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ABSTRACT

An efficient program is identified for ultimate
strength testing of hull girder models representative of
longitudinally framed ship construction. The purpose of
the tests is to generate data (for correlation with theo-
rv where available) to provide the basis for engineering

design of the primary structure of the hull girder. The
major loads are longitudinal compression induced by pri-
mary hull bending, normal pressure from the sea, and

athwartship compression induced by the horizontal pres-—
sure on the sidewalls.

This report discusses loadings, strength theory and
available experimental data, and experimental mechanics
techniques, to develop rationally the general character
of a testing project which could provide satisfactory
data for correlation with theory at low cost in a moder-
rate period of time.

The results of the evaluation indicate the feasi-
bility of a project which would begin with a number of
compression tests using steel box models less than one
foot long. The purpose is to establish basic behavior
and to provide inputs to assist in developing a reliable
strength theory which would have general utility over a
wide range of parameters relevant to hull girder design.
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SYMBOLS

bulkhead spacing (in.)
area of stiffener, in.

area, in.

length of plate (same as spacing of transverse frames), in.

width of ship beam, in.
width of plate (same as spacing of longitudinals), in.
effective width of buckled plate, in.

coefficient for cylinder buckling, a function of r/t (see
Figure A2)

distance from neutral axis to extreme fiber of beam, in.

stiffness of plate in bending, Et3/ [12(l~vz)] , in-1b.

stiffener depth, in.

Young's modulus, Msi (1 Msi = 106 psi)

secant modulus on stress-strain curve ( =¢/e), Msi
tangent modulus on stress-strain curve (= do/de), Msi
parameter, (t/b)(E/‘Tcy)l/Z

factor of safety

depth of hull girder, in.

moment of inertia of cross section, in4.

buckling coefficient

length, in. (ship; also, beam-column (Appendix IV)
bending moment, in-1b.

number of longitudinal half waves in buckled plate

loading, force per unit distance along section normal to
load, 1b/in.

exponent in theoretical strength relation

axial force on column, lb.

pressure, psi

transverse concentrated load on beam, lb.

stress ratio, Eqs. (18), (19)

radius of cylinder (in.)

parameter used in design of stiffened plating (pd/t), psi
number of transverse half waves in buckled plate

plate thickness, in.
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t effective thickness of plate plus longitudinal stiffener
t + As/b)’ in.
u unevenness factor (Figure A2)
W lateral deflection
W initial lateral deflection or initial imperfection
a parameter, (p/E)(b/t)4
ol lateral motion induced by Q (Appendix IV)
€ strain
n plasticity reduction factor for inelastic buckling, Egs.
v Poisson's ratio
Ve elastic Poisson's ratio
v fully plastic Poisson's ratio (usually 1/2)
p radius of gyration of cross section, in.
= scale factor
o stress, ksi
T, reference stress for buckling, w D/bzt, ksi
$ cost, dollars
Subscripts
a allowable
col column buckling
cr critical (or buckling)
cy compressive yield
f flange of longitudinal stiffener
m model
P prototype
also, pressure
pl plate
r residual
u ultimate
w web of longitudinal stiffener
x longitudinal
v athwartship, or transverse
z vertical

(3), (4)
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NOMENCLATURE

The structural components of a representative region of a longi-
tudinally framed hull bottom appear in outline form in Figure 1, which
delineates the terminology used throughout this report. The related
boundary requirements for buckling and failure are also identified in
Figure 1. These terms are defined as follows:

instability
buckling

critical

column buckling
plate buckling

panel buckling

grillage buckling

instability failure

the limit of structural load carrying capacity
determined by a change in structural state

change in structural state from flat to bent
(or lobar) form

synonymous with buckling (buckling stress

= O—CI')

buckling of the longitudinal stiffeners between
transverse frames

lobar form within x =0, aand y =0, b.
Equal to, or less than, failure

lobar form withinx =0, aandy =0, B
Equivalent to column buckling. Also equivalent
to failure. May include the plate buckle mode
as well as the column mode.

lobar form withinx =0,Aandy =0,B
Equivalent to total collapse. May include

both plate and column modes as well as grillage
mode.

complete loss of ability to carry load

postbuckling regime symbolically, U'CTSO' Scru

These terms are discussed more fully in the section on strength

theories.

PLATE PANEL GRILLAGE

LENGTH
WIDTH

q A
8 B

SIDEWALL

TRANSVERSE FRAME
LONGITUDINAL STIFFENER

BOUNCARY CONDITIONS

WP TO FAILURE OF PANELS,
w20 AT SIDEWALLS, TRANSVERSE, BULKHEADS, TRANSVERSE FRAMES AND
LONGITUDINAL STIFFENERS, AS A MAXIMUM REQUIREMENT

UP TO BUCKLING OF PLATING,
w=0 AT LONGITUDINAL STIFFENERS AND TRANSVERSE FRAMES AS A
MINIMUM REQUIREMENT

Fig. 1 Schematie Layout of a Typical Structural Grillage.



INTRODUCTION

Purpose of Proposed Program

Hull girder model studies for ultimate strength determination
can provide large quantities of reliable experimental data at reason-
able cost and in a reasonable period of time provided that a careful
planning of the test program precedes the fabrication and the testing of
the models. It is the purpose of this investigation to discuss the back-
ground of data utilized to evaluate the factors which would influence the
design and test of a scale model of a longitudinally framed hull girzder
box beam, to present the conclusions of those investigations, and to
arrive at recommendations for an efficient test program through ra-
tional application of the results and conclusions of this investigation.

The prime focus of the investigation was upon the definition and
identification of the important parameters affecting the design and test
of the model. No consideration was given to the availability of existing
facilities. This was done in order to remove any bias on that factor
which might conceivably militate against achieving the most effective
type of experimental program. It was considered likely, however, that
any of a relatively large number of existing test facilities would be
capable of handling the end product of this investigation.

Numerous factors influence the characteristics of the optimum
model. These relate to the types of loads, the nature of failure,
methods of measuring strains and deformations, various procedures
for applying load, and (most important of all) the state of the art in
regard to theoretical procedures for predicting collapse. They are
discussed in this report in sufficient detail to provide the basis for
arriving at the conclusions and recommendations at the end.

Major Problem

At the present time, surface vessels for the Navy are designed
on the basis of Design Data Sheet No. 1100-3. Basically, it contains
curves on the cross section of a relatively long compressed flat plate
(loading = Nx) with simply supported edges. These are identified
schematically in Figure 2. The data were obtained from panel tests
with simple support structural configurations.

The actual behavior of a bottom structure involves not only longi-
tudinal compression of a series of longitudinally stiffened plates, but
also includes the effect of lateral pressure, p,, and the effect of trans-
verse membrane loadings, Ny, from the forces acting on the sides of
the vessel. This combined condition may have an influence upon the
nature of the curves shown in Figure 2.

It is the fundamental mission of this investigation to develop
ground rules for the fabrication of models to test, reliably and to a
high degree of accuracy, such variations of Figure 2 as may be induced
by N, and p,. The principal focus of new theoretical methods of ana-
lysis’ should be upon these aspects of the problem. Current theories
are discussed in this report. Furthermore, the present state of test
data on these problem areas is considered carefully and evaluated in
the light of existing theory.
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Fig. 2 Basic Design Chart.

Other Problem Areas

The scope of the current study has been limited to combinations
of longitudinal compression, transverse compression and normal pres-
sure on a structural grillage representative of a hull bottom. Other
problem areas could arise from torsion loads and vertical shear on
ships with large openings, which include both tankers and container
ships. On deep vessels the combination of these latter loadings with
transverse compression and normal pressure could induce buckling,
and possibly failure.

Shear load problem areas have not been included in the listing of
experiments recommended for the initial effort to evaluate hull girder
strength. They are listed among the topics suggested for follow-on
after the initial phase is completed.

Basic Approach

This investigation is a feasibility study. The project is aimed at
identifying the parameters which should be considered in designing and
conducting tests on small, medium and large scale models. Specific
details are presented for models which appear to offer most effectively
the range of data necessary to establish a sound basis for design.

In addition to the experimental aspects of the project, consider-
able emphasis is placed upon the need for a theoretical approach at the
time that required testing may actually be performed. This report in-
cludes discussion of the possibilities of developing theories which do
not exist at present, and careful evaluations of current theories. How-
ever, a detailed evaluation of all theories is not presented. Rather,
that task is left for the experimental/theoretical investigation to follow
this project.
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Reference Ship

Many of the discussions in this report pertain to general aspects
of hull girder strength. In order to provide a basis for specific details
of geometry and loading, some of the design information for a fast
combat support ship, AOE 2, have been utilized. These include the
basic dimensions, bending moment diagram and stresses. That infor-
mation is not repeated in this report. It was only used as a guide
throughout this project.

Model Size

The factor of model size influences every aspect of this investi-
gation, as it would do in the case of an actual experimental/theoretical
project. It influences the selection of strain gages on models which
may be srall and therefore may have relatively thin walls, and the
selection of strain gages for very large scale models because of the
nummber which may be required in order to cover reliably a sufficient
area of the model to provide coverage of data. Naturally, it would
have a major influence in areas in which unfairness of plating is a
factor since it may be difficult to scale unfairness throughout a large
range of model sizes. Model sizes would have a pronounced influence
on cost and testing time.

Materials Selection

The character of Figure 2 was obtained from data on current
naval steels. The present trend in ship construction is towards the use
of steels with yield strengths approaching 100 ksi. Since the buckling
stress is unaffected by the yield strefigth level until the proportional
limit of the material is reached, then there would be an immediate
influence felt on the relationship between effective stress and b/t. The
elastic range would continue to much lower b/t than at present. These
factors are taken into consideration in the discussions which are includ-
ed on materials selection. Furthermore, the nature of the stress-strain
curve in the region of the proportional limit and yield could have an

influence upon the relationship between ¢, and oy.

Optimum Testing

The culmination of the evaluations presented in this report is the
section on optimum testing. The parameters which affect model size,
types of experimental mechanics procedures, and numbers and types
of tests are considered with regard to the technical aspects of the
program as well as to cost and time for the project. The optimization
proceeds with consideration of these factors. The optimum costs test
would, naturally, involve nothing but very small models which would
be few in number. The same would be true for a minimum time inves-
tigation. However, it is not necessarily true that these investigations
would provide sufficient reliable technical data. Consequently, the
test optimization involves the proper balance of cost and time with the
acquisition of satisfactory amounts of experimental data for correlation
with theory. It is the drawing of that balance which is involved in the
section on optimum testing.
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Appendices

Several topics of relevance to this investigation are covered in
the four appendices. They have been relegated to that section to avoid
interrupting the mainstream of the report.

The first three appendices furnish theoretical data. AppendixI
presents a theory for predicting the ultimate strength of compressed
flat plates. Appendix Il presents a recent development in the calcula-
tion of plate buckling under axial compression and transverse com-
pression. Appendix IIl is a recapitulation of biaxial compression buck-
ling theory for flat plates, while Appendix IV describes results of
research into the experimental prediction of buckling.

LOADINGS
Introduction

The development of proper experimental models requires a clear-
understanding of the loadings to be simulated. This section contains a
description of the forces exerted on a ship by the sea, a discussion of
the manner in which those external forces induce loads on components
of the ship, and an evaluation of the influence of construction details on
the components (bottom, intermediate decks, sidewalls).

Forces from the Sea

A ship at sea is subjected to pressures, temperatures and inertia
forces. The loading condition which corresponds most closely to longi-
tudinal strength design (the subject of interest in this project) would in-
volve pressures only. The other effects need not be considered.

The pressure distribution causes longitudinal, athwartship and
vertical forces on the hull exterior. These induce vertical shear, longi-
tudinal bending, athwartship shear, athwartship bending, torsion,
athwartship compression, and longitudinal compression. The focus of
this investigation is on the combination of longitudinal bending and
athwartship compression, together with the local action of bottom
pressure. The distributions of those forces are displayed schematic-
ally in Figure 3.

Loads on Components

Consider a simple box to represent the hull girder of a ship. The
sea forces of interest would induce loads on the deck, bottom and side-
walls,

The loading for which the ship usually would be designed is the
longitudinal membrane compression in the bottom due to bending. The
effect of bottom normal pressure is frequently taken into account
through a simple interaction relation

(TX/(:EO'X ) + 0‘p/0’a =1 (1)
cr
However, this does not include the effect of pressure on Txcps NOT does
it consider the ultimate strength of the bottom. As is evident from
Figure 3, this load combination would be greatest during hogging, when
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Pig. 3 Representation of Loadings Considered in This Investigation,

the peak bending moment and peak normal pressure would occur simul-
taneously.

At present the effect of athwartship forces is not considered in
design., This could be an unconservative practice for a deep ship, since
the athwartship membrane compression on the bottom would tend to re-
duce the longitudinal compression buckling stress and might also affect
¢ whether or not the bottom normal pressure is considered. For ex-
a%ple, if the waterline is 60 ft. above the keel, the bottom pressure
would be approximately 25 psi, and the transverse membrane loading
would be

Ny = (2/3) (25) (60) x (12) = 12,000 1b/in

if there were no intermediate decks. This could be a large fraction of
N .
x

The possibilities of further complication from lateral bending
and shear should be considered also. However these effects could be
deferred to a subsequent study. Initially, the major problem is left to
involve Nx’ Ny and Pz'
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Effects of Internal Structure

Insofar as bending is concerned, it is assumed that load diffusion
effects are absent and that ¢, = Mz /I at all levels in the ship. There-
fore, there would be no need to consider internal details such as inter-
mediate decks or longitudinal bulkheads in calculating the longitudinal
compression on the stiffened plating in the bottom region of the strength
envelope. Furthermore, since the sea acts directly on the bottom, the
local pressure loading also would be essentially independent of internal
structural details. Ribs and longitudinal bulkheads or deep girders
would act to define panel sizes and possibly to provide some measure

of end fixity.

The distribution of athwartship membrane forces, on the other
hand, would be dependent upon the possible presence of intermediate
decks and rigid longitudinals. If the decks extend to the sidewalls, they
would resist the lateral pressure directly. If they are completely in-
ternal, a load diffusion analysis would be required to determine the
magnitude of athwartship forces on the bottom. Consequently, the
development of proper modeling of these two different cases would re-
quire ingenuity in order to avoid an excessive number of models. Some
possibilities are discussed in the Model Design section.

STRENGTH THEORIES AND EXPERIMENTATI, DATA
Introduction

Modes of Failure

The problem under examination revolves around the nature of the
structural behavior of longitudinally stiffened plating subjected to longi-
tudinal membrane compression forces in the neutral plane of stiffened
plating, membrane compression forces acting perpendicular to the
longitudinal forces in the plane of the plating midthickness, and normal
pressure applied perpendicular to the stiffened plating on the unstiffened
face. This system of loads is depicted schematically in Figure 4. The
Nomenclature may be consulted for reference to the terms used in this
discussion.

NORMAL , OR
VERTICAL, DIRECTION
z

LONGITUDINAL TRANSVERSE MEMBRANE
MEMBRANE Y DIRECTION
CIRECTION

BENDING \ \ ——== =
Pl ‘%\@T;??é? o
\‘ £ T///:::_:; -
. @@%
Q

!
16CTS AL:;G A I \C e
A

—
L

(ACTS ON LOWER
FACE OF PLATING)

Fig. 4 [Load System Acting on Longitudinally Stiffened Section Grillage.



If two y~direction node lines are assumed to be enforced by a pair
of transverse frames at a spacing, a, three important types of instability
may be identified:

1) The plates may buckle between longitudinals and frames,
while the longitudinals remain straight,

2) The panel of plating plus stiffeners may buckle as a wide
column between transverse [rames belore (or just as) the
plate may buckle.

3) The plates mavy buckle, after which the longitudinal stiffener
system may support additional load until the columns buckle,
at which point the panel will fail.

Through general use, condition 1) is referred to as buckling,
whereas conditions 2) and 3) are referred to as failure. The load
carrying capacity at collapse is termed strength.

The difference between plate strength and panel strength is a
necessary distinction. Plate strength is the average stress level
induced by the maximum load acting on a plate (of length a and width b)
which is supported along the edges by mechanical devices that carry no
load but enforce a straight line along each edge.

A panel buckles and fails basically as a column. Panel strength
is the mean stress level at the maximum load on a plate-stiffener sys-
tem with no edge supports, but with attached longitudinals of length a
and spacing b. Panel strength may be less than, equal to, or greater
than plate strength since it depends largely upon the character of the
longitudinals.

Another type of instability is possible in a longitudinally framed
ship if the transverse [rames are not sufficiently stiff to enforce a node
line across the longitudinals. The transverse frames conceivably could
buckle before the longitudinals fail as columns. In that case general
instability would occur involving the entire rectangular region of the
bottom between the sidewalls and between the bulkheads. This form
of instability is not considered in the current problem. In naval archi-
tecture the term ''general instability'! is also applied to the condition
which is identified here as panel instability.

General treatment of the field of structural stability mavy be
found in the critical survey by Gerard and Becker (Ref. 1), which con-
tains detailed critical evaluations of theory and experiment. Cooper!s
bibliography may also be used to locate data more directly pertinent to
ship construction (Ref. 2).

Status of Theory and Experiment

There are several aspects to the problem under investigation.
The following tabulation outlines the status of theory and experiment
in each relevant category. Detailed discussions appear in the following
portions of this section. Also consult Table 1,



Table 1. Status of Theory and Experiment on Pertinent
Features of Pressurized Stiffened Panel Behavior

Feature Theory Experiment
Uniaxial Ter Extensive Extensive
Comp.
Plating, P oy Yes Yes
=0
P Biaxial Yer Yes No
Comp. 9, No No
Uniaxial Oer Yes Yes
Comp.
Plate i “u No No
>0
P Biaxial Ocr No No
Comp. a, No No
Uniaxial Per Extensive Extensive
Panel Comp. 0y Yes Yes
n
=0
P Biaxial | Ocr No No
Comp. oy No No
Uniaxial | %er Yes Yes
Panl Comp. ay, Yes Yes
ane
0 .
P> Biaxial O¢r No No
Comp. oy No No
Uniaxial Oor Yes Yes
Comp. u Yes Yes
Grillages 5
Biaxial cr No No
Comp. ay No No
Effects of Residual Stress Yes Yes
Design Optimization Yes Yes

Compression Buckling of Flat Plates
Basic Data for Long Plates

For plates in a longitudinally framed ship, a/b usually is of the
order of 3 or 4, in which case, Bryan's theoretical buckling relation

e 2

= .S TR
cr M 12 (1 iy 2) (b) (2)
e

applies withk = 4 (Ref. 3).

T
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The plasticity reduction factor, v depends upon the stress level
and the shape of the stress-strain curve in the yvield region. It repre-
sents recognition of the fact that buckling can occur inelastically. That
is to say, the change from flat to lobar form can occur at a stress level
in the yield region of the stress-strain curve. For steels this range is
small (Figure 5). For aluminum alloys, however, it can be large, and
permanent deformations after load release may be apparent after
elastic buckling in aluminum, whereas insignificant residuals may be
observed in steel plates which have buckled elastically. Furthermore,
buckling stresses may reach the plastic region in aluminurm m-uch sooner
(as a percentage of o.+) than in steel. In such a case it is necessary fo
modify the usual elastic theory of plate buckling to account for this fact.
That is done by introduction of n, a term which has been derived from

fundamental theoretical considerations by Stowell (Ref. 4) and by
Gerard (Ref. 5) for several cases of thick plate buckling. It reduces
the hypothetical elastic buckling stress to the actual value on the stress-
strain curve, but not necessarily at the same strain as the elastic value.

Mathematically, n is equal to

l - ve i . 1/2
no= (ES/E) [(1/2) + (1/4) (1 + BEt/ES) (3)
1-v
TYPICAL
LOW
CARBON TYPICAL
STEEL ALUMINUM
ALLOY
PROPORTIONAL
LIMIT

PROPORTIONAL
LIMIT

‘-l 0.002 ]‘~ €

Fig. & Stress-Strain Curves for Steel and Aluminum.
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for simply supported edges and

N T B s - osaaeamge )V

for clamped edges where the inelastic value of Poisson's ratio, as
derived by Gerard and Wildhorn (Ref. 6), is

v = Vp - (vp —ve) (ES/E) (5)

The character of the agreement of theory with experiment for
ship plating of various steels was ascertained by Vasta (Ref. 7) and
reported in the open literature by Frankland (Ref. 8) as shown in Figure
6. The same agreement is observed for other structural metals, except
where o approaches ¢ ., in which range the shape of the knee of the
stress-strain curve exerts an influence, as discussed above.

Theory is seen to agree well with experiment up to the propor-
tional limit, after which the agreement can be maintained if the plasticity
reduction factor is taken into account. Such data are not reported in
Ref. 7. However, an indication of the agreement can be seen in Figure 7
for flanges, for which the plasticity reduction factor is obtainable from

YIELD CUTOFF

U’Cr -

O'Cy

0.5
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Fig.

5
1/F= (b/Nlagy/E)/2

6 Typical Buckling Data for Uniaxially Compressed Plates.
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Fig. 7 Comparison of Theory and Experiment for Compressed
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2
1 - L
n o= —— (ES/E) (6)
1 -
Effect of Aspect Ratio
In general, the buckling coefficient is
k = (a/mb + mb/a) (7)
in which m is the number of half-waves in the length a. If the plate

buckles in square waves, which would happen if a/b = 1, then k = 4
as used above.

Ifm = 1anda/b< 1 (which would be the case for a wide plate),
then

k = (b/a)2 [l + (a/b)z] (8)
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and

2 2
S = |1 ¥ /Y] ——Lz) (2) 9)

12 (1 - v
e

The buckling stress for a simply supported plate consists of the
expression for the buckling stress of a wide column

2 2
;. . TE (L) (10)
col 12 (1 - vz) a

modified by the factor [ 1+ (a/b)zl; If a/b is of the order of 1/5,

the error involved in disregarding the factor would be conservative by
4 percent. Consequently, if compression tests are performed on
longitudinally stiffened panels with free unloaded edges, the behavior
should approximate ship structural behavior since the transverse frame
spacing is normally a small fraction of the ship beam width, The only
additional factor to be considered is the term 1 - v &, which represents
plate behavior. It is absent in the column buckling equation

'lTZE 92
%ol T 2 (11)
a
where
0% = t?/12.

Effect of Residual Stresses

Experiments conducted by Rampetsreiter, Lee and Ostapenko
(Ref. 9) show that, when longitudinal stiffeners are welded to a plate,
the residual longitudinal compression stress, g, would reduce the
buckling stress of a plate in longitudinal compression by oy, so that

a = 0 + o (12)
Ccr crr T

The scatter in the experimental data is large. As a result the correla-
tion was obtained from averaged values of the residual stress distribution.

The presence of residual stress would tend to reduce the buckling
stress of plating between stiffeners, as shown above. However, the
stiffeners would be loaded in tension and also would tend to curve some-
what. As a result, if plate buckling and column buckling were to occur
simultaneously because the stiffeners were unable to support load after

the buckling of the plate, then the panel strength would be reduced. If
the stiffeners are sufficiently rigid to carry load beyond buckling, then
a reduction in o, might be anticipated.
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Effect of Initial Imperfections

An important aspect of the stability characteristics of a structure
is the influence upon buckling and collapse which can be exerted by
departure of the fabricated initial shape from theoretically perfect form.
These departures are often referred to as initial imperfections, or
unfairness,

On the basis of theoretical considerations and test data, it is now
well known that the role of unfairness depends upon the shape of the
structure and the type of loading to be applied. Three cases are shown
schematically in Figure 8, which depicts the load loss, A0, due to the
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Fig. 8 Effect of Unfairmess for Three Types of Structures.
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presence of an initial imperfection, wg- The effect of unfairness on
buckling is large for a compressed cylinder, small for a compressed
bar, and negligible (or possibly nonexistent) for a compressed flat plate.

As can be seen in Figure 8¢, the failure load of a compressed
flat plate can exceed the theoretical buckling load. In the other two
cases, that would be improbable for any unfairness, no matter how
small.

Important features of the effect of unfairness are the absolute
magnitude of the deviation, and the shape and size relative to a buckle
mode form. In an irnperfection-sensitive structure (Figure 8b), an
unfair region of approximately the size and shape of a buckle could
induce a loss of 50 percent of the theoretical buckling load if the magni-
tude of initial unfairness, wo/t, is of the order 1/10 to 1/2 the thickness.
(Values of w,/t = 1 are not uncommon. ) On the other hand, if the same
cylinder were to be stiffened by bars with a depth equal to 4 or 5 shell
thicknesses, there would be essentially no loss of buckling stress from
the theoretical value for the stiffened shell. Data on compression
buckling of unstiffened shells appear in Appendix II, Figure AZ2.

Size Effects

It has been well established that there are no size effects in
structural behavior where stability is the mode of failure (Ref. 1,7, 11).
The factor which tends to degrade stability behavior (imperfections, or
unfairness) is relatable to nondimensional ratios (r/t and Wo/t, for
example). The only consistently significant size effect occurs in material
strength properties as a function of plate thickness, grain size, surface
phenomena, dislocation density, heat treatment variations, etc. However,
these properties appear to exert little influence on stability parameters
(Young's modulus, secant and tangent moduli, and Poisson's ratio).

The influence of size may be felt in a practical manner through
the degree of unfairness built into ship plating before and during fabrica-
tion as result of as-received unfairness and residual stresses induced
by welding. These factors could be minimized in the research labora-
tory where fundamental behavior is being sought.

If proper attention is not paid to unfairness in the laboratory by
intentionally including initially imperfect tests in models, then a '"'size
effect’ might appear to arise in the prototype. This situation could be
circumvented to a large extent by including tests on unfair structures
in the laboratory to evaluate the influence of buckling and strength. The
most effective method for establishing the reliability of such data is to
follow laboratory testing with larger scale models fabricated by methods
representative of shipyard construction, measuring the degree of initial
unfairness, identifying the magnitude of the proper nondimensional para-
meter, and then determining whether the strength of that model agrees
with theory for the same nondimensionalized degree of unfairness.

Ultimate Compression Strength of Flat Plating

Current Status of Data
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Typical design data used by the Navy for computing the strength
of flat plating appear in Figure 9, which shows

s Jo = 2.25F - 1.25F° (13)
1 CY
where
_ 1/2
F = (t/b) (E/o‘cy)

Vasta displayed Eq. (13) as an empirical fit to experimental data
on buckling and collapse of a variety of ship steels and one aluminurn
alloy (Ref. 7). The results appeared in Ref. 8 by Frankland, who
referred to Vasta's unpublished data. Vasta also referred to Eqg. (13)
in discussing large scale testing of ships {(Ref. 10).

The experiments of Ref. 7 were conducted on individual rectangu-
lar flat plates with the edges under mechanical restraint designed to
provide simple support. Tests on other alloys were discussed by
Gerard (Ref. 11) and by DTMB (Refs. 12, 13 and 14). The total of
those data appear in Figure 10, together with Eq. (13) to reveal the
nature of the fit. As may be seen, there is a small but definite differ-
ence between the steel data and the results for other materials in the
elastic range, but good agreement near g.,,. This difference may affect
Figure 9, which includes curves for alumifum alloy plates derived
from Egq. (12).

Fig. 9 Ultimate Stremgth of Uniaxially Compressed Plates (a/b>1).
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Tests by Collier on 3-bay panels showed the same behavior as for
single plates (Ref. 14). However massive stiffeners were required to
force the plates to maximum load. Apparently they maintained simple
support along the stiffener lines.

Derivation of Basic Theory

Figure 10 also contains several crosses which refer to a two-
flange approach. During this project a preliminary estimate was made
into the possibility of developing a fundamental theory of ultimate
strength of plates (Appendix I). Existing literature does not appear to
include such an approach. In order to derive the theory it was assumed
that a buckled plate would continue to support load at ¢ = 0y, while
load-carrying increases would be confined to the effective strips of plate,
be, at the edges in accordance with the suggestion of Bengston (Ref. 15).
These strips were assumed to act as hinged flanges buckling at a stress
level near yield, but taking account of the proper plasticity reduction
factor for a hinged flange. The resultant expression was found to be
/

cru/crcy = 0.11+1.77b_/b+0.89 (1-2b_/b) (s ) (14)

cr 0‘cy
For several selected values of F the corresponding values of

U'u/o'cy' from Eq. 14 are shown as crosses in Figure 10. On the basis

of the agreement shown, it appears possible to develop a fundamental

theoretical approach to achieving an engineering method for determining

plate strength.
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Fig. 10 Theory Compared to Experiment for Ultimate Compression Strength of Simply
Supported Flat Plates Without Lateral Pressure Aetion.
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Plate Buckling Under Compression and Normal Pressure

Uniaxial Compression Plus Normal Pressure

Levy, Goldenberg and Zibritosky analyzed theoretically the prob-
lem of determining the effect of normal pressure on the buckling stress
of a flat plate loaded in uniaxial compression (Ref, 16). TFor a plate
with a/b = 4 they obtaincd the numerical data shown in Table 2.

An alternate approach, recently developed, is described in detail
in Appendix II. The basis is the application of shell buckling theory to
pressurized plate buckling. Predictions from the new theory also
appear in Table 2. Excellent agreement is seen at moderate pressures.
The potential advantages of the use of shell theory'are as follows:

1) Shell theory yields good agreement with theory of Levy et al.
2) The shell concept provides a physical picture of the effect.

3) As a result of items 1) and 2), the way appears clear to
develop reliable design procedures.

4) The shell concept leads directly to use of extensive literature
from which data can be found on isotropic and orthotropic,
elastic and inelastic, shells of single and double curvature.

Table 2. Theoretical Effect of Normal Pressure
on Uniaxial Compression Buckling of

Flat Plates with a/b = 4, o = (p/E) (b/t)*

1. Simple Support
Ref. 16 Theory Shell Theory1
a 0/64, olog,
0 1.00 1.00
2.40 1.06 1.06
12.02 2.24 2.30
24.03 3.09 4.60
2. Clamped
Ref. 16 Theory1 Shell Theory1
a olog, o/oge
0 1.00 1.00
15.02 1.06 1.08
37.55 1.30 1.68
1As stated in Appendix |1, o and o, are the buckling stresses for the pressurized and
unpressurized plates, respectively

5) From the extensive background of the manner in which
theory and experiment correlate for shell behavior, it is
possible to predict whether a reduction could be expected
below flat plate buckling for a given case. Furthermore,
the amount of reduction can be anticipated, and the use of
shell theory would have to be tempered appropriately.
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6) Because of extensive data on combined loadings for shells,
these now could be utilized to predict buckling in the presence
of normal pressure (utilizing the shell concept) for such
combinations as longitudinal and lateral bending in conjunc-
tion with torsiomn.

7) The shell theory predictions of structural behavior can be
computerized both for analysis of specific cases, and as
part of computerized design of naval vessels.

8) The shell concept provides the foundation for understanding
the structural behavior of hull bottoms. As a result,
although the theory is not perfect in its present form and
needs further development, nevertheless it can begin
immediately to provide a guide for designing box girder
test projects. It offers the potential of achieving significant
data by starting with small models of relatively simple
geometry in order to check the theory.

The most important feature of the shell theory is the fact that it
accounts for initial imperfections, to which axially compressed cylin-
ders are particularly sensitive. As an example, consider a steel plate
withb = 151in., t = 1/4in., andp = 13 psi. Then the corresponding
data would be (Figure A2).

r/t = (0.88 x 3 x 10'/13) (1/60)°
- 560

C = 0.22 (U = 0.00025, avg. line)
= (p/E) (b/t)*
= (13/3)10'7 (60)4
= 5.6

In the transition zone, for a simply supported plate (Appendix II)

2
U/o'cr 1 + 0.0272 @C)

n

1 + 0.0272 (5.6 x 0.22)

= 1.04

Through interpolation of the data of Ref. 16, which pertains to plates

with no imperfections, o /5.y is found to be of the order of 1.6 for the
same value of a. This is considerably greater than the value of 1. 04,
which accounts for initial imperfections as shown in Figure A2,

There are other aspects of the shell theory which cannot be
elicited from the approach of Ref. 16. When a cylinder buckles under
axial compression, buckling and collapse are simultaneous. Therefore,
if an increase in plate buckling could be achieved as a result of the action
of the normal pressure tending to shape the plate to a cylindrical surface,



there may be little or no increase in the ultimate strength of the plating.
Also the presence of initial unfairness would tend to degrade the magni-
tude of C for large r/t (small b/t or low p). Three curves for C are
presented in Figure A2. They correspond to high quality fabrication
for U = 0.00015, moderate quality (or average unfairness) for

U = 0.00035% The buckling coefficient decreases as the effect of
unfairness becomes increasingly pronounced for a given r/t.

Biaxial Compression Buckling

Timoshenko has shown (Ref. 17) that buckling will occur in a
simply supported flat plate under biaxial compression when

mzcr + (Sa/b)ZO' = o (mzb/a + sza/b)2 (15)
x v o
where
T = TrZD/bzt.
o
When o x acts alone and a/b = 1 or any integer, then s = a/mb =1 and
Cxy T 40, When Oy acts alone under the same conditions, UYCI = 0

Using k_ = U'X/UO, kY = U'y/(fo, buckling will occur when

X

k 4+ (sa/mb)zky = (mb/a + S.':L/rnb)2 (16)

A general interaction relation is

R + R =1 (17)
x vy
where it is assumed thatn = 1 in all cases, and
-2
Rx = (crx/cro) (a/mb + mb/a) (18)
R = (o /o) 1+(b/)2]_2 19)
= a I a.
vy~ 7y'%0 (

Biaxial Compression Plus Normal Pressure

There is no information in the literature on either buckling or
collapse of flat plates or stiffened panels which are loaded by biaxial
compression and normal pressure. There is a possibility of utilizing
shell buckling theory for this case in the same manner as was described
in Appendix II for uniaxial loading. However, it probably would be more
complicated because of the difficulty of determining the prebuckling
deformation pattern since transverse membrane force would tend to
increase the curvature initiated by the lateral pressure.

This aspect of the hull bottom structural behavior would be a
more complicated problem for stiffened panels than for flat plates. It
might be possible to employ orthotropic theory if the longitudinals were
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closer than at present. This is an area in which investigations should
begin during the early stages of a test program.

Compression Buckling and Collapse of Stiffened Plating

Introduction

As was indicated above, panel buckling is synonymous with
collapse. This places the burden on the stiffeners to support the plating
until achievement of the ultimate strength computed from data such as
in Figure 10. Because of the additional factors involved, evolution of
a technique for analyzing the strength of stiffened panels is more difficult
than for plating alone. A few tests were conducted on ship steel panels.
However, the aircraft industry acquired the greater mass of experi-
mental data on panels subjected to axial compression alone. Effects of
transverse membrane forces, normal pressure and residual stresses
are considered in subsequent sections.

Axial Compression Data

Gerard conducted an extensive semi-empirical synthesis of data
on panel strength (Ref. 18). Some results appear in Figure 11. A
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Fig. 11 Crippling Data for Z-Stiffened Panels (Ref. 18.)
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large amount of data on different materials are seen to be reducible

to relatively few parameters. These can be combined in nondimensional
groups to provide a correlation scheme with relatively small scatter.
The application of those results to ship construction, however, must

be approached with caution since the aircraft data embrace possible
failure modes not likely in ship construction. These include buckling
of the outstanding legs of stiffeners (flanges), and also stiffener webs.
The ultimate load carrying capability of such an element is termed
crippling.

Vasta tested stiffened plates to failure and demonstrated the need
for sturdy stiffeners to attain oy (Ref. 19). Those results are utilized
in Part II to assist in designing some of the test specimens.

Axial Compression FPlus Normal Pressure

McPherson, Levy and Zibritosky performed compression tests on
aluminum alloy panels in combined axial compression and normal pres-
sure (Ref. 20). They found that, with free unloaded edges,

3
¢ /o = 1 - 0.39 pwa /EI (20)

which, in essence, reflects the addition of axial compression and
transverse bending stresses.

Lehigh University conducted tests on stiffened panels loaded by
normal pressure and performed extensive theoretical analyses to
develop design charts. Lee and Ostapenko reported four tests designed
to reveal the effect of normal pressure (Ref, 21), with the results
shown in Table 3.

Table 3. Summary of Tests on 3 Stiffened Panels Loaded by
Axial Compression and Normal Pressure (Ref. 21)

Theoretical Total
Ult. Plate P/A +
Stress Buckling | Lateral Me/l, Mc/1
(P/A} | Failure Stress | Pressure, ksi ksi
Specimen | (ksi) Mode ksi psi (computed) | (computed)
T1 30.0 Plate 30.0 0 0 30.0
Instability
T-2 25.3 Plate 30.0 6.5 3.8 29.1
Instability
T-3 225 Plate 30.0 13 7.6 30.1
Instability
T-4 26.7 Plate 30.0 6.5 3.8 30.5
Instability
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The effect of normal pressure was small since a was only about
6 atp = 13 psi. Theoretically there would have been only a few percent
increase in plate buckling stress from that effect. ‘

It is difficult to assess the value of those tests since plate buckling
wasg the failure mode in all cases. Furthermore, as shown in the last
column in which the total plating stress was computed from P/A + Mc/,
the average of T-2, T-3 and T-4 in that column is 29. 9 ksi against a
theoretical value (and the experimental value for T-1) of 30, 0 ksi.

Ostapenko and Lee reported 10 tests in all. The theoretical
elastic Euler load for each was much larger than ¢, which indicated
that the strength of each should have been closer to c}ru, which was 33 ksi.
However, in no case did the panel achieve this result. Furthermore,
only two panels were reported to have failed in column instability. The
stronger (T-5) attained a stress level (P/A) of 32 ksi with 6. 5 psi lateral
pressure acting. In both column failure cases, however, the stiffener
spacing was considerably less than in the four cases in Table 3. The
value of b/t was 40, which corresponds to (b/t) (rcy/E)1/2 = 1.45 and
consequently Ucr/(Tcy (and also cru/o‘cy-) should have been approximately
0.9 according to Figure 10. As a result, oor = 36 ksi. For T-5,

Mc/I = 3.3 ksi, and P/A + Mc/I = 35.3 ksi. Consequently, a question
is raised concerning the reported mode of failure.

If the data of Ref. 21 actually define the trend correctly, then the
implication is clear that the longitudinal compression strength of a
stiffened panel is reduced by normal pressure directly by the amount
of bending stress induced in the cross section at the plating centerline, or

Pu/'A' =¢ - Mc/l (21)

Based on theoretical efforts in consonance with Lehigh test data,
Kondo constructed design charts for stiffened plating loaded in axial
compression and normal pressure (Ref. 22). One such chart is repro-
duced in Figure 12a. For large lateral pressure, prediction of the
failure load is difficult because of the steepness of the curves. Further-
more, as is shown in Figure 12b, it is possible to synthesize the data
by multiplying a/p by S2/5. This also has the effect of reducing the
curve steepness somewhat.

Grillage Strength

The preceding discussions have concentrated on stiffened and
unstiffened plates. However, the problem of hull girder failure involves
the interaction of bulkheads, transverse frames, longitudinal stiffeners
and plates as a multiple-bay grillage., No data could be found to reveal
the strength of a grillage in which the plate has buckled under longitudinal
compression. The added influences of normal pressure and transverse
compression complicate the problem further since they could tend to
degrade the general instability of the grillage in a manner analogous
to that in which panel strength may be degraded. Both theory and experi-
ment are required to resolve this problem.

Optimum Design

The possibility of optimizing the design of a structural bay de-

—_— -
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pends upon freedom of choice of the cross section details of the longi-
tudinally stiffened plating, and of transverse rib spacing and gecometric
characteristics, in order to satisfy the postulate that all instability
modes occur simultaneously, as used by Gerard (Ref, 23) and many
others, In a ship this freedom is generally not available. As a result
non-optimum designs result.

Within this limitation, however, it may be possible to consider
arrangement of the longitudinal stiffeners such that the buckling of the
plating between stiffeners occurs simultaneously with stiffener webs,
flanges, and Euler column action of the panels between the ribs. It
may be of value to test such a design in order to establish a reference
for weight minimization of future ship designs which could take advan-
tage of optimization because of increased Ty
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EXPERIMENTAL MECHANICS

Requirements

For the hull girder experiments, it would be necessary to
measure accurately the residual and applied stress distributions
throughout the model. The applied stresses should be measured
before, during and after buckling, in the elastic and inelastic regions
of the stress-strain curve of the model material. Deflections would
have to be measured to obtain data on effective stiffness of the box,
and to probe the model to predict the anticipated buckling and collapse

loads.

Available Technigques in Experimental Mechanics (EM)

Numerous EM techniques exist, some in more general use than
others, but all with potential usefulness to the hull girder study. Table
4 summarizes the current status of these techniques. The list is ar-

Table 4. Summarzry of Techniques in Experimental Mechanics

Yrs.
in Flexi-

Technique Principal Value | Use | bility Limitations Cost Time
Bonded Reveals strain 25 | HIGH | Not reliable on sheet $50-500 per | 1-24 hr
Electric at a point with stock 0.020 in. thick installed gage
Strain Gages | high precision. and channel
Photoelastic | Reveals strain 5 | MED. Reliable only in $50-100 per | 1-24 hr
Coatings over a large regions of mild stress installable

area. gradients on sheets sheet
0.040 in. thick
Moire Reveals strain 3 | Low In the stage of Moderate Moderate
over a large development
area.
Dial Gages Reveals deflec- 50 | MED. Does not reveal Low Short
tions at a point strain directly.
with good Analysis required.
precision.
Holography | Reveals deflec- 1 | LOW Long setup and High Moderate
tion at a point calibration time
with good
precision,

ranged in generally decreasing order of probable utility to the model
project. Ranges are seen to be wide for some items (cost to install a
strain gage, for example), and data are nonexistent for others.

On the following pages an outline is presented of the attributes
and deficiencies of electric strain gages. This is the EM technique
which appears to be the prime candidate for use on the hull girder box
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beam model project. Principal emphasis is placed on applicability
rather than on details of the technical aspects.

Bonded Electric Strain Gages

Attributes

1. High reliability and accuracy of results when installed and
read by properly trained personnel.

2. Strains as large as b per cent may be sensed using certain
types of gages.

3. Data are obtainable at concentrations in large structures.

4. Mean membrane normal and shear strains, and bending and
twisting strains, may be recorded in plates. Principal
strain magnitudes and directions are derivable from those
results.

Deficiencies

1. Gage can be used only in a selected small region. Ac-
quisition of strain distribution data may require numerous
gages, which must be applied in pairs on opposite sides of
a plate. Furthermore, if principal directions are not
known beforehand, a minimum of three gages per side {(or
a total of 6) is required to provide complete data reliably
at a single point. If high accuracy is required to large
inelastic strains, then two different types of gages are
needed; i. e., one for precise data at small strains and
one for large strains. This, then, requires 12 gages at a
selected station. Also, they cannot be applied at exactly
the same location. Consequently, the set is useful only
where strain gradients are not severe.

2. The presence of the strain gage on a thin metal plate (less
than 0. 020 in. thick) interferes with the accuracy of the
information it is supposed to provide by stiffening the plate

locally.

3. Current gages for large strain sensing are about 1 inch
long, which limits application to regions of small strain
gradient.

4. A bonded electric strain gage may not be removed and re-

applied. Therefore, if a gage station is lost as a result of
model damage, the set of gages at that station must be re-
placed when the repair is completed.

5. For maximum accuracy and reliability, a pair of shielded
lead wires from each gage, and appropriate temperature
compensating gages, are required to complete the electric
circuitry to the bridge readout. Consequently, it would not
be feasible to move the model in order to alter the manner
of loading. Therefore, extensive planning of data logistics
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and experimental procedures may be required for conduct-
ing tests on a large scale model.

OPTIMUM EXPERIMENTAL PROGRAM

The optimum program for the hull girder project is defined as
that combination of models, loading systems, data acquisition methods
and theoretical analysis which would provide satisfactory correlation
of theory and experiment at minimum cost, with minimum time as a sub-
sidiary consideration.

One of the many possible approaches embraces extensive use of
experimental mechanics followed by plotting of the data according to
more-or-less arbitrary parameters in the hope of eventually achieving
a correlation scheme for constructing a unified empirical design chart
such as Figure 10. In that case, attainment of a clear understanding
of mechanisms would be minimized, if not entirely absent.

An alternate approach might center on an active search for a
theory derived from fundamental considerations, with current data
(Figure 10 and Appendix I, for example) as a guide. These could be
followed by relatively few tests on models fabricated to a small scale
to obtain a check on the theory and to help establish the numerical
values of parameters such as n in Appendix [.

It is the purpose of this section to examine rationally the factors
which are involved in achieving the optimum project and to compare
types of projects on the basis of satisfactory correlation of theory and
experiment.

MATERIAL SELECTION

The purpose of the intended test project would be to reveal pos-
sible modifications to the basic design chart (Figure 2) which might
result from the effects of normal pressure and lateral membrane forces.
As is seen in Figure 10, there is scatter in the failure data for a mag-
nesium alloy, several aluminum alloys and a few steels. However, when
it is considered that several investigators provided the data, the agree-
ment is reasonably good. Furthermore, the effects of plasticity may
account for a large part of the difference between the ferrous and the
nonferrous alloy data.

This situation with regard to longitudinal compression data, and
the discussion on modeling laws, indicate the possibility of conducting
the box girder tests on only one model material without prejudicing the
generality of the results for other materials. Changes in Figure 10 due
to lateral pressure and transverse membrane compression might apply
equally to several ship-building materials in the b/t range in which elas-
tic buckling would occur since only 0. and E appear to be involved. In
the inelastic buckling range the effects of the shape of the stress-strain
curve rmight be of minor consequence since the stress levels would ap-
proach the yield cutoff.

_ For the sake of obtaining a few check points, there may be value
in conducting a few small-model studies on materials other than the
chosen model material, for which hot rolled steel looms as the prime
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candidate, as would appear in Table 5 below. However, a decision in
this regard need not be made until the primary goals of the intended
box girder project will have been satisfied. At that time, factors such
as time and funding can be weighed in arriving at that decision.

The method of manufacture should be the simplest possible, which
dictates use of a material which would be available (before forming) to
a high degree of flatness and which could be used to construct test
articles with maximum ease. These features dictate the use of hot rolled
steel sheet, which was used in many of the examples in the section on
Model Design. The properties appear in Tahble 5. It was one of the
materials used to achieve the correlation shown in Figure 10 for uni-
axially compressed plates.

Table 5. Comparison of Model Materials

Tgy E SHAPING JOINING
Material ksi Msi | Machining | Forming | Welding | Brazing | Soldering | Repairing
Cold Rolled 60 | 30 good fair good good good fair
Steel
Hot Rolled 3B |29 good good good good good fair
Steel
(furniture
steel)
6063-T5 21 10 fair good good poor poor fair
Alumitium
Cartridge 25 | 13 excellent good good good good good
Brass
10% Phosphor | 100 | 15,9 | good good good good good good
Bronze
Beryllium 110 | 185 | good good good good good good
Copper
Hysol Epoxy 8 0.48 | fair no no no no good
Plexiglass 8 0.5 | good no no no no good

MODEL FABRICATION

Shape Generation

Small models can be fabricated with little effort from flat, rec-
tangular plates joined at the edges to form boxes, angles, Tees’and
a variety of structural shapes. In hot rolled steel the joining process
can be performed by soldering or brazing without introducing signif-
icant residuals or causing unfairness. Such procedures can be used

for b_rass sheet also, but they cannot be performed on structural
aluminum alloys.
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One of the more recent developments in manufacturing technology
is the use of electron beams to weld metallic structures. The technique
is applicable to a variety of materials, among which are steels, and the
various alloys of aluminum, magnesium, titanium and beryllium.

Attributes of the process are a narrow heat-affected weld zone,
minimum distortion of the welded structure, and negligibly small resid-
ual stresses. Cormplex details such as Tee-stiffened plates can be
fabricated with relative ease. The use of the technique is particularly
recommended for such structures if they are fabricated to a small size.
This could be a problem for use of brazing or more conventional weld-
ing of the small models contemplated for the proposed test project for
evaluation of hull girder strength, especially in the construction of
single bay and continuous grillages.

Demonstration box models of 0. 016 in. thick furniture steel were
tested in compression and yielded results that agreed well with Figure
10. Despite excessive model distortion after collapse, the electron-
beam-welded edges of those models remained joined, which indicates
the soundness and strength of the connection. This would be an impor-
tant factor in achieving reliability in the test program.

In the manufacture of small models (for photoelastic studies, as
an example) components have been shaped to close tolerances, after
which they were joined with the aid of jigging fixtures which were
simple to construct and which involved moderate cost. The same
techniques could be utilized in any contemplated test project to study
plate strength using small models.

Upon completion of the models, strain gages could be installed
at appropriate locations., It is also possible to install strain gages on
model components before joining. This would permit acquisition of
data from otherwise inaccessible locations.

On a model to be tested in compression, the final operation

would involve careful grinding of the loading edges to insure flatness
and parallelism.

Multiple Tests on a Model

The economy of the test project can be increased if the number of
tests on a given model is large. This would require sorme means of re-
pairing a model after failure testing, which in turn imposes a design
requirement to include sufficient flexibility in the model to permit
repairs.

An alternate possibility is the use of a technique such as NDTS
described in Appendix IV, the purpose of which is to conduct tests at
loads below instability levels. By proper probing procedures ato<<g
it is theoretically possible to identify instability loads. Details have
been discussed in Appendix IV, in which some cases of structural shapes
and loads are considered. Further study of the procedure is required
before it is universally applicable. Yet, it may provide a useful ad-
junct to the anticipated test project through achieverent of a balance
with the multiple-testing requirement.

cr
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Sealing

Because of the requirements to apply internal vacuum to some
of the models, means must be provided for sealing the structure
against leakage. This can be accomplished by using thick loading
plates which could be joined to the model ends (for' compression test-
ing) by cement or solder. It also would be possible to use undercut
plates with O-~rings in the grooves. However, such details could be
decided during the test program. In any event, the larger the model
the more difficult the sealing problem.

MODEL DESIGN
Introduction

For purposes of discussion, the region of prime concern may be
chosen as the typical structural bay shown in Figure 1. It has been
depicted as a regular rectangular array, for simplicity.

The problem area of interest is a plate of length a, width b, and
thickness t, simply supported (w = 0) along all four edges up to buckling,
and hopefully to collapse. The loads are Ny, Ny and pz. They are as-
sumed to be uniform on and within the plate boundaries.

It is a purpose of this project to identify ranges of dimensions
and magnitudes of loads for test articles so as to achieve realistic repre-
sentations of ship proportions in general, with emphasis on the strengths
of plates panels and grillages. For these purposes, such features as
intermediate decks need not be duplicated. Stiffener proportions and
sizes would be identified to permit plates to achieve the strength attain-
able as single plates in strong supporting fixtures. The basic data for
model design appear in this section.

Modeling Laws for Plates

N Alone
x

As shown in Figure 10, both buckling and strength of uniaxially
compressed platés may be related to Ty E and b/t with apparently
little need for additional parameters, if a modest scatter band is accept-
able. Although there are numerical differences in the relationships, the
basic character may be expressed in the nondimensional form

¢ Jo = 2.25F - 1.25F° (13)
cr’ ey

where

F = (t/b) (E/ocy)l/2

For model studies of the uniaxial compression strength of a
simply supported rectangular plate, the five pertinent quantities for
the model would be the same as for the prototype, no matter what the
proportions and material of the prototype, or the proportions and
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material of the model. Furthermore, by, tm: Epy, and o need
not be matched {or even in proportion) with the same 1:)1'c:)toty1§lél quantities
as long as

1/2 1/2

[ /0 @/ ) ]m = [0/0) ®/5 ) ]P (22)
in order to ensure that
( "a/% ey )m ) (Uu/(rcv )P (23)

Therefore, although Eq. (13) is empirical, Eqs. (22) and (23) provide
an acceptable modeling law for uniaxially compressed rectangular
plates with simply supported edges. Some additional support may be
found in the theoretical derivation shown in Appendix I, which vields
the same form as Eq. (13) for the expression for plate strength.

Nx’ NY and P,

There is no known relationship for the strength of rectangular
flat plates under combinations of Ny, Ny and p,. Consequently, it is
necessary to develop both a theory and experimental data for these cases.
During the course of this project an initial exploration of such a pos-
sibility was begun by attempting to expand the result of Appendix I. How-
ever, it was evident that the problem was too complex to permit com-
pletion during the performance period of this project. This cursory
study did indicate, however, that Eqs. (22) and (23) could be used as
the core of a modeling law provided that the effects of Ny and py could
be included properly. For an initial step, the plotting of experimental
data should be conducted as on Figure 10, after which synthesis of the
data could be conducted. At the same time, the theoretical development
of Appendix I should be expanded to include the influence of Ny' and p,-

Model Scaling Laws

Throughout this report it is assumed that the model represents
properly the structural behavior of the prototype. That is to say, they
satisfy the right scaling law. Eqs. (22) and (23) are pertinent to uni-
axially compressed plates, for example. If the model and prototype
are fabricated from the same material, then the modeling law reveals
that buckling will occur at the same stress level for each, and the sams
will apply to failure.

If the materials differ, then

=g /o =0 /o (24)
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Consequently proper scaling would be achieved by altering every
prototype dimension by the same multiplier. In addition, if

0 oy/ By # 0 /B (25)

then
- (26
(b/t), # (b/t) (26)

Table 6 depicts the corresponding range of b/t for models
fabricated from a variety of materials, when compared to 20 S(b/t)pE 80

for HY -80 steel.

Table 6. Ranges of (b/t)m for Various
Materials with ZOs(b/t)ps 80

Jey | E
Material (ksi) | (Msi) | (o, /E) | Range of (b/t)

HY-80 80 30 0.0516 20.0 to 80
Hot Rolled 35 29 0.0347 29,7 to 119

Steel
6063-T5 21 10 0.0448 23.110 92

Aluminum Alloy
Brass 25 13 0.0439 23510 94

In order to guide the testing program toward realism in the model,
the AOE-2 was used as a reference throughout this project. For that
vessel L = 770 ft. It is assumed thato = 35 ksi and E = Msi, cor-
responding to hot rolled steel. At the niidship section b = 30 in” and
maximum t = 1. 25 in. The corresponding data for models of that ship
to various scales, made from different materials, appear in Table 7.

Table 7. TFlate Widths and Thicknesses
for AOE-2 Models to Various
Scales, Steel vs. Aluminum

Model Length and Scale Factor
L=770ft. | L=193ft. L=77 ft. L = 15.4 ft.

Material = z=1/4 =110 £ =1/50
b t b t b t b t
in. in. in. in. in. in, in. in,

Hot Rolled Steel

(Furniture Steel) 30.0 {1.25(7.50|0.313 | 3.00|0.125 | 0.60 |0.025

6063-TH

Aluminum Alloy 30.0 11.61|7.50| 0.404 | 3.00|0.161 | 0.60|0.0323
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At 1/50 scale the plate thickness approaches the usable minimum
for reliable data with strain gages as the experimental technique. It
also is important to recognize the possible need for controlling the
scale of 2 model in order to employ a standard gage. In the cases in
Table 7, 0.025 and 0. 032 both are near standard, with some allowance
for thickness. They are slightly thinner than Reif, 19 gages.

The proportions of the AOE-2 represent a significant departure
from previous naval vessels in that the cross section area of the longi-
tudinal stiffening system is 35 percent of the plate section, and a/b is
of the order of 1 instead of 2 to 4 while b/t is low at 24 as contrasted
to the hitherto more common range from 40 to 60. If b/t is chosen at
60 and b = 30 in. (as possibly representative of other surface vessels)
than the data in Table 7 are modified to the values shown in Table 8.

Table 8. Plate Widths and Thicknesses for Models
Corresponding to by = 30 in. and tp = 1/2 in.
Various Scales, Steel vs. Aluminum

Model Length and Scale Factor

L = 500 ft. L=125 ft. L =50 ft. L =25 ft.
Material =1 z=1/4 Z=1/10 z=1/20

b t b t b t b t

in. in. in. in, in. in. in. in.

Hot Rolled Steel

(Furniture Steel) 30.0 (0.500 | 7.50|0.125 | 3.00 | 0.050 | 1.50|0.025

6063-T5

. 30.0 |0.646 | 7.50|0.161 | 3.00 (0.0646 | 1.50 ( 0.0323
Aluminum Alloy

The minimum thickness is achieved with 1/20 scale.

Effect of Scale

The total cost of a test project depends upon a number of factors.
Broad considerations such as the location of the test (industrial, govern-
ment or university laboratory) could influence costs of fabrication, .in—
strumentation, test conduct, data acquisition, reduction and analysis.
The type of capital equipment on hand also could be a factor in some
cases.

Model size has been chosen here as the basic independent variable
for comparison of programs. The cost of model fabrication would be
a large fraction of the test project. It could account for 1/3 to 1/2 of
the total. It is often possible to estimate fabrication costs on the ba51s
of dollar per pound of completed article. This would lead to a cubic
cost scaling law

_ 3 - 3 27
$ $p(Lm/Lp) $.=

m P

where Lp actually refers to some selected reference test article.
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However, if welding is the principal means of fabrication, then
plate thickness and length would contrbl and a parabolic cost scaling
law might result

$, = $p(Lm/LP)2 = $p22 (28)

Some indication of the predictions provided by Eq.(28) may be
obtained from the fact that certain stiffened aluminum alloy models
about 1 foot long cost $100 to $200 to build, with almost all the cost
absorbed by laboxr. On that basis the AOE-2 structure would cost be-
tween 60 and 120 million dollars to build, while a box girder 40 feet
long would cost 160, 000 to 300, 000 dollars using Eq. (28). These
figures do not account for complexities of structural details. On the
other hand they indicate the sensitivity of testing costs to model scale
and emphasize the value of minimizing model size.

Model Loadings

Longitudinal Compression, Nx

The longitudinal force per inch of lateral width, Ny, can be
computed from

N = toc (=to _ at failure) (29)
p: % u
for a typical plate in the structural grillage. When the longitudinal
stiffener area, As’ is included in an effective thickness t = t + As/b,
then
N = %o (= to  at failure) (30)
x X 1

In the past, As/b has been of the order of t/10. In the AOE-2 the ratio
is 0.35, or approximately 1/3.

On the basis of selected values of b/t for hot rolled steel and
several prototype plate widths, it is possible to identify longitudinal
loadings on various scale model panels, as shown in Table 9. These
are used to did in the establishment of the model test structural details
presented schematically in the following section. They employ the data
in Figure 10.

Transverse Compression, N’y‘
The ratio Ny/Ny would vary from near zero for a long shallow
ship with several Tull-width intermediate decks, to the order of 1 for
a relatively short deep ship comprised of a simple box. Therefore, the
selection of specific test values for Ny, could be accomplished by arbi-
trarily selecting several values of Ny/Ny within the extremes, 0 and 1,
with the assurance that the structural behavior of virtually any ship
could be encormpassed within that range.



-34-

Table 9. Ranges of Ultimate N_ (kip/in) for
Hot Rolled Steel Platds

RANGES OF ULTIMATE N, (KIP/IN) FOR HOT ROLLED STEEL PLATES

b/t
20 50 80
(b/t) (0¢y/E)% 0.694 1.735 2.776
oy (ksi) 35.0 (Cutoff) 30.8 22.8

t {in) 0.025 | 0.050 | 0.200 | 0.025 | 0.050 | 0.200 | 0.026 | 0.060 | 0.200
b (in) 0500 | 1.00 | 4.00 | 1.26 {250 |10.0 2.00 | 4.00 | 16.0

N, (kip/in)
A/bt=0 | 088 |175 [7.00 |077 |154 | 6.16 | 051 |1.14 | 450
1710 | 0.96 {192 | 770 | 085 |169 | 676 | 0.63 |1.25 | 5.02

1/3 | 117 | 233 933 |1.03 | 207 | 825 {076 |152 | 6.08

Vertical Pressure, P,

The maximum bottom pressure, p,, would be equivalent to the
waterlevel elevation plus the wave height which would be associated with
the longitudinal strength design bending moment. If that total height
were to be 60 ft., for example, then p, would be 0. 44 x 60 = 26. 4 psi.

Vertical pressure on the model would be the same as on the
prototype ifoypy = o with p, = 0. The pressure is scaled only to
stress, not to model size.

MODEL LOADING SYSTEMS

Types of N Loading Systems

The forces on a box model could be applied by internal vacuum
in combination with either transverse bending or axial compression
to generate Ny, Ny and p, on a test bay. The uniformity of loading
would be maintained to ¢ _.in the plate. At higher loading levels in a
bending test there would be a shift in the neutral axis of the beam and
elementary bending theory no longer would yield o, in the test bay.
Experimental mechanics would be required to identify stress distribu-
tions.

No neutral axis shift would occur in the case of the axially com-
pressed box. Load redistribution would occur in that case also when
0, >0 cp. However, compression tests could prove the simplest method
of loading to provide all the necessary data for the project.

The simplicity of box loading would be lost in panel tests for
which complex jigging and bagging would be required to induce Ny, N
and p,- However, there would be no need to measure test bay loads
other than through the load applicators themselves. On the other hand,
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as soon as plate buckling initiated, it still would be necessary to mea-
sure plate and stiffener loads for forces in the postbuckling range.

Load Applicators

Forces may be applied to small or moderate-size models through
suitable jigging in a universal testing machine. Individual force appli-
cators are available in a variety of forms such as hydraulic jacks, cables
with calibrated dynanometers, and dead weights, to name a few. The
latter grouping would be used in larger scale testing in conjunction with
appropriate structural floors or frames.

Types of p;and Ny Loading Systems

The simplest method for applying transverse pressure to a plate
or panel would be through internal evacuation of a box structure, which
could be effected efficiently to pressure as high as 13 psi. This would
not induce a sufficiently large magnitude of N,, however. Auxiliary de-
vices would have to be employed for that purpose, which could be ac-
complished by transverse load applicators. These may be found in small
portable testing machines. Devices also may be constructed with little
effort using hydraulic jacks, as has been done for a variety of special-
ized tests in many experimental laboratories.

CONCLUSIONS

1. Prediction of ultimate strength of uniaxially compressed metal
plates can be made with good reliability using the empirical
relation

_ 2
0y/0ey =2:25F - 125 F

where F = (t/b) (E/crcy)l/2

2. Development of a reliable fundamental plate ultimate strength
theory for uniaxial loading appears feasible.

3. Transverse membrane stresses can reduce significantly the
longitudinal buckling load for a rectangular plate. The degrada-
tion is a function of the plate aspect ratio, a/b.

4. Normal pressure may increase critical Ny for a rectangular
plate. The effect would be largest for large a/b.

5. Initial imperfections and residual stresses may degrade the
critical Ny for a rectangular plate.

6. No data exist for prediction of ultimate strength of plates under
a combination of N, NV and p.
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The buckling stress of a plate in a panel under N_ and p_ appears
to be essentially the same as under N_ alone. The only effect of
the normal pressure apparently is to reduce N, so that the com-
bined axial load and bending stresses equal the plate uniaxial
buckling.stress.

When a/B is small and a/b is large, a panel would behave essenti-
ally as a column in which case free unloaded edges would be an
appropriate test method.

Proper representation of hull structural features may be accom-
plished with simple models provided that the emphasis is upon
evaluation of plate stremgth as distinguished from panel strength.

Data are required to evaluate the strength of structural grillages,
and to assess the influence of continuity across bulkheads and the
effectiveness of deep transverse frames in providing support to
the panels.

The most efficient method of experimental mechanics for determin-
ation of plate stresses to high precision is bonded electric strain

gages.

An effective low cost hull girder strength testing project appears
feasible using small models made from hot rolled steel typical of
metal furniture construction. Through extensive research the
technical reliability of small scale model testing has been well
established.

RECOMMENDATIONS

Initial Project

In order to establish a base for predicting hull girder strength,

the following initial effort is recommended:

a. All tests should be conducted on small models using plates
of the order of 0. 025 in. thick.

b. Fabricate models from hot rolled steel sheets, which are
usually flat and have a well-defined compression yield.

c. Conduct tests on unreinforced bhoxes, and on boxes with
longitudinally reinferced plates.

d. Use a/b = 3 for all models.

e. Use bonded electric strain gages to obtain structural data
to aid in identification of buckling and failure.

f. Perform tests under N, N_ and Py Nx and Ny, and
finally combined N, N and p,- Maximum N/N_ = 1 and
maximum internal p, =’-13 psi. Y

g. Select 3 values of b/t to cover the range of behavior which

might be anticipated in ship construction.
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h. Test a 3-hay box grillage with longitudinal stiffeners and
intermediate deep transverse frames to assess the influence
of end restraint and transverse support on the panels.

i. Conduct investigations to establish a fundamental theory to
correlate with the results of the test project.

Test Details

Two types of boxes are considered appropriate to the initial goals
of the intended test project as outlined in the Recommendations. They
are a square cross section box without stiffening, and a rectangular
section box with stiffening on opposite walls (Figure 13). The primary
loading NX, should be induced by axial compression. Pressurization
could be accomplished by internal evacuation, and Ny could be applied
by a transversely oriented load applicator such as a portable testing
machine.

The models should be fabricated from hot rolled steel sheet by
soldering or brazing to minimize possible modification of the mechanical

a. SQUARE BOX WITH UNSTIFFENED PLATES

STIFFENER
DETAIL

CLOSURE WALL

N STIFFENER

b BOX WITH STIFFENED PANELS

Fig. 13 Two Types of Test Bozes.
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properties of the material. Compression stress-strain curves should
be determined as a part of the test program.

Simple Boxes

The nominal sheet thickness of 0. 025 in. used above for com-
parison studies actually is an average between 0.0239 in. and 0. 0269 in.,
two gages in which furniture steel usually is available. Either may be
selected for minimurm size models. If the thicker is used, then the box
data would be as shown in Table 10. The minimum value of b/t has been
increased to 30, which would provide a better datum than the previously
chosen value of 20 in the preceding examples.

Table 10. Details of Minimum Size Unstiffened Furniture
Steel Boxes, with t = 0.0269 in., a/b =3

b a oy qu P, /plate,
in. in. ksi Ib/in. Ib
30 0.807 2.421 35.0 942 760
b/t 50 1.345 4.035 30.8 829 1,120
80 2.152 6.456 22.8 611 1,320

Stiffened-Plate Boxes

In order to minimize the possible influence of boundary con-
straints, the panel width should be large relative to the length. This
can be accomplished by using the same a, b and t values as shown
above, with 7 longitudinals on each of the stiffened panels. Then, with
8 plate widths per panel, B = 8b = 5. 656 in., 10.76 in. and 17.22 in.,
corresponding to b/t = 30, 50 and 80 respectively. The lengths would
be the same as shown above.

The preliminary design of the Tee stiffeners should be based on
the data shown in Ref. 19. Using t; = tw’ bf/tf =10, and bw/tw = 20,
the data appear in Table 11.

Table 11. Tee Stiffener Dimensions and Panel Loads for 3 Minimum
Size Test Panels. See Figure 13 for Symbols. The
thicknesses are standard gages, and a/b = 3

tw, te b, by A qu B, P, /panel
in. in. in. in. in. Ag/bt kip/in.| in. kip

30| 0.0269 | 0.0269 | 0.538 | 0.269 | 0.0289 1.33 | 2.19 |6.456 141
b/t 50 | 0.0269 | 0.0269 | 0.538 | 0.269 | 0.0289 | 0.80 1.49 {10.76 16.0

80 | 0.0418 | 0.0418 | 0.836 | 0.418 { 0.0694 | 1.21 1.35 [17.22 23.1.

The first two designs (b/t = 30, 50) are based on use of the
minimurm gage, 0.0269 in.
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Effects of Transverse Framing

The preceding sections of these recommendations have been fo-
cused on determination of plate strength, with and without longitudinal
stiffening. The final problems to be considered are the effect of trans-
verse frames on the strength of the -hull girder between bulkheads, and
the influence of grillage continuity across bulkheads. To provide test
data on these problems it would be desirable to simulate these effects
in tests on panels for which the strength will have been determined
previously.

The theory pertaining to this case would be hased upon extension
of general instability theory for a grillage by taking into account the in.
fluence of early buckling of the plates. Initial steps could be taken into
the development of the theory. However, it is realistic to expect that
extensive treatment (as well as extensive testing of multiple-bay grill-
ages, if necessary) should be relegated to a later phase of the test
project.

The data can be obtained by performing transverse bending tests
(combined with Ny and p_) on a box of length 9a, with bulkheads at 3a
and 6a, and with deep transverse frames at a, 2a, 4a, 5a, 7a and 8a.
Tests could be performed on this multiple bay model with b/t = 50.

On a multiple span beam the carryover of structural behavior from the
outer bays to the middle bay would vary little from a 3-bay beam to a
5-bay beam.  Therefore, since failure would probably occur in the
center bay of a multiple-bay grillage, the choice of a 3-bay box was
made for economy and ease of model construction.

By use of appropriate constraints in the model, data could also
be obtained for the single-bay box depicted in Table 9.

The deep transverse frames for the 3 bay box could be Tee-shaped
in cross-section. They could be fabricated with ty, = t; = 0. 0418 in.,
by = 0. 836 in. and bg = 0. 418 in. These dimensions were obtained by
proportioning data from various sources (Ref. 18 among them) and
after examination of the AOE-2 structure.

Six types of box models would then be tested in compression in
this initial project: 3 unstiffened single-bay boxes, 2 longitudinally
stiffened single-bay boxes, and 1 three-bay box with longitudinal
stiffeners and transverse deep frames. The load combinations were
discussed previously. The continuous grillage tests would be performed
in transverse loading to induce longitudinal bending.

Subsequent Projects

When reliable strength prediction procedures for unstiffened and
stiffened plates and continuous grillages have been established from the
preceding effort, the investigations should be extended to evaluate the
following effects both theoretically and experimentally in order to
broaden the range of useful application of the procedure:

a. Choice of material (HY-80, aluminum alloy, and others)

b. Plate aspect ratio, a/b
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c. Unfairness and residual stresses

d. Nonuniformity of applied stress distribution

e. Internal structural details

f. High normal pressure (up to 25 psi, and possibly more)

Additional plate strength problem areas include

a. Shear (ny)
b. Shear together with Nx’ Ny’ and p, in various combinations
c. Stiffener design for panel strength under the preceding load
combinations.
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APPENDIX I

ULTIMATE STRENGTH OF PLATES
Theory

1t is the purpose of this Appendix to demonstrate the possibility
of developing a basic theory for predicting the ultimate stability strength
of flat plates subjected to various loadings by using the case of uniaxial
compression as an example. The approach was developed from a modi-
fication of a suggestion by Bengston (Ref. 15) regarding the assumption
of load distribution.

The force balance, referring to Figure Al, is based on the hypoth-
esis that the plate centerline stress is 0oy at all load levels equal to, or
greater than, the buckling load, Then

n
- _ X
7= eve (oo (w)

o [

|
r I W

SCHEMATIC POST- SIMPLIFIED STRESS
BUCKLING STRESS DISTRIBUTION FOR
DISTRIBUTION 2-FLANGE ANALYSIS

Fig. Al Agsumed Strese Distribution for Two-
Flange Analysis.

b/z-be

= 2 _ _ x dx
bcru becrcy_ + (b Zbe)o'cr + Z(UCy Ucr) f<°7—2'be> (A1)

Sirice the last term becomes

(o-cy—crcr)(b-Zbe) /(n+l) (A2)
then
n 1
bo—u = 2b g + (b—Zbe) <m D’CI_ + HTD'CY )

(A3)



or

) L\, / » “er (a4
- 20, /5) ('n+—1) +(-n—+-l-)l (gﬁ) (l—Zbe/b)UcY

O'u/O'

cy

Fach edge strip may be considered a hinged [lange which buckles
at Oy with consideration given to the effect of plasticity, so that

2
2 E 1-v
0.4337°F (_t_> e (A5)
oo 0.4337°E
ey 1201 %) \Pe Eoo

where 0,433 is the buckling coefficient for the flange. Then
b /b= (CF )2 (A6)

where

0.4337°2 /e
C =[~'———“— = 0.626 with v = 0.3
)

12(1-v 2 (A7)
e
1/2
F = (t/b)(E/e__) (A8)
cy
ES 1. vez
n<E 7 (A9)
1 -y
The plasticity reduction factor may be approximated by the
relation
= (1 + 0.002E/c )t (A10)
n ey

Results

Several numerical values of o/0 ., were computed for Toy =
33 |ksi, E = 10 Msi, n = 8 (for a sharp rise in the o - ¢y curve), and
with consideration given to the effect of plasticity in computing o
Eq. (2). The result is the relation

cr?
cru/crcY = 0.11 + 1.77be/b+0.89(1-2be/b) (Ucr/g'cy) (Al1)

which is shown as crosses on Figure 10, They agree well with the
empirical curve.
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APPENDIX II

SHELL THEORY FOR PLATE BUCKLING UNDER PRESSURE

Introduction

When a flat plate is subjected to normal pressure the out-of-plane
deflections cause curvature in two directions. When a/b =>> 1, the
deflected shape approaches a segment of a cylinder. The edges are
assumed to be supported laterally only (w = 0). No membrane forces
are considered to act along the edges. If longitudinal compression is
applied to the deflected plate then the resultant instability may be com-
puted from cylinder shell theory for certain proportions of the plate and
for certain ranges of normal pressure.

This Appendix summarizes the present results of studies that are

being conducted on this new approach to determination of plate buckling
under N, and p.

Summary of Current Results

The three classes of behavior are the flat plate, transition or
short cylinder, and moderate length cylinder. In the flat plate range

o'/crcr = 1 {A12)

where the elastic plate buckling stress is

2 2
_ 47 K ( t )
iz = —_— — (A13)
cr 12(1 - VE)Z b

and U/‘Tcr is the ratio of the pressurized plate buckling stress to that
of the flat, unpressurized plate.

In the transition and moderate length cylinder regimes the effect
of initial imperfections can play an important role. In a perfect cylin-
der the elastic compressive buckling stress is

cr

_1/2
¢ = [3(1 . vez)] Et/r (Al4)

However, extensive experimental data show large departures from that
relation as r/t becomes large. A more reliable relation is found to be

¢ . = CEt/r (A15)

cr
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with C determined from Figure A2. The three values of U relate to
small imperfections (U = 0.00015), medium, and large imperfections.
By including this effect, it is found that, in the transition range, for
simply supported plates, witha = (p/E) (b/t)4,

2

o'/g'cr = 1+0,0272(xC) (Al6)
or, if C = 0.6 (small r/t)
2
cr/o'cr = 1+ 0.0098«x (A17)
For clamped plates
— 2
(r/crcr = 1+ 0.0010(aC) (A18)
or, if C = 0.6 (small r/t)
2
o'/crcr = 1+ 0,00036« (A19)

In the cylinder range, which applies to plates with large a/b and large a,

U/crcr = 0.3aC (A20)

L
Q.00015
0.00025

0.00035

—-c— EMPIRICAL CURVE

—— THEORY

0.01 i M | 2 PR S T SR Y " PR N S R
10! 102 02 10*

R/A=(0.88E/p) (1/b)2

Fig. A2 Modified Classical Buckling Coefficient as a Function
of v/t for Axially Compressed Cylinders.
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APPENDIX III
BIAXIAL BUCKLING OF FLAT PLATES

The basic relation for biaxial buckling of simply supported flat
plates is presented by Timoshenko (Ref. 17)

2
mZO'X + (sa/b)zcrcy - @ °D/a’t) [mz + (sa/b)z] (A21)

For ship plates, a/b>1 and s = 1 as a rule. Also, the buckling stresses
usually are computed with respect to the width, b, so that ‘ITZD/bZ't would
be a more desirable grouping than n2D/a2t. Then, with m2D/b2t = o,

andcrx/cro =k, (ry_/cro = kY

k_ o+ (a/mb)zk_y_ = (a/mb + mb/a)® (A22)
When k,, = 0, Eq. (AZ22) becomes the unminimized classical rela-

tion for a long compressed plate. When ky = 0, Eq. (A22) becomes
the classical result for a wide column with m = 1 and a/b >> 1.

If both sides are divided by (a/mb + mb/a)z, then

R + R =1 (A23)
X v
where
k
R - x . (A24)
(a/mb + mb/a)
k
R = X (A25)

2 2
[+ + mb/a? ]
When m = a/b (square wave buckling), R_ = kx/4’ RY = ky'/4 and

k + k = 4 (AZ26)

If ky = rkX to meet a given loading ratio, then for a specific a/b

the permissible value of kX may be found from

k = f(a/mb + mb/a)? ( A27)
x 1 + r(a/mb)®
in which several integral values of m must be selected to find the lowest

k.
p:s
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APPENDIX IV
NONDESTRUCTIVE TESTING FOR STRUCTURAL STABILITY

Basis

When a structure loses strength through instability, the approach
to the unstable condition with increasing load is accompanied by a loss
of rigidity. The nature of the relation between rigidity loss and mag-
nitude of load level depends upon the type of structure and the type of
rigidity being considered or measured.

Approach

The nondestructive procedure for determining the instability
load of a structure involves measurement of the rigidity at selected
load levels and then extrapolating the data in the proper manner to
obtain the magnitude of the load at which rigidity would vanish. The
manner of extrapolation would depend upon the structure and the type
of rigidity being measured. An example is depicted in Figure A3 which
shows how transverse bending stiffness of a column can be used to
identify the Euler load. The procedure is essentially that of the
"normal restraint coefficient' approach which was explored by GALCIT
in the early 1940's (Ref. 24), but which was not exploited because of the
lack of agreement of the measured buckling loads with predicted values
for aircraft type cylinders subject to bending general instability.

Work at MITHRAS

Recently, studies have been conducted at MITHRAS on the
possibility of establishing a general procedure for NDTS. Several cases
have been investigated for columns, and an analysis has been made for
predicting general instability of a stiffened cylinder which shows
agreement with the same GALCIT data that did not correlate with the
normal restraint coefficient prediction. The reason for the lack of the
GALCIT correlation became clear through these recent investigations.

A b e —

QolL?
FOR P=0, wos Jorr

FOR P»0, w/wy=Q/Qy

3
8/9* Ffan g-a

- vz
uz L (P/Ry,)
/0,
{REF. 17)

Q

o |
AS A CLOSE APPROXIMATION, Q/Q, = I-P/P_,

Fig. A3 Behavior of a Centrally Loaded Beam-Colummw.
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Column Behavior

Through the use of mathematical relations presented by
Timoshenko (Ref. 17) for the amplification of lateral deflection in a
beam which is subjected to axial load, it is a simple matter to portray
the manner in which the bending rigidity decays as the axlal load is
raised. The results for several types of transverse loads appear in
Figure A4. It is evident that the lateral load ratio is nearly a linear
function of the column load ratio. The deviation can be approximated
reasonably well by a sinusoidal curve.

The relation for a central transverse force is linear to within a
fraction of a percent. This may be the most important from the stand-
point of technical applicability, since it is likely that development of a
probing procedure would revolve around this manner of loading.

] L\muugmﬁmci_qp
-——L/2ﬁi

Q/Q,
CURVE_2 VARIES WITHIN 1 PERCENT
OF THE LINEAR RELATION IN THE
MIDDLE RANGE OF P/B.
o) L 1 L s 1 s "
0 !
PIP,,
CURVE STRUCTURAL BEHAVIOR

! SLOPE AT A DUE TO M,

2 DEFLECTION AT B DUE TO Q, g, OR M,
SLOPE AT A, C DUE TO G OR gq

3 SLOPE AT C DUE TO My

Fig. A4 Behavior of Various Beam Columns.
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Cylinder Behavior

A mathematical analysis was conducted for a long isotropic
cylinder loaded in axial compression and subjected to a ring of radial
inward forces uniformly distributed around the median plane circle
{Figure A5). The results indicated that there should be a linear relation
between the square of the radial force ratio and the axial load, instead
of a linear relation between both ratios as tried by GALCIT. When
the parabolic relation was used to predict the instability load for the
GALCIT cyclinder described in Ref. 24, excellent agreement was
obtained with the experimental observation, as shown in Figure A5,

In addition, when the parabolic relation between testing force ratio

and axial load ratio is plotted from the mean of the scatter band for

the squared relation, it is seen to agree well with the GALCIT probe
data. Consequently, because the GALCIT probing was discontinued aft
about 75 percent of instability, the data appeared to fit a linear relation
fairly well but to indicate an instability load which was much larger
than the measured value.

Current Status

Several cases have shown the possibility of a practical probing
method for evaluating instability in a structure without requiring the
application of a structural loads which are large proportions of the
instability loads. It is important to identify the proper relation between
the probe forces and the applied loads for each type of structure. An
encouraging result is the agreement of the theoretical probing procedure
(for a ring of forces on a long isotropic cylinder in compression) with
experimental data (for a single radial force as a probe to determine
bending general instability in a stiffened cylinder).

5~ 25 T T T T T T T
o Q/38
HEQRETICAL M
. (/2 THEORETICAL MODEL
Q PER inch OF
(DATA FROM REF. 24) ,_CIRCUMFERENCE

p— - ——r
—J

= ' ]——I.—-m A‘
E
2 (Q/Q,)% =1-P/Py,
I+ = 15 TEST 4
{=]
o
-2
S CD)
= M M
2t w10 e -
L.}
= 3
2 0/8 vs M FROM

AVERAGE CURVE
(Q/8)2 va M

s 5L AVERAGE CURVE .
(Q/83)2 vs M
o L o 1 1 ) 1 1 \ L v
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M{02 In.-1b) 260
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Fig, A5 Bending General Instability of Stiffened Cylinder.
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