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ABSTRACT

The review is divided into three main parts. The first is
very brief and covers shear lag effects associated with stiffener
plate bending. Part II concerns the behavior of unstiffened
plate elements in compression, which are referred to as effec-
tive "width" effects. The concepts considered are maximum plate
strength, and how this is affected by initial distortion, normal
pressure and boundary conditions; stress distribution in plate
-elements before failure; and the "reduced effective width" con-
cept for defining plate element stiffness, as required for use
in stiffened-plate collapse theories. Final appraisal and recom-
mendations are made. Part III concerns welding stress effects,
and a critical strain theory is advanced for describing welded
plate behavior.

The review has of course assessed appropriate test data,
including that from three full-scale destroyer tests. Some em-
phasis has been placed upoﬁ the statistical characteristics of
the data, in order that this may help establish structural

strength distributions for probabilistic approaches to ductile

structural reliability.
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NOTATION

Plate element length, thickness

Plate element width over which uniform compression
is applied

Moment of inertia and section modulus of stiffener-
plate combination

Material yield stress, Young's modulus, Poisson's
ratio

Average longitudinal compression residual welding
stress in middle region of plating

Tangent modulus of plate element in compression
(with residual stresses)

Mode number of half-wave distortions along the
length of the plate

Elastic and inelastic plate buckling stress

Plate strength reduction factor due to welding
residual stresses

Edge and average plate stresses
Maximum average plate stress
Effective width of plate, and minimum value

Reduced effective width of plate, and minimum value

o
% Eg-plate width (slenderness) factor

iv



A REVIEW OF EFFECTIVE PLATING TO BE USED IN THE
ANALYSIS OF STIFFENED PLATING IN BENDING AND COMPRESSION
by
D. FAULKNER, RCNC

INTRODUCTION

In view of the increasing availability of computer methods
of structural analysis, and in view of the dependence of many
of these methods on effective breadth and effective width assump-
tions, it seems that some priority should be given to establish-
ing reliable formulae or data curves which could be incorporated
in computer programs. Finite element techniques would probably
go a long way towards providing theoretical solutions, but as
effort is not readily available for this, a review has been made
of the existing state of the art.

Loss of effectiveness of plating in ship grillages can arise

from:
(i) Shear lag associated with stiffener bending;

(ii) Reduced stiffness of the plating under axial com-
pression arising from local buckling, in some cases
precipitated by residual stress action, and from
lack of flatness of the plating caused by initial
distortion and/or lateral load. Although the word
"stiffness" has been introduced above, it is more
usual to associate effectiveness with the load-
carrying characteristics of the plate. These two
concepts are not, of course, identical and this

will be considered.



(iii) More general shear lag arising from ship bending
or shear diffusion in way of large discontinuities.
This is not considered any further in this note;
readers are referred to the second paper by
Schade [1].*
The first two are considered when assessing section proper-
ties of stiffeners and effective plating. Professor Schade [1]
culled the phrases effective "breadth" to cater for bending
shear lag, and "width" for compression effects, but in many prac-
tical structures the two effects occur together and they are not
separable or additive. For example, there will often by in-
plane compression in the plating arising from purely bending
loads in the grillage. As that very shrewd American, Admiral
Cochrane, said in the discussion to reference 1, "One isn't
always clear that the plate will be well informed as to which
of these (two) situations it is working in!"
Referring to Figure 1, it will be seen that both phenomena
cause a reduction in plate stresses between stiffeners and the
effective span of plating required for computing section proper-

ties is given by:
%
b = —05D
e 0o
where Oa is the edge stress in the plating and o the average
stress. For convenience, the designer assumes be is constant
throughout the lengths of the stiffeners, although theoretically

and practically this is not strictly so. Where the effective

plating has a greater cross section than have the stiffeners,

*References listed at back.

(W



O« EDGE STRESS T Os AVERAGE STRESS.
: | o;fppnox. ) T

be
| Oe (KO%)
L LY B T
R - | .
I oAr _: l . . ) I
| " GENERAL . | | PLATE = . |
| " 'CASE - ! | - FAILURE !
TR | CPAIRURE !
I L _ . ! I - !
| o | [ |
| o : . | | |
E=== ke | - ==
be = EFFECTIVE WIDTH OF PLATING. Op = ELASTIC BUCKLING STRESS.
= % b IN GENERAL Oe¢< 0o Om = MAXIMUM AVERAGE PLATE
¢ STRESS.
- % b AT PLATE FAILURE O%-O%
o
P=-Oc bet
GCo | /
O |-—;
V44
Ops|--7 b'e= REDUCED EFFECTIVE WIDTH
/E, | HELPING STIFFENER TO
/ . RESIST PANEL COLLAPSE
o € «STIFFNESS OF PLATE dP/d€

Figure 1



it is well known that for single skin structures the curves of
I and 2 (particularly Z) "flatten out" with increasing be; and
so errors in selecting be will have fairly minor effects on buck-
ling loads and deflections which depend upon I, and much smaller
efiects on bending stresses which depend upon Z. For sandwich
structures, however, such as double bottom, this is not so; sec-
tion properties vary approximately linearly with be and so a
wise choice is of the utmost importance.

For single skins, effective width effects are far more
important than effective breadth, and so receive greater atten-
tion in this review. To maintain balance, most of the historical

review of effective width is confined to the appendix.



PART I

EFFECTIVE BREADTH

A simple description of the shear lag phenomenon is given
in reference 2. Professor Schade [1] more than anyone has ap-
plied plane-stress theory to a variety of ship structures. These
analyses show that effective breadth depends upon:

(a) The span of the stiffeners and increases with

the span;

(b) The nature of the load, but not its magnitude,

and is lowest where high shear exists, e.g., at
boundaries and in way of concentrated loads;

(c) The boundary conditions, particularly at the

plate sides.

It does not depend upon thickness.*

Typically, for a multiple stiffener configuration the effec-
tive breadth ratio be/b with a uniformly distributed load would
be not less than 0.9 for span/spacing ratios greater than about
3 or 4, depending upon the distance between points of zero bend-
ing moment. And so it will be appreciated that very little shear
lag may be expected in many ship structures. An algebraic approx-
imation representing uniform loading on multiple stiffeners is
given by:

b, = —-1—';—2 (1)
l+2(6f)
where CL is the distance between points of zero bending moment.

This is plotted in Fiqure 2. Schade argues that, in practice,

*Naval architects have for many years been led somewhat astray
by Pietzker's and Hovgaard's reference to plate thickness, and
the old 30t confusion still exists.
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loads cannot exist as sharp concentrations, but instead are some-
what spread or distributed by structure. Therefore, the reduc-
tion in be expected theoretically at such points will be lessened,
and the actual effective breadth will approach that for a uni-
form load over most of the span. He suggested, therefore, that
design estimates of be be based on uniform load data. Schade's
work has more recently been extended into the plastic range [3],
and to cover stiffened plates under axial tension or uniform
bending [4].

A limitation of plane-stress solutions is that they take
no account of:

(a) Normal deflections such as initial distortion

or as caused by lateral load;

(b) Residual stress effects;

(c) Plate buckling effects as mentioned earlier.
Clarkson has demonstrated [5], albeit for a very limited range of
structures, that welding distortion can be rather important in
reducing plate effectiveness. This gets worse as plate thick-
ness decreases, not only because of the large-deflection beha-
vior of the plating, but also because welding distortions are
then relatively larger. Theory is still a long way behind prac-
tice, and so the designer has to resort to empirical rules based
on experimental data. It would appear from the foregoing that
an empirical rule should include:

- stiffener spacing b

- plate thickness t

Clarkson agreed in principle but, as there is as yet insufficient



data, he was content to recommend half the stiffener spacing as
being effective plating for single skin structures, viz.:

b, =3 b
He argued that in design stress is usually more important than
d=2flection, and this was fairly insensitive to be for single
skins, as mentioned earlier; also 10-20 percent accuracy is
probably the best that can be achieved in practice.

The only exceptions to this advice that the present writer

feels are justified are:

(a) In the case of double-bottom structures where
intercostal longitudinals are fitted, inter-
stiffener deflections seem to cause less serious
reduction in plate effectiveness than they do in
single skins of the same b and t. This is borne
out by full-scale measurements of strain in double
bottoms conducted for the Admiralty Ship Welding
Committee, and more recent BSRA test on double-
bottom structures. As an interim recommendation,
the writer advises taking three-quarters the plating
effective when considering overall behavior of the
double bottom. In critical cases, finite element

. calculation may be advisable.

(b) Where the stresses in the plating arising from gril-
lage bending are compressive and are greater than
three-quarters of the local plate buckling stress,
then the effective plating should be governed by

the rules discussed in the next section under

"effective width" of plating in compression.



It is considered reasonable to assume these breadths are constant
throughout the lengths of the beams.
There are two principal ways of determining effective breadth
experimentally [6]:
(1) Directly, by strain measurements across the flange
and integrating the deduced stresses [8];
(ii) Indirectly, by measuring beam deflections and/or
flange stresses at web positions and estimating
effective section properties by fitting these mea-
surements to agree with the theoretical response
of the structure.
There can be little doubt that the first method is preferable,
but it demands a far greater experimental effort and is rarely
carried out these days. There appears to be a wealth of such
data collected for the Admiralty Ship Welding Committee [7], but
very little has been assessed critically and put to good use.
The second method is very crude for single skin ship structures,
and we must be prepared to adjust our recommendations as further

data become available.



PART II

EFFECTIVE WIDTH OF LONG PLATES

Maximum Plate Strength in Compression

A plate is considered long if the length 'a' of its unloaded
ecges is greater than 'b' the width of the loaded edges. It is
well known that the so-called critical stress

. - kan (E)Z
PE ~ 15(1-v2) P

(2)

has relatively little meaning in practical terms. In contrast
to columns at high b/t ratios, nothing sensational happens at
the theoretical critical load, and final failure can occur at
much higher stresses providing the sides of the plate are con-
strained to remain straight. On the other hand, if the compo-
nent plates are of relatively low b/t ratio, then collapse will
be determined by compressive "squash" at stresses approaching
the compressive yield stress of the material. It is assumed
that the reader is familiar with the fundamental mechanics of
post-buckling behavior of plates (see, for example, page 459 of
reference 9).

In predicting plate element strength, it is the maximum
stress O that matters; the average applied stress at which the
component plates will finally collapse when their edge stresses
rreach the yield stress of the material Og" Unfortunately, the
theoretical determination of O for even the simplest and most
idealized case is difficult. Satisfactory solutions making use
of finite element analysis are just beginning to emerge, and are

being checked against available test data. At present, there
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are available a proliferation of empirical formulae, each of
limited application. Designers, nevertheless, have to design
thin-plate assemblies, and in general they manage to do so with
fair efficiency. This must certainly be regarded as an area
where theory is still a long way behind practice.

Studies of plate compressive strength have been mainly of
a semiempirical nature and can be divided into two classes:

(a) Those based on the concept of "effective width"

be;

(b) - Those which seek to establish an empirical formula

for maximum stress of the form Om = F(UPE, 00).
These two methods represent very roughly the civil engineering
(including naval architecture) and aircraft approaches respec-
tively, and both have led to design rules. Unfortunately, the
numerous formulae and experimental data give widely varying
results, and so a close examination and assessment has been nec-
essary before making firm recommendations can be made for ship
purposes.

The effective width method, suggested originally by the
typical distribution of stress in a post-buckled plate (see
Figure 1) is particularly appropriate for structural steel with
its sharp yield-point. The structure is cohsidered as an assem-
bly of plate elements. It assumes that at collapse the load is
entirely taken by two yielding strips of material adjacent to
the supported edges (or one such strip in the case of a flange),
while the remaining central portion is unstressed (see Figure 1).

The combined width of the two assessed active strips, called the

effective width bem’ is assumed to be a constant multiple of the
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thickness for a given material. The predicted collapse lcad for
a plate wider than bemtco’ the possible effect of any extra width
over and above bem being ignored. Narrower plates are assumed
to be capable of resisting the full squash load (area x oo).
Thus the curve relating collapse load with width for a given
thickness as predicted by this method has a horizontal cutoff
as in Figure 3.

The effective width approach is coupled with the name of
von Karman [10], although not originated by him (see appendix
for a brief history). He suggested that bem should be taken as
the width of plate in the material concerned for which Op = O4-
Thus, for a simply supported web (k = 4) equation (2) leads to
the minimum effective width in which the edge stress Oa is equal

to the plate yield stress SP

E
b mt | —E—
em \/3 (1-v¥) o

= 1.9t — (3)

when v = 0.3. For mild steel having Oy = 16 tsi, bem would be
55 t. Tests have suggested that this is too high and current
figures in use are 40-50 t in many ship codes, and 45 t for non-
welded webs in steel girder bridges [11]. von Kdarmadn also sug-
gested generalizing the result for determining the stress distri-
bution prior to collapse by replacing Og by 0, 20

Typical of the empirical formula approach for predicting
plate strength, where the parameters are suggested by simple

dimensional analysis, is:

Q

(o)

(o] o

Q

0<n<1l/2; 0<C<1 (4)

13
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where the constants n and C can be adjusted to suit test results
for the material and class of member under study. For a material
such as aluminum, it is necessary to state what is meant by Opr
and it is customary to take this as the 0.2 percent proof stress
(52). The <7alue assigned to n has a pronounced effect on the
shape of the curve relating collapse load with width for a plate
of given thickness. n = 0.5, C = 1 produces a curve with a sharp
knee at Opg = 947 which corresponds exactly with von Karman's
effective width concept. These are the upper limits for n and C.
Chilver [12,13] in work on light gauge channels proposed n = 1.3,
with C = 0.66 for cold formed steel (Marguerre many years earlier
used n = 1/3, as discussed in the appendix, but with C = 1 his
results are far too optimistic for steel plates, especially at
large b/t values). Gerard [14], studying individual simply-sup-
ported long flat plates and square tubes of various aluminum

and magnesium alloys and steel, found relatively good correla-
tion among these various materials even though they differ signi-

ficantly in E and 0,- He proposed using

_mo_ 1.42 ' (5)
00 8 .45

and claimed (somewhat optimistically, it is felt) this fits the
data within +10 percent. Equation (5) is equivalent to equation

(4) when C = 0.824 and n = 0.425. B is the plate slenderness

ratio

b4/ 0
t

B = T

These two methods of effective width and the empirical for-

mula approach to o, are claimed by Dwight [15] to be in conflict

4



in two important respects:

(a) In the first place, whereas for all n < 1/2 the
empirical formula (4) gives a steady increase in
strength with plate width (a 26 percent increase
for double the width, if n = 1/3), the von Karman
approach suggests a constant collapse load bemtoO
independent of the width, provided this is greater
than bem’ of course.

(b) Secondly, the empirical formula method takes
account of the conditions along the unloaded
edges of a plate since these affect O’ whereas
the effective width method does not. Thus, using
equation (4) with n = 1/3, a clamped plate (k = 7)
would be indicated as 20 percent stronger than a
simply-supported one (k = 4). The effective width
method as presented so far allows no increase
for the clamped case.

Previous experiments have shown that for simply-supported plates
the compressive strength does tend to rise with increasing plate
width, but only rather slowly. In tests on welded box-columns
[59] it was found that plates containing locked-in stresses due
to welding can be appreciably weaker than stress-free ones (this
will be discussed later), and in this case the strength rises
even more steeply with plate width.

Little experimental data is available on the effect of edge

rotational restraints on plate strength. Clamping the side edges
produces a 75 percent increase in Op v but is unlikely to have

anything like so much effect on 0" Indeed, recent carefully

15



16

conducted experiments [17,18] appear to show that the difference
in strength between clamped and simply-supported long steel plates
is hardly worth considering. Over the range of practical inter-
est (B = 3, say) it is likely to be appreciably less than the

20 percent indicated by taking n = 1/3 in equation (4), and it
does not appear enough, and it perhaps does not warrant higher
design stresses. This will be discussed again.

The effect of restraints at the edges of the plate against
movement in the plane of the plate has been considered by
Marquerre [19] and more recently and exhaustively by Cox [20].

He concluded that the buckling stress is determined chiefly by
the degree of restraint applied to its edge against rotation;

but restraint against in-plane movement may also have consider-
able influence. 1In their effects on the behavior of the plate
after buckling, lateral in-plate restraint assumes greater impor-
tance and may occasionally cause the plate to behave in an appar-
ently anomalous manner. With complete restraint the stabilizing
membrane stresses exert their maximum effect in enabling the
plate to regain its stability in the distorted shape. However,
these studies are largely theoretical and entirely elastic; and
there appears to be no experimental evidence to suggest that
complete lateral restraint significantly raises plate strength.
In most pfactical ship structures this in-plane restraint is in
any case far from complete because it is provided largely by

the transverse stiffeners which form a relatively small propor-
tion of the total cross section. The effect is therefore ignored
henceforth.

As applied in more sophisticated circles, the shortcomings
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just mentioned in the effective width approach are, in fact,
more imaginary than real. For example, there are many dual-term
effective-width formulae of the form:

b C C2

e -5
B

It will be seen that the second term, which was introduced to
overcome the experimentally found optimism of the single-term
von Karmidn equation (3) at low B values, does in fact yield an
increase in effective width as b increases. This overcomes the
first supposed limitation. Moreover, the slenderness factor B

is related to the buckling stresses by the well-known equation

2 o
g2 = XL (2 7
12(1-v7) PE

and so the second limitation is easily overcome by inserting the
appropriate buckling coefficient k, depending on the boundary
constraints. It follows that formulae expressed in terms of the
plate geometry and material properties can also be expressed in
terms of their buckling stress and yield stress, and so the dif-
ference in the two approaches are perhaps more imaginary than
real and can easily be overcome.

So far, the discussion has been rather general and ideal-
ized in nature; and it is time we consideréd the practically
important effects of initial distortion, normal pressure, resi-
dual stresses, and failure occurring before the edge stress
reaches yield due perhaps to stiffener collapse.

Effect of Initial Distortion

In a practical structure, distortions are usually caused by
the manufacturing process, and, in particular, in modern ship

structures they are associated with residual welding stresses.
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For the moment, we will ignore the effect of these stresses and
consider only the stiffness and strength of a stress-free, but
distorted, plate.

Engineers are usually well aware of the fact that an ini-
tinlly deformed plate loses stiffness immediately load is applied.
Thus the efficiency of the plate, defined as the ratio of the
total contraction of a perfectly plane plate to that of a de-
flected plate, is continually reducing as load increases, even
before buckling occurs. It can be demonstrated that this defini-
tion of plate efficiency is identical with the effective width
ratio be/b used in this review. It is commonly recognized that
this loss in efficiency is small until buckling loads are ap-
proached, particularly in plates which are longer than they are
wide. Even for wide plates, Murray [21,22] has shown, using an
elastic analysis, that initial deflections do not in general
lower the efficiency of plating significantly unless the plating
is very thin. He suggested this initial deflection should not
exceed 0.3t if great loss in efficiency is to be avoided.

Horne extended this wide plate analysis into the elasto-plastic
zone [23], thereby throwing light on the phenomenon of the inevi-
table progress of buckling and deflection growth under certain
conditions. H. H. Bleich [24] has refined Horne's theory to ren-
der it more in keeping with actual ship conditions. Unfortunate-
ly, these conditions are often present in the bottoms of trans-
versely framed ships of all-welded construction, and the best
remedy is to alter the system of framing to longitudinal framing.

Therefore, wide-plate analysis is considered no further in this

review.
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An investigation for simply supported square plates in air-
craft structures [25] showed that:
(a) As expected, the effects of initial deflection
upon buckle growth and effective width are most
marked near the theoretical flat-plate critical
stress.
(b) At stresses well below the critical stress, the
behavior of the plate is very much the same as for
an initially flat plate.
(c) The effective width is at all values of stress less
than that of an initially flat plate.
If we assume, pessimistically, that for a long simply supported
plate, the initial deflections are in asymmetrical waves whose
half lengths are equal to the plate width (i.e., they are in the
lowest buckling mode), then the square plate conclusions above
will apply also to the long plate. Loss of effectiveness of
plating is approximately proportional to the square of the ini-
tial deflection. With the random ripples which usually occur
in welded ships, or with one single lobe, the loss in effective-
ness is appreciably reduced and is small in longitudinally stif-
fened ships. The effect of initial deflection on the maximum
end load the plate can carry has been examined recently at
Cambridge [15,26]. 1In spite of several simplifying assumptions
(a completely rigorous analysis is very difficult mathematically),
both authors' experimental results show good agreement with the
theories evolved and demonstrate an appreciable reduction in

maximum load capacity, even for very small initial deflections.
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For example, an initial deflection of only t/20 in a mild steel
plate having b/t = 50 appears to lower O by about 15%. With
random ripples, of course, a larger out-of-flatness would be
needed to cause the same drop in O There will inevitably be

a harmonic of the initial defiection which is in sympathy with
the buckled form, and with other nearby buckling harmonics, and
these components will be the most damaging in lowering O
Reference 26 also accounts for residual stress effects, but this
will be discussed later.

Since drafting this report (1970), several useful theoreti-
cal references have appeared which warrant further study. Moxham
[27] has produced an elasto-plastic program which is able to
allow for residual stresses, and for three kinds of initial out-
of-flatness. Mansour [28] has extended his linear orthotropic
plate theory to include the effects of initial curvature and
combined loads, and has now extended the theory to the nonlinear
range [16]. Dawson and Walker have produced a semiempirical
approach which allows explicitly for generally defined imperfec-
tions [50], and which shows good agreement with test results.
Becker is entering the field [29] and the quality of his small-
scale experimental work shows considerable promise.

Measured Initial Distortion

Nearly three hundred plate distortion measurements were
taken for the aufhor by Naval Constructor students on typical
areas of frigate bottom plating in dry docks in 1965. They show,
for example, that the average deflection was 0.30t or 0.005b in
the least fair frigate, and 0.11t and 0.0024b in the best. Maxi-

mum deflections were generally about three times these values,
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with the very occasional large local depression of about 1.5t in
the worst frigate near a welded seam. It will be observed, there-
fore, that the fairness of construction varies appreciably be-
tween the building yards, and in the worst cases plate unfair-
ness will without doubt appreciably lower plate stiffness and
strength in compression.

The results have been grouped statistically and mean central
values plotted in Figure 4 [30]. The distortions arise mainly
from the side welds of the stiffeners, and the deformation has
a marked m = n = 1 mode. Dimensional analysis suggests that,
when the stiffener webs (tw) are thinner than the plate (t), the

fillet weld leg length is governed by tw and we may expect

=k g% (9?2 (7)
In fact, a regression analysis for the warship measurements
referred to yielded a nearly linear dependence with tw/t, viz.,

sp/t = 0.12 8% (¢ /t) (8)

for tw <t , B <3
For slenderer plates (8 > 3), a coefficient of 0.15 is more
accurate. When tw > t, then the fillet weld leg length will
normally be determined by plate thickness t. 1In this case

85/t = K 82 (9)
Since for much of the warship data tw ~ t, equation (9) was
plotted with K = 0.12 in Figure 4, which also includes some data
of merchant ships [7]. Noting that rms data is a little more
than mean values, we can conclude that a coefficient of 0.15 is
probably more appropriate for merchant ship structures.

In civil engineering structures coefficients less than 0.1
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would usually be more appropriate. With intermittent welding
this would be reduced still further.

Effect of Normal Pressure

There are many parts of a ship's structure which experience
normal as well as in-plane loading. However, it is usually only
in the bottom structure that these two occur together at their
maximum values. The question arises as to whether the normal
loads are sufficiently large to produce a noticeable effect on
the compressive buckling and failure loads or not. The increase
in buckling strength is essentially due to the tensile membrane
stresses which are caused by the deflection of the plate under
normal load. As these membrane stresses are usually very small
(for deflections < 0.5t), it can be concluded that normal load
in ships only slightly raises the critical load, and will not
prevent the usual buckled pattern (see page 497, reference 9).
The effect on ultimate load is less clearly understood and is
being examined at the Naval Construction Research Establishment,
Dunfermline, and for the Ship Structure Committee [29].

The author [30,31] has considered the effects of normal
pressure on plate strength and stiffness, and has proposed for-
mulations which make extensive use of interaction equations.
When the lateral pressure is greater than Og/EBZ, then a trans-
fer to effective width equations for clamped plate edges is pro-
posed (see later).

Other Boundary and Load Conditions

The discussion has been general, but the buckling and effec-

tive width equations quoted so far have assumed edges held
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straight but free to rotate. The effects of initial deflection

and normal load have been mentioned, but other factors which

could be relevant to the behavior of plate elements in a com-

plete structure are:

(a)

(b)

(c)

(a)

(e)”

Edges may be rotationally restrained--in particu-
lar, constraints on the long unloaded edges (e.g.,
by heavy roller or Vee groove supports during

plate tests) may affect strength and stiffness.
In-plane working of the unloaded edges is difficult
to prevent in single plate experiments, but would
be inhibited in a stiffened-plate structure.
Inelastic material behavior has not been properly
considered.

The effect of plate element length has not been
adequately considered, other than to assume plates
are "long" if a > b. This can be shown to be a
reasonable approximation for plate buckling, and
indeed for plate strength; but there is no doubt
that the post-failure stiffness of plate elements
varies appreciably with length, as explained by
Ractliffe [17].

Poisson effects, and other in-plane loading effects

have not been discussed.

With all these shortcomings it is perhaps small wonder there are

very significant differences between the various available for-

mulations.

though;

The review revealed these could amount to 100%,

for the unwary engineer seeking guidance these differ-

ences themselves would not necessarily be immediately apparent.
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Even if one confines one's interest to one material like steel
and refuses to look at research reports, the discrepancy between
the various "accepted" codes is itself quite remarkable. A
glance at Figure 3 shows this to be so, even for the preferred
expressions remaining after a weeding-out process.

The boundary conditions at the unloaded edges are the most
important as far as long plate compression is concerned. The
position is complicated by the largely indeterminate conditions
at plate elements in ship grillages, as mentioned earlier. For
rotation simple supports are commonly assumed since open-section
longitudinals which are torsionally weak are supposed to provide
very little rotational constraint. This argument has been chal-
lenged [34] on the grounds that, since the buckled wave forms
are short compared with the span between stiffener supports for
long plates, and since these waves alternate in sign, the twist-
ing moments they induce in the stiffeners alternate rapidly
in direction and are largely self-equilibrating. This causes
only very minor twisting along the stiffener edges, and so, per-
haps, clamped assumptions are more valid. These produce a 75%
increase in elastic buckling stress, and very probably would
noticeably increase load-shortening stiffness for most of the
range prior to collapse. However, clamping the side edges is
unlikely to have anything like so much effect on O Carefully
conducted experiments at Cambridge [17] indicate that the differ-
ence in strength between clamped and simply supported long steel
plates is perhaps not worth considering, though more recent work
by Moxham [27] suggests distinct differences with slender plates

(B < 2.5, say). Certainly it would be too optimistic to substi-
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tute the clamped value of %, in any of the effective width formu-
lae in Appendix 1.

In a ship in-plane warping of the plate is strongly resisted
by virtue of the restraint from adjacent panels. This is not
simulated in single plate tests. The effect of this restraint
was first considered theoretically by Marguerre [19], and more
recently and exhaustively by Cox [20] and by Mayers and Budiansky
[37] . Cox demonstrated that, while their effect was not as great
on elastic buckling as were rotational restraints, in-plane
restraints were important, and may occasionally cause the plate
to behave in an apparently anomalous manner. With complete re-
straint the stabilizing membrane strésses exert their maximum
effect in enabling the plate to regain its stability in the dis-
torted shape. However, his studies are largely theoretical and
entirely elastic. The NACA report carried the theory into the
post-buckling plastic region and indicated that the load-carry-
ing capacity of a plate with edges constrained to remain straight
should be markedly superior to that for a plate with edges free
to warp. Experimental data on this subject is a little con-
fusing and far from satisfactory, especially again for the effect
on stiffness prior to failure. Besseling [38] carried out tests
on Alclad and Dural sheets sandwiched between a pair of rigid
grillageé. The results for the single-bay specimens apparently
differed significantly from those for the three-and five-bay
ones. However, the tests as a whole were not entirely satisfac-
tory owing to the difficulties of preserving intimate contact
between the plate and the stiffeners and the eccentricity of the

applied load. 1In contrast, recent tests at NSRDC [39] on three-

[

't}
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bay panels showed the same load-carrying behavior as for single
plates, though massive stiffeners were required to force the
plates to achieve maximum load. Reference has already been made
to Hoff [33] who in sumarizing previous experimental data con-
cluded that the effect of warping on effective width is immate-
rial. It seems, therefore, that the best, and again possibly
conservative, conclusion we can draw is that warping has little
if any effect on load capacity for ductile materials, but could
appreciably affect plate stiffness for which further experimen-
tal data is required.

The above conclusion is quite similar to that found when
considering rotational constraint, and it is interesting to note
that in both cases the high ductility of most structural metals
appears to obviate the effects of edge restraints as far as load
capacity is concerned. This is a welcome help to hard-pressed
engineers, but at the same time a hindrance to fundamental under-
standing, which could be especially important when contemplating
the strength of nonductile materials such as glass-reinforced
plastics.

Davidson [40] has made an excellent review of work prior to
1965, especially theoretical aspects, and Dwight [41] continues
to keep us informed of the excellent work he has been directing
at Cambridge. Future theoretical developments must surely lie
with finite element methods of sufficient generality to account
for real shapes ana bcundary conditions. A start has been made
in that direction [125,131]. Smith [126] has discussed the need

for establishing reliable formulae or data curves which could be

incorporated in computer programs.
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Three Destroyer Tests

Figure 3 also includes long plate strength data deduced
from three pre-World War II destroyers tested to destruction in
dry dock, and collectively reported by Vasta [57] and referred
to by Lewis and Gerard [58]. They were quoted at the time to
support the U.S. Navy plate strength equation attributed to =

Frankland (see Appendix), viz: ‘

It will be seen from Figure 3 that the results for ALBUERA
(British destroyer longitudinally framed) and BRUCE (U.S. de-
stroyer mixed stiffening) lie just above the Frankland equation,
which itself provides an upper bound over most of the B range

to the various design codes. PRESTON was a U.S. destroyer mainly
stiffened transversely.

However, the author in discussing reference 51 suggested
that not too much importance be attached to the perhaps sur-
prising opﬁimism of these results. The main reasons for this
are seen to be:

(a) The plates were riveted to stiff flanges which

suggest that their edge constraints may have been

appreciably nearer to the clamped condition (for

which it is better suited). *
(b) The average stress in the plate elements will be

somewhat less than the overall average because the

longitudinals and heavy longitudinal structure will

generally sustain higher stresses at failure than

will the plating; while some attempt was made to
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allow for this, it is believed the errors this
division of load entails are more likely to lead to
plate strength overestimates than otherwise.

(c) In particular, there must remain considerable
uncertainty about the yield stress of these longi-
tudinal stiffeners which quite commonly are known
to have higher values than for the plating.

(d) Using simple bending theory to calculate overall
average stresses at failure can lead to several
small errors such as

- uncertainty in the elasto-plastic neutral
axis at collapse
- the plate ou/oy values quoted in the origi-
nal papers are really based on Mu/M
values, where Mu is the ultimate moment
measured and My is the yield moment assumed
from material properties
and so errors arising from ignoring plastic redis-
tribution within the cross section have been ignored.
In the case of WOLF, shear buckling of the side
plating certainly occurred before failure.
Lastly, the results quoted (with the exception of the trans-
versely framed PRESTON) are appreciably optimistic compared with
recently collected test data, discussed later.

Reduced Effective Width

The strength of a stiffened panel finally depends upon the
stability of the stiffeners and some associated plating. 1In

determining how much plate to consider effective in resisting,
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for example, column collapse between transverse frames, it is
important to recognize that the support given by the plate to

the stiffeners is governed by its stiffness just prior to and

at the moment of collapse. Wagner [32] was the first to empha-
size the difference between load-carrying capacity of the plate
and support given by the sheet to stringers against buckling.

For the latter, as Hoff has so well described [33], it is the
ability of the plate to take over ADDITIONAL loads which is
important for the stability of the combination, rather than the
actual capacity of the plate to carry loads. The essential in
these considerations is to allow for the decrement with increasing
compr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>