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I.” SUMMARY /
. Basic heart of plate stress distribution across

a ship cross section complies well with simple beam theory
but with local deviations sometimes evident in such loca-
tions as fore and aft stiffener attachments to plating.

2. While both riveted and welded ships experience
occasional structural difficulties, they have been more
numerous and severe in welded ships. In welded vessels
cracks appeared both to initiate and to propagate more
readily.

3. Poor welding workmanship, poor design details,
inadequate material or physical and metallurgical notches
do not appear to satisfactorily provide the full expla-
nation of welded ship failures.

k., Plating panels which are unfair in the unloaded
condition of the ship are more prevalent in welded con=
struction than in riveted. When loaded, the stress
sustained by such panels depart from the stress distri-
bution predicted by the simple beam theory and cause a
lack of uniformity of stress that may contribute to
erack initiation and ecrack propagatiorn.

5. A means of estimating ship bending moments
making possible more precise evaluation of the variable
dynamic nature of the loading is desirable. Shock load-

ing design criteria are particularly necessarye.
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SIATIC TESTS
A. Iptroduction

Static experiments on ships in still water have had
as their primary objective justification of the validity
of simple beam theory when applied to the complex ship
hull girder as represented by the longitudinally con-
tinmuous material of the "midship section.® ‘Varying, of
course, with the availability of ships, pérgonnel and
finanecial support, measurements of longitudinal ship
deflection and strains in a girthwise plane (generally in
the region of maximum bending moment i.e. about amidships)
have been measured for known applied external loadings.
Stresses inferred from the measured strains then permit
the effective section modulus and moment of inertia to
be deduced.

Measured deflections when related to the second
integral of M/EI afford another means of checking the
assumed values of the product EI. This procedure led some
earlier investigators to the conclusion that to reconcile
measured and calculated values of deflection, a reduced
value of the modulus of elasticity must be ﬁsed in pléce
of that usually assocliated with steel, However, widespread
rivet slip and structural hysteresis as arguments in favor
of a reduced modulus are little in evidence. Recent investi-

gations lend support to the now generally accepted view
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that any lack of agreement is due to an erroneous evalua-
tion of the effective moment of inertia. For example,
some of the material usually included in the caleulation
of the section modulus may not be fully effective.

This view is generally confirmed by the value of the
moment of inertia inferred from strain analysis.

The first extensive static experiments were carried
out on the 200-ft. transversely framed British destroyer
"Wolf"*(l) in 1903, and while in many respects setting
the péttern for subsequent work, many questions were
left unanswered principally because of the scanty strain
data ftaken below the vessel’s neutral axis. In 1930
two identical 310-ft. transversely framed U. S. destroyers,

(15,17)

"Preston” and "Bruce", were observed while being
ioaded in sageging and hogging reSpectivelyo Within the
past three years another British destroyer, the 355-ft.
Jongitudinally framed WAlbueraW(MSD was similarly loaded
in hogging. These vessels were of riveted construction
and were loaded by being supported on piers in drydock
as the water level and internal weight distribution were

varied. The "Preston”, "Bruce® and "Albuera®™ were loaded

*Salient features of all the ship data referred to
are contained in Table 1 and figures 7 through 19
pp- 4% through 55,
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to destruction when complete buckling of deck or bottom
structure occurred.

Except on the "Wolf", for whieh only fore and aft
strains were measuréd9 mﬁltiaxial plane strains were
determined enabling principal stresses in magnitude and
direction to be calculated. In all these cases, stress
distribution was found to be in generally good agreement
with classical beam theory even for extended ranges of
loading.

Transversely framed, dry cargo or passenger type
vessels of more than one deck have also been similarly
studied by imposing known bending moments up to sub-
stantial magnitudes by adding and shifting yeights while
the ships were afloat in still water. Tankers, with
their fine internal subdivision simplifying‘ballast
shifting arrangements are ideal for such experiments
and several of them have been so investigated.

The results obtained to date indicate that generally
good agreement exists between stresses calculated from
measured strains and the stresses predicted‘by the beam
theory. This appears to be true even though the vessel
has one or many full-width decks; whether it has cor-
rugated, plane, or no longitudinal bulkheads; whether it
is transversely, longitudinally or combinationally framed;

or whether it is riveted or welded.
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Ap interesting series of similar static tests have
been performed by the British on identical cargo ships,

4 :
“Ocean Vulcan"( 3) and "Clan Alpine”QuM) and on identical

8 i,
(36,37) and WN@wcombia“o(3 :39) One

{:ankers9 "Neverita®
vessel iﬁleach pair was riveted while the other was
predominantly all welded. The purpose was to determine
1f there were any differenées in structural response that
might be attributed to the method of construction. As in
other tests, good agreement was found between stresses
computed from measured strains and those predicted from
beam theory. In these investigations, howevery, more
-detailed strain measurements were made permitting an
assessment of locslized stresses. These results indicate
that in specific areas there are discrepancies in the
heart of plate stress (which will be discussed later).
For numercus cases, calculated and observed ship
deflections were in good agreement and, once more; in the
"Neverita"-"Newcombia® and YOcean Volcan%-"Clan Alpine®
the differeﬁces9 while possibly real, were neverthelesé
small. In facty, it may be concluded that the service
deflections of ships built to existing standards of
scantlings and frame spacing may be quite accurately
predicted from calculations involving known bending
moments by assuming all longitudinally continious ma-

terial fully effective, using the usual value of Young's
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modulus and taking into account shear deflections and
insuring that thermal effects are minimized.

With the probable exception of the "Ocean Vulcan"-
"Clan Alpine®, no static tests appear to have been made

éf vessels in other than the upright positidno

B. Effects of Initis]l Unfairness of Plating

Taking note of the aforementioned small deflection
differences of the four British vessels suggests the
following comments. In the longitudinally framed ships
the slightly greater deflection of the riveted ship may
perhaps be laid to minor accommodations in some of the
riveted joints. In contrast, in the transversely framed
ships even though some corresponding, localized rivet
5lip undoubtedly occurred in the riveted ship, the
greater deflection was found in the welded ship. This
may have been due to the initially greater panel unfair-
ness in the transversely framed welded ship. That such
panel unfairness did exist was borne out by careful
surveys. The British studies also appear to indicate
that initial plate unfairness is greater in transversely
framed ships than in Jlongitudinally framed ships since
the observed hull deflection in the transversely framed
riveted ship exceeded the observed deflections in both
longitudinally framed ships.
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As another example of the possible magnitude of
initial plate unfairness, in one panel of the "Philip
Schuyler" (a Liberty Ship) it was observed to be 0.31
ina(31932)

Earlier studies have also attributed greater than
expected hull deflections to initially unfair plating.
Increasing hogging bending moments in the "Cuyama'®, 16)
caused an apparent increase in the vessel's stiffness.
This is possibly due to the known initially unfair
deck plating rather than to rivet slip particularly in
view of the moderate magnitude of the loads imposed and
the inereasing evidence from other tests that rivet slip
plays no significant part.

Nevertheless, ship deflection is not the primary
aspect of the matter. Should local pating unfairness be
appreciable, the curved fibers of the plating will not
carry their predicted magnitudes of either tensile or
compressive load. Naval architects have probably been
more aware of the reduced load carrying capacity of
initially bowed plating in compression than they have
been in tension. For increasing tensile loading in
plating with initial curvature, the unfairness must, of
course, decrease and more of the material take its full

share of load. However, if the initial unfairness is

beyond some limiting value, even large ship bending
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moments will not be sufficient to substantially strain

the mid panel, midthickness fibers even though at the
surface the bending stresses may be three times the midﬁhick—
ness stress. Disproportionately high stresses, substantial-
ly constant through the plate thickness, would then be the
rule at the longitudinal stiffening members. These high
stresses may ilnitiate cracking, especially in the presence
of load alternations, which may be augmented by shock load-
ings due to slamming and/or residual welding stresses.
(Figure 1) (Between differing degrees of initial bulging
there may be in one a greater tendency toward crack initia-
tion but a lesser tendency for crack propagation while in
another the reverse may be the case under the variable

ship bending moment.) It is worthy of note that bottom
plating strain measurements, especially in the "Ocean
Vulcan"-"Clan Alpineﬁ comparison, point out the larger
local flﬁctuations from beam theory stresses in the welded
ship for both hogging and sagging. (See Flgure 2) This
substantiates the foregoing argument since the initial
plate unfalrnesses of the welded ship were generally about
twice those of the riveted ship. Based upon such measure=-
ments and practical observations, these differences in
plating unfairness are considered typlcal for the two
methods of fabrication.

Thus, 1t appears, that in addition to the factors
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generally considered as contributing to the less satisfac-
tory structural performance of the welded ships of war-
time construction versus riveted ships, there may well
be the added factor of initially unfair plating.

To date, there is still room for suspicion that
the whole explanation for the difference in structural
performance between riveted and welded ships has not been
found. This is an all-important question and it cannot
be satisfactorily explained by laying blame entirely on
the steel, the welding workmanship or the design details.
Emphasis should therefore be made to explain more fully
the difference in performance resulting from the two
fabrication processes, since there is certainly no
evidence that these processes have any effect upon the
external loadings of the ships. More evidence as to the
characteristics and behavior of unfair plating may con-
tribute to the present hypotheses in explaining welded
ship failures.

That welded plating generally requires more care
and remedial treatment than riveted is reasonable and
well known and is due to thermal distortions accompany-
ing the welding process. These then may occur on ace
count of welding at seams and butts of plating and in
way of the plating--stiffener connections through closing

up of the angle including the fillet weld and axizl
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contraction along it. (Figure 3). Incidentally, the predominantly

WELD

=
—_—
e

FIGURE 3

welded vessels on which the plating surveys so far quoted here
wereiperformed, namely, "Philip Schuyler", "Neverita" and
"0cean Vulcan'" had riveted connections of plating to frame. It
is interesting to conjecture as to the magnitudes of initial
plating unfairness had these joints been welded as was the case
with many of the Liberty ships and T2 tankers.

What is the allowable limit of unloaded plating unfalrness?
The limit, which insures against crack formation at the longil-
tudinal panel supports under the maximum loading antiecipated,
is the ultimate criterion. However, it seems that excessive
unloaded panel-deflections may be attained not only as a result
of construction techniques but by growth under water pressure and/
or hogging and sagging loadings. Professor H. E. Jaeger of Delft
University, and a panel chairman of the Netherlands Shipbuilding
Research Association, has presented data (see Appendix A) on the
growth of plating unfairness as an outcome of a recent survey of

the plating of some 36 wartime, American bullt vessels, mostly
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Liberty and Victory ships. He has observed permanent
plating panel deflections of as much as 1 1/%-inch. The
curvature of the bottom plating of the "Ocean Vulcan®
was found to have increased during the bending tests to
such a degree that fairing and additional stiffening
became necessary. Previously, one panel of the "Philip
Schuyler™ was observed to take on increased permanent
deflectién under the imposed moderate hogglng moments.
(Figure &%)

Unfairness in the ship's compression flange, if
severe and extensive enough; will decrease the section
modulus even in the tension flange and so may raise the
stress there in fair plating. Unfairness in both tension
and compression areas naturally compounds the evils.

The report of the Board of Investigation to Inguire into
the Design and Methods of Construction of Welded Steel
Merchant Vessels in 1946 stated that buckles were in-
volved in very few of the casualties and, in no case, were
they considered responsible for endangering the vessel,
and were hence not analyzed in the report. On the other
hand Dr. G. Vedeler, Managing Director of the Norwegian
Bureau Veritas (Classification Society), in a recent
article(sl)g suggests the possibility of buckling of the
deck contributing to, if not causing, the failure of 6

transversely framed tankers which broke in two, not by
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brittle fracture, but by tearing in the bottom plates.
It is not reported whether the ships were of welded

or riveted construction, yet the implication is clear
that ships may break up in a variety of ways and for
diverse reasons. Here too, however, it 1s not un-
reasonable to suspect unfair plating as an extenuating
contributor to structural disaster.

It may be argued that the eccentricity of locading
at a riveted shell butblap is an equally serious con-
dition which has not proven critical. However, reflec-
tion will show that such eccentricity while causing
some stress variation through the thickness of the
plating nevertheless does not raise the over-all stress
level in the plate. It is to be noted that in-way of
riveted butt laps, stiffness of the panel is increased
with consequently less panel unfairness. IFurthermore,
the effect of the eccentricity is limited in extent to
no more than about 25% of the plating in a girthwise
direction between two frames because of the required
staggering of riveted Euttso

Although offering a smaller statistical sample, the
satisfactory performance of ships built since 1945 gives
reason for optimisme. 3This apparent improvement may be
due to the returned pride of ecraft resulting in improved

ship fitting and, therefore, less unfair plating. 1In
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addition, more suitable materials have been specified
and greater vigilance of welded construction is exercised
in design and fabrication.

The ultimate answers to be sought, if unfair plating
is indeed a critical factor in the problem of welded
ship failures, as seems likely, should settle the questions
of how much initial deflection is admissable to limit stress
and to prevent growth of unfairness. Performing the major
portions of all seam and butt welds from the inside surface
of the shell so as to set up an initial panel bulge in
opposition to the water pressure load, and providing
greater width of landing than the mere web thickness of
the stiffener to back up the plating may be effective
(49)

remedies. Turnbull and others have advocated longi-
tudinal framing in preference to transverse for the

deck and bottom stiffening. Indeed it appears highly
desirable that initial unfairness in the skin of the ship
be 1limited by whatever means practicable. It may well

be that ships over about 700 feet in length, because of
their thicker plating, may not be as subject to critical
bulging. At the other extreme, small vessels, despite
their thin plating and consequent disposition toward wash-
boarding, may not suffer since for those under about 200

feet in Jength the shell thicknesses are based more upon

lateral panel loadings than hogging and sagging loads
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which are comparatively small.

Finally, it should be pointed out that further and
more detailed analyses should undoubtedly be conducted
in order to prove conclusively that the inferences
drawn herein are valid and merit experimental verifica-

tion.

C. Applicability to Recent Structural Faijures
In the light of recent past experience, it is

evident that answers should be sought to explain not only
differences in structural performance between riveted and
welded ships but between some welded ships and other
welded ships.

That stress or stress history are important in cases
of brittle fracture is indicated by the high incidence
of such failures originating in portions of the structure
with the highest basic stress levels (viz. decks and
bottom) .

Unusvally high basic stress at time of fracture is
probably not required as seen from those ecases known to
have occurred when levels of nominal, computed stress
were only moderate.

Evidence of past high stress levels would be exhibited
in plastic deformation and/or macroscopic cracks which

may have characteristics sufficient to initiate brittle
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fracture under conditions of low temperature.

Plating unfairness bringing about a reduction in
ship section modulus and a peaking of stress is generally
larger in welded than in riveted ships. Furthermore, it
is sufficiently variable from ship to ship and from panel
to panel to encompass many shades of difference in struc-
tural performance between welded ships of the same class.

The improved structural performance of welded Liberty
ships with improved detailssgégrmitting them to be compared
favorably with partially riveted Liberty ships may simply
indicate that no one or two factors alone but several are
necessary to initiate brittle fracture. The elimination
of one such factor, in the form of improvements to hatch-
corner design details, for example, may have been suf-
ficient to reduce the likelihood of structural distress
to a tolerable limit in the all welded ships. (Neverthe-
less, the stresses in localized areas of welded ships
may still have been in excess of those in similar locations
of riveted vessels, presuming the riveted ships to have
been conservatively stressed.)

By far; the highest incidence of fracturing in the
Liberty ships occurred at the hatches or the vessel's
sides in the neighborhood of the Upper Deck, amidshipsggz)
Hazarding a reconstruction of a typical failure on the

basis of the foregoing results in the following illustration.
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The largest standard, calculated values of ship bending
moment take place when the vessel is at, or near, its full load
condition. For vessels with machinery amidships, as in the
Liberty ships, the greater moment occurs almost invariably under
the hogging condition which puts the deck in tension and the
bottom in compression.

Any unfair bottom plating would reduce somewhat the sec-
tion modulus and thus increase slightly the general stress
level even in the upper deck. This unfairness may have in-
creased progressively in service,

Panels of deck plating are bounded by the transverse
deckbeams and, in the direction of the tensile stress, by
the vessel's sides and the hateh side girders. The curula=-
tive effecf of high stress peaks at side and hatch due to
plating unfairness being augmented locally by residual
welding stresseg and in the presence of a sharp discontin-
uity,; such as a hatch corner or sheer sirake cut-out, may be
sufficient to initiate a crack. This crack, under auspiclous
conditicns of temperature and loading, may subsequently spread
in the characteristically brittle manner.

It may well be significant that the British sister ships
of the Liberty ships, ships such as "Ocean Vulcan" and "Clan
Alpine", have an additicnal longitudinal stiffening member
$uppor£ing the main deck panels between the hatch coaming and

the ship’s side, thus limiting unloaded panel bulges and
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non=linearity of stress distribution.

Ify in the upper side shell area, the panel dimension
in the direction of the tensile stress is subject to greater
increase for a bowed panel than for a plane one, under equal
loads, then the deck stresses in a ship with such bowed
panels would very likely be larger than those of a second
ship with plane side shell panels. The second ship here is
meant to typify the Bethlehem-Fairfield group of Liberty ships
with riveted shell seams. These consequently have fairer
plating and an effectively reduced panel dimension because of
the lapped joint. Bottom plating of these riveted ships
should likewise be more effective. The panels should also have
greater shear carrying capacity from the instability aspeet
because of the smaller effective panel dimension.

In tankers, the distribution of cargo is subject to such
wide variations that equally large hogging and sagging bend-
ing moments are possible. Unfairness of plating in these
normally longitudinally framed ships is not as great as in
those transversely framed. Nevertheless, this condition
may conceivably add a share of stress concentration to that
existing at such structural discontinuities as bllge keels
and at ends of longitudinals at transverse bulkheads in T-2
tankers.

On the other hand, since plating unfairness is apparently
less a factor in longitudinally framed ships than in those
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transversely framed, it seems not unlikely that riveted
erack arrestors will prove less beneficlal in T-2
tankers than in Liberty ships for example. The implica-
tion here is that crack arrestors may have alleviated
the occurrence of brittle fracture largely through fair-

ing the plating and thereby reducing stress concentrations.

I1X. DYNAMIC TESTS

In addition to the questions regarding the response
of a ship tec its service loadings, there are of course
those relative to the loads themselves. The rational
approach toward the ultimate in efficiency of structural
design under widely variable external loadings lies in
proceeding with caution to reduce scantlings and strength
systematically through a series of simllar designs uhtil
signs of that uwltimate being reached are apparent from
the latest design's showing a weakness in service. Under
such a procedure riveted as well as other ships may ex-
perience some structural distress. More precise means
of predicting loadings and thence sirength at all points
in the ship structure must be found in order for a more
certain, synthetic approach to be possible., The assump-
tion of the ship poised statically on a wave of length
equal to its own and of height one twentieth the length

(based on early observations) has long been the standard
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basis of structural comparison. The somewhat less real-
istic proportions this presumes for the larger vessels
1s taken into account by allowing higher calculated
stresses therein.

Various early attempts to determine the actual nature
and magnitude of external and inertia forces suffered
from the lack of remote reading instrumentation for
simultaneously recording the input of numerous sources.
Strain readings in particular were difficult to obtain.
In most cases, the investigators had to be content
simply with stress peaks in strategic locations in com-
pany with visual observations of wind and waves.

The first really notable investigation into this mat-

(1%,16) in which the

ter was made on the tanker "Cuyama™
vessel was calibrated by means of the strains created

in the deck under the imposition of known bending moments
in still water. The vessel was then sent to sea and the
service bending moments inferred. Only moderate seas
were encountered and the data taken was insufficient to
afford a breakdown into loading components such as pitch-

ing, heaving, etc.

In the classic experiments conducted by him on the
(17,18,19,20,21)

"San Francisco® in 193k, Professor Schnadel

was fortunate in meeting waves and bad weather in the ex-
treme. By measuring pressures on the ship's bottom suf-
ficient to delineate longitudinal buoyancy distribution

and comparing it with the known distribution
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of mass he was able te deduce vertical accelerations for
comparison with those measured. The buoyancy and weight
curves permit solution for shearing force and bending mo-
ment values and, finally, stresses based on the simple
beam theory which agaln were compared with those derived
from measured strains. Similarly, ship deflections de-
duced from bending moments were compared with deflec-
tions measured. As a result, Schnadel concluded that
the dynamic effect upon ship bending was less severe in
hogging than in sagging (a view inclined to be accepted
by the "Ocean Vulcan® investigators) and he suggested
use of an L/ES wave height for the stapdard hogging con-
dition with no change from the L/20C height for sagging.
Following the same approach, great guantities of
similar but more extensive data have recently been taken

(42,45)

on the "Ocean Vulcan®. In this case, loadings
and responses for torsional and horizontal bending in
addition to the longitudinal bending case were deter-
mined. The most significant parts of the data are as
yet unpublished but some findings have been made
available. For example, maximum horizontal longitu-
dinal bending moments approaching 50% of the vertical
bending moments have been measured, and while these

maxima apparently do not occur simultaneously, con-

siderably augmented stresses in way of the bilge and
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deck edge {over the upright prediction) are assured, as
was to be expected. (See Figure 5.)

Subsequent tests on the "Ocean Vulcan" and its
riveted sister ship the "Clan Alpine™ have compared their
performance under identical loads comparable to those
found at sea but imposed under the controlled conditions
of still water floatation. They are reported in References
43 and 44 which are as yet unobtainable. Vibration ex-
(46)

periments have also been made. These have shown a
tendency toward larger vibration amplitudes in the welded
ship suggesting greater structural damping in the riveted
ship also lesser stiffness in welded ship.

To date few experimental investigations have been
carried out to asses the importance of "slamming", that
phenomenon whereby the forward end of a vessel réceives
a transient impulsive loading from impact with the sea
creating hull vibrations thereby sending elastic stress
waves thru the ship. These stress components superimpose
on other stresses and may on occasion contribute to frae-
ture even in areas remote from the point of impact.
Several investigators have expressed opinions as to the

importance of %"glamming®, for example, Laws(lo)

n1,26) 42
(17,21, * and Bull and Baker( )o The increment of

s Schnadel

stress occasioned by this source in fibers distant from

the ship neutral axis may commonly reach + 1 1/2 tons/in.2
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(See Figure 6).

More definitive information as to the shapes, sizes,
periodicity and frequency of occurrence of waves that
may be encountered are required. A statistical attack
seems the most promising one. Collecting such data
from a ship is difficult and may be inaccurate because
of the oscillation of the reference platform.

Rational design procedures must eventually be
formulated which permit the estimation of stress ranges
within ships of varying size, speed, fineness of under=-
water and above water form, and mass distribution when
under the influence of vertical and horizontal bending,
torsion and fore and aft compression. Stress ranges taken
on one partiecular ship, while interesting, can serve only
as verification of the theory or to tentatively evaluate
practical constants. To bulld up a sufficient mass of
data to make possible a statistical analysis including
all the variables above seems out of the question, but
observations made on a reasonable number of ships may
yield sufficient information in which satisfactory design
criteria may be based. Preliminary experiments with scale
models should prove valuable in this regard.

More quantitative data on the slamming phenomenon are
also essential. Because of the very short period of the

stress augment due to this cause and the infrequency of
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its recurrence, instrumentation difficulties must cer-
tainly be anticipated. A theoretical approach here too
should reduce the amount of data necessary to provide a

satisfacbory solution and desigh evaluation.

RECOMMENDATIONS
It is suggested that the following studies are of

importances

1. To determine stress distributions and overall
strain in plating of varying unfairness and aspect
ratio when lvaded in tension, shear and compression.

2. To study the growth of unloaded deflection in
panels subject to lateral and/or compressive loadings
with determination of upper limit for initial values
to prevent increase of unfairness.

3. To make further surveys of unloaded plating
panel deflections including composite built Liberty
ships. Deck panels should be inecluded.

4, To study fabrication procedures to minimize
built=in panel unfairness.

5. To study brittle crack propagatlion in plating
paneis of varying unfairness.

6. To make sufficient observations of ocean waves
to permit statistical prediction of period, length,
height and frequency of occurrence.

70 To determine influence of "slamming'" on ship

behavor.
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8, To develop rational design criteria based on
observations whereby stresses can be predicted for

variations of ship and wave characteristics.
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T4BLE T (Continuad)

Data
Date ghi Shi; Conatruection | Loedlng Hotas Ref.
P P
Tyee Type Methad Loestion
1926 P351° Gollien Eﬁ;:er“ Loading end | Fore and aft Mechenicel serain Region of uppermost Bending moments caleuleted. Stgeas caleulatsd from obssrved
hoo 1 Pralih one. fiischarging | strains gagea. 2"-36" 3,1, deck [ons sxcaption) strein and modulus of 13,000 tona/in=. ¥irtuel sectlon modulus T,
G0 Fredghiag pargo. caleulated from strainas” and bending moments above. Stralna
n cbserved at no more bhen four positions. Bending momsnts relatively
100t Tanker amrll, No tsmperature compenaation,
fiio! Tanker | Longltudinal
freming.
T butl .
LONDON 501 Express Vemssl in Wind velocity A ter and stap No welght dlatribubion data
MARTNER Frelghtey ASAWAT . and perlod of wateh,
KENMORE 3631 L onea voyage. | wave ancounksr,
Weathar flin
to moderabey pirsn ang roll [Bubble lsvel.
anglss end
perlods,
Ship speed. Log and stop I:tcl;.i
Aa P.o M. Stop watch
Fore snd aft Kechanical straln Uppsrmost dsck and
strelns. gege. 2hn-36" ¢.1, sheer atroke,
[Maximum valuss)
SAW TIRSO P20t Tanker fyesssl In Isu.mg as for Swwe st for London, wors and aft streins No mora then 4 strein gagss umsd simultaneoual;.
i SSAWET. [London, Mariner, [¥ariner and Kenmors. taken in decl, sheer Meximum stress rengs 10,5 tons/in? ws. 12.7 tons/ind for stenderd
SAN f_,LZO' Tanker Feirly and Kenmore sxcep strake, bllgs, bottom ware, i.s., mbout E.T tons segging, 6.0 tona hogglng.
FHATERN G [rough Ino apeeds or R.PM enmd ¥eel) all nesr
[weathar, atldships.,
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35t high.
indocking |ship Telescops sight. Savaral posltions fore Account teken of shear daflection 1n ocalculablon.
or deflections. end aft on declk.
dlacharglng
CArEO.
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spaclng, plw
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longltudinal
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Hoszizg Fgroiand eft 2 menhazigﬂl strain amldahips, Boms Fors and Tivet hols erea in tension, calculated stresses LOY greater than e
Tnmen - stralns. gagas, 20" G.L. eft in stringar plete. dstermined vie straln measuresments. Streln gages not located to
s:{gieﬁ t11 insurse detarmination of hsart of plate strossss,
ater dafl Fairly good agreement betwssn celeulated and obsesrved
Full Gaflcctions |Transit sigats. aflestlons when corrected for temperaturs,
Deck, port and starboard
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dack cargo | framing, sssway. ralling. Meximum anglss; plich, 995 roll, 1G9, 10.
vassel, one VOFBEa -
cutward
bound 1n
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homawerd
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Wanther
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Unitaxinl strains
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stress and entlmated wave proporiion data glvern. Trenaverss stresses
amell but sirsss concentretions in wey of dlsconiinulties= end
importance of trenslent impacts consldersd Lo be mppreclables.
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TABLE I {(Continued)
bata
Date Ship ship Construetion | Leading Hobea Ref.
Ty¥pe Type Method Locatlon
132G GOTTINGEN |Carge Ship Tranaverse Veasal in Fors and afg At bresk in bulwarlk, 11,
Framing ELEL T skralns, forwerd of emidshlps.
Wave profils.
Piteh snd roll.
1930 GDIN Cargo Vessal Tranaverss Vasasl in Fors mnd aft Dlal gegs Across upper and sscond 1z,
ITwo decks freming. aeaway, strelns. extanscmetars, decka, in slde shell
411 rivated.| Sea calm bakwaen decks and just
balow neutral exls,
Ship daflectlona.|Telascope slght., [Forward side of bridgs.
1930 CUTAMA 551 Tanker | Transvsrae Known stebloihlp deflectlons. |Telescopes sight end on deck. “nown B+ M. end infsrrsd stress in deek glves sectlon modulua 13
framing, bending cantilever extsnding £ less thin stenderd celeulation. ¥From celculasted poaitLoié of .
27" =specing. jmomsnt in F0' aft of bridgs. heutral axis and measured deflection, E = 2I,000,000 lbs/in<. 16
keslsons end (still water. laverapgs B. M. ovsr selectod span assumed constant in relatlng B. M. °
aide to deflecklon for EI. No correction for shasr dellection. MWaximum
stringsra. 5. M. - 129,000 to 4 125,000 tona Ft, or about  rangs of design
A1l riveted. [B. M, sectlon modulus values increase allightly with B. M.
Wo temperabtura corrTsctions since readings beken et approximatsly
L conatent tempersturs.
{ 52;:1:]:‘3 aft gogﬁt;?sg?eters Uppar surTace of deck
only.
vessel in |Fore and aft 3 Extensometers sr surface of deck B. M. foT sea condltiona inferrsd by comparing sbrains at asn
;Sn;:yaror stralns, nlsogizb:d with gﬁgy. with those under known.B. M, 1n still wais:’ar. pApDrgximste maxlmum ih.
wsathzr. reos ;r yps . automakle ssaway B. M. sncountersd; 56,000 tons rk, seg wid 73,000 tons ft.
mostly fim recorder. hog. HNormal deep load still water. B, M. 120,000 tons ft. sag, 16.
¥ ] Design B. M. (btotal), 234,740 tons ft. Seaway hogging moments
greater than sagging.
Buckling occurred in deck plating.
For most park, only meximum values of stralin meesured.
Instrument sctlvated thus for 9% minutes then arranged to give
continuous reedings for 4 minute snd releassd.
1330 PRESTOH 31gv Tranaverse |Enown fiulti-directional{Portatle mechanlcal @irthwlise arcund vesssl Vessek tested to nltimate load, PRESTON deck and longltudinals 15.
Destroysr framlng, sagging B.Mdsbrains, gages. 10" G. L. at 3 staticns; one ab bucklad at B, W. of l,000 tons Test, Corrssponding inferred
single dscld 21" spaclng |lmpossd on sach quarter peint end |stringer plave stress, 13.7 tons/inZ, (Design B.M., 12,300 tons Tt.}| 27.
Al riveted.]vessal by one emldshipa. BRUCE bovkom mlatlng buckled at B.M. of 36,000 tons ft. Correspondlng
changing infarred strass, 10.35 topa/in2, (Design E.¥., 1B,600 tons £t.)
water lavel Clo=e agreement bstwsen fiber stressss as calculeated mnd as
in dock and infarred from strain measurements. Beem theory stress distribukion
ballasting. valld, Therefore, I celculation with no rivet hole deductions, all
A Taw fore end Diel gags with continuous structurs sffective and full allowence for lightenlng
aft atrains. mechaniosl holes Jusstifisd. At vltimete lpeds, 3% epparent reduction In T
magniflcation, 300% probably dus to plating buckling. Heart of plate stresses Tound by
G. Le measuring straing at plete surfacs and on buttons of imown thiclmass,
Kot such good agreemsnt bstwsen Iinferred and celeuvlated shesr
ip deflectlons, JTheodolits atreases.
Keesl and deck edgs, Observed and celculated totel delfleckiona based on E of
pert and starboard. matarial and I as above In good sgreemenk. Shear deflection 8-10%
Tansverse change [DIal Zeges. ymldships of total deflectlom,
T shape. P - 411 reldiggu and tests meds at night seo limltlng temperature
1931 BRUCE Identical [Identicsl to |Same as Sams a8 PRESION. |Sems a5 PRESTON. PP ——— flifference to 6%,
to PRESTON | PRESTORN PRESTOR but
hogging.
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TABLE I {Continued}
Deta
Dete shlp shin construction] Loading Hotes Ref.
Type Type ¥ethod Location
1934 say L4301 gargo-| Tranaverses |Vessel in Shape, langth Elsctric contacts Stetiona G611 spart Buoyency dlstribution determined from bottom wressures and ship 17.
FRANCISCO |passenger framing. S AWET . end helght of on shall lighting fore snd arty 12"-16" [welghe distributlon eltered Lo suit, ths difference beilng the 21,
vessel. All plveted.]Hamburg- WEVES. lamps simultanscusly apart vertically. sccelaration component due.to ship cscillation. Thess accelerations 26,
Thres decks Panama photographsd. checked by eccelerometer. Bucyancy and virtual welght curves yield 204
upsrstrucioag Canal - ‘bendlng moments and stresses for comparison wlth those maasured.
254 of Tansouver Stereo-photographs {strains read on both surfaces of plabing.] Similarly,deflections 19,
vessalta and raturn. deducad from bending momenks compered with thgsa measured. p
length. Vary rough Trenaverse skrains taken into account by inereasing E 2. for
& IGBZEIBI":I& Prassurs on Flexlble diaphragma & satations. influence of trensverss stirfening.
ship's bottom. operating seratch t
TECordeTN. Hogglng bending mement reduced but sagging bending moment
inecreesed by dynemic Torces. Therefore, shlp hove bo worst reasomsble
sccelerations, [Recording, pendulum About 5 posltions Londitlon for hogging buk steaming sheed worse for sagglng. 18
rolling and type accelaromebers throughout length of Maximum stresses when solp among waves of ship!'s langth, Then -
pltehing engles, |end gyroscopes. ship; port and ater-  boxtpum velues In deck, 9250 1ba/in? tenalon and 13100 lba/in?
boerd {aceelearablona) leompressicn. [Compressive astresa includes 2700 1ba/in2 1n' translent
pounding londing.) Good agresment bstween dsduced hogplng bending
ghip deflectional continuous Light socurcea spaced bnoments and stralns, Mo so good for asgging. Setlsfactory
photographlc ragord over major portion of |agreament bstween observed deflections and those caleulated
of B Iight sources. ship's lengkh, lincluding shear deflection and dynemle sffects.
uppermost dsck, pork. Maximum pltching angles + 120 to - 10°, Mazimum sngle of roll
- 000, Maxlmum heeving aceelerakion 8.2 rt/sacz. One wave sncountered
Stralns fore mndl A Tew positions on 510t x 5bt in which shlp csnber of grevity oscilllated 3G.pr,
aft and at 45°. uppsrmoat deck, mestly Pounding shocks noted.
on stringer plebe,
port,and ek a point
somewhat forward of
amidships and below the '
. nautral axls. |
Leflection of
deck sand bottom 22.
plating pensls,
1935-36 |BEAVERBRAE g5t Tranaveras VYeassl 1n Unlexiel strains|Porinble strein meter [ supsrstruckurs house
cargo Vessd] framing. =saway, Two|l [Fore snd aft 3" G. L ands.
uparstruchas) YoFages. in deck)
25% of London-
vassalls HaliTax and L disd gage 0n upper deck in way Zero strains for vessel In drydock. HReadings taksn during
length. Two Teturm . ex}enanmﬂters. ol house front forwara {loading snd at sea whence streins represented aggrsgata imposed 23.
complate’ Reugh 72" G, L. of amldships end abreasvalues.
decks. waather. of houss, smidahips. Langth of longest waves encountered ebouk helf ship's lemngth.
Deecreaslng pericd of ancounker inereased translent psaks of
streas. Thereforsa, with longsr waves, (up to shipts lengih), meen
rangs of atress higher bub ratlo of maximum to mean stress ranges
probably lower because encounter period mors nearly synchronous with
vessel's pltehing perliod bthus reduckng pounding end snlpplng of
waker. Reduclng spesd enelimgous,
Translent stress peaks up %o ebout 1 3/ tons/inz in sxcess of
maan peaka.
Maximum rengs of streis on deck emldships, clear of
dlscontinuitles, 5 tons/in<,
Maximum angle of roll, 300,
Maximum engls of plteh, 79,
1535 DEWEY 33 Longitudinal: |¥essel in |Stralas 46 50 stakions by Two tranaverse ssctlons; Serateh gage data lnconslsbtent. 0Only smell bending loacs
Deatroyer |freming searey (Fore and aft?] |recording scrakch amidships and 38% encountered, Yeximum stress renge about [|,5 tons/in?. Rather 2.
Forscastle. gages of latch-key vessells langth from definlte evidence that neutrel axls llss above its celculated
%3% ;]]:!‘p" t'ipg' Max{mum and bow . position.
BIg ‘ minlmum valuss over
one or tmo pltening Little infermation given.
aycles taken
simultenecusly at 18
ataklons with
Huggenberger gages.
ship dsflsctlons {I{;Eggraphing row of nghta oxtending over
55% vessel's length
1936 FLUSSER 33l Vessgl in |3traina, mednly [ Recording serateh Strain deta not e
xtenslve and
?‘::Eiﬁi:is sgaway £tri'gn§c;£§=b;t; %;g::afé latch-ke{t including SOTglfor shese, of very smell megnitudes although
one rosskGa Hot fsas g bo do more th
%3.‘5 shipta slde plating of mechsnical gages. Little information given. an follow range of stress veriatien,
ength strains read at photographically
159 and 335° te | recordsd.
neutral axis.
{?ﬂgﬂm ut:t!.n Strains Bending loads smell. Very little Information glven.
13 n
m-lll xatazlship deflections
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TABLE I {Continued]

Datie ship %;E Gonstruction { Loading Data Nobas Rel.
Typs Mathod Locaklon
heor Upper murfacs of deck Maximums, minimums and mesn valuss of strein read,alsc the time | 25.
1937 SAN CONRADO] canker fombination Vexasl in Fore and aft 2 dlal gags plaking. Durlng rough [ takan for a number of such cycles, Mexlmum range of atress measursd
framing; EETE Fhv streins sxtensometers 30" wagthesr; within short (In bridge house, forwverd of zmidshlps) 4.3 tons 1in?, Estimated
longltudinal ] ins voyage. G.L. and ons portabls bridga houss on ship wuve dimenslons given and related bto strssses. Msan rangs of atress
dack and Qutwerd straln gage 3 G.L. ceanter line only, appeirs to reach m maxlmum st wave lengths squel to ships langth
bottom; bound in but lsolated maxime probably incresase with lacreass of wave
transvarse ballast; proportions. Athwertship strelns found to be negligible.
sldes. homeward, ¥aximum angle of roll, 18°
full, ¥aximum anglea of plkeh, 99
Tenthsar;
fairly
ssvere to
) moderate.

1938 BAGLEY 3300 Yenasl in Strains Recordlng scraboh Time capacity of gages lncreoased over thoss used previcusly. 2l .
destroyen | saBWAF gages of lsbeh-key Bendlng momsnts ol slgnificant velue obtalnsd,
foracsastls typa. Yery little information glwen.

33% shipta
length

1939 PROEWIX &0 Yessal in trains
light saaway., 8 g:;::digsligi}?;:y Stress counter designsd to keep cumulative count of number of
cruisesr Weather typa. Strass counter times atress axceeded pradaetsrmined ralus.

calm Very llttla informatlon glven.

1339 TUISEURG Lés Transverse Loeding Strains (moatly| Photographic 7 pbints throughout Shlp loadlng procesded uniformly throughout lsngth. Resulting
cargo framing cargo bri-axial} Tecording of Zelss ship dspth bt atralns, ship dsflectlons mnd plate pemsl dafleetlions very smell, 28,
resgel 7.9" G.L. "orthoteat" arrenged 1n Ewo similarly when &% sea bending loads very amall.

2 complate Instrument dials trensverss planes Date on thermal straining given.
dacks, aft of emldships
Saperabroore 351 spart.
254 of
vessalla
Llength #hip deflsoticna| Theodolits Deflactien of poinmt
amldships fram line
ot sight 1900 long.
Plate pansl Dial gagea ¥arlous polnta on B
brekling shall

Vessal in Ditto for Ditto for condition Dltte for condlitien

EELL v condition leoading cargos loading cergo.

Weather losding cargo.

calm

1943 SHILOH 5031 Longltudinal | Known Strains, mostly | Mechanicel streain Mainly in way of Weximum bondlng momants imposad ebout squal %o vesasl fully
tankar framling, hogeing bi-axial at 325 gages 2" and 10" G.L. mldship sackion. loaded on standard wave, ¥iz, 279000 tons ft. bheogging, andé 209000 29.

(T2 type} fluted and pointa Elactric resistence Also on stringse plats|tons ft., segglug.
Bridgs bulkheads. sagging gages 1" 3.L. aft, bridgs deok 411 strain readings taksn at night. Fence, ranga of abruckurs
aperstrriural 311 welded B.M. by fashion plate aft, snd alr temperatures not grasker than 0°. gonsiderable date
T4 of T1lling bridgs dack and unraeliable but stress distribubion essentially as for simpls beem
vasselta variouns longitudinal=- theory, Measursd siresses loss than calculmbed by 17€ in hogging
length tenks in tranavsras bulkhsad and 9% In sagging. Nay be dus to discrepsncy in computed moment of

st111 water] Intarssction. insrtla, sompnted B.M. accurmoy of ipstruments. and methods or

redding skrains on one 3ide of plats only,

No conclusion relative to effectIvafiess of longltudinel bulkhead
in snear,

No excsaalve stresses in deck at trensverse bulkhesds or in
bridge fashion plate aft.

Bridge deck stresases less than 1ln upper deck.

Nobable straas concentratlons at longltudingl-transverse bulkhead,
interssctions, .

In hogging, msasursd daflectlon 10% less then gelculated. In
spgging, falrly good agreement. galculated deflsctions ers for
bending only; exeluding shear.

Ship Transit sight Tranalt on peoop,
deflactions targets amldships
end forwerd
1943 PURNELL [Identicml |[Combinetion [all losded [Strains in Plal gages 10! to 481 ] In emch midship section 411 reedings taken at nlght. No unususl dsparturs from simple
5951 Graat |frsming. similurly |rossttes at lesast] G.L. Mechanilcal gages § plens and varlous beam stress dlstribution noted. Tha combination riveted and walded 30.
CADILLAC [Lekes ars 411 walded undsr one in way of lecsl 2" end 10" G.L. locelized eress, Also |atructurs works Integrally and in a homogenscus manmer,
carrisrs except rlvetedhogging and |atrass Huggsnberger gagess near alter guarter pold Hegligible longltudinal stresass in deck plating between hatches.
Blde shell ona sugging [concentrations 1" G.L. in side ahell of QADILAC Lotal arees of atrain measurement Includad meln deck access door
. B.M. opsning, cargo hatoh opening, hateh coaming and gunwals.
A6111 waker
CHAMPLAIN géﬁqtéggit
IHI!TGHINBON Lakes ars
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TABLE T {Cnntinugd)
Date ship ship gonstructlion | Lomai Date
Type el ne Hobes Ref,
Type Mathod Locatlon
1 & FANSvarss Hnown t In way of #3 hatoh, Streins read only et night. Only ons sagging condlition of loadlg
1ol SG{I‘%%% csrﬁ ship ‘g'rnming hogglng, i‘):i%:;:sin ﬁgg‘f:égg,’iiﬁgf Torward of amidships Date taken and disesussed for hogging conditions only, maximum of 3l.
{Liberty) | 30" spacing. | sagming and gages 13/16" G.L. at decks, sides, inner |which was 134000 tons ft. or about B0% stendard bending moment.
Two decks JAll walded torainal and about 200 bottom and bottom shell Second deck amnd inmer bottom attainsd S0F theorstlcal beam theory 32.
Feoid) ure| sxcept shall-} momenbts mechanical gage £lso extansive readings) stresess resulbing in 5% reduckion in predicted Ship I end
20% vesselM| rrame applied in stations, 2" and 10V in bottom shell correspondingly small ineresse in predicted deck snd botbom stresses
length commection atill water Gl amidships end in way of] #ign degres of transverss straln reskrelnt In main degk but not
riveted #3 hekch corners. in side shell l.e. blaxial Gtension in deck but uniaxia} in aside.
Initially bulged plating in bottom breuaght about pesks end
hollows of heart of plate stress under compresslve loading. Moat
severely bulged panel vook on permenant set. Thersafber streas
diatribution in bottom plating beeame aymstrlical sbout the kesl buk '
average stress loading accepbad by it somewhat reduced evparently
to he borne by other members such as verblcal keel and alde girdsrs.
Average stresses in feir agreement wlth beam theory distribukion
reackion to tensile lomding.
Toraion tests showed nothing unusual., Teorsinel moment and shear
airogasss low.
Piate panal segltta gage 10" G.L. F At all poinkts of Plate penel deflsctlons momsvred and essccisted wiih atralna
deflectlons straln measurement read on ona plate surface only in order to deduce heart of plake
sxcept hateh cornera. jstresses.
Ship deflections | Trensilt signta Surveyeor's lavel rod Ship defleciticons read during the day. Caloulated shesr plus
at 14 stations pork bending deflectlons agrse well wlth thoss observsd when corrected
and starboard on dsck.| for tempsr=turs. Shear d4eflectlon about 154 of total,
1945 VEETURA 5037 Longltudinal | Known Streins Range of applisd bending moment; 21,000 toms ft. sag ©o 28l ,000 .
RILLSZ tanksr freming, hogging and tons %t, hog L.e. sbout 160% bendingh{:gment on stmda%d wavctf, %ﬁ_
T2 typs} |[fluted sagging BM. Direck mnd shear stresa dlatribublon throughout in good agrasment ic,
EBrldge bulihsads impossd on with beem wheory. Longlbacinally flated fore end aft bulkhends
7 :‘;ver;ir VBIIII]. in aarry their full share of bending momeni end shasring fores.
e e L'y atill wmber skip dsrlsctions
1G4k NEVERITA Lot gombinakion |verious Strains, fors end Mscheniesl gages 5" Tranavarse ssotlon gange of bending momsnts spplisd; 158,000 tons ft. Rogeing %o
tanker. framing; Imawn aft and 1n G.:L. Machenleal amldships, between 86,000 tons ft. sagging. Plate penel deflectlons and aurface strelns] 36.
Bridgs longltudinel |kogglng and| rosettex sxtensomstera 100" Trumes snd webs at mid |used to determins hsart of plate stressss. Electric reslstancs
superssrucbare | Framing in sagging B.. 120" G.L. Electric Jlpngtn of tank. streln gage results not considsred raliable. 37.
108 of deck and impoasd on rasistance gages Stress varlatlion felrly close to beam theory pradiotion.
vesgelty bottom, veassl In 13/16" G.L. Acoustic Transversa strezsss 20% of longlbudlaal atrasses noted. High local
length tranaverss stl1ll water gagea 4 3/4" G.L. bending deflsctions and stresses sufficlent for plastlc yislding in
freming tranaversely orlented bekkom plating penels. Bending stressss much
in sides and higher than hesart of plate sbtressss in such penels.
bul kheads, with all eonklnucus material lneluded in I end modulus of
All welded plastlelty baxen as thab for the ateel, csloulated ship deflackion
except shell- ineluding bendlng end sheer about 10% greater than measursd.
frame Heart of plate stress of 1 ton/in2 in deck appearsto have been
camection induced by 30Y tempsrabure difference betwsen deck end bottom,.
riveted Tempgrature renge small during taking of daka.
e o s e et e — . ————— i — f— —— ——— — — —7s. o]
frabe pensl M enteg.om ™% | Seme as for svrains NEVERITA ~ NEWCOMBIA Comparison
THashroom® slope Strsss distribution snd longltudinel deflsctions in the two foms
differencs lsver of construstion show no major differsnces.
syatem 3" G,L. Locu]i banging strisszs inh:hs-. pirtigulgripansli oﬁminsg r;rs in
onaral less in the riveted ship owlng to Falrer plating and the
ship deflectlons | Theedolite, watar- About & statlons fore Etii‘raning influsnca of riveted overlaps. Strsss concentrations
leval tubes and drfts.} and alt [except draftsl sround large structural discontinuitles approximatsly the seme for
Tnermal effects | Thermomstsrs and the :two forms of construction.
ihe Leg - ~1 “Hmes o venulTE Tenenie imposed Thout B0% Tange feloulated Tor
1945 | ¥EWcoMBIA L6or similar to glmilar to |Sams as NEVERITA ¥aaksl on atandsra L/20 wave, Resulbts from elsatrle resistance 3B,
benkar YEVERIT. but |NEVERITA except no zages more satlafactory than in NEVERITA. . Probably-falrly srven
slmiler to |all riveted exeminakion for bemparaturss throughout anlp durlng.obssrvations. 39.
NEVERITA axcapk deck thermal effacts Stress diskrlbution faiply closs to heam theory. TDaRsTerss

plabling butts,
sheer to
stringer date
commectlon,
longl budinel
bulkhaads to
bobtom plating,
longléudinel
stringers ko
slds shell and
longltudinal
bulkhseads slan)
various
brackets.

stresass evereged abouk 1/6 longltvdinel atresses, 1,s. sboub 50%
produst of Folason's ratic and lengitudinel stress. Litils werticel
ahear garrisd by othar then side sihell and lengltudinsl bulkhewda.

Average ahell pleting unfalrness about af plete tnioclmess, i.ad
negligible. Probably bsceuse of thls greatsr falrpesa, than in
HEVERITA, looal bending stresses leas. Plsking ynfairmess has 11tgle
offeet on local bending atroapes from lateral weker prassurs
losding. Locsl bending atrepsss pomabive.s greatsr then haset of
plats stresses, \Vhers axial atreu.hu‘i imposed an pleting baring
inttisl deflectlon dues to unfelrness:or leateral pressure, kotal
atresass do nok eonform te Prinsipls of Superpesition.

For ship I and E, as for NEVERITA, totgl-calculatad ship
defleation about &% greater than messursd, GShesr deflection
averaked 7% bsnding deflection.
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TABLE I {Continued)

Iaka s
Daka ship g?;g Construction | Loading Kotes Ref.
Typa Method Locatlon
L6o similer to Yessel in |Direct streins Extansometer with dial [fon deck amldships and Voyage of exploratory aeturs to determine sulbabllity of various
[Lobl 5 ¥Is0 tanker, HEWSOMBIA seawny. One gage and remote reading|¥erious other Iocetioms |instruments and ranges of veluss to be expscted. Relatlve merits of | LO.
Bridge voyage sxtensometers with each briefly discussed. ° 2 g0
supe rs ruoturs| oubward varisble inductien Maxlmum engle of roll =~ 12°, pitoh = 67y
10% of bound in choke s wall nas
vesgellia ballaat. alectric realstance
length WHeathar gugas
aoderate
to falrly
savare -
sShip deflections g;t:dt:nmern. wnd targst Gemsra on poop, target
boards on forecaskle
and after end of bridge
211 stesl trusses for On deck forward
deflsctlon refarences
and hingsd 801 trussss,
Both types ramote
reading
mkar pressurs on|Diephragm type prassurs Forwerd of bridge
fholl goge with reamots
reading varinble
inductance choks.
Wave profile Saries of slactrical One vertloal row,
contacts on ahipts aldey 2mldahlps
closed by presence of
ssa waber.
¥ind forces Daflesting wind board
wlth remote reading
vyarlable lnductence
choke .
] - hoceleretlions rldirectional
accalarometar, ualng
unbondesd electric
resistance strain geges.
Roll and pltech Froscope and 2 Cameras port and
engles end perlodsjstereoscople cumeras starboard on bridge.
503t Longl tudinal Enown Streins in Jechanlcal gages 10"  Iransveras ssctlon ebouf ftange of applled moments, asmidships; 282,000 hogging, 215,000
ighs FORT tanker framing, fiuted hogglng wndl rosectas G.L. Elsctrig 001 8ft of emldships end{sspping vs 168,000 hogging and 230,000 sagging for ahip fully loaded | 41.
KIFFLIN |(T2 type) [bulkheeds seggling B rosistence gages, in way of lonpitudinel -lsnd on stendeed L/20 wave. 282,000 tona ©t, amidships corresponds
Bridgs (Identical %o | imposed en trensysrsa bulkhead to 228,000 ton fi. mt test ssetlon plus 1,700 tons sheering forcs.
surer struchurs [VENTURA HILLS) vessel in intersection. Generally |sagita gage readings with strain remdings psrmlt solution for heart
7¢ of waselis) atill fon one surfacs enly. of plate stressss, ALl obaervations mede ab night. Remarkeble
length waker zgresment wlth resulis from YEWTURA HILLS,
Effectivensas of two types of brackat at longltudinal-transverse
bulkheed intersectlon svaluebed.
Gne 121-2" x 30" panel of 3/h" pleting in bottom exemined, Builg
in dsflestlon iL% thiclmeas. Addltionsl defiectlon linesr with wstsrl
(head resching 3% ndditlonal for 27! head. Any lncrement cue to sdge
compression loading too small to be measurad,
Agreement beiwesn mesasursd and celeulatsd huli deflsctions vary
good. Shesr daflection snd =mall temperature corrsetion ineludad.
[fomparature correction .058" deflection / ©F of elr temperamturs
or 41t length of ship.
Plats panel sagitta {are rise) Tranaverse sesction 607
deflsctions gage 10" G.L. aft of mmeldshipa
Disl gmges Bottom pleting pansl
Ship dsflectlons | Trenalt sightas on deck, port and
starboard at 5 points o1
- s hilt length of ship
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TABLE I {Contlinus d}

Date ship '?hyig Conatruction | Londing Data ot ot
Hotes el
TIpe Method Locaklon
19&_6-1[_? vggiéﬂ 14_16? [frensverss Vaamel in Stralns fore and | Elsctric reslstancs sheer satreke and immer Data tebulated hara recordsd aynchrenously as wall es shlps spsed
lcargo framing sesway. 8 aft end glrbhwlss] gegas. bottom on atation near | snglne speed and shafk torque. pPhotograephie recording spesd for sll L2,
[Fessal. Two |A1]l walded [voyagas amldshlps, bokth sides | dabta; 2 Tramzs/mec, Cor 18 minutes before relosding, Othsr dasta
keclks axcept shell [3t. Britain of plating recordad at pandom included stsraoscople phobographs of sea conditlong] Ls.
to freme o U.5. and observations with portable instruments of loeal stresses and
cormections pturo. necelopretlons as #ell as conbilnuous record of stress reveraals oy hg.
restbound in statlstical strain gage recorder.
allest. wacer pressure dlstributlon debermined from pressurs gages and
astbound wava profile indiesktors. Inertia forces determlned froc lmown
[Loaded . dlstrioution ol mass end observed mccelarations. Foross from water
pressurss and accaleratlons combined to glve net forces making
posslbla the computetion of bending momentbs, shearing forces mnd
toralon momenka, etc.
Most severe waves encounberad satlmeted to ba o0t x 3151,
porrespending ranges of valusa; vart%cal banding moment 190,800 tona
ft., stress in shesratrals 8 tona/In®(to be added to sbill wabsr
walussi. Horizontal and vertlcal bending feguently in phase but
maximum values of ons colneldent wiié'h minimem weluss of the othar.
Torslon moments not over 1/2 ton/in® and not colaneldent wlth
maximen vertical bending moments. Maximum fore and aft axtal
compression 1/2 ton/in®, Probable slamming lncrement 1 1 1/2 tonsAf
in sheerstrske. Hesaving and pitching stresses nsgligible if
unaccompanisd by slemming.
Water pressurs on|Photographic Tecording lc.f peints around and
hull of meters comected tolpelow turn of Bllge for
dimphragm type pressurl> statlons fors and afy
J ZEges
wWave profile Elsptrical cdntacts onf 30 polnts sach side of
ahlps silde clossd by ship at mach of 12
pressnces of ssa weter [ glrthwlse stablons
thus snerglzing throughout ship!s lsngty
Talsphons tyme
3 indigcakoras T be
photographically
recorded
ind foroas #lnd vane genarator Deck houss top end
output recorded mmst erosstross.
Acceleraticons scording tri axial lrl' Positéons di:goaad
blectric strein gage aobﬁ:af-{:luhfps an
[t¥pe mccelerometer.
ngles of roll, Recording gyroscopss
pltch and yaw
d periods
1947 I and somsferitieal lcambridge low.- Prequency [On upper dsck atbt 23 Aecords bskan for meven differing displacement
3 node frequancles, end geiger vibrogrlphay equidistant stations infdistributions of ship Iincluding damp%ng cﬁrve: 21‘ ;r:l;dvig::izgns L&
[rertical endfamplibudes and and slectric resistancs [ship's length JAmplitudes maasured for varlows magnitudes of excitling fo .t d :
higiz"“t"l vibration profilsetraln gage foy vibration gensrator at sterm, § roresa sreate
:tii-itizré:;.nj laccelercmetars For wny perticular mods of vibratlon, approximately linsar
relationship betwesn mexlmwn value of execlting force end rescnant
amplituds of vibration.

In loadad ship conditions, rescnant amplitudes per ton of exciting
force do nov délffer apprecliably from thoss In light ship conditlona
desplte fairly largs chengss in fragusncy.

Welded ship, OCEAN VULCAW, tends to have larger amplikbudes than
rlveted shin, CLAW ALPINE, suggasting grsster strucktural damping in
riveted shio.

Known Some appearenkt evldence of slightly greabsr ship deflectlons in

hogging end welded OCEAN VULCAW then in rivetsd CLAN AEPINE. Unfelrness of botta] l.3.
sagglng B.MJ plating betwesn fremsa clsar of longltudinal stiffening in CLAN ALPINH
applied in in general,about doubls thet In CLAN ALPIHE., Also more prominsnt ’
st1il water stress deviations from beam thaory in OCEAN VULCAN. Lg.

In thi® and sbnormally unfair pleting In transversely framsd
welded ship, surfacs streases reached 3 tlmes heart of plate strassssd
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TABLE T (Contimued)

Data
Date ship Ship Construcsion| Loading
T¥pe Hoteas Raf.
T¥ps Hethod Location

1951 CASCO 3001 Vessel in Doubls emplitudss of plteh up to 209; rell up teo 359, Yaximum S0

Coast Guard saway stresses not over 1 3 tons/in?. #aves about 260! x 157,

weabhar 32 days Very little Informatlon glven.

shin
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APPENDIX A

Wavy s in the Bottom Shell Plating of Ships with All-Welded
Qr Partially Welded Bottoms

Preliminary Report
Summary

This preliminary report discusses the first results
of an investigation into the permanent corrugations which
originated in the bottom shell plating of American-built all-
welded vessels and in the plating of the bottoms of partially
riveted vessels recently built on the Continent of Europe.

It is shown that the scantlings of the Liberty-~
and Victory-ships do comply with the requirements of the clas-
sification societies holding for riveted vessels. It is also
shown that the mechanical properties of the employed steel
and the loading of the ships in a seaway which gives rise to
longitudinal bending of the hull remain within normal
proportions.

The deformation of plating between stiffeners re-
sulting from the riveting and welding processes are considered,
and it is shown that the shrinkage of the welds connecting
the floors to the bottom plating is the prime cause which
creates the permanent corrugations. A theory interpreting
this phenomenon is developed in the report and is here re-

produced in simplified form.
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A longitudinal strip of bottomplating extending be-
tween two adjacent floors is considered. Fig. 1 shows the
shrinkage and the distortion of the fillet welds connecting
the floors to the bottomplating, Fig. 2 illustrates the initial
deflection of the plating between floors and the bending mo-
ments due to the distortion. ‘

When the ship is in hogging condition, the strip
of plating will be subjected to an axially directed compressive
stress P/h, the maximal stress Spax working in the extreme

fibre of the plating then is given by the following expression

holding for a plate simply supported along two opposite sides.

_ P 6f
“max H(l + TT)°
in whichs:
h = thickness of plating ~

f.

momentary maximal deflection of the strip.

With a small initial deflection of the plating
fooe 1/6 h the extreme fibre stress is more than twice the
axial stress. It is shown that in welded panels initial de-
flections often reach values far in excess of 1/6 hj in these
cases the yieldpoint is exceeded and permanent corrugations
will result. This phenomenon of plastic setting-in is still
facilitated by the bending moments attendant upon the weld
distortion and in the bottomplating once more by water pressure.

As far as known no permanent corrugations have been

observed in the weather decks of the Liberty-and Victory-ships.
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In this relatively heavy deckplating the initial deflection
generally is small and the ratio 6f/h is still smaller than
for bottom panels, so it can be explained that the yleld-
stress 1s not exceeded in this case. In ships with 1light
welded weatherdecks permanent waviness sometimes has been
observed.

The report discusses the permanent set which some=-
times has taken place in the bottomplating of recently=built
ships having welded double bottoms and floors riveted to the
welded bottom shell plating.

In all these cases the deformations have not been
brought about by a shortage of longitudinal strength of ships,
but they must be attributed to initial deflections caused by
distortionsarising from welding and riveting.

Butt-welds connecting prefabricated bottom sections
usually show deep indents and bulges., It is shown that these
deformations result from ill-alignment of the plating, before
welding of the butts is started. Practically no plastic set
is observed here during the ship’s life.

Measurements of permanent deformations in bottonm
plating and tanktops have been performed, the outcomes of
which are discussed in detail and are explained with the aid
of the theory developed before.

Precautions to be taken to prevent permanent de-

formation in the bottom panels of ships under construction
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are discussed and measures to improve the condition of ex-
isting vessels are reviewed.

It 1s thought, that not much danger is to be
expected in navigating with ships having bottom=waviness.

On the other hand, the report thinks it advantageous
to come to a construction of longitudinal frames in the bottom
and under the deck, maintaining transverse frames in the ships'
sides. _

Finally some remarks about the continvation of the

present investigation are made,
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Recent Developments in the Study of Longitudinal Strength®

THE longitudinal strength of ships has
been constantly under review
since the days when it was first
appreciated by naval architects that a
ship’s hull was simply a large girder
subject to variations in loading and
having, when among waves, a violent
and varying form of support, difficult if
not impossible to assess. Theories were
therefore devised for estimating the
longitudinal bending moments to
which ships are subjected in a seaway,
and these have been applied and inter-
preted by experienced naval architects.
Notwithstanding these reasonably satis-
factory theories and the greater know-
ledge of ocean waves acquired within
recent years, the longitudinal scantlings
of ships are still based mainly on the
records of service behaviour of earlier
similar ships.

The principal theory has been the
standard grapbical longitudinal bending
moment caleulation, in which the ship
is assumed to be poised momentarily
on a trochoidal wave having a length
from crest to crest equal to the length
of the ship, and having a height equal
to 1/20 of its length. The *° Smith
correction,””  although  theoretically
acceptable, is not often applied, pre-
sumably because designers of hull struc-
tures consider it a refinement of a calcu-
lation that is used only for purposes of
comparison and which, in any event,
will not give the actual bending
moments a ship is likely to experience
in service. For the same reason the
“‘ Read correction '’ has not been gener-
ally included.

Although the methods hitherto
adopted have proved satisfactory, naval
architects are not entirely satisfied in
assuming values of the support given
to a ship by the sea, and therefore for
decades they have been striving to
obtain reliable information on ocean
waves and the forces they exert on
ships. Furthermore, knowledge of the
detailed behaviour, in regard to stresses
and strains, of hull structures in a sea-
way is by no means complete, and this
also impels them to seek information on
this important subject.

In 1942-43 several welded ships de-
veloped serious fractures, and at that
time it was thought that there must
be some fundamental difference in struc-
tural behaviour between welded and
riveted ships, since the latter had not
suffered to nearly the same extent. It
was obvious that new problems had
arisen and in cousequence it was
decided, almost simultaneocusly in the
TU.S.A. and in the United Kingdom, to
set up research committees to investi-
gate why welded ships were behaving

¥ Abstract of a paper loweiludinal Streneth—4A Re-
niew of Some Recent Develnpwents vresented at the
Autumn Meeting of the Institution of Naval Architects
in Genoa on September 26

By James Turnbull, O.B.E.

differently from riveted ships.  This
presented a good opportunity to obtain
additional knowledge of ocean waves as
well as of the detailed behaviour of
some typical ships’ structures, The
work which these committees instigated
has undoubtedly resulted in a clearer
understanding of many of the factors
involved in the longitudinal strength
of ships.

The first full-scale experiment carried
out under the direction of the
Admiralty Ship Welding Committee was
a comparison between the behaviour of
the welded tankler Newverita and the

riveted sister ship Newcowmbia under -

hogging and sagging bending moments

wind velocities, angles of roll, pitch and
yaw and the forces imposed on the ship
and cargo by accelerations. The
observations to be made at sea were to
include the determination of ocean
waves by stereophotographic survey and
other methods.

With these instruments the Ocean
Vulcan made eight double crossings of
the Atlantic over a period of seventeen
months and rough sea conditions were
experienced on several occasions. Much
valuable information was obtained
from these sea trials, and in addition to
the measurement of waves and wave
pressures on the ship, investigations
were carried out on the effects on the
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applied in still water, but no important
overall difference was revealed. These
ships were 460 ft. (140 m.) in length,
59 ft. (18 m.) in breadth, and 34 ft.
(10-38 m.) in depth. It should be
noted that they were framed longi-
tudinally, and that the maximum mean
stress induced was of the order of 5 tons
per sq. in. (790 kilo. per sq. cm.) in the
deck and bottom plating.

The next ships compared were the
welded Ocean Vulcan and the riveted
Clan Alpine, sister dry cargo ships of
416 ft. (126-9 m.) in length, 56 ft.
104 in. (17-33 m.) in breadth, and 37 ft.
41in. (11-88 m.) in depth to the strength
deck. They were of standard design
and were -transversely framed, and
slight differences in behaviour were
observed during the still water tests.
Some references to these will be made
later.

The decision was made to fit the
Ocean Vulcan with instruments capable
of recording at sea the wave pressures,
the wave profiles on the ship’s sides, the

hull structure of verticgl bending, hori-
zontal bending, torsion, heaving and
pitching, axial compression and slam-
ming. This was a new approach, some
of these factors not having been con-
sidered in previous investigations.

1t was evident from the observations
made that waves of earlier storms were
almost always superimposed on the
existing wave system, with the result
that the seas were seldom regular.
However, the important conclusion was
come to that under the most severe
storm conditions there is a tendency for
the waves produced by that storm to
dominate all earlier disturbances and
therefore to closely resemble trochoidal
form.

Since the waves recorded on this trial
were evidently not the most severe that
could be met, a study was made of the
greatest waves reported by earlier
investigators, many of which were esti-
mated by visual observations of ships’
officers, It is usual, in such circum-
stances, for wave, heights to be over-



estimated and lengths to be under-
estimated. These observations, together
with those obtained on the Ocean
Vulcan sea trials, are plotted in Fig. 1.

It will be seen that the highest waves
having the length of the Ocean Vulcan
are probably 35 ft. (10-7 m.) in height,
..., a height to length ratio of 1 to 12,
which is much steeper than ‘the value
L/20 assumed in the standard longi-
tudinal bending moment calculation.
According to Fig. 1, the greatest waves
for ships of 300 ft. (90 m.) in length
have a height to length ratio of approxi-
mately 1 to 10 and for 600 ft. (180 m.)
ships approximately 1 to 14.

It is noteworthy that Schnadel re-
ported that the 430-ft. (181 m.) San
Francisco experienced waves of a
height of L/18-5.

In many instances waves of excep-
tional height have been reported, but
the length from crest to crest has not
been mentioned. For instance, the
highest wave ever reported was 112 ft.
in height. TItslength from crest to crest
is not known but was~probably about
3,000 ft. (915 m.).

It is possible that ocean-going ships
seldom experience these maximum
wave conditions during their lifetime,
and when they do they are most prob-
ably proceeding on a course inclined to
the direction of the waves, which would
have the effect of reducing the relative
steepness of the wave traversing the
ship’s sides. The wave pressure records
showed reasonable agreement with
those derived from the ** Smith correc-
tion,”” and this, too, has the effect of
reducing the effective steepness of the
waves.

From the foregoing it may be de-
duced that in using the L /20 wave
without the ‘° Smith correction '’ the
theoretical longitudinal bending moment
amidships would approximate the
actual bending moment experienced in
severe storm conditions by ships of
about 400 ft. (120 m.) in length. 1In
longer ships the stresses derived from
the classical® theoretical calculation
would, of course, be higher and in
shorter ships lower than those actually
experienced.

Actions at sea affecting strengths

In the Ocean Vulcan sea trials the
horizontal bending moments were
found, as would be expected, to be
greatest when the seas were advancing
at an angle of between 30 and 45°
on either the bow or the sterm and
appreciably high stresses resulted.
Horizontal bending was frequently in
phase with the vertical bending so that
at one sheerstrake (or bilge) the stresses
due to the horizontal and vertical bend-
ing moments became additive, while on
the other side .of the ship they tended
to cancel each other. However, when
the wvertical longitudinal bending
moments were at their highest values
the horizontal longitudinal bending
moments were at their minimum,

The greatest range of vertical bend-
ing moment derived from these observa-
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tions at sea was 190,000 tons feet
(58,800 tonnes metres), corresponding to
a range of stress of 8 tons per sq. in.
(1,260 kilo. per sq. cm.) at the top of
the sheerstrake amidships. There is no
experimental evidence to show the
actual separation of this range into
hogging and sagging, although the in-
vestigators are inclined to the view that
the sagging moment was slightly greater
than the hogging. This range was
associated with waves 35 ft. (10-7 m.) in

.height and between 600 ft. (180 m.) and

700 ft. (210 m.) in length. Mors severe
conditions than these could, no doubt,
be encountered with a correspondingly
larger range of stress. The highest
range of stress recorded on the 430-ft.
(181 m.) San Francisco, with waves
L./18-5, was 9-6 tons per sq. in. (1,510
kilo, per sq. cm.) [8-2 tons per sq. in.
(1,290 kilo. per sq. cm.) without the
addition for slamming which occurred
at the time], which bears a reasonable
relationship to the highest range re-
corded on the Ocean Vulcan.

Torsion moments in the case of the
Qcean Vulcan were estimated to cause
longitudinal stresses not exceeding 4 ton
per sq. in. (80 kilo. per sg. cm.). How-
ever, under the wave conditions which
cause the greatest vertical bending
moments the torsion moments were
small. It would appear, therefore, that
no special allowance may be necessary
for horizontal bending or for torsion
when computing the probable greatest
longitudinal stress.

Heaving and pitching

The effects of heaving and pitching
were investigated, but were considered
to be relatively unimportant, even un-
der the most severe wave conditions, so
long as slamming did not occur.
Although the instrumentation on the
Ocean Vulcan was not suitable for re-
cording shock loading, some general ob-
servations were made. It was estimated
that normal slams resulted in stresses
at the strength deck amidships of the
order of + 1% tons per sq. in. (240 kilo.
per 8q. cm.). The highest stress due to
slamming recorded by Schnadel on the
San Francisco was 1-4 tons per sq. in.
(220 kilo. per sq. cm.) under very severe
weather conditions when winds had
reached force 12 on the Beanfort scale
and the ship was pitching as much as
+ 12°. Slamming stresses recorded
by other earlier investigators were less
than } ton per sq. in. (80 kilo. per sq.
cm.).

Slamming was only noted when the
ship was in the light condition with a
draught forward of from 8 ft. 2 in. (2-5
m.) to 10 ft. 1 in. (8'1 m.), i.e., from
about 0-02 L to 0-024 L. Slamming was
experienced on one day in every three
while the ship was in the open ocean on
a ballast voyage, and while no exact
count was kept it is estimated that
between 2,000 and 4,000 slams were
experienced during the 17-month period
of the sea trials. From the evidence of
two slams identifiable from the records
it was deduced that slamming had re-
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sulted in a greater increase in the sag-
ging stresses amidships than in the
hogging stresses. It was observed that
it was not necessary for the ship’s bot-
tom forward to leave the water for
slamming to occur,

The greatest axial thrust was esti-
mated to result in a compressive stress
of less than } ton per sq. in. (80 kilo.
per sq. cm.) over the section amidships,
In high-speed ships this factor may,
however, be more important.

It would appear from the foregoing
that of these various actions only verti-
cal bending, axial compression and
slamming require special consideration.

It is not suggested that the foregoing
views should be accepted without re-
serve, as the investigations have been
carried out on one type of ship only.

Deflections of main girders

As it was generally believed that the
failures in welded ships were, to some
extent, due to such ships being more
rigid than riveted ships and since such
a conception could not be proved or
disproved without actual tests, the Ad-
miralty Ship Welding Committee
arranged for a comparison to be made
between the deflections of the welded
tanker Neverita and the riveted tanker
Newcombia and between the welded
cargo ship Ocean Vulcan and the riveted
cargo ship Clan Alpine. The results
show that, contrary to general expecta-
tions, there was no significant difference
in deflection between the riveted and
welded ships. A slight difference was
detected in the case of the dry cargo
ships, the welded ship being slightly the
more flexible. However, this slight
difference might be accounted for by the
normal inaccuracies in recording.

It should be noted that the ships were
not subjected to very high stresses dur-
ing these tests.

Another general belief was that while
riveted structures, because of rivet slip,
could automatically adjust themselves
in such a way that each part of the
structure took its fair share of the load,
welded ships did not possess this desir-
able property. Because of this belief,
special efforts were made to detect rivet
slip. The accuracy of the instruments
was such that any slip large enoungh to
have an appreciable effect on the be-
haviour of the structure would have
been revealed, but no rivet slip .was
noted. In the paper describing the
British Admiralty’s bending tests on the
riveted destroyer Albuera, which was
tested to destruction, it is specially
mentioned that no rivet slip was ob-
served.

The foregoing does not prove that
rivet slip never occurs in ships' struc-
tures in service. Taking it by and
large, the evidence supports the view
that riveted construction, under high
stresses, is capable of an @djustment the
exact nature of.which, however, is not
vet fully understood.

Many ships have been subjected to
longitudinal bending tests in still water,
and it has been found from the tests
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that, in general, the resulting stresses
agreed with those arrived at by the
clasicals beam theory. In the Admiralty
Ship Welding Committee’s investiga-
tions a further step was taken in com-
paring the behaviour of certain welded
ships with the behaviour of sister ships
of riveted construction.

Fig. 2a shows the distribution of stress
across the bottom near amidships for a
ship such as the riveted Clan Alpine in
the hogging condition compared with
that for a welded sister ship under the
same conditions. Fig. 2b shows the
comparison for the sagging condition.

It will be seen that these stresses,
which are heart of plate stresses, have a
distribution that follows the general
trend of the distributions given by the
simple beam theory but that there are
several notable departures. The most
outstanding of these occurs in the
vicinity of longitudinal stiffening mem-
bers, where the observed stresses are
higher than the theoretigal values, while
clear of such stiffening the observed
values are smaller than the theoretical
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values. These departures are much more
prominent in the welded than in the
riveted ship.

Tlie unfairness of the bottom plating
between frames clear of longitudinal
stiffening in the welded Ocean Vulcan
was in general about double that of the
riveted sister sHip. This unfairness is
the main explanation for the greatly re-
duced heart of plate stress in the bot-
tom plating away from the longitudinal
stiffening members. The corrugations
of the bottom plating of the Qcean Vul-
can were kept under observation at each
dry docking following the bending tests.
They were found to have increased on
each occasion and ultimately, fairing and
the Aftting of additional longitudinal
stiffening became necessary in order to
prevent a recurrence.

In thin and abnormally unfair plating
in a transversely framed welded ship,
the surface stress may reach three times
the heart of plate stress.

The foregoing cbservations, combined
with the results from the longitudinally
framed Neverita and Newcombia which

THEORETICAL NEUTRAL AXIS

showed only small departures fromr the
theoretical stress distributign, show
conclusively that welded ships of
appreciable size should preferably be
stiffened longitudinally on the bottom
and the strength deck over the midship
portion at least.

As several wartime built welded ships
sustained fractures at hatchway corners,
a special study was made by the
Admiralty Ship Welding Committee of
the stress at such discontinnities. Con-
centrations of stress of the order of two
and a half t'mes the nominal stress were
found at certain discontinuities near
amidships, and there was a tendency for
the concentrations to be greater in the
welded than in the riveted ships. These
concentration factors are approximate.

The subject of fatigue in ships’ struc-
tures has not received much attention
by naval architects, due, no doubt, to
the absence of reliable information re-
garding the actnal stresses and the num-
ber of times the various stress ranges
are experienced in service.

A statistical strain gange was fitted to
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Distribution of longitudinal stresses for bottom shell plating near amidships
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the Ocean Vulcan and it has been in
satisfactory operation for over a year.
Some interesting data have now been
collated.

Typical results taken over a period of
one year are as follows: —

Number of
times

Range of stress
.experienced

1 ton per 5q. in. (158 kilo. per sq. cm.) 266,584
2 tons per 4. in. (315 kilo, per 8q. cm.} 7,105
3 tons per 4. in. (473 kilo. per sq. cm.) 1,329
4 {ons per sq. in. (630 kilo, per sq. cm.) 102
5 tons per 4. in. {788 kilo. per sq. cm.) 5
6 Lons per sq. in. (945 kilo, per sq. cm.) | 2

It will be noted that the maximum
range was only 6 tons per sq. in. (945
kilo. per sq. cm.), and that range on
only two occasions during one year of
service. It is obvious that much more
severe conditions could be experienced,
and these may be recorded during this
investigation, which is being continued.

Although ships are subject to fatigue
loading, it is by no means clear that
fatigue is an important factor in the
lohgitudinal ‘strength of ships. It may,
however, be important in regard to
regions of stress concentrations when a
ship has been cohsistently subjected to
an injudicious longitudinal distribution
of cargo.

Distribution of cargo

Unlike the conditions which ships
meet at sea, the distribution of cargo
can be controlled. It is perhaps true
to say that many structural fractures
experienced at sea are due mainly to
injudicious loading.

In tankers, unless loading distribution
is properly comntrolled, there is a danger
of excessive sagging stresses, particularly
where the total length of the cargo
spaces extend over a short length of the
midship portion of a ship. Even when
the cargo tanks are well spread out over
the length of the ship, if the end tanks
are left empty when high-density cargo
is being carried, high sagging stresses
may-result. In these circumstances it is
advisable to reduce the cargo lpads in
the midship half length. Fore and aft
distribution of ballast must also be care-
fully arranged if dangerously high
stresses are to be avoided.

Twenty years or so ago, when large
deep tanks were incorporated amidships
in most dry cargo ships, the ballast sag-
ging condition was generally more
severe ‘than the load hogging condition.
While the modern cargo ship has a bet-
ter distribution of ballast she has finer
lines, with large flare at the ends and
cruiser stern, often with a forecastle and
poop for cargo, with the result that the
loaded hogging condition is now gener-
ally the more severe. This condition is
worsened when, as sometimes happens,
No. 8 is the only hold left empty.

There is such a wide variety of types
of ships and possible loading arrange-
ments that it is not possible in this
paper to discuss the subject fully. The
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matter is, however, of paramount im-
portance.

Residual stresses were considered at
one time to be ome of the primary
causes of the structural failure of welded
ships. Research and experience have
shown that, if they do in fact exist in
an appreciable magnitnde, they need
not concern the designer of hull struc-
tures provided good mnotch tough steel
is used in the construction.

There is no doubt that the research on
ships’ structures carried out under the
direction of the Admiralty Ship Weld-
‘ng Committee constitutes one of the
most important contributions to our
knowledge of the strength of ships. The
full eflect of that research will not be
felt until all the reports have been pub-
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sively high stresses being experienced at
sea can be greatly reduced by arranging
the fore and aft distribution of the cargo
loading in such a way that the bending
‘moment in still water is as near as prac-
ticable to the neutral condition, and in
order to minimise the effects of slam-
ming, the draught forward in the ballast
condition should be kept as great as
possible consistent with other features,
such as immersion of the propeller,

lished and studied. While ships’ scant- .

lings will continue to be based mainly
on the service behaviour of earlier
similar ships, it should now be possible
to make a closer estimate of the actual
stresses imposed by the forces of the
sea. It is likely that the standard longi-
tudinal bending moment calculation will
be superseded by a simplified still-water
bending moment calculation, to which
will be added an estimate of the effects
due to dynamic action.

Most research on actual ships’ struc-
tures has been carried ot on ships
between 400 ft. (120 m.) and 500 ft.
(150 m.) in length. It would add much
to our knowledge and assist in arriving
at reliable values for the dynamic factor
if an investigation of the behaviour at
sea of ships of other lengths, depths,
forms, speed and draught-length ratios
could be carried out.

With the tremendous advances being
made in the development of scientific
recording equipment, it is conceivable
that such additional information may
be obtainable without great expense in
the near future. An example of this
type of equipment is the statistical
strain gauge fitted to the Ocean Vulcan.
The chief officer takes the records, and
the gauge, which does not interfere with
the operating of the ship, is serviced
only when the ship visits the United
Kingdom:.

Welded longitudinal framing

Although knowledge of all the factors
affecting the+ longitudinal strength of
ships is still incomplete, the items re-
quiring special attention are clearly
shown by a study of structural failures
and of the results of research.

Perhaps the most outstanding deduc-
tion is the superiority in welded con-
struction of longitudinal framing over
transverse framing for the bottom and
strength deck amidships.

The high concentration factors show
how important it is for the design of
welded structural details at discontinu-
ities to receive most careful considera-
tion. These high factors and the
probable existence of residual sPresses
show the desirability of using, in welded
construction, good ductile notch tough
steel, especially for thick plating.

It is obvious that the danger of exces-



