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Dear Sir:

In order to determine the influence of unfair
plating on brittle fracture in ships, the Committee on
Shin Structural Design of the National Academy of Sci-
ences-National Research Council recommended in 1953 the
initiation of analytical studies of the problem to be
supported by Ship Structure Committee funds. This rec-
ommendation was concurred in by the Ship Structure
Committee.

Herewith is a copy of the Final Report, SSC-96,
of the investigation, entitled "Notes on the Influence
of Unfair Plating on Ship Failures by Brittle Fracture"
by H. H. Bleich.
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INFLUENCE OF UNFATIR PLATING ON
TUEES BY BRITTLE FRACTURE

NOTES ON THE

SHIP FAT

I. INTRCDUCTION

It was the primary purpese of this study to determine
whether or not unfairness in deck or hull plates in trans-
versely framed dry cargo ships may be a substantial contribu-
tory cause to the loss of such vessels due to brittle fracture.
Two essentially separate questions were considered. The first
one concerns the effect of unfair bottom plating in compres-
sion, shirking its load and increasing the tensiie stresses
in the deck. The second one concerns the increase of tensile
gtresses in the deck due to unfair deck plating. An appre-
ciable increase of tensile stresses due to elther cause would,
of course, contribute to the danger of brittle fracture.

The clalm has been made(h) that the tension failure of
the bottom plating of certain transversely framed Norweglan
tankers was due to prior dbuckling of the deck plating. It
wag claimed that the reduced effectiveness of the buckled deck
plating reduced the overall section properties of the hull
girder, increasing the tensile stresses in the bottom to the
point of brittle fracture. The equivalent possibility of
causing brittle fracture in the deck of a transversely framed
dry cargo ship (where hogging stresses prevail) caused the

present study. If the reduction of the effectiveness of the



bottom (compression) plating by unfairness or buckling results
in substantially larger tensile stresses in the deck plating,
such unfairness or buckling might be the cause of some ship
failures by brittle fracture. This question is studied in
Section ITa for the typical zase of a Liberty ship. As the
discussion of the entire matter waz started by the cases of
the Norwegilan tankers, these are shortly discussed in Section
ITb. A study was also made to determine whether dynamic ef-
fects due to large deformations of the vessel caused by bucke
ling of the bottom plating may aggravate the danger of brittle
fracture of the deck plating. This study is presented as Ap-
pendix C and summarized in Section IIc.

(6) attention has been drawn to the fact

Quite recently
that the increase in tensile stresses in the deck due to un-
fair deck plating may contribute substantially to the danger
of brittle fracture. The study of this question is begun in
Section III. 1In order to determine the importance of this ef-
fecty; it was required to delve at length into the subject of
the increase of unfairness during operation of a vessel. This
question is considered in Section IV on the basis of a new ap-
proach to the problem of unfair plating developed in Ref. 33
it was found necessary to extend this approach, particularly

with respect to the effects of residual stresses. As a by-

product of this study, Appendix B contains a number of comments
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on Ref. 3 concerning the explanation of large unfairness ob-
served in the bottom of some transversely framed vessels.

At this point it can already be stated that none of the
studies indicate any substantial effect of unfair plating on
the brittle fracture problem. These notes should therefore
be considered just as a record of the various investigations.

IT. EFFRECT OF UNFAIRNESS IN COMPRESSION PIATING ON

THE DANGER OF BRITTLE FRACTURE

&. Transversely framed dry cargo ships. The effect of

any unfairness in compression plating on the danger of brit-
tle fracture of the hull girder depends solely on the increase
of the stresses on the tension side due to the unfairness. To
decide on the importance of such an effect for the brittle
fracture situation, it is only required to find the increase
in tensile stresses caused by the reduced effectiveness of un-
fair plating on the compression side.

The amount by which the reduced effectiveness of compres-
sion plating increases the stresses on the tension side of the
hull girder can easily be examined for a typical Liberty ship.
The following data for the S. S. "Philip Schuyler" (Ref. 1,

Pig. 22):
moment of inertia: I = 424,170 in.%ft.2
neutral axis (from bottom): e = 17.16 f%.
total depth: d = 37.33 ft.
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were used to compute the section moduli of the hull girder in
the second column of Table I.

If, due to unfairness of the bottom plating, its compres-
sion effectiveness were reduced by 50% (amounting to a reduc-
tion of plate area by 169 in°2), the section properties would
be:

°¢t.2, e = 19.0 ft.,

I = 371,200 in.
and the corresponding section moduli are listed in the third

column of Table I.
TABLE I

Section Moduli in.°ft. of Hull Girder
Original Cross Section  50% Bottom Buckled Difference %

Top Deck 21,050 20,250 3.7
Bottom 24,800 19,550 21.2

It is seen that the section modulus for the tension side,
l.e., for the deck, is reduced by only 3.7%, a very small
amount. There is, therefore, no foundation for the belief
that buckling of the bottom (compression) plating, or its re-
duced effectiveness due to unfairness can increase the tensile
stresses in the deck substantially, such an increase being the
prime cause for brittle fracture. It is not even reasonable

to consider such buckling as a major contributory cause; 1if



the tensile stresses in the hull with fully effective bottom
plating are already so high that an inerease ¢f the order of
5% produces brittle fracture, then the other circumstances
which raised the stresses to this level and/or the low stress
level at which brittle fracture oscurs are the major culprits.

It might be noted that the conclusion that the tensile
stresses in the deck will be only slightly affected by the re-
duced effectiveness of unfair bottom plating is in agreement
with the finding by Murray ‘2’ (discussion of Fig. 1W).

Une may ask if remedial measures to prevent the reduc-
tion in effectiveness of the bottom plating are warranted, dis-
regarding all other reasons just to improve the brittle fracture
situation to a slight extent. The full effectiveness of the
plating could be maintained, e.g.; by additional longitudinal
stiffeners as suggested by Murnaycgj. While such remedial
measures would decrease the tensile stresses by 5% or less, it'
would seem that the same amount of material added to the top
deck would reduce the tensile stresses more. From the view-
point of preventing brittle fracture, it appears therefore not
appropriate to recommend such additional stiffeners.

The above conclusions would not be affected by presence

of residual stresses or 1f Horne's explanation of the origin

(3)

of large unfairness of plating is considered.
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b. Transversely framed tankers. It may be of interest to

discuss the case of several Norwegian transversely framed tank-
ers whose loss has been stated, (Vedeler(495))g to have been
caused by buckling of the deck plating although their tension
bottom plating fractured. Information concerning a sister
ship, available to the writer, shows 20 mm. deck plating,

17.5 mm. bottom plating, and 800 mm. frame spacing at the mid-
ship section. The conclusion drawn above for a Liberty ship,
that reduced effectiveness of the compression plating increases
the stresses on the tension side only slightly, applies also to
the hull cross section of the tankers; and the reasoning ascrib-
ing the loss of these ships to buckling appears to the writer
not conclusive.

The basis of the reasoningcu?s) is the fact that the com-
pression plating of the hull will buckle at a load which pro-
duces tensile stresses of only about 60% of yield. Disregard-
ing brittle fracture, the deck will therefore buckle prior to
the bottom yielding in tension; the buckling, it is contended,
will shift the neutral axis, increasing the tensile stresses
and tearing the bottom plating. However, the present study
shows that the assumed increase of tensile stresses does not

oceur and the sudden tension failure of the bottom* remains

*It seems to the writer that failure of the deck plating
in compression would have led first to jack-knifing of +he hull
without separation, followed by a gradual breaking up.



unexplained unless one assumes brittle fracture at a stress
of zbout 0% of yield. Oncs one is forced teo assume brittie
fracture at a stress much less than yield, it folloﬁs that
collapse would have oceurred even without buckliing. The sud-
den failurs reporiad seems therefore to peint to brittle frac-
turce* as the cvause, although the deck plating may have buckled
at the same tims.

c. Dynamic sffects. It has oceurred to the writer that
_the stress distribution in the hull might be affected appre-
clably oy the dynamic effects if the bottom of a vessel falls
in compression such that considerable permanent deformaﬁions
of the hall occur. If fhese effects were important,; the con-
clusions of the preceding paragraphs might nét te correct.

This guestion iz therefore studied in Appendix C where the in-

3
A

teresting gquantity, the tension in the deck, is determined for
the idealized case of a hmll of uniform cross section and mass
distribution.

Assume that a vessel, Fig. 11, is loaded ir such a manner
that the maximum static bending moment M produces compressive
stressesg In the bottom exceeding the capacity of the plating
panel at peint B. This pansl will then buckle, and the ship
will begin to jack-knife. The panel a2t B will not have lost

all resistance but will $till carry some load POo The tensile

-

¥It 1ig not known to the writer if any parts of these ships
were salvaged and examined.
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side of the hull remains intact, and the permanent deformation
of the vessel consists essentially of akrelative rotation of
the forward and aft portions with respect to a point marked A
in Fig. 11. For analysis purposes it is assumed in the Appen-
dix that the forward and aft parts of the vessel may be treated
as rigid bodies. The interesting quantity to be obtained is
the horizontal component P of the force exerted by the two
parts of the hull on each other at point A; this force P is
the total tensile forece in the deck of this idealized hull and
can be compared with the total tensile forece in the hull due
to the same moment M if the bottom had not failed by buckling.
It might be noted that, in the static case where the in-
ertia forces vanish, the horizontal components of the resulte-

ants of the tensile and compressive forces in the seation AR

- must be alike because the resultant of all leoads acting to

elther side of AB is 2 pure couple, M. If this moment M ex-
ceedé the capacity of the section such that permanent deforma-
tions occur, the horizontal components of the tensile and com=
pressive stresses, P and Paﬁ respectively, are in general not
equal because the relative rotation of the portions of the
hull with respect to point A results in inertia forces, the
resultants of which do have horizental components.

The analysis shows that the total tengile foree P in
the deck for the same applied moment M is necessarily smaller

when the compression plating buckles and the hull deforms than




when the hull remains intact. If the deck plating could carry
the tensile stresses due to a moment M without danger of brit-
tle fracture on the assumption that the compression plating
will not buckle, then the deck is not in danger of brittle
fracture if the compressicn plating actually does buckle.

I+ is therefore concluded that dynamic effects induced
by failure of compression plating do not inerease the danger
of brittle fracture in the deck.

IITI. EFFECT OF PLATING UNFAIRNESS ON THE TENSION
SIDE ¢N THE DANGER OF BRITTLE FRACTURE

Quite recently attention has been drawn by Evans(é) to
the fact that the unfairness of plates in tension will result
in such plates shirking part of their load which must then be
carried by oﬁherﬂlongitmdinal members, thus increasing the
tensile stresses in such members. There can be no doubt that
such an increase of stresses does exist, but it is not imme-~
diately apparen®t how large the iIncrease is and 1f the contri-
bution to the danger of brittle fracture is substantial.

large amounts of unfairness have been reported in the
bottom shell of dry cargo ships, not in the deck. However,
even moderate unfairness, if present, reduces the plate effec-
tiveness noticeably; and the question 1s worth investigating.

In order to evaluate the effect of an initial unfairness,

s, Fig. 1, in a simply supported panel of thickness t, consider
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the plate efficiency 7); defined as the ratio of the stress

in the plate required to stretch the panel by a certain amount,
to the stress required to stretch a plane plate by the same
amount. The efficiency 7} is a function of the ratio % and of
the average strain £ by which the panel has been stretched.
Fig. 2 shows two noﬁ—dimensional curves for 7 as a function of
go The curve labeled o applies for small* strains and stresses,
while the curve marked 7B applies when the average tenslle strain
in the panel is equal to the (compressive) strain at which the
flat panel buckles according to the Euler theory. The curve

for small strains is obtained from the equation,

= —L [1rr.1]

s

1+ 6-—2

t
which 1s easily verified for a sinusoidal initial buckle.
The WB-curve is taken from Ref. 3 (Fig. 5 for u = 1). For
other values of the tensile strailn, the efficiency 7 will be
larger than the value'?o and will increase as the strain in-
creases. For cases of interest the average tensile strain
will rarely exceed the buckling strain, for whieh case the
WB—curve applies. As both curves do not differ vastly, Fig. 2
gives a good picture of the reduced §ffectiveness due to ini-

tial camber. It is seen that an initial unfairness of s = g

*3mall compared to the average strain at which an identi-
cal flat plate buckles.
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would reduce the efficiency of the panel to about 0.5, a very
large reduction, indeed.

So far the efficiency of a single plate panel has been
considered. If one considers more realistically a group¥* of
panels 1 to n having differing unfairness Sps Fig. 3, one can
find thelr total efficiency 7 from the equation,

1131 [111.2]

7 “i17n
Where'7n is the efficiency of an isolated panel of unfairness
Sy This relation is only approximate because it applies
strictly only to individually hinged panels. The cruecial
matter for the present problem is the overall efficiency,
Equation [27], which does not depend for large n on the low
efficiency of one badly distorted panel, but rather on the
average‘value of the unfairness to be expected.

If the unfairness is only due to the unavoidable devia-
tions from a true plane inherent in the limitations of the
fabricating process, the average value of g in deck plating

may not exceed** 0.1, and the corresponding efficiency of 0.95

is sufficiently high to ignore the whole matter. On the other

*The necessity of considering the behavior of series of
panels was first realized by Horne(B).

**Muckle(7) observed unfalrness only up to 1/16-in. if
the plate thickness was 1/2-in. or over, even in welded con-
struction.



=13

hand, the possibility of systematically caused larger unfalr-
ness must be considered.

One such possibility is that the initial unfairness pro-
duced by welding or other fabricating rrocesses 1s further
aggravated by residual stresses. Another possibility is that
the relatively small unfairness increases during the operation
of the ship. This may occur if compressive stresses, possible
in combination with residual stresses, are large enough to
buckle the unfalr plate. To evaluate these possibilities,
certain theoretical guestions will be studied in the following
section. -

IV. THE EFFECT OF OPERATING STRESSES ON THE INITIAL UNFATRNESS

OF DECK PLATING OF DRY CARGQO SHIPS--CONCLUSION IN CONNEC-
TICN WITH THE BRITTLE FRACTURE PROBLEM

(3)

In a recent paper Horne made an attempt to explain the
large unfairness observed in the bottom plating of transversely
framed ships on a new basis. The paper deserves careful atten-
tion because it includes the effect of two physiecal faetbrs
whose bearing on the problem was not recognized previously.

The first of these is the fact that successive alternate com=-
pressive and tensile loading of a plate panel may increase the
deflections of the panel progressively. The second, no less
important one, is the fact that if a unit of several panels is

loadedy not only is the resulting unfairness in one panel much

larger than in the case of a single panel, but the progressive
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increase occurs at a lower stress range.

The results of Horne's paper are not quite conclusive be-
cause he finds that the contemplated mechanism explains large
unfairness only if the panels are subjected to stress cycles
in which the sum of compressive and tensile stresses is of
the order of 40,000 1b. per sq. in. As such high stresses are
not believed to occur in normal operations, the thebry so far
does not seem to explain the large unfairness observedo Hoﬁ_
ever, there are certain points in which Horne's theory can be
refined*, and it seems not at all unlikely that the theory
will ultimately explain the facts fully. However, regardless
of whether or not the large unfairness of panels observed in
certain ships can be predicted by Horne's analjsisg there can

be no doubt that the new effects considered therein exist and

ought to be included in any study of problems of unfair plating.

In the following consideration of the unfairness of deck
plating, the stress range is assumed to be small enough to ex-
clﬁde the possibility of pregressive bucklings bﬁt the effect
of the action of a number of panels in series is included and
will be seen to be essential. The approach follows Horne's
paper except for one refinement, and his equations aﬁd graphs
apply, a fact which is very convenient.

Consider first a group of n panels of span 1 as studied

by Horne, Fig. 4. The transverse members AR and A'Bf are

*¥See the writer's comments in Appendix B.
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assumed to be rigid in the plane of the plate,*while the inter-
mediate transverse members will resist forces at righﬁ angles
to the plane of the plate only. Along the edges AA' and BB',
the plates may slide in the longitudinal direction with respect
to the longitudinal members AA' and BB'. If this unit gonsiétw
ing of plates and longitudinal meuwbers is loaded by longitudin
nal forces, the entire unit will shorten, the average strain
being £. If in the unstressed state cne of the panelé has a
set Spy the graphs in Horne's paper predict what will happen

if a certain average compressive strain € is imposed on the
unit. -There is a minor difficuliy in applying this to the

deck of a ship. One does noct know the value of the strain &
corresponding to a contemplated loading, but rather the total
longitudinal force S. To obtain the strain from the forece S,
the efficiency 7 of the plating must bs known, and the rela-
tion between € and S is therefore not only cumbersomes but to
make matters worse, the relation is non-linear. Fortunately,
for the present purpose it will be sufficient to know the order
of the strain £. We will need the effects of forces which pro-
duce nominal stresses o of the order of l0,0bO ib. per sq. in.
if the plate were fully effective, cmrresponding to strains

£ = E: If the initial unfairness of the panel is not very
large, as 1s assumed, the efficiency of a unit of many-panels
will be reasonably close to unity, and the actual strain will
eXceed gﬂonly by little, such that one may use & = E;as first

approximation.
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A major difference between the model, Fig. 4, and an ac-
tual deck of a ship becomes apparent if one tries to decide
the number of panels n to be used in the analysis. In a
transverssly framed ship no members like AB which are rigid
in the plane of the plate exist. The only element resisting
motions in the plane of the plate is the plate itself. It

provides, in a way, at each frame an elastic support, the
rigidity of which depends essentially on the transverse dls-
tance hetween the longitudinal members AA' and BB'. The model,
Fig. Mg is also not realistic in'permitting sliding between
the plate and the longitudinals along AA' and BB'. It appears
that both unrealistic assumptions can be eliminated by a
siightly different model.

Consider a model consgisting of two longitudinal members
AAY and BB' whose length L is very much longer than the trans-
verse distance T between longltudinals, Filg. 5. The plate is
gubdivided in many panels of span &, the transverse supports
exerting nc resistance against motions in the plane of the
plate. One panel far from the ends Ay B is initially bulged
sinusoidally in the transverse and longitudinal directions.
If a compreseive strain € is now imposed on the longitudinals
AA' and BB', the plate will participate; and as L is much
larger than T, the transverse panel supports which originally
were straight lines will in general remain practizally straight,
except those near the ends AB, A'B' and in the vicinity of the

bulged panel.
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The behavior in the region of the Eulg@d panel is shown
in Fig. 6. The transverse members before lecading are shown
as golid straight lines, the dash lines indicating their posi-
tion after loading. It is c¢lear that at some distance from
the panel PQ the transverse members will remain straight, but
thoge in the vieinity must surve towards the bulged pansl be-
cause this ﬁanel shirks the load. Tc obtain the shape of the
edges PQ, P“-Q“9 consider the free body diagrams of the semi-
infinite pieces of plates to the left and wight of the bulged
ranel and of the panel PQ itsélf9 FPig. 7. If the longitudi-
nal stress in the plate were uniform across the width and
equal to the stress o= £F in the longitudinals, the edges PQ
and P'Q' of the semi-infinite flat plates, Fig. 7(a) and 7{cJ,
would remain straight; the edges of the bulged pansl. however,
would be concave, Fig. 7{(b}. In the manner conventionally
used in the theory of statically indeterminate structures, ons
can now apply unknown tensile stresses oo to cleose the gaps as
a first approximaticn the trarsverse distribubtion of these
stresses is in the following assumed te be sinusoidal.

Fig. 8 shows the semi-infinite plats to the left of PQ
under the action of such a sinuscldal corrective stress
A9 = ginfs, The originally straight sdge PQ will deflect by
an amount 5sinqg which depends on the boundary conditions at

the longitudinal edges, i.g., on the cross sectional area of
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the longitudinal members. However, the dependency cf the de-
flection on these boundary conditions is not very proncunced,
and the valive obtained for the simple case treated in Appen-
dix A is sufficient for the present, essentlally qualitative
congideration. It 1s shown in Appendix A that the ampiitude §
of the deflecticn of the semi-infinite plate, Fig. 8, 1lg equal
te the elongation of a strip of plate of length

T
o [ . ]

due to a stress ac =1, Fig. 8(a).

The elastic behavicor of the semi-infinite plate bheing
equal to the behavior of a plate strip of egulvalent length
L', we conclude that the behavior of the bulged panel of width
T, Fig. 5, will equal the behavior of the bulged panel in the
zase considered by Horne, Fig. 4, provided the number n of
panels ig such that

nd = 2L + & [I7.2]

The problem of the panel of finite width is thus reduced
to the case treated by Horne-~at the price of an approximation--
the assumption of sinusoidal shape of the bulge and c¢f Tthe cor-
rective stress distribution. These approximations are really
crude if % is very large and the results are only qualitatively
correct. In view of this 1t does not seem necessary to obtain
a better value for L' than Equation [IV.1]. Substituting in

Equatisn [IV.Z2] one cbtains finally
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In defense of the above approximations, it is important
tc realize that the results of Horne's analysis are hot sensi-
tive to changes in the rnumber of panels. Even an error of as
much as 50% in the number n would not affect the Tresult substan~-
tially.
Application to the upper deck riating of a Liberty ship.

The upper deck plating in a Liberty ship is supported longi-
tudinally by the sides of the ship and by the hatch framing,
and between hatches by longitudinal straps 16 in. by 3/4 in.,
making the dimension T = 1% ft. Therefore with & = 2.5 ft.
n=28¢62=8
At midship the plate thickness ic t = 3/4 in., span
& = 30 in., Young's modulus E = 30,000 kiﬁs per sg. in., and

the yield stress £ = 33 kips per sg. in.; the parameter .«

v
{used in Ref. 3) for this case is

2 Faf
A= el (8 E =052 % 0.5
2L ~w=3.v  ty
Ref. 3 contains certain graphs already for 4= 0.5 which can
be used. However the final graph required for the present
purpose, equivalent to Figs. 23~=25 of Ref. 3 is available*

only for n = 8, 4= 0.2 and 1.0; interpolation being not

*Note that part of the graph for 4= 0.2, Fig. 23, is in
error. See Appendix B, Item 5.
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practicable, a new graph n = 8, 4= 0.5 was constructed, Fig. 9.
This graph is intended to find the changes of the permanent set
at the center of the plate in the followlng manner:

The abscissas of Fig. 9 are the ratiocs of the average
strains applied to the panel, to the yleld strain 5y' Com-
gressive strains, éE, are plotted to the left; tensile ones,

t

k4
£ to the right. The ordinates are the residual deflections

sz at the center of the plate divided by the plate thickness t.
The "residual deflection” Sy is defined as that part of the ac-
tual deflecticn at a given instant which is permanent; if the
plats panel were cut away from the rest of the structure and
all external forces were removed, the panel would retain the
deflection Sps The diagram permits the prediction of the re-
gidual deflection Sy (not of the actual total deflection which
is equal to s, plus a further elastic component). Let the
panel have an actual initial deflecticn s in the unloaded

state and assume there are nc residual stresses such that the
panel is in an unstressed state. By definition the residual
deflection equals the total deflection at this Instant, s, = s.
The state of the system 1g then represented by a point A on
the vertical axis having the ordinate %, see Fig. 9. If the
panel is now compressed, i1t will behave elastically at first,

such that s, does not change; its state in the dlagram will

therefore be on a horizontal line through point A, the distance
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AR indicating the strain. The panel will, however, become
plastic if the strains exceed certain limits; these 1imitsr
are shown by the heavy lines marked'Lc and Lt in the diagram.
If the panel is compressed only to a state as represented by
point B in Fig. 9, it will not deform permanently further,
and the residual deflection Sy will not change. Similarly,
| the panel may be subjected to tensile strainsi if point C
representing the state lies to the left of the heavy line Lt’
no change of Sy will occur. In such a case even alternate
cycles of compressive and tensile strain will not affect the
residual deflection er

If the originally unstressed panel represented by point A
is subjected to a compressive strain exceeding the limif Ib’
its state will follow the horizontal line only until point D
in Fig. 9 1s reached; beyond this point permanent deformation
will occur, and the residual deflection 5y, will increase. Ac-
cording to Ref. 3 the state of the system will follow a path
which is parallel to the famlly of dashed curves shown in
Fig. 9. 1If the panel is compressed until some point F is
reached and then unloaded, it will act elastically again such
that the value S.. reached at point F does not change. The
path will therefore be the horizontal line FG. If the strain
is decreased until the panel reaches zero stress, the compres-

sive strain will not yet be zero. The respective state is
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represented by point G in Fig. 9, where TG = FIG', TIf further
tenslle strain is applied, the panel will operate elastically
only until a peint H iz reached, defined by FH = FiaJ.

The fact that the panel on unlcading reaches a state of
no stress at point G, where the strain is still compressive,
shows that wvhen the strain finally becomes zero at point G?,
the panel will be in tension. The entire structure, consist-
ing of plates and longitudinal members, Fig. Sa is therefore

of residual stress produced by the overlcading.

s.‘F‘
@

in a
The residual tensile stress in the plate can be computed; it
is equal to the strain represented by the distance FF! multi-

plied by E7 where the efficiency for smail stress 7 =

Fi

~3

o9
fig., 2, may be vsed approximately.

Fig. 9 can now be applied %o predict the behavicr of the
deck plating of a Liberty ship for a typiecal case,

Gage A. Lzt the tensile stress in the deck in still
water be % kips per sg. in. ad find the effect of stress

variations during operation @f +1C kips per sg. in. for an

initial unfairness of =_ = 0.15%.

-

The initial

423

tate of the system on leaving the ways is

“7

given by 'y D= 0, and is marked O in Fig. 9. The

‘\,

*ﬁf
C}

distribution of weights in still water produces a stregs of

5 kipz per s2. in. corresponding to a strain ratio of approxi-
o
firl 2,
mately = = é% = (.15 this ig only approximately true bhe-
oy -
&

& o o

cause the plating efficiency is less than 100% such that the
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strain will be somewhat larger. It is, however, unnecessary
to determine the strain more accurately because the result of
the following consideration would not be affected. The state
of the system in still water lies at poigt X on a horizontal
line through point O because the strain % = 0.15 1s much
smaller than the yield limit given by the heavy line L.

The operational stresses of %10 kips per sq. in. induce
changes of the strain with respect to point X approximately of
% = 13-.39 = % 0.30. The extreme states of the system in Fig. 9
are shown aé points ¥ and Z, all lying on a horizontal line
through point 0. These points remain far away from the yield
1imits, and the initlal permanent deflection s, will therefore
not change during operations.

This conclusion will remaln correct for any simllar stress
level, even if the initial unfairness should be larger, because
the yield limits Lt and Lc never do come close to the axis of
the ordinates in Fig. 9.

Before drawing any practical conclusions from the example,
it 18 necessary to congider also the effects of residual
stresses which are likely to be present in a welded ship.

While Ref. 3 does not specifically mention the fact, its pro-
cedure can be extended to the case of residual stresses in the
manner shown hereafter.

Measurements of residual stresses on various ships are

reported in Ref. 8. Compressive stresses up to 10 kips per



8g. in. were found due to plate welding operations (Ref. 8,
Figs. 5, 6)5 further stresses of %the same order and somewhat
larger ones were observed duse to assembly procedures. It
would, however, be erronecus to add such stresses without
further thoughts just ss tensile stresses in a structure can-
not exceed the yield point, compressive stresses in perfectly
flat plate panels camnot exceesd the buckling stress. If the
vanels are unfair, as we assume here, the compressive residual
stresses are limited further, the maximim value being the one
at which the critical section of the plate will yield; this
maximum direct stress is necessarily smaller than the buckling

= 0.15%,

v

stress. For the case just consideresd, 4= 0.5, =N
ﬁ§ = 33 kips per sqg. in., the maximum possible residusl stress
would be*® =X = 13 kips per 2q. in. The chserved values are
not much smaller than this upper 1imit, and the following ex-
ample wili consider the extreme case that the residual stress

equals the maximum which the pansl can carry for the given un-

fairness.

(@]
43

Cage B. Loading and initial unfairness are the same as
in Case A, but the panel is assumed to have a residual com-

pressive stresscrg = 13 kips per sg. in. equal to its capac-
ity for the given initial value of S This initial residual
gtress occurs while the ship is still on its ways, at a time

when the hull carsies no gexternal load. The resultant of all

*This value was found by appropriate use of Figs. 9 and
10 of Ref. 3.
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the compressive residual stresses in the plate panel in this
state must therefore be equal to the resultant of the residual
tensile stresses in the longitudinal members.

To use a diagram, Fig. 9, of the type devised by Horne
for the case of residual stresses, it is necegsary to lccate
the point representing the initial state of the system. The
strains Ec and &g in Pig. 9 represent by definition the total
strains applied to the unloaded panel. The panel under con-
sideration, however, is already compressed carrying a stress
Ugo One can now visualize that a fictional tensile strain 51
cann be applied to the system such that the stress vanishesy
the residual deflection would still be 8, = 0,15t and the state
of the panel would again be point O in Fig. 9. Application of
& compressive strain equal to the fictional strain 81 will then
produce the actual initial state which will lie on a horizontal
line ©o the left of point 0. Because the compressive regidual
stress in this example is equal to the maximum the panel can
carry, Li.s., the one for which the critical cross section of
the plate is fully plastic, the initial state must be repre-
sented by point P lying on line Lb indicating the yield 1imit.*

Hﬁving located the initial point P, the previously out-

lined procedure can be used again. To cbtain the point Q

*For any other smaller value of S, The state would be

reprecented by a point between O and Ps; the exact location
would reguire some additional computation.
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representing the still water state, the strain ratioc éi is
reduced by approximately 0.15. The operating Stressesyare
equivalent to changing the strain ratio by 20.30. Nothing
happens if tensile strain is applied, the state being rep-
resented by point 55 but if compressive strains are applied,
roint P which lies on the yisld limit Ib is reached, and the
yield 1limit is execssded. Due To the excess strain the point
representing the state of the panel travels to point R cor-
responding to é vermarnient set 8. % 0.65t. Subsequent tensile

loading brings the syastem to point S§'. Further changes of

strain, however9 produce no further yi elding because the rep-

¥

regentative polnts of the system remain hebwesn points R and
87, and the distance R8' i1s less than the distance between
the yleld lines R'T for s, = C.65t.

The overlcading of the panel due to the combination of
residual and operating stresses results in & substantial in-
crease of the permanent set. This increase ls accompanied by
a decrease in the residual sztress. At mM&nt E the plate is
Just yielding in its cfitical ssction, and the compressive
stress in the panel can be sasily computed from Ref. 33 it
. i : :
is only o, = 8 kips per sq. in.

The point of interest in this study is the effect of all
this on the participation of the plate panels in case of ten-

sile strains, the states being represented by point S for the



O
k|

initiel value of s, = Celit, and by point 3' for the increased

value 5p C.65%. The direct stress carried by the panel at
nwint 8 can be computed as follows: the stress at point P is
o= L3 kivs per sqg. in., and the stress ot point § will be

smaller by an amount c§juxwhere o, 1s the yield s%ress, * the

y
@ffiﬂienay9 and & the differences of the strain ratios fi at
ﬁbim&s P and S. Using &= 0.4% apd e G, 7
érw + 13 - 33 x 0,48 x 0.45 = 5.8 kips per sqg. in. {compression).
‘The direct stress carresponding to point §' is similariy found

‘using z = 8 kips per sq. in., 7= 0,18, and & = 0.6

' E?Q.B = 33 x C.18 x 0.6 = 4.4 kips per sq. in. (compression).
In gpite of the tensile strain applied to the panel, direct
gtresses in the plate are in both cases still compressive, a
faet which is due to the large initial residunal compression.
The tensile stress in the longitudinal members to which the
pﬁnﬁl is attached is the same at peints S and 8' besause the_
total strains; which were prescribed in the aphows procedurs,

are identical. Compare now the total externally applied
forgces necegsary to produce the two $tat@s of the zystem, i.e.,
panels and longitudinals, at points S and SY. The total force
is in either case the sum of the forces in the Iongitudinals
ard the panels. The portion of the force due %o the longi-

tudirals is identical in both cases; say L, because their ten-

| £2]

sile stresses are equal. As the panels are stiil in compression,



the total external fores will be smaller than the tensile
force L by an amount equal to the stress in the panel multi-
plied by 1its area. The compressive stress in the plate at
point & being larger than at point 8', the total tensile force
carried will be larger at point 8! than at 8.
So far points & and 5" having equal total strains were

compared; however, it is really desired to compare cases of
equal total external forcs. Retaining the state represented
by point 8, we ask which polint will represent the system aftar
the increase of the permanent sst to S, = O.65%% 1if the total
force equals the one at point 5. Because the total tensile
forcs at point &' 1s somewhat larger than at point 8, a force
equal to the one carried at point 8§ will produce a sztate rep=-
regsented by point 8% to the left of 3" having a slightly

in turn means that the tensile

in

smaller tobtal strain. Thi
stress in the longitudirels for sgual external loads iz ac~
tually smaller at &% when the pesrmenent set of the panel is
largem=sr = (,65t==than for the original small value of
Sp = 0,15t. This surprising result is due %to the fact that
the decreased efficlency of the plate for the larger permanent
get has been more than compensated by the decrease in the re-
sidual stress.

Thne overlcading in compression. of the parels of dech
vlating if residuzl stresses are present has, accordingly,

the effect of reducing the worst tensile stresses in the

s S L e R
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longitudinals and does uot therefors sgegravats the

brittle fracture

The two examples, Cases A and B, permit the following

conclusions:

1, The unfairness of the deck paneis of a Libverty ship
and cther similar dry carge ships will not increase in opera-
ticn unless substantial residual stresses are present.

2. If residual stresses egual to the capzcity of the
panel with the largest unfairness are present. the unfairness
will inorease during operation. (It must »e shtressed that
enly the panel with the largest unfairness out of groups of
about 10 will be affected). BEven if this happens, the maximum
tensile stress in the longitudinals will not he inureased
above its value before the unfalrness was increased; the loss
of efficiency (in tension) of the plating is overcompensated
by a desrcase in the residual stresses.

3. Ubserved residusl stresses are smaller Than the stresses

wisualizsed in the previous paragraph and consijersd in Czse B.

The effeat of actual residual streszses will be internediste
hetween the results described in the twoe pravicus paragraphs.
The important result remains that an increase ir unfairness,

if it should occur at all, will not increase the maximum ten-
sile stresses in the longitudinals beyond the valus cerrespond-

ing o the initial unfairness.



b, In Seation IIL it was found that the reduction of the
tensgile efficiency of deck plating due to thes unfairness at
the time of construction was small enough to be of no conse-
quence. In the preceding paragraphs 1 te 3, it was concluded
that this unfairness either will not increase during operation,
or if it does; will not increase the maximum vensile stresses
above the level associated with the initial unfairness. It

o

appears, thersfore that the gifect of inltisl unfairness of

deck piating in dry cargo shivps on the maximum tensile stresses

and therefore on the rritile fracture problem is negligible.

V. CONCLUSTIONS #OR TRANSVERSELY FRAMED DRY CARGO SHIPS

E

1. It has been shown in Bsction II that the reduced ef-
fectiveness of warped or unfair botitonm plating incresses the
tensile stresses in the deck only te an insigrificant axtent,
less than 5%. Unfair plating can therefore noh be eonsidered
a substantial contributory sause for brithils Practurs.

2. Uzing only the viewpeint of reduecing the danger of
brittle fracture, 1t does not seem appropriate to provide ad-

(%

ditional longitudinel stifferners to decrsase the unfairness of

bottom plating. While szuc

g

gtdffeners might reduce the ten-

Ud
f‘a

}

5

gile stresses by zn amount possibly of up to 5%9 it would

seem that the szame amount of material added to the deck would

;,‘

o

he mors effective in reduecing the tensile stresges.
(=)
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. 3, The question hag alsc besn considered whether a vessel

large tznsile stresses caused by dynamic forces durding the
jack-knifing of a vessel whose beotzom plates have buceklad,
Such a failure, while due to weaknassz of tThe bottom plates,
might not be recognized as such and ascribved to writtle frac-
tare. Section II and Appendix C show elearly that no such
"inerease of teunsile stresses occurs, and this possibility
can therefore be dismissed.

%, The increase of tensile stresses due to unfair deck
plati@g was also found te be inslgnificant for the small une
féirn@ss to be sxpected at the time of construstion. In
stﬁdyiﬁg the effect of unfairness on the gfficisncy of plating,
“it'iﬁ @sseﬁtial that the action of a muamber of panels in series
te considered as indicated in Ref. 3. The above conclusion was
obtained on this hasis.

5, The effect of larger unfairness of scome pilate panels

which might develop during the life o»f welded zhips dus to

i

-

the combined acticn of operating stresses agnd residual stresse:
has alsc teen studied. It was found that, in spilte of gradu-
ally developing unfairness of de@k plates, the maximmm tensile
gtresgses in_the erueial longitudinel mempers of the deck de
not increase above the value which the same loading combined

with the initial residual stresses would nave produced in the
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hill 2t the time of construction (when the unfairness was
small), This result is due o the facht that the reduced ef=
Tectiveness of the more unfair plating is overcompensabed by

2 reductlon of the residuzl shresses as unfailrnsss develops.

6o Sumarizing, it was found that the unfairness of bake

Tom or deck plating deoes not raise the tensile stregses to

any significant degree, As any influence of unfairness on

tne danger of brittle fracture could be only through an ine

crease of the tensile vitresses, it is Ffinally concluded that

- o 1

plating unfalrness eer 2e has no gignificant bearing on the

problem of brittle fracture.
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APPENDIX A

Consider a semi-infinite plate of thickness t and width T,

Fig. 8, loaded by longitudinal stresses
Ac = gin q;

on the finite edge PQ. The system of coordinates S and 7 is
indicated in Fig. 8. As boundary conditions on the infinitely
long edges, it 1s prescribed that the direct stresses vanish
and further that the components of the displacements in the

§ ~direction also vanish.

The stresses in the plate can be derived from a stress

function
| > 2 >
o = AE o =af 7= QL
h S 4 7 352 2§37 (A-1]

The expression for this stress function is

F = “,,.%; sin B(1 + e /T [a.2]
The displacement of the edge PQ iIs sinusoidal, and its ampli-
tude ¢ can be found ir the following manner: The 7-components
of the displacement for large values J-——w must obviously van-
ish. The amplitude § must therefore be equal to the total
elongation of a fiber on the centerline, § = g, of the plate.

Tha stresgses oo on the centerline are

7
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te =1
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and the slongation becomes

o . Tt
5=é f (1+'753’T’-’)e/77/Tc1’7=§%r (a4

0

The amplitude § of the displacement is therefore identical
with the elongation of a plate strip of finite length %%
under a uniform stress ac = 1, Fig. 8(a). If one is princi-
pally interested in the displacement at the centerline, the

semi-~infinite plate under sinusoidal loading may be replaced

hy the finite plate strip under uniform stress.



APPENDIX B

Comments on Ref. 3
Ref. 3 contains two separate important contributions to
. the problem of unfair plating: 1) It demonstrates that cycles
of compressive and tensile loading may produce progressively
inereasing unfairness. 2) It demonstrates that the mechanism
of increasing the unfairness by overloading iz changed if
several panels in series are consgidered. These two new ideas
explain the observed large unfairness in vessels qualitativelys
yet the theory does not seem te give the final gquantitative
explanation because it reguires the assumption of largsr op-
erating stresses than are believed to ocecur. It seems to the
writer, however, that scme relatively mincr refinements of
Ref. 3 are indicated and that an analysis including these re-
finements and, in addition., allowing for the aifect of residual
stresses may fit the observations.

1. One‘difficulty which arises when applying the method
of Ref. 3 to a ship's bottom lies in the selection of the num-
ber n of plate panels in series. The analysis agsumes that
there are transverse members, AB and A'B', Fig. %; which are
rigid in the plane of the plate, while the other transverse
'members are flexible in this plane. This is not the situstion
in a ship. None of the transverse membars or bulkheads by

themselves have appreciable resistance in the plane of the
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plaﬁeé any such resistance is supplied by a part of the plate
itgelf which might be counted as part of an effective section.
This difficulty can be overcome by analyzing instead a very
long strip of plate containing the unfair panel, Fig. 5.

As shown in detail in Section IV above, this is with
some approximations equivalent to using a number n = %%,
where T_is the width of the panels. This approach leads to
panel numbers of the same magnitude, 8 to 20, as used in Ref.
3 and does not change its conclusions at all. The proposed
approach for selecting n seems rational and avoids an arbitrary
selection of the number n.

2. In determining the limits of tensile and compressive
strains at which yleld ocecurs, Ref. 3 uses the value of the
vield stress Sy from standard tests. It appears likely that
after the material has yielded for the first time the yield
stress at reversal of strain will be smaller than the original
value. This may also hold for all further cycles, although
the writer knows of no factual evidence concerning this point.
The adjustment to appropriately reduced wvalues of 0& in the
later cycles does not require any changes in the basic theory;
this modification will obviously lead to the coneclusion that
progressive iﬁcrease of the unfairness occurs at smaller total

stress variations than stated in Ref. 3.
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3. In the early part of the analysis, it 43 assumed as
an approximation that the residual deflection Sy does not
change between the two states represented by point B in Fig.
13 of Ref. 3, where the yield stress is reached in an ocuter
fiber for the first time, and point C, where the section is
fuily plastic. This approximation is perfectly justified for
the purpose of determining the gradual increase of S, if the
strain is larges it is not justified if the applied strain
lieg between the values correzponding to points B and C be-
cause the assumption would then deny the fact that such a
strain does increase the residual deflection, even if only
slightly. It seems therefore that in the final conclusion
of Ref. 3 the permissible strain range avoiding increase of
unfairness should not be the sum of the ccmpressive and ten-

slle gtrains at which the plate gets fully plastic, but the

corresponding sum of the strainsg at which first yieldine of
the plate cecurs. It is quite true that the increase of the
residual deflection per cycle can e expected to be quite
small if thse total applied strain lies between the 1imit pro-
posed here and the 1imit =stated in Ref. 3, bult an increase
mush be expecsted because the non-linear mecshanism which causes
the progressive increase operates in a similar mamer as in
the case of larger strains. (This statement should, of course,

be verified by a guantitative ansliysis.) Fiz. 10 compares the
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total permissible strains for a typical zase, <= 0.5, n = 8,

3.

L

found in the manner suggested here and according to Ref
In the important range Oa2<Q;§ { 1 the revised values of the
permissible strains are only about two-thirdsz of those found
from Ref. 3, indicating that a stress variation of only one-
half the yield stress, i.e., 17,000 1lb. per sq. in.; may al-
ready cause progressive development of buckles, presumably at

a very slow rate. _

4. There is also the possibility for the development of
large permanent buckles, sven if the stress range is quite
small, if residual stresses are present. This explanation
does not succeed if one considers one panel only but requires
the assumption of a number of panels acting in series and is
Justified by the_reasons set out* in 1. If residual compres-
slve stresses are present, then a relatively small compressive
operating stress combined with the residuals will make the
plate yield and Increase the permanent deflection. Such an
increase will happen every time the previcusly largest stress
15 exceeded, and it may therefore take years for thesze buckles
to develor fully. The details of the application of the analy-
gis of Ref. 3 to such a oasze are demonstrated in the sscond
portion of Section IV above for the case of upper deck plating.
It is important that the proposed explanation dces not depend

on the magnitude of the stress variation but solely on the fact

*The points discussed in 2 and 3 become immaterial for
the following. '
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that the residuals and the compressive operating stress may
excead the capacity of the originally slightly unfair plate.
The vital eiement in this explanation is the mechanism involv-
ing plates in series first demomstrated by Horne in Bef. 3.

5, As a very minor point the writer believes that the
dotted lines in the left half of Flg. 23 are incorrectly

plotieds their values for s, should be 10 times larger.

(T

In zonclusion, it seems likely that the occurrence of
large buckles is due to a combination of the residual stress
affect discussed in paragraph 4 and of cyclic compressive and
temsil@ loading in the manner discussed in paragraphs 2 and 3.
Tt seems now very obvious that welded ships which have large
residuals should be more susceptible to unfairness than riveted
ories .

It appears further that rules for permissible stress
renges a8 given in Ref. 3 can only be formulated concerning
the unfairness due to ¢ycles of opposite stress. Such ruales
will therefore protect only riveted ships which have small
regidual streszes. The part of the unfairness due to the
combination of compressive stress and substantial residual

tresses in welded ships cannot be covered by such rules un-

s

less a way is found to keep these residual stresses below
definitely known and small values. A% present this is hardly
pogzible, and the writer concludes that the occurrsnce of large

unfsirness in transversely framed welded ships is not avoidable.



APPENDIX C

Pynamic Effects due to Compressive Failure of Bottom Plating

Filg. 11 shows a hull of length L of constant cross seetion
and having uniformly distributed mass. Let the loads, includ-
ing buoyancy s produce bending moments such that the maximum
moment M at the section AB exceeds the capacity of the section
because of plate buckling at point B. The hull will then jack-
knife. To analyze thig problem in the simplest possible manner,
it is assumed that the forward and aft portiors may be treated
as rigid bodies connected at point A by a hinge and at point B
by the buckiing plate panel. To remain realistic, it is as-
sumed that this panel is still able to carry some compressive
load,; P,; the hinge at A is assumed to be able to transfer a
direct horizontal tension P and shear Q. Fig. 12 shows free
body diagrams of the twe portions of the hull of length &1 and
155 respectively.

The eduaﬁions of motion for this mechanism can be easily
obtained. Fig. 12 indicates (with respective subscripts) the
location of the centroids C and the coordinates u and v of
their motion, the angles of rotation 4, and the acting forces
Py Q, PO as well as the moment M due to the loads and buoyancy.
There are six relations between the horizontal vertical and

angular accelerations and the forces,
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where m is the mass of the hull per unit length, rq and To
are the radii of gyration of the hull portions, and a and d
dimensicns defined in Fig. 12.

Two further equations result from the fact that point A
is common to both portions of the hull and that its accelera-
tion must be the same whether computed from the fore or aft

portion. For small motions this gives,

.. 1, o _ . 1. =
¥y + BBy =V, - 56,

rc.2]
Ug + aﬁl = U, + aéz

These eight equations may be solved for the eight unknowns,
the forces P and Q, and the six components of acceleration.
The only result of interest here is the force P

M- P4 _
P=P,+ —3 [¢.3]

r
+ -
a a



where the quantity r° is defined by

. 2 2 2 3,3
2 (eri + %1%2)(#Lm2 + &1&2) - 51&2
= (ot

T

-3 pe]
hn(hzirl + M&2r2 + I&lzz)

and L = &, + &

1 2°

Applying the result to the case of a ship's hull, the lengths
L. and LE will be several times the depth of the hull, such

1
that the approximations

.2 5 mg
ol Y2513 | [c-5]

can be used. Substitution in Equation [C.W] gives
2282

21 4%
= n C.6
TN | [e-6]

[y,

The result can be evaluated by consideration of several in-
equalities. If we assume that the lengths &15 %, of the two
broken portions of the vessel exceed twiee the depth 4, then
the value r° according to Equation [C.&7] is

r® 7 42 rc.7]
It is next necessary to select a value for the distance &4
defining the location of the mass center. For two otherwise
identical hulls EquationQEQOBJ will give a larger value for P

if the denominator a + %? iz as small as peossible. The denomiw

nator would be an absolute minimum if



2
a . T - = r 1
d‘E.(a -+ -a-—) 0 or a r \‘_c°8#;

However, the centroid camnot lie outside the hull limiting
the values of a to O & a { d. As Equation [C.7/ indicates
that r 7 d, the absolute maximum at a = r does not cccur;
within the permissible limits the denominator will be smallest
for a = d. Using this value, Equation 50.3] vields the suc-
cessive inequalities,

P(PO+¥—:—§<PO+¥:#=§[ C.9

d + T

o

As M - P_d is necessarily positive, Equation [?.3] indicates
P { Py and we have the ultimate result
P LPLY © (c.10]

The upper limit 3 is the force which would occur in the static
case when the plate panel at B does not buckle. Equation {GulO}
indicates therefore that the total tensile force in the beam
is reduced by buckling of the compression side.

It might be added that the force P is substantially
smaller Than the upper limit such that the approximations

used are not likely to affect the result.



