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PREFACE TO THE SNAME EDITION 

As noted in the first Preface and also on paí!e 3 of the 
text, this book was intended primarily as a textbook, 
but at the time ofits first edition there were two factors 
that largely prevented it from fulfilling this role. 
Firstly, there is the need for low cosi, so as to fit within 
a student's budget; but for a large boÓk of a technical 
nature and with a relatively small number of students, 
this is simply not possible. I believe that the publishers 
of that first edition, Wiley/Interscience, did an out­
standing job, and I am deeply grateful to them Jor the 
obvious skill and high standard of quality which they 
devoted to it. But precisely because it was a first edi­
tion, with ali the associated setup costs, combined with 
the small market, it was quite impossible to prodnce 
the book as a "low price" item. 

The second factor that has limited the book's role 
as a textbook is the Jack of tutorial and review problems 
at the ends of chaptefs. But this was the difect result 
of the economic situãtion described above; from their 
experience the publishers knew that the primary mar­
ket for a higher priced book of this type would be 
libraries, govermnent agencies, and other large orga­
nizations involved in ship structural design, ali of 
whom would use the book mainly as a reference rather 
than a textbook, and adding tutorial material would 
have just increased the cost still further. Hàving as­
sessed, the market, the publishers selected the number 
of copies to be printed accordingly, and when the last 
copy was sold in Décember 1987, the sales profile 
showed that they had judged it perfectly. They there­
fore declined to go to a second printing, whereupon 
the copyright reverted to the author. 

This opened up an opportunity to overcome the two 
obstacles to the book's intended role as a textbook. To 

overcome the cost obstacle the au!!10r donated the book 
negatives and the copyright to SNAME, without roy­
alty, and SNAME on its part agreed to mãke a second 
printing on a non-profit (cost recovery) basis. However, 
it was obvious that much of the cost savings would be 
lost if the book were to be altered either by adding 
tutorial problems, or by updating various chapters (al­
though fortunately, it has been possible to correct the 

, errors that had been found in the first printing). 
' Therefore, in arder to supply both the tutorial prob­
Jems and the updating, Professor J .B. Caldwell and 
the author have begun collaborating on the first of a 
series of small, low-price booklets, each dealing with 
a specific topic and containing npdated material, 
worked examples arnj problems with answers. The 
booklets will be published by SNAME, aild it is hoped 
that some of them wiH involve other authors as well. 

Although the book's title is Ship Structural Design, 
nearly ali of its material is directly applicable to "ma­
rine structures" in general. Tljerefore the booklets will 
include examples and problems relating to other types 
of marine structures as well as ships, and the series 
will be entitled Marine Structures: Se/ected Topics, Ex­
amples and Probiems. , 

To the acknowledgements in the first edition, I now 
wish to add my thanks ,to those students and colleagues 
who took the trouble to point out errors, and I am 
grateful for this opportunity to rectify them. Special 
thanks in this regard are due to M. Dominique Beghin 
of Bureau Veritas. 

, Washington, D. C. 
July 1988 

ÜWEN F. HUGHES 
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PREFACE 

For a structure as large and as complex as a s~ip there 
are three leveis of structural design, the secbnd and 
most central of which is the subject of this book. 
Concept design <leais with the topology or overall ge­
ometry of the structure; preliminary design establishes 
the scantlings (structural dimensions) of ali principal 
structural members; and detail design is concerned 
with local aspects · such as joints, openirigs, and rein­
forcements. Overall structural geometry is generally 
determined by overall design requírements rather than 
by structural requirements, while detail design is 
largely guided and constrained by fabrication methods 
and requirements. Also, since local structural details 
are numerous and basically similar among various 
structures they lend themselves to standardization and 
to design from handbooks and structural codes. Thus, 
it is in preliminary design where the structural designer 
has the largest number of significant decisions and 
options, and the gre-atest scope for optimizing the 
structure.so that it best fulfills the objectives and satis­
fies ali of the various constraints and requirements. 

Rationally-based design is design frorri first prin­
cipies using the tools of modem engineering ·science: 
computers and the methods of structural analysis and 
optimization which computers have made possible. 
Thus, the rationally-based approach is ideally suited 
for preljminary structural design, and it is this ap­
proach and this levei of design that is the subject of this 
book. As shown by some examples in Section 1. 3, this 
type of design offers substantial benefits to ali parties 
concerned: owner, designer, builder, and operator. 

Designing from first principies requires two sepa­
rate and very extensive analyses: a response analysis to 
ascertain the true and complete response of the struc­
ture to ali loads and load combinations, and ·a limit 
state analysis to ascertain ali of the possible limit or 

failure values of these responses. Taken together these 
two analyses are by far the dominaiit part of rationally­
based design, and this is reflected in this text in which 
15 of the 17 chapters are devoted to various aspects of 
analysis. Because of this predominance of analysis, 
rationally-based design is necessarily computer based 
and this is the key to many of its benefits: speed, 
accuracy, thoroughness, economy, easy modification, 
and so forth. Also, as explained in Section 1.3, the 
necess.ary computer programs are already available 
ànd the hardware and software costs are quite mod­
erate. 

Of the many different !opies and aspects in pre­
liminary structural design sóme are an inherent part of 
rationally-based design (e.g., the aspects pertaining to 
response analysis and limit analysis) while others are 
more distinct and externai (e.g., the se!ection of mate­
riais) or are simply constraints in the optimization pro­
cess (e.g., the avoidance of some natural frequency). 
One of the advantages of the rationally-based approach 
is that it unifies and .coordinates these many different 
aspects. Even for the more distinct or externai aspects 
the rationally-based approach provides a framework 
by which each can be better coordinated with the other 
aspects. 

Because there are so many aspects to preliminary 
design it is simply not possible to treat ali of them in 
detail in one'book. Therefore, the author's plan is that 
the subject should be covered in two books, of which 
this is the first. This book deals with the methodology 
of rationally-based design and with its two major com­
ponents; response analysis and limit analysis. These 
aspects are presented in such a way that this first book 
is complete in itself, and does not rely on or require the 
second liook for· understanding. 

ix 

Full document details: Ship Structural Design: A Rationally-Based, Computer-Aided Optimization Approach

http://www.avadocuments.com/doc/ship-structural-design-a-rationally-based-computer-aided-optimization-approach
http://www.avadocuments.com/doc/ship-structural-design-a-rationally-based-computer-aided-optimization-approach


x PREFACE 

. PREREQUISITES, LEVELS OF STUDY, AND 
TIME REQUIREMENTS 

The material in this text is suitable for either graduate 
or undergraduate study, or a combination of both. The 
only prerequisites are knowledge of mechanics of sol­
ids, strength of materiais, and the basic aspects of 
matrix algebra and of statistics. If necessary, the latter 
two could be covered in a few introductory classes or 
in outside readiilg. The total time required to cover all 
of the !opies in this book is about eight semester hours. 
For undergraduates and for persons with only the basic 

prerequisites a six semester hour course can be 
achieved by omitting chapters 4, 6, 10, 15, and 17 and 
skimming chapters 8 and 16. For persons who have 
already completed some courses in structural analysis 
(covering, say, columns, plate bending and buckling, 
frarne analysis, and the finite element method) all of 
the remaining topics could be covered in four semester 
hours, by omitting chapters 5, 7, 9, 11, and 12 and 
skimming chapters 6 and 10. 

Sydney, Australia 
June 1983 

" 

ÜWEN F. HUGHES 
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Chapter 

One 

RATIONALLY-BASED STRUCTURAL DESIGN 

1.1 INTRODUCTION 

We are at present in the midst of a gradual .but pro­
found change in the philosophy and practicé of ship 
structural design. The growing demand for more 
efficient marine transportation has already produced 
significant changes in ship sizes, types, and production 
methods. For example, since 1960 many new ship 
types have appeared, such as lng carriers, multihull 
vessels, barge carriers, ro/ro vessels, ·surface effect 
ships, and hydrofoils. This process of change will 
almost certainly continue because there are so many 
factors which give rise to it and stimulate it. 'Some 
examples are: 

The need for adequate protection against pollution 
and for adequate safety with respect to dangerous 
~argoes 

New trade patterns, cargoes or tasks, which intro­
duce special proble.ms or lead to unusual ship geom­
etry or proportions 
The 'development of designs for standard ships 
which are to be produced in larger numbers and 
hence require a greater degree of cost efficiency 
The development of a wide variety of othér types of 
floating structures for the extraction of ocean re­
sources and for other uses of the sea 

The c<'.!mplexities of modem ships and the demand for 
· greater reliability, efficiency, and economy require a 
scientific, powerful, and versatile method for their 
structural design. ln the past, ship Structural design has 
'been largely empirical, based on accumulated experi­
ence and ship performance, and expressed in the form 
of structural design codes or "rules" published by the 

various shlp classification societies. These rules pro­
vi de simplified and easy-to-use formulas for the struc­
tural dimensions, or "scantlings," of a ship. This ap­
proach saves time in the design office and, since the 
ship must obtain the approval of a classification soci­
ety, it also saves time in the approval process. 

However, there are severa! disadvantages to a com­
pletely "rulebook" approach to design. First, the 
modes of structural failure are numerous, complex, 
;and illterdependent, and with such simplified formulas 

1the rnargin against failure remains unknown; thus one 
·cannot distinguish between structural adequacy and 
overadequacy. Therefore, such formulas cannot give a 
truly efficient design and in some cases the extra steel 
may representa significant cost penalty throughout the 
life of the ship. 

Second, these formulas are only aimed at avoiding 
structural failure, but there are usually severa! ways of 
achieving this and the particular way Which is implied 
in the formula may not be the most suitable in regard 
to the specific goals of the ship owner or the particular 
purpose or economic environment of the ship. A true 
design process must be capable of accepting an objec­
tive, of actively moving toward it, and of achieving it 
to the fullest extent possible. 

Third, and most important, these formulas involve 
a number of simplifying assumptions and can be ilsed 
only within certain limits. Outside of this range they 
may be inaccurate, and the history of structural design 
abounds with examples of structural failures-in 
ships, bridgés, and aircraft-which occurred when a 
standard, time-honored method or formula was used, 
unknowingly, beyond its limits of validity. 

1 
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2 RATIONALLY-BASED STRUCTURAL DESIGN 

For these reasons there is a general trend toward 
"rationally-based" structural design, which may be 
defined as 

Design which is directly and entirely based on struc­
tural theory and computer-based methods of structural 
analysis and optimization, and which achieves an op­
timum structure on the basis óf a designer-selected 
measure of merit. 

Thus rationally~based design involves a thorough and 
accurate analysis of all of the factors affecting the 
safety and performance of the structure throughout its 
life, and a synthesis of this information, together with 
the goal or objective which the structure is intended to 
achieve, to produce that design which best achieves 
the objective and which provides adequate safety. This 
process involves far more calculation, but that can be 
more than offset by using computers. For this reason, 
raticmally-based structural design is necessarily com­
puter-based, serniauiomated design. 

This type of design was first developed and applied 
for aircraft and aerospace structures and it continues to 
have its greatest application in these areas because of 
the predominant econohuc significance of structural 
weight, and hence structural efficiency, coupled with 
the obvious need for very high structural reliability. In 
land-based structures the move toward this approach 
was given strong impeius in the 1970s by a series .of 
structural failures of steel box girder bridges, which 
showed that for the larger and more slender bridges the 
existing empirically based design codes were . inade­
quate. In the ocean environment, an elementary form 
of this approach is already used for the design of off­
shore structures, partly because there is little or no 
previous experience on which to rely, and partly be­
cause of the high economic stakes involved. ln this 
area, as well as in ship structures, the classification 
societies have encouraged and contributed greatly to 
the development of rationally-based methods. 

Rationally-based design is definitely not fully auto­
mated design, that is, a "black box" process in \\'.hich 
the designer' s only role is to supply the input data, 
whereupon the process presents him/her with a fin­
ished design. This type of design requires that ali de­
sign decisions-objectives, criteria, priorities, c?n­
straints, and so on-must be màde before the design 
commences, and many of these decisions have to be 
built into the program, making it difficult for the de­
signer to even be aware of them, much less to have 
control over them. Rather, of its very nature ration­
ally-based design must be interactive. The designer 

must always remain "in charge" and be able to make 
changes-in his/her objectives, criteria, constraints, 
priorities, and so on-in the light of intei:mediate re­
sults. Therefore, a rationally-based design process 
should allow the designer to interrupt, go back, make 
changes, call for more information, skip some steps, 
and so forth. 

From àil or the roregciing 'it 'is cibvious Íhat raiion­
ally-based design gives the designer much more scope, 
capability, and efficiency than e ver before. But it does 
require a computer--either a workstation or a modem 
PC-and it requires a basic knowledge of structures 
(e.g. the fundamentais of finite elem~nt analysis, and 
the basic types of structural failure) together with some 
experience in structural design (theory alone is not 
enough). Given these requirements, then the deciding 
factor in choosing the rationally-based approach is 
whether and to what extent a product and/or a perfor­
mance ( economic or operational or both) is desired that 
goes beyond what is obtainable from the rule-based 
approach. The latter is simpler, but it is non-optimal 
and non-adaptable. Thus the two approaches are com­
plementary and a good designer will use whichever is 
more appropriate for a given situation. 

Preliminary Design and Detail Design 

ln a ship structure, as in most structures, the principal 
dimensions are usually not determined by structural 
considerations but rather by more general require­
ments such as beam and draft limitations, required 
cargo capacity, and so on. For this r~ason. struct_ural 
design usually begins with the pnnc1pal d1mens1ons 
already established, and the designer must determine 
the complete set of scantlings that provide adequate 
strength and safety for least cost ( or whatever other 
objective is chosen). Structural design consists of two 
distinct leveis: 

1. Preliminary design, which determines the loca­
tion, spacing, and scantlings of the principal structural 
memberst 
2. Detail design, which determines the geometry and 
scantlings of local structure (brackets, connections, 
cutouts, reinforcements, etc.) 

tFor naval vessels this is termed "contract design." 
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Of these two levels, the rationally-based approach has 
more relevance and more potential benefits in regard to 
preliminary design because: 

a. This leve! has the greatest infiuence on the struc­
tural design and hence offers very large potential sav­
ings. 
b. This leve! pro vides the input to detail design and 
the benefits of the latter are strongly dependent on the 
quality of thls input. 

ln fact, rationally-based preliminary design offers 
severa! kinds of potential benefits. The economic 
benefits are illustrated by the tanker example quoted in 
Section 1.3, in which the rationally-based approach 
gives a 6% savings in ship structural cost compared 
with current standard designs ( whlch for a large tanker 
represents a savings of o ver one mi!lion dollars) an.d an 
even greater amount of extra revenue from /the in­
creased cargo capacity arising from weight · ~avings. 
Naval vessels can obtain greater mission capability by 
a reduction of weight and/or vertical center of gravity. 
Ship designers gain a large increase in design capabil­
ity and efficiency, and are able to concentrate more on 
the conceptual and.creative (and more far,reachlng and 
rewarding) aspects of design. And finally, there. are 
also substantial benefits to be gained in ship structural 
safety and reliability. 

This is not meant to imply that detail design is less 
important than preliminary design; it is equally impor­
tant for obtaining an efficient, safe and reliable ship. 
Here also there are many benefits to be gained by 
applying modem methods of engineering science, but 
the applications are different from preliminary design 
and the benefits ·are likewise different. Since the items 
being designed are 111uch smaller it is possib1e to do 
full-scale testing, and ·since they are more repetitive it 
is possible to obtain the benefits of mass production, 
standardization, methods engineering, and so on. ln 
fact, production aspects are of primary impoi:tance in 
detail design. 

Ais o, most of the structural items that come under 
detail design are similar from ship to ship, and so 
in-service experience provides a sound basis for their 
design. -ln fact, becausé of the large number of such 
items it would be inefficient to attempt to design ali of 
them from first principies. lnstead it is generally more 
efficient to use design codes and standard designs 
which have been proven by experience. ln other 
words, detail design is an area where a rule-based 
approach is very appropriate, and the rules that are 

1.1 INTRODUCTION 3 

published by the various shlp classification societies 
contain a great deal of useful information on the design 
of local structure, structural connections, and other 
structural details. 

Airns and Scope of the Book 

As indicated in the Preface, this book is the first of a 
coordinated pair of books on ship structural design, 
and it presents a methodology for rationally-based de­
sign and ali of the analysis aspects of such design. 
Now that we have defined the term "rationally-based" 
and have noted the distinction between preliminary 
design and detail design, we can give a more specific 
statement of the aims and scope of the two books. The 
aim of the first book is twofold: 

To present the fundamental and essential aspects of 
rationally-based preliminary shíp structural design 
in a complete and unified treatment that assumes 
only basic engineering subjects such as mechanics 
and strength of materiais 
To present a methodology for rationally-based de­
sign that is practical, efficient, and versatile, and 
tha( has already been implemented in a computer 
program, tested, and proven 

The aim and approximate scope of the second book is: 

To provide information on other basic aspects of 
ship structural design such as choice of configur­
ation, design of pai:ticular substructures, structural 
optimization ( especially practical design-oriented 
aspects), material selection, vibration, design for 
production, welded connections and some aspects 
of detail design ( especially fatigue), and in ali of 
these areas pay pai:ticular attention to computer­
aided aspects 

This first book is entirely self-sufficient and self­
contained; that is, it covers ali of the basic aspects of 
rationally-based design that are required by a designer, 
even aspects as basic as frame analysis and the finite 
element method. Thls has been done for two reasons. 
First, because this. book is intended primarily as a 
textbook, and in the field of ship structures such books 
are few and far between. For too long, students in thls 
field have had to consult a large number of different 
books and other sources in order to obtain the theory 
and methods that they need, and these are often in a 
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4 RATIONALLY-BASED STRUCTURAL DESIGN 

fonn that is not suited for ship applications. Because 
of the greater complexity and sophistication of ra­
tionally-based design, the Jack of a unified and com­
prehensive text would constitute a correspondingly 
greater difficulty for students, and a serious obstacle to 
further progress in this field. 

The second reason is that rationally-based design, 
both in general and in the particular method presented 
herein, is radically different from the traditional role­
based method, 1and although many of its features are 
familiar to designers (such as frame analysis, finite 
element analysis, and elastic buckling) other features 
are either relatively new (such as nonlinear finite ele­
ment theory and statistical prediction of wave loads) or 
totally new (such as the use of a buli module as the · 
basis or subject of the design, some new techniques for 
structural modeling, and the method for ultimate 
strength analysis of a buli module). 

For this reason the book is also intended for prac­
ticing designers who wish to become more familiar 
with this altemative method of design. ln fact, the 
book's role here is of particular importance because 
rationally-based design of its very nature requires at 
least a basic knowledge of its underlying theory and 
methods. Oncethis is acquired the method's enonnous 
capability (some of which is de.monstrated in Section 
1.3 and in the references given there) becomes avail­
able to the designer. Moreover, the method' s breadth 
of applicatioil and the benefits gained from it increáse 
in proportion to the knowledge of it. It is the author's 
hope that the presentation of the underlying theory and 
analysis methcids in this text will assist designers to 
obtain the maxirnum possible benefits from this new 
approach. 

Also, the author would like to emphasize that the 
design method presented herein is not the only possi­
ble method, at least not m regarei to the particular 
component methods for achieving the basic tasks, such 
as the structural modeling techniques and the methods 
of member lirnit analysis. The methods presented 
herein have been selected or developed on the basis of 
their suitability for rationally-based design, bu! this 
type of design involves so many different areas that 
there are bound to be some particular methods and 
techniques that are as good or better than those given 
here. Moreover, as further progress is made in such 
areas as structural theory, numerical methods, and 
computer hardware and software, still better me!hods 
will be developed. But the important point is that now, 
aS'the result of many years of effort by many persons 
and organizations both inside and outside of the field 

of ship structures, ali of the required ingredients for 
rationally-based design are available. 

Applicability to Naval Design 

Another irnportant feature of the design method 
presented herein is that it applies equally well to naval 
vessels and commercial vessels. Because classification 
roles are intended for commercial vessels and are not 
suitable for warships, various navies and naval design 
agencies have developed their own metbods of struc­
tural design. Like tbe classitication roles, these meth­
ods have evolved over a long period and many of them 
have been systematized and codified into some fonn of 
design manual-a sort of naval counterpart to the 
roles. But because of the need for greater structural 
efficiency and other special requirements, naval de­
sign methods have generally been more thorough and 
rigorous than role-based design, and have shown a 
stronger trend toward a rationally-based approach. 
Thus in addition to the design manuais many current 
methods of naval design aiready include some of the 
basic features of rationally-based design, although not 
as a single integrated design method. 

Section 1. 2 gives a brief overview of the basic 
features of rationally-based design, including a .dis­
cussion of the different airns, measures of merit, and 
design criteria in commercial ships and naval ships. 
Section 1.3 considers the capabilities, applications, 
and some sample resuits. Once these aspects have 
been treated it becomes apparent that the method 
presented herein applies equally well to both ship 
types, and that it matches the needs and challenges of 
naval design particularly well. Because commercial 
vessels are much more common, most of the expla­
nations and figures in this text refer to this type. There­
fore it seems desirable at this point to briefiy sum­
marize the reasons why the rationally-based method 
presented herein is so well suited for naval design, 
even though a full appreciation can only be obtained 
after covering Sections 1.2 and 1. 3. 

First of ali, naval ship structures are subject to many 
special requirements and constraints. For example, 
they must be capable of withstanding specified leveis 
of blast, shock, and other special loads. Also, they 
must be damage tolerant, that is, capable of sustaining 
some structural damage without loss of main func­
tions. As discussed in Section 1.2 the mission require­
ments of naval vessels máke it extremely important to 
minimize the weight and vertical center of gravity of 
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the structure to the extent allowed by the various cou­
straints (such as cost, adequate strength and safety, 
and damage tolerance). Hence there is a paramount 
need for structural optimization, which is one of the 
basic features of rationally-based design. 

But also, in order to achieve a truly optimal struc­
ture, the other aspects of rationally-based design are 
also required. ln particular, rationally-based design 
explicitly calculates each load effect and each limit 
value, and imposes the stipulated safety margin for 
each individual limit state. ln contrast, current naval 
design methods utilize specially defined "design 
loads" and some typical or representative limit states 
( which are simplified in order to preserve generality 
and facilitate computation) together with some general 
requirements such as maximum perrnissible stress. 
Since the actual individual load effects and limit val­
ues are not evaluated, the actual safety margins are not 
known precisely. Hence it is necessary to us~ larger 
safety margins in the representative limit statés in or­
der to achieve a sufficiently high probability that none 
of the margins in the actual limit states will be zero or 
negative. This inevitably results in some excess mate­
rial. ln contrast, since rationally-based design consid­
ers each limit state explicitly, it can achieve the sarne 
degree of safety without excess material. 

Finally, it is worth noting that the ability of ration­
ally based design to deal with both commercial and 
naval ships can also help to unify the field of ship 
structural design, which until now has been largely 
split into these two separate areas. 

Applicability to Other Types of Structure 

ln this text the rationally-based approach is described 
purely in teniis of ships. However, because this ap­
proach represents the most fundamental and most gen­
eral .type of engineering design, the material presented 
herein is also applicable to a wide variety of other steel 
structures, both fixed and tloating. * Ali of the basic 
principies and most of the analysis methods for other 
steel structures are the sarne as for ships, and the scope 
of this text could have been extended to include these 
other structures without requiring any fundamental 
change of approach. However, this wóuld have re­
quired .the consideration of additional types of loads 

*For example, in Reference 1 the methoci presented herein was 
used for the structural optinúzation of a large steel box girder 
bridge. 

1.2 BASIC ASPECTS OF STRUCTURAL DESIGN 5 

and failure modes, plus some new examples to illus­
trate these other applications, and this would have 
increased the book's length unduly. 

Practicality of the Method 

Rationally-based design is nécessarily computer-based 
and this raises a number of practical questions in re­
gard to computer implementation, accuracy, cost-ef­
fectiveness, availability, ease of use, documentation, 
and so on. These are important questions and they are 
dealt with fully in Section 1.3. But since practicality is 
so essential in a design method it is appropriate to 
mention here that this method has been developed over 
a period of 10 years and that during ali this time a 
computer program based on it has been developed 
simultaneously. The program is called MAESTRO t, 
and a cruder and partially completed forerunner was 
called SHIPOPT. The latter was used for thoroughly 
testing and demonstrating the basic features, and the 
results have been documented in the technical litera­
ture, showing MAESTRO to be extremely powerful, 
versatile, cost-effective and easy to use. The published 
ship design applications include a 14,000 tonne cargo 
ship, a 96,000 tonne tanker, a 140,000 tonne bulk 
carrier, and a destroyer. ln ali cases the program pro­
duced an optimum structural design in a matter of 
qtlnutés and at very low cost. ln addition to its use for 
optimum design, the analysis portion of MAESTRO 
can be used to evaluate a given design, to assess pro­
posed changes to a design or to an existing ship, or to 
evaluate the seriousness of damage incurred by a ves­
sel. The program is also a valuable too! for ship struc­
tural research and for the teaching of ship structural 
design. Further details of ali these aspects are given in 
Section 1.3 and in the references cited there. 

1.2 BASIC ASPECTS OF STRUCTURAL 
DESIGN 

One of the most familiar and fundamental concepts in 
engineering is that of a system, which may be anything 
from a simple device to a vast multilevel complex of 
subsystems. 

A ship is an obvious example of a relatively large 
and complex system, and in most cases the ship itself 
is a part of an even larger system. The ship consists of 

tMethod for Analysis, Evaluation and STRuctural Optimization. 
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6 RATIONALLY-BASED STRUCTURAL DESIGN 

severa! subsystems, each essential to the whole sys­
tem, for example, propulsion subsystem, cargo­
handling subsystem. The structure of the ship can be 
regarded as a subsystem, providing physical means 
whereby other subsystems are integrated into the 
whole and given adequate protection and a suitable 
foundation for their operation. 

· ln general terms the design of an engineering sys­
tem may be defined as: 

' 
The formulation of an accurate model of the system in 
order to analyze its response-internal and externai­
to its environmeri.t, and the use of an optimization 
method to determine the system characteristics that 
will best achieve a specified objective, while also 
fulfilling certain prescribed constraints on the system 
characteristics and the system response. 

Translating this to the case of preliminary ship struc­
tural design, a rationally-based design procedure can 
be described as foliows: 

1. The externai loads are predicted as accurately as 
possible, using statistical methods where appropriate. 
2. The !oad effects and limit values of load effects . 
are calculated accurately throughout the structure for 
ali loadcases. · 
3. The minimum required margins between the load 
effects and their limit values are ali selected on ·the 
basis of a required degree of safety. 
4. The resulting strength requirements are expressed 
in the form of mathematical constraints on the design 
variables (in most cases nonlinear constraints). 
5. The designer is left free to specify the measure of 
merit of the structure, that is, the criteria that is to be 
used in achieving the best structure, ànd the influence 
of each design variable on the measure of merit. Also 
the designer is able to specify any number of other 
constraints on the design, of any form whatsoever, in 
addition to the strength-related constraints. 
6. An optimization method automatically and ef­
ficiently solves for the values of the design vaiiables 
which give the maximum value of the measure of 
merit while also satisfying ali of the constraints. 

From this description of a rationally-based design pro­
cedure it is possible to identify six essential tasks: 

1. Calculation of environmental loads. 
2. Overall response analysis. 
3. Substructure response analysis. 

4. Limi( state analysis. 
5. Formulation of re!iability-based structural con­
straints. 
6. Solution of a large nonlinear optimization prob­
lem. 

Figure 1.1 illustrates the overall design process, con­
sisting of these six tasks. Ali of them are inherently 
very large tasks, especially for structures as large as 
ships, and the principal difficulty or challenge in de­
veloping a rationally-based design procedure is to de­
velop methods that can perform these tasks to the 
required degree of accuracy and thoroughness, within 
acceptable amounts of total ma:nhours and total com­
putational cost. Bach of these tasks is now considered 
briefiy, in arder to define it more precisely and to 
explain broadly what it entails. 

Calcnlation of Environmental Loads 

The environmental loads are the loads, both static and 
dynamic, that come from the ship's environment 
(mainly dueto gravity and fluid pressures) and from its 
motion. Most of these loads are relatively independent 
of the structural design, that is, they are not much 
affected by the structural layout or by the scantlings. 
Rather they are more a function of hull shape, the type 
and distribution of cargo, and other nonstructural fac­
tors, Therefore, although the calculation of these loads 
is the first step of structural design, and one of the most 
crucial aspects of the entire process, it is essentially a 
separate initial task. Some of the loads can be readily 
calculated and controlled by the designer (e.g., those 
arising from cargo distribution). Other loads, par­
ticÚlarly wave loads and other hydrodynamic loads 
(slamming, sloshing, etc.) are sufficiently complex 
that their calculation is not regarded as part of the 
designer' s task but rather that of hydrodynamicists and 
other specialists. ln contras!, the other two types of 
calculations-response analysis and limit state anal­
ysis-are inherently and totally structural in nature. 

Overall Response Analysis 

This analysis entails the calculation of the effects of 
the enviromnental loads on the overall structure (bend­
ing moment, deflection, stress, etc.). For reference the 
load effects will be represented by the symbol Q ( or Q1 

if referring to the ith load effect). 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 
( 
' 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( Full document details: Ship Structural Design: A Rationally-Based, Computer-Aided Optimization Approach

http://www.avadocuments.com/doc/ship-structural-design-a-rationally-based-computer-aided-optimization-approach
http://www.avadocuments.com/doc/ship-structural-design-a-rationally-based-computer-aided-optimization-approach


UPDATE H.G. 
STRESSES 

,,, 

NEW 
SCANTLINGS 

1.2 BASIC ASPECTS OF STRUCTURAL DESIGN 7 

1 CALCULATION OF ENVIRONMENTAL LOADS 1 

® t 
·OVERALL (HULL GIRDER) RESPONSE ANALYSIS 

Calculote Hui! Girder Load Effects: 
Determinisfic (Stillwater) S. Statlstical (Wave-lnduced) 

0 ! 

HULL MODULE RESPONSE ANALYSIS 
Calculate Laad Effects Q 

at Hull Module 8 Princ!pa! Member Leveis 

© t 
LIMIT STATE ANALYSIS 

Calculate Li+/iit Values 
ai Load Effects QL 

(Hull Module and Principal Members) 
PARTIAL 

® , , 
! 

,...,...FACTORS 
,; 

FORMULATE CONSTRAINTS 
f-<- - -OTHER C 

Yload. Q (x) < QL (x)/n 

! 
DESIGN EVALUATION YES 
Constrolnts Satisfied ? 

Objectíve _Achieved/Maximlzed? 

OBJECTIVE - _ ® !NO 

: OPTIMIZATION 1 

Figure 1.1 Rationally~based structural design. 

FOR EACH 
HULL MODULE 

SAFETY 

Y!oad1 YL 

ONSTRAINTS 

STOP 

For ali large structqres both the loading !illd the 
respo.nse* are sufficiently complex that the response 
analysis must be performed in two stages-an analysis 
of thy overall structure followed by separate and more 
detailed analyses of various substructures. Many of the 
load effects from the overall analysis constitute the 
loads and the boundary conditions at the substructure 
levei. For a ship the overall structure is essentially a 
beam-a floating box girder that is internally stiffened 
and subdivided-and in which the decks and bottom 
structure are flanges and the side shell and any longi­
tudinal bulkheads are the webs. The hull girder anal­
ysis <leais only with those longitudinally integrated 

forces and moments which are dealt with in beam 
theory: vertical shear force F,, longitudinal bending 
moment in the (ship's) vertical and horizontal planes 
M, and M,, and longitudinal twisting moment M,. Of 
these, the most significant is the vertical ~ending mo­
ment M,, that is, bending about the z-axis in Fig. 1.2. 
This load effect is caused mainly by the uhequal distri­
butions of weight and buoyancy along the, length of the 
ship, accentuated by waves. Horizontal bending (i.e., 
bending about the y-axis) occurs when the ship is in an 
inclined condition, due to rolling, and also arises from 
quartering seas in which wave crests on one side of the 
ship are in phase with troughs on the other. ln most 
ships the maximum value of M, is much smaller than 
the maximum value of M, (typically 20% or less) but 
in large tankers and some other cases it can rise to as 
high as 50%. For simplicity we here consider only 

*The "response" of a structure is simply the group of load effects 
that is caused; the two termS are essentially the same and they are 
used interchangeably throughout this text. 
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W "WEIGHT } 
WITHIN EACH LENGTH 

B "BUOYANCY 

W>B B>W W>B B>W W>B B>W 

~~ 
~ :J ~ 

HOGGING 

HULL MODULE 

HULL GIRDER 

transverse 
bulkhead 

y ,,/ 

SAGGING 

/ 

"""""" ""'""'~~ ~ 

'-UM C)Z" . /1 y \ 

X ~X Q t externai pressure 

PRINCIPAL MEMBER 

LOCAL 

Figure 1.2 Levels of structural analysis. 

vertical bending; horizontal bending and its relation to 
vertical bending is considered in Section 3. 6. 

The bending moment varies along the length of the 
ship, being zero at the ends and having a maximum 
value which usually óccurs near the midlength of the 
ship. The maximum value of hui! girder bending mo­
ment is the single most important loa.d effect in the 
analysis and design of ship structures. Hui! girder 
bending is referred to as either "hogging" or "sag-

ging," depending on the sense of curvature which it 
causes, as shown in Fig. 1.2. 

The hui! girder analysis assumes that hui! girder 
bending satisfies simple beam theory (Bernoulli­
Euler), which implies the following assumptions: 

1. Plane cross sections remain plane. 
2. The beam is essentialiy prismatic (no openings or 
discontinuities). 
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e!ongated length (R+y )d8 

É!' 
R 

d9 

Figure 1.3 Strain distribution ín simple beam theory. 

3. Other modes of response to the loads ( e.Ji., trans­
verse and longitudinal deflection and dístortíon, 
caused by shear. and/or torsíon) do not ·affect buli 
girder bending and may be treated separately. 
4. The material is homogeneous and elastic. 

The first assumption is illustrated in Fig. 1.3. Under 
the action of a bending moment a beam . undergoes 
curvature of radius R locally and, if plane cros.s sec­
tions remah1 plane, the longitudinal strain e, varies 
linearly in the vertical direction and is related to R as 
follows: 

(/?. + y) d(} - R d8 y 
e,= R d(} = R 

The horizontal surfacb where y, and hence 'a!so the 
straln is zeró is refe~éd to as either the neutral surface 
or th~ neutral axis. The material is assumed to be 
homogeneous and elastic, and so the longitudinal 
stress is 

~ = Ee = gl vx X R (1.2.1) 

If there is no externa] axial force equilibrium 
requires 

whích reduces to 

1.2 BASIC ASPECTS OF STRUCTURAL DESIGN 9 

and this indicates that the neutral surface coincides 
with the horiz~ntal centroidal axis of the cross section. 

Equilibrium of moments requires that the externai 
moment M, is balanced by the moment of the interna] 
stress forces 

M, = LY U'.x dA 

which from (1.2.1) reduces to 

EI 
M=­, R (1.2.2) 

where I is the moment of inertia of the cross section, 
defined by 

I = L y2 dA 

Equation 1.2.2 relates the curvature to the externai 
bending moment and if this is used to eliminate R from 
(1.2.1) the. result is the familiar equation for bending 
stress :at a height y from the neutral axis 

SECTION MODULUS 

M,y 
(7'.=­

x I (1.2.3) 

Equation 1.2.3 indicates that <T, is greatest when y is 
greatest, that is, at the extreme upper or lower edge of 
the section; When y corresponds to one of these ex­
treme values the quantity I / y is called the section 
modulus and is usually denoted by Z. Since the neutral 
axis is not generally at half-depth there will be'two 
extreme values of y: y0 for the deck and YK for the keel, 
and there wlJJ thus be two values of Z: Zo = l / Yo and 
ZK = I IYK· The bottom structure is usually sturdier 
than the deck and so the neutral axis is usually below 
the half-depth. A height of 0.4 D above the keel is 
typical, but the location varies widely between differ­
ent ship types. Thus the largest buli girder stress usu­
ally occurs in the deck rather than the bottom. More 
precisely, it occurs in the upperrnost member whlch is 
Jongítudinally effective, that is, whlch is of sufficient 
length and has a sufficiently rigid attachment to the rest 
of the buli girder to act as part of the buli girder. ln 
most cases thís is a deck and that deck constitutes the 
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10 RATIONALLY--BASED STRUCTURAL DESIGN 

uppennost flange of the hull girder. If the side shell 
extends up to this deck then it is referred to as the 
strength deck. 

Since the hull girder bending moment is essentially 
independent of the scantlings, the section modulus 
gives a direct measure of the change in hull girder 
bending stress arising from a change in scantlings. 
Therefore in each cycle of the rationally--based design 
procedure of Fig. 1.1, the new values of hull girder 
stress are obtai'ned directly by calculating the new lo­
cation of the neutral axis and the new value of I; there 
is no need to repeat the hull girder analysis. 

Section modulus is also useful whenever it is de­
sired to assess or control the maximum hull girder 
stress (wave-induced, stillwater, or total) by itself, 
separately from the stresses arising from hull module 
and principal member response. For exarnple, because 
the wave,induced hui! girder stress is cyclic it is neces­
sary to restrict its arnplitude in order to guard against 
fatigue failure. 

DEPARTURE FROM SIMPLE BEAM THEORY 

Equation 1.2.3 states that the stress is constant across 
horizontal decks and varies linearly in the sides. There · 
are severa! factors which can cause the actual stress 
distribution to differ from this idealized distribution. 
Firstly, because of transverse shear there is some lon­
gitudinal distortion of the cross section of the hull 
girder; this is referred to as "warping" of the cross 
section. This. means that the first assumption is not 
fulfilled, at least not perfect!y. Likewise, the second 
and third assumptions are not fulfilled because the hull 
girder is not prismatic, having large openings and 
other discontinuities and discrete elements ( transverse 
bu!kheads). Also, it is a complex assembly of mem­
bers, transverse as well as longitudinal, and there are 
severa! other modes of response, in addition to war­
ping, which affect the hull girder bending response. 
For ships in which there are ·no major changes in cross 
section other than in-line hatches (for which the inter­
mediate portions of deck may be ignored) the 'longi­
tudinal stress due to hull girder bending generally fol­
lows the idealized distribution quite closely (ignoring 
stress concentrations and other local effects) as shown 
in Fig. 1.4. For such ships the ·effects of shear and of 
other responses, of transverse structure, and even of 
openings and discontinuities, can be calculated. sepa­
r,ately (or at least estimated) in order to assess their 
importance and to apply corrections where necessary. 
ln some cases superposition can be used. This struc­
turally prismatic type of hull girder is considered in 
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Figure 1.4 Typical hull girder bending stress distribution for 
structurally prismatic ships. 

Chapter 3. For ships with significant changes in cross 
section most of the load effects can only be obtained 
at the hull module levei. The boundary conditions for 
the hull module analysis can be obtained from a non­
prismatic hull girder analysis using a "hull segment" 
element. The latter is presented in Section 6.3. 

Shear force can be quite significant with some cargo 
types and distributions (especially buli< cargoes) and 
both shear force and twisting moment can be 
significant if the hull girder has low torsional rigidity. 
This occurs in vessels with large and numerous deck 
openings, such as container or barge-carrying vessels. 
Shear force and its effects are treated in the latter part 
of Chapter 3. Torsion is dealt with in Chapter 6. 

Hull Module 

S!GNIFICANCE AND ROLE OF A HULL MODULE 

ldeally a structure should be designed as a single unit; 
that is, ali of the steps of rationally--based design 
should be applied to the structure as a whole, in order 
to be sure to account for ali of the structure' s inter­
actions and other characteristics. This is essential if the 
design is to be truly optimal. However, present day 
computational means are not yet adequate for the com­
plete procedure to be applied to a structure as large and 
as complex as a ship. Therefore it is necessary to 
subdivide the overall structure and to achieve its de­
sign by means of a ooordinated series of rationally­
based designs of these substructures. lf these separate 
designs are to still produce the true optimal overall 
design it is necessary to continue to account for ali of 
the structure's interactions and other characteristics. 
Obviously, this includes ali types of interactions be­
tween the substructures: in response, in limit states, 
and in overall optimality. Therefore the division into 
substructures must not prevent, omit, or inaccurately 
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portray any of the structure' s responses, limit states, or 
optimality tradeoffs. 

On practical grounds this can only be achieved if 
the substructures can be defined such that their inter­
actions are few, localized, and easily calculated and 
accounted for. Hence there are· two main requirements 
which a substructure must meet: 
1. It must be sufficiently small, cohesive, and regu­
lar as to make its rationally-based design both feasible 
and practical. · 
2. It must be sufficierttly large and sufficiently auton­
omous in its response, its lirnit states, and its effect on 
the overall optirnality, such that no significant charac­
teristic of the overall structure is lost, and such that all 
significant interactions which do exist can be fully 
accounted for. 
For a ship structure the second requirement can only 
be satisfied by making each substructure a complete 
segment of the hull girder. ln this text such a sub­
structure is referred to as a hull module (see fig. 1.2). 
A smaller substructure could never adequately repre­
sent ali of the characteristics of the overall structure; 
nor would it have sufficient autonomy in the three 
required areas: response, limit states, and optimality 
tradeoffs. 

Taking each hull module as being a complete seg­
ment largely eliminates interactions in the last two 
areas. If all of the hull modules are of reasonable 
length then any form of overall (hull girder) l'ailure 
will occur wholly within a hull module. And because 
of the need for longitudinal continuity there can be Íi~ 
appreciable tradeoffs in structural cost (or other mea­
sure of optirnality) between one hui! module and an­
other, especially if they are ali reasonably long. 

Structural interactions between hull modules cannot 
of course be eliminated, but they can be minimized by 
always locating the"·hull module boundaries at trans­
verse bulkheads. But it is also necessary to be able to 
analyze each hui! module in isolation, and therefore 
each of them must be defined such that a complete set 
of boundary conditions can be established for it from 
the hull girder analysis. It is this need for boundary 
cortditions, together with the need to correctly portray 
the structural response, which determines the min­
imum length of a buli module.• These two require-

*More correctly, the need for boundary conditions detennines the 
minimurn length of the finite element model, which may consist of 
any number of hull modules, and the minimum length of a hull 
module is determined by the need to correctly portray the structural 
response; i.e. by the second of the two requirements listed at the top 
of this page. 
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ments must always be fulfilled by each and every hull 
module. The actual length that is required depends on 
the overall layout of the vessel, the arrangement and 
geometry of its holds or major compartrnents, and the 
location and size of all large openings. 

ln certain rare cases these requirements may pre­
clude subdivision; that is, the entire ship must be mod­
eled. This would be the case, for example, with a 
completely open-deck ship because for such a vessel 
the torsional response is irnportant and the hui! girder 
analysis is not sufficiently detailed to determine accu­
rate boundary conditions anywhere within the ship 
length. For a similar reason there are some container 
ships for which the structural model must extend over 
all of the cargo holds, from the forepeak bnlkhead to 
the engine roam bulkhead. For other container ships it 
is possible (by means of a special type of hui! girder 
analysis presented in Chapter 6) to obtain suitable 
boundary conditions at intermediate bulkheads, thereby 
allowing the use of isolated hui! .modules. For bulk 
carriers it will be shown that the hui! module must 
extend over at least three cargo holds. For some other 
ship types it can be a single hold. A further and more 
detailed discussion of the minimum length of a hui! 
module is presented in Section 2.3. 

Apart from minimum length there are no hard and 
fast roles for choosing the number, location, and 
length of the hull modules. The choice depends on 
many · factors and it varies according to the situation 
and the circumstances surrounding ·each design. This 
is just one of niány aspects of structural design which 
must be left to the judgement of the designer. Some 
exfil\lples for particular ship types are given in Refer­
ences 16 and 17. If the vessel consists of a number of 
basically similar cargo holds it is usually desirable to 
use identical scantlings for ali of them for greater sim­
plicity and economy. ln this case the designer defines 
a hull module which satisfies the minirnum Jength re­
quirement ( and which may therefore need to include 
more than one hold) and he proceeds to design that hull 
module using a number of different loadcases (combi­
nations ofloads which occur together). Bach loadcase 
consists of the loads that act on one of the hull modules 
which make up the buli girder. 

ln other cases a ship may have very little repetition 
in its layout so that there is no automatic advantage in 
using a minimum length hui! module. Here the choice 
of subdivision into buli modules depends mainly on 
how much the layout and geometry varies among the 
different portions of the ship, and how much common­
ality or variation the designer wishes to impose on the 
design. Perhaps surprisingly, the amount of com-
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putation is not a principal factor in lhis decision, be­
cause in lhe design method presented herein lhe total 
amount of computation is only moderately increased if 
lhe ship is divided into several short buli modules 
instead of a few long ones, assurning lhat in ali cases 
a full design is performed for each buli module. 

ln fact, allhough lhere is some savings if lhere are 
fewer buli modules, and allhough lhe lheoretical ideal 
is to design lhe complete structure ali at once, lhere are 
practical limitations and disadvantages in trying to rep­
resent lhe ship wilh very few buli modules. From sheer 
practicality lhe computer prograrn which implements 
lhe design melhod must necessarily incorporate and 
rely on some degree of regularity in lhe geometry and 
structure of lhe hull module; olherwise eilher lhe pro­
gramming task becomes too large or lhe program itself 
grows too large to be efficient, or even manageable. 
Because of this regularity in lhe buli module lhe inc!u­
sion of more and more different portions of lhe ship in 
one hui! module requires more and more modeling 
simplifications. These constitute artificial constraints 
on lhe design, lhus limiting lhe extent to which it can 
approach lhe true optimum. Therefore in general a 
separate buli module should be defined for each por­
tion of lhe ship lhat has substantially different geome-. 
try, subject to lhe minimum length requirement. 

However it is not always necessary to perform a 
complete design for every portion. In some ships lhere 
may be a few portions lhat are of greater economic or 
operational importance and it may be sufficient to de­
sign lhese first and then obtain lhe scantlings of lhe 
olher portions by a judicious choice of intermediate 
va!ues, or even lhe sarne values in order to obtain 
greater simp!icity and regularity of structure and lhe 
cost savings which lhis often brings. 

ln lhe design process of Fig. 1.1 lhe first two steps 
refer to lhe ship as a who.le and lherefore lhey ·on!y 
need to be performed once, whereas lhe design cyc!e 
consisting of steps 2 to 6 must be performed in its 
entirety (including however many cycles are needed 
for convergence) for each hull module. 

By way of summing up lhese basic considerations 
regarding lhe rationally-based design of ship struc­
tures, we may list lhe three aspects which are crucial 
for its achievement: 

A suitable choice of lhe hull modules 
The use of a true rationally-based procedure for lhe 
buli inodule design 

· A careful and lhorough synlhesis of lhe buli module 
designs wilh each other and with the olher aspects 
of structural design 

HULL MODULE RESPONSE ANALYSIS 

For purposes of structural definition, analysis, and op­
timization it is necessary to subdivide lhe hull module 
into further substructures. ln lhe design melhod 
presented herein lhere are two further leveis of sub­
structure: principal member and local structure. These 
are illustrated in Fig. 1.2. Although we are further 
subdividing lhe buli module, it is still ana!yzed and 
designed as one unit, and so lhe manner in which lhis 
further subdivision is done does not greatly affect lhe 
optima!ity of lhe resulting hull module. However, it 
has a very strong influence on lhe speed and efficiency 
of bolh lhe analysis and lhe optimization of lhe buli 
module. 

The buli girder analysis provides lhe boundary 
conditions-bolh supports and loads-for each of lhe 
buli modules. From lhis point on, each of lhe buli 
modules is designed separately, lhough of course lhere 
must be coordination between lhem and a final syn­
thesis, which often includes standardization. TI1e de­
sign process begins wilh lhe response analysis of lhe 
buli module. We note here that lhe load effects lhat are 
ca!culated in the buli module ana!ysis become lhe 
loads and lhe boundary conditions for the member 
analysis, and lhe !oad effects for lhe latter beco me the 
loads and boundary conditions for lhe local structural 
ana!ysis. Thus lhe sarne physical quantity or phenom­
enon can be referred to as either a "load" or a "load 
effect," depending on whelher one wishes to indicate 
a cause or an effect. 

The importance of lhe hu!l module analysis cannot 
be overemphasized. The purpose of structural re­
sponse analysis is to calculate ali of lhe significant load 
effects in ali of lhe principal members, and lhe main 
purpose of the hull module analysis is to provide lhe 
botindary conditions which are required for lhe anal­
ysis of lhe principal members. Beca use of lhe complex 
three-dimensional geometry and loading in a hu!l mod­
ule, and the consequent high degree of statical indeter­
minacy, it is not possible to determine lhe boundary 
conditions of lhe principal members except by per­
forrning a buli module analysis. Putting it another 
way, the principal structural members cannot be ana­
lyzed or designed in isolation, but ralher only in con­
junction with a buli module analysis. The point is 
emphasized here because most earlier melhods of ship 
structural design did not include a hull module anal­
ysis, mainly because lhe computational means were 
not available. 

Anolher result of the sJatical indeterrninacy of lhe 
buli module is lhat lhe distribution of loads arnong lhe 
principal members and lhe pattem of interna! forces in 
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Shear 
stress r 

Figure 1.5 -Application of hull girder Ioad effects. 

each of lhem is depértdent on lhe structural dimensions 
of lhe principal members. As the design proceeds and 
lhese dimensions change so also do the internai forces 
change, and for lhis reason the design. of the hull 
module and its constituent principal structural mem­
bers is necessarily an iterative process, as shown in 
Fig. 1.1. 

The loads on lhe hull module which come from lhe 
hull girder analysis are lhe hull girder stresses in lhe 
ship's éross section lhat are "exposed" by "cutting" the 
hull mé)dule away from lhe rest of the ship. Unless a 
spécial hull girder analysis has been used, lhis cut must 
be made at a transverse bulkhead ( either just forward 
or just aft of lhe bulkhead, so lhat ónly the longitudinal 
material is cut) because the ordinary hull girder anal­
ysis assumes that there is no transverse deformation of 
lhe cross section. There are two types of applied 

stresses-longitudinal stress a which acts normal to 
lhe cross section, and shear stress 7' which acts in the 
plane of the cross section. These are illustrated in Fig. 
1.5. When applied to lhe hull module as external 
forces lhey account for the effect of lhe rest of lhe ship 
structure and lhey provide lhe reaction forces which 
place lhe hull module in equilibrium. (It will not be 
perfect equilibrium and so sufficient restraints must be 
applied to lhe module to preveni rigid body motion, 
but the reaction forces at lhese support points will be 
small.) Wherever there is symmetry in lhe buli module 
only half of lhe structure in lhat direction needs to be 
modeled ( even lhough the loads may not by symmet­
ric). Hence for a doubly symmetric hull module only 
a one-quarter model is required, as shown in Fig. 1.5. 

This procedure of isolating the hull module and 
applying .lhe hull girder stresses as loads assumes lhat 

-
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14 RATIONALLY-BASED STRUCTURAL DESIGN 

these stresses are independent of and unaffected by the 
structural response wbicb occurs at the buli module 
levei. This assumption is valid because the longi­
tudinal structure of the buli girder is essentially orthog­
onal to tbe transverse structure and so tbe athwartsbips 
loads, wbicb are ignored in the buli girder analysis, do 
not bave any appreciable effect in the longitudinal 
direction (and at the ends of the vessel, wbere the taper 
is larger, the stresses themselves are mucb smaller). 
Of course, one way in wbicb the buli girder stresses 
could be affected by the buli module response is that 
if the combined loads acting on the buli module were 
to cause buckling or yielding of any longitudinal mem­
ber, then that member would no longer be longi­
tudinally effective, thereby reducing the buli girder 
moment of inertia below tbe value that was used in the 
buli girder analysis. However, the cbeck for this inef­
fectiveness occurs in the formulation and evaluation of 
the constraints (step 5 in Fig. 1.1) in wbicb every 
member is cbecked regarding yielding, buckling, and 
ali other possible forms of failure or unserviceability. 
If a member is found to be inadequate, it is redesigned 
in step 6. But before the members can be cbecked the 
buli module analysis must be performed because there 
are some longitudinal stresses at this levei wbicb must 
be added to the buli girder stress. Also, the cbeck 
against buckling requires firsi that the buckling loads 
be calculated for ali of the relevant members. Thus the 
structural modifications whicb are required in order to 
preserve the validity of the buli girder analysis can 
only be made after the buli module analysis bas been 
performeci. But the design process is necessarily iter­
ative anyway, due to the statical indeterminacy of the 
structure and· the nonlinearities in most of the ultimate 
strength constraints. As the design proceeds, eacb of 
the members will be made to satisfy ali requirements 
and in this way the validity of the buli girder anal ysis 
will be guaranteed. Therefore, it is both permissible 
and logical to analyze the buli module separately and 
subsequently to the buli girder. . 

LocAL SmucrURE 

At the most detailed levei are those elements of struc­
ture wbicb are lócal in extent: components of princi­
pal members, brackets, connections, reinforcements, 
foundations, fittings, and so on. Basically, a structural 
element can be classified as local if it does not bave 
any appreciable effect on the load distribution within 
the bull module; in other words, it is local if it does not 
affect the magnitude and overall distribution of inter-' 

na! forces in nearby principal members, but rather bas 
only a local effect on the internai force distribution in 
these members. 

Because of the irregular geometry of local structure 
its analysis usually represents a significant com­
putational task. Obviously the analysis and design of 
local structure can only be dane after the structural 
dimensions of the principal members bave been deter­
mined. But as noted previously and as illustrated in 
Fig. 1.1, the design of the principal members is an 
iterative process, and it would be inefficient to include 
the design of local structure as part of this process. 
Rather, the design of local structure-detail design­
is a separate process wbicb comes âfter the preliminary 
design process sbown in Figure 1.1. Reference 2 con­
tains a great <leal of information on detail design, as do 
the rules and other publications of the classification 
societies. Moreover, most of the items that come un­
der the beading of local structure are not unique to 
sbips, and there are many design manuais and band­
books for land-based steel structures wbicb contain 
useful information. 

Limit State Analysis 

A limit state is any condition in whicb a structure or a 
structural member bas become unfit for one of its in­
tended roles, due to one or more loads and/or load 
effects. * There are two broad categories of limit states: 
the ultimate or collapse limit states, in whicb the struc­
ture or member bas failed in its primary, load-carrying 
role; and the serviceability limit states, wbicb involve 
the deterioration or loss of otber, less vital functions. 
The limit values are tbe values of tbe loads or load 
effects wbicb produce or correspond to a limit state. A 
limit value is denoted by the symbol Qi. The symbol 
Qi represents the values of a group of loads and/or 
load effects whicb produce a limit state. A limit state 
analysis consists of the calculation of the limit values, 
perbaps in various combinations and sequences, wbicb 
correspond to a specified limit state, either in amem­
ber or in the overall structure. An ultimate limit state 
is often referred to as the ultimate strength of the 

*For the overall structure it is loads. whereas for a member it is 
usually load effects. For simplicity we often use the term "load", 
even when the term "load effect" might be more accurate. The 
symbol Q denotes whatever agent is causing a limit state; hence Q 
can represent either a load or a load effect. Where a distinction is 
imp-0rtant the symbol F will be used for a load and the symbol Q 
for a load effect. 
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structure or member, and the two terms are used inter­
changeably throughout this text. 

Serviceability limit states arise from the fact that 
some members are designed on the basis of a forro of 
failure other than structural failure. For exarnple, as 
shown in Chapter 9, !aterally loaded plating is usually 
designed on the basis of a maximum allowable 
"permanent set" (plastic dishing). The limit value is 
the load which causes this limit state, whereas the 
ultimate load is that value at which the plate can no 
longer support the load. 

There are three basic types of structural failure, 
plastic deformation, instability, and fracture, and 
withln these there are several different modes of fail­
ure, some of which are more serious than others; these 
are explained in Section 2.4. Moreover, these various 
failure modes can combine and also interact, de­
pending on the member properties and on the loading. 
And finally, there are always. several different loading 
arrangements and load combinations whÍch must be 
considered (hogging and sagging, deep draft and light 
draft, various distributions of cargo, etc.). Hence for 
each structural member there are usually several limit 
states, not all of which have the sarne degree of seri­
ousness. ln general, rationally-based design requires 
that each and every relevant limit state be examined, 
and those which interact should be exarnined together. 
There should be no a priori assumptions as to whether 
some limit state will or will not govem the design. 

Thus, to take a very simple example, the laterally 
loaded plate referred to above should be examined for 
both types of limit state. The limit load for ultimate 
failure is much larger than the limit load for allowable 
permanent set. But because of the far greater degree of 
seriousness t!J.ere must be a much greater margin be­
tween the ultimate l9ad and the expected service load, 
and so either réquirernent may govem the required 
thickness of plating. ln order to determine which is the 
goveming requirement it is necessary to perform both 
limit state analyses. 

The levei of seriousness of a limit state corresponds 
approximately to the leve! or extent of structure which 
has failed: overall, substructure, or local. For the pre­
liminary design of a ship structure the appropriate lev­
eis are hull module and principal member. The hull 
girder leve! is here redundant because the hull module 
is a complete segment of the hull girder and failure of 
the hull module is failure of the overall ship. Hence in 
this text the terms "overall failure" and "structure 
failure" refer to failure at the hull module leve!, unless 
noted otherwise. Failure of local structure is not 
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sufficiently serious to be included with the other lev­
eis. Also, as noted earlier, this leve! of structure is 
usually dealt with in detail design rather than pre­
liminary design. 

Thus there are two leveis of structure that can reach 
a limit state: the structure as a whole (the hull module) 
and the principal members. ldéally the limit analysis 
of the overall structure should include the limit anal­
ysis ofthe individual principal members. However the 
limit analysis of a hull module is a very large com­
putational task and the total amount of computation 
can be reduced by performing the two separately: a 
hull module limit analysis which uses a simplified 
structural model of the hull module; and a separate 
limit analysis of each different principal member, for 
each different load combination which that member 
faces. The member limit analyses provide the values 
of a member u!timate strength whích are used in the 
hull module limit analysis, and the latter specifies the 
load combinations whích are tÓ-be used in each mem­
ber limit analysis. The determination of these load 
combinations is crucial for rationally-based ship struc­
tural design. At the member leve! it is not possible to 
adequately account for the interaction between mem­
bers. Hence it is not possible to know the true loads 
that are acting on each member as the structure ap­
proaches collapse. Moreover, most large structures 
have a high degree of statical indeterminacy, and also 
alternative paths through which loads can be trans­
mitted. lt is unusual-and undesirable-for large 
structures to have a member that is so vital that col­
lapse of the member would mean collapse of the struc­
ture. ln most cases str,ucture collapse requires a large 
number of individuâl failures in various members. 
Some of those failures occur within the sarne members 
and cause them to collapse; others, are more widely 
distributed and therefore do not caus.e member col­
lapse. It is even possible for a structure to collapse by 
a mechanism involving severa! members, none of 
which has undergone complete collapse. Hence it is 
absolutely necessary to examine the strength of the 
structure as a whole, in order to identify any and ai! 
mechanisms which may cause collapse. 

An example of member collapse is the collapse of 
a stiffened pane! in the deck of a ship. ln this case the 
load is the hui! girder bending stress <J',. The collapse 
could be caused by any of the three basic types of 
failure (for simplicity we here ignore combinations 
and interactions). Hence there are (at least) three sep­
arate limit values of <J',, and the pane! collapses when 
<J', reaches lhe lowest of these three values. The mag-
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1 

nitude of each of these limit values is deterrnined by 
the design of the panel-its geometry, scantlings, ma­
terial, and so on. Expressing this in more general 
terms, we say that each limit value QL is a function of 
the design variables X, and when we wish to indicate 
this dependency we shall write QL (X). Thus, the limit 
values are under the control of the designer, and the 
safety of the structure is acbieved mainly by choosing 
X such that each of the limit values QL (X) exceeds the 
corresponding load Q by a satisfactory margin. 

Safety, Uncertainty, and Structural Constraints 

(A) STRENGTH CONSTRAINTS 

Almost every design involves constraints, that is, con­
ditions or requirements wbich must be satisfied. ln 
structural design the most irnportant constraints are the 
strength constraints--those which are aimed at provid­
ing adequate safety and serviceability. Structural 
safety is inherently probabilistic, it is the probability 
that a structure will not fail. The risk of failure arises 
from the various uncertainties which are involved: un­
certainties in loads, load effects, and limit values of 
load effects, the latter being ciue to variations in mate­
rial quality, workmansbip, fabrication, and so on. 
There are two broad types of uncertainty, statistical 
and nonstatistical. The first type arises from genuine 
statistical randomness and can therefore be treated us­
ing statisticál theory. The second type arises from sub­
jective elements and from events which are not truly 
random and · are difficult to predict. Wave loads aild 
material properties are exarnples of statistical uncer­
tainties; these can be dealt with adequately by statisti­
cal method.s. Examples of nonstaiístical uricertainty 
are those arising from the operation of the sbip, such 
as operating errors (improper loading, mishandling, 
etc.) ora change of service. 

Obviously, a rationally-based design procedure 
must be able to <leal with both types of uncert.ainty in 
such a way that the required degree of safety (which is 
ultimately decided by society as a whole, through the 
medi um of regulatory authorities and insurànce rates) 
is acbieved in a clear and explicit manner. The first 
type-statistical uncertainty-is dealt with by statisti­
cal methods. For ali loads, load effects, and limit 
values which are probabilistic, statistical theory is 

· used to estimate suitable values to be used for design. 
If the quantity involves a large number of peàk values, 
such as wave-induced bending moment, then the cal-

culation is based on extreme values of that quantity, 
and the particular extreme value which is selected for 
design is referred to as the characteristic value. ln this 
text an extreme value is denote9 by the symbol • 
placed above the quantity (e.g., M. for wave-induced 
bending moment) and the chapcteristic value is de­
noted by a subscript e (e.g., M •. ,). 

Besides dealing with statistical uncertainty, a 
rationally-based design procedure must also provide 
some means whereby the designer ( or the regulatory 
authority) can explicitly allow for the other uncertain­
ties. This is done by,specifying a minimum value of 
the margin between Q, and QL. In practice this margin 
is usually specified in terms of a safety factor ')'o Vl{hich 
is the minimum factor by which QL must exceed Q'" In 
terms of 'Yo the constraint is of the form 

(l.2.4) 

But in addition to accounting for uncertainty, it is 
also necessary to utilize some further safety factors in 
order to allow for the degree of seriousness of each 
type of failure, both in regard to safety (loss of life) 
and serviceability (loss of revenue or loss of mission 
capability). Likewise it is also necessary to apply some 
factors to account for particular circumstances such as 
the type of ship (passenger, cargo, naval, hazardous 
cargo, etc.) and the cost and the operational irn­
portance of the ship. These various factors are known 
as partia/ safety factors. The required degree of safety 
is provided by the total factor of safety, which is the 
product of the partia! safety factors. Thus in (1.2.4) 'Yo 
denotes the total factor of safety. 

Strength constraints are very often nonlinear, for a 
variety of reasons. First, two of the three basic types 
of failure are generally nonlinear: instability in typical 
sbip structural members is usually inelastic, and plas­
tic deformation is inherently nonlinear. Therefore 
most of the limit value expressions QL (X) are non­
linear, and hence most of the structural constraints, 
even those involving only one load, are nonlinear. 
Modes of failure that involve more than one load 
and/or more than one structural member are even more 
nonlinear. Also in a statically indeterrninate structure 
the load effect in a member Q (X), can be a nonlinear 
function of the design variables X. 

F ailure Involving M ultiple Loads. For simplicity we 
have thus far considered limit states which involve 
only one load. For a limit state which involves two or 
more loads one of the loads is selected as the principal 
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independent variable and an expression for its limit 
value is obiaíned as a function, not only of the design 
variables, but also of the other loads. For example, in 
the failure of deck plating due to plate buckling, the 
primaryload is the longitudinal compressive stress u,. 
The limit value is the value of <Tx that causes buckling; 
in buckling terminology this is referred to as the 
"criticai" stress ( <Tx)". If there is also a transverse 
stress u, acting on the plate ihis constitutes a second 
load and it influences the value of ( <Tx)c,. From plate 
buckling theory (Chapter 12) one can obtain an expres­
sion for this influence; in general form it is 

(ux)" = f(X, u,) 

Hence the constraint equation takes the form 

Yo<Tx :5 f(X, <Ty) 

and in ihe design of the plating the design vanables 
must be such as to satisfy this inequality. · 

(B) ÜTHER (NONSTRENGTil-RELATED) CONSTRAINTS 

As shown in Fig. 1.1, besides the strength constraints 
there are oiher constraints on the structural design aris­
ing from (1) operational requirements (e.g., minimum 
size of hatches, Jimitations on distortion and on vi­
bration, etc.) and (2) fabrication considerations (e.g., 
maximum plate ihickness for cold rolling, minimum 
spacing between stiffeners for welding, etc.). 

These other constraints are relatively straight­
forward because they are expressed directly in terms of 
the structural design variables, being either minimum 
or maximum values of design variables or of ratios of 
design variables. An eimmple of the latter is the fabri­
cation constraint that the height of the transverse frame 
hr must be sufficiently larger than the height h, of a 
stiffener which passes ihrough it, so that the cutout 
does not interfere with ihe flange of the frame. Thus, 
for example, if it were desired to restrict the· stiffener 
height to no more than 80% of the frame height, then 
the constraint would be h, :5 O. 8 izr. Constraints of ihis 
type are important, but ihere is no need to give them 
any further treatment in this book because they are 
straightforward and are already contained in structural 
design· manuais and structural codes, such as ihe rules 
ofihe Ciassification societies. Also, since they have a 
very simple mathematical form (linear inequality) it is 
a simple matter to incorporate !hem in any maihe­
matical algorithm or computer program for rationally­
based structural design. 

1.2 BASIC ASPECTS OF STRUCTURAL DESIGN 17 

Definition of the Objective in Structural 
Optimization 

Rationally-based design, of its very nature, must have 
a goal or objective, and there must be some measure 
for assessing the merit of a design vis-a-vis that objec­
tive. Hence in a rationally-based design process the 
designer must be able to nominate and quantify the 
objective of the design, and the design process must be 
capable of actively and automatically achieving this 
objective to the fullest extent possible, subject to ihe 
constraints. This in tum means that the design process 
must include an optimization method which is capable 
of solving an optimization problem involving a large 
number of constraints of various types (linear and non­
linear, equality and inequality) and in which ihe mea­
sure of merit is totally flexible. That is, the opti­
mization method should not restrict the measure of 
merit to linear expressions or to special cases (such as 
"least weight") since these may not suit the designer' s 
needs. 

Mathematical optimization of any kind requires that 
the measure of merit be defined as a mathematical 
quantity which is to be maximized ( or minimized) and 
which is expressed as a function of the design vari­
ables. The measure of merit is therefore also referred 
to as the "objective function." ln the overall design of 
a ship the structural design interacts with the other 
aspects of design, and something which is beneficial 
from a structural point of view may be detrirnental in 
some other regard. Therefore the structural design ob­
jective should reflect the overall goal and ihe objective 
function should account for the results of interactions 
between the structural design and the other aspects of 
ship design. The goal depends first of ali on the basic 
purpose of the ship, and in this regard the two principal 
categories are commercial vessels and naval vessels. 
ln this section we consider ihe measure of merit for a 
ship structure, first for commercial vessels (whi!e 
keeping in mind that many of the factors relating to 
this are also relevant to naval vessels) and then for 
naval vessels. 

(A) COMMERCIAL VESSELS 

For commercial vessels ihe objective is profitability, 
either of the ship itself or of some larger system. The 
principal factors which determine a ship' s profitability 
are shown (in greatly simplified form) in Fig. 1.6, 
taken from Ref. 3. The quantities that are strongly 
infiuenced by the structural design are outlined, and it 
is clear that the structural design can affect profitability 
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(S. , 1 HULL WEIGHT 1 + Machinery + Ouffit 

Poyload = Displacement - Light Ship - Consumables 

~ REVENUES + OUT OF SERVICE SALE PRICE 

\ 
TOTAL EARNINGS 

PROFITABILITY = --'-----­
TOTAL EXPENDITURES 

~ 
----------;,..OPERATING COSTS + INITIAL COST 

t 1. C. = 1 Materiais / + 1 Labor 1 + Overhead O. C. = FUe! + Provislons + Labor + \ Maintenance 1 + Bond lnterest 

t 
Dlsplocement = Light Sh!p + Consumable ( Light Condition ) 

t L. S. = 1 HULL WEIGHT 1 + Machin~ry + Outflt 

Figure 1.6 Principal factars in ship profitability. 

at various leveis and in various categories: payload, 
initiàl cost, operating cost, and so on. 

The choice of the objective function àlso depends on 
which person or agency has the authority to decide; 
that is, it depends on whose behàlf the designer is 
acting. ln most cases it is the ship owner, but it may 
be the ship operator or the shipyard or the controller of 
some larger system in which the ship is to operate. For 
example, a shipyard which is responsible for the de­
sign as well as the constnlction would probably give 
greater importance to initiàl cost than would a ship 
owner, whereas the latter would have a greater' interest 
in operationàl aspects and Hfe-cycle economics. 

Also, the factors and influences shown in Fig. 1.6 
have different degrees of importance, and not ali of 
them need to be included in the objective function. ln 
many cases the only strong influence which the scant­
lings·have on profitability is their effect on initiàl cost, 

· and in such cases "least initiàl cost" is a sufficiently 
accurate objective. 

Altematively, with smàll weight-criticàl vessels 
such as hydrofoils and surface-effect ships, profit­
ability or performance is determined almost entirely by 

hull weight because decreased structuràl weight àllows 
a direct and corresponding increase in the pay load. 
Therefore in these cases the weight of the structure is 
inc!uded in the objective function, as a different type 
of cost. Moreover, even very large vessels can be 
weight-sensitive, such that a savings in buli weight 
gives an increase in pay!oad, as well as reductions in 
cost. The ways in which this occurs are indicated in 
Fig. 1.6, from Evans [3]. 

The question then arises as to what is the proper 
combination of the two goàls of weight reduction and 
initiàl cost reduction. This question can only be an­
swered by a careful study of the economic life cycle of 
each ship, to determine the trade-off between initial 
cost and increased revenue from weight savings. As an 
approximate means of allowing for this combination, 
.Càldwell [4] has proposed a useful nondimensional 
objective function which combines weight aild cost in 
the form 

w e 
U = v-· + (1 - v)-

Wo Co 
(1.2.5) 

where Wo·and C0 are the weight and initiàl cost of some 
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basis or standard design, W and C are the weight and 
initial cost of a proposed design, and v is a number 
which varies between zero (where Jeast initial cost is 
the objective) and unity (where weight-saving is the 
objective). It can be shown that if the weight saved in 
structure can be taken up by cargo then the best value 
of the weighting factor v in (1.2.5) is 

(1.2.6) 

in which 

R = weight of structure 
w weight of cargo 

in the basis design and 

annual costs arising from initial cost 
R,= tal ai ' to annu cost 

in the basis design. 
For a large tanker Rw and R, are typically 0.2 and 

0.4, respectively, giving v = L wheteas for a small 
general cargo vessel the values are typically 0.25 and 
0.25, giving" = !. Equations (1.2.5) and (1.2.6) thus 
indicate that increasing ship size and specialization 
will increase the importance of initial cost in the objec­
tive function. Obviously, more direct factors, 8uch as 
increased labor costs relative to material costs, will 
have an even greater effect. 

Savings in Fabrication Cost. For this reasou, one of 
the most effective ways of reducing the initial cost of 
a Jarge structure is to reduce the work content, and this 
can be achieved by,. simplifying the design and by 
increased standardization. There are opportunities for 
both of these measures at ali leveis of ship structural 
design, as shown by the following examples: 

1. Overall hull structure. 
a. Simplifying the geometry of the hull. The 
work content in producing curved paneis is many 
times that for llat paneis. This has Jed to greater 
use of straight line sheer and camber ( or their 
elimination altogether), greater use of knuck!es, 
chines and llat surfaces, or plating with single, 
rather than double, curvature. 

2. Hull module. 
a. Arranging the major structural elel]'lents such 
as decks, bulkheads, and frames so as to max­
imize the use of standard paneis. 

1.2 BASIC ASPECTS OF STRUCTURAL DESIGN 19 

b. Simplifying the structural arrangements in 
complicated modules, such as those at the fore 
and aft ends of the ship. Some examples are fore 
ends incorporating cylindrical bows, or frarnes 
mounted normal to the plating and greater use of 
llat areas and knuckles near the stem. 

3. Principal members (girders, . frames, stiffened 
paneis). 

a. Selecting unidirectional stiffening, even when 
on the basis of the strength : weight ratio cross­
stiffening is more "efficient." 
b. Use of corregated plating to avoid stiffening. 
c. Use of straight llanges on the web frames of 
curved shell plating, even though such frames 
may protrude further into the hold. 

4. Local structure. 
a. Standardization of dimensions ·Of plates and 
stiffeners to facilitate automated production and to 
achieve savings due to large batch ordering. 
b. Design of structural connections so as to re­
duce the work content and perhaps also to facili­
tate inspection and maintenance. 

Decisions about the overall hull structure-the first 
Jevel-'-are more a part of the overall design of the ship 
.rather than the structural design as such. And the 
'fourth levei-local or detail design-is basically simi-
1Jar for ali welded steel structures, and hence there are 
a number of references and design manuais already 
available for this levei of design. Therefore this book 
focuses mainly on leveis 2 and 3; it is at these leveis 
that rationally-based ship structural design per se can 
provi de the greatest benefits. 

Savings in Operating Costs. ln spite of its im­
portance, initial cost is seldom the only significant cost 
that is affected by the structural design. Operating cost 
can also be strongly inlluenced by the structural design 
in such areas as: 

!. Durability-by which is meant the ability of the 
structure to maintain its original levei of structural 
efficiency. The design of a structure has an important 
inlluence on its resistance to damage, which in tum 
helps to avoid both lost revenue and the costs of repair. 
2. Maintenance-the minimization of corrosion, 
which is of particular importance for marine struc­
tures, requires the provision of good access for in­
spection, painting, and so on and this must be consid­
ered at the design stage. 
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20 RATIONALLY-BASED STRUCTURAL DESIGN 

3. Habitability-noise and vibration leveis are di­
rectly infiuenced by structural design. 

(B) NAVAL VESSELS 

For naval ships the objective is to obtain the maximum 
possible mission capability o ver the life of the ship, 
subject to budget limitations. Thus cost is here a con­
straint instead of an objective. The two aspects of a 
structural design which have the greatest influence on 
mission capability are the weight of the structure and 
its vertical center of gravity (VCG): 

1. Weight savings permits either a higher speed or 
more mission-related equipment (weapons, sensors, 
etc.) or increased range and endurance, or some com­
bination of these. 
2. A low VCG of the hull structure is of great benefit 
since most of the important weapons and sensor sys­
tems involve large topside weigbt. ln fact, the pro­
vision of adequate stability is often the limiting factor 
on the number or size of such systems, particularly as 
a vessel gets older and it becomes necessary to fit more 
modem systems. 

These objectives tend to produce a structure that is 
more intricate and involves less material. Hence for 
naval vessels the structural cosi (i.e., the cost that is 
attributable to structure and is a function of the struc­
tural design variables) is mainly fabrication cost; the 
material cost is much smaller and, for a given mate­
rial, it has little inftuence in determining the final opti­
mum design.* Thus naval design invo.lves a trade-off 
between weight, VCG, and fabrication cost. The de­
signer seeks to determine the number, arrangement, 
and size of structural members which will give the 
lowest possible weight and VCG, subject to cost lim­
itations and to a variety of other constraints requiring 
satisfactory strength, reliability, endurance, and func­
tioning of the vessel. The rnnstraint on cost is some­
what different from the other constraints. Rather than 
being an absolute limit it is a somewhat elastic barrier 
in which the rigidity of the resistance to further in­
crease in cost depends on the cost : benefit ratio' that 
is; how much benefit the increase in cost will yield. 
Nevertheless, besides the costlbenefit type of con­
straint, there can also be an explicit upper limit on total 
cost.. 

*The possibility of using a very expensive material such as titanium 
would be investigated by mak.ing a separate optimum design using 
that material and then judging whether the weighUVCG savings is 
worth the extra cost. 

The situation is illustrated in Fig. 1. 7 in which the 
coordinates are the three main aspects: weight, VCG, 
and fabrication cost. The curved surface represents the 
combined and net effect of all of the constraints. It is 
actually an irregular surface-it is the outer envelope 
of all of the many individual constraints, each of which 
is itself a surface consisting of the Jowest possible 
combinations of weight, VCG, and cost which just 
satisfy the requirements of that particular constraint. ln 
different regions of the design space different con­
straints are the outermost or "active" constraints. Any 
point in the design space that does not penetrate below 
this surface is a feasible design, and any point actually 
on the surface is an optimum design: The surface indi­
cates what sort of trade-offs are available to the de­
signer. 

For example, by raising the height of the strength 
deck or increasing its thickness the designer may 
achieve a Jower overall weight at no extra fabrication 
cost, but incur a higher VCG. Altematively, if he is 
willing to pay more for a more sophisticated and intri­
cate structural arrangement (more stiffeners and thin­
ner plating) he can achieve a Jower weight, or a lower 
VCG, or both. The choice of which tradeoff to make 
and the selection of the final optimum combination 
must be left to the designer because this depends en­
tirely on the particular mission requirements, cost lim­
itations, and other design requirements and priorities. 

The objective function U is a combination of weight 
W and VCG in the form 

VCG 

VCG W 
U = v-- + (1 - v)-

VCGo Wo 

WEIGHT SAVED 
EXTRA COST 

WEIGHT 

Figure 1.7 Design space. 
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where Wo and VCG, are the weight and VCG of a 
previous design of approximately the sarne size, in 
which the VCG is at a satisfactory height. The value 
of the parameter vis then detennined by making a few 
triai optimizations, starting with v = 0.5 and adjust­
ing v until the resulting optimal design has a satis­
factory VCG. If the previous design was smaller or if 
it is desired to achieve a lower VCG v should be 
increased. 

For purposes of explanation the benefits of using a 
rationally-based optimization approach in the design 
of naval ship structures may be grouped into three 
categories. First there is a savings in weight and VCG 
simply because of the greater accuracy of the 
rationally-based method. ln current practice design 
both the load effects and the lirnit values of the load 
effects are only known approximately, and therefore 
so also are the margins between them. To help prevent 
the actual margin from becoming less than the required 
margin (which allows for genuine and una"oidable 
uncertainties such as wave loads) the design margin is 
made larger than is actually required. But inntionally­
based design the actual margin is known and so it can 
be set to the required value rather than an inflated 
value. The result is illustrated in Figure 1.8 which is 
an enlargement of Fig. 1. 7. Point A represents a cur­
rent practice design. The calculation and.use of actual 
margins gives an immediate savings in structural 

BETTER OISTRIBU110N OF MATERIAL 

A 

cALCULAT!ON 
ANO USE .. OF 

ACTUAL 
MARGlNS 

FURTHER -LOW-COST 
BENEFITS : 

MORE EFFICIENT STRUCTURAL 
ARRANGEMENT ANO PROPORTIONS 
( INCREASEO FABRICATION COST ) 

• HlGHER Y!ELD STRESS ANO 
ULTIMATE STRENGTH 

• MORE ACOJRATE YALUE OF 

Ôw ANO i8wt 
• ACCOUNT FOR OJNTRIBIJTION 

OF SUPERSTRUCTURE 

Figure 1.8 Benetits of rationally-based design. 
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weight, and the improved (in fact, optirnal) distribu­
tion of material gives a reduction in VCG (point B in 
the figure). Both savings can be achieved with no 
additional fabrication cost. As indicated earlier, the 
proportion between the two can be altered to any de­
sired figure by modifying the value of the parameter v 
in the objective function. 

But these savings are just the start; the designer can 
also investigate the question of cost. He can ease some 
or ali of the cost constraints, which would then allow 
more intricate and efficient (but costlier) structural ar­
rangements and proportions (point C in Fig. 1.8). The 
most common example is an increase in the number of 
stiffeners and a decrease in plate thickness. And 
finally, since rationally-based implies computer-based 
it gives the designer a far greater ability to examine 
other design altematives and perform parametric stud­
ies, thereby achieving still further savings in weight 
and VCG. For example he can investigate the use of an 
irnproved steel or other material, with a higher ulti­
mate strength or an improved fatigue resistance. These 
changes would have the effect of moving the corre­
sponding constraint surfaces in Fig. 1. 7 doser to the 
origin, and if one of !hem had been an active ( outer­
most) constraint for the current optirnum design, then 
the optimal design surface in that region of the design 
space also moves closer to the origin, and an immedi­
ate savings in weight and!or VCG is gained. 

Overall Procedure for Ship Structural 
Optimization 

The final basic aspect of the rationally-based design 
procedure shown in Fig. 1.1 is the structural opti­
mization process. This aspect consists of a mathe­
matical method which utilizes the information pro­
vided by the other aspects and generates the design 
(i.e., the set of scantlings for ali of the principal mem­
bers) which maximizes the objective and which 
satisfies ali of the constraints. The aim of the present 
section is twofold: to give an overview of structural 
optimization and also, now that we have discussed ali 
of the aspects oi the overall design procedure of Fig. 
1.1, to explain briefly how that procedure works. For 
this it is not necessary to have a comprehensive or 
detailed knowledge of mathematical optimization the­
ory. lt is sufficient to know the basic features. There­
fore, since the prirnary aim of this text is to present and 
explain the methodology-both theory and practice­
of rationally-based structural design, there is no at­
tempt to cover mathematical optimization theory, or 
even to give a complete coverage of structural opti-
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mization, but rather only those aspects which are 
needed by a designer. The coverage is in three parts: 

!. ln this section, a brief summary of the basic fea­
tures of structural optimization, presented as part of a 
simple exarnple of the overall design process of Fig. 
!.!. 
2. ln the next section, a brief summary of the broad 
classes of optimization methods, some comments on 
these in rela'tion to the requirements of preliminary 
ship structural design, and references where more de­
tailed information on these methods may be found. 
3. ln Section 2.7 a summary of a "dual levei" opti­
mization strategy which permits the efficient op\i­
mization of large structures in which some constraints 
apply to the structure as a whole. 

The seçond book, which is planned as a companion to 
this one, will provide further information on practical 
and design-oriented aspects of optimization, such as 
computer irnplementation, postoptimal design studies, 
and other aids for decision-making in structural de­
sign. 

SAMPLE APPLICA TION OF TIIE PROCEDURE FOR 
RATIONALLY-BASED PRELIMINARY STRUCTURAL 
DESION 

We now present a sirnple exarnple of the rationally­
based design procedure of Fig. 1.1, illustrating the 
various steps of the procedure and showing how the 
structural optimization step brings together and uti­
lizes the results of the other steps. The procedure is 
intended for the structural design of an entire ship, but 
in order to have a sirnple example we will here apply 
it to just one small part of the structure-a stiffened 
panei in the strength deck of a vessel, as shown in Fig. 
1.9. We will also make many simplifying assump­
tions, none of which are made in the actual procedure. 
For example, let us say that the panei has only two 
design variables: the plate thickness lp and the stiffener 
height h,. ln reality the panei would have severa! more 
design variables: the number of stiffeners ( or their 
spacing) and the web thickness and flange area of the 
stiffeners. But for this exarnple let us say that the 
number and type of stiffeners have already been se­
lected, perhaps because of a need to match some exist­
ing structure. 

CALCULATION OF ENVIRONMENTAL LoADS 

The first step in structural design is to investigate the 
maxirnum or extreme value of each load so as to deter-

Figure 1.9 Stiffened pane! example. 

mine a suitable extreme value to be used for design, 
that is, the characteristic load Q" For simplicity let us 
say that the only significant load is buli girder bending 
moment M and that the only significant load at the 
panei levei is the hull girder bending stress O". ln real­
ity, of course, there would also be other loads acting 
on the panei (lateral pressure, shear stress, etc.) and 
the magnitude of these loads could only be obtained by 
a hull girder analysis, followed by a hull module anal­
ysis. 

As will be discussed in Chapter 4 the wave-induced 
portion of the hull girder bending moment M. is proba­
bilistic and therefore statistical methods must be used 
to establis]i a characteristic extreme value for it, de­
n.9ted as Mw." For standard types of ships, a value for 
M w" is available from the classification societies, hav­
ing been determined by research and by at-sea mea­
surements for that type of vessel (Section 3.5). 

HULL ÜIRDER ANAL YSIS 

The next step is the hull girder analysis which consists 
of the calculation of: · 

1. The section properties of the hull girder (location 
of the neutral axis, value of the moment of inertia, 
etc.). 

2. The stillwater bending moment M,. 
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3. The combined total hull girder bending stress 
u, = (Mw,, + M,)/Z. 

Since there are two values of wave bending moment 
(hogging and sagging) and severa! values of still water 
bending moment ( corresponding to different cargo 
and/or ballast configurations) it is necessary to perforrn 
the hull girder analysis for severa! loadcases. 

We note that in order to perforrn the hull girder 
analysis it is necessary to have some initial or starting 
value for the scantlings of ali of the longitudinally 
oriented structure in the hull girder. For the design 
variables of the panei let us denote the initial values as 
lp1 and h,1, or in vector forrn, x1• These initial values 
are arbitrary; they are required simply because any 
computer calculation or analysis (such as steps 2, 3, 
and 4) requires specific numerical values for ali quan­
tities. These values do not require any calculation by 
the designer: he can either select standard .values, or 
arbitrary values, or values from some ot!Íer design. 
This will be discussed further when considering the 
structural optimization step. 

HULL MODULE ANALYSIS 

The next step is to perforrn the hull module analysis, 
for the current scantlings, x1• As shown in Fig. 1.1 this 
step and ali of the subsequent steps constitute a cycle 
(the hull module design cycle) which must be per­
forrned repeatedly, because at the end of each cycle 
the values of the design variables (which comprise ali 
of the scantlings of the hull module) are altere d by the 
optimization process. This alteration makes it neces­
sary tci repeat the hull module analysis and the sub­
sequent steps; using the new values of x. The hull 
girder analysis does not need to be includéd in this 
cycle because the bêhding moment and shear force do 
not change. Ali that is required is a recalculation of the 
section properties of the hull girder, whereupon ali of 
the new hull girder bending stresses can be 9alculated 
from the basic bearn equation u, = M /Z. 

For reference we will denote the current values of x 
as x, ( or lp; and h,;); that is, x, represents the scantlings 
which are used during the i th hull module design 
cycle. 

The purpose of the hull module analysis is to obtain 
ai! of the values of the individual load effects in each 
of the principal members, for each Joadcase. ln this 
exarnple we are exarnining only one principal 
member-a deck panel-and we are saying, purely 
for simplicity, that the only load effect is the hull 
girder stress. Thus we are, in effect, ignoring the hull 
module analysis. 

1.2 BASIC ASPECTS OF STRUCTURAL DESIGN 23 

LIMIT STATE ANALYSIS 

To illustrate this step let us assume that there are five 
limit states for the panei: three types of compressive 
collapse, with collapse being initiated by (!) plate 
buckling, (2) torsional buckling of the stiffeners, or (3) 
flexural buckling of plating and stiffeners acting to­
gether; and also ( 4) large plastic deforrnation under 
tensile load and (5) fracture due to fatigue. Hence the 
five limit values are the three buckling stresses denoted 
by u•;(x) withj = 1, 2, and 3, the yield stress <ry, and 
the fatigue-derived limit on wave-induced stress, 
( Ô'w,,)L corresponding to the expected number of hog­
ging and sagging cycles in the life of the ship ( which 
is about 108 for a 25-year life). 

The purpose of the limit state analysis is to calculate 
the limit values for the current values of x. ln this 
exarnple two of the Jimit values are material properties 
and do not depend on X;. and so the Jimit analysis here 
consists of the calculation of the three buckling 
stresses, u•;(x;). The theory for this is presented in 
Chapters n and 14. 

FORMULA TION OF CONSTRAJNTS 

The next step is to forrnulate the constraints for the 
optimization problem. The general form of a con­
straint was given in (1.2.4). Applying that here gives 
the following equations for the five panei constraints 

Yo<r, "' <rb1 (x) 
-Yo<I, ,;; <Ibz(X) 

'YofI, ,;; fib3(X) 

"foO' e :s:;;; CJ'y 

'Yoâw,c ~ (Ô'w,c)L 

As mentioned before, an actual design involves 
severa! Joadcases, which here would mean severa! dif­
ferent values of u,. Hence for each constraint it is 
necessary to use whichever value of u, is the worst for 
that type of limit state. Moreover, in reality, each 
loadcase usually involves severa! loads acting on the 
member, in various different combinations, and so the 
search for the worst combination must be very system­
atic and thorough. 

As explained in Section !. 5 the total factor of 
safety, y0 , is made up of severa! partia! safety factors 
which are chosen in accordance with: (!) the degree of 
(nonstatistical) uncertainty which exists in regard to 
both the Joad and the Jimit value, and (2) the degree of 
seriousness of the Jimit state. For this exarnple the 
degree of seriousness is about the sarne for ali con­
straints since they ali refer to collapse rather than un­
serviceability. Although there would be differing de­
grees of uncertainty in <rb;• <ry, and (â'w,,)Llet us say, 
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24 RATIONALLY-BASED STRUCTURAL DESIGN 

again purely for simplicity, that y 0 is the sarne for ali 
five constraints. 

Since the three limit values for buckling are func­
tions of the design variables tp and h,, the three buck­
ling constraints are equations in these two variables 
and can be plotted as curves on a diagram of tp versus 
h,, as shown in Fig. 1.1 O. In this type of diagram any 
specific combination of 1, and h,-that is, any specific 
panei design-is a particular point on the diagram. For 
example, point A represents the initial or starting de­
sign, corresponding to tp1 and h,1• The plane of the 
diagram represents ali possible designs and is referred 
to as the design space ( or hyperspace; the concept is 
extended to any number of design variables). The con­
straint equations are inequalities and therefore each 
curve is the boundary between ali designs that satisfy 
that constraint and ali that do not. In the figure the 
permissible side of each constraint is indicated by 
shading the unpermissable side. 

The two constraints corresponding to tensile yield of 
the panei and fatigue fracture cannot be drawn in the 
figure because the limit values are material properties 
and therefore the limit states are essentially indepen­
dent of the design variables. The only way in which 
the design variables x are involved is through O'" be- · 
cause O', is inversely proportional to the hull girder 
section modulus Z. But the plate thickness of a single 
panei has only a small inf!uence on Z, and h, has even 
less inf!uence. That is, even a large change in lp wciuld 
cause only a smali increase in the section modulus, and 
hence only a .small decrease in O'" If either of these 
constraints was not satisfied, such that it was necessary 
to reduce O'" then this would require increasing the 
plate thickness of ali of the deck paneis and probably 
also ali of the bottom paneis. In other words, these two 
constraints relate to the overall structure, via section 
modulus, and not just to thls panei. Constraints of this 
type are discussed in Section 2.5. Aiso, the deter­
mination of the optimum combination of thickness 
changes requires that all of.the paneis be redesigned 
together, in a coordinated manner. 

We have a!ready seen that a principal member can­
not he analyzed in isolation, but only in conjunction 
with the other principal members, through the medium 
of the hull module analysis. We now see that in opti­
mization the situation is similar-a principal member 
cannot be designed in isolation, but only in conjunc­
tion with the other principal members. For the present 
exarnple let us assume that the current values of deck 
lÍlld bottom thicknesses are already sufficient to give a 
reasonable value of O'" such that these two constraints , 
are not violated. In that case they will not become 

,, 

fina! tp 

1,1 

~-~---~~----~--;.-h, 
final hs h61 

Figure 1.10 Design space for optimum design of a stiffened 
panei. 

violated due to a reduction in thickness of just this one 
panei, and so we will not consider them further in this 
exarnple. 

Besides the strength constraints there are other con­
straints on the structural design arising from oper­
ational requirements and fabrication considerations. 
For the deck panei, for exarnple, there might be a 
maximum pi ate thickness for cold rolling, a minimum 
stiffener height (for a given stiffener spacing b) to 
support lateral loads, and a maximum stiffener height 
(for a given height of the transverse deck bearns h1) so 
that the cutout for the stiffener leaves sufficient web 
area in the bearn. 

We note that in a more realistic example the stiff­
ener spacing and the frame height would also be design 
variables, and hence the latter two constraints would 
only restrict the ratios h,/b and h,/h1 ; not the absolute 
value of h,. 

These .additional constraints are also drawn on Fig. 
1.10. Taken as a group the constraints define a region 
of the design space in which none of the constraints is 
violated. This region is known as the feasible design 
space, and corresponds to the shaded outline in the 
figure. 

ÜBJECTIVE F!JNCTION 

In this exarnple let us assume that least initial cost has 
been chosen as the objective for this design. The cost 
of a panei would depend mainly on the arnount of steel 
used and the cost of fabrication. ln the present exarn­
ple tp and h, are the only variables and the amount of 
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steel is linearly proportional to each of !hem, but in 
general the arnount of steel is the product of two design 
variabJes; for exarnple, in a stiffener web it is h,tw, 
where tw is the web thickness. The fabrication cost is 
related to the design variables in a completely different 
way from the material cost, and therefore the sum of 
the two costs will be even more nonlinear. Thus the 
cost function C(X) is, like many of the constraints, a 
nonlinear function of the design variables. ln Fig. 1.10 
a typical cost function for the panei is indicated by 
means of contour lines of constant cost. 

STRUCTURAL ÜPTIMIZA TION 

The figure also shows two particular combinations of 
t, and h,; that is, two specific panei designs. Design A 
represents the initial design, that is, the starting point 
for the optimization process. It may correspond to an 
actual panei in some existing ship, or it may,be purely 
arbitrary. For any good optimization process the latter 
is sufficient. Thus the starting design need not be fea­
sible (and often will not be, even if it does correspond 
to an actual design, since the loads and/or limit values 
for the current design are different). Design A is not 
only infeasible (it violates the maximum h, and the 
stiffener torsional buckling constraint) but also ex­
pensive. Design B is the optimum design; it is the 
point within the feasible region which has thé least 
cost. The task of the mathematical optimization pro­
cess is to find this optimum point, from any start­
ing point, and to do so with as little computation as 
possible. 

POSTOPTJMAL!TY lNFORMATION 

ln Fig. 1.10 the optimum design is governed by two 
constraints: combined buckling of stiffener and plating 
and the minimum height of stiffeners to support lateral 
loads. Another feature of a good optimizatioú method 
is that, if requested, it can inforrn the designer as to ali 
the circumstances relating to the optimum design, such 
as what are the governing constraints. Other use fui 
inforrnation which should be available includes: how 
steep or fiat is the optirnum; that is, how much extra 
cost would be incurred in moving away from the opti­
mllm design point in various directions; what would be 
the effect on the cost of relaxing or tightening any of 
the active constraints; and if relaxation were possible, 
which direction would give the greatest further de­
crease in cost. 

1.2 BASIC ASPECTS OF STRUCTURAL DESIGN 25 

Optimization Methods for Large Structures 

Mathematical optimization is purely a mathematical 
process and therefore it can and should be a fully 
automated process. That is, in the ove rali design pro­
cess of Fig. 1.1 the optimization step is sirnply a 
"black box," which perforrns a specific task: it accepts 
as input an objective function and a set or constraints, 
and it returns as output the specific optimal values of 
the design variables, that is, the values that maximize 
the objective while satisfying ali of the constraints. 
Since there is only one optimum point in the design 
space the optimization task is straightforward and un­
arnbiguous; there is no need or reason for any inter­
vention by the designer. The only requirement is that 
the method must find the optirnum rapidly and 
efficiently. The particular manner in which it does this 
is not important, and any optimization method that 
meets the requirement can be used in the overall de­
sign process of Fig. 1.1, without any need for the 
designer to have a delailed knowledge of it or of math­
ematical optimization theory. Therefore in this section 
we merely describe the broad classes of optimization 
methods, identify those methods which have been 
proven to be capable of meeting the requirements of 
ship structural optimization, and provide references 
from which detailed inforrnation about these methods 
may be obtained. 

TYPES OF NONLINEAR ÜFTIMIZATION METHODS 

During the past two or three decades many optimi­
zation methods have been developed which have at 
least some nonlinear capability. The majority may be 
grouped into three categories. 

Fully nonlinear methods, such as mathematical pro­
gramming methods and various algorithms for un­
constrained minimization. 
Special purpose methods, such as fully stressed de­
sign, the optimality criteria methods, and geometric 
programming. 
Methods based on sequential application of linear 
programming. 

ln ali there are many different optimization methods 
and nearly ali of them can be used for structural opti­
mization in some application or other. However, most 
of !hem tend to be suitable only for a particular type of 
problem. Reference 5 gives a basic explanation of ali 
of the principal methods and demonstrates their appli-
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cations. A brief review of various methods with partic­
ular reference to their application in ship structural 
optimization is given in [ 6]. 

In general, it may be said that the majority of lhe 
methods are suitable either for nonlinear problems 
which are small (i.e., which have only a few design 
variables) or for large problems which are only slightly 
nonlinear. As far as lhe author is aware, only lhe third 
type of method-sequential linear programming-has 
been shown to' be capable of solving the large non­
linear problem which is involved in ship structural 
optimization with sufficient speed, computational 
efficiency, and generality. The fully nonlinear meth­
ods perform satisfactorily. for small problems (say tive 
or six design variables) but lhe amount of computation · 
increases sharply with problem size, and for a struc­
ture as large and complex as a hull module these meth­
ods are simply not feasible. The special purpose meth­
ods are ràpid and efficient but they are too restricted; 
they cannot handk constraints that are highly non­
linear and/or involve many design variables, and the 
first two (fully stressed design and optimality criteria) 
cannot handle an arbitrary (user-specified) nonlinear 
objective. 

METHODS BASED ON SEQUENTIAL LINEAR 
PROGRAMMING 

In this type of method all of lhe nonlinear functions 
[lhe objective function and lhe limit values QL = f(x)] 
are replaced by linear approximations and lhe linear­
ized problem is solved very rapidly by the well-known 
method of linear programming, using the Simplex al­
gorithm. This process is repeated sequentially, with 
lhe linear approximations being recalculated at each 
new design point. The original version of sequential 
linear programming was developed around 1960 by 
Kellog [7] and by Griffith and Stewart [8]. ln this first 
version lhe linearized form of each function f was 
simply lhe linear terms of its Taylor Series expansion, 
which involves lhe various first derivatives of f with 
respect to each design variable: af fax;. lt was found 
that unless ali of the functions were only slightly non­
linear lhe linearized problem was too different from 
lhe actual nonlinear problem and the process would 
not converge. Hence for many years lhe method was 
limited to problems which were only moderately non­
linear. But it was subsequently shown .that this lim­
itation 'can be overcome by using some second­
derivative terms in formulating the linearizations. 
V arious second-order methods have been developed. 
In 1976 Hughes and Mistree presented lhe SLIP2 

method [9], which uses lhe second derivatives of lhe 
non!inear functions (but only terms of lhe form 
a'f / ax1; mixed derivatives a'f / ax; axj are not required) 
to obtain a more accurate linearization of both lhe 
objective function and lhe constraints. This method 
was developed specifically to meet lhe requirements of 
rationally-based ship structural design, and it is this 
method which is used in the MAESTRO computer 
program. As shown in lhe examples and references 
given in Section 1.3, SLIP2 is able to solve problems 
involving a large number of constraints of various 
types (linear and nonlinear, equality and inequality) 
and in which the objective may be any user-specified 
nonlinear function of lhe design variables. Most im­
portantly lhe method is very rapid and cost-effective. 
The SLIP2 method is not limited to structures; it is a 
general purpose method which can be used for com­
mercial, industrial, or other optimization applications. 
The complete mathematical algorithm and logic struc­
ture for SLIP2 are given in Ref. 10. 

Another second-order version of Sequential Linear 
Programming was developed by Murtagh and Saun­
ders [11]. In Ref. 12 this method is demonstrated for 
severa! large-scale optimization problems in com­
merce and industry. Although these examples do not 
include structural optimization it is clear that lhe 
method is also suitable for this application. 

Pedersen [ 13] has presented a systematic method for 
using "move limits" in Sequential Linear Pro­
gramming which overcome most of the convergence 
problems referred to earlier. 

Coverage and Plan of this Text 

Having now had an introductory look at ali of lhe basic 
aspects of rationally-based design, we can now give a 
more precise summary of the scope of lhe book and lhe 
organization of topics. The rest of Chapter 1 is devoted 
to some further basic aspects of structural safety, 
probabilistic design, and lhe use of partia! safety fac­
tors. The specification of safety factors is primarily the 
responsibility of lhe classification societies, and there­
fore this text does not seek to determine or recommend 
any specific combination of safety factors or any 
specific values for !hem. Instead, these are described 
in general terms, and lhe combinations and values 
given are purely for illustration. 

Chapter 2 summarizes lhe four major analysis tasks 
in rationally-based ship structural design: calculation 
ofloads, ofthe structure's tesponse to lhe loads, ofthe 
various limit values of each response, and optimiza-
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tion. Tbus cbapters 1 and 2 give the overall metb­
odology of rationally-based structural design. 

Cbapters 3 to 8 <leal witb the structural response of 
the ship. Chapter 3 presents the buli girder response 
analysis. This is the oldest and best established aspect 
of preliminary structural design, and was developed in 
conjunction with rule-based design. Therefore this text 
does not cover ali of the traditional topics, but only 
those whicb continue to be relevant for rationally­
based design. Cbapter 4 sumrnarizes tbe theory and 
techniques for obtaining a more precise estimate of 
wave bending moment, when account is taken of the 
probabilistic, dynamic, and nonlinear aspects of wave 
loads. 

Chapters 5 through 8 present tbe various aspects of 
buli module analysis, which was earlier shown to be 
one of the most important and most distinctive features 
of rationally-based structural design. ln the buli mod­
ule analysis the method of structural modeling is very 
similar to frame analysis. Moreover much of the de­
velopment of the finite element method camé about as 
a generalization and extension of frame artalysis. For 
this reason frame analysis provides a good intro­
duction and foundation for the finite element method, 
particularly for the design-oriented finite element 
method which. is used for the buli module analysis. 
Therefore the explanation of the buli module analysis 
is presented in a sequence of four chapters. Cbapter 5 
presents a sumrnary of frame analysis, wbch serves 
mainly to introduce ali of the basic concepts. Chapter 
6 presents a special beam element which is the basis 
for a more accurate and more versatile type of hull 
girder analysis, permitting the analysis of a non­
prismatic hull girder and the calculation of .torsional 
response. Chapter 7 presents the basic features of the 
finite element method .and introduces some basic two­
dimensional elements. \Vbich are of use in huÍI module 
analysis. Finally, Chapter 8 presents various aspects of 
the modeling strategy for the buli module analysis and 
some further finite elements that are useful for this 
analysis. 

Cbapters 9 to 14 represent the largest part of tbe 
book and <leal with the limit analysis of the principal 
members: plates, colunms, beam-colunms, and stiff­
ened paneis. ln each case the elastic aspects are cov­
ered fiÍ'st and then the inelastic. The former consists 
mainly of material culled from many different sources 
and augmented or generalized in wbatever way was 
necessary to make it suitable for computer-based anal­
ysis. For example, for ai! of the various types of elastic 
buckling it is necessary to have either explicit expres­
sions or numerical procedures for calculating the vai-
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ues of the bucliling coefficients. ln many cases these 
coefficients were only available in charts or tables, and 
so suitable expressions were developed. Some meth­
ods are new, such as that for clamped beam-columns 
in Section 11. 3, and the generalized orthotropic plate 
theory wbicb allows for shear distortion, presented in 
Section 1().2. 

For inelastic limit analysis there were only a few 
cases in which a suitable method was availab!e, that is, 
a method which had the required combination of com­
putational economy, accuracy, and generality of appli­
cation. ln some cases a suitable method was obtained 
by combining and adapting existing methods e.g., the 
uliimate compressive strength of plates in Section 
12.6. ln other cases a new method was developed, for 
example, the estimation of the permanent set of plating 
(Section 9 .4) and the ultimate compressive strength of 
stiffened paneis (Chapter 14). 

ln regard to the lirnit analysis of ship paneis and 
girders, mention should be made of the Ships' Load 
and Strength Manual, published by the Norwegian 
classification society Det norske V e ri tas [ 14]. This 
manual contains a comprehensive set of approximate 
explicit formulas for the strength of girders and stiff­
ened paneis, that is~ formulas for the limit values of the 
forces.and stresses in these members corresponding to 
various types of failure. ln general these formulas have 
l;>een obtained by making suitable engineering approx­
\mations to the underlying theory. Formulas of this 
type are an essential part of any practical method of 
rationally-based structural design, and the manual pro­
vides them in a systematic and concise manner. lt is 
not aimed at giving theory or derivations and it does 
not consider the hull module, either in regard to re­
sponse analysis or limit analysis, sinc.e neither of these 
analyses can be achieved by or put in terms of explicit 
formulas. Therefore the author considers the manual to 
be a very useful adjunct and complement to this text, 
both in purpose and in scope. 

Chapters 15 to 17 <leal with the limit state analysis 
of the hull module. Because of the structural complex­
ity of a hull module and the complex interaction which 
often occurs between instability and plastic defor­
mation, this analysis requires an incremental load­
dejlection approacb, which traces the history of the 
collapse. Elastic instability is examined in Chapter 15, 
which introduces nonlinear (incremental) frame and 
finite element analysis and shows that for a complex 
three-dimensional structure, in whicb the members 
carry both lateral and axial loads, an incremental ap­
proach is essential; the classical bifurcation buckling 
analysis is not sufficient. Cbapter 16 <leais with failure 
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by large plastic defonnation. It presents a new in­
cremental method of plastic frarne analysis and shows 
that here also the classical method of plastic frarne 
analysis is not adequate for the limit analysis of a hull 
module, principally because of the interaction between 
instability and plastic defonnation. Finally, in Chapter 
17 these two incremental methods for the limit anal­
ysis of!arge structures-one for failure by instability 
and the other for failure by large plastic defonnation­
are combined ,to give a comprehensive method for the 
limit analysis of a hull module. 

1.3 PRACTICALITY AND PERFORMANCE 
OF THE METHOD 

As explained earlier, the aims of this text are to present 
a method for rationally-based design and to explain ali 
of the basic theory and analysis methods which are 
required for that rriethod. But the first requirement of 
a design method is that it be practical, and a method 
which lacks this characteristic is of no real value, no 
matter how "rational" it may be. Thus when a method 
is proposed which has a much larger theoretical con- . 
tent and is entirely computer-based, the questions 
which irnmediately arise are: what stage has it reached 
regarding irnplementation, availability, and actual use; 
what are its benefits and its perfonnance character­
istics; whatdoes it require; in short: how practical is it? 
Therefore before pr0ceeding any further with the the­
ory and methodology it is necessary to demonstrate 
that the method of rationally-based design which is 
presented herein is truly as powerful, practical, and 
beneficial as implied in the previous section, and to 
provide factual infonnation that will answer ali of the 
questions just raised. 

This can readily be done because the method has 
been developed over a long period of time (since 1972) 
and throughout ali of this period the practical aspects 
have been given just as rriuch attention as the the­
oretical aspects. As each portion of the metho.d was 
developed it was computer-implemented and tested 
before. being accepted, and . each portion received 
many further tests as other portions were a<;lded or 
modified. If at any stage some portion was found to be 
irnpractical it was promptly discarded and work was 
begnn · on a replacement. ln the first six years or so 
there were many discards. 
. Two milestones in the overall development were the 

completion of a first version of the method in 1975, for 
which the computer prograrn was called AUSTRO­
SHIP, anda second version in 1978, for which the 

prograrn was called SHIPOPT. This was followed by 
a series of validation tests; the finite element portion 
was validated against DAISY, a large general purpose 
finite element prograrn owned by the American Bureau 
of Shipping, and the structural optimization portion 
was validated by a series of fonnal, full-scale design 
studies involving four ship types: a 14,000 dwt general 
purpose cargo vessel [15], a 96,000 dwt segregated 
bailas! tanker anda 140,000 dwt bulk carrier [16], and 
a destroyer [17]. Finally, in 1981and1982 the com­
plete method was implemented in the computer pro­
grarn known as MAESTRO. 

The practicality and perfonnance of the method, 
and also of MAESTRO, may be judged from the re­
sults of the validation tests and design studies, Ali of 
them showed a similar perfonnance, and since Ref. 16 
is the most comprehensive study most of the results 
quoted here are from that reference. * 

Since this section deals mainly with the features and 
perfonnance of a particular computer program­
MAESTRO-it is perhaps appropriate to emphasize 
that the subject matter of the book is not a computer 
prograrn but rather the underlying theory of, and a 
general methodology for rationally-based structural 
design, which is necessarily computer based. The the­
ory and methodology presented in this book can serve 
as the foundation for various computer programs, 
some more general and some more specific. It is not 
limited to one particular prograrn. 

Use of MAESTRO for Structural Evaluation 

Being a prograrn for rationally-based design, MAE­
STRO is organized along the lines of the design pro­
cess of Fig. 1.1. Thus, corresponding to steps 3, 4, 
and 5 it contains: 

1. A special high-speed design-oriented finite ele­
ment method which calculates the load effects Q 
( dellections and stresses) in ali of the principal mem­
bers for ali loadcases. 

*Only published studies are quoted so that, if desired, full details 
may be readily obtained. These studies were ali performed using 
lhe predecessor program, SHIPOPT; lhe aulhor has repeated ali of 
them usíng MAESTRO and found that the computing costs remain 
the sarne, in spíte of the many new features and capabilities of the 
latter. For example, MAESTRO accommodates non-prismatic ship 
sections such as bows and stems and changes in frame spacing. and 
it includes overall limit states as well as those of principal members. 
These and other features will be demonstrated in further design 
studies. 
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2. A set of coordinated subroutines which perform 
limit state analysis, examining ali relevant types of 
failure and calculating QL, the limit values of the load 
effects, for each different principal member and for ali 
loadcases. 
3. Other subroutines which formulate the constraints 
against each type of limit state for each different prin­
cipal member. This involves searching the values of Q 
and QL to find and use the currently worst combina­
tions of these two quantities. The program then makes 
a note of the corresponding Jowest value of the margin 
of safety for each limit state, and the location and 
loadcase where each lowest value occurs. If requested 
it prints ali of this information in structured easy-to­
read tables (in severa! optional leveis of detail). 

These three features make thé programa powerful too! 
for a variety of structural analysis and evaluation pur­
poses, in addition to optimum design. Wh~n used in 
this mode the program executes only one.'cycle and 
stops just short of the optimization step. Because the 
finite element portion is extremely rapid · and because 
a given set of input data is easily modified, the de­
signer can quickly determine the effect of a design 
change which he has in nÍind. Moreover, the structural 
evaluation portions of the program have many valu­
able applications outside of, or immediately follow 
ing, the design of a ship. Some examples are: 

!. To check the structural adequacy of a proposed 
design. 
2. To investigate proposed structural modifications. 
3. To assess the seriousness of structural darnage and 
thé degree of urgency of repair. 
4. To assess the structure after an actual or a 
prc;>jected corrosion._wastage. 

A common example of the first application is the 
checking of a proposed design prior to or as part of the 
classification approval process. For large and/or non­
standard ships classification societies usually require 
that a finite element analysis be made of the hui! struc­
ture in order to check whether the general stress leveis 
are satisfactory and whether there are any particular 
locations of overstressing. The analysis is usually per­
formed in two stages: a three-dimensional "coarse 
mesh" analysis of a hui! module (much the sarne as 
MAESTRO) followed by a series of two-dimensional 
"fine mesh" analyses of selected areas. MAESTRO 
uses a levei of modeling similar to the "coarse mesh" 
analysis used with other finite element programs, to­
gether with an internai logic developed specifically for 

high computational speed. As shown in the bulk car­
rier example, MAESTRO is approximately 12 to 15 
times faster than conventional finite element pro­
grams. Also, MAESTRO uses more sophisticated 
finite elements and therefore, in spite of the coarse 
mesh, it gives ali of the important stress values in ali 
of the principal structural members of the ship. More­
over, besides calculating the stresses, MAESTRO also 
performs the complete limit state analysis just de­
scribed and produces a series of tables giving a com­
plete assessment of the vessel' s structural adequacy, in 
various optional leveis of detail: first, overall 
adequacy-are there any problems and if so which 
regions of the ship. Then for each region it gives the 
location and loadcase of the lowest value of safety 
margin for each type of limit state. Finally, if desired, 
it gives a complete report on each principal member in 
each region: its lowest value of safety margin for each 
relevant limit state, together with the corresponding 
loadcase, and the various stresses in each principal 
member for ali of the loadcases. 

These features, together with a simple, user­
oriented data input, make MAESTRO ideal for obtain­
ing a rapid and yet thorough evaluation of the ade­
quacy of a proposed design. This is useful for two 
purposes: 

• !. To assess a design in which there are some noli­
: standard aspects, but not sufficiently unusual to war­
. rant a detailed (fine mesh) finite element analysis. 
2. For designs that are nonstandard, to determine 
whether there are any regions which require a two­
dimensional fine mesh analysis and if so, where and 
for which loadcase. These detailed analyses can then 
be performed immediately because MAESTRO pro­
vides ali the required boundary conditions. 

Selection of Design Objective 

MAESTRO allows the designer to achieve an opti­
mum ship structure and leaves him free to specify how 
the optimality is to be measured. For commercial ves­
sels the usual objective is maximum profitability over 
the ship's lifetime. The factors which most affect 
profitability are initial cost and operating revenue. Ini­
tial cost is a combination of material cost and fabri­
cation cost, and to a first approximation these two may 
be expressed in terms of the volume ( or weight) of 
material and the combined lengths of ali of the girders, 
frarnes, and stiffeners. These are the parameters which 
were used in Ref. 16, but the program can accept any 
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cost algorithm defined by the user. The specific algo­
rithm contained four factors:* 

1. Cost per unit volume for stiffened paneis. 
2. Cost per unit length of stiffening for stiffened 
paneis. 
3. Cost per unit volume for web frames and girders. 
4. Cost per unit length for web frames and girders. 

The other principal aspect of profitability-operating 
revenue-is determined mainly by cargo capacity. ln 
bulk carriers a savings in hull steel weight gives a 
corresponding increase in cargo deadweight, and 
hence revenue. The additional revenue due to weight 
savings ( or, on a cost basis, the lost revenue due to 
weight increase) can be allowed for by increasing the 
volumetric cost factors. 

The four cost factors are part of the data input and 
if desired can be different for different regio11s of the 
hull module. The liiteal (cost per unit length) factors 
would reflect such items as welding costs and would 

. influence the optimum numbe: of stiffeners in each 
strake of plating. These factors might vary according 
to which shipyard is building the ship. For example, 
one shipyard niight have more automatic welding ma­
chines so that its cost per unit length of stiffener weld 
might be cheaper. ln this case, the optimum design 
would probably have more stiffeners and less steel 
than at another shipyard with higher welding costs. 
The type of ship could also influence the cost function. 
ln a double bottom buli< carrier, one would want to 
penalize increased double bottom height since this re­
duces cargo capacity. In this way, the program would 
automatically look first at other structural changes be­
fore increasing the double bottom height. 

Example 1-Segregated Ballast Tanker 

The first example from Ref. 16 is a segregated ballast 
tanker. Since one of the main purposes of this study 
was to assess the economic benefits of rationally-based 
design, all of the design specifications (principál di­
mensions, geometry, loads, etc,) were the sarne as for 
an actual, rule-based, manually produced design. As 
explained in Ref. 16 special steps were taken to avoid 
any bias in favor of MAESTRO and to remove the 
rather uncertain question of corrosion allowance from 
the comparison. ln rationally-based design there is a 

*As shown there, the costs are not. and do not need to be, actual 
dollar costs. but rather cost indicators, or índices, which portray the 
correct relative propórtions of the various costs. 

D 
D 
D 

Figure 1.11 Basis ship: 96,000 dwt tanker. 

clear distinction between steel that is required for ade­
quate strength and steel that is provided in order to 
allow for corrosion. MAESTRO provides only the 
former; the latter must be added on after the opti­
mization. 

The transverse section of the basis ship is shown in 
Fig. 1.11. For the three cargo tank lengths which com­
prised the MAESTRO structural model the cost of the 
basis design was 9708 cost units, and the structural 
weight (which is automatically calculated by MAE­
STRO) was 8050 tons. As mentioned earlier, the ini­
tial scantlings for MAESTRO are completely arbitrary 
and so in this case, in order to provide a direct and 
graphic comparison between the rule-based design and 
the MAESTRO design, the scantlings of the former 
were used as the initial scantlings for MAESTRO. The 
performance of MAESTRO is shown in Fig. 1.12. t 
The solution for the optimum design required 11 de­
sign cycles, which took about 12 minutes of computer 
time on an IBM 370/158. The total computing cosi 
was about $130. The resulting optirnum design had a 
total life-cycle cosi (in which increased revenue from 
weight savings is converted to and subtracted from 
initial cosi) of 8477 cost units, which is a 13% irn­
provement on the basis or current practice design. The 
savings in initial cost was 6%, which for a tankerofthis 
size represents a savings of the order of one million 
dollars. 

trncluding solutions with two other quite different sets of initial 
scantlings. 
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Figure 1.12 

EFFECT OF USING STANDARD SECTIONS 

The foregoing savings will be decreased slightly by lhe 
need to use standard plate lhicknesses and standard 
rolled sections for lhe stiffeners. MAESTRO initially 
treats lhese design variables, and also lhe stiffener 
spacing, as continuous variables in order to avoid lhe 
enormous computation and complexity of discrete vari­
able optimization. Then, in lhe final design cycle it 
converts to standard sizes, based on a list of standard 
sectioils and available thicknesses lhat lhe designer 
specifies in lhe input data. The designer can also specify 
the Iocation and extent of whatever inter-strake (see 
Fig. 2.15) uniformity he wishes to impose, in order to 
limit the total number of different sections and lhick­
nesses. Moreover, he can make lhese choices after 
seeing lhe idealized optimum, which provides a great 
deal of insight and guidance. ln lhe fmal design cycle 
lhe progÍ'am does not merely round off ali scantlings to 
lhe nexflarger standard size, but rather looks for trade­
offs· between rounding up and rounding down, subject 
to lhe overriding requirement lhat ali constraints (safety, 
fabrication, etc.) must remain satisfied. But beca use 
this requirement is essentially "one way," it is unavoid­
able that lhe standardized design will be a few percent-

age points away from lhe "ideal" (but impractical) 
optimúm of lhe non-standard design. ln lhis example 
lhe final design was 8670 cosi units, and so lhe savings 
over lhe rule-based design decreased from 13% to 
11 %, and lhe savings in initial costs became 5%. But 
lhe latter is still of lhe order of one million dollars, 
since lhe hull construction cosi for such a tanker.is ai 
Ieast $20 million. Moreovet, lhis savings can be re­
garded as realistic because lhe design itself is bolh 
realistic and "production-friendly": standard sizes and 
a Iimited number of different sections and thicknesses. 

ABILITY TO REPEAT A I'RELIMINARY DESIGN 

Since lhe preliminary structural design, by definition, 
does not examine local effects, it often happens lhat in 
lhe detail design it is necessary to increase some of lhe 
scantlings because of local Ioads, cutouts, and so on. 
This will happen more frequently when lhe pre­
liminary design is an optimum design, since lhere is no 
excess steel in such a design. In most cases lhe cost 
increase is small. However if lhere are many such 
Ioads or olher influences, such lhat lhe subsequent cosi 
increase is found to be Iarge, lhen lhese are not really 
local effects; lhey are general effectS and lhe pre-
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liminary design should be redone with these effects 
included. With manual design this is a large and time­
consuming task; in many cases the more expensive 
locally adjusted design would have to be accepted. 
With MAESTRO it is a relatively easy matter to add 
the loads or make an approximate modeling of the 
local geometry, and rerun the program. In that case the 
extra design requirement will be satisfied in the opti­
mal way, and so the cost increase ( over the previous 
preliminary design) will be much less than the cost 
increase associated with making local adjustrnents. It 
willalso be less than that obtained by redoing a manual 
preliminary design; 

A similar situation arises when an important design 
requirement is changed after a preliminary design has 
been completed, and to fulfil the new requirement 
properly would mean repeating the design. A designer 
using standard manual methods must choose between 
making another costly and time-consuming design or 
only partially fulfilling the requirement by making lo­
cal changes. 

EXAMINATION OF ALTERNATIVE 
STRUCl1JRAL CONFIGURA TIONS 

Another principal benefit of the program is that it al­
lows the designer to compare the optimum designs for 
altemative structural configurations. In arder to dem­
onstrate this a study was made of an altemative tanker 
design having three longitudinal girders in the center 
tank; that is, three parallel "ring frames" around the 
inside of the tank in a vertical longitudinal pláne, in­
stead of only one ring frame in the ship's centerplane. 
The data for this altemative configuration took about 
one man day to prepare. The results showed that the 
optimum design based on this configuration · was 
slightly more costly than that of the single-girder 
model, and hence that there was no point in adding the 
extra girders. To have performed such a study without 
a program like MAESTRO would have constituted a 
major research project, occupying severa! manweeks 
and requiring a large amount of computer time.' 

Example 2--Bulk Carrier 

The other ship type which is investigated in Ref. 16 is 
a 140,000 dwt bulk carrier. This also was an actual 
current ·practice design, but in this case the design 
chosen was not the final design but an earlier version 
in which a coarse mesh finite element stress check (by 
DAISY, a general-purpose finite element program) 
had found stresses exceeding yield in the bottom and 

inner bottom plating. The yielding was caused by a 
combination of stresses from the local cargo bending 
moment and the overall hull girder bending moment 
(see Figs. 1.13 and 2.3). This early version of the 
design was chosen to illustrate how MAESTRO can be 
used to check a tentative design and also, if desired, to 
produce optimal corrections. For this model it was 
necessary to analyze five hold lengths because of the 
ballast tank arrangement. Since the model was struc­
turally symmetric longitudinally, it was only neces­
sary to model 2 ! hold lengths of the structure. 

STRUCl1JRAL Ev ALUATION 

At first MAESTRO was used in the "evaluation mode" 
to compare its results with those obtained earlier in the 
DAISY three-dimensional coarse mesh analysis. To 
analyze seven loadcases DAISY had required more 
than 50 minutes of computer time. To analyze five 
loadcases ( and also to perform a complete limit state 
analysis, and to evaluate the adequacy of the entire 
structure) MAESTRO took about three minutes, using 
the sarne computer and modeling the sarne portion of 
the ship (2 ! cargo holds). All of the defiections and all 
of the stresses given by the MAESTRO analysis were 
in good agreement with those given by DAISY. Figure 
1.13 is an example of a defiection plot produced by 
MAESTRO. In these plots the defiection is greatly 
exaggerated for clarity. 

0PTIMIZATION 

After the structural evaluation of the existing design 
MAESTRO was used to produce an optimum (least 
cost)design while also correcting the deficiencies. The 
cost factors were basicall y the sarne as those used in 
Ref. 15. 

With the height of the double bottom fixed at its 
original value of 2.3 meters, the optimum design pro­
duced by MAESTRO had thicker plating but smaller 
longitudinals. The resulting cost was 7 .5% and the 
weight 6.4% less than the starting design. Next, the 
double bottom height was allowed to vary. This pro­
duced a design that had a lower double bottom height 
(1.9 m) and thicker bottom plating (24 mm). Com­
pared to the original design, the cost was reduced 
8.8%. These results indicate that the design having a 
smaller double bottom height is of slightly lower cost. 
In addition, this design is able to carry more cargo. 
Because the hull module• in this example included 
more cargo holds than the segregated ballast tank 
model (2! cargo holds versus 1 ! cargo holds), the 
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I 'HULL MODULE' 1 

r----- 5/1-=w~::-a:.:~ -----_J l 
"" 

Figure 1.13 MAESTRO deflectiOn plot-full ;Ioad ságging condition; heavy ore cargo. 

computer cost per design cycle was higher. An eight­
design-cycle run in this case used 12 minutes of com­
puter time and cost about $150. 

The effect of varying the double bottom floor spac­
ing in the bulk carrier -.yas also examined. The,original 
design had a floof spacing of 2.4 m (23 bays in the 
MAESTRO model). From this original model two oth­
ers were developed: one with a spacing of 2.208 m (25 
bays) and one with a spacing of 2.76 m (20 bays). The 
overall lengths of ali three designs were identical. The 
length of the cargo holds however did vary due to the 
differing floor spacing, with the variation not more 
than 14%. One man-day was required to generate 
these two additional models. 

Running MAESTRO for these three floor spacings 
without restricting the double bottom height produced 
the·results shown in Fig. 1.14. Beca.use there were no 
restrictions on double bottom height, each floor spac­
ing resulted in a different double bottom height. From 
the cost index curve, it appears that the original spac­
ing of 2.4 m was a reasonable choice. To determine 
the minirnum value of the curve, it would be necessary 

to make additional runs with larger frame spacings. 
Notice that the weight is lowest at the original frame 
spacing. 

To eliminate the variation in double bottom height 
as a factor in determining the optimum frame spacing, 
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Figure 1.14 Cost and weight versus frame spacing-variable 
double bottom height. Note: Numbers in parentheses are the double 
bottom height (mm). 
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Figure 1.15 Cost and weight versus frame spacing-1880 double . 
bottom height. 

the three models were run with the double bottom 
height fixed at 1.9 m. The weight and cost index 
curves for these runs are shown in Fig. 1.15. ln this 
case it appears that of the three spacings, a frame 
spacing of 2. 76 m is still the optimum. 

Use of MAESTRO in Teaching and Research 

Si.nce rationally-based design <leais with the actual 
characteristics of a structure, including the complex 
and interrelated response of ali of its members and the 
calculation of the various limit values of these re­
sponses, and since the program is a mathematical 
model of these characteristics, it is very helpful in 
teaching both the theory and the practice of ship struc­
tural design. Frrst, because of its structural analysis 
and structural evaluation features, the program assists 
in gaining a deeper understanding of the complex. and 
inter:.elated characteristics óf a ship structure, and in 
leaming what types of structural arrangement are more 
efficient. Second, because it also has an optimization 
capability the program is in effect a "ship design sim­
ulator," in which a designer can tty out various ideas 
and possibilities, and can increase his knowledge in 
many aspects of structural design, such as the relative 
cost efficiency of various structural arrangements and 
the optimum proportions of structural members for 
various structural arrangements" 

The program also has many useful applications in 
ship structural research. For example it may be used to 
examine the effect of corrosion on the strength of the 
buli girder and to develop improved corrosion criteria 
(initial allowance, permissible wastage-both thick­
ness and extent, etc.). The program may also be used 

to perforrn a series of "hindcasting" analyses of vari­
ous types of ships in order to determine the approxi­
mate magnitude of the safety factors that are inherent 
in current design practice, and to see how the factors 
compare for various locations in the ship, types of 
principal structural members, types and modes of fail­
ure, and types of ship. 

Other Practical Aspects 

MAESTRO includes severa! features that make it ver­
satile and easy to use, such as a graphical interface 
and menu system, an interactive modeler for rapid 
structural modeling, and color graphics that display 
complete inforrnation about the structural model and 
the various results ofa MAESTRO job: stresses, mode 
shapes, structural adequacy parameters and optimum 
scantlings. Special methods of color coding allow the 
designer to quickly review, quantify and comprehend 
the wealth of inforrnation that is obtained. Thus the 
designer ai ways remains in control of the overall 
process. 

The use of the program does not require any special­
ist knowledge about computing or about optimization 
theory. The program is fully documented, with a Mod­
eler Tutorial, Users' and Reference Manuais, an Op­
erating Guide and an Example Manual. ln addition, 
this book itself serves as a very complete type of 
Theoretical Manual for the program. MAESTRO can 
be run .on virtually ali major operating systems: DOS, 
Windows/NT, Windows 95, UNIX, VMS, etc. It re­
quires a minimum of 8 MB of RAM and 200 MB of 
available disk space. As of 1995 it has been adopted 
by nine navies, various structural safety authorities 
(Coas! Guard agencies, classification societies, etc.) 
and by over fifty structural designers and shipyards in 
Europe, North America, Asia and Australia. Distribu­
tion and technical support is dane through Proteus 
Engineering, Stevensville MD, USA, Design Systems 
Europe, Antibes, France, and Delteq Pte., Sirigapore. 

1.4 STRUCTURAL SAFETY 

Uncertainty, Risk, and Safety 

ln the design of ocean structures there are many uncer­
tainties which must be dealt with. First there is the 
uncertainty of the loads, especially those arising from 

\ 

( 

( 

( 

( 

( 

1 .. 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 
Full document details: Ship Structural Design: A Rationally-Based, Computer-Aided Optimization Approach

http://www.avadocuments.com/doc/ship-structural-design-a-rationally-based-computer-aided-optimization-approach
http://www.avadocuments.com/doc/ship-structural-design-a-rationally-based-computer-aided-optimization-approach


waves. The ocean environment is severe, complex, 
and continuously varying. Ocean waves are essentially 
probabilistic and can be adequately defined only by 
means of statistics. Second, there are uncertainties 
regarding material properties such as yield stress, fa­
tigue strength, notch toughness, and corrosion rate. 
For example, in ordinary steel which has not had spe­
cial quality control the yield stress can vary by as much 
as 10%, and it is also dependent on the rate of loading 
and on the effects of welding. Third, there is inevitably 
some degree of uncertainty in the analysis of a struc-' 
ture as complex as a ship. Both the response analysis 
and the limit state analysis necessarily involve as­
sumptions, approximations, and idealizations in for­
mulating mathematical models of the physical envi­
ronment and of the structure' s response to that 
environment. Fourth, there can be variations and 
hence uncertainties in the quality of constructión, and 
this factor has a particularly strong infiuenc~ on the 
strength of a structure. Finally, there are unce'rtainties 
of operation, such as operating errors (imprciper load­
ing, mishandling, etc.) ora change of service. 

Wherever there are uncertainties there is risk of 
failure. For a structure, the risk of failure is the proba­
bility of a load reaching or exceeding its lirnit value. 
That is, for each limit state 

risk = P1 = prob (Q ;e: QL) (1.4.1) 

in which, for simplicity, we are here considering a 
limit state which involves only one load. The safety of 
a structure is the converse-the probability that it will 
not fail. Hence 

safety = prob(Q < QL) = 1 - P1 (1.4.2) 

Since there are always some uncertainties, and hence 
some risk of failure, it is impossible to make a struc­
ture. absolutely safe. Instead it can only be made 
"sufficiently safe," which means that the probability of 
failure can be brought down to a levei that is consid­
ered by society to be acceptable for that type of struc­
ture. Therefore, if a structural design process is to be 
rationally based, the whole question of safety must be 
dealt with on a probabilistic basis, and the process 
must provide the means whereby the designer can en­
sure that the degree of safety meets or exceeds the 
required levei. The calculation of the probability of a 
particular type of failure involves the probability den­
sity functions of the relevant load and of the lirnit value 
of that load. If these probability density functions are 
denoted by PQO and PQL (-) respectively, then the 
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LOAD EFFECT Q 

PolOI 

LIMIT VALUE OF 
LOAD EFFECT QL 
PQL (QL) 

Possibil!ty of Q > QL i 
hence possiblllty of failure 

Figure 1.16 Probability distributions of load effect and of limit 
value of load effect. 

probability of this particular type of failure occurring 
is 

This is illustrated in Fig. 1.16 which shows that 
even though QL, the mean of the limit value, is well 
above the mean load there is still some overlap of the 
curves and hence some possibility of failure. (Note: 
The probability of failure is not equal to the area of the 
overlap, but this area nevertheless provides a useful 
visual and qualitative indication of P1.) The figure also 
shows that the important regions of the distribution 
qurves are the tails, because this is where the overlap 
óccurs. Unfortunately it is this portion of a distribution 
curve which is most difficult to obtain with any pre­
cision, mainly because one is dealing with rare events. 
However it will be shown that there are ways of ób­
taining satisfactory estirnates and upper limits of P1, 
even though the tail portions of the distribution curves 
are not known precisely. 

Leveis of Safety 

The required levei of safety varies according to the 
type of failure and the seriousness of its consequences. 
Because these leveis are ultimately determined by so­
ciety there are no precise values or exact rules for 
determining them, but they can be estirnated by sur­
veys and by examining the statistics regarding failures, 
particularly those types in which the failure rate is 
considered by the public to be generally satisfactory, 
in the sense that the costs and resource usages that 

*This equation assumes that Q and QL are independent random 
variables. 

Full document details: Ship Structural Design: A Rationally-Based, Computer-Aided Optimization Approach

http://www.avadocuments.com/doc/ship-structural-design-a-rationally-based-computer-aided-optimization-approach
http://www.avadocuments.com/doc/ship-structural-design-a-rationally-based-computer-aided-optimization-approach


·1 
' 

36 RATIONALLY-BASED STRUCTURAL DESIGN 

TABLE 1.1 COMPARATIVE ANNUAL PROBABlLITY where C; = initial cost, converted to an annual 
OF DEATH PER 10,000 PERSONS depreciation cost 

Annual Annual 
Exposure Risk 

Activity (hr) per 10' 

Offshore operations (including 
diving and vessels) 65 

Mountaineering (intemational) 100 27 
Distant water trawling (1958-1972) 2900 17 
Offshore operatiqns (other than 

construction, diving, or vessels) li 
Air trave! (crew) 1000 12 
Coai mining 1600 3.3 
Car travei 400 2.2 
Construction site 2200 1.7 
Air trave! (passenger) 100 1.2 . 
Ho'me accidents ( all persons) 5500 1.1 
Home accidents (able bodied) 5500 0.4 
Manufacturing 2000 0.4 
Structural failure (land-based 

structures) 5500 0.001 
Ali causes (England and Wales, 

1960-1962) 
Male, age 30 8700 13 
Female, age 30 8700 li 
Male, age 50 8700 73 
Female, age 50 8700 44 
Male, age 53 . 8700 100 

would be required to further reduce lhe failure rate are 
considered to be unwarranted wben balanced against 
olher needs. For exarnple, in regard to occupational 
risk Ref. 18 reviewed a range .of activities and ob­
tained lhe results shown in Table 1.1. From lhe results 
of a study of merchant ship losses lhe aulhors of Ref. 
19 estimated.a value of between 0.003 and 0.006 as 
lhe lifetirne probability of overall structural fai!ure lhat 
has been tacitly accepted over .lhe past 20 years for 
large ocean-going ships. From studies of lhis type it 
would appear lhat lhe value of Pp, lhe total annt1al 
failure probability per structure (ship, aircraft, drill 
rig, etc.) ranges froni 10-3 or less for failures lhat have 
moderately serious consequences (substantial eco­
nomic loss but no fatalities) to 10-5 or less for cata­
strophic failures, such as the crash of a passenger 
aircraft. 

A different approach to ·lhe question of required 
levei of safety is lhe use of economic criteria [20]. This 
is particularly appropriate for .cases in which loss of 
life is not involved. For a large number of similar 
structures lhe total annual cost Cr of each of lhem can 
be formulated as: 

(l.4.4) 

P1 = annual probability of failure 
[ C1 kQ = equivalent failure cost in 

present worth. 

The equivalent failure cost involves a discounting 
of future darnage costs to present worth by appropriate 
intérest rates. Failure costs should include ai! costs 
involved such as salvage operation, pollution abate­
ment, cleanup, and lost production. It could also in­
clude loss of reputation and public confidence. In Fig. 
1. 17 a typical relationship betweel! annual cost and 
annual probability of failure is demonstrated. The 
figure shows lhat lhe most irnportant pararneter is the 
ratio p between failure cost and initial cost. 

Màny structures are comprised of, or can be divided 
into, a set of members each of wbich is sufficiently 
. irnportant lhat failure of any one member is regarded 
as failure of lhe structure. If lhe failure modes of lhe 
members are i..1dependent lhe total failure probability 
is 

(1.4.5) 

· where P1i is lhe failure probability of lhe j"' member. 
Since lhe total probability of failure consists of severa! 
components lhere is an opportunity to optimize lhe 
way in whicli lhis total required leve! is obtained. 
Under some simplified assumptions lhe optimal design 

Mínima 

lnitial cost 

· Annual probability of failurQ Pt 

Figure 1.17 Typical relationship between cost and total proba~ 
bility of failure. ' 
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