under the type of loading expected

The required scantlings for an alternate material component are usually
different for different combinations of "loading" and "resistance". In cases
where the component design is governed by a single type of load, and other
loadings are incidental, the corresponding equivalence formulas can be used

directly. An example of this would be an oiltight flat which is also subjected
to minor shear loadings from ship tension.

In cases where the component serves several major structural functions,
new scantlings must be calculated for each load-resistance combination and
the "worst case" solution used. An example of this would be a longitudinal
oiltight bulkhead which forms part of the main hull girder. For some
materials, the oiltight function of the bulkhead would govern the scantlings;

for other materialq'the main hull girder function would govern. All such
functions must be checked.

A major part of any material trade-off study is developing the necessary
formulas, or graphs to establish the scantlings of alternate material components.
This is discussed below in the section "DATA BANK". The steel ship must be
subdivided into components whose geometry and loading requirements are
compatible with the formulas available in that data bank.




Selection of Alternate Material Structural Components

Using the formulas or the tables and graphs from the data bank, a new
material component can be selected for each of the steel structural components.
Several alternate components may be available from the data bank; in this case
the following selection criteria is used.

1. Reject any component that is not suitable for all the types of loads
that it may carry.

2. Reject any component which encroaches on space that is essential for
some other purpose (e.g. a stiffener size that encroaches on space needed for
stowing or moving containers).

3. Where deadweight is the controlling factor on cargo carrying capacity,

trade-off structural weight versus initial cost to maximize life-cycle productivity.
=

4. Where volume is the controlling factor on cargo-carrying capacity,
trade-off structural volume versus initial cost to maximize life-cycle
producitivity.

Developrent of the New Material Structural Configuration

A total ship structural configuration suitable for preliminary design work
is synthesized from the selected new material components. When this has been
done, the overall structural design is checked to ensure compatibility between
its various components. Each intersection is reviewed to ensure continuity of
structure and to eliminate any interferences which may occur between adjacent
members.

Longitudinal strength is checked by calculating a minimum required hull
girder section modulus, using the base steel ship's hull girder section modulus
and the appropriate stiffener equivalency formula from the data bank. The new
material hull girder section modulus is then calculated and compared with the
required minimum.

DESIGN OPTIMIZATION

All ship designs are not of equal quality. If several Naval Architects
were to produce designs meeting identical requirements, those designs would
differ. Necessarily, one of them would be "best" and one would be "worst".
When only a single design is prepared, it is sometimes difficult to determine
whether it is good, bad, or average. The steel ship selected as the "base"
for developing the new material ship should be a good design, one which has
been optimized for its service.

If the new material design has been developed by'conventional Naval
Architectural methods and, therefore, optimized to the same standards as the
steel ship, no further optimization is required. However, if the new
structural design was developed from old components by synthesis, optimization
may be needed.

The process of changing steel structure to a different material can affect
the quality of the design. Sometimes these differences are minor and easily




overlooked; sometimes they are major. For example, consider a container ship.
If the new structure encroaches on space needed for one row of containers, the
reduction in the number of containers is very obvious. If, however, the new
structure provides extra clearance around the containers, the difference might
not be apparent but the new ship would be larger and more costly than necessary.
In this example, the changes degraded the design; in other cases, the changes may
improve it.

Direct comparison of the new design with the steel design may be misleading.
If, for example, a "poor" new design is compared with a "good" steel design,
the apparent advantage of one material over the other may be caused by
differences in design quality rather than by differences in material. The new
design, then, must be optimized to the same criteria and level of excellence
as the steel design. In some cases, it may be necessary to make changes to
things such as hull form because of the new material, but changes of that type
are undesirable.

In the case of a container ship, this modification is straightforward. The
new ship must be expanded or contracted to fit the space required for containers.
In other cases the choice is not so easy. If, for example, the new ship can
carry more cargo than the steel ship when the hull and machinery characteristics
are identical, there are three options:

1. Keep the hull and machinery characteristics identical and accept the
greater cargo capacity;

2. Reduce. the size of the ship and its machinery to make the cargo capacity
the same as that of the steel ship; or,

3. Increase the size of the ship and its machinery to minimize RFR.

Although Option Three appears to be the best choice, it is not recommended.
Normally RFR decreases with increasing ship size. It continues to decrease
until the ship becomes so large that additional propellers or additional crew
are required. If the new ship is arbitrarily made larger to reduce its RFR, it
may make the new material appear superior to steel even though the superiority
is solely due to the economies of increased size. If this option were to be
followed, the steel ship should also be made larger to permit a fair comparison
of the material worth. Changing both designs introduces complications and
potential errors and is, therefore, not recommended. This objection is
illustrated in Appendix G.

The choice between Options One and Two is less clear,but it can have a
major impact on the results of any Material Trade~Off Study. When the new
material produces a lighter structure than steel, Option One will usually
provide a lower "new ship" RFR than Option Two. Conversely, if the new structure
is heavier than steel, Option One will usually provide a higher RFR. There are
no technical grounds for choosing one option over the other; the choice is a
matter of opinion as to which option produces a more nearly “comparable" design.
Option One is recommended because it is simpler to use and because it
elim@nates any problems of excessive beam, draft, powering, etc.

Regardless of which option is selected, the design may need to be modified
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(as in the example of the container ship) to meet specific cargo requirements.
If Option One is used, these are the only changes to be made. If Option Two

is used, the ship size and power must also be modified to make the cargo
capacity the same as the steel ship. If Option Three is used, the ship size and
power must be modified to "optimize" its performance with respect to RFR. In
every case where ship dimensions have changed, the new dimensions must be
checked to be sure they do not exceed any limitations on beam, draft, length,
horsepower per shaft, etc.
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Modifications to the ship design must be made in a systematic and repeatable
fashion to permit consistent and reliable comparisons between the modified ship
and the steel ship. Reference (1) describes a rational method for making these
changes. This is further developed in the paragraphs below.

Method for Optimizing the Ship Design

A full description of the design to be optimized must be available, including:

principal dimensions = L,B,T
speed = Vv
power = SHP
weights - structure = ws
- machinery = W
m
- outfit = W
o
{ - stores and supplies = wss
? - personnel = W
{ P
i - potable water = W
i pw
% - reserve feed water = wr
¢
% - ballast = wb
¢ - fuel = wf
£
" - cargo - W,

: displacement = A = sum of these weights

Some of the weights (structure, outfit, ballast) are proportional to
displacement; some of the weights (machinery, reserve feed water, fuel) are
proportional to horsepower; some of the weights (stores and supplies, personnel,
potable water) do not vary with minor changes in ship size; one of the weights
(cargo) is independent of ship size.

Horsepower can be calculated by the Admiralty Coefficient method, providing
the changes in ship size and speed are not excessive:

BB




A2 /3 v?

SHP =

K

where,
SHP = shaft horsepower

A = displacement
v = sgpeed
) 4 = Admiralty Coefficient

Horsepower, then, is proportional to the two-thirds power of displacement, and
those weights which are proportional to horsepower also vary as A

The modified displacement can be found from the formula:
£ 2/3 2/3 2/3
A ksA+kmA +koA+wss+wp+ww+krA +kbA+ka e

where,
A = modified displacement

k_ = ratio of old W, to old A
k = ratio of old Hm to ola A?/?
k = ratio of old W, to old A
k_ = ratio of old W, to old A?/?
kb = ratio of old W to old A

kf = ratio of old wf to old A%/?
This is a cubic equation which can be solved directly for the modified displacement.
Horsepower is then calculated using the old ship Admiralty Coefficient, and
ship dimensions are varied in the ratio of the cube roots of the displacements.

The modified ship design must be checked to ensure that any limitations on
length, draft, beam or cargo-hold dimensions are not exceeded and to ensure
that the horsepower per shaft has not become excessive. This process can be
iterated, with any desired changes in principal dimensions, speed, power, or
weights, until the design has reached an "optimum" based on any specified
measure of excellence. The optimized ship design is then used for comparison
with the steel ship.

Computer Program
The design optimization procedure described above is well suited for

computer programming. Complete development of such program was specifically
excluded from the scope of this contract, but a Program Flow Chart, Figure 2,
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has been prepared. In addition, a preliminary, simplified program was written
to verify the processes of the flow chart. This preliminary program was used
to develop the analyses shown in Appendix F.

EVALUATION OF ECONOMIC FACTORS

The purpose of a merchant ship is to make money. The worth of any change
in structural material must, therefore, be measured by the effect of that
change on the earning capacity of the ship. All other considerations are
secondary.

A widely used measure of earning capacity is the Required Freight Rate
(RFR). This Measure of Merit has been selected for use in the Material Trade-Off
Study. It is defined as the freight rate, expressed in dollars per ton, which
must be obtained to meet all expenses, both operating and amortization of
investment, and to produce a specified return on investment. RFR's for the
steel ship and for the new ship are calculated independently; the difference
between these values is a single number which expresses the economic superiority
or inferiority of the new ship.

Required Freight Rate

Any economic analysis that computes RFR can be used. Reference 26 and
its references describe several of these. Others are used throughout the
industry. It is essential that the same analysis method be used for both the
steel ship and the new ship because different methods will produce different
results. Appendix A describes a computer program which uses the Discounted
Cash Flow method to calculate RFR., It was used in the sample Material Trade-Off
Study of this report.

The steel ship RFR is used as a basis for determining the importance of
the final worth evaluation of a selected material, A ‘‘new material" worth of
$0.30/ton might be considered insignificant if the total RFR were $40/ton but
could be very significant if the total RFR were <$1l/ton). All data,which would
affect RFR,must, therefore, be included in the economic analysis; it is not
sufficient to analyze only those data which are affected by the difference in
material.

The RFR calculation is based on a complete analysis of the ship, the trade
route, the costs of acquiring and operating that ship, and the financial
requirements of the prospective owner. Some of the input required for this
analysis (things such as the ship type and trade route) is established at the
start of each Material Trade-Off Study. Some of the input (things such as
ship speed and cargo capacity) is established during the ship optimization.
Some of the input (things such as costs and financial requirements) must be
established as part of the economic analysis.

Operating costs and the financial requirements of a prospective owner can
be developed from information supplied by that owner, or from published
information on similar ships. Acquisition cost, however, must be developed by
the analyst himself.




Acquisition Cost Estimate

Construction costs for both the steel ship and the new ship can be
developed by standard shipyard cost-estimating procedures. This, however, is
costly and time-consuming. A simpler method is needed, particularly when the
study involves more than one new ship. Such a method is described below.

The total cost of ship acquisition can be subdivided into cost classes
corresponding to the weight groups used for the weight calculation discussed
in the section "DESIGN OPTIMIZATION", plus a separate class for "Administration"
to cover such things as design costs, insurance, owners representatives, etc.
Each cost class (except "Administration") can then be defined by cost factors
(dollars per ton). "Administration" costs can be expressed as a percentage
of the total. The acquisition cost for any ship design can be developed from
these cost factors.

Cost factors for the steel ship can be calculated from actual cost data
(or cost estimates) for the specific steel ship selected, or generalized cost
factors based on industry-wide averages can be used. Cost factors for the new
ship will be approximately the same as those of the steel ship for all classes
except "Structure". A structural cost factor must be developed for each new
material, based on cost estimates for typical construction. All these cost
factors will be prepared in the early part of any Material Trade-Off Study and
will form part of the data bank described in the section "MATERIAL DATA BANK".

Estimating costs by use of cost factors related tc weight is not as
accurate as the standard complete shipyard cost estimate. It is, however,
sufficiently accurate for a Material Trade-Off Study because most of the weight
groups, and the related costs, do not change appreciably between the designs
to be compared. The major cost change is in "Structure". The cost factor
for this class can, if desired, be further subdivided into cost factors for
each of the types of structure included in the data bank. The structural
cost can then be developed piecemeal as the structure itself is developed, in
accordance with the method described in the section "STRUCTURAL DESIGN DEVELOPMENT".

The cost factor method permits rapid cost estimating and, more importantly,
provides consistent results when several designs are involved. It also has
the advantage that it can easily be programmed for computer application. Such
a program could be included as part of the "optimization" program proposed in
the section "DESIGN OPTIMIZATION" so as to calculate ship costs at the same
time as ship desians.

EVALUATION OF NON-ECONOMIC FACTOQRS

Non-economic considerations are always less important than economic
considerations in evaluating the worth of a merchant ship. Non-economic factors
must, however, be considered in any complete evaluation. Many such factors
have an effect on the owner's expectation of profit, even though that effect
cannot be expressed in dollars. For example, the appearance of the ship may
improve or degrade the reputation of the company in the eyes of the public and d
the financial institutions, and thus affect the availability of funds; or the |
risks associated with a particular material may increase or decrease the likelihood ,
of unpredictable costs during the life of the ship.
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The effects of these non-economic factors are usually significant only
when the difference in RFR is small, but in some cases they may change the
result from "favorable" to "unfavorable" or vice versa. The present study has
developed a method for measuring these effects systematically and then combining
them with the results of the economic analysis to obtain a single numerical
measure of worth.

Method

The method is necessarily subjective rather than objective. No two owners
will agree on the importance to them of all of the non-economic factors that
may be considered, so the method must permit each owner to tailor the analysis
to suit his needs. Appendix B shows the forms developed for this analysis.

The first step is to establish what non-economic factors are to be
considered. Appendix B includes five typical factors:

Suitability for Intended Use
Environmental Impact

Use of National Resources
Government Involvement

Risk

Some of these factors will be more important to one owner than to another. Any
particular owner may elect to eliminate some of them or to add others to suit
his needs.

Each factor is subdivided into "attributes" which describe the important
aspects of that factor. In this case also, any particular owner may elect to
eliminate some of the attributes or to add others to suit his needs. Each
attribute is assigned a "weight" which indicates its importance relative to
other attributes of the same factor. The most important attribute is assigned
a weight of 10. Other attributes are assigned weights which indicate their
importance relative to the "most important” attribute and to each other. The
relatiyve importances must be established by the person performing each Material
Trade-Off Study; they will be different for different studies because they
must be adapted to each owner's needs. For this reason, values are not shown
for the attribute weights in Appendix B. Typical values are used in the Sample
Calculation of Appendix H.

After all the factors, attributes and attribute weights have been
established for a particular Material Trade-Off Study, a "value" can be
assigned to each attribute. Again, this assignment is subjective. It reflects
the evaluator's opinion as to the significance of the difference imposed on that
attribute by the change in structural material. Attribute values are assigned
on a scale of 0 to +10 when the selected material is superior to steel and
0 to -10 when it is inferior. In either case, -a value of 0 indicates that the
change in material has no measurable effect on that attribute: a value of 10
indicates that the effect is major. Because of the difficulty in establishing
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authoritative numbers for these "values", three numbers are assigned:
"pessimistic", "most probable", and "optimistic". This produces three "factor
ratings" which are then used to calculate three "total worths" of the material.

After all the attribute values for a particular factor have been assigned,
the values can be multiplied by the related weights and the "weighted averages"
calculated. The weighted averages are divided by 10 to normalize them within
the range -1 to +1, and the resulting numbers used for the "factor rating".

The normalized ratings for different factors are independent of each other
and of the RFR value, so they must all be combined to establish the total worth
of the material. A method for combining them is described in the section
"COMBINED EVALUATION".

COMBINED EVALUATION

The economic evaluation produces a Required Freight Rate (RFR) expressed
in dollars per ton. The non-economic evaluation produces pure numbers. These
two evaluations must be combined to develop the total worth of the proposed
ship, Figure 3 shows how this is done, using the five non-economic factors
described in Appendix B as an example.

Profitability is the most important consideration in assessing the worth of
a merchant ship. Total worth is, therefore, expressed in economic terms - dollars
per ton. As the steel ship and the new ship RFR's are already in those units,
worth of the economic factor can be taken as the difference between the two
RFR's. However, "factor ratings" of non-economic factors must be converted to
those units. Each non-economic factor rating is, therefore, multiplied by a
dollar/ton value to obtain its "worth". These multipliers must be established
by the analyst, based on the importance of each factor to his operations or on
his evaluation of industry experience. He should consider both the actual cost
("This factor is worth x $/ton to me.") and its relationship to the base ship
RFR ("This factor is worth Y% of the base ship RFR to me.").

The sum of the individual worths of the non-economic factors, plus the
worth of the economic factor, gives the total worth of the new ship. These
three values (pessimistic, most probable, and optimistic), are a measure of
the advantage or disadvantage the new material offers when compared with steel.
Their significance depends not only on the calculated worth of the new material
but also on the RFR of the steel ship with which they are compared. As mentioned
earlier, a "new material worth" of $0.30/ton is much more valuable when the
steel ship RFR is < $1.00/ton than it is when the RFR is $40.00/ton.

The multiplying ($/ton) values used to convert factor ratings to factor
worths are not shown in Figure 3, They must be established during each
Material Trade-Off Study. Partly, this is so that the relationship between the
worths of the various factors will reflect the needs of the specific owner
involved, and partly, it is to ensure a suitable relationship between the factor
worths and the steel ship RFR, Typical values are shown in the sample calculation
of Appendix J. Assignment of these values must be done with great care, because
they can change the overall assessment from "favorable" to "unfavorable" or
vice versa if they are chosen poorly.
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MATERIAL DATA BANK

The term "Material Data Bank" refers to the collection of material information
needed to conduct a Material Trade-Off Study. Three types of information are
required.

First is basic data on the proposed alternate material and on the steel
which it replaces. This includes not only numerical values for things such as
"Design Properties", but also descriptive words for things such as "Advantages" |
and "Disadvantages". |

Second is a compilation of the methods to be used for substituting the
proposed new material in place of steel for various types of structure. This may
consist of design formulas, or of conversion tables and graphs.

Third is supplementary data on the alternate material components. This
includes such things as cost, weight, and space comparisons with the steel

component which is being replaced.

Basic Data

Figure 4 is an outline of the basic data needed. This format should be used
for all basic data to simplify comparisons between materials. Most of the
information needed for a new material is readily available but some, such as
installed cost data, may have to be developed as part of the Material Trade-Off
Study.

Some of the categories shown in Figure 4 may not apply to every material. |
In this case, the Data Bank entry for that category should be "not applicable" 1
to establish clearly that the category was not omitted inadvertently. Similarly,
when information has not been developed, the item should be marked "not available".
Some materials may justify additional categories. 1In this case, the new |
entries should be added in a logical sequence within the existing outline. |

Substitution Method

When sufficient basic data have been collected, a method can be developed
for substituting "equivalent" components of the alternate material in place of |
the steel ship components. As discussed earlier in the section "STRUCTURAL |
DESIGN DEVELOPMENT", "equivalence" may be different for each combination of
loading (shear, tension, etc.) and resistance (equal ultimate load carrying
capacity, equal deflection, etc.). A separate substitution formula may,
therefore, be required for. each such combination.

In many cases, the configuration of a new component will be different from |
that of the original steel ship. Steel structure usually consists of stiffened |
plating, I-beams, or pipes. New structure of metal, such as aluminum or high- i
strength steel, may retain that same general configuration with different |
stiffener spacing or stiffener shapes, but structure made of other materials,
such as reinforced concrete, will be completely different. It is important
that the substitution formulas developed in the Data Bank provide for efficient
use of the prepared alternate material.
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FIGURE 4 - MATERIAL DATA BANK FORMAT

1. Material (Including Condition or Temper)
2., Suitability for Marine Environment

1 Operational Experience
2 Advantages

3 Disadvantages

4 Availability

5 Cost

6 Scrap value

3. Design Properties

1 Design Yield Strength

2 Design Ultimate Strength

3 Modulus of Elasticity

4 Shear Modulus

5 Poisson's Ratio

6 Density

7 Typical Size or Thickness Limitations

4. Fabricability ;
Joining

4.1

4.2 Forming
4.3 Machining
4.4
4.5

Thermal Treatment
Distortion Contrel

5. Non-Destructive Testing/Quality Control

Liquid Penetrant
Magnetic Particle g

Radiography
Ultrasonics ‘
Acoustical Emission |
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.
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6. Maintenance and Repair |
7. Physical and Chemical Properties

Composition {
Corrosion
Erosion |
Protection

Thermal Conductivity

Coefficient of Thermal Expansion
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FIGURE 4 - MATERIAL DATA BANK FORMAT (CONT.)
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8. Mechanical Properties

1l Yield Strength

2 Ultimate Strength
3 Elongation

4 Toughness

5 Hardness

6 Fatigue Strength
7 Creep

g 9. Miscellaneous

9.1 Specifications
9.2 Special Properties
9.3 Remarks




Two techniques can be used for developing the new material components.
In the first of these, the conversion formulas in the Data Bank are used directly
to calculate new component scantlings. With the second approach, Data Bank
formulas are used to construct tables or graphs showing the equivalency of a
systematic series of components covering the range to be investigated. The
actual substitution is then made from the appropriate table or curve.

Direct use of the formulas is preferred when the Material Trade-Off Study
involves only a single material/ship combination. It is the approach used in the
sample calculations of this report. The second approach is preferred when many
material/ship combinations are being studied, because it is faster and produces
more consistent results.

Supplementary Data

Equivalency information must cover more than scantlings. Other data to be
included are:

W

Weights. This is the installed weight per square foot or per segment. It
is used to determine the effect of light ship weight, deadweight and displacement.

Cost. This is the installed cost per square foot, or per pound of material,
or per segment. It is used to determine the effect on construction cost and
hence on life-cycle ship cost.
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Space, This is the amount of space needed by the structural component.
Usually it is the depth of the stiffening member plus the plating thickness,
but some materials may utilize an unconventional configuration. Space is
normally not a factor but may affect the selection in cases such as a container
ship where specific clearances must be maintained.

Volume. This is the volume of the structure itself. It is normally not a
factor but may affect the selection in cases such as a tanker where the volume
of structure affects the usable volume of the tank.

SAMPLE CALCULATION

A sample calculation is included in this report to illustrate the Material
Trade-Off Study method. Data needed for the sample calculation were compiled
from various published sources and are thought to be reliable. However, the
calculation is intended for illustrative purposes only, so no attempt was made
to verify the accuracy of that data. In addition, the “non-economic" and
"combined evaluation" weighting factors were selected only for illustrative
purposes, based on the needs of a hypothetical shipowner, and are not intended
as a recommended set of values. For these reasons, the results of the sample
calculation should not be construed as a complete evaluation of the selected
material.

Aluminum 5456 was used as the proposed new material for this sanfle
calculation. This was selected because much data about it were readily available
and because it had been used in a previous study of new hull structures;
Reference 4.




Data Bank for Sample Calculation

Appendix C contains the sample Material Data Bank. This appendix has three
parts:

Part I. Material properties for steel and aluminum.

Part II. Conversion formulas for converting steel structure to equivalent
aluminum structure.

Part III. Supplementary data (weight, cost, space and volume).

Appendix D contains the sample Ship Data Bank. All the available information
on the steel ship selected as a base for the Material Trade-Off Study is
tabulated in this Data Bank for ready reference.

Material data have been collected for ABS mild steel and for 5456 aluminum,
using the format shown in Figure 4. The ABS mild steel data are included to
permit side by side comparison of individual items. In addition, where
quantitative data are available, the ratio of the aluminum value to the mild
steel value is given.

The question of appropriate environmental conditions deserves particular
attention in the Material Data Bank. At least four significantly different
areas can be identified for a typical ship: the bottom shell which is normally
fully immersed in water; the side shell which is alternately immersed depending
on the ship loading condition, wave action, and water spray; the deck which is
occasionally wetted by waves and water spray; and the internal surfaces which
may be subject to corrosion and/or abrasion from various cargoes. In addition,
the effects of coatings need to be considered, since a mild-steel ship is usually
coated throughout whereas an aluminum ship may not be coated above the waterline
or internally.

One area which needs further work, particularly for a bulk carrier, is the
abrasion resistance of aluminum. The limited available data indicates that the
5000 series alloys will abrade at approximately four to five times the rate of
mild steel. Of course, the required abrasion allowance for various structures
will depend on the cargoes to be carried. For highly abrasive bulk cargoes, an
analysis may be used to trade off the cost of providing additional abrasion
allowance initially against the cost of renewing affected plating periodically.

Another area which needs further development is construction costs. The
values given are estimates for typical merchant ship structures. These values
can be extended to permit trade-off analyses between different structural systems.

Fatigue is also an area which needs further investigation. The problem
here is not a lack of data but rather a lack of guidelines as to what to use,
because the variables are so numerous. For example, in the computerized
data bank covering fatigue of aluminum alloy weldments at Iowa State University,
there are currently sixteen possible specimen types, thirty-two possible joint
types, fifty-seven possible special treatments, thirty-three possible welding
procedures, and three possible stress ranges for each aluminum alldy and temper.




The fatigue curves used in this study are for butt-welded plates with
reinforcement left on, tested in air. For more detailed study of aluminum
fatigue problems, the Iowa State University data bank can provide much additional
data.

Steel Ship Selection for Sample Calculation

A ship type, cargo and trade route were chosen arbitrarely for the sample
calculation:

Ship type = bulk carrier
Cargo = ore
Trade route = Seattle to Yokohama with cargo, and return in ballast.

Based on these requirements, the M. V. CHALLENGER was selected as the steel
ship. This vessel had been used in the previous study, Reference 4.

Structural Design Development for Sample Calculation

Appendix E contains the sample calculations needed to synthesize an aluminum
ship design based on the steel ship of Appendix D.

The structure of the steel ship was subdivided into major components. The
type of loading was determined for each component, and the appropriate conversion
formulas selected from Part II of the Material Data Bank. These formulas were
used to develop equivalent aluminum components.

All interfaces between the aluminum components were reviewed to ensure
compatibility of the new structure. Because both the aluminum and the steel
components are basically stiffened plates, and because the stiffener spacing was
made the same for both materials, no incompatibilities were found in this sample
calculation.

Longitudinal strength was checked to ensure that the strength of the new
hull girder was equivalent to that of the steel ship. Hull stiffness was also
checked.

Supplementary information on the synthesized ship was developed using the
equivalency relationships of Part III of the Material Data Bank. Structural
weights were calculated in Appendix E; costs were calculated in Appendix G.

Space and volume requirements are not significant for the ship used in the sample
calculation, and were not calculated.

Design Optimization for Sample Calculation

Appendix F contains the design optimization calculations for the sample
ship. A simple computer program based on the method described earlier in the
section "DESIGN OPTIMIZATION" was used. Each of the three options discussed in
that section was investigated. These are:

1. Keep the hull and machinery characteristics identical and accept the
greater cargo capacity;
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2. Reduce the size of the ship and its machinery to make the cargo capacity
the same as that of the steel ship;

3. Increaae the size of the ship and its machinery to minimize RFR.
(This third option was not. followed exactly. The cargo capacity was increased
S5t to illustrate the effect of such an increase. No attempt was made to increase
the capacity enough to minimize RFR.)

For the first option, the aluminum ship characteristics synthesized in
Appendix E were used. For the second and third options, a changed cargo capacity
was input, and the computer modified the remaining characteristics accordingly.
Each of the three designs resulting from this optimization process was subsequently
evaluated, both economically and non-economically, and compared with the basic
steel ship.

Economic Evaluation for Sample Calculation

Appendix G contains an economic evaluation of the basic steel ship and of
each of the three aluminum ships developed in Appendix F. These evaluations
used computer program GENEC, described in Appendix A, to calculate the Required
Freight Rate (RFR) for each ship. These RFR's are:

SHIP RFR ($/TON)
Steel ship 9.44
“Same geometry" aluminum ship 9.67
"Same capacity" aluminum ship 9.95
"Increased capacity" aluminum ship 9.46

Costs for the steel ship are tabulated in Appendix D. Costs for the
aluminum ships are calculated in Appendix G. Appendix G also lists the economic
assumptions and voyage data needed for the RFR analysis.

Costs are divided into four major categories:

Fuel

Acquisition

Operating

Scrap Value (credit)

Fuel costs are calculated by the computer, based on the fuel consumption for each

leg of the voyage and for the time in port. These values are not affected by
the hull structural material. Fuel cost is given in Part III of the Data Bank.




Acquisition costs are broken down into seven sub~-categories:

Structure
Construction Waste Credit
Machinery
Outfit
Design
Overhead
Profit
Information on these costs is given in Part III of the Data Bank.

Operating costs are broken down into five sub-categories:

Manning and Subsistence

Shore Staff

H and M Insurance

P and I Insurance

Maintenance and Repair
Information on these costs is given in Part III of the Data Bank.
Scrap value for aluminum is much greater than it is for steel. It is based on
structural weight only, on the assumption that the residual value of machinery
and outfit at the end of the ship's life will cover the cost of dismantling the

vessel. Cost factors for scrap are given in Part I of the Data Bank.

Non-Economic Evaluation for Sample Calculation

Appendix H contains the non-economic evaluation of aluminum versus steel,
using the five evaluation factors described in Appendix B. These evaluations
apply equally to all three aluminum ships developed in this sample study. The
factor ratings are:

Rating

Factor Pessimistic Probable Optimistic
Suitability for Intended Use - 0.111 - 0.077 - 0.038
Environmental Impact Q + 0.033 + 0.058
Use of National Resources - 0.137 - 0.066 - 0.009

=26=




5 Rating

¢ Factor Pessimistic Probable Optimistic
: Government Involvement - 0.014 + 0.036 + 0.133

#

i % Risk - 0.147 - 0.096 - 0.081

This evaluation was performed from the point of view of a hypothetical
shipowner. Plus values mean that aluminum is advantageous to him; minus values
mean that it is not. If a different point of view had been assumed (perhaps that
of the U.S. Maritime Administration), the various attributes might have had
different "weights" and would certainly have had different "values"”, so that the
final ratings would have been different.

3 : Combined Evaluation for Sample Calculation

Appendix J contains the combined evaluation of aluminum for the three ship
designs developed in the sample study. These final "worths" are expressed in
the same terms as RFR ($/ton). Their importance can be assessed by comparing
them with the RFR of the basic steel ship (9.44 $/ton). This comparison is:

SHIP TYPE EVALUATION WORTH OF ALUM % OF BASE RFR
4 same geometry pessimistic - 0.41 $/ton - 4.3
most probable - 0.32 - 3.3
optimistic - 0.22 - 2.4
same cargo pessimistic - 0.69 - 3.3
capacity most probable - 0.60 - 6.4
optimistic - 0.51 - 5.4
increased pessimistic - 0.21 = ed
cargo capacity most probable - 0.11 - 1.2
optimistic - 0.02 - 0.2

These data show that aluminum is not suited to the needs of the hypothetical
owner described in the sample calculation, unless he is willing to use a larger
(increased cargo capacity) ship. Figure G5 shows that a larger aluminum ship
would be advantageous, but the improvement in RFR (and worth) is attributable
to size, not material. However, it is probable that a larger ship of steel
would be better than the larger ship of aluminum.

RECOMMENDATIONS
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Four areas are recommended for further study.

First: The method should be extended to include non-merchant ships. 1In
this extension, the mission of the ship would be defined in non-economic
terms, so that the measure of worth of the ne