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FOREWORD

The procedure expounded in this report was developed by the author as
the result of design studies carried out particularly over a period of nine years
while at the Bureau of Ships. This period, which included the war years, was
one of fervid engineering development. The enormous expansion of the Navy
from a military arm capable of securing one ocean to a striking force capable of
maintaining superiority in every sea resulted in the continual preparation of new
designs of naval vessels capable of carrying out effectively the ever-changing
tasks introduced by the rapidly evolving strategic and tactical aspects of mod-
ern warfare,

In carrying out his assigned responsibilities, which included the structur-
al design of the fighting vessels of the Navy, the author soon discovered that if
he were to do his work in an efficient manner, in spite of the never-ebbing pres-
sure imposed by the military urgency, it was necessary that the work of design
follow a definite and orderly pattern. Such a pattern leading to the synthesis of
the structural elements to form a vessel’s midship section is presented in this
report. '

Herein are set down both design criteria and the procedure to follow in se-
lecting the structure to satisfy them. In establishing these criteria, the most val-
uable source of knowledge was the reports of structural damage received in the
Bureau of Ships from the Commanding Officers of the vessels that had met with
distress as the result of operations in heavy weather, Analysis of all such reports
that came to the author’s attention indicated that in every instance of failure
traceable to a design weakness, the structure did not measure up to the criteria
set forth herein,

The author’s primary aim in writing this report is not to present some meth-
od of structural analysis but, rather a method of structural synthesis, The report
gives a procedure for proportioning the various elements of a structural entity so
that the whole fulfills efficiently its specific purpose. In the author’s opinion,
design synthesis has suffered from altogether too gross neglect; it has rarely been
treated in professional papers. This is unfortunate, for the synthetic work is far
more important than the analytic~a point that may be argued by analogy. In music
a complete knowledge of harmony (almost an analytic science) will not insure the
composition of even the simplest melody (essentially a synthetic art), The same

is true also in engineering,
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NOTATION
Cross-sectional area

Sectional area
Constant

Length of plating (in longitudinal direction or in direction of principal
axial stress)

Beam of vessel
Rigidity - B = EI

Constant

Width of plating (in transverse direction or across direction of principal axial
stress)

Constant

Stiffener spacing from edge of plate

Empirical coefficient

Depth of vessel

3
Flexural rigidity of plating - D = 12(112’h )
- i

Modulus of elasticity
Normal force
Safety factor (ratio of applied to yield or critical stress intensity)

Draft of vessel
Hydrostatic head
Horizontal force

Thickness of plating
Wave height

Moment of inertia
Unit stiffness
Coefficient
Length of vessel

Length of beam
Length of opening
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M Bending moment

m Coefficient

n Number

P Axial compressive force
P Normal pressure

Q Shearing force

R Stress ratio
Constant

r Ratio

8 Spacing of stiffeners
Variable of integration along path
Station

U Abscissa

|4 Vertical force

v Ordinate

w Work

w Deflection

Weight per unit length

y Vertical distance
VA Section modulus
o Thickness of plating at connection angle (normal with horizontal)

B Aspect ratio
Central angle

y Inertia factor - y = B/bD
A Displacement

§ Area factor - § = A/bh

7 Torsion coefficient

9 Coefficient
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all

cr

ix
Wavelength

Poisson’s ratio

Displacement coefficient

3.1416

Virtual side ratio

Radius of gyration

Axial (normal) stress intensity
Shearing stress intensity
Coefficient

Heading angle

Coefficient

Subscripts
in a (long) direction
Actual
Allowable

In b (short) direction
Bending

Compressive
Critical

Effective

Full load

Hogging

Indeterminate
Specific

Inner bottom

At length L
Longitudinal

Light load
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m (max)

req.

Subscripts (continued)

Maximum

Total (plating and stiffener)
Referring to point n

Origin

Reference point or section
Plating alone
Required

Shear
Shell

Sagging
Static

Transverse (floor)
In z-direction (longitudinally or along principal stress)
Yield point

In y-direction (transversely or across principal stress)

Tension or compression
Shearing

Primary

Secondary

Tertiary
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ABSTRACT

A consistent and integrated procedure is presented for carrying out sys-
tematically the structural design of the midship section of a naval vessel. The
report is written in two parts. In the first part the problem is considered in a
general manner and the specific theories and methods used in the procedure are
introduced. In the second part an illustrative example is worked out for an ideal-
ized vessel embodying the simplest possible structure sufficient to illustrate all
the points discussed.

INTRODUCTION

Undoubtedly, the design of the midship section is the most important structural problem
in naval architecture. Since the hull scantlings for a vessel’s full length are generally de-
rived from those obtaining amidships, a correctly conceived and developed midship section in-
sures, to a large degree, adequate strength for the whole vessel. On the other hand, a poorly
proportioned section results either in structural waste or in structural distress (possibly fatal)
during the lifetime of the ship. In view of the importance of the problem, it is not surprising
to find that a systematic procedure for designing ab initio the midship section of naval ves-
sels has never been presented. Practially all literature on the strength of ships deals only
with the analysis of some one or other structural component. Even in the masterly treatise
by Hovgaard, all the structural elements are discussed as if they were independent of each
other and, therefore, uncorrelated.! There is no integration. The synthesis is never carried
out.

This integration of separate elements into a consistent structure is left to the designer
and, in actual practice, experience, intuition and a sense of proportion play a greater role to
this end than is generally conceded. The responsibility attached to designing a midship sec-
tion is so great that calculations are usually made only to confirm preconceived ideas. When
guides are available in the form of designs of successful vessels intended for the same (or
essentially the same) service, this work of calculation may at times amount to no more than
one of simple comparison.* This is a safe, even if unimaginative, procedure. But it is a pro-
cedure having serious limitations as well, The lapse of years from the inception of a design
until the time the completed vessel has had several successful voyages in heavy weather is so
great that the vessel is likely to have become obsolescent as the result of the technical devel-
opments that have taken place in the interim. At best, comparative design is design by hind-

sight. Wonderful though such a faculty is, it should find little application in a creative

-

1Relerences are listed on page 99,

*In the case of merchant vessels, the guides are given by the rules and regulations of the classification soci-

eties. The work of calculation, then, reduces to one of bookkeeping.
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endeavor. Here vision and imagination are the paramount requisites. The philosophy of the
successful designer is not one of inspiration from the past but of creation for the future. The
lessons of experience are not discarded and forgotten, but the role of imagination is height-
ened. And with it the importance of theory. For only the use of properly developed theory
allows greater freedom of design and enhances progress.

Today we are at the threshold of far-reaching changes in ship design. In view of the
new tactical functions that naval vessels are required to perform, in view of the ever-
increasing importance of naval auxiliaries, and in view of the development in this country of
passenger superliners for the North Atlantic trade, it may be timely and advantageous to sur-
vey the present state of the art of designing the most important structural assembly of a ship=
her midship section.

In order to bring out the correlation that must exist between the various phases of the
design, a procedure will be given for carrying out systematically the structural development of
the midship section. This is intended to be a consistent and integrated procedure by which
the most important structural elements in a ship can be readily determined, starting with a min-
imum amount of information.

The author hopes that the practicing naval architect will find the procedure set forth in
this paper useful and that he will be able to save some effort in the routine development of a
design. He further hopes that the research scientist will gain an understanding of the design-
er’s problem and will learn along what lines further knowledge is required.

The author is well aware of his own limitations when discussing so difficult a subject
as that of this presentation. Yet he does not hesitate to set down what he knows in the hope
that with the kernel of knowledge thus provided, others will find it easier to criticize and im-

prove the work presented, to the ultimate benefit of all.

PART 1-GENERAL THEORIES
PRELIMINARY CONSIDERATIONS

The design of a vessel subject to the forces of the elements is a most complex under-
taking. First it becomes necessary to estimate the external forces acting upon the structural
element being designed. This is not easily accomplished since the forces are transient in
character and neither adequate theory nor sufficient experimental data are available for deal-
ing with this phase. These transient forces must then be converted into equivalent static
loadings upon the structure which is then designed in accordance with theory or empiricism to
conform to the imposed criteria.

The theories available for this work are not always rigorous, but they do afford a sound
basis for engineering judgment. From a theory one can expect no more,

For a better appreciation of the procedure illustrated in this text, certain aspects of de-
sign will be discussed in advance. Theories of design will not be fully expounded herein but

reference will be made to a generally available source where the full exposition may be found.
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EXTERNAL LOADINGS

According to the procedure in use at present, all dynamically applied external loadings
are at first reduced to equivalent static loadings. This reduction is accomplished in one of

three ways:

A. Theoretically, as in the design of structures subject to wave pounding, gun blast or
airplane landing. With the exception of the special case of the aircraft carrier (a case not con-
sidered herein), such transient loadings that can be dealt with in this manner do not occur a
amidships. A brief exposé on the manner of dealing theoretically with such transients has

been given by the author.?

B. Empirically, as the result of experience evaluated by simple theory. This has been in
the past, and remains at present, the fashionable procedure. It is a dangerous procedure, how-
ever, when dealing with problems beyond intimate experience. The dynamic problem par ex-
cellence reduced empirically to a static one is the determination of the maximum longitudinal
bending moment when the vessel is in a seaway. The problem is reduced simply to that of

poising the vessel in static balance on waves of properly chosen characteristics.

C. Arbitrarily, as in the estimate of the live loads acting on a deck. Here a simple figure
(based on previously accumulated actual data whenever possible) is given to represent both
the weight of equipment and the effect thereon of the forces due to heaving, pitching, and roll-
ing. Arbitrary loadings should be used only when there is insufficient information on hand to
estimate more closely the actual loading and when even a large error in estimation will not
have a correspondingly large effect on the resultant structure. Providing the foregoing is true,
the only test one can apply to arbitrary loadings is to inquire whether or not they are reason-
able.

In any event, the reduction of a dynamic problem to a static one requires a knowledge .
of the time history of the loading. Such knowledge is practically nonexistent. The reasons
for this are twofold: First, the theoretical approach, even in the few simple cases where at-
tempted, runs into serious difficulties and requires a disproportionate amount of time. Sec-
ond, until quite recently experimental studies have suffered from the lack of adequate testing
equipment and reliable testing technique. Even now, though equipment is available and tech-
niques developed, the large cost of obtaining the data and performing the analysis is a major
obstacle except in an exceptionally small number of cases.

Recent years have seen the publication of only two attempts to find experimentally a
correlation between the action of the sea on a vessel and the resulting strains in her struc-
ture. The first of these trials was carried out by Schnadel on the MS SAN FRANCISCO.3
The second was undertaken by the Admiralty Welding Committee on the SS OCEAN VULCAN.*:5

A third trial was carried out recently by the David Taylor-Model Basin on the USCGC
CASCO, and a report thereon by Jasper is in course of publication.®
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WAVE CHARACTERISTICS

In contrast to the arbitrary loadings mentioned in the preceding section, the choice of
the proper wave characteristics to use is of paramount importance, for the greater part of the
structural elements of the midship section are absolutely dependent on this choice. Here the
unwise selection of wave proportions will result either in waste of material or in the risk of
serious damage. As usﬁal, where the risk is greatest, the development is least.

For much too long, proportioning of a vessel’s structure has been based on the loading
that results when she is statically poised on a standard trochoidal wave whose length is the
same as the ship’s and whose height is one-twentieth of its length. It should be evident,
upon a little thought, that a constant ratio of height to length cannot hold for all waves. The
inconsistencies resulting from such an unrealistic assumption are somewhat lessened by the
proper choice of an allowable longitudinal bending stress conveniently varying with length of
vessel:

o, = ogla+ bL) [1]

where o, is the allowable longitudinal bending stress for a vessel of length L,
o, is the allowable longitudinal bending stress for a vessel of zero length, and

a, b are arbitrary constants.

But such artificialities can logically be used only in the crudest design approximations.
They cannot be allowed if optimum utilization of all material is to be achieved.

Recently a height of wave varying as 1.1 /L has been used, especially when designing
vessels under 484 ft in length (at which length L/20 = 1.1 {/L). The same objection holds.
Here also the wave height is assumed to increase monotonically with length. Such is not the
case in reality.

According to observations made in the Northern Pacific Ocean by the Scripps Institu-
tion of Oceanography and by the University of California, it is the ratio of length to height
of wave that increases steadily as a function of wave length; see Figure 1.7'8 The curve of
wave height against wave length (Figure 2), reaches a peak between 450 and 600 ft and then
decreases. In this figure three curves are shown:

Curve A - Defining the most probable relationship of wave height to wave
length to be found in northern oceans if the observations are ex-

tended through a whole year.

Curve B - Defining the relationship of extreme wave height to wave length
to be found in northern oceans if the observations are extended

through many years.
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Curve C - Defining a proposed relationship to be used in ship design.

The first two curves are based on the observations referred to; the third curve assumes
that the length of the wave (\) equals the length of the ship (L). The wave height given by
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this third curve is approximately the mean of Curves 4 and B up to the peak value of 34.0 ft,
corresponding to a wave length of about 550 ft. Beyond this point, the wave height is assumed
constant for design purposes since this condition results, as a first approximation, when a
vessel whose length is greater than 550 ft runs diagonally in waves shorter than her length.

The offsets of this proposed curve are given by the empirical formula

h=34sin-TA  0<\<550ft
1100

(2]
h=34 A > 550 ft

which has the following specific values:

Wave Length Wave Height
ft ft
200 18.5
250 22,2
300 25.7
350 28.6
400 30.9
450 32.6
500 33.7
550 and 34.0

above

It is hardly possible here to enter fully into a justification of Curve C as a basis of design,

but one may argue:

a. That the proposed curve is based on actual observations and constitutes a compromise
between waves a vessel is almost certain to encounter during her lifetime and waves she may
never encounter,

b. That for almost all designs it is a more severe criterion than the traditional L/20 and
the 1.1 /L waves.

/1

‘l —

-

c. That its use permits the adoption of allowable stresses independent of ship’s length.

A comparison of the proposed relationship of wave proportions to those obtaining for the L/20
and the 1.1 /L waves is given in Figure 3.

It might be well to point out that the adoption of more extreme proportions of wave
height to wave length than given by Curve C (as, e.g., those obtaining for Curve B) does not
necessarily result in a corresponding increase in longitudinal bending moment, for this mo-
ment is not always directly proportional to wave height. When the crest of a wave extends
above the freeboard deck of the vessel, the buoyancy curve tends to approach more nearly the
weight curve with consequent reduction in longitudinal bending moment. For the vessel con-
sidered in this paper, the maximum longitudinal bending moment will be induced by a wave of
the same length as the ship and between 37 and 38 ft in height. On the basis of the proposed
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relationship, the wave height to be used in the calculations is 34 ft. A wave height of 43 ft
as given by the Curve B would result in a reduced longitudinal moment. '
For a vessel longer than 550 ft, the largest longitudinal bending moments will be in-
duced by waves shorter than her length. It will be assumed that such a vessel encounters
waves 550 ft bsr 34.0 ft and that her orientation with respect to their crests is given by

X = arc sin% (3]

This orientation has the effect of expanding the length of the wave to the length of the ship
while keeping the wave height constant,

ELASTICITY AND ELASTIC STABILITY

When the external loadings on a structure have been determined it then becomes neces-
sary to determine the actual scantlings of the structure itself. In this step use is made of the
theories of elasticity and of elastic stability., The first deals with the condition of stress ex-
isting in a fully elastic body under the action of externally applied forces when the deforma-
tions produced by these remain small compared with the dimensions of the body. The second
deals with the determination of the stress at which the deformations in a fully elastic body
cease to be small and become most sensitive to the least change in magnitude of the applied

loading.
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In determining the scantlings for a member, the requirement of adequate strength (theory
of elasticity) must always be fulfilled. In addition, for those members subject to compression
or shear, requirements of adequate stability (theory of elastic stability) must be satisfied si-
multaneously. When requirements, for both adequate strength and stability, need to be satis-
fied, it is easier to fulfill the latter first since it is more easily expressed. Thus, for a panel
of plating, the critical stress intensity for any unidirectional loading is given simply by

o =k.2D (4]

b2

where & is the width of plate,
h is thickness of plate, and
3
D is the flexural rigidity of plate = —EA
12(1 - 42)
where E is the modulus of elasticity of material,
p is Poisson’s ratio, and
k is a coefficient depending only upon the boundary conditions and
aspect ratio of the plate.

The requirement that

>0 [5]

0cr= m

where o, is a limiting stress intensity defined in the Design Criteria, is simply expressed as

»[::EEE:::: (6]
12(1 - y2) o,

and one needs only apply the proper values for %, E, and o,,.
Equation [5] requires some explanation. Actually o or Can never exceed the yield point

IIA

¥}
A

of the material, ¢ because of the influence of the yield point of the material upon the crit-

P?
ical strength. quat,ion [4] does not reflect this influence and is consequently unreliable for
predicting the actual point of initial buckling. Still this ‘‘Euler’’ critical stress (so termed be-
cause it depends solely upon the geometry of the structure and not on the strength of the ma-
terial) does afford a convenient basis for design since the coefficient # has been evaluated
already for a number of different boundary conditions. In contrast to this, the effect of the
yield point on the critical strength has been evaluated only for the simply supported plate
loaded along two edges.

ﬁut it might be well to warn the reader that the theories of elasticity and of elastic sta-
bility will not solve all the structural problems. Indeed, solutions by these theories can be

obtained only upon acceptance of powerful limitations imposed by the underlying assumptions.
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These are:

a. That the material is elastic. The yield point of the material consequently introduces
a limitation beyond which neither theory applies.

b. That the material behaves linearly (obeys Hooke’s law). The principle of superposition
thus applies. For shipbuilding steel this assumption is one of opportunity and convenience,
not of reality.

c. That the structure is continuous. At first impression it appears as if this assumption
might be fulfilled for welded assemblies, But the generally poorer lining up of welded struc-
tural members makes this assumption even less valid than for riveted construction.

In addition to these limitations, theoretical solutions are only available for certain def-
inite boundary conditions which rarely, if ever, apply exactly to the problem on hand.

Yet, despite all these restrictions, the naval architect will always find the theories of
elasticity and of elastic stability to be his most powerful tools of analysis.

DUCTILITY

Although all calculations of scantlings are based on the supposition that the material
behaves elastically, no one would ever entertain the thought of building a ship from purely
elastic material (cast iron or glass) meeting the requirement of minimum yield strength. This
is a curious paradox.

The material specifications require that shipbuilding steel have a certain amount of
ductility, expressed as a percentage elongation at rupture of the standard tensile test speci-
men (from 22 to 25 per cent on a 2-in. base length)., Yet having obtained it, the naval archi-
tect does not use it in his work. The reasons are,perhaps, twofold. First, there is as yet no
manageable theory for analyzing a complex, ductile structure, Second, the stress history of
every structural element cannot be known. Without this, a prediction of the absolute stress
at any point is simply not possible,

The theory of plasticity and the theory of limit design have been used in recent years
with remarkable results, especially in the design of watertight bulkheads and other structures
intended to be stressed beyond the yield point of the material.?+!® But, as presently devel-
oped only relatively simple problems can be dealt with in this manner. For the analysis of
a vessel in which the load on each element is complex and where the far from simple struc-
ture is highly redundant and subject to buckling, these theories, although promising, require
considerable further development.

Determination of the final stress condition in a structural element is severely compli-
cated by another factor. This condition is the grand resultant of all the separate stress fields
induced by the rolling, cutting and welding of the material; by changes in temperature, load-
ing, and constraints during the periods of fabrication and erection; by changes in the support
reaction during building, launching, and docking; and, finally when sailing, by the behavior
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of the natural elements of wind and sea, Only the last is calculated. The remainder are ig-

nored. Yet, for all that, they continue to exist.

/’ And this is where enters ductility, It assumes responsibility for all the unknown stress
components which the available theories must perforce neglect. That there are so many un-

\

\

knowns to be taken care of in this manner is irrefutable evidence that ship design is, after

all, the most difficult structural problem in the world.

THE THREE TYPES OF STRUCTURE

The deformations of a vessel’s structure cannot be conveniently referred to an absolute
system of reference (fixed in space). It is usual, therefore, to choose as reference an oppor-
tune system which, for the case at hand, effectively replaces the absolute system yet permits
considerable simplification in the analysis. Where this possibility exists, all deformations in
a structural element or assembly under the action of a set of applied forces are thus measured
relative to another element or assembly. The only condition to be met in selecting this sec-
ond (reference) system is that under the action of the same set of applied forces, its deforma-
tions will have only a negligible effect upon the stresses resulting in the first (analyzed)
system.

Whether the deformations in a structure are appreciable or negligible depends on:
a. The loading imposed.
b. The rigidity of the structure in the plane of loading.

According to this, all structural elements or assemblies will fall into one of the follow-
ing three groups or types:

1. Structure of quasi-infinite rigidity in the plane of loading.

2. Structure of finite rigidity or flexibility in the plane of loading.

3. Structure of small rigidity (extreme flexibility) in the plane of loading.

For conciseness these structures may be termed primary, secondary, and tertiary, respective-
ly. Their comparative characteristics are given in Table 1. It might be well to illustrate.

A strake of bottom plating is ‘‘tertiary structure’’ when it is considered as a simple
panel of plating whose sole resisting action consists of transferring the external hydrostatic
pressure from its surface to its boundaries where it is then imposed upon a first system of sup-
porting structure. This first supporting system consists of frames, floors, and longitudinals,
is termed ‘‘secondary structure,’’ and constitutes the reference system for measuring the de-
formations of the bottom plating. The maximum deformation of tertiary structure in the direc-
tion of loading (maximum deflection) is of the same order as its depth (thickness).

The deformations of secondary structure, under the same applied loading, are measured
relative to a second system of supporting structure. This second supporting system consists

here of transverse or longitudinal bulkheads and shell plating and is termed ‘‘primary structure.’’
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TABLE 1

Comparison of Primary, Secondary, and Tertiary Structure

Characteristics Primary Structure Secondary Structure Tertiary Structure
Rigidity in plane of loading |Quasi-infinite Finite Very small
Loading In plane of structure Normal to structure Normal to structure
Stresses Primary - o, Secondary - o, Tertiary - o3
Tension, compression, | Bending and shear Bending and shear;
and shear membrane
Type of Structure Shell, bulkheads, decks, | Only stiffened structure - Ali unstiffened plating
inner bottom - loaded Shell, bulkheads, decks, loaded normally
in their plane double bottom, etc. ®
loaded normally.
Frames, floors, webs,
tongitudinals
Boundaries determined by |Undetermined Primary Structure. Locus Secondary Structure
of zero bending moment.

For other loadings it may consist of decks and platforms as well. The maximum deformation
of secondary structure in the direction of loading is of a first smaller order than its depth. In
this instance the strake of bottom plating becomes also secondary structure when considered
as the flange of floors or longitudinals.

Of course, the chain is evident. The same loading deforms the primary structure also.
But now there is no further supporting system of reference, and all one can obtain is the
change in deformations between two different loadings. The maximum deformation of primary
structure in the direction of loading is of a second smaller order than its depth.

Perhaps it is necessary to restate the idea in a different form, and, in this connercti(‘)rnr, '
reference is made to Figure 4.

The particular appellation given to a structural element or assembly depends essential-
ly on its relative size. An unstiffened panel of plating considered as a unit apart from all
other elements of a ship is tertiary structure. A structural assembly spanning a whole bay and
extending from shell to shell, deck to deck, or bulkhead to bulkhead is secondary structure.
When considered in its entirety as a unit, the ship is primary structure. Depending then on the
structure to be designed or analyzed, the same component may be considered as being in turn
either tertiary or secondary or primary structure.

This idea of classifying ship’s structures under three basic types leads to a significant

simplification of work. Such a conception leads to the possibility of cutting adrift certain
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structural components or assemblies from the rest of the ship so that they may be designed
separately and independently of the rest of the structure.

A final point. By correspondence, the stresses in primary structure are termed primary
stresses; in secondary structure, secondary stresses; and in tertiary structure, tertiary stress-
es. Their intensities are represented herein by ¢, 0;, and o, respectively. In this discus-
sion it will be more convenient at times to use this nomenclature instead of a less rigorous
one, Thus, plate bending stresses will be referred to as tertiary stresses and the longitudinal
bending stresses as primary stresses. The fact that such a nomenclature conveys other mean-
ings in other applications is of no significance, providing it makes for clarity here. The im-
portant thing is not the nomenclature but the idea behind this division of structure into types.

The absolute stress intensity at any point is obtained by the simple superposition of

primary, secondary, and tertiary stress intensities,

PLATE STRESSES

In shipbuilding the plating is usually of such thickness that diaphragm stresses may be
ignored. This simplification is conservative since, if diaphragm action were considered, the
stresses for a given load would be somewhat less. For plating subjected to normal loading
alone, the solution is extremely simple. If tensile stresses are added in the plane of the plat-
ing and acting along either or both pairs of sides, the resultant stresses are obtained by super-
position. However, if the plating is subjected simultaneously to normal and compressive load-

ings, the problem is considerably more complicated. These cases will be treated separately.

THE PLATE UNDER NORMAL LOADING ALONE

In all cases the bending stress intensities in a rectangular plate loaded normally are

given by

o = 5.46 % p(—%)z 7]

where p is the normal pressure on the plate and % is a coefficient depending only on the bound-
ary conditions, the aspect ratio of the plating, and the point of measurement of the stress.
Curves for k-values for four combinations of boundary conditions and a full range of

aspect ratios are given by Schade.!!

THE PLATE UNDER COMPRESSION AND NORMAL LOADING

Solutions to this problem have been presented by Bengston for both the case of the rec-
tangular plate simply supported along its boundaries and that of the rectangular plate fixed
along its boundaries.!? Solutions for elastically restrained boundaries (intermediate degrees
of fixity) are not yet available. Indeed, even the solutions for fixed boundaries as developed

are subject to strong limitations.
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In applying this work, the question always arises as to what boundary conditions to
assume, For the bottom plating in a ship, where the normal loading is large and always pres-
ent, the condition of fixity along all boundaries is approached because of the symmetry of the
loading and can be assumed at least within the limitations of the theory (aspect ratio approach-
ing unity), However, when the normal loading is small, as in decks, it is preferable to assume
simply supported boundaries, The magnitude of the normal loading at which this change in
boundary conditions takes place has not been determined as yet.

The Simply Supported Plate

The procedure for obtaining the plate stresses in the simply supported plate is outlined
as follows:

a. Calculate the deflection w at the center of the plate by the formula:

3 2
M-& _1_73(1_"2)(_60 + 8, _Qli'h3=8?’“b(1‘#) (8]
a2 E 2 a g b Y a2 ”2Eh
in which
=324 2 13245,0028 0]
33 a b
R:.ﬂ:-.a_ 9..2.+L2+2 [10]
24 B2 g2

and where o is the average compressive stress intensity in the z-direction across side b and

o, is the average compressive stress intensity in the y-direction across side a.

b. Determine the maximum bending stress intensities at the center of the plate by the
relations:

In the z-direction

617201.0 2
Txb =252 (1 * “Z‘z) i
In the y-direction
*6r2Dw, {2
= ofa
%b = T377 (p + ﬂ) [12]

c. Combine the axial and bending stress intensities by superposition. For the scantlings
used in shipbuilding, the reduction in axial stress at the center of the sides is negligible.
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The Fixed Plate

The procedure for obtaining the plate stresses in the fixed plate is as follows:

a. Calculate the deflection w, at the center of the plate by the formula

in which
3
C=-378% +378241648 114]
b3 a b
4
7=t a3, 382 9 [15]
24 b 62 02

b. Obtain the maximum bending stress intensities (at the middle of the sides) when the

compressive stresses are of such magnitude as to cause buckling. These are given:

In the z-direction by

N =12n20w9 7?'
a Bt [16]
In the y-direction by
12¢%Dw
- 0

c. Obtain the maximum bending stress intensities when there are no compressive stresses

in the plating. These are given by

dDw,

' ' .
Oxbr Oyb—;ihT' L18]

where @ is here the smallest side and ¢ is a function of the aspect ratio given in the follow-

ing table,
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Aspect Ratio | For Stress at Center| For Stress at Center
of Longest Side of Shortest Side
1.0 243 243
1.1 231 214
1.2 222 193
1.3 215 176
1.4 210 165
1.5 206 156
1.6 204 149
1.7 201 144
1.8 199 140
1.9 198 137
2.0 196 135
oo 192 -

d. Determine the critical buckling stress intensity from the equation

o +% 5\ 482D 34, 382, 4 [19]
OB T Jer gppa \ p2 g2

e. Obtain the expression based on the actual stress intensities

2
(az + % ay) t [20]

f. Obtain the ratio

2
ot
- b act [21]

g. Interpolate between Steps b and c in accordance with this ratio
Oxb = a;b + ’(axb _a;b) (22]

) (23]

Oyb = %) + ’("yb TPy

h. Combine the axial and bending stress intensities by superposition. Again, the reduc-
tion in axial stress at the center of the sides is negligible.
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EFFECT OF PLATE CURVATURE

In the preceding section, the assumption was made that the plating was plane, and the
critical and bending stresses were obtained on this assumption. Since in a ship a consider-
able number of plates are curved, we should consider the effect of this curvature upon the
stresses, For plates simply supported along all edges and loaded in the direction of the gen-
erators, we find from Equation [13] that curvature increases the critical stress by an amount

Ao -EB2 [24]

cr
402

where 8 is the central angle of the shell in radians. This is evaluated for some values of 8

in the following table.

Central Angle, 8 Increase in Critical Stress
degrees from Curvature, Ao

B 200

900
2,100
Supports 3,700

5,800

8,300
11,300
15,200
Plating 18,600
23,000

O W OO O U W N

—

This increase in critical stress from curvature can be quite appreciable, especially in
the case of vessels having generous curvature of lines. But the boundary conditions do not
fit the specific applications we have in mind (the bottom shell plating, for example, is as-
sumed fixed along the edges), and it is not yet possible to assess the effect of constraining
moments along the boundaries upon the critical stress, especially if the curved plate is simul-
taneously loaded across the straight edges (generators). Such conservatism is generally ac-
ceptable when designing vessels of normal scantlings. However, in the case of vessels hav-
ing light scantlings, such as destroyers, it is desirable to allow for the increase in critical

stress from plate curvature on the basis of the foregoing table.

CROSS-STIFFENED PLATING

An elegant solution to the problem of cross-stiffened plating under normal loading
alone has been presented by Schade in the quoted Reference 11. The presentation is in the

form of extreme simplicity which the designer appreciates.
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According to Schade’s method, a rectangular panel of cross-stiffened plating is con-
sidered to be an orthotropic plate, i.e., a plate whose elastic properties along one axis differ
from those along another axis orthogonal thereto. The axes are conveniently chosen in the di-
rection of the stiffeners.

Two parameters are at first determined:

a. A torsion coefficient

I I
7= |/-22.p% (25]
! I
na nb
b. A virtual side ratio
i
p=2l/t [26]
/3 A o
where a is the length of the rectangle,

b is the width of the rectangle, and

i, 4, indicate unit stiffness in long and short directions, respectively,
Unit stiffness is simply total stiffness divided by stiffener spacing.

Also 8,, 8, indicate spacing of long and short stiffeners, respectively,

I, I, indicate total stiffness (moment of inertia) including effective
width of plating of all long and short stiffeners, and

Iy g lpb indicate total stiffness (moment of inertia) of effective width of
plating only working with long and short stiffeners.
Generally,
S /
20 =?’ e s

a

With these parameters one may obtain from Figures 5 to 13
a. The deflection at center of panel,
b. The bending stress intensities in plating and free flanges.
c. The shear stress intensities in the webs.

In entering these charts, one should be careful to distinguish between stresses in the plating

(capable of torsional rigidity) and stresses in the free flanges (devoid of torsional rigidity).

Text continued on page 28.
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EFFECTIVE WIDTH OF PLATING

An investigation of frequent occurrence in stiffened plating is the amount of flange
material on each side of a stiffener that can be considered effective in calculations of strength.
Here a distinction must be made between the problem of elasticity and that of elastic stabil-
ity. The first occurs when stiffened plating is subjected to normal loading alone, the second
when stiffened plating is subjected to a conipressive load in the plane of the plating.

THE STABILITY PROBLEM

The behavior of stiffened plating subjected to a uniform compressive load in the plane
of the plating has received considerable attention, especially because of its applications in
the aeronautical field. The presentation herein is based on Bengston’s work.12 Again we con-
sider the two cases of the rectangular plate simply supported at all boundaries and the rectan-
gular plate with fixed boundaries.

The Simply Supported Plate

The effective width &, is given by
b 1

e

—£- 27
b 1+¢(—3)(1_Z<.:r [27]

x

where ¢ is a coefficient varying with aspect ratio such that
¢ = 1,88 for a/b approaching zero,
¢ = 1,07 for a/b =1, and

) 2Da b)2
-+ —
o =(a +a—a) A VR (28]
cr x 62 ycr hbz

For convenience, values of b_/b are plotted against o, /o, for various values of a/b in Figure
14.

The Fixed Plate

The effective width is given here by an expression similar to Equation [27]

1
N [29]
e ofg)-32)

e |
b
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where 0 is again a coefficient varying with aspect ratio such that
6 = 0.908 for a/b approaching zero

0 = 0.483 for a/b = 1, and

2 2 2 2
acr=(ax+‘—z—a) =4"D(3“_+31’.+2) [30]
52 7Jer 3ap2 \ B2 a2

Since the expressions for the fixed plate are developed from a single wave system, they are
more limited in their application than the similar expressions for the simply supported plate.
In general, Equations [29] and [30] will hold

a. For large variations in o, and oy when ¢ = b
b. For large variations in a/b when 0y = 0

In Figure 15, values of b_/b are plotted against o,/0_ for a/d =1 and 1/2.
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Figure 14 - Simply Supported Plate Figure 15 - Fixed Plate
Effective width be/ b based on uniform stress Oy Effective width b o/ b based on uniform stress g.

Single wave system,

It should be noted that the effective width of plating is determined upon considerations
of elastic stability only when the unit compressive stress in the plane of the plating exceeds
the critical strength thereof. This will occur in the design of transversely framed vessels, of
ordinary watertight bulkheads, and of superstructure. No application will be made of the sta-
bility formulas [27] and [29] in the design work expounded herein. The formulation is given

only for the sake of completeness.
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THE ELASTICITY PROBLEM

This aspect has been studied by Timoshenko,!4 Vedeler,!5 and Boyd.!® The second
author gives the following expression for the effective flange width of a box-shaped beam of
length ! and width & subjected to a sinusoidal bending moment (see Figure 16)

1+ sinhné
e "B [31)
b " 1+ coshnB

where 8 =—lb-.

This expression is based on the assumption that the bending moment curve passes through
zero at the ends. When this is not the case, the distance between points of zero bending mo-
ment should be substituted for the length ! of the beam. This substitution introduces only a

small error.

1.0

[\\ winiﬁon of Length 1 for Constrained and Simple Supports
0.9 \ —~]
V\\
0.8
N~ )
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06 \ ~
'ﬂ' Curve A
% 05 [~
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_b
Ay
Figure 16 - Effective Width of Flange Plating
1+ sinh ﬂé

b

£ - ____”.é_ » B =b/l, b = spacing of stiffeners, and ! = virtual span, see diagram.

b 1+coshnf

If the bending moment curve departs somewhat from the sinusoidal, the effective width
varies roughly in proportion to the areas under the bending moment curves.

This calculation for effective width is valid for the tension side and also for the com-
pression side when the maximum stress is below the critical. The case in which the critical
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compressive stress is exceeded has been treated by Schnadel,'”"18~see Vedeler. !5 This case,
however, will not be considered here, since it does not occur in longitudinally framed vessels.

It may be of interest to note that problems of shear lag in decks can also be solved
readily by reference to Figure 16. Since here 8 = B/L (B = beam, L = length of ship) and is
around 0.1, the difference in stress between the average and the extremes (maximum at deck

edge, minimum at center of deck) is approximated by

b- b,
Ao = ——_b_— Oaverage 32

and unless o > o_,, this difference is negligible. Accordingly, the strength decks of longitu-
dinally framed vessels should be made of uniform thickness across the section, for in this
case the maximum compressive stress intensity is always less than the critical. The stringer
plate need not be increased in thickness. On the other hand, in transversely framed vessels
where the maximum unit compressive stress exceeds the critical, the deck edge stress (at
gunwale) can be considerably larger than the average for the whole deck. A thicker stringer

plate is consequently required.

ADEQUACY OF STIFFENERS

When stiffeners are used to increase the critical compressive strength of the plating to
which they are attached, it is necessary to determine the number and size of stiffeners to be
used, The theory required to answer these queries has been discussed by Timoshenko,!3

Stiffening should be applied only in the direction of the compressive force. Stiffening
applied transversely thereto may prove to be inadequate regardless of size. This latter ar-
rangement of stiffeners will not be considered.

If we represent the critical strength of the unstiffened plating by o_, then, to insure

that after stiffening the critical strength o/ _will exceed the limiting stress o, i.e.,
o’ >0 [33]

cr m

the number of stiffeners n in the direction of compression is given by

n> mo_1 [34]

and the critical strength of the stiffened plating by
c;
14+82)% + 23 .y, sin? &

- m2D (1+8%) i b

. : [35]
2k 32(1 + 25,8, sin? fb—c-‘-)

Oer
where b is the width of plating,
B is equal to a/b,

D is the flexural rigidity of the plating,
y equals B/bD and is an inertia factor,
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(o]

equals A/bA and is an area factor,
¢ is the spacing of a stiffener from the edge of the plate, and
¢ is a subscript denoting that the value of the quantity applies to the
specific stiffener ¢.
Also a is the length of plating in direction of compression,
1 is the moment of inertia of the stiffener about an axis in the plane of the plating,
B is equal to EI,
V equals B/bD and is an inertia factor, and
A is the cross-sectional area of the stiffener.

The size of the stiffener should be so chosen as to make Equation [33] hold.

The stiffeners are not only required to be adequate in number (Equation [34]) and to
have sufficient area and inertia (Equations [33] and [35]), but they must be otherwise propor-
tioned so as to have adequate elastic stability of themselves, The fulfillment of this require-
ment is discussed by Windenburg!? and is presented in a form suitable for design work in Ref-
erence 20, from which Figure 17 is reproduced. The safe length within which a stiffener of
given proportions will not buckle is given by the flange width multiplied by a factor K. This
factor depends primarily on oyps E, and the ratio of flange width to depth.

COMBINED STRESSES - INTERACTION

So far we have dealt with only a single condition of loading. But it is natural to in-
quire what happens when several conditions of loading are superposed. This case is analyzed
most readily by means of the method of stress ratios described in References 21 and 22. Ac-

cording to this method it is only necessary to satisfy a relationship of the form:

12"‘+-R‘£+RZ‘+R;‘ =fl [36]
where B,, £, B,, R are stress ratios, each referring to a separate condition of simple load-
ing in tension, compression, bending and shear given by

B intensity of applied stress (o, , or 7, _,) [37]
B yield or critical stress intensity (0yp Or Typ) for simple loading

k, I, m, n are empirically derived exponents, and f is a factor of safety,

When a unit critical stress o__or __ is less than the corresponding yield strength of the ma-
terial oy, or 7y, it should replace such in the expression. The following table of rela-

tions applicable to a rectangular plate will prove useful:
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1. Plate under compression in both directions R ,+R, = % [38]
2. Plate under combined shear and compression -

Plate infinitely long, stressed in compression 1

across short sides Ri's +R, =7 [39]
3. Simply supported plate under combined bend- 1

ing and compression R}TS+ R, = r [40]
4. S