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Twenty Years of Research Under the

Ship Structure Committee’

By Capt. S. R, Heller, Jr., USN,? Member, A. R. Lytle,’ Visitor, LCDR R. Nielsen, Jr.,

USCG,* Member, and John Vasta,” Member

The salient results of two decades of research into such broad areas as materials, physical
and qualification tests, nondestructive testing of welds, stress distribution, data from ships
in service, and bending moment determination by models are presented. The brittle
fracture phenomenon is attacked from a number of fundamental views: variation of
composition and microstructure, prior strain and thermal history, rate of loading, stress
intensity and distribution, effect of flaws, and variation of test method. All these bits of
research are shown fo have contributed to the cttainment of an engineering solution.
Several of these areas are further discussed. Stress distributions at various geometrical
discontinuities are reported as are those arising from temperature gradients. Stress in-
tensities measured on ships in service are presented as are the long-term predictiors from
these measurements. The effect of mill practice on material performance is discussed,
The current effort of developing generalizations from results of specific research is de-
scribed.  The trend of the future, the adaptation of computer to exploit generalizations for
analysis of whole systems of structure, is set forth, Finally, a listing of nearly 200 reports

is given along with information on how to obtain them from Federal repositories.

Introduction

Tue Ship Structure Committee is a govern-
mental activity whose mission for 20 years has
been to discover how ship structures can be im-
proved for greater safety and improved per-
formance without adverse effect on economy.

1 The opinions expressed are those of the authors alone
and should not be construed as reflecting the official views
of any Department of the U. S, Government.

* Director, Hull Systems and Weapons Support Division,
Naval Ship Engineering Center, Washington, D. C.;
Chairman, Ship Structure Subcommittee.

3 Director, Ship Hull Research Committee, National
Academy of Sciences, National Research Council, Wash-
ington, D. C. (This committee is advisory to the Ship
Structure Committee.)

! Icebreaker Design Branch, Office of Engineering,
U. 8. Coast Guard, Washington, D, C.; formerly, Secre-
tary, Ship Structure Committee.

5 Head, Structures Branch, Naval Ship Engineering
Center, Washington, D. C.; Member and Contract Ad-
minjstrator, Ship Structure Subcommittee.

For presentation at the Annual Meeting, New York,
N. Y., November 15-18, 1967, of THE SoCIETY OF NAVAL
ARCHITECTS AND MARINE ENGINEERS.

The impetus to the work was the wartime failures
of many welded ships. In 1952, only six years
after inception, it was possible to present a paper
[1]¢ before this Society recounting the accomplish-
ments of the research effort spomsored by that
committee and to state as one of the conclusions of
work to date: “The excellent structural record of
ships built since World War IT has been the result
of improvements in design, steel and fabrication,
all of which have been aided by the research pro-
gram of the Ship Structure Committee.”” DBecause
of the natural skepticism of the research worker,
the following was added to suggest the course of
future research: “Since it is not known whether
present requirements and practices are sufficient to
prevent cracking, a large portion of the research
program sponsored by the Ship Structure Com-
mittee will continue to be directed toward solu-
tion of the ship fracture problem. Once this
problem is clearly solved, the research activity of

¢ Numbers in brackets designate References at end of
paper.



the whip Structure Comimittee is expected to be
directed toward improving the general structural
effectiveness of the ship’s hull and in reducing
building and operating costs.”’

The purpose of the present paper is to recount
the progress made since 1952 and toaccount for the
six. and a quarter million dollars spent in ac-
complishing it. The saving of just one ship would
amortize the investment. There will be frequent
reference throughout to Ship Structure Committee
reports by the symbols (8SC-30) which are
further identified in the Appendix. Only the high-
lights of these reports are included in this paper.

The Research Program

The priority element of the research program
was the exploitation of the definite findings of
earlier work which had shown that the unex-
pectedly poor structural performance of ships
could, to a major extent, be corrected by change
in the composition of steel and by design modifica-
tions of critical elements. Hence, the study of
effects of material characteristics on performance
and the exploration of stress-time history of ships
in service received immediate attention. These
were to be followed by the development of gen-
eralized theories or practices from which major
improvements could be safely made.

This objective was approached along a broad
front including examination of effects of variation
of composition and microstructure on the behavior
of steels under various loadings, the exploration
of various testing methods, determination of dis-
tribution and levels of stresses in typical struc-
tures, and the effectiveness of methods of inspec-
tion for quality assurance. In addition, a2 major
step was taken to assess the stress-time history of
ships and an initial step in evaluating the benefits
of a rational, as opposed to empirical, design of
ship structure.

Materials

It was early recognized that brittle fracture, in
addition to being influenced in specific cases by
chemical and microstructural variations, was
probably a phenomenon by itself conforming to
laws that should have general applicability to all
metals, A literature review (SSC-66) on the
various modes of fracture contained the significant
staternent:  ““The literature on the general
problem of fracture of metals is perhaps the most
voluminous of any metallurgical subjects, and yet
almost nothing is known about the fundamentals
of metallic fracture. The particular type of frac-
ture known as cleavage has been investigated to a

small extent in polycrystalline metals of all crystal
systems . . . . A search of the literature reveals
almost no work on the cleavage of the body-
centered lattice.”

Although, as an immediate result of prior Ship
Structure Committee research, information was
available, and was used, to build ships that were
relatively immune to gross brittle fracture, it was
recognized generally that in no field did we know
why the corrective or preventive measures were
effective. Changes in steel composition, in desigx,
and in fabricating practice had been introduced
with very successful results. But the logical
question could be asked, “‘In what way or to what
factor were such improvements due?”’ The lack
of understanding or even hypothesis to explain
the phenomenon made it very difficult to extend
the knowledge to other situations, other materials,
or to be sure that the same result could not be
achieved by other, perhaps lower costs, means.
It was logical, therefore, that attempts to de-
velop such understanding would be high on the
priority for research.

There was clearly the possible effect of micro-
structure in the normal condition, the possible
adverse effects that could be caused by fabrication
and construction operations, the controls that
could be directed at microstructure by steel pro-
duction techniques (both mechanical as on rolling
mill practice and chemical in material composi-
tion), and the effect of basic mechanical properties
on the ease of initiating, propagating, and arrest-
ing fractures.

Ore strong recommendation of a comprehensive
planning report (SSC-70) on future research in
the materials for cargo ship hulls was “‘although
some research could be placed in the basic area of
high purity metals and single crystal behavior, the
main emphasis should be on exploring the effect
of impurities, microstructure and macrostructure
relationships, mechanics of crack imitiation and
propagation and study of fracture surfaces.”
This report has guided the basic material program
under the Ship Structure Comimittee since then.

Mechanical Metallurgy

A number of projects in this field have been
supported by SSC—several of many years’
duration. In carrying out these studies it has
been necessary for the investigators to improvise
new or special experimental techniques or ap-
paratus, prepare unusual specimen shapes or
sizes, propose, check, and modify alternate as-
sumptions or hypotheses, perhaps start on a new
track or introduce major changes in specific short
range experimentations, and the like, Actually
this mode of operation very successfully met one
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of the primary Ship Structure Committee aims:
initiation and catalysis of research in brittle frac-
ture with the expectation that the interest thus
generated would encourage others to enter the

field and the problems, both general and specific, .

would be answered more surely and satisfactorily.
The world-wide effort on brittle fracture phe-
nomena is a pleasing measure of the success of this
effort.

Metallurgical  Structure.  One of the initial
efforts (S5C-94) to approach the problem of rela-
tion between microstructure and properties con-
centrated on the mechanical behavior of high
purity and single crystals of iron. This work
focused interest on the possible adverse effect both
from the presence of iron carbide in the matrix
and of high temperature grain development as
evidenced by veining. The prineipal import of
this preliminary study of relatively pure ma-
terials, however, was to pinpoint the necessity for
much more extensive studies of the relationship
between microstructure in its broadest meaning
and brittle fracture performance. The extended
project on Metallurgical Structure at MIT was
concerned with this relationship.

It was clear in early tests (SSC-102) that our
ability to interpret microstructure as related to
brittle behavior was quite inadequate, and that
significant results could be expected from more
complete knowledge of the slip characteristics of
ferrite. Such elements as twinning, grain bounda-
ries, and inclusions seemed to be relatively unim-
portant. To assure brittleness, where the fracture
strength was dominant, most of this testing was
carried out at progressively lower temperatures
down to —195 deg C (—320 deg F) with coordi-
nated metallographic examination and ohserva-
tion of such correlated phenomena as microcrack
occurrence, Among the significant observations
in this study was that fracture was always pre-
ceded by gross, but highly local, yielding in asso-
ciation with microcracks. These cracks, by in-
ducing cleavage in adjacent areas, develop
rapidly into propagating large-scale cracks. Since
they served as crack initiation flaws, an under-
standing of their origin was highly desirable.

The results of the extended program (SSC-161)
were very clear in showing that cementite at the
grain boundaries readily cracks under the early
plastic deformation of ferrite and thus serves as
an ideal (extreme acuity) crack for initiating ferrite
cracking. Whether the crack then develops into
a micro- or macrocrack depends on other condi-
tions such as temperature, loading conditions, and
stress level, which affect the ability of ferrite to
deform plastically. These findings can be used to
explain some of the means that have been found

helpful in improving brittle fracture performance
of steels. For instance, increased manganese con-
tent and fast cooling from hot working tempera-
tures have been effective in lowering the transition
temperature. Itisnow clear (35C-161) that these
benefits result from finer pearlite agglomerates,
lessened tendency of carbide to form at the grain
boundaries, and a greater abundance of grain
boundaries.

An attempt was made to bridge the gap between
explanation of the condition under which micro-
cracks of one grain diameter were formed and
explanations of brittle cracks in thick plates.
As a result of this study (88C-171), a hypothesis
has been suggested that, given data on grain size,
the critical initiation stress (at which the yield
stress approaches fracture stress), and the tem-
perature at which the yield stress is one-fourth of
the critical initiation stress, the suitability of a
steel for safe design against brittle fracture can be
evaluated. Tt is recognized that this is only a first
approximation and that the underlying assump-
tions will have to be greatly refined. It, however,
is an example of the type of philosophy that could
contribute importantly to the eventual under-
standing of brittle fracture.

Prestrain and Aging Effects. Another approach
to brittle fracture was used in an extended re-
search project at Brown University. Here, the
definition of the metallurgical or other environ-
ment under which a nermal steel would fail in a
brittle manner under siciic rather than dynamic
conditions was sought to simulate service ex-
perience, wherein fractures occurred at low loads
and with no dynamic initiation force., The
emphasis was on the initiation phase of fracture.

Early tests on specimens of moderate size con-
firmed that steel, in its normal condition, retained
sufficient ductility under severe testing conditions
{excluding high loading rate or very low tempera-
tures) to fracture ductility at yield stress. Thus,
it was postulated that some phenomenon must
adversely affect the metal or ‘“‘exhaust” its duc-
tility, in the vicinity of the point of crack initia-
tion, so that it became prone to elastic (non-
plastic) fracture at low loads.

The first confirmation of this postulate came
from notched 10-in. wide plates, compressed
plastically by appreciable amounts, which failed
in a brittle manner under normal tension at
stresses as low as one-third yield. This was the
first laboratory demonstration of low stress fruc-
tures of unwelded plotes (SSC-116).

There followed an extended study to determine
the criticality of degree of compression prestrain-
ing, the effect of temperature of straining and of
testing, the part played by notches, and effect of
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various temperatures and tested at —16 deg F

aging on several grades of ship steel. The results
of these tests (88C-162) demonstrated that the
total strain and temperature histories of a steel
through production, construction, fabrication, and
service have a vital influence on the subsequent
ductile or brittle performance of the steel. The
essential results of this project are illustrated in
Fig. 1 in which it is shown that, where deformation
occurs at temperatures below 200 deg F or above
900 deg F, this steel can withstand appreciable
compressive deformation without severe adverse
effect. In the intermediate temperature range of
400 to 700 deg F, however, the steel is quite ad-
versely affected from the standpoint of tendency
to brittle performance. The effect may be due to
aging, straining, or a combination thereof.

The special significance of these results relates
to the multiple warm straining events caused by
normal welding. A particularly adverse response
of a steel, combined with prior or subsequent
damage, could readily account for low stress
failure of such a structure. The work, therefore,
has real pertinence to the practical problem of
fracture.

Local Strain Measurement. Battelle Memorial
Institute studied the distribution and growth of
plastic straining around a sharp notch prior to and
after crack initiation in hopes of following its
progress ahead of and alongside a propagating
crack. An experimental method of developing
dislocations to a visible scale was found adaptable
to a silicon-iron alloy which behaved plastically
somewhat similarly to carbon steel. In these
tests, it was confirmed that plastic flow developed
first at a finite distance from the notch end—an
observation made by others also—and that this
point served as a hinge around which plastic
strain progressed. Further work was necessary
to develop the procedure for application to thicker
plate (0.20 in), but this was accomplished. By

sectioning and etching progressive surfaces below
the exposed surface, it was shown (SSC-165) that
initial plastic flow (initial vielding) took the form
of a plastic hinge around the notch base, but, as
strain increased, the yielding projected in front of
and in the plane of the crack. It thus develops
across the specimen in two shear planes at 45 deg
to the surface, forming un X pattern through the
thickness of the specimen. This planar yielding is
very reminiscent of the cup-and-cone fracture of
ductile material and undoubtedly is a precursor to
ultimate ductile fracture. Fig. 2 illustrates the
development of the plastic zone as brought out by
the special etching technigue.

The excellent experimental delineation of the
onset and distribution of strain around and pro-
gressing from a notch during plastic tensile loading
provided a logical base for applying a mathemati-
cal model previously developed (Dugdale-Mu-
schelishvili) which simulates the local stress-strain
environment observed in these tests. Current
work has shown a promising qualitative relation-
ship between experimental and calculated values.
Much more work will be needed to take into con-
sideration such effects as work hardening which
are neglected in the calculation but appear in the
experimental specimens. Because this approach
seems to offer a possible step toward correlating
the experimental and analytical approach to brittle
fracture design, the work is being continued by
progressively introducing environments less con-
ducive to plastic flow and associating the findings
of this work with the needs of safe structural
design.

Chemical and Physical Metallurgy

Although one of the earliest changes imple-
mented in the effort to prevent brittle fracture was
the adoption of new specifications for the steels to
be used, questions were raised:

(@) Could a similar or greater improvement be
accomplished at lower cost?

() How can the gains made be protected from
ercsion by lack of knowledge or by technological
changes in the industry?

Since “material”’ was clearly one of the key-
stones to satisfactory performance of a ship
structure, much effort was directed toward
answers to these and other problems.

Chemicul Composition. Throughout this work
it was hoped that an adequately tough semikilled
manganese steel could be developed that could
become commercially successful in shipbuilding.
Much work (8SC-91,-99) on laboratory-produced
heats was devoted to the variations in suitable
deoxidizing practice, manganese and carbon

4 Twenty Years of Research Under the Ship Structure Committee



oD fane

Fig. 2 Plasric zones revealed by etching the surface and midsection of notched coupons

contents, and testing methods. The critical im-
portance of manganese and the manganese-carbon
ratio as a means of developing the desired strength
level with good toughness was confirmed. One of
the principal conclusions of this extended study
was that further important gains in notch tough-
ness with no loss in strength would be realized by
raising the manganese by 0.20 percent and lower-
ing the carbon content to maintain strength level,
As a result of these studies, confirmed by other
work on larger size heats, the ABS specification for
Class B steels was modified in 1956 to require
higher manganese content.

Although this work showed that semikilled
steels of the new composition should be satisfac-
tory at least up to 1-in thick, it was questionable
whether these favorable properties could be main-
tained in thickness over 1 in, where killed steel was
still specified. This phase of the study (SSC-144)
culminated in testing of seven commercial semi-
killed steels rolled to 1 to 114 in thickness, The
results were inconclusive, so it was not possible
to establish the suitability of these experimental
steels as a substitute for ABS Class C killed steel.
Their adoption. therefore, could not be recom-
mended.

In 1962, a survey (SSC-142) was completed to
determine to what extent the changes in the steel
specifications made in 1948 and 1956 had affected
the average steel properties. Samples from 18!
steel plates of both grades were evaluated pri-
marily for their Charpy-V transition tempera-
ture, although some attempt was made to observe
grain size, composition, and thickness effects.
The principal conclusion was that, as a result of
the 1948 ABS Rules subsequently revised by 1956
modifications, the notch toughness of ship plate
was considerably better than that of wartime
steels. The temperatures for the 15 ft-lb energy
were below 10 deg F, a good margin for general
commercial service. The earlier recommenda-
tions, therefore, seem to have been well founded.

Mill Practice. One of the concerns of the pro-
gram has been to determine how consistent was
the notch toughness of cominercial ship steels and
how such properties were affected by mill practice
variables such as location in ingot or slab, finish-
ing temperature, cooling practice, and chemical
composition variation within specification. As a
start, extensive examination and testing was
conducted on large plate samples of 105 Grade B
and C steels from five steel mills. This study

Twenty Years of Research Under the Ship Structure Committee ]
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Fig. 3 Dependence of 15 {t/lb Charpy V-notch transi-
non temperature on rolling history

(85C-141) embraced information on manufactur-
ing and processing history, composition, heat
number, ingot location, tensile properties, Charpy
V-notch transition temperatures, nil-ductility
temperature, and metallography. The general re-
sult was confidence in the close control the manu-
facturers had on the important variables as related
to toughness. The only significant variations
within ingots occurred in the semikilled B steels;
heats of killed Grade C steel were relatively con-
sistent ingot to ingot. This may be a supple-
mentary appraisal of general greater acceptability
of Grade C steel over Grade B for more critical
applications and greater thickness.

There had been a general indication that
variations in mill practice, if properly controlled,
might be used to upgrade quality with minimum
cost and no change in specifications. This pos-
sibility sparked another program which con-
centrated on the rolling history of ship steel plates
as related to their toughmness. In essence, this
was a study of the applicability of controlled roll-
ing to ship plate. Work on two special heats con-
firmed the significant advantage of controlled
rolling in which a major amount of the final rolling
was at temperatures between 900 deg C (1650 deg
T) and 720 deg C (1330 deg F).

The many factors influenced by rolling practice
were extensively studied experimentally (SSC-168)
using commercial ship steels. Studies included
ferrite as well as pearlite grain sizes, inclusion
count and shape, tensile testing over the full
temperature ranges from room temperature to
—243 deg C (—400 deg F), Charpy V-notch test-
ing for 15 ft-1b energy level and 50 percent erystal-
line fracture appearance, and metallographic ex-
amination. Fig. 3 shows some of the relationships
developed in this study. The general results were
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confirmation and more specific definition of the
lineal lowering of transition temperature with
grain size reduction and the suggestion of various
modifications of rolling practice to accomplish
this. It is recognized, however, that some of the
modifications might he impractical from the roll-
ing mill standpoint. The work did clearly confirm
what had been suggested in prior projects: mall
rolling practice can be a major fuctor in determining
the toughmness of ship plate.

Thick Plates. Another facet of the ship steel
problem 1is determining the means of selecting
and specifying steels of heavy section (2 to 4 in
thick) for a suitable combination of strength,
weldahbility, and resistance to brittle fracture. A
program to provide guidelines in this area was
carried out at Lehigh University (S8C-175).

One of the principal questions to be answered
was how to measure the sensitivity of thick plates
to brittle fracture since there was generally a
metallurgical effect due to composition and micro-
structure variation as well as a geometric effect
(less notch toughness is normally associated with
increased thickness). Although several test
methods were reasonably suitable for this study,
it was recommended that the van der Veen test, a
notched slow bend test of full thickness plate for
testing over a range of temperatures, be used.
Fig, 4 presents some of the data on which this
recommendation was based. To check the suit-
ability of this test method for evaluating thick
plate, tests were made of 1-in, 2-in, and 4-in thick
plates of a commercial quenched-and-tempered,
carbon-manganese steel of Grade A 537. The
favorable properties of this steel in the various
thicknesses not only confirmed the value of the
test method for evaluating thick plates, but also
demonstrated that, at least, this grade of heat-
treated carbon-manganese steel in thicknesses of 2

6 Twenty Years of Research Under the Ship Structure Committee



to 4 in was equivalent to or better than ABS C
steel of 1-in thickness. This project, therefore,
had the fringe benefit of confirming the value of
heat-treated carbon steels as possible lower cost
substitutes for the high strength, low alloy steels
which are being actively considered and applied
to shipbwlding.

Present Authors’ Evaluation

It now seems possible to draw a conclusion that
was impossible within the scope of the individual
studies. By intent, each was limited to studying
the effects of certain factors on propensity to
brittle fracture. Indeed, under certain conditions,
each factor studied was, 1n itself, critical. It
should be noted. however, that, for the factor to
become critical, an element of environment in-
volved was, to some extent, exireme. That is, the
temperature was very low, the rate of loading was
of an impact nature, or the degree or type of
mechanical damage or flaw was abnormal.

It will be recalled that most ship fractures were
characterized by spontaneity of failure under
normal environment: i.e, no clearly defined ex-
ternal impact, no seriously abnormal microstruc-
ture, no excessively low temperature, or no un-
usual fabricating damage. Therefore, in view of
the many laboratory tests, it is an inescapable
conclusion that brittle fracture as experienced in
practice must involve more than one cause. Not
only, for instance, did the material have improper
microstructure and chemical composition for hest
performance, but it had been damaged by subse-
quent cold straining or aging, or was built into a
complex or incompatible geometry where minor
cracks and residual stress associated with some
types of welding became of critical significance.
Each of these effects is additive in reducing the
ability of the structure to absorb energy by yield-
ing and, hence, in increasing the probability of
brittle fracture. In this sense, the Ship Structure
Committee research on materials had been instru-
mental in solving the overall problem. The ef-
fects of individual factors have been isolated, so
that their parts could be clearly recognized and
studied separately or in combination as seemed
best.

Great strides have been taken. For ship steel,
chemical composition and microstructure are con-

trolled through specifications of ‘fine grain
practice,” carbon-manganese relationships, and
the like. Great improvement is recognized in

quenched and tempered treatments even for car-
bon steels. Welding procedures have been de-
veloped to minimize greatly weld underbead
cracking; fabricators handle the steels more
knowledgeably. Structures are designed to ease
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Fig. 5 Correlation of transition temperatare with
energy absorption and fracture appearance

the transfer or flow of stress by avoiding stress
concentrations and, thereby, potential develop-
ment of eritical cracks. Application of this bank
of knowledge and experience has wrought the
situation where no ship built within the last 13
years has developed major brittle fracture. Such
fractures as have occurred have been the result of
gross violation of recognized and approved design
or construction procedures.

Physical and Qualification Tests

Transition Temperature

An extensive testing program had been under-
way since 1944. This program included a variety
of different sizes of specimens ranging from stand-
ard Charpy V-notch and keyhole impact speci-
mens to full-scale hatch corner tests. Slow bend,
tear, and energy absorption tests were included.

Inter-Laboratory  Correlation. Pennsylvania
State College (now University) held the contract
to correlate the results of this entire ‘‘material”
research program. In a memorable interpretive
report (S3C-30), this mammoth undertaking was
attempted. In consideration of the reams of test
data accumulated for a wide variety of specimens
tested at vastly varying loadings in several

Twenty Years of Research Under the Ship Structure Committee 7



70000

Z/

- 60000 ““-;/———-_________‘
o " \H-'..____hh-_‘“_—i"‘————-—u\\*—-ﬁ.
lé‘ It {
[
b 50000
E
F
> 40000

L

8

12
ASPECT RATIO

20

Fig. 6 Variation of unit stress at maximum load with thickness and aspect ratio (100
percent shear failures)

-
Lo

y}\ 1oy

4'-‘"-._

UNIT STRESS - KSt
n
a

Tl S
&‘m_______‘
':Iyz" &?ﬁ-‘“ﬁ
50
: o-l_ 2 4 6 - 10 ia

WIDTH~INCHES

Fig. 7 Variation of unit stress at maximum load with
width and thickness (100 percent shear failures)

laboratories and the multitude of criteria for de-
termining the ductile-brittle transition of ship
steel, it is little short of miraculous that any
consistent correlation was obtained. Fig. 35,
typical of their findings, shows that essentially
complete agreement of transition temperature data
existed for both the large- and small-scale tests.
It will be noted that the two principal criteria for
determining the ductile-brittle transition as used
in Fig. 5 are energy absorption and fracture
appearance.

Geometrical ond Metallurgical Effects. An at-
temnpt was made to separate the geometrical
and metallurgical effects on transition tempera-
ture. To do this, a family of internally notched
specimens geometrically similar (same ‘‘aspect
ratio”’; i.e., ratio of width to thickness) was tested
(SSC-47). It was reasoned that differences arising
in geometrically similar specimens (same aspect

ratio) could be attributed to metallurgical causes
alone. Similarly it was reasoned that, for a given
thickness, chemical and metallurgical properties
would remain constant, so that any variation
could be attributed to geometry in the form of
aspect ratio (in the case at hand, width).

Fig. 6 shows the gradual decline in strength with
increasing width: for each thickness tested. This
effect was considered to be geometrical. By con-
trast, the differences in strength for different thick-
nesses at the same aspect ratio were considered to
be metallurgical.

In Fig. 7, replot of the foregoing data against
gross width instead of aspect ratio, the curves for
the four thicknesses are very nearly collinear. It
might be concluded that strength was affected
only by width and not at all by thickness. Fur-
ther study revealed that such a conclusion would
be erroneous. When plates geometrically similar
were compared at the same aspect ratio, the
thicker plate had a lower strength. But it was
both wider and thicker than the thinner plate.
When its width was decreased to match that of
the thinner plate, its strength was increased.
These opposing effects very nearly canceled each
other when the comparison was made at equal
width. A similar effect was noted for energy ab-
sorption in these tests.

Data regarding transition temperature are
shown in Fig, 8 It will be noted that thicker
plates had higher transition temperatures than
thinner plates regardless of whether width or
aspect ratio was considered constant. Although
there was a moderate rise of transition tempera-
ture with width, the rise in transition temperature
with thickness was so great that no width effect

8 Twenty Years of Research Under the Ship Structure Committee
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Fig. 9 Correspondence of drop-weight and explosion-bulge tests to shipboard
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could offset it. From this (35C-47), it was con-
cluded that the effect of thickness on transition
temperature was almost wholly metallurgical.
Correlation of Laboratory Tests with Ship Frac-
tures. Despite the correlation achieved (SSC-30),
additional testing was conducted at the Naval Re-

search Laboratory (SSC-77) for a similar purpose.
Two “crack-starter’’ tests were used:

1. Drop-Wewght Test to establish the tempera-
ture at which the steel loses its ability to develop
more than a minute amount of deformation in the
presence of a crack-like notch.

Twenty Years of Research Under the Ship Structure Committee 9
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2. Explosion Bulge Test to establish the tem-
perature range of transition from easy to difficult
propagation of fractures.

Fig. 9 shows the correspondence of the two tests
to shipboard conditions. Thus, the drop-weight
test cotresponded to the point of initiation of a
crack. The edge regions of the explosion bulge
test plates were supported by the die and, there-
fore, did not bulge (develop plastic deformation)
as did the central region. Thus, the edge regions
provided a critical evaluation for the fracture
resistance of plates that were elastically loaded.

Fig. 10 summarizes the correspondence of the
ship fracture test data from the National Bureau
of Standards and the crack-starter test data from
the Naval Research Laboratory. The NBS data
showed that the ‘“source” plates (samples of
plates at which ship fractures started) had Charpy
V-notch energy values at the fracture initiation
temperatures of 11.4 ft-Ib maximum and 7.4
ft-Ib average. By comparison, the NRL drop-
weight test data were in complete agreement that
the temperature corresponding to Charpy V-notch
energy of 10 ft-Ib was the critical temperature for
fracture initiation of ABS World War II steels.
Similarly, in the NRL explosion bulge test, steels
having a range of Charpy V-notch energies of 13
to 27 ft-Ib demonstrated “T” (““through’ or com-
plete failure) and “S” (“‘stop” or partial failure)
conditions in the edge regions, respectively. This
meant that, if a plate had an impact energy in

T0

excess of 27 ft-1b, propagation was prevented and,
if 1t had an impact energy of less than 13 ft-lb,
propagation was permitted. This was in excellent
agreement with the NBS finding that 19 ft-Ib was
the highest Charpy-V notch ecnergy for a
“through’ plate. Thus, the NRL crack-starter
tests correlated very well with service experience
and bolstered the NBS findings regarding the
significance of Charpy test data.

Fig. 11 summarizes the results of earlier wide
plate and tear tests on several of the project steels
with the NRL explosion bulge tests as related to
Charpy V-notch test data. It can be seen that
the explosion test fracture transitions generally
oceurred at a temperature range which overlapped
the range for the wide plate tests. On the con-
trary, the tear test temperature was generally
higher, and hence more conservative, than the
other transition temperatures.

Weldments. In addition to performing crack-
starter tests on ship fracture and project steels,
the Naval Research Laboratory (SSC-78) con-
ducted similar tests on ABS-B prime plate and
weldments. The relative fracture resistance of
prime and shot-peened plates was determined by
the drop-weight test. The performance of the
weldments was determined by the explosion bulge
test.

Fig, 12 shows the embrittling effect of shot
peening. Whereas prime ABS-B steel plate had
a nil-ductility transition temperature of 20 deg F,

Fwenty Years of Research Under the Ship Structure Committee
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shot peening raised this critical temperature to 40
deg F. This indicated the adverse effect of shot
peening on the properties of this specific material
with cousequent degradation of the resistance to
brittle fracture. A similar effect of peening the
last pass of an ABS-B steel weldment had pre-
viously been noted. Also shown in Fig, 12 is the
Charpy V-notch energy of 10 ft-1b corresponding
to the nil-ductility transition temperature of the
prime plate. This matched the relationship pre-
viously determined for ABS World War II steels.

Drop-weight tests of specimens cut from the
edge regions of the explosion bulge test specimens
and which had arc strikes applied indicated that
the critical temperature was 20 deg F. This
matched previous experience with National Bu-
rean of Standards tests with ship fracture plates
and coincided with actual service experience.
The sige of these defects was not un index of severity;
the acuity of the defects was.

Fig. 13 shows the relative performance of prime
ABS-B plate and full-penetration (double vee)
butt weldments made with E6010 (cellulosic
type) and G180 (low hydrogen) electrodes.
Note the extremely poor performance of one G180
weldment marked ‘‘arc strike.”” This is another
excellent example of the critical nature of minute,
accidental imperfections when present on steel

Twenty Years of Research Under the Ship Structure Commitice
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which is susceptible to brittle fracture at service
temperatures. The performance of this specimen
was in sharp contrast to the other G180 specimens
at the same temperature. The presence of such
accidental defects can vitiate completely the
benefits expected from high quality welds.
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Although the performance of the low hydrogen
and cellulosic electrodes appeared nearly the same
(with a slight edge for the low hydrogen), due
consideration must be taken of the fact that these
weldments were prepared under laboratory con-
ditions. Thus, weldments prepared under nearly
optimum conditions may be the same. Weldments
prepared in the field, where conditions are far

from optimum, will surely beuefit from the known
effectiveness of low hydrogen electrodes in mitigat-
ing fissuring and other crack-like defects.

Fabrication Effects

In addition to the “basic material’”’ investiga-
tions just described, a large, and seemingly un-
related, project with the general title “*Cracking of
Simple Structural Geometries” (SSC-79) was
conducted at Swarthmore College. The overall
objective was to obtain a better understanding of
the effect on the fracture of steel plates of geo-
metrical conditions introduced by fabrication
procedures. Edge notching, plate edge prepara-
tion, and types of fasteners other than welding
were among the diverse factors investigated.

Edge Notching. The effect of edge notching
was studied from three different aspects: maxi-
mum load sustained, emergy absorption, and
transition temperature. The maximum load sus-
tained increased with lessening of initial
notch acuity for centrally located edge notches
and reached a maximum for the semicircular
shape. Similarly, there was slight improvement
in maximum load-carrying capacity when one-half
the reentrant profiles were separated from each
other (reduced width specimens). Energy absorp-
tion generally matched maximum load-carrying
capability except that notch separation had a
more pronounced effect. In contrast, the transi-
tion temperatures were essentially the same for all
specimens except those with semicircular notches
which were about 20 deg F lower (about the same
as for an unnotched specimen).

It was concluded (SSC-79) that:

(a) The acuity of the visible crack controlled
the action of the specimen rather than the initial
notch geometry.
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Fig. 14 Relative low temperature performance of various edge preparations
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(b)) The improved performance of the sepa-
rated notches is attributable to the formation of
two plastic zones.

(c) The superior performance of the semicircu-
lar geometry is attributable to the /arger plastic
zomne. :

(d) Any notching is deleterious, but curved
veometries are vastly superior to sharp ones. -

FKdge Prepuration. Methods studied included
machine planing, shearing, hand burning, machine
burning, and machine burning followed by light
grinding. Because edge preparation may intro-

duce heat effects or cold working and edge notches
may accompany either, machine planing was used
as the standard for comparison since this opera-
tion minimizes the edge effects. At room tem-
perature, the method of edge preparation was
found to be of little significance. At low tem-
perature, however, the relative performance is
shown in Fig. 14. In addition to deliberate edge
preparation, the effects of inadvertent edge de-
fects—urc strikes—were also studied. The rela-
tive low temperature performance of uncorrected
and repaired arc strikes is shown in Fig, 13.

The effect of edge preparation is, of course,
manifest only when the plate edge is exposed such
as for sheer strakes, fashion plates, and flanges of
built-up members. But here the message is clear:
The exposed edge should be as smooth as possible
and free [rom arc strikes.

Fustening Methods. Types of fastening other
than welding involve operations that can be ex-
pected to have some effect on the structural ability
of the base material. These types of fastening
may involve combinations of drilling, punching,
and reaming, followed by riveting. In addition,
there are patented processes involving automatic
welding and explosive driving of studs. Fig. 16
showsy the comparative performance of these fas-
tening methods at low temperatures. The del-
eterious effects of cold working associated with
punching were not offset by either reaming or
riveting. The cold working effects of the ex-
plosive driving of studs (‘“Ramset’’) were similar.
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Cruck drrestors. The extensive research on the
brittle fracture problem had demonstrated that
proper consideration for materials, geometry, and
fabrication techniques could reduce the probability
of brittle fracture. Nevertheless, a complete and
thorough understanding of fracture mechanics
had not yet become available, so welded ships
still included riveted crack arrestors in areas
where advancing brittle fractures were to bhe
stopped. Although these riveted crack arrestors
had proven to be effective in preventing cata-
strophic failures, their elimination was deemed
desirable to:

() Eliminate need for drillers, riveters, and
caulkers.

(b)  Simplify construction.

(¢) Sunplify maintenance.

Hence, the concept of arresting a brittle fracture
with a strake of notch-tough steel welded between
strakes of standard ship steel was conceived.

An experimental investigation of this concept
was undertaken by the University of Illinots.
The program also included typical riveted crack
arrestors for comparison. In addition, the effec-
tiveness as an arrestor of an E12015 butt weld
alone was studied. Large specimens (34 in thick
by 6 ft wide by 1R it long) were tested at tem-
peratures ranging from —54 deg F to -+8 deg F at
stresses ranging from 25,000 to 33,000 psi (SSC-
122). These specimens had strakes of a notch-
tough quenched and tempered steel of 4, 12, 24,
and 36 in wide. Cracks were initiated by driving
a wedge into a prepared notch at the edge of the
plate. Means for measuring crack speed were
included. A similar series of specimens (34 in
thick by 6 ft wide and varying in length from & to
19 ft) incorporating strakes of ABS-C steel (6, 18,
and 60 in wide) was tested at loads ranging from
18,000 to 32,000 psi and at temperatures ranging
from —22 deg F to +39 deg F.

The riveted crack arrestors perfcrmed satisfac-
torily in the laboratory. The presence of the
abrupt discontinuity—the slot between the plates
covered by the riveted straps—apparently ac-
counted for this performance. Interesting too was
the fact that rivet holes did not seem to attract
propagating brittle cracks.

The findings with regard to welded “crack ar-
restors’” were generally most encouraging:

1 ABS-C steel either entirely accepted or com-
pletely rejected brittle cracks (which had propa-
gated 12 in) depending on temperature. Applied
load had little effect on arresting ability. Regard-
less of width of strake, the transition from com-
plete fracture to complete arrest occurred between
+10 and 435 deg F which, by comparison with

drop-weight and explosion-bulge tests, matched
the fracture transition clastic (FTE) range.

2 Although an E12015 butt weld alone did not
arrest a brittle crack, when used at the joint of
the notch-tough quenched and tempered steel to
the starter material, it did slow down the speed
of crack propagation.

3 The fracture surface of cracks propagating
into or through the tough steel was always on a
15-deg plane indicating a shear-type failure.

14 A strake of tough steel only 4 in wide com-
pletely rejected cracks that had propagated as
much as 24 in except at —5+4 deg F where the crack
penetrated less than one inch.

5  When cracks propagated 36 in or more, the
resulting eccentric load (in these tests) created
severe bending and corresponding buckling at the
far edge sufficient to extend the crack. The ability
of the remaining section to absorb high straih
depended on the width and strength of the tough
steel available.

An interesting fringe benefit of the crack ar-
restor program was the determination of the in-
stantaneous strain pattern experienced during the
propagation of a crack. The significant finding of
this aspect of the study was that, during the first
millisecond of propagation, there was generally
little or no chunge in the static struin level in the 1n-
critcked portion of the plate outside the imniediate
vicinity of the crack tip. Although the experi-
mentally determined crack velocity was about
3500 ft/sec giving a crack length of about 31y ft
(over one-half the plate width) in the first milli-
second, the strains measured in the intact portion
of the plate did not reflect the reduction in net
section during crack propagation. After the crack
had been arrested, however, equilibrium bhetween
load and strain was reestablished.

Fracture Propagation

At the same time that the welded crack arrestor
program was being executed, the University of
Illinois was also engaged in a more fundamental
study of the propagation of brittle fracture
(SSC-131). The emphasis of this investigation
was on the determination of the strain field sur-
rounding a propagating brittle fracture. Fracture
speed was also measured.

The specimens tested were of essentially the
same overall size as those used in the welded
crack arrestor investigation. The same ‘“‘notch-
wedge-impact”’ method of initiating the crack
was used. Instrumentation was essentially of the
same type as used in the companion project, but
was more extensive to determine the strain dis-
tributions.
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Fig. 18 Typical principal strain distribution around well-developed advancing crack

Tests were made on 6 ft wide plates. One series
was externally loaded in tension to an average
stress of from 15,000 to 20,000 psi with the tem-
perature maintained at about 0 deg F. Surface
strains as high as 3600 microin/in were measured,
but with negligible perrnanent set remaining after
fracture (i.e., essentially elastic response). Al-
though fracture speeds ranged from 1800 to 7550

Twenty Years of Research Under the Ship Structure Committee

ft/sec, about 34 of the measured speeds fell in the
narrower range of 2100 to 3900 ft/sec.

Strain Distribution. Fig. 17 is a typical strain-
time history of a strain rosette close to the
propagating cracks. Both the vertical and di-
agonal traces were characterized by a slight de-
crease in strain followed by a steady increase, and
then a rapid rise to a peak value as the fracture

15
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Fig. 19 Geometry of specimen with long crack show-
ing moiré grid

propagated past the gage. The peak was fol-
lowed by a rapid decrease in strain to a level
associated with load removal. The horizontal
gage (parallel to the crack path) first showed a
relaxation of compressive strain, then a compres-
sive pulse corresponding to the tension peak of the
vertical gage, and, finally, the relaxation of com-
pression to the level associated with load removal.
Note in Fig. 17 that time histories of maximum
and minimum principal strains closely resembled
those for vertical and horizontal strains, respec-
tively.

As the crack length increased, the magnitude
and extent of the strain field associated with the
crack tip also increased. For crack lengths in
excess of 22 in, the magnitude of the strain field
around the crack tip was essentially unchanged,
whereas the extent of the strain field increased
only slightly with increasing crack length. A set
of typical maximum principal strain contours for
a crack length of 22 to 50 in is shown in Fig. 18.

Britile Fracture at Low Stress in Medium Steels.
Brittle fractures at low stress emphasize the fact
that the cause for stuch behavior lies in the in-
ability of the steel to sustain overall strains. Two
possible reasons for this lack of ductility are the
state of stress and strain, and plastic straining
prior to or during loading. To acquire knowledge
of the effect on the plastic strain distribution on
the behavior of centrally notched plates, experi-

lem 2
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Fig. 21 Strain contours around short crack
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Fig. 22 Typical residnal strain distribution (Test 46)

mental studies were carried out with the aid of the
moiré grid technique [2]. This techmique per-
mitted observing plastic strains on a very small
gage length: grid spacing of 0.0006 in. The grid
spacing selected was not sufficiently sensitive to
detect strains of elastic magnitude, but was ade-
quate to detect large plastic strains. The study
was carried out with flat plates containing a round
central hole extended by two saw cuts and two
fatigue cracks (8SC-158). As far as the strain at
the tip of the crack is concerned, such a slit is
equivalent to a single fatigue crack having the
same total length. Two plates were tested: one
with a crack length of 7 percent of plate width;
the other with a crack length of 53 percent, Fig.
19.

From the moiré pattern, the permanent defor-
mations sustained in the vicinity of the crack were
directly measured, and are plotted as contours in
Figs. 20 and 21 for the two cases investigated.
The fan shape of the contour lines show that the
highest strains are located in two narrow regions
extending from the crack tip at an angle of about
45 deg to the axis of symmetry confirming thus
that the principal deformation occurs mainly by
shear.

The moiré technique for plastic strain measure-
ment revealed that fairly large strains, up to 20
percent, were found locally at the crack tip while
the specimen was elongated on the order of 0.003
in overall. Any fracture occurring under this
condition would still be classified ‘‘brittle’’ de-

spite the very large plastic flow at the crack tip.’
One significant finding emerging from this study
was the influence of crack length on the plastic
strain concentration for the same average stress.
Since the moiré fan was much larger for the short
crack (Fig. 21), a larger overall extension of the
plate was indicated to be required to bring it to
full yield than for the long crack. The plastic
strain distribution, therefore, seemed to be
governed by the absolute value of the uncracked
portion of the plate, rather than by the length of
the crack or the ratio of the crack to the net sec-
tion. From this study, it was concluded that, to
develop the full yield strength of the plate, the
plasticity required at the crack tip is proportional
to the uncracked width.

Effect of Residual Stress. A typical residual
stress distribution in the vertical direction across
the notch line of a 6 ft wide test plate is shown in
Fig. 22. Fig. 23 shows the fracture speeds for this
prestrained specimen and for a monprestrained
specimen with an externally applied tension of
19,000 psi. Note that the fracture speed in the
initiation region of the prestrained specimen was
the same as for the nonprestrained specimen, 3000
to 4000 ft/sec. Note also that, in the region of
residual compressive stress, the fracture speed
dropped to as low as 50 to 100 ft/sec. This indi-
cated that residual compressive stress, if large
enough and of sufficient extent, can arrest a propa-
gating crack. Indeed, in three of the five speci-
mens tested, the propagating crack was arrested

Twenty Years of Research Under the Ship Structure Committee 17
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Fig. 23 Typical fracture speeds (Tests 37 and 46)

in the region of compressive stress and, in the
other two, the crack was almost arrested.

Fatigue. In addition to the propagation of
brittle fracture, the University of Illinois (SSC-
143) has studied crack propagation in low-cycle
fatigue. Based on constant-stress (push-pull)
tests of 34-in thick specimens 5 and 7 in
wide, DeForest’s theory that fatigue life may be
divided into three stages, as shown in Fig. 24, was
confirmed.

1 Crack growth in the initial stage was shown
1o be proportional to crack length so long as it did
not exceed one-eighth of the specimen width.

2 In the linear stage, crack growth was con-
stant and was dependent only on material, ap-
plied stress, and geometry.

3 In the final stage as the crack nears the edge
of the specimen, edge effects and eccentricity of
load dominated.

Nondestructive Testing of Welds in
Ship Structures

While broad attention has been given to ma-
terials and design, the critical importance of in-
spection to a quality assurance program has not
been forgotten. Memories of the close and direct
association of weld flaws and other construction
and fabrication faults with many of the early
failures underscored the need to assure the
availability and applicability of suitable non-
destructive testing for these structures.

To provide a more factual base on which to
judge the potential harm of weld defects, several
investigations (8SC-86, -105, -107) were sup-
ported to evaluate weld flaws as initiating points
for brittle fracture. These were essentially ex-
perimental programs studying the effect of pur-
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Fig. 24 Stages of fatigue crack growth

posely produced typical weld flaws in various
stress environments such as large flat plates under
static or dynamie loading and under bi- and tri-
axial stress. The principal finding of all these
projects, however, was that the significance of
flaw size was closely associated with the state of
stress that existed in the area in question. Thus,
in area of relatively low stress with a minimum of
biaxiality, relatively large flaws may not be harm-
ful, but some structures are difficult to design
without at least some triaxiality, a condition
wherein a small defect may be dangerous. It was,
therefore, necessary to have suitable means of
identifying the quality of welds for their accept-
ability in critical locations on a ship.

To fill this need, feasibility studies of several
inspection techniques, back-scattered radiation
for x-ray inspection (SSC-132), the use of radio-
isotopes (8SSC-110), and, currently, ultrasonic
testing have been supported. From the isotope
study has come Manual of Isotope Radiography
(88C-121) which outlined the techniques, suitabil-
ity of sources, and safety precautions for isotope
radiography as applied to ship structures. Ap-
parently, the manual served a real need as it re-
ceived wide publicity. It was followed by a re-
port (SSC-132) presenting specific test results with
several then-available radioactive isotopes. The
ultrasonic studies are currently aimed at develop-
ing a method of recording the oscilloscope indica-
tions of flaws and correlating them with input
concerning the test conditions and judgment of
operator. This is a first step in automating the
process.

The most significant step in nondestructive
testing has been the compilation of Guide for
Interpretation of Non-Destructive Tests of Welds in
Ship Hull Structures (SSC-177). This guide
shows, by means of radiographs for all recognized
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classes of defects, the size and distribution that
may be acceptable in ship hulls. 1t has been dis-
tributed broadly within the shipbuilding industry
for comments and criticism with the hope of
eventual acceptance. Since uniform inspection
procedures and standards of acceptance do not
now exist for commercial ships, acceptance and
implementation of the guide (or one similar)
should lead to improved fabrication.

Stress Distribution

One of the governing elements related to the
strength of ship structure is the stress for which
the structure is being designed. The SSC early
recognized that there may be some significant dif-
ferences between the stress calculated {rom
theory, and the actual stress experienced by the
hull structure. Accordingly, it sponsored a series
of experimental investigations in several im-
portant fields such as the reinforcement of open-
ings in structural members, the interaction of the
deck house with the main hull, and the effects
of thermal stresses. The two factors that were
prevalent in these studies were geometrical dis-
continuities and temperature. The underlying
reasons were that geometrical discontinuities, in
disturbing the stress pattern, locally augment the
stress intensity and make the structure prone to
early cracks. At low temperatures, cracks could
propagate into a catastrophic brittle fracture be-
cause of the embrittling effects on the steel.

Welded Reinforcements of Openings in
Struetural Members

At the outset, several perplexing questions were
raised :

(2) Should every opening be reinforced? Can-
not some be left alone?

(b) What is the best geometrical shape? How
nearly square may the corners be?

(¢) If reinforced, which is best:
sert plate, or face bar?

doubler, in-

(@) How should performance be evaluated:
Table 1
Ult. ave.
stress, Percent
Spec. no ksi reinf,
2 65.16 0
5 67.8 40
6 64.2 17
11 61.67 102
12 62.0 50
17 64.39 39
18 66.3 50
1 65.39 S
23 64.78
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reinforced openings

ultimate single load or some function of energy
absorption to failure?

(e) Which is of greater concern: elastic stress
concentration or plastic strain concentration?

(f) Should not fatigie resistance be considered ?
In view of these questions, the problem of rein-
forcing an opening is extremely complex.

A test program (SSC-75) included plates 36 and

Circular Openings

Energy abs,
to failure, Max. elastic
Type of reinf. in-kips stress cone.
None 1164 3.0
Face bar 1420 4.19
Face bar 910 3.51
Doubler 1569 4.15
Doubler 983 2.44
Insert plate 1361 2.23
Insert plate 1400 1.78
Plain plate 5276 -
Plain plate 68779
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48 in wide, each of two plate thicknesses, 14 and
14 in. The geometry of the 36-in wide specimen
is shown in Fig. 25; details of the several openings
and reinforcements are summarized in Fig. 26,
Comprehensive strain gaging was employed to
explore the pattern of the strain distribution both
in the body of the plate and in the immediate re-
gion of the opening. In addition to elastic stress
and plastic strain distributions, the tests provided
also the total energy absorption to failure.
Circular Openings. The most significant ex-
perimental data for the circular opening specimens
tested at room temperature are summarized in
Table 1. Elastic stress distribution for one
geometry is shown in Fig, 27. From Table I, it
may be seen that, regardless of whether or not the
opening is reinforced and irrespective of the type
and percentage of reinforcement used (ratio of
area of reinforcing material to area of cutout), the
average net stress at fatlure remains essentially con-
stant, close to the ultimate strength of the ma-
terial. This strength was achieved in spite of the
variation of maximum elastic stress concentration

Q
[
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Fig. 28 Typical elastic stress diswribution for reinforced
square opening with sharp corners

from 1.78 to +.19. One possible clue as to relative
superiority of one structural detail over another
may rest with the energy absorbed at failure.
But, as seen in Table 1, even this parameter did
not consistently define the structural behavior.
Specimen No. 3 with a relatively high elastic
stress concentration of 4.19 developed the same
energy absorption as Specimen No. 18 with the
much lower concentration factor of 1.78. Though
ultimate material strength was achieved in every
case, the maximum energy absorbed (1569 in-kips)
was about one fourth that developed by the unper-
forated plates (5276 to 6779 in-kips).

Sguare Qpenings with Sharp Corners. The test
results (SSC-39) at room temperature for the
plates containing a square opening with sharp
corners are sumimarized in Table 2 for the various
types of reinforcements used. Elastic stress dis-
tribution for one geometry is shown in Fig. 28.
In this group, the maximum elastic stress con-
centration factor measured was 4.24, for a speci-
men which had an insert plate type reinforcement.
Two significant points emerge from the data of
Table 2. First, a square opening with sharp

Table 2 Square Openings with Sharp Corners

Ult. ave.
stress, Percent
Spec. no. ksi reinf.
3 52.9 0
7 52.07 10
8 54.95 16
13 50.17 104
14 51.6 a1
19 17.69 33
30 85b.54 39

Twenty Years of Research Under the Ship Structure Commiitee

Energy abs.
to failure, Max. elastic
Type of reinf. in-kips stress couc,
None 538 3.06
Face bar 750 2.32
Face bar 780 +.10
Doubler 728 1.49
Doubler 621 3.88
Insert plate 548 3.56
Insert plate 836 4 24
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Fig. 290 Typical elastic stress distribution for reinforced
square opening with rounded corners

corners, whether reinforced or mnot, is not so ef-
ficient as a circular opening as evidenced by the
lower average ultimate stress. The second point
is that energy absorption, an index of the ability
of the geometry to accept large plastic flow, also
suffered irrespective of the intensity of the elastic
stress concentration present in the geometry.
For example, a comparison of Specimens Nos. 11
and 13 (Tables 1 and 2) reveals that both speci-
mens were reinforced about 100 percent by
doublers, yet Specimen No. 11 (circular opening)

4 68

. S S . T
0.96 Ll == -

— SPEC. 52 -46°F
— — SPEC 51 74°F

Fig. 30 Typical elastic stress distributions for re-
inforced opening at normal and low temperatures

carried more load and absorbed far more energy
than Specimen No. 13 (square opening) in spite
of a larger elastic stress concentration, 4.15 as
compared to 1.49.

Square Opening with Rounded Corners. The
test results (SSC-39) at room temperature for the
plates containing a square opening with rounded
corners are summarized in Table 3. Elastic stress
distribution for one geometry is reproduced in
Fig. 29. In this group, a maximum elastic stress
concentration of 4.90 was measured in Specimen
No. 10 which was reinforced (40 percent) by face

Table 3 Square Openings with Rounded Corners

Ult. ave. Energy abs.
stress, Percent to failure, Max. elastic
Spec. no. ksi reinf, Type of reinf. in-kips Stress comne.
1 62.35 0 None 399 1.64
9 59.15 10 Face bar 1063 4.90
10 65.54 16 Face bar 1504 144
15 58.06 103 Doubler 1099 3.70
16 61.90 52 Doubler 1154 4 32
21 57.94 62 Insert plate 1484 3.29
22 56.84 39 Insert plate 974 4.55
Table 4 Square Openings with Rounded Corners
Energy Max. Type
Test Ult. ave. abs. to elastic  fracture
temp, stress, Percent Type of failure, stress  (percent
Spec. no. deg F ksi reinf. reinf. in-kips conc, cleavage)
49 70 59.0 33 Face bar 4710 2.52 0
50 —20 66.8 33 Face bar 5610 2.80 99
51 74 57.7 96 Doubler 3360 4.68 0
52 —46 60.8 96 Doubler 4187 2.99 100
55 70 a7.7 66 Insert plate 4660 3.60 57
55A 69 58.3 67 Insert plate 4328 4.06 0
56 —46 61.5 66 Insert plate 3220 5.26 100
70 76 59.7 39 Insert plate 3699 2.15 1
71 —46 ah.0 39 Insert plate 2084 1.85 100

22
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Table 5 Unreinforced Openings
Energy Coucentration Tvpe
Test Ult. ave. absorption fracture
Spec. termnp, stress, Type of to failure, Elastic Plastic  (percent
no. deg F ksi geometry in-kips stress strain  cleavage)
38 —20 67.7 Square with 2778 3.09 1.81 91
rounded
corners
69 76 62.5 Circle 2533 3.23 1.80 0
a5 76 52.6 Square 1597 4.75 1.90 0
96 — 16 48.0 Square 186 3.85 1.50 100

bar. Some specimens in this group developed the
ultimate strength of the material even though
they had elastic stress concentrations in excess of
four. From Table 3, it may be seen that energy
absorption of this particular geometry falls be-
tween the circular opening and the square with
sharp corners.

From this group of specimens which were tested
at room temperature the following conclusions
were reached:

1 All plates failed with a completely ductile
fracture; the type and size of reinforcement did
not seem to affect this behavior.

2 All three types of openings decreased
markedly the energy absorption, much more than
their ultimate strength.

3 Variations in elastic stress concentration did
not appear to play a dominant role in the ultimate
strength nor in the energy absorption.

Temperature Effects. A selected geometry was

Twenty Years of Research Under the Ship Structure Committee

retested in 14 in thick by 96 in wide plates. These
tests were made at both room and lower tempera-
tures. The shape selected was a 9-in square with
11g-in corner radii. The data (S5C-55) from
this group are summarized in Table 4. A typical
elastic stress distribution for ome of the tested
geometries is reproduced in Fig. 30. This figure
shows that the stress distribution is not sig-
nificantly affected at the testing temperature.
There were, however, significant changes in the
gradient.

Energy absorption decreased with lower test
temperature, as expected. However, some para-
doxes were noted. For example, Specimen No. 50
which failed with a 99 percent brittle fracture de-
veloped more energy than Specimen No. 49 which
failed in shear. As with other specimens, these
tests showed that the energy absorption to failure
appeared to be independent of the elastic stress
concentration present in the particular specimen.

23



Fig. 32 Contours of equal plastic strain around unreinforced openings

The tests, however, indicated that the best rein-
forcement for any opening when tested at tem-
peratures well below the steel transition tempera-
ture is that one which concentrates the reinforcing
material fairly close to the edges of the opening,
In this position the reinforcement appears to do the
most good! :

Elastic Stress Concentration vs. Plastic Strain
Concentration. Additional tests with plates 14 in
thick by 36 in wide were carried out (88SC-56) to
determine more specifically the concentration
factors both in the elastic and plastic range.
These specimens contained the three basic
geometries studied but, for simplicity of instru-
mentation, had no reinforcements. Concentra-
tion factors are tabulated in Table 5; typical
elastic and plastic strain distributions for one of
the geometries tested is reproduced in Fig. 31;
and iso-strain contours are shown in Fig. 32.
The most significant findings from these tests
were:

(¢) The concentration diminished from its
maximum elastic value as the applied load brought
about plastic behavior.

() At the ultimate load, the concentration
approached a constant minimum value and lost
its steep gradient.

From Table 5, it is seen that the energy ab-
sorbed is dominated by the shape of the opening
and is almost independent of the elastic stress
concentration factor. The square opening with
rounded corners developed almost six times the
energy of the square opening with sharp coruers,
even though both failed with an almost completely
brittle fracture.

The experimentally determined maximum elas-
tic stress concentration for the unreinforced square
opening with rounded corners, compared very
well with the theoretical value obtained by Beskin
[3]. The plastic strain concentrations, however,
are not amenable to theoretical predictions as yet.
The tests showed that the plastic strain gradients
were steeper in the specimens that failed with a
predominantly cleavage fracture than in identical
specimens that failed with a shear fracture.

General Conclusions. From these extensive ex-
periments the following general conclusions were
reached:

1 Cleavage fracture in itself should not be the
sole criterion of failure, FEnergy absorption,
whether failure is by cleavage or shear, is the
decisive factor. )

2 The shape of the opening is more 1mportant
than the amount or type of reinforcement.

3 A corner radius of 1§ the width of the open-
ing is sufficient to develop the required static
strength.

4 Adequately reinforced openings restore the
ultimate strength of the structural member
loaded in tension, but, at best, can develop only
about 25 to 30 percent of the energy absorbing
capacity of the unperforated plate.

5 The cross-sectional area of reinforcement for
an opening is most effective when it is concen-
trated near the opening. Optimum reinforcement
of the face bar type is about 35 to 40 percent of
the area of the opening whereas, for the insert
type, 30 to 60 percent of the area is required and,
for the doubler type, almost full area compensa-
tion is needed.
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6 Elastic stress concentrations, per se, do not
have a too strong effect on the behavior of plates
with openings loaded in tension. It is the shape
of the opening and the subsequent distribution of
plastic strain (steep versus moderate gradients)
that has an important influence on both ultimate
strength and energy absorption.

Though no fatigue tests were made on these
geometries, it is suspected that fatigue would alter
some of these conclusions.

Cracking of Simple Structural Geometries

Experience with ship fractures indicated that
over one-half of the fracture origins were in the im-
mediate vicinity of welded structural discontinuities.
These were found, for example, at hatch corners,
the endings of bilge keels, interrupted tanker
longitudinals, and the junction of the fashion
plate with the sheer strake. A series of tests
(SSC-57) simulating some of these geometries was
carried out on simplified specimens. The aim was
to evaluate the efficiency of these structural de-
tails in terms of their ultimate strength and energy
absorption. From the limited strain data taken
from a specific geometry representing a longitudi-
nal attached to the shell plating, it was possible
to determine how the applied load is distributed
between the two structural members.

One general conclusion arising from these tests
was that the geometric notch effect of the abrupt
termination of a longitudinal, for example, can
lead to a relatively early failure partially because
of the direction of the principal stress at the
terminal point. The study indicated that the
direction of the maximiun principal stress, which,
for square ends, was nearly perpendicular to the
prineipal load-carrying member, could be brought
nearly parallel to this main member by a curved
end. The latter geometry was found to develop
the highest energy absorption.

Hull-Deck House Inferaction

The full-scale structural tests on SS Fresident
Wilson [4] clearly showed a nonlinear longitudinal
stress distribution across the midship section,
indicating thereby departures from simple beam
theory. It was considered important to deter-
mine, by model studies, the factors that con-
tributed to this nonlinear behavior. Accordingly,
tests (SSC-67) were carried out on a 20-ft simpli-
fied structural model with several deck house
configurations. The most significant result from
this study is graphically presented in Fig. 33 which
shows a stress distribution pattern very similar
to that observed on SS President Wilson.

The behavior of the different types of deck
houses tested, representing variations in stiffness
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Fig. 33 Distribution of longitudinal stress of hull-

deckhouse model

and length, proved most interesting, but their
stress distribution patterns could not be predicted
theoretically because of difficulty in defining the
“foundation stiffness” of the main deck supporting
the house. This parameter, which still remains
elusive today, generally depends on the stifiness
properties of the main deck framing system, the
number and stiffmess of the transverse bulkheads
below the deck, and any other bulkhead system
contained within the house proper.

With the extensively instrumented models, it
was possible to study how the longitudinal hull
girder stresses build up into the house side.
Relatively high vertical stresses were measured
at the house ends. This qualitatively confirmed
why ships have experienced cracking in this re-
gion.

Thermal Stresses in Ships

The brittle fractures experienced in ships during
World War Il appeared to have one comrmon
denominator—/low temperature. The record indi-
cated that the incidence of fractures increased
with decreasing air temperature. While it was
generally known that low temperature predisposed
the material to brittle fracture, what was not
appreciated then was that a thermal stress, even
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if existing alone, could, under some -circum-
stances, act as the “‘straw capable of breaking the
camel’s back.” The effect of thermal stresses on
the behavior of ship structure was, therefore,
examined in depth.

This study (SSC-95) focused attention on the
principle that governs how thermal stresses de-
velop. The action is rather simple. In summer,
when the exposed structure is heated by the sun,
it tends to expand; but, since it is restrained from
free expansion by the cooler structure below water,

versely, in winter, when the upper structure is ex-
posed to near zero temperatures, the warmer
structure below water, restrains the upper struc-
ture from contracting. The net result is that the
upper structure is subjected to a tensile thermal
stress.

Experience with T-2 tankers, for which many
brittle fractures originated in the bottom struc-
ture, was also consistent with the thermal stress
principle. Most fractures initiated after the oil
in the center tanks had been heated preparatory
to discharge. Since the temperature of the wing
tanks was lower than that in the center tanks,
tensile thermal stresses were induced in the shell
in the region of the bilges. It was at this location
that most fractures occurred in tankers.

Diurnal observations, made on LST 1075, are
shown in Fig. 34 (SSC-95). It can be seen that a
maximum thermal compressive stress of 11,300
psi was observed on the starboard main deck for a
deck temperature rise of 51 deg F. Such a stress
1s not insignificant. It could contribute to prema-
ture plate buckling!

The principal recommendations from the survey
(53C-95) led to two additional studies. One was
carried out on 35 Boulder Viciory under partial
sponsorship of SNAME [5]; the other was made
in the laboratory with a 10-ft structural model
(S8C-152). The main objective of the test pro-
gram on Boulder Victory was to provide a reliable
number of plate temperatures and corresponding
thermal stress distributions over a complete

a compressive thermal stress develops. Con- transverse section under diurnal temperatiure
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Fig. 35 Comparison of measured and calculated thermal stresses on $$ Bozlder Victory
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Fig. 36 Comparison of measured and calculated ther-
mal stresses for symmetrical temperature distribution

variations. The ship was, exclusively for these
tests, taken from the reserve fleet. The tests were
carried out in the San Francisco Bay area over
several months. The test results showed very
good agreement between the measured thermal
stresses and those computed by the method of
Jasper [6] from temperature measurements. A
typical thermal stress distribution is shown in Fig.
35. The shape is very similar to that obtained
from LST 1075. Moreover, for the temperature
differential considered here, the compressive stress
in the deck reached a maximum of 6000 psi and
was very nearly uniformly distributed. Although
no ship measurements have been made where the
measured deck thermal stress was tensile, the
possibility of its existence in winter must not be
discounted.

The laboratory study on a 10-ft floating struc-
tural model (88C-152) was undertaken to permit
the simultaneous observation of thermal stresses
at several transverse sections, and, thus, be able
to check more rigorously the simplified beam
theory by Jasper in predicting the structural be-
havior of a hull girder to thermal effects.

Floating the model in the test tank served two
functions:

1 The water provided a realistic support for
the ship model.

2 It provided an adequate heat sink which was
necessary to maintain the required thermal
gradients in the structural model.

The test procedure was simple: heated air was
ducted to a hood over the model and distributed
by baffles while the water was maintained at a
constant level and at a constant temperature by a
regulated flow of cold water into the tank.

A typical test result is reproduced in Fig. 36 for
the case of symmetrical temperature distribution.
Several aspects of this figure are interesting.
First, a uniform temperature rise in the deck
plating of about 100 deg F induced very small
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Fig. 37 Comparison of measured and calculated ther-
mal siresses for asymmetrical temperature distribution

thermal stresses across the deck. As expected,
these were compressive. In the side shell, how-
ever, a tensile stress of about 000 psi was de-
veloped near the waterline where an abrupt non-
linear temperature gradient existed. The calcu-
lated and experimental thermal stresses are in
good agreement both in magnitude and distribu-
tion. This agreement is more markedly portrayed
in Fig. 37 for the case of the asymmeiricul tem-
perature distribution. TIn this case, moderate
tensile stresses of 3000 psi were developed in the
port sheer strake whereas in the starboard side
shell near the water line the stress level was about
4000 psi. One significant conclusion from this
study was that regions of high thermal stresses wnll
always occur at points where the temperature dis-
tribution becomes nonlinear.

Moderately high thermal stresses in ships
normally will occur near the water line, Prac-
tically, however, this is not too important because
the longitudinal stresses there are minimum.
Critical areas may occur, however, at shadow
boundaries on the deck and sides. At these places,
the thermal stress, if tensile, can become a sig-
nificant factor since it would be additive to exist-
ing hull girder bending stress. The important
conclusion from this study is the reconfirmation of
a thermal stress theory which checks controlled
experiments reasonably well even for the three-
dimensional case.

Data from Ships in Service

A knowledge of the hull structural response at
sea is necessary to the understanding of the forces
that the structure experiences in service. To this
end, the SSC has sponsored a ships-at-sea project
to obtain long-term statistical data on wave-
induced bending moments and, more recently, on
the slamming loads sustained by dry cargo ship
types. The immediate objective of the project
was to obtain statistical records of the vertical
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Fig. 38 ‘Typical stress histogram and Rayleigh distri-
bution

longitudinal bending moment (stresses) experi-
enced by dry cargo ships operating on different
trade routes with emphasis placed on recording
extreme values. The Jong-range objectives were
to provide information for the direct use of ship
designers and to evaluate statistical methods for
predicting bending moments.

The first two ships selected for instrumentation
were S8 Hoosier State (November, 1960) and 33
Wolverine State (December, 1961), A detailed
description of the instrumentation used and how
it operates is given in SSC-150. These dry cargo
ships have the designation C4-5-B5 and are
operated by the States Marine Lines in the North
Atlantic route, One ship was instrumented for
the unmanned recording of wave-induced strains
on magnetic tapes. The instrumentation aboard
the second ship included additional channels for
recording both wave-induced strains and ac-
celerations. The recorded strain data obtained
during the past six years of operation have been
analyzed by a special statistical technique which
will be discussed later.

Statistical Approach

The mathematical model applicable to the
statistical analysis of wave-induced bending
moments in ships is identical to that used in de-
scribing the wave system, and is based on the
reasonable assumption that there exists a linear
dependence between bending moment and wave
height (S8C-153). In dealing with the statistical
description of ocean waves, it is convenient to con-
fine the analysis to a given wave system; ie., a
specific wind generated sea. - In treating bending
moments, it-is essential that the direction and

speed of the ship be constant during the data
acquisition period. Implicit here is that the wave
system also rernains constant. For the purpose of
this analysis, data obtained during a single re-
cording interval, 30 min duration in this instance,
were assumed to qualify as ‘short-term data.”

For the analysis of the short-term data, the
Rayleigh distribution technique was used. This
technique, however, had some limitations. Bend-
ing moment data did not exactly fit the Rayleigh
distribution, and there is no theoretical basis why
this should be so. The departure from the
Rayleigh curve was, however, slight for the range
recorded which was most encouraging. The agree-
ment became progressively less satisfactory at
large values of variate (for which proportionately
less recorded data were available) which empha-
sized the need for taking ship data at extreme sea
conditions.

To derive a long-term prediction of the bending
moment experienced by the ship, histograms were
first drawn from the actual data similar to that
reproduced in Fig. 38. The data for all the other
recorded intervals were then similarly treated.
The significant factor that emerged from the
histograms was the quantity E, the mean square
variation, which is defined as

Tyl

E== 1
N (1)
where
x = the magnitude of a data sample (peak-to-
peak stress variation) and
N = number of samples

The basic equation describing the Rayleigh dis-
tribution is
. ox %
p(x)r—EeE for 20 (2)
where p(x) = probability density of x.
The cumulative distribution of equation (2) is
given by

Plx) =1 — ;E (3)

where P(x) = probability of the variation being
less than x in the time interval.

The most probable maximum value (X max)
in a sample of N variations is given by

Xuws = VElog N (4)
where N is large as is the case in this investigation.
To have practical significance in ship design, it

was apparent that long-term predictions were de-
sired. This meant that the time intervals would
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Fig. 39 Cumulative probability of Rayleigh distribu-
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have to be far longer than the relatively short
period used to develop the Rayleigh distributions.
One approach suggested for predicting the long-
range extreme stress values was to use as the basic
units the mean-square values derived from a
number of short-term distributions, Studies to
date have indicated that a long-term collection of
mean-square values of stress variation seemed to
fit satisfactorily the normal or log-normal dis-
tribution. The log-normal distribution of VE
can be expressed as

1 (log VE - u)*
. F) = —————— e g z
P(\/_) <o ‘\/27r 2 (0)
where
x = mean value of log V4 E
¢ = standard deviation of log '\/J—E =

From these five relatively simple expressions,
the analysis of the recorded data proceeded, in
logical steps, from the histograms of Fig, 38, to
the cumulative probability of Fig. 39, and finally
to the log-normal distribution of Fig. 40. A de-
tailed description of the numerical procedure used
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Fig. 40 Log-normal distribution of RMS stress

in the analysis of the recorded data from several
specific voyages may be found in SSC-153.

Midship Bending Moment Stress for Two Ships
in North Atlantic

By the end of 1963, after approximately five
ship years of operation, the two instrumented
ships had collected data representing a total of
about 12,000 hr of ship operation (SSC-164). At
this point, the instrumentation from Hoosier State
was removed for reinstallation aboard a different
type of dry cargo ship, S8 Mormacscan, and the
equipment remaining aboard Wolverine State was
converted to record the outputs of the port and
starboard gages separately. The output from
these two gages then could be either combined
during the data reduction or examined separately.
During 1963 all available data were reduced and
analyzed by means of a probability analyzer as
opposed to early manual methods. This dras-
tically shortened data reduction time.

The data for both ships were reduced in the
form shown in Fig. 41 for the case of peak-to-peak
stresses, then normalized for each Beaufort sea
state, and combined as in Fig. 42. Each dot in
Fig. 41 corresponds to the reduced data from a
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half-hour record representative of 4 hr of ship noted that remarkable similarity exists in the
The average values of all the data stress pattern for the two ships. The distribution
hin each sea state were caleulated, and  of the time spent by each ship in various sea

operation.
points wit
are shown in Fig. 41 by the symbol (X). Curves states during the total time represented by the re-
of the best fourth-order, least-square polynomial duced data (4964 hr for Hooster State and 6328 hr
fit to these average values were determined by for Wolverine Siate) are shown in Fig. 43.

digital computer. The resulting curves for the The maximum hull girder deck stresses (peak-
individual ships and for the combined data from to-peak) of Fig 42 are moderately low, about 8000
both ships are presented in Fig. 42, where it is psi, even for the high sea states (Beaufort 11-12).
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A statistical prediction based on the limited
amount of long-term data available from two
analyzed voyages yielded an extreme peak-to-peak
stress of 10,300 psi for a year’s operation of this
ship type on the North Atlantic route. It should
be emphasized here that there was a limited
number of occurrences of high sea states which
may partially explain why the predicted stress
was not closer to the measured value. Until this
critical area is explored more, fully, the trend of
the stress curve in this region should be considere
with caution. Sea states in this analysis were
inferred from the corresponding Beaufort wind
scale. [t is suspected that the sea state thus
derived does not correctly define the spectral
energy density of the wave system that excites
the ship to its maximum stress. Only directly
measured wave data can establish this most im-
portant technical point The subsequent installa-
tiont of a sea state meter in Wolverine Stute is thus
amply justified.

The additional hull girder response data col-
lected by Wolverine State and Mormuacscan from
January, 1963~February, 1966 have been analyzed
by the technique already described. The data for
this period represent an additional total of 6528 hr
at sea for the two ships. The maximum peak-to-
peak stresses, when plotted as in the previous
voyages, resulted in a curve very similar to Fig.
142, Nothing significantly different has been re-
vealed by this additional period of data collecting.
The measured maximum peak-to-peak wave-
induced stress for the high Beaufort sea state of 11
is still moderately low, about 7000 psi.

From this study it was concluded that

1 A comparison of the long-range stress data
from sister ships versus sea states indicated that
the data from each ship are typical for the type.
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Fig. 44 Variation of bending moment with speed for
Mariner in head seas

2 The log-normal distributions were essen-
tially the same whether developed by manual data
reduction or by the probability analyzer.

3 The prediction of the maximum peak-to-
peak stress from the log-normal distribution ap-
peared to have a fair correlation with measure-
ments at sea within the range recorded. This
strengthens the case for eventnal use of statistical
analysis in designing a ship’s hull girder.

Acceleration Data

For a period of 15 months, ending February,
1964, acceleration data were recorded from seven
linear accelerometers on Wolverine Stute on its
regular North Atlantic service (85C-159). The
specific purpose here was to establish the basis
for predicting the extreme values of acceleration
which would be felt by sensitive cargo. Ac-
celeration has significance not only to the struc-
tural behavior of the hull, but to cargo packaging
design as well. The data acquisition system for
this study operated satisfactorily for 14 of 13
round trip voyages. This represented over S000
hir of ship operating time of which 6200} hr were in
the open ocean.

The acceleration records were analyzed using a
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special purpose probability analyzer. The maxi-
mum observed wave-induced how acceleration for
this period was 1.76 g (peak-to-peak) which
occurred in state & sea. This acceleration is within
fi percent of the predicted value using the statisti-
cal approach already described. The long-term
prediction for a seven-year operating span using
the log-normal distribution was a probable
maximum bow vertical acceleration of 2.97 g
(peak-to-peak). It was noted that the bow ac-
celeration histograms and the corresponding log-
normal distributions were similar in appearance to
those for stress. It was concluded, therefore, that
acceleration data, like wave and stress data, could
be analyzed by the Rayleigh and log-normal dis-
tribution statistical technique, subject to the basic
limitations inherent to the statistical approach.

Determination of Bending Moment from Models

Concurrent with obtaining hull girder response
of actual ships at sea in their natural environment,
a comprehensive model study has been carried
out in the test tank with ship models representing
a Mariner, a tanker, and a destroyer. The ex-
perimental investigation was aimed at obtaining
a physical upper limit on the midship bending
momient when excited by extreme regular waves
approaching a length-to-height ratio of 8.5, The
study was a comprehensive one, including varia-
tions of load distribution, freeboard, speeds in
head and following waves of several different
lengths, and a wide range of wave heights.

The trend in bending moments obtained for the

32

Mariner hull in head seas and various speeds of
advance (SSC-155) is summarized in Fig. 44. It
can be seen that the general trends of bending
moments in very steep waves are not too different
from those in moderate waves. For the con-
ventional L/20 wave, the hogging bending mo-
ments are approximately constant throughout the
speed range, whereas in sagging there is a notice-
able increase in moment with speed. Another
way of expressing the experimental data is given
in Fig. 45. The trends in bending moment here
were typical of those observed for other ship
parameters and clearly showed that the bending
moments increased linearly with wave steepness.

The second part of this broad study (SSC-156)
involved the model performance of a supertanker
and a destroyer. For the tanker, the data showed
a tendency for the bending moment to be non-
linear with increasing wave steepness, see Fig. 43.
The highest recorded bending moments for this
hull in head seas for the highest wave were be-
tween 10 and 20 percent greater than those ob-
tained from the conventional static /20 calcula-
tions. This trend in bending moment with wave
steepness appeared to indicate that some limiting
value exists at very high wave steepnesses. This
tendency, however, was not ohserved for either
the Mariner or the destroyer. )

On the basis of this experimental investigation,
limited as it was to regular waves, the conclusion
was drawn that wave bending moments for the
Mariner and a destroyer are essentially propor-
tional to wave heights. Data for the supertanker,
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however, indicated a leveling-off tendency. By
establishing more firmly the gross lineur dependence
of bending moments on wave heights over a con-
siderable range of wave severity, this study has
strengthened the case for determining design
moments on the basis of statistical analysis of sea
waves. No significant limit on wave-induced
bending moments amidships in head or following
seas was observed as wave steepness was in-
creased up to a value of about 14

One of the basic assumptions made in the struc-
tural design of the hull is that the maximum hull
girder bendmv moment occurs amidships. To
check out this generally accepted assumption, the
experimental investigation on the Mariner was
expanded (SSC-1063) by testing a model which was
instrumented to record the vertical wave hending
moment at several stations within the midship
half-length. The tests were carried out in regular
head and following waves with the waves having
a ratio of height to length (steepness) from 0.05
(the conventional L/20) to 0.11, and ratio of wave
length to ship length from 0.75 to 1.75. For the
forward runs, the model Froude number was main-
tained between ().13 and (.14 which corresponded
to a ship speed of 9.2 to 10.7 knots.

A typical plot of the bending moment variation
along model length for one type of load distribution
is reproduced in Fig. 46. Similar trends were ob-
served for the other parameters investigated. In
this plot, as well as Figs. 44 and 45, the quantities
have been nondimensionalized. The terms us and
wu vefer to the bending moment coefficient defined
as

= BM/pgBL? (6)
where
pg = weight density of water
L, B = model length and maximum beam, re-
spectively

subseripts S, H refer to sag and hog, respectively

The maximum sagging moments for the normal
load distribution case were found to be located be-
tween stations 8 and 9 for the steeper waves
(/N > 0.07), and amidships for the less steep
waves (/A < 0.07). The maximum hogging
moments were located between stations 11 and 12
except for wave lengths equal to ship length and

0 94 ship length. For the latter case, large keel
emergence was observed, and examination of the
bending moment oscillogram showed evidence of
flexural vibration. These factors suggest that
slamming occurred which may account for the
high midship bending moment values. It was
also observed that the bending moments for a
wave length equal to 24 ship length were well in
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Fig. 46 Longitudinal variation of bending moment

excess of the standard calculated moment amid-
ship.

The general conclusions derived from this
study, which investigated variation in wave steep-
ness, wave length, speed, and load distributions,
were that

1 Hogging and sagging bending moments are
generally proportional to the steepest regular wave
generated (#/h = 0.11).

2 The maximum wave-induced bending mo-
ment for the Mariner in extreme regular waves
occurs within the midship half-length.

The last finding is significant since it matches
the current design practice of maintaining the
basic hull girder strength constant over the mid-
ship half-length.

Future Research

The present long-range goals of the Ship Strue-
ture Committee (SSC- 116) include sponsoring a
program of research which will provide a sound
basis for

1 Designing more efficient ship structures of
the same or greater safety than are currently
used.

2 Adopting new materials of greater strength-
to-weight ratios than are currently used as a
possible avenue to increased cargo carrying
capacity.

3 Assuming the adequacy of ship construction
incorporating the new design methods and the new
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materials with a view to decreasing the cost of the
life cycie of ships.

The present five-year program to accomplish
the ends of the long-range research goals can be
conveniently divided into three areas of research:
load and response studies, structural analysis and
design, and materials. The interrelation of all

current and contemplated research is shown in
Fig. 47.

Load and Response Studies

The scope of this area of research includes

1 Obtaining directly comparative information
for several typical ships on trends of seaway-
induced maximum bending moment with wave
proportions and spectrum, ship characteristics,
loading, and speed.

2 Improving the understanding of the nature,
level, and distribution of the hydrodynamic loads
on ship hulls, including slamming and other sea-
way loads.

3 Determining the correlation of model and
full-scale structural response and the applicability
of computer techniques to structural design.

Structural Analysis and Design

The scope of this area of research includes

1 Establishing hases for rational structural
design of ships.

2 Determining means for Liberalizing certain
criteria that restrict flexibility.

3 Determining the optimum distributicn of
material.

4 Establishing bases for structural design of
larger, longer, or faster ships; of ships having un-

usual cargo requircmuents such as very wide
hatches, cryogenic material, or high-temperature
liquids; and for ships with combinations of these
features.

Materials

The scope of this area of research includes

1 Evaluating higher performance steels and
alloys.

2 TImproving fabrication quality control cri-
teria.

Computer Impact

Although the current and contemplated projects
do not depart greatly from those previously recom-
mended (SSC-126), the greatly increased com-
puter capabilities since 1939 foretell exciting
changes in approach. It is certain that all future
research of the Ship Structure Committee will
bear the heavy stamp of computer science. In-
deed, the present work of the Committee is al-
ready marked by the inroads of this marvelous
capability.

The major reason that ship structural design
presently consists of apphcatmn of large numbers
of empirical formulations is that, heretofore, the
mass of data which was required to be assimilated
by the designer was beyond the capabilities of one
man or a team of men. This is no longer true
What was tedious, difficult, and possible for man
is made to order for computer applications.

The major structural problem facing the naval
architect today is the determination of the loads on
a skip. With appropriate load input, the ana-
Iytic tools available today can, for the most part,
predict the stress distribution. This, in turn,
simplifies material selection.

The Ship Structure Committee has, as has been
described in the section Data from Ships in Service,
accumulated full-scale stress measurements at sea
on three classes of dry cargoships. Asisshownin
Fig, 47, these data are expected to assist in the
development of a mathematical model for pre-
dicting stresses arising from an irregular sea
spectrum. In this endeavor, both digital and
analog computers will probably be used to the full-
est. Hopefully, the time is not far off when the
maximum wave-induced stress can be predicted
solely on the basis of a computer run on the mathe-
matical model of the ship in question for the sea
spectrum of the route for which it is being de-
signed.

Presently under development is a computer
program which will analyze longitudinal, grillage,
and plate stresses in an integrated fashion, One
advantage of computer formulation is the require-
ment that each step of the design cycle be ex-
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plicit. Hence, each step must be carefully docu-
mented. Because of this, weak links of a design
are constantly highlighted. These, in turn, lend
themselves to improvement since each subroutine
of the computer program can easily be modified
separately. As the overall structural solution is
formulated, the Ship Structure Committee ex-
pects to apply the best available analytic tech-
niques, such as the finite element approach, to the
difficult aspects of detail design; e.g., brackets.
Once the structural design computer program 1s
complete, the optimization of design can proceed.

Optimization of Ship Structures

The optimum ship structure has been defined as
“the design which meets defined stremgth and stiffness
ws well as operating requirements under defined load-
ing conditions with the lowest capital, maintenance,
and rumning costs during « defined ship life’ [7].
It is obvious also that an optimum ship structure
is interrelated with the selection of the principal
ship characteristics. Such questions can only be
answered by extensive operational research to
account for the myriad of parameters which must
be considered. Once the arrangements and prin-
cipal ship characteristics have been determined,
optimization of the ship structure may proceed on
a ratiomal basis. Only the computer permits
solution of this vast information handling system.,
Such factors as number of pieces, size of welds,
and type of edge preparation influence production
costs and may prevent the least-weight structure
from being the least-cost structure.

Nevertheless, increased interest in faster ships
has intensified the demand for weight reduction
which, in turn, requires more refined structural
cdesign. Tt is to this facet that the Ship Structure
Committee has directed its future work—but
always with an eye toward costs.
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Correlation of Laborutory Lests with
Full-Scale Ship Plate Fracture Tests by
M. Gensamer, E. P. Klier, T. A. Prater,
F. C. Wagner, J. O. Mack, and J. L.
Fisher. PB 158658 AD 636752
Cleavoge Fracture of Ship Plates as In-
Fuenced by Size Effect by W. M. Wilson,
R. A. Hechtman, and W. H. Bruckner.
PB 78748 AD 635148

5SC-2

55C-3

SSC-4

55C-5

S5C-6

SSC-7

S5C-8

S5C-9

S5C-10
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S58C-11

SSC-13

SSC-14

SSC-15

35C-16

S5C-17

SSC-18

S5C-19

S8C-20

S5C-23

36

Metallurgical Quality of Steels Used for
Hull Construction by C. E. Sims, H. M.
Banta, and A. L. Walters. PB 793553
AD 635182 -
Investigation of Meuns for Evaluating
the Quality of Hull Plate Steel by Tests
Conducted on Furnace or Ladle Sumples
by W. G. N. Heer, 5. A. Herres, and
C. H. Lorig. PB 83706 AD 635763
Metallurgical Quality of Steels Used for
Hull Construction by C. E. Sims, H. M.
Banta, and A. L. Walters. PB 86270
AD 635149

Futigue Tests of Ship Welds by 8. C.
Hollister, J. Garcia, and T. R. Cuyken-
dall. PB 91898 AD 633151
Correlution of Laboratory Tests with
Full-Scale Ship Plute Fracture Tests by
M. Gensamer, C. Wagner, and E. P.
Klier. PB 88495 AD 72679

Causes of Cleuvuge Fructure wn Ship
Plate; Hutch Corner Design Tests by
E. P. DeGarmo and A. Boodberg. PB
02112 AD 636739

Correlation of Laboratory Tests with
Fuli-Scale Ship Plate Fracture Tests:
A Study of Strain. Gradients by E. P.
Klier, F. C. Wagner, J. L. Fisher, and
M. Gensamer. PB 97726 AD 635794
Correlation of Laboratory Tests with
Full-Scale Ship Fracture Tests by C.
Wagner and E. P. Klier. PB 92914
AD 71728

Correlation of Laboraiory Tests with
Full-Scale Ship Plate Frocture Tests:
Analysis of True-Stress True-Strain
Data on Project Steels by E. P. Klier,
J. O. Mack, F. C. Wagner, and M,
Gensamer. AD 635766

Inwestrgation of Means for Evaluating
the Quality of Hull Plate Steel by Tests
Conducted on Furnace or Ladle Samples
by J. A. Davis, S. A. Herres, C. T.
Greenridge, and C. H. Lorig. PB
98199 AD 635787

Twelve-Inch Flat Plate Tests by S. T.
Carpenter, W. P. Roop, N. Barr, E.
Kasten, and A. Zell. AD 635172
Correlation of Laboratory Tests with
Full-Scale Ship Plate Fracture Tests by
C. Wagner and E. P. Klier. PB 929145
AD 635793

Evaluation of Improved Materials and
Methods of Fabrication for Welded Steel
Ships by R. W. Bennett, P. J. Rieppel,
and C. B. Voldrich. PB 97684 AD
72963

SSC-24

S3C-26

S5C-28

SSC-29

SSC-30

S3C-31

S58C-32

SSC-33

SSC-34

The Funduomental Factors Infliencing
the Behavior of Welded Strictures under
Conditions of lultiaxial Stress and
Vuriations of Temperature, Stress Con-
centration, und Rates of Strain by G.
Sachs, L. J. Ebert, and A. W. Dana.
PB 100737 AD 635171

Metallurgical Quality of Steels Used for
Hull Construction by C. E. Sins, H. M.
Banta, and A. L. Walters. PB 97725
AD 72961

Metallurgicul Quality of Steels ['sed for
Full Construction by C. E. Sims, H. M.
Banta, and A. L. Walters. PB 97724
AD 72062

Cuuses of C(lewvuge Fructure in Ship
Plute, Tests of Restrained Welded Speci-
mens und Haich Corner Specimens of
Mild Steel by A. Boodberg and E. R.
Parker. PB 98508 AD 635795
Causes of Cleavage Fracture in Ship
Plate, High Yield Stremgth Structural
Steel by A. Boodberg and E. R. Parker.
PR 99971 AD 635108

Application of the Explosive Test to
Evaluate Shock Properties of High Yield
Strength Steels Part I: Preliminary In-
vestigatron of Techniques for Direct Ex-
plosion Testing of High Yield Strength
Steels by A. Muller, W. G. Benz, and
W. A. Snelling.

Part II:  Theoretical Investigation of the
Fracture of Steel Plates under Explosive
Loading by E. Saibel. PB 98410 AD
134709

Correlation of Laboratory Tests with
Full-Scale Ship Plate Fracture Tests by
E. P. Klier and M. Gensamer. AD
8710

The Effect of Cyclic Stress on the Transi-
tion Temperature of Steel by H. E.
Jacques. PB 98409 AD 635109
High-Speed Rotating Disk Project by
C. W. MacGregor, W. D. Tierney, and
H. Majors, Jr. PB 99629 AD 134702
Evaluation of Improved Materials and
Methods of Fabrication for Welded Steel
Skips by R. W. Bennett, R. G. Kline,
M. Forman, P. J. Rieppel, and C. B.
Voldrich. PB 99866 AD 635762

The Fundumental Factors Influencing
the Behavior of Welded Structures under
Conditions of Multiaxial Siress and
Variations of Temperature, Stress Con-
centration, and Rates of Strain by L. J.
Klingler, L. J. Ebert, and W. M. Bald-
win, Jr. PB 99868 AD 635791
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SSC-36

S5C-38

BSC-39

S3C-4D

SSC-41

55C-42

S8C-43

S8C-44

S5C-45

SSC-46

SSC-47

55C-48

S5C-19

Part I: Tuwelve-Inch Flat Plate Tests
PartIT: dspect Ratio Program by S. T.
Carpenter, W. P. Roop, E. Kasten, and
A. Zell. PBO9S6T AD 635797
Evaluation of Improved Muateriuls und
Methods of Fubricution for Welded Steel
Ships by R. F. Baysinger, R. G. Kline,
P. J. Rieppel, and C. B. Voldrich. AD
73103

Considerations of Welded Huatch Corner-

Design by Ship Structure Committee.
PB 109212 AT 29400

4 Study of Plastic Detormation wnd
Fracturing by Strain Energy Distribu-
tion by S. [. Liu and S. T. Carpenter.
AD 635785

Welded Reinforcement of Openings in
Structural Steel Members by D. Vasar-
helyiand R. A. Hechtman. PB 137556
AD 72007 \
Evaluation of [mproved Muterials und
Methods of Fabrication for Welded Sieel
Ships by R. F. Baysinger, R. G. Kline,
P. J. Rieppel, and C. B. Voldrich. AD
73101

Evaluation of Improved Materials and
Methods of Fabrication for Welded Steel
Ships by R. F. Baysinger, R. G. Kline,
P. J. Rieppel, and C. B. Voldrich.
AD 73102

Determination of Initial Stresses in Steel
Plutes by C. Riparbelli, E. W. Sup-
piger, and E. R. Ward. AD 218860
Ewvaluation of Notch Sensitivity of Mild
Steel Ship Plate by Direct Explosion
Test by G. 8. Mikhalapov. AD 635107
The Effects of Width and Thickness on
Strength, Energy Absorption, and Tran-
sition  Temperature  for  Internally
Noiched Flat Steel Plates by 5. T. Car-
penter, W. P, Roop, A. W. Zell, and
E. Kasten. AD 635764

Evaluation of Improved Materials and
Methods of Fabrication for Welded Steel
Ships by R. F. Baysinger, P. J. Rieppel,
and C. B. Voldrich. AD 73103
Evaluation of Ship Welding Procedures
by Direct Explosion Testing by G. S.
Mikhalapov. AD 72118

The Strength, Energy Absorption, and
Transition Temperature of Internally
Notched Flat Steel Plates by 5. T, Car-
penter and W. P. Roop. AD 29340

A Study of the Structurel Action of Super-
structures on Ships by H. H. Bleich.
AD 635792 ’

An Investigation of the Influence of De-

S5C-50

S5C-51

88C-52

S5C-53

S8C-54

S3C-5H6

8S8C-57

SSC-58

55C-59

55C-60

oxidation and Chemical Composition on
Notched-Bar Properties of Semifkilled
Ship Steel by H. M. Banta, R. H.
Frazier, and C. H. Lorig. AD (35081
Welded Reinforcement of Openings in
Structural Steel Members: 1 Deter-
mination of Strain Energy Distribution
and True Stresses in the Plastic Range in
Plates with Openings by D. Vasarhelyi
and R. A. Hechtman. AD 73011
Cracking of Stmple Structural Geome-
tries:  The Effects of Edge Notch Ge-
ometry on  Flut Steel Pluies by 5. T.
Carpenter and R. F. Linsenmeyer.
AD 635786

The Low-Temperuture Properties of
Relatively High Purity Iron-Curbon Al-
loys by R. L. Smith, R. V. Fostini, and
R. M. Brick. AD 8781

An Investigution of the I[nfluence of
Deoxidation und Chemical Composition
on Notched-Bur Properties of Semikilled
Ship Steel by R. H. Frazier, F. W.
Boulger, and C. H. Lorig. AD 635080
The Fundamental Fuctors Influencing
the Behavior of Welded Structures under
Conditions of Multiuxial Stress and
Variations of Temperature by E. B.
Evans and L. J. Xlingler. AD 73035
Welded Reinforcement of Openings in
Structural Steel Members: Room and
Low Temperature Tests of Plates with
Reinforced Openings bv D. Vasarhelyi
and R. A. Hechtman. AD 29401
Welded Reinforcement of Openings in
Structural Steel lembers:  Cleavage
Fracture and Plastic Flow in Structural
Steel Plates with Openings by D. Vasar-
helyi, R. A. Hechtman, and Y. T.
Yoshimi. AD 73015

Cracking of Simple Structural Geome-
tries: Investigation of Welded Ship De-
tails by S. T. Carpenter and R. F.
Linsenmeyer. AD 29403
Low-Temperature Ewmbrittlement Me-
chanics Deduced from Zinc Single Crystal
Fracture Studies by P. H. Morton and
W. M. Baldwin, Jr. AD 29766
Critical Stress for Skip, Twinning, und
Cleavage 1n Single Crysials of Iron by
J. J. Cox, Jr., G. T. Horne, and R. F.
Mehl. AD 29769

The Fundamenial Foctors Influencing
the Behavior of Welded Structures: The
Effect of Subcritical Heat Treatment on
the Transition Temperature of a Low-
Carbon Ship Plate Sieel and Supplement
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B5C-61

s8C-62

S5C-63

55C-64

S5C-G6

S5C-67

$8C-68

55C-72

S55C-73
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on Embrittlement of **C Steel by Nutro-
gen by E. B. Evans and L. J. Klingler.
AD 29767

The Fundamental Factors Imfluencing
the Behuvior of Welded Structures:
The Effect of Subcritical Heut Treatment
on the Transition Temperature of ¢ Low-
Curbon Ship Plate Steel by E. B. Evans
and D. J. Garibotti. AT 29768

Review of Puast Structural Studies Re-
luted to the Ship and Ship Components
and for Determining Loads und Strains
on Ships ut Sew by J. H. Evans. AD
73876

Review of Welded Ship Fuilures by H.
G. Acker. AD 73901

Purt I:  The Fundumentul Fuctors In-

Huencing the Behavior of Welded Siruc-

tures under Conditions of Multiuxiul
Stress und Vuriations of Temperiture.
Part II: The Effect of Subcriticul Heat
Trentment on the Transition Tempera-
ture of a Low-Carbon Ship Plate Steel by
W. M. Baldwin, Jr., and E. B. Evans.
AD 73867

A Critical Survey of Brittle Failure in
Curbon Plate Steel Structures other than
Ships by M. E. Shank. PB 142121 AD
73877

Critical Stresses for Slip, Twinning, and
Cleuvage wm Single Crystals of Iron by
J.J. Cox, Jr. AD 78998

Model Tests on Hull-Deckhouse Interac-
tion by L. Crawford and W. J. Ruby.,
AD 55639

Tenstle Tests of Large Specimens Repre-
senting the Iutersection of o DBottom
Longitudinal with a Transverse Bulkhead
in Welded Tankers by L. K. Irwin and
W. R. Campbell. AD 78399

An Evaluation of Current Knowledge
of the Mechanics of Brittle Fracture by
D. C. Drucker. PB 135537 AD 79000
A Review of Ship Steel Research and
Recommendations for Future Studies by
C. 8. Barrett and W. E. Mahin, AD
79001

The Influence of Heat Treatment on the
Notched-Bar Properties of Semikilled
Steel Plute by R. H. Frazier, F. W.
Boulger, and C. H. Lorig. AD 7002
The Present Status of Nondestructive
Test Methods for Inspection of Welded
Joints in Ship Structures by R. 7.
Krieger, 5. A. Wenk, and R. C. Me-
Master. AD 29450

A Review of the Influence of Composition

S5C-74

5sC-75

35C-76

S55C-78

SSC-79

SSC-80

55C-81

S55C-82

S8C-83

SSC-84

SSC-85
SSC-86

SSC-87

SSC-88

and Deoxidation on the Properties of
Ship Steels by Advisory Committee for

Ship  Structure Committee Project
SR-110. AD 49367
Electron  Microscope Technigues for

Study of Fractured Surfuces of Ship
Plate Steels by A. Revere and R.
Jaccodine. AD 211076

Welded Reinforcement of Openings in
Structural Steel Tension Members by D,
Vasarhelyi and R. A. Hechtman.
Investigation of Performunce of Semsi-
killed Carbon Steel ABS Cluss B und
Rimmed Steel ABS Cluss A under Direct
Explosion Test by G. 5. Mikhalapov
and W. A, Spelling. AD 49641

Puart I: Cruck-Sturter Tests of Ship Froc-
ture and Project Steels by P. P. Puzak,
M. E. Schuster, and W. 3. Pellini.
AD 45652

Part II: Investigution of the Perform-
ance of Weldments und Prime Plate
of ABS-B Steel by W. S. Pellini and
E. W. Eschbacher. AD 45653
Cracking of Stmple Structural Geometries
by S. T. Carpenter. AD 79003
Metallurgicel and Economic Aspects of
Ship Steels and their Relution to Ship
Failures by W. J. Harris, Jr., and Clyde
Williams. AD 109109

Effect of Gruin Size und Carbon Content
on the Low-Temperaiure Tenstle Proper-
ties of High Purity Fe-C Alloysby R. L.
Smith and G. E. Spangler. AD 45267
The Influence of Curbon and langanese
on the Properties of Semikilled Hot-
Rolled Steel by F. W. Boulger. AD
79004

Reproducibility of Keyhole Charpy and
Tear Test Date on Laboratory Heats of
Semikilled Steel by R. H. Frazier, F. ' W.
Boulger, and J. W. Spretnak. AD
79005

An Approisal of the Properties and
Methods of Production of Laminated or
Composite Ship Steel Plate by Commit-
tee on Ship Steel. AD 84797

(Issued as 33C-92)

Evaluation of Weld-Joint Flows as
Initiating Points of Brittle Fracture by
D. C. Martin, R. 8. Ryvan, and P. J.
Rieppel. AD 106299

Rapid Propagation of a Crock wn a
Brittle Material by M. J. Schilhansl.
AD 79006

Influence of Stlicon and Aluminum on

- the Properties of Hot-Rolled Steel by
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S5C-89

55C-90

55C-91

S55C-92

S55C-93

SSC-94

S5SC-95

S5C-06

S8C-97

S5C-98

S5S5C-99

S5C-100

S55C-101

SSC-102

R. H. Frazier, F. W. Boulger, and C.
H. Lorig. AD 79007

Effect of Accelerated Cooling wfter Hot
Rolling on the Notched-Bar Properties
of Ship Plate Steel by R. H. Frazier,
F. W. Boulger, and C. H, Lorig. AD
7808

Effects of Aluminum Additions and
Variations in Finishing Temperature on
Properties of Hot-Rolled Experimental
Open-Hearth Steels by R. H. Frazier,
F. W. Boulger, and C. H. Lorig. AD
o454

Investigation of the Influence of Deoxide-
tion and Chemical Composition on
Notched-Bar Properiies of Ship Plate
Steels by F. W. Boulger, R, H. Frazier,
and C. H. Lorig. AD 75455
Low-Temperature Embrittlement Me-
chanics Deduced from Zinc Single Crystal
Studies by Ray Treon, Jr., and W. M.
Baldwin, Jr. AD 206684

Mechanical Properties of High Purity
Iron-Carbon Alloys at Low Temperatures
by G. J. London, (. Spangler, and
R. M. Brick. AD 219816

Mechanical Properties of High Purity
Iron-Carbon Alloys at Low Tempera-
tures by R. M. Brick. AD 219817
Thermal Stresses in Ships by R. A.
Hechtman. AD 114021

Notes on the Influence of Unfair Plating
on Ship Failures by Brittle Fracture by
H. H. Bleich. AD 109676

The Mechanism of Brittle Fracture by
T. S. Robertson. AD 78139

Energy Release Rates during Fracturing
of Perforated Plates (NRL Memorandum
370) by M. W. Brossman and J. A.
Kies. AD 79009

Notch Toughness Properties of ABS
Ship Plate Steels by N. A. Kahn, E. A.
Imbembo, and J. J. Gabriel. AD
79007

Index of Ship Structure Commulice
Publications by M. B. Fisher. AD
161084

Improved Notch Toughmess of Experi-
mental Semikilled Steels over One Inch
in Thickness by R. W. Vanderbeck.
AD 106452

The Relatron of Microstructure to the
Charpy Impact and Low-Temperature
Tensile Properties of Two Ship Steels by
W. 8. Owen, D. H. Whitmore, C. P.
Sullivan, B. L. Averbach, and Morris
Cohen. AD 106390

55C-103

S3C-104

S8C-105

S5C-106

SSC-107

SSC-108

SSC-109

S5C-110

SSC-111

55C-112

SSC-113

S8C-114

58C-115

SSC-116

SSC-117

SSC-118

55C-119

The Tensile Yield Behavior of Ship
Steel by W. 8. Owen, B. L. Averbach,
and Morris Cohenn. AD 108362
Development of Filmless Technique for
Recording Defects in Ship Weldsby J. L.
Bujes. PB 137557 AD 635678

Weld Flaw Fvaluation by 5. T. Car-
penter and R. F. Linsenmeyer. PB
161322 AD 201631

Mill Sampling Techniques for Quulity
Determination of Ship Plute Steel by
C. L. Staugaitis. AD 160562
Evaluation of Weld-Joint Fluws us
Initiating Points of Brittle Fracture by
R. P. Sopher, A. L. Lowe, Jr., and P. J.
Rieppel. PB 161323 AD 203935
Notch Toughness Properties of Ship
Plate Steel as Evaluated by the van der
Veen Notched Slow Bend Test by E. A.
Imbembo and F. Ginsberg. AD 227740
Brittle Fracture of A1ld Steel in Tension
at —196 C by W. 3. Owen, B. L. Aver-
bach, and Morris Cohen. AD 6335082
The Investigation of Rudioisotopes for
the Inspection of Ship Welds by E. L.
Criscuolo, D. P. Case, and D. Polan-
sky. PB 16132+ AD 159180
Preliminary Studies of Brittle Fracture
Propagation in Siructural Steel by W. J.
Hall, W. G. Godden, and O. A. Fettah-
lioglu. PB 161323 AD 202145
Studies of Brittle Fracture Propagation
in Stx-Foot Wide Structural Steel Plates
by R. Lazar and W. J. Hall. AD 227380
Fracture Appearance of Impact Speci-
mens Taken from Fractured Ship Plates
by J. A. Bennett. AD 219930

The Influence of Ferrite Bending on the
Impact Properiies of Muld Steel by W. S.
Owen. AD 212996

Brittle Fracture Initiation Tests by C.
Mpylonas, D. C. Drucker, and L. Is-
berg. AD 205564

Static Brittle Fracture Initiation at Net
Stress 409, of Yield by C. Mylonas,
D. C. Drucker, and J. D. Brunton.
AD 215142

Britile-Fracture Tests of Steel Plates
Contatning Residual Compressive Strain
by 8. T. Rolfe, W. J. Hall, and N. M.
Newmark. AD 229845

Studies of the Sirain Distribution in
Wide Plates During Brittle Fracture
Propagation by S. T. Rolfe, T. M.
Lynam, and W. J. Hall. AD 231079
A Replication Technique for the Study of
Brittle Fracture of Ship Plate Steel by
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S5C-152

S8C-153

3SC-154

BSC-155

S5C-156

SSC-157

S5C-158

55C-159

S53C-160

55C-161

SSC-162

S5C-163

S3C-164

S5C-165

S3C-166

P. Yao and W. H. Munse.
AD 6350696

Temperature Distribution and Thermal
Stresses by P. T. Lyman and J. L.
Meriam. AD 601593

Preliminary Analysis of Bending-1lo-
ment Data from Ships at Sea by D. J.
Fritch, F. C. Bailey, and N. 5. Wise.
PB 181557 AD 436877

Columbium us ¢ Micro-Alloying Element
in Steels und Its Effect on Welding Tech-
nology by T. M. Noren. PB 181539
AD 424982

An Investigation of Midship Bending
Moments Experienced in Extreme Regu-
lar Waves by Models of the Mariner
Type Ship and Three Varants by J. F.
Dalzell. PB 181508 AD 432278

An Investigation of Midship Bending
Moments Experienced in Extreme Regu-
lar Wazes by Models of @ Tunker and «
Destroyer by J. F. Dalzell. PB 181509
AD 432182

Summary of Investigation of Midship
Bending Moments Experienced by
Models wn Extreme Regular Waves by
John F. Dalzell. PB 181510 AD
429801

Low-Stress Brittle Fracture in M1ld Steel
by R. Dechaene, W. Scete, and A. Vin-
chier. PB 181547 AD 429800
Acquisition and Analysis of Acceleration
Data by F. C. Bailey, D. J. Fritch, and
N. 8. Wise. AD 430742

Geometric Effects of Plate Thickness by
R. D. Stout, C. R. Roper, and D. A.
Magee. AD 430686

Micromechanisms of Cleavage Fracture
in Polycrystalline [ron by Charles J.
MeMahon, Jr. AD 600515
Exhaustion of Ductility and Brittle
Fracture of E-Steel Caused by Prestrain
and Aging by C. Mylonas. AD 603214
Ingvestigation of Bending Moments within
the Midships Half Length of @ Mariner
Model in Extreme Waves by N. M.
Maniar. AD 605395

Results from Full-Scale Measurements
of Midship Bending Stresses on Two
(C4-5-B5 Dry-Cargo Ships Operuting in
North Atlantic Service by D. J. Fritch,
F. C. Bailey, and N, 8, Wise. AD
605535

Local Yielding and Extension of ¢ Crack
Under Plane Stress by G. T. Hahn and
A.R. Rosenfield. AD 610039
Reversed-Bend Tests of ABS-C Sieel

PB 181505

35C-167

SS5C-168
S55C-169
S8C-170
SSC-171
S8C-172

S8C-173

S8C-174
S8C-175
S8C-176
S8C-17r
SSC-178

S8C-179

SSC-180

NoTE:

with As-Rolled and uchined Surfuces
by K. Satoh and C. Mylonas. AD
460571

Restoration of Ductility of Hot or Cold
Strained ABS-B Steel by Treatment at
700 to 1150 F by C. Mylonas and R. J.
Beaulieu. AD 461705L

Rolling History in Relation io the Tough-
ness of Ship Plute by B. M. Kapadia
and W. A. Backofen. AD 465025
Interpretutive Report on Weld Metal
Toughness by K. Masubuchi, etal. AD
166805

Studies of Some Brittle Fructure Con-
cepts by R. N. Wright, W. J. Hall, S,
W. Terry, W. J. Nordell, and G. R.
Erhard. AD 476684L

Micro- und Mucrocrack Formution by
B. L. Averbach. AD 4334961,

Crack Extension and Propagution Under
Plune Stress by A. R. Rosenficld, P. K.
Dai, and G. T. Hahn. AD 4806191
Exhaustion of Ductility Under Notch

Constraint  Following Uniform  Pre-
straining by C. Mylonas, S. Ko-
bayashi, and A. Armenakas. AD
637143

Investiguiion of Residual Stresses in
Steel Weldments by Koichi Masubuchi
and D. C. Martin. AD 639619
Mechanical Properties of a« High-Man-
ganese, Low-Curbon Steel for Welded
Heavy-Section Ship Plate by R. D.
Stout and C. R. Roper, Jr. AD 637211
Biennial Report of the Ship Structure
Committee. AD 641333

Guide for I'nterpretution of Non-Destruc-
tive Tests of Welds in Ship Hull Struc-
tures. AD 639053

A Survey of Some Recent British Work
on the Behaviour of Warship Structures
by J. Clarkson. AD 644738

Restdual Strains und Displacements
Within the Plustic Zone Aheud of «
Cruck by J. Cammett, A. R. Rosen-
field, and . T. Hahn. AD 644815
Experimental Determination of Plastic
Constraint Ahead of o Sharp Crack
Under Plune-Strain Conditions by G.
T. Hahn and A. R. Rosenfield. AD
646034

Ship Structure Committee Reports may
be purchased from Federal Clearing-
house, 5825 Port Royal Road, Spring-
field, Virginia 22151, by referencing
either the PB or the AD number.
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SSC-154

SSC-135

SSC-156

SSC-157

SS5C-158

SSC-159

SSC-160

SSC-161

SSC-162

SSC-163

S5C-164

S5C-165
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P. Yao and W. H. Munse.
AD 635696

Temperature Distribution and Thermal
Stresses by P. T. Lyman and J. L.
Meriam. AD 601593

Preliminary Analysis of Bending-Mo-
ment Date from Ships at Sea by D. J.
Fritch, F. C. Bailey, and N. S. Wise.
PB 181557 AD 436877

Columbium us ¢ Micro-Alloying Element
in Steels and Its Effect on Welding Tech-
nology by T. M. Noren. PB 1&1539
AD 424952

An Investigation of Midship Bending
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