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CRACKING Q SIMPLE STRUCTURAL m~~s

.

ABSTRACT

This report presents the results of an investigation con-

cerning the general subjec$ of the cracking of simple structural

geometries under tensile loading. A summary is given of the

effects of edge notch geometry and the effects of interrupted

longitudinal members which were previously reported in Progress

Reports I and 11 of this projects whereas the effects of edge

preparation~ the effects of

welded pads are reported in

Part 1 encompasses the

fastenings~ and th~ effects of

their entirety for the first time.

general subject of the effect of

edge conditions and includ~s a summary of the effects of flame

cut edge notches of various geometries the effects of the

transition details between the sheer strake and the fashion

plate~ and the effects of various practical procedures of plate

edge preparation. For edge notched specimens small differences

were noted in transition temperature? whereas marked differences

were noted in the strength and energy absorbing capacities of

specimens of the various types. The results of tests of speci-

mens designed to simulate the transition detail between the

sheer strake and fashion plate emphasize the necessity of pro-

viding as smooth a transition as practicable from one struc-

tural component to another if benefits such as lower transi-

tion temperature and higher strengths are to be obtained. The

effects of plate edge preparation a% roon temperature were of
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Iittla significance to specimens tested at room temperature.

Howevera large differences in tensile behavior$ and partic-

ularly in energy absorbing capacity~ were notedfor various

edge treatments at low temperatures.

Part 2 of this report is a summary or tests of inter-

npted longitudinal members. Transition temperature was the

characteristic most notably varied by variations in the geom-

etry of the free end details of the longitudinal. Howevera

significant variations were shown in strength and energy

absorbing capacity~ and emphasis has been added to the impor-

tance of a smoothly curved ending.

Part 3 reports the tests an 3-in. wide by kO-in. long

specimens having various fastening details at the mid section.

The details included drilled, punched, punched and reamed

holes, or studs which were manually welded, automatically

welded, or driven into the plate by an explosive charge. No

major differences were noted in unit tensile strength far the

specimens tested. However$ an appreciable loss in specimen

ductility was discernible in processes involving punching Q$

other processes which cold work localized areas.

The effect of welding fixtures in close proximity on

plates subjected to tensile loading was investigated and re-

ported in Part ~. The specimens were 10 in. wide and 40 in.

long with 3-in. wide by 2-in. long pads of 3\4-in. steel

which were welded all around with 5116-in. fillets made using
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E601O electrodes. The results indicated that the distance

between the two pads had little effect on tensile behavior.

INTRCJDUCTION

The subjects of interrupted longitudinal members and

edge notch geometries have been published in separate prog-

ress reports(1,2)0 The effect on cleavage fracture of edge

preparation? fastenings, and welded pads, is reported herein

for the first time. This final report presents only a summ-

ary of the data of the first two subjects as found necessary~

while the last three subjects are fully reported. Since speci-

men designations have been changed since

reports,

The

obtain a

a cross reference list is given

overall objective of the entire

better understanding of certain

the first two progress

in the appendix.

investigation was to

factors affecting

the fractura of steel plates. The factors introduced in this

study were mainly geometrical conditions due to fabrication

procedures such as edge notchinga various forms of terminations

of welded free ended stiffeners and longitudinalsa practical

methods of preparing plate edges, weld proximities, and types

of fasteners other than welding.

Much of this investigation will be of use to a ship

designer. However, many of the findings will be of partic-

ular value to inspectors responsible for passing upon worlnnan-

ship. Everyone involved in this type of investigation~ or who

may have an interest in the results, has always agreed that
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materials? basic geometric design, and methods of fabrication

are the prime controllable features cd?welded structures if

the best obtainable margin is to be provided to prevent cleavage

fracture.

The project was a large one, and many of its parts may

appear unrelated. T& various parts, however, represent the

first information available on many neglected aspects of the

overall total fractural problem and in the present stage may be

of great value in design and in indicating where more work could

profitably be done. The overall goal of designing and building

crack-proof welded structures may someday be reached when the

minute details, workmanship and materials meet certain known

threshold limitations. Until that day occurs,full attention

must be paid to the minute detail of ship design and construc-

tion; and lacking other evidence~ it is hoped that this work

will be a guide to common sense.
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PART 1

THE EFFECTS OF EDGE CONDITIONS..— .—

INTRODUCTION

Cleavage fracture has been shown to be influenced by edge

notches which are either flame cut as a part of a fabrication

technique or are inherent in the method by which plate edges

are prepared. Fabricated notches of various geometric forms

have previously been investigated and reported(1)~ whereas tb.e

effect of edge notches resulting from the method of edge prep-

aration are reported for the first time.

In the investi~ation of flame cut edge notches, specimens

as shown in Fig. 1-1 were utilized. It is to be particularly

noted that tensile specim~ensof Types EN 1 to EN ~, inclusive

deal with edge notches at a single cross-section? whereas Types

EN 6 to EN 8, inclusive, incorporated notch effects at two

cross sections 15 in. apart. To form a basis for comparing

the severity of notches, the Type EN 1 specimen had square

notches produced by a jeweler~s hack saw, and the Type EN 9

specimens had no edge notches other than those inherent in the

flame cuttin~ process.

A second series of specimen used in the study of edge con-

ditions is shown in Fig. 1-2. These specimens, the EF series,

were designed specifically to investigate the transition detail

between the sheer strake and the fashion plate. Specimens of

Type EN 9, having the same geonetric form but without longitudinal
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weldments serve as a basis for comparison.

plate edge preparation involves cutting and finishing by

various methods. The methods investigated include machine and

hand-guided flame cutting, shearing, and machining. IMge sur-

face preparation may be such as to include three basic vari-

ables, namely, edge hardness by way of heat effects or by cold

mechanical working, and edge notch effects. The basic specimen

for these studies is shown in Fig. 1-30 The evaluation of the

various methods has depended primarily upon tensile tests sup-

plemented by bend tests and hardness surveys.

All specimens of this program were fabricated from either

DN steel or ABS-B steel of 3/4-in. thickness. The physical

properties of these steels are given in the appendix.

TEST RESULTS FOR SPECIMENS WITH FIAME CUT NOTCHES

Test results are given in the form of load to visible cracka

maximum load, unit stress at maximum load? energy to maximum

load for both the cleavage and shear mode of fracture~ as well

as to the limit of load and elongation measurements for the

shear mode, and character of the fracture as expressed by per-

centage of shear surfaces in fracture surfaces. The data are

summarized in Table 1-1, and exhibited graphically in Figs. 1-4

to 1-89 inclusive. All load-elongation diagrams may be found

in the First Progress Report.

3%Slkl& a. It was thought important to determine the
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TABLE 1-1 CONTINUED

Transi-
tion

Temp~ OF A.veeEneTgYto ~-: &e. Energy to Max.
Based cm Ave.-Load to had--inch-ki s

?
Load=--inch-kis

Fracture Visible Crack Ave.Max Load-kips !16 l\2.’tgage ength q~frgage leng h
Appear- 1 0 ear ear 00 ear hear 100~~h~ hear ‘l%~ar~-q~ Remarks

-Yl~e__ .Failures Failures ~ F~ Failu er s Faih~~ilures.

Burned

EN 9 25 580(2) 600(61 2190 (2) 1790(6) 3190 C2) 2930 (6) Net Width
10 1/2”:
Values in-
flated to
Correspond
to 121JNet
Width.

x~bers ~~ parentheses indicate
the number of tests included in
the average.
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load at which a visible crack formed at root of notch. For

Types EN 1 to EN 49 inclusive, the average loads to visible

crack were practically the same. It is to be recalled that

Type 1 had sharp jeweler~s hack saw notches while others had

flame cut notches. The investigators believe that the acuity

of the visible crack controlled the action of the specimen

rather than the initial notch geometryy since the stresses

at visible crack appear to be independent of test temperature

and the mode of the subsequent fracture. Type EN 5 with semi-

circular notches~ exhibited a slightly higher load to visible

crack. As will be presented subsequently, Types EN 1 to EN ~a

inelusivea had essentially the same transition temperatures.

Types EN 6 to EN 89 inclusive? with notching techniques

and geometry similar to their counterparts of Types EN 2 to

EN 5, inclusive, but with notches separated by 15 in., indicate

parallel performance to visible crack.

Maximum Tensile Stren~th. Figure 1-4 summarizes maximum

load values for the various types of specimens. (At top of

figure is a pictorial guide for easy reference to determine

geometric shape.) Types EN 1 to EN 5, inclusive? show a grad-

ual improvement in maximum load for either shear or the cleav-

age mode of failure. The maximum loads for Type EN 1 with

jeweler”s hack saw notch are essentially equal to those of

Type EN 2 with a flame cut notch, thus credence may be given

to the assumption that notch acuity is regulated by the

.
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visible crack. A comparison of Types EN 3 and EN 49 which dif-

fer in only

load margin

notches has

included angle of notch opening, shows a slight

in favor of Type EN 4. Type EN 5 with semi-circular

the highest load carrying capacity, a~ as will

later be seen? provides the best performance

tion of the Types EN 1 to EN 5, inclusive.

The Types EN 6 to EN 89 inclusive, with

in energy absorp-

one-half notch

profiles separated show some improvement in maximum load com-

pared with Types EN 2 to EN 55 inclusive. Similar visible

crack loads are shown by the two series$ with Types EN 6 and

EN 7 being about 10~ better in maximum load capacity than

Types EN 2, EN 3, and EN 4. EN 8 has about 5X less load

capacity than Type EN 5. Increasing the angle of the edge

notches improved the strength of specimens notched at mid

length.

Type EN O, an unnotched specimen? resisted the largest

load, with Type EM ~ a close second. It thus appears that

extremely sharp flame cut notches may lower the depe~able

load carrying capacity of a given specimen by as much as 30%

or more if only the critically important cleavage mode of

fracture is considered.

To clarify further the impairment of strength by notch-

ing, reference should be made to Figs. 1-5 and 1-60 In these

figures the ordinate is in terms of lb. per sq. in. on the net
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section and the abscissay the test temperature To aid further

in interpretation tensile test data obtained on 3/4-in. square

unnotched bars of llNsteel are plotted and connected with a

solid line. This line may be termed the ‘~parVVline? represent-

ing strength of the metal under the most favorable conditions

and thereby furnishing a quantitative basis for judging strength

impairment due to notching and temperature. In addition? data

have been plotted for 3-in. wide by 3/4-in. thick specim@ns of

DN steel with saw cut edge notches as obtained from a research

report of the University of California. These latter data are

useful in comparing strength of Type EN 1 (saw cut edge notches).

The Type EN 1 specimen has a lower strength by virtue of its

increased width? an expected event~ as wider notched plates

have been shown by many other investigations to have a lower

strength.

As may be easily seen in Figs. 1-5 and 1-6, only Types

EN ~ and EN 8 as well as EN 9 approach the ~“par’iline for

strength. These Types either have semi-circular notches or

no geometrically prepared notches as for Type EN 90 While the

strength of Type EN 9 should closely agree with the “part’line~

it does not. The reason for this probably lies in the edge

hardness due to flame cutting and the mild notches caused by ~

hand guided flame cutting. A single specimen of Type EN 5with

k (test-semi-circular notch ground smooth did not fail at 616

ing machine capacity) at 00F~ 25@ lower than transition tempera-

ture for Type EN ~. The impairment in strength for other

....
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,.,
notched types

sharp notched

is clearly indicated. Designers must avoid

cut-outs and as in the best practice of this

time use semi-circular or curved cut-outs and filleted transi-

tions and then only when necessary.

Ener~v. The values of energy to maximum and fracture

loadings are graphically summarized in Figs. 1-4, 1-7, and I-8.

Many interesting energy comparisons may be made. First,

the effects of separating the notches as in Types EN 6 to EN 8,

inclusive, may be contrasted with Types EN 1 to EN 5, where

the notches were at a single cross-section. This contrast

indicates that separation improves energy values, primarily

due to increased load values and the formation of two plastic

zones instead of one as is the case of centrally notched Types.

Second, the semi-circular notched Types EN J and EN 8 are much

better than straight sided notches, since larger plastic zones

are permitted to form. Third, energy absorption of all notched

types is definitely inferior to the unnotched Type EN 9. This

is similar to the statement concerning maximum loads; hence

notching pr@uces inhibitions on both strength and energy.

Transitio~ T~m~eratures. Transition temperatures for all

Types are summarized in Table 1-11. They have been determined

as single values of temperature and as temperature ranges.

The basis for selecting single values of transition tem-

perature is as follows: The mid value between maximum and

minimum values of per cent of shear, or energy to maximum load9
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TABLE 1-11

TRANSITION TEMPERATURES

OF

Based on Based on Energy Based on Energy
Type of Fracture to Maximum to Fracture
Specimen Appearance Load

EN 1

EN 2

EN 3

EN k

EN 5

EN 6

EN 7

EN 8

EN 9

!?1 e Pto _ Sin~le Pt. Range Single Pt. ?ange

42 45 to 6CI 45 or 57 45 to 60 38 30 to 45

39 40 to 50 35 40 to 50 39 4-0to so

53 50 to 60 k8 50 IXI 60 46 50 to 60

48 L5 ‘h ~o $5 45 to 50 46 45 to 50

25 25 to 30

42 w to 45 40 ho Im To 42 40 to 50

52 30 to 55 52 30 to 55 52 30 to 55

42 kO ~0 45 42 40 to 45 4-2 40 to 45

25 20 to 30

ar energy to fracturea where the latter quantities were separately

plotted against temperature~,was first located. An intersection

of the mid value line with the curve in question determined the

single value of temperature defined as transition temperature.

Transition temperature ranges were determined as the temperature

zone within which there was a likelihood of an abrupt change in

energy level or a change in fracture from a shear to a cleavage

mode.

In generala the transition temperatures and ranges for a

given Type of specimen were about the same~ regardless of whether
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appearance, energy to maximum
.

~oad$ or energy to fracture. Minor variations of this occur

particularly for Type EN 9 when the transition temperature

was 10° to 12-F lower based on energy than when based on

fracture appearance.

All types except EN 5 and EN 9 might be said? with

small error~ to have a transition temperature of about 45@F0

The effect of the less severe notching of Type EN 5 is to

lower the transition temperature to approximately that of

the unnotched Type EN O,,20° to 250F.

Type EN 1 having notches produced by jeweler~s hack

saw cuts has essentially the same transition temperature as

Type EN 2 with burned notches. The acuity of the notch is

definitely different until the visible crack occurs at the

notch. It may be postulated that the acuity of the visible

crack is the controlling factor instead

The visible crack should also establish

of the original notch.

the notch acuity for

Types EN 5 and EN 9. This Is apparently confirmed by their

near equality in transition temperature. The fact that these

types show a lower transition than the others may be due to

the higher local strain in the region of the initial crack$

thus shifting the transition downward.

TEST RESULTS FOR SPECIMENS HAVING LONGITUDINAL WELDMENTS

Ultimate Load. Welded specimens of Types EF 10 and El?11

had the same external geometry as the specimens of the unwelded
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Type EN 9 series. The results of the Type EN 9 seriesa unwelded

and unnotched specimens~ were used as a base of comparison for ,,

previously made edge notched specimens and hence are usefuI

here for comparative purposeso The results for Type EN 9 for

10 l/2-in. wide specimens are plotted on Figs. 1-9 and 1-10.

The maximum loads for specimens of the Types El?10 and EE’11

series appear to be directly comparable to the maximum loads

exhibited by specimens of the Type EN 9 series at the same

test temperatures. The maximum tensile loads far specimens

of each of these three series are plotted in Fig. 1-9. Plate

beveling and longitudinal welding had little effect on strength

when compared with the Type EN 9 series which had no weldment.

The ~\16-in. fillet welds and the 3/h-in. effects at the

ends of the side plates of the EF 12 specimens had decidely

detrimental effects on strength. Two specimens tested at OOF

and +l~oF exhibited maximum loads which were approximately 100

kips lower than the EF 10 and EF 11 specimens tested at about

the same temperatures.

The effects of plate beveling, which established the

cro~s-sectional form of the longitudinal weldment$ were ap-

parently of little significance in limiting values of maximum

load. Abrupt changes in external specimen geometry$ however,

combined with fillet welds at the point of offset, appeared

to be more important factors in limiting the maximum load.

Enerm Q Maximuq Load. Relationships between energy

.-
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to maximum loada measured over the specimen length of 40 in.a

and test temperature for specinens of Types EF 10a EF Ila and

EF 12 are shown in Fig. 1-10. The results for unwelded speci-

mens of Type EN 9 having the same geometry as Types El?10 and

EF 11 are also plotted in Fig. 1-10. The scatter of

limited data makes the interpretation of the resuits

The energy to naximum load for welded specimens

EF 10 and EF 11 generally have slightly lower values

the

difficult.

of Types

at most

test temperatures than the energies reported for unwelded

Type EN 9. The exceptions occur at 00F and at -35UFg where

a single specimen of Type EiF10 with a cleavage

an energy to maximum load which was higher than

other specimens.

fracture had

that for any

..

Due to limited tests of Type EF 11, no conclusive com-

parisons can be made with Type EF 10. It appears, howeverq

that the effects of welding and plate beveling reduces the

energy absorbing capacity by only a small amount when re-

sults are compared with unwelded specimens of the same ex-

ternal geometry.

The three specimens of Type EF 12 with a J/16-in.

fillet weld and a 3/~-in. offset at the md of the side

plates$ had values of energy to maximum load which fell

below the energy values for the Types EF 10~ EF 112 and

far

EN 99

at the same test temperatures. The energy absorbing capacity

of specimens of Type EF 12 appears to be about 20% of that
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of El?10 and EF Il.

,>.

It is therefore apparent, given a free choice of details$

that an abrupt change in geometry as exemplified by the de-

tails of Type EF 12 should be avoided. Type EF 12 is defi-

nitely inferior in both load and energy capacity.

EnerEY ~ Fracture. A graphical representation of values

of energy to fracture of specimens of Types El?10, El?11, and

EF 12, is given in Fig. 1-10. Energy to fracture values for

the previously reported geometrically similar series of Type

EN 9 is also shown.

Values of energy to fracture must be viewed considering

the type of fracture, i.e.$ shear or cleavage. Specimens in

shear always attain a higher energy value at fracture load

than that at maximum load, while specimens failing in complete

cleavage are assumed to have the same energy as at maximum

load. The tenacity of the shear type of fracture is well known$

and energy to fracture exemplifies this feature.

For Types EF 109 EF 11, and EN 9, it would appear that

the energies to fracture are roughly equivalent at all test

temperatures. In contrast, specimens of Type EF 12 exhibited

energies to fracture which were less than 20~ of the energy

values for specimens of Types EF 10 and E??11. As was the case

with maximum load and energy to maximum load, external speci-

men geometry again seems to be the more important parameter

in limiting the amount of energy absorbed to fracture.
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The criteria used to evaluate

transition temperature for specimens of’the EF series were

based on fracture appearance energy to maximum load$ and

energy to fracture. The estimated transition temperatures

for each of the criteria are shown in Table 1-111.

The transition temperatures as represented by fracture

appearance are the temperatures taken from sketched curves

(not shown) offper c~nt shear vs. temperature based on data

as shown in Fig. 1-9 and represent the temperature at which

a SO.%shear fracture would be expected.

Transition temperatures based cm values of energy to

maximum load or to fracture were taken from sketched curves

of energies vs. temperatures based on data shown in Fig. 1-10.

points on the sketched curves where the

represented the average of high and low

The two tests of specimens of Type

ordinates approximately

values of energy.

El?IT at O“F and +200F

indicated 100~ shear fractures, thus making it impossible to

evaluate the transition temperature for Type EF 11 except to

state that it is lower than O*F. Typ~ EF 10 specimens indicated

a transition temperature at about +25QF based on fracture ap-

pearance and +IO”F baaed on energy.

The higher transition

attributed to a difference

the end of the butt weld.

temperature

in sever%ty

For Type El?

for Type EF

of the weld

10 the part

10 may be

notch at

of the butt
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TABLE l-III

Transition Temperatures
Type EF Specimens

DN Steel

Transition Temperature, ‘F
Type of Based on Based on Energy Based on
Swecime~ Fra turec ADDearance o Maximum Load Energy to Fracture

EN 9 25” indeterminate indeterminate
EF 10 25o ~~e 15”
EF 11 lower than 0° lower than 0° lower than 00
EF 12 35° indeterminate 35°

weld lying in the main plate groove ends abruptly~ whereas for

Type EF 11, where only the side plate was beveled, a less

severe weld notch was created. The fracture in all El?10 speci-

mens initiated through the weld termination; but for the two

specimens of Type EF 11, fracture occurred above the termination

for the test at +200F and in the main plate, several inches be-

low the termination of the test at 00F. This change in location

of fracture, coupled with the fact that both fractures were of

the shear type, lends confirmation to the lesser severity of

localized effects for EF 11.

Specimens of Type EF 12, due to the increased severity of

localized effects at the offset, show a higher transition tern.

perature than for EF 10 or EF 11. With only three tests of

Type EF 12, it is possible to establish only an approximate

value of the transition temperature at about 350F.
>.
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EFFECTS OF EDGE PREPARATION

~o Since this part of the report on edg= con-

ditions contains material which has not been previously re-

ported by the investigators~ a description of fabrication

techniques and instrumentation is included with the discus-

sion of test results.

The specific specimen types investigated are classified

as follows$

X.3LE Edge Surface Pre~aration

EM Machined in planer

ES Sheared

EH Hand guided flame cut

EG Machine guided flame cut

EGG Machine guided flame cut and
lightly ground

EG-A Carbon arc strikes on machine
guided flame cut edges

The edge preparations introduce essentially three basic

variables~ i.e.$ heat effectsg effects of cold mechanical work-

ing$ and edge notch effects which may accompany either of the

other two variables. To determine the relative effects of

these variables specimens with each of the edge treatments

were tested in tension at room temlperature$at -~*F~ and at

the lowest service temperature probably encountered by shipsa

O’F. For each of these testing temperatures the results of

the tensile tests in terms of maximum Iaadsq fracture loadsa

,.
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elongations, and energy absorption were compared. As a

further aid to the evaluation of the relative ductilities

and notch effects of the edge treatments, bend tests were

conducted for each of the edge types.

Specimens with edges prepared’by machining are to be

referred to in this report as a standard of specimen be-

haviora since it is believed that this type of edge preparation

does not introduce the variables mentioned to any great extent.

Machine guided flame cuts introduce considerable heat effects

with moderate edge notching resulting from the cutting irreg-

ularities. Hand guided flame cutting introduces heat effects

with severe edge notching due to the more irregular surface

resulting from this type of edge preparation. Machine guided

flame cut surfaces may be improved in appearance by a light

grinding which removes the mild edge grooving and part of the

heat-affected zone. Edge shearing introduces mechanical work-

ing of the metal in the edge zones along with edge notches

due to roughness. The carbon arc strikes introduce localized

pitted areas of severe heat effects with microscopic cracks

radiating from pitted area into the adjoining base plate.

SnecirnenFabricati~. The tensile specimens used were

of 3&.in. thick ABS-B steel, 3 in. wide, and having a ~-in.

long test section for the tests made at room temperature~ and

a 20-in. long test section for tests conducted at temperatures
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Iower than room temperature. The specimens are shown in

Fig. 1-3.

The machined edge specimens? Type

planing. Fig. 1-11 is a photograph of

appearances for all specimen typese

IU4,were prepared by

typical edge surface

The sheared edge specim@nsT TYPe ES9 were Pr~Pared at

the Sun Shipbuilding and Dry Dock Co., in Chester, Pennsylvania.

The resulting edges were of a good quality in the opinion of

the shipyard personnel. The specimens were aged for a perid

of approximately four weeks before testing.

The machine guided flame cut surfaces, Type EGI were

prepared according to published recommendations of the Linde

Air Products Co. The resulting edges exhibited only slight

edge irregularities.

Specimens of Type EGG were prepared by machine guided

flame cutting with the edge surfaces further prepared by a

light grinding. The grinding was sufficiently deep to remove

all surface grooves but did not extend deeply into the heat-

affected zone. It is estimated that the maximum depth of

grinding was 1/32 in. with the greater part to a lesser depth.

Hardness tests also indicated that only a small part of the

heat-affected zone was removed.

Specimens which had hand guided flame cut edges are

designated as Type EH. The resulting edges were quite irregular,

as can be seen in Fig. 1-11.

...
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Following the preparation of the specimens, l/4-in~ re-

inforcing pads were attached to ends of the test sections with

fillet welds. The assembly was then welded to the headers

which fitted into the jaws of the testing machine.

sDe cime~ Inst~enta tio~ @ Testing. Specimen elonga-

tions were measured with a spool type extensometer sensitive

to O.00~-in. The terminal points of the extensometer were

located on the pulling heads which had a much greater cross-

sectional area than the specimens themselves, making it pQs-

sible to attribute all of the elongations registered on the

extensometer to the test section of the specimens.

The testing machine employed for the program was a

Baldwin machine with a 600,000-lb. capacity located in the

Civil Engineering Department~s Laboratories at Swarthmore

College.

The specimens were tested at room temperature or were

surrounded by an insulated temperature control chamber which

was telescopic to permit it to follow the elongations of the

specimens. The specimens were cooled to testing temperature

by air which was circulated through a closed system consist-

ing of the chamber~ insulated hoses, and an insulated box

containing dry ice. Three thermocouples were attached to

each specimen~ at the top, center, and bottom, which actuated

the fan switches in the circulatory system. The temperatures



were automatically recorded through the cooling period and

testing.

The specimens were loaded Slowlya and load, elongation,

and temperature readings were taken simultaneously. The data

were recorded and plotted as load vs. elongation curves.

lhergies to maximum load and to fracture were computed from

the areas under the curves and are tabulated in Tables 1-IV

and 1-V.

Specimens were tested at room temperature at -kO~F,and

at O°Fa the latter temperature, in the opinion of the advisory

committees representing the lowest recorded service tempera-

ture at which ship fractures were known to occur.

H~ WLWWW&So As a further aid to the evalua-

tion of the effects of edge preparation Rockwell hardness

measurements were made on specimens having sheared? machine

guided flame cut, machine guided flame cut and ground edges.

$peclmens were cut transversely across unstrained specimens9

and hardness readings were taken from edge to edge at the

mid-thickness of the plate. The values of Rockwell ‘lB?lhard-

ness vs. distance from the edges are plotted in Fig. 1-12.

Hardness measurements on machined edge specimens Type EM

indicated that the hardness was constant across the specimen

at a value of B.70. Converting Rockwell ‘B{’hardness of 70

to Brinell hardness and applying Dohmer9s law to estimate

tensile strength indicates that the tensile strength of ABS-B
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TABIIEI-V

SUMMARY QF TEST DATA FOR LOW TEMPERA’ITM3TESTS.—— —

Energy Elong. E’rac- Energy Elong.
Maxo to Max. to Max. tllre t~o~:ac. tjo ??pac: % Reduct. Fracture

Spec.i- Edge $ mad Load Load LQad ~~~d kness origin
men Treat ~~ns n-~s np~ m~ In-Ki~s

EM-M19 Machined

EI’HI17 11

EM==m8 Vt

EM-M29 n

EG-M20 Guided=-
Burned

EG-MIJ Guided-
Burned

EG=M22 Ghided-
13tmned

E(2-M3% Gtiided-
Burned

EG-M32 Guided-
Burned

EGG-M14 ~ided-
CWound

EG(?M43.6GMded-
G&ound

EGG-MZ Guided-
(33?ound

EGG=M31 Guided=
Ground

-46

=%0

=60

-60

-40

-40

-20

-40

0

-40

.40

04~

-60

70

50

0

0

0

0

0

0

so

so

Jo

o

0

627 40~c)o

h92e5 ‘30500

20850

2.350

452,5 3.500

115.0 10025

253.5 1.900

0 2e935

485.c) ~oSOO

570 4.000

477*5 3.500

2*925

1.650

130,0

139.0

163 *o

16105

15000

13600

148*5

166.0

138.0

135.0

135.0

153*O

154.0

5.570

5.370

2.8~o

2.350

3*500

1.025

1,900

20935

4*900

4.700

4.330

2092S

1.650

27,9

25.4

k.~’

305

8.9

2.8

5.2.

3.22

23.4

26.9

26.9

3.6

2*I

Length
At end rein-
forcement

At end rein-
forcement

Edge-l\s Length

At r inforee-
$men

~ge-1/3 bngth

Mid Width-Mid
Length

Mid Width-Mid
Length

At Reinforce-
ment
A;e~~inforce-



TABLE l=V CONTINUED

Energy Elong. Frac- Energy Elong.
Max. to Max. to Max. ture to Frac.to Frac. % Reduct. Fracture

speci- Edge $ TreedLoad Load Load Load Load Thickness Origin
men Treatment OF~ p_Inches Ki s In-Kips Inches at Frac.

EH-M!ll Hand :40 0 144.~ 1%7.0 1.125 144.0
Burned

EH-M13 Hand =40 o 137.5 92,5 0.860 13’7.5

Burned
EH-M12 Hand 00 l~poo 257.* 10990 157.0

Burned

ES-M23 Sheared -40 0 161.0 222.5 1*595 16100

ES-M24 !1 00 15305 180,0 1.%20 153.5

ES-M25 11 +20 o 155.5 - 2.300 155.5

147*5 1.125 2.8 Edge at l\4-
Length

92,5 00860 2.1 Edge at l\3
Length

257.~ 10990 4.5 Edge at @
Iength

222.5 10595 3.0 Edge-l/s
Length

18000 1,420 3.1 W:m;;3

2*300 6.4 W;;;(3
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steel should be approximately 62@0 lbo Per ~qo in” which

compares favorably with the coupon strength~

Specimens with machine guided flame cut edges, Type EG5

exhibited edge hardness of B-90. The heat-affected zone ap-

parently extends for a distance of somewhat less than 1/4 in.

from the edge as the hardness values diminish rapidly to a

value of B-70 at that distance.

Specimens having machine guided flame cut edges which

were further prepared by light grindings Type EGG, had an

edge hardness of B-80, indicating that the heat-affected

zone was only partially removed by the grinding. However3

the edge hardness remaining in combination with smoother

edge surfaces apparently had no detrimental effects on the

tensile behavior of these specimens.

Sheared edge specimens5 Type ES, had hardness values

which exceeded those of flame cut specimens. The average

hardness of the sheared edges was B-98. The effects of cold

mechanical working of the edges during the shearing opera-

tion extended to a distance of approximately 1 in. into the

virgin plate? leaving only the center 1 in. of width of the

s-in. wide specimen unaffected by the mechanical working.

This cold working of the metal affected the load vs. elonga-

tion curves for sheared edge specimens The curves lacked

the characteristic upper and lower yield points as shown by

the other specimens and departed gradually from the elastic

I

I

I

I

I
-.
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tangentO

Fracture Ori~ins. Methods used in cutting and preparing

the edge surfaces of steel plates become critical when the

resultant edge conditions provide the origins for initiation

of cleavage fracture. The ideal edge condition would repre-

sent edge surfaces free of notches and with edge zones of the

plate unchanged in hardness or physical properties as compared

to the parent plate. In this investigation the ideal is

closely represented by edges prepared by machining. All other

methods of edge preparation depart from this ideal.

The methods of edge preparation were not critical at

nominal room temperature (averaging 750F)~ since all speci-

mens fractured in the shear mode with the shearing action

stqrting at the mid widths of the 3-in. wide specimens.

age

and

Tests at low temperature developed both shear and cleav-

fractures. Only two types of edge preparations, machined

machine guided flame cut with subsequent grinding~ per-

mitted initiation of fracture in the shear mode at mid width;

whereas all other edge surface preparations provided edge

conditions for initiation,of cleavage fracture. Although speci-

mens having machined and machine guided flame cut edgesa the

latter with ground edges, separated first at mid width in the

shear mode at low temperature, continued straining and the

internal shear plane notches caused these specimens to fracture

in the cleavage mode for about one-third of the specimen width.
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The effects of edge preparation on fracture can usually

be evaluated by the visual appearance of the fracture su~fac@o

The fracture initiations in specimens,having sheared edges

were apparently caused by the high edge hardness due to the

cold working of the edges during the shearing operation$

and particularly that part of the edge which was on the under

side of the specimen during the shearing operation. At very

low unit strains cracks opened along this edges providing the

fracture origins. It is possible that these cracks were

microscopically present before the specimen was strained in

tension. A close examination of the edge photograph of Fig.

1-13 shows these cracks at approximately 10% strain. At the

fractured cross-section the small shear lips caused by the

shearing operation also serve as triggers for the cleavage

fractures. These small shear lips can be seen at the upper

right and lower left of the photograph of the fracture cross+

section of Fig. 1-13.

The method of hand guided flame cutting edges develops

a fairly rough edge surface (See Fig. 1-14), having an edge

hardness considerably greater than that for the machined

pIate. The combination of roughness and hardness appears to

be the cause of fracture. In all cases a crack developed at

the root of one of the edge grooves and provided the notch

required to trigger the fracture. The cleavage fractures

began on the edge at the mid thickness of the plate at a
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crack and progressed ~apidly across the plate.

Machine guided flame cutting results in a more regular

edge surface than hand guided flame cutting; but small grooves

on edge surfaces were still present? as can be seen in FigO l-1~.

For each instance of low temperature fracture, the fracture

origin could be traced to an edge groove. Cleavage fractures

initiated from a crack at the mid thickness of the plate at an

edge groove.

Further preparing of initially machine guided flame cut

edges by grinding results in edges essentially free of macro-

scopic external notches but retaining some of the edge hard-

ness imparted by the flame cutting operation. The edge con-

ditions were not serious enough in all cases of low tempera-

ture tests to cause the fracture to initiate at the edges.

The specimen behavior was similar to the behavior of machined

edge specimens. A typical photograph is shown in Fig. I-16.

Machined edge specimens, when tested at low or high tem-

peratures apparently show no initial effects due to edge

preparation. The fractures initiated at the mid width of the

specimens in the form of shear planes at both high and low

temperature, but at low temperature the ends of the shear

planes apparently provided the trigger producing cleavage

fracture over approximately one-third of the plate width.

Edge and fracture views are shown in Fig. 1-17.

The specimens of the sheared edge series, Type ESa all
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Fig. 1-16. Edge snd Fracture views
GuidedFlameGutQ~dWendEdge speclmon

FIs. 1-17. Edge and Fracture VLews
Machined Edge Specimen



-k2-

e~hibited fractllreorigins at the corner of the specimen edge

wb.ichwas ou the under side of the shear blade. As was

previous~y stated~ this work hardened edge was subjected to

severe cracking with very low unit strains as shown in Fig.

1-13. In an attempt to improve the tensile behavior of

sheared edge specimens~ this corner was ground to a radius

.-:

..

d’ approximately 1/8 in. on a single specimens and the speci-

men tested at OOF. The results may be compared with those

for a sheared edge specimen tested at the same temperature.

Although both specimens fractured in the cleavage node? an

improvenentiwas noted for the ground specimen in tensile .

characteristics over its counterpart with no further edge : ‘“

preparation Visible cracks did not appear during the test

an the corner which was ground; howeverg the cleavage fra~-

ture apparently started at this corner. The comparative

results of the two tests at OOF are given below:
Thickness

Emecimen M~ L ad Elongation Reduction

With corner grinding 164.5 k 2095 in. 8005%

Without corner grinding 153.5 k lo~}2in. 20lox

A similar attempt was made to improve the tensile behavior

of machine guided flame cut specimens by grinding a ~\8-in.

radius on the comers which were on the under side of the

torch during the cutting operation. A single specimen pre-
...

pared in this manner was tested at 00F9 and the results com-

pared with those of a specimen which had no further preparation
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of the edge. Both specimens fractured partially In the shear

mode with no discernible improvement noted for the l\8-in.

radius ground corner as shown:
Thickness

Pne ime~c ~E~~

With corner grinding 1J90S %080 23. 6X

Without corner grinding 16005 4090 23.~$

DISCUSSION OF TEST RESULTS

Room temperature tests of specimens with all edge pre-

parations investigated in this study showed little variation

in tensile characteristicsas shown in Table I-IV. This dis-

cussion? therefore, will be concerned primarily with the re-

sults of tests at temperatures lower than 720F.

Specimens with machined edgesq which should represent

the optimum in specimen behavior, were tested at -kO°F and

at -60~Fo At -kO°F the average maximum load for two speci-

mens was 158.3 kips; energy to maximum load~ 56o in.-kips;

energy to fracture load of 787.5 in.-kips; and a total elonga-

tion of 5.47 in. The average load and energy summaries for

all edge types are shown in Fig. I.-18. The specimens frac-

tured partially in the shear mode at this temperature. An

attempt was made to obtain a complete cleavage fracture with

this type of specimen by testing at -60”F~ but in two attampts

the specimen fractured through the toe of the fillet weld at

the end of one of the reinforcing padsz a fracture which could
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to the effects of edge preparation. Of all

the machined edge specinens exhibited the

greates-tamount of ductility as measured by specimen elongation

and per cent reduction of thickness at the fracture.

Following closely in tensile characteristicswere speci-

mens which were machine guided flam~ cut with the edges further

prepared by light grindings Type EGG. As was previously men-

tioned this method of edg~ preparation was effective in remov-

ing all visible edge grooves but not the hardened edge zones.

Of three specimens tested at -~”l?, two fractured through the

test section with an average maximum load of 156.5 kips. The

average energy to maximum load for these specimens was 524 in.-

kips$ energy to fracture load of 637.5 in.-kips~ and average

total elongation of 4.5 inches. The specimens fractured

partially in the shear mode with the shear plane providing the

notch for subsequent cleavage fracture of the remainder of the

cross-section. One test at -400F and one at -60°F fractured

through the fillet weld at the ends of reinforcing pads, frac-

tures which could not be attributed to edge preparation effects.

For the limited tests made, the machine guided flame cut edge

with subsequent grinding appeared to have no serious detrimental

effects on tensile behavior other than a small loss in ductility

when the results are compared with those of machined edges.

Machine guided flame cut specimens without grinding, Type

EG$ showed more scatter of dataa an indication of the variable
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nature of edg~s prepared by this method. Visible differences

could be noted in specimen edges of this group with no two

specimens showing the same edge grooving due to the flame cut-

ting. Cold temperature tests were made at 00F9 -20°F~ and

-kO@F. Two specimens of the three tested at -4001?fractured

in the cleavage mode with the fractures originating at edge

grooves. A wide spread existed between the results for these

tests~ so that an average of the tensile values is not partic-

ularly meaningful. However, the better of the two specimens

approached the machined specimen in tensile behaviora and the

other approached the poorer of the hand guided flame cut speci-

mens. A third test of this type of edge preparation at -400F

reached a maximum load of 166 kips higher than the maximum load

of any other specimm tested in this program before it frac-

tured at the fillet weld at the reinforcing pad. A visual

examination of the edge of this specimen indicated that it was

comparatively free of edge grooving. A single specimen tested

at -200F exhibited characteristics which were midway between

the low and high values d the tests at -400F. At 09F a single

specimen fractured partially in the shear mode at a maximum

load of 160.5 kips; energy to maximum load of 485 in.-kips;

energy to fracture of 705 in.-kips; and total elongation of

ko9 in.

Specimens having hand guided flame cut edges$ Type EHY

were tested at 0~ and -kOOF. Two tests were conducted at
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the colder temperature with the following averages: maximum

load, l% kips; energy to maximum load, 119.2 in.-kips; elonga-

tion to maximum load~ 2.29 in. Both specimens fractured in

the cleavage mode with the fracture initiating at one Of the

edge grooves. The specimen tested at the O“F fractured in

the cleavage mode at a maximum load of 157.0 kips~ energy to

maximum load of 257.5 in.-kips, and elongation of 1.99 in.

Specimens having sheared edges were particularly suscep-

tible to edge cracking at relatively low unit strai~s. For

the 3-in. wide specimens used in this program$ the cold

mechanlcg,~wgrking of the specimen in the shearing operatign

affected the entire cross-section as indicated by the hard-

ness survey of the cross-section,Fig. 1-12. As a result of

the mechanical working, the average maximum load for these

specimens was relatively high, 156.o kips~ close t.othe aver-
..

age value for the Type ~G specimens. The ductility as re-

flected by average energy absorption was 10W$ 201.2 in.-kips,

slightly better than the Type EH specimens. Opportu@ties

for initiation of cleavage fracture were nwgerous through

the edge cracks developed at low strains.

Closely related to the study of edge preparation effects

was the brief study made of carbon arc strikes on the edges

of 3-in. wide specimens. The microscopic cracks and localized

hardness caused by the arc strikes were particularly detrimental

to strength and energy absorption. Fig. 1-19 is a microphotograph
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Fig. 1-19. Micro-Photograph of a Carbon Arc Strike.
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of cracks from a carbon arc strike which had been slightly

strained to open the cracks. The tensile test results for

the specimens are given in Table l-VI and shown graphically

in Fig. 1-18. The specimen with arc strikes fractured at a

stress slightly above the yield point stress for ABS-B steel.

A light grinding of the arc strike areas did not materially

improve results as shown by the second test in Table I-VI.

Chipping of the arc strike followed by rewelding and grind-

ing effectively repaired the edge. This specimen, the third

in Table l-VI, had tensile characteristics similar to the

Type EG specimen at the same test temperature.

DATA SUMMARY--ARC STRIKE SPECIMENS

Energy to Elonga-
Maximum tion to

Edge $ Maximum Load Inch Maximum
PcimF!n reatment o oad t)$ ns Load In.

EG-A-M36 Guided Burned O 0 108.5 43.8 0.475

EG-AG-M35 Guided Burned O 0 113 4905 0.560
Arc Strike
Ground

EG-AW-M33 Guided Burned o 0 149 204.0 1.87
Arc Strike
ReweIded

Bend TestS. As an aid to the evaluation of the edge pre-

parations investigated, bend tests at room temperature were made

of specimens having machined edges, sawed edges, sheared edgesl
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machine guided burned edges$ machine guided burned and ground

edges? and hand burned edgesb+.The specimens were 3[~ in. by

5\8 in., and 12 in, long, and were prepared from plate N of

ABS-B steel. The prepared edges$ 3/4 in. wide, the thickness

of test plates~ were on the tension side of the bend. Figures

l-~0 through 1-22 are photographs of the bend specimens.

The sawed edge specimen and the machined edge specimen

were bent through an angle of 1800 without cracking. The

sawed edge had slight irregularities of about the same order

as the machine guided burned specimen. (See Fig. 1-11.)

The machine guided burned edge~ and hand guided burned

edge? did not show signs of cracking at a bend of 90°. At the

1800 bend, however, small cracks were visible on the edges.

(See Fig. 1-20.] Each crack apparently originated at the

root of one of the edge irregularities. kinallercracks also

appeared on the sharp corners which we~e on the under

during the flame cutting operation.

The specimen with the machine guided burned edge

was further prepared by-light grinding had a Rockwell

side

which

WB!i

hardness of 80~ indicating that this type of edge preparation

did not remove all of the heat-affected zone. The specimen

was bent through a 18OO angle without showing signs of crack-

ing. {See Fig. 1-20.)

The sheared edge specimen began to show cracks shortly

after the bending operation was started. At an angle of 60@
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Fi~. 1-20. Bend Tests, Types EC snd EGG

Fig. 1-21. Bend Tests, Types EN and EM

.r .0

FTg. 1-22. Bsnd Tests, T~e ES
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cracks were we~l defined~ and at 180~ the specimen was almost

completely fractured. (See Fig. 1-22.] The cracks originated

at the sharp corner or lip of the plate which was on the under

side of the specimen during the shearing operation.

SUMMARY STATEMENTS

The edge conditions considered in Part 1 of this report

were primarily of two general categories: flame cut edge notches

of various geometric configurations, and edge notches resulting

from the method by which plate edges might be prepared. Edge

conditions deserve critical analysis when they prove to be the

source of cleavage fractures.

(1) Flame cut edge notching impaired strength and energy

absorbing capacity as

plates. Notches with

(2) There are no

compared with similar values for unnotched

semi-circular geometry were best.

wide variations in transition temperature

for the flame cut edge notched specimens used. The controlling

notch acuity is appa~ently the small cracks appearing at the

notch before fracture. Improvement in transition temperature

is evident for semi-circular notches only.

(3) The transition detail between the sheer strake and

the fashion plate should be made as smooth as possible.

(4) At high temperatures permitting shear failure, the

method of edge preparation is of little consequence. At low

temperatures however, the method of edge preparation is

.

.
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significant in determining the character of the fracture sur-

faces and the location at which the fracture chooses to

originate.

(~) of the two conditions introduced by flame cut methods

of edge preparation--edge roughness and edge hardness--edge

roughness is more seriously detrimental to tensile behavior.

Fractures choose an edge notch as provided by conditions of

preparation for their points of origin if such a notch is

available, whereas they appear indifferent to mild edge hardness.

(6) Shearing, as a method of edge preparation, introduces

conditions favorable to cleavage fracture from the edges.

Eheared edges can be substantially improved by grinding off

the shear lip produced by the shearing process.

(7) Carbon arc strikes on plate edges provide conditions

favorable to cleavage fracture at low loads. The effect of

these arc strikes can apparently be removed by chipping out

the damaged area, rewelding, and grinding flush.

(8) The quality of edge preparation can be relatively

determined by bend tests at room temperature. Specimens

which crack on the edge surface in the bend test at room tem-

perature will fracture in the cleavage mode at low tempera-

ture with the fracture originating at an edge. Bend test

specimens which do not crack at room temperature may or may

not fracture from the edge at low temperatures
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PART 2

LONGITUDINAL MEMBERS,—

INTRODUCTION

Reports of fractures in welded ships indicate that many

of the fracture origins were in the immediate vicinity of

interrupted longitudinal members. Classifications of these

welded discontinuities have included abrupt termination of

stiffeners~ Iongitudinals? and bilge keel endings.

have been initiated by notch effects attributed to

geometry~ welding defectsa or a combination of the

Fractures

structural

twoo

The purpose of the program outlined in this report has

been to evaluate the efficacy of certain welded structural

details as to tensile strength$ energy absorption and transi-

tion temperature. The welded specimens were intended to

simulate existing ship details or possible modifications cd’

present practice.

Specimens of Type Ly Fig, 2-1~ represent details similar

to those found at the free ends of welded components such

as stiffeners~ interrupted longitudinals~ and the bilge keel

endings.

The specimens were prepared by flame cutting and con-

nected by welding. Both the flame cutting and welding

techniques utilized in specimen fabrication represent the

quality of workmanship to b~ expected in average shipyard

practice. Machine guided flame cutting was employed on all
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straight cuts$ while radius cuts were hand guided. All welds

made manually using E6010 electrodes.

~~ a . The specimens while intended to simu-

ship details? were of necessity simplified to a symmetrical

convenient for tensile testing. This procedure has

probably tended to ov~rsimplify the general conditions found

on shipsj but the specimens are thought to duplicate the

critical conditions representing stru~tllraland Welding notch

effects.

The purpose of tests of Type L specimens was to ascer-

tain the effects on fracture of certain details and geometry

occurring at “theends of abruptly terminated welded struc-

tural members. Specimens in this category represent free

ended stiffeners~ interrupted longitudinals~ and bilge keel

endings. The scope of the Type L specimens was limited to

end variations found either to be actually in service or to

certain Variations which held promise of practical adapta-

bility for modifying ships now in service or in new designs.

The general design of the Type L specimens finally

adopted is given in Figs. 2-1 to 2-3T inclusive. Fig. 2-1

signifies the typica~ specimen and loading arrangement for

all end variations but specifically shows the flat bar end

condition termed Type L-29 where the flat bars are square

endEd. The tensile loading was applied through the flat

bars at one end and through the main plates at the other end.
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The tapered 3/+-in.thickmain plate provided a reduced width

and area to assure that a large part of the load introduced

through the flat bars would be retained by the bars until

the free endsa thus providing for a localization of strain

on the end weld.

A single specimen intended to simulate a bilge keel

ending detail was designed. A 3\k-in. main plate of ABS-B

steel was cut to the same geometry as the main plates of the

Type L specimens as previously described. The l/2-in. side

barsa however? were replaced by structural Tee sections

which were modified to meet the requirements of the speci-

men desigr~. The Tee sections were cut from a standard 12-in.

I-beam weighing 50 lb. per ft. The resulting T~e sections

had flange widths of 5.%77 in. and depths of 6 in. The

flange widths of the Tees were reduced to 4 in.a and the

ends were cut back on a 5=.in.radius.

EXPLORATORY TESTS

2JUU2~ Specimens The photographs of Figs. 2-4 through

2-10 represent one-half scale models of the full size Type L

specimens. One each of each Type was made and loaded until

a well defined scaling pattern appeared. The scaling pattern

was most valuable in interpretation of full-size tests with

regard to stress transfer and stress direction in the flat

bar terminations.
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The photographs are presented at this point merely for

the purpose of clarifying of the end conditions investigated

and as supplementary to the line drawings of Figs. 2-1 and

2-3. The exploratory tests will again be referred to when

discussing the results of full–scale tests.

Materials. The

specimen,fabrication

is an outline of the

Type specimens~

properties of the materials used for

can be found in Appendix B. Table 2-1

materials combinations used for all L

OVERALL DISCUSSION

TCIassist in giving an overall view of the physical re-

sponse of the Type L specimens, Table 2-11 provides in sum-

mary form values of average maximum load? average energies

to maximum load, and transition temperature. The average

loads and energies are given separately for specimens fail-

ing in 100~ shear and Ox shear. The transition temperatures

given are based almost entirely on appearance of fracture.

For most types the establishment of transition temperatures

from energy curves was limited by too few data.

Transition temperature is the most discriminating

characteristic for evaluating the geometry of the flat bar

end conditions. The range of transition temperatures sum-

marized in Table 2-II emphasizes the importance of choosing

the most favorable end contour on the flat bars, which were



TABLE 2-1

~ OF L TYPE TEST’~.-— —

Type Specimen
of Geoma No. of Combinations of
Speci- Shown in Specimens Types of Steel Remarks
mens Figure Tested Main Plate Flat Bars

& in..thick 1/2 in. thick

L1

EL

L2

L2

II@

?J3

w
I!5

L5

u)

I&5

117

L7

L8

2

2

3

3

2 and 1+

3 and 4

3 and 4

3 and 5

2 and 4
2 and 4

~ and 4

3 and 4

3 and ~

3 and ~

~ and 5

3 and 5

6

,,

4

1

7
2

3

3
1

5

2
3

3

2

3
2

‘N
‘N
ABS-B

ABs-%

‘N

ABsOIY

;N
N

AES-E?

JIBS-B

A13S’=E

ABS=B

ABS-B

ABS-E

ABSOB

~N Square ended cut-offs on flat bars

XPN
.. .. .. m. . . . . . .

‘N
R~N

;N
N

%

DUN

‘N
~!N

tee bar ASTM-A7

End of flat bars cut to 511radius

Modified type Z-E (see sketch)

with relief
Square flat bar cut off, 2~iburned hole
with relief
Squar&flat bar cut off? 2tiburned hole
with relief

U=sna,ped cutout (see sket~~)
!? Q1 U It al

Simulating bilge keel ending
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intended to simulate interrupted longitudinal and stiffeners.

The exploratory program~ which disclosed strain patterns

and stress direetions~ indicates that through changing the end

geometry the direction of stress on the end weld relative to

the main plate can b~ altered. The endings investigated dis.

closed that the direction of principal stress can be changed

from approximately a right angle to the face of the main plate

in the case of the square cut-off3 to 45” for the ~Jo cut-off9

and.to a direction parallel to tb.emain plate with a curved

ending. It is thought that this change in direction 2s one

factor in establishing conditions for fracture in the weld

and the plate directly beneath the weld.

Simultaneously with the limiting of stress direction7

the end contours of the flat bars limit the total force acting

on the end welds. The cutting away of material reduces the

load carrying ability of the flat bar in the critical region

at the fractured cross-se~tiono This second effect is

integrated with the stress direction.;ioe.$ with a reduced

flat bar cross-section of a given contour9 stress direction

and magnitude may be controlled. A favorable combination

will lower transition temperature, as evidenced by the re-

sults for Type L-25 and increase the expectancy of ductile

actian in the main plate.

For reasons stated before? the Type L-1 (square cut-off

flat bars) was made the base for comparison purposes. For

..



-65-

main plates of D
N

steel end modifications of Types L-2, L-4,

and L-5 resulted in lower transition temperatures than for

L-Io The radius contour of Type L-2 depressed the transit-

ion temperature by the greatest amount. Although the

radius contour of Type L-2 was the most beneficial, the

Type L-4 flat bar termination with flame cut hole was

essentially equal to Type L-2 in depressing transition

temperature.

For specimens using main plates of AB&B steel, benefits

in the way of lower transition temperature are shown for

Types L-2 and L-7. mpe L-5was equal to Type L-1, whereas

Type L-2 was only slightly beneficial in lowering transition

temperature. Type L-6, with flat bars cut off at 450, con-

trary to normal expectations, had a higher transition tem-

perature than the square cut-off of series L-1. It should

be noted that the transition temperatures of all specimens

using ABS-B steel were higher than those of D
N

steel for

all end variations‘whereduplicating tests were made.

The Type L-3 specimens, with end contour cut to a radius

with a slightly upturned end, were expected to be as good

relative to transition temperature as Type L-2 where the up-

turned end was eliminated. Limited tests did not confirm

this opinion. However, the differences in transition tem-

perature may be due to the DIN flat bars used in all L.3

specimens.
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In comparing the transition temperatures of Types L-b

and L-5 with 2-iKI. diameter burned holes9 having main plates

Of D
N

Steel$ ‘th&straight cut from end of flat bar to the

circular ‘holeas in Type L-5 was beneficial in lowering

transition temperate. For ABS-B steel plates no direct

comparisons between-the two types were possible due to lack

of tests of Type L-~o Comparing the resuits of L-5 with

Type L-1 with ABS-13steel it appears that no definite benefits

accrue. Thus fo~ DN steel the detail of L-5 appears benefi-

cial and for ABS-B steel it does not.

Th~ effects of various flat bar ends on maximum load

(see Table 2-II) and the graphical summaries of Figs. 2-11

and 2-12 perm,itcertain generalizations to be made.

Firsta the maximum Ioadq within the limits of relia-

bility of test results$ does not appear to be significantly

affected by the end eontours~ although there is an indica-

tion that the end radius of Type L-2 is better than square

cut-offs in this respectto Since Type L-2 is definitely

preferential to L-1 with respect to transition te~peratur~a

its improved lead performance also provides a sound reason

for favoring this detail.

Second$ th~ average maximum loadsg in general~ are

nearly alike for either cleavage failures or shear failures

for a given type of”specimen and.kind of steel. Average

loads as high: or often hi.ghergfor cleavage failure than

.
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for shear failure are not a new finding and have been reported

before by this hbOl%tOl?y. A close examination of the maximum

load tabulations for varying temperatures (plotted in Figs. 2-11

and 2-:12) ~eveals much scatter in loads for both the shear and

cleavage modes. 3.12genez’alythe low load values for the cleav-

age mode occ~rred at a temperature 20° to 30@F lower than the

transition.

The energies to maximum load are summarized in Table 2-II

and shown in Figs. 2-Z3 and 2-14. For RN steel plates9 Type

L-2 (radius cut ending] shows the highest energy values. This3

along with the favorable trends in transition temperature and

load capacity5 adds further evidence to the suitability of the

L-2 f~rm. Again L-j runs a close second to L-2.

Energies to maximum load remain high for cleavage fracture

at 20*F to 30W? below the transition from shear to cleavage

fracture. Evidence of this nay be noted for each type of

specir.eno The average energies for the cleavage mode are per-

haps meaningless unless each test is viewed separately. As a

practical matter of selecting a transition temperature based

on energyt one finds that these high values act to lower the

transition temperature from that based on fracture appearance.

For the dquare ended Type L-1 of DN steely the transition tem-

perature so determined is ltoFlower and for the AB&B steels

~80F lower than values based on fracture appearance. Thus~

on an energy basis the AES-B steel would have a 4eF lower
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transition temperature than the DN steel$ whereas the ABS-B

steel had a transition temperature 300F higher than D
N

steel

based on fracture appearance. This is an anomaly that can-

not be further investigated for other types because of limited

data.

SUMMARY STATEMENTS

It often appears warranted to limit the reliability and

applicability of test results by qualifying statements. If

that were to be done here9 it would be essential to note:

(a] that the main plates of all specimens were narrow relative

to the details; (b) that the edges of the main plateq repre-

senting a hull or bulkhead plate were free from lateral re-

straint; and (c] that limited tests were made as dictated by

economy and available steel. All of these reservations would

make certain conclusions relative to full-size ship details

uncertain. However, since all of these conditions were ap-

propriately noted when establishing this investigation it is

hoped that this work may point out the direction that future

work should take or that the present data may be utilized in

at least a qualitative manner for guiding immediate practical

considerations where geometrica~ notches are involved.

(1) Test results confirm the long standing belief that

abrupt changes in structural geometry can have only detri-

mental effects. While abrupt chang~s in structural geometry

.
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am criticala as has been clearly demonstrated by a large

number of actual casualties little has been known about

the actual relief that could be furnished by modifications

in geonetry. The test results indicate that anything short

of the most practical sm~oth structural transition from one

structural component to another impairs Toad capacity, energy

absorption, and raises transition temperature.

(2)The structural notch effect of abrupt or gradually

faired terminations of structural components, as exemplified

by free ended Iongitudinals or stiffeners, is a result of

the compounding of concentrations of stress and the direc-

tion of that stress at the termination. Favorable com-

binations of this compound effect tend to eliminate the

structural notch. A favorable combination of the compound-

ing effects can be attained when the stress direction at

the free end of a longitudinal is as nearly parallel to the

hull or bulkhead plating as possible? in conjunction with a

decrease in the magnitude of this stress. The direction may

be controlled by smooth contour endings and the stress

magnitude reduced by a reduction in end cross-sectional area.

It has been found that the most favorable combination results

when the end contour of a longitudinal is cut to a radius.

(3] Transithn temperature was the

characteristic in comparing the results

geometry of the Type L specimens. Load

most important

of variable end

and energy absorption
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were less critically affected by changes in type of endings.

(4) The study reported herein does not lend its~lf to a

critical separation of geometrical and welding notch effects.

It is essential to keep in ~ind that the most favorable

geometric condition would be nullified by a weld containing

flaws.

.
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PART 3

XllE~ QllFASTENING ~

INTRODUCTION

Fabrication of the components of

~ CLEAVAGE FRACTURE

steel structure involves

methods of connecting the components to form the integrated

structure. Excluding welding, such means include boltinga

riveting, manually welded studsa automatically welded studsa

and explosively driven studs. Each of these means involves

operations on the base material which can be expected to have

some effect cm that materials structural ability. The items

included in this study are: drilled holes, punched holesy

reamed punched holes, rivets in punched holes? Nelson studs~

manually welded studsa and Ramset studs. The evaluation of

the fastening methods has depended upon tensile tests at 00F.

The specific types of specimens selected for investigation

are classified as follows:

S~ecimen TVDQ Descr~t ion

FD l-in. diameter drilled hole
FP l-in. diameter punched hole
FFR l-in. diameter punched hole,

reamed to l/32 in. dia.
FR Eat rivet in 1 in. diameter

punched hole
FSW l/2-in. diameter manually

welded stud
FSN l/2-inO diameter Nelson stud
~SR l/4-in. diameter Ramset stud
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SDecime~ Fabrication and MateriaTs. The basic specimen—. . .

selected for this investigation was the 3-in O by 3!4-in. by

&O-in. specimen used in the Edge Effects Program for room

temperature tests and similar to that illustrated in Fig. 3-1.

At the mid length of the specimens the appropriate detail was

introduced as shown in Fig. 3-10

The specimens were flame cut from a 3/%-in. thick platea

and all fastenings except the Ramset stud were prepared by

personnel of the Sun Shipbuilding and Dry Dock Company in

Chester? Pennsylvania. A technician from the Ramset Company

installed the Ramset fasteners.

The material used for all specimens was an American

Bureau of Shipping Gra,deB steel as described in Part 3 of

this report., The chem~c~I campasition and physical properties

of the steel are given in.the Appendix.

Snecimen Instrumentation ~ Testing. Specimen instrumen-——! —

tation and testing procedures employed for these tests are

similar to those described in Part 1.

Two specimens of each type were tested at OeF. The speci-

mens were loaded Slowly$ and simultaneous readings of load~

elongation and temperature were made. Energies to maximum

load and fracture load were computed from the load vs. elonga-

tion curves. The test data are tabulated in Table 3-I.

Fracture ori~ins. Fastening methods deserve critical

study if they prove to b= the causes of cleavage fracture.

,“
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The fracture surfaces of each of the specimens tested in this

program were examined in an effort to determine the location

of the fracture origin.

In the case of specimens containing holes, the majority

of the fractures originated as small tears at the sides of

the holes after elongationby the tensileload. The tears ap-

parently served as notchesfavoring cleavagefracture. Fig.

3-2 is a photograph of a Type

specimen, which is typical of

FPR, punched and reamed hole

these fractures. All specimens

appearedto fracturein a sitilarmanner except those speci-

mens with welded studs~ such as Type FSW5with manually welded

studsa and Type FSN5 with automatically welded Nelson studs.

These latter two types fracturedseveralinchesabove or below

the stud. The two tests, using Ramset studs, had fractures

initiating at the studs.

DISCUSS1ON OF TEST RESULTS

Two types of welded studs~ Type FSW3 having a manually

welded stud, and Type FS~with Nelson studs? did not produce

conditions to initiate fractures at the stud. This discussion~

therefore will be confined to the remaining types wherein

fracture initiation occurred at the fastening for test tem-

peratures of CWP.

Of the specimenswhich fracturedthroughthe fastenings

Type F’!)with the drilledhole was generallybetter than other

types into which a hole was introduced. The punched hole of
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Fig. 3-2. Photograph of Fracture
and Reamed Specimen.

,,

I

Surfaces of a Punched
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the same diameter as the drilled hole reached approximately

the same level

hole specimen,

as illustrated

of ultimate tensile stress as the drilled

but the elongation was only one-half as great,

in Fig. 3-3. It appears that the punching

process effectively cold worked the zone around the hole~ so

that the localized area suffered loss of ductility without

appreciable loss of tensile strength. (This is analogous to

the relative behavior of the sheared edge specimens vs. the

machined edge specimens as reported in Part 1.) Introducing

a rivet (driven

level of stress

The reamed

mately the same

hot) into a punched hole did not change the

and strain at which the specimen fractured.

punched hole, Type FPR, exhibited approxi-

stressand strain levels as

punched hole. It appears that mild reaming

all of the cold worked material adjacent to

the unreamed

cannot remove

the hole, although

the microscopic cracks might have been removed.

In the case of the Ramset studs fractures which initiated

at the stud were accompanied by energy absorption which, while

materially better than for the various other hole type speci-

mens, was materially less than for the manually and automati-

cally welded studs.

SUMMARY STATEMENTS

The investigation into the effects of fastenings on

cleavage fracture was extretielylimited in scope and tests

were conducted at a single testing temperature, 00F. It would
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be impossible to make broad conclusions on the basis of the

limited data available; however, certain observations of a

genera~ nature can be summarized:

(1) The cold working of localized areas caused by

punching holes results in a measurable loss in ductility

and energy absorbing capacity.

(2) Welded studs, either

tally welded, did not provide

fracture at O@F.

manually welded or automati-

conditions to initiate cleavage

(3) Studs drivenby one explosiveprocess did provide

conditions to initiate cleavage fracture at O*F, primarily

due to the localized cold working.
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PART &

EFFECT OF WELDED PADS ON TENSION MEM13~S—— —— —

INTRODUCTION

Welded pads on a ship deck or hull plate have provided

conditionsto establisheithera crack or a completecleavage

fractureof the steel plate to which the pad is welded. The

effects of the welded pad are of two types? one type being

the lateralrestraintinhibitingtransversedeformations.

This is easilynoted in a tensiletest by the fact that the

pad may often cause sufficientlateral restraintto producea

necking down In width in the main tensionplate above or below

the pad. The secondeffect is the part which the welding

around the pad plays in establishingconditionsfor crack in-

itiation. It was expectedat the start of these investiga-

tions that the secondeffect~that of welding3would be sus-

ceptibleto the distancebetween pads or the distancebetween

the toes of the adjacentfilletwelds. As

later, this separationof the pads and the

heat-affectedzones due to welding did not

able effect on strength.

will be explained

overlappingof the

producea notice-

The tensile specimensused for these tests were made of

the same MS-B grade steel that was used In other parts of

this report,with all welding done with the E6CU0 electrode.

All fillet welds were 5/16 in. minimal size. The specimen

details are shown in Fig. 4-1. Seven specimensin all were

:
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or the sp&2i-

table indicates

requires

a welded

@explanation. Fox

proximity test

The N3 notation

DISCUSSION OF TEST RESULTS

The first specimen testedj indicated as WP 13\16 in - M8

fracture at room temperature with the cleavage fracture trig-

gered o~f by a weld de~ect at the toe of the fillet welds.



Specimens 40 in. long by 10 in. wide by 3A in. thick
Steel - ABS - Grade B

Energy EIong. to Fracture Energy to Elongo tu~uc tion

Specimen Temp. $’ Max. :apo y;c::d Load Fracture Fracture Load of Thickness
eF Shear Load Kips Load Inches at Fracture

~p~ In.-Eps kO~lG.L. Ino-mps 40~[G.L.

~ 5\8M - w 85 100 476 961 2.50 80 1062 2e8~o 4055

WP l-b%’!-N 5 89 100 474 949 2.45 100 1046 2.85 9.66

WP l-1/4~*-w o 0 531 1409 3*24 531 1409 3.24 7.11

m-= Nlo o 52$ 1878 4.21 524 1878 4021 9.72

WP l-iA” -Mlo -40 0 531 1594 3.8S 531 1594 3.85 5*33

WP 13/16-M8 75 0 No data taken
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kter~ however3 two additionalspecimensas indicatedin the

table were tested at 85CF and 89@F~ with the fracture origin

being at the toe of the”fillet weld of one pad with the speci-

mens failing in 100 per cent shear. For the other tests at

(PF and -mQF~ the fractureoriginwas at the toe of the weld,

with a completecleavagefractureresulting. This establishes

the fact that conditionsdo prevail that are capable of allow-

ing a cleavagefractureto be produced, It does appear$how-

ever, that proximityof the pads has little to do with the

developmentof the cleavagefractureaas the specimenswith

only one pad failed In the same manner as those with two pads.

It can also be observedthat the maximum load for all

specimensfailingby cleavagefractureare essentiallythe

same but that they are approximately 50 kips larger than for

similar specimenstested at elevated temperatures. This phe-

nomenon of higher loads for the cleavagemode of fracturehas

been observedbefore in ordinaryunrmtchedor mildly notched

tensile specimens9and apparently,here this increasein load

is a natural result of loweringthe temperature. It is also

interesting to note that the energy to maximum load is greater

for the tests at low temperature than for the tests at ele-

vated temperatures. This result is not completelyunexpected,

as in many tests performedin this laboratorythis is the gen-

eral rule rather than the exception? unless a specimen has

been severely notched.

..
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AS has been stated,fractureoriginappearsto be at a

singlepoint or series of points along the toe of

velds. From visual obsemation, the cracks began

at about the yield point stressof the specimen.

the fillet

to appear

It is be-

lieved that althoughthese fractureoriginswere certainly

the triggertifch producedthe cleavagefracturetheydid

not produce severe notchingeffects; otherwise the energies

and loads would have bem lowar for the low temperature

CONCLUSIONS

tests.

Based upon certainlylimited tests, It appears that only

a few tentativeconclusionscan possiblyba rmauleoWi~h this

resemation in mind~ the following tentative conclusions ●re

stated:

1. The welding around the pads is capable of produci~

the trigger for the initiation of cleavage fracture at low

temperature.

2. The separationor proximityof the fillet welds OS!

separatashort pads is probablyunimportant as It has been

shown that one pad will sufficeto set up the conditionsof

fracture in simplatensile specimens.
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APPENDIX&

SPECIMENTYPES

REVISED SPE&l+lENDESIGNATIONS

As Reported in As Reported in
l%ogressReports Final Report
1 and 11 of Projetits%118
project SR-U8

YW-3
ZB

EM
Zcl
ZC2
m
ZE
m
X23

XZBM

m#
EF12
L1
X2

L5
L6
LJ

XLxii
XIfJ
XK6
XL7

.—



-90-

APPEND~ B—— -

MATERTALS

Insufficient steel of any given grade was available to

carry out all phases of the test program. All Type EN and EF

specimens were fabricated fkom DN steel. The Type L specimens

were first made using D steel~ and when the supply was ex-
N

haustedj steel & American Bureau of Shipping Grade B (to be

designated as ABS-B] was used. All of the above steel was of

nominal 3~-in. thickness and used for main plates. For the

Type L specimens the 112-in. thick flat bars were made of DN

and DUN steels. The latter steel will be described subse-

quently. Specimens

The structural tees

were of the ASTM-A7

of the F and WP series used ABS-B steel.

used in the

type~ while

specimens were of ABS-B steel.

simulated bilge keel tests

the main plates for these

The steel designated as DUN ~epresents

tained by normali~ing a l/2-in. thick plate

the steel ob-

of D steel. This

steel was normalized by Lukens Steel at a temperature of

1650”F. Although standard normalizing procedures were used

at the mi117 the physical tests indicate that DUN is differ-

ent from the original DN steel. The chemical c~mp~sition of

the D plate used in obtaining DIN steel was assumed to be

close to the standard of DN steel heretofore used.

The chemical composition of the various steels used is

given in tabular form~

..- .— —



ABS-B 0.16 0067 0.02 --”” 0.05 f&Q27

The physicalproperties as determinedby tensiletestsj

are as follows:

Pr
g d=)

Specimen Xaximum Yield
Type of Steel Cross- Strength Strength Elongat!ton

Section P Si Psi in 2 w

DN ,(3/4’ithick) .505f~dia. 62~600 36~300 36.5

D ‘~ (Z/2’vthick) L/2tvsquare 65380’0 479200 3~os

ABS-EI (3)4W thick) .505qtdia. 60,300 3h5300 4’0.0

All welds were made using E6010 welding electrciles.The

manufacturerof this electrodeindicatesthat the chemical

analysis of the electrodeis: C = 0.05 to .lO%$En s 0.50 to

0. 65%, and M = 0.10 to O.3@. The manufactureralso indi.

cates that the physicalpropertiesof the weld metal should

be as follws$ tensile strength--659000to 7’75000lb. per sq. in.;

.. yield point--~,000 to 60,000 lb. per sq. in.; elongationin

2 in---22 ta ~o%o-/

The notch sensitiv~~ifomity of 6-ft. by 10-ft. plates

of ABS-B steel was checked by using l-in. by 3/4-in. edge notched
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specimans. A series of these specimens was made from the

remnants of each of the plates used in the program and tested

in tension in a temperature range of -50°F to 1300F. The

specimens were loaded to 15,000 lbs. in one minute, and the

temperatureread at that load. The reduction in specimen

thickness at the notch was measured after fracture. These

thicknessreductionsare plottedas ordinateswith tempera-

tures as abscissasand are given in Fig. B-1.
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