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ABSTRACT

This report describes the laboratory work undertaken 1) to investigate

the feasibility of developing a welded crack arrestor and 2) to observe the be-

havior of various crack arresting devices. The study was accomplished by

propagating a brittle crack, initiated by driving a wedge into a notch at the

edge of the specimen, into 2-ft and 6-ft wide steel plates containing either

(a) welded inserts of T-1 steel (b) riveted doubler plates or (c) welded inserts

of ABS Class C normalized steel, which were located at various distances from

the edge of the plate. Most of the tests were conducted at nominal stresses

between 20 and 30 ksi and at temperatures between –25 and 40 F. Some of the

specimens were instrumented with strain gages to provide information on crack

speed and strain pattern.

The progress of the crack and the extent of its penetration in the T-1

steel insert depended primarily on the severity of the re suiting eccentric load

and the width of the arrestor material. Strain gage measurements indicated

that the average speed of brittle crack propagation was generally between 2800

and 3800 fps and that little change occurred in the strain across the untracked

portion of the plate beyond the localized influence of the crack front.

A riveted doubler plate was shown to be an excellent form of arrestor

if the discontinuity produced by the slot in the main plate beneath was present.

However, the rivet holes did not necessarily attract propagating cracks.

In tests of specimens with ABS Class C normalized steel as the arrestor

material, a brittle crack which had propagated 12 in. was either completely

accepted or refused by the strake of killed and normalized steel; this transition

in behavior occurred between 10 and 35 F.

Drop-weight and explosion-bulge test results plus data from various

Charpy V-notch criteria (absorbed energy, per cent shear, lateral expansion)

are compared with the results from the large–scale tests of crack-arrestor

specimens.
-......: ,,.:.,;
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General

Although we now know that

INTRODUCTION

brittle failures may occur in structures such

as pipelines, storage tanks, and bridges, this phenomenon in normally ductile

steels was not full y appreciated until the outbreak of brittle failures in many of

our welded merchant ships during and after World-War II. An immediate study

of the problem revealed that the initiation of some of these brittle failures was

a result of poorly chosen design and fabrication details. A review of these

brittle failures also showed that ships with riveted shell seams suffered fewer

failures and that in many instances propagating cracks were stopped by the dis–

continuity introduced by the riveted sections. Therefore, welded ships were re-

quired to have riveted crack arrestors in areas where cracks were likely to de-

velop:

Subsequently, extensive research on the problem of brittle fracture has

demonstrated that proper consideration for materials, geometry, and fabrication

techniques can reduce the probability of brittle fracture. However, brittle frac–

tures are potentially dangerous and catastrophic, and the adequate protection of

a structure against severe failure is necessary. Until a thorough understanding

of the mechanics of brittle fracture is available, a system that can effectively

restrict a propagating crack to a partial fracture in a structure is a requirement.

QEQ@sQPs
Although the above-mentioned riveted crack arrestors proved to be ef-

fective in preventing a complete failure in many of the cases where a crack de–
1

veloped, the elimination of riveting as a means of fabricating crack arrestors

was considered desirable since it could simplify shipyard organization and, in

the case of tankers, could also simplify maintenance.
2

Hence, the concept of

halting a brittle fracture with a strake of notch-tough steel welded between

strakes of standard structural steel was conceived.
I

This report describes a laboratory investigation of crack-arresting de-
- -..,,....%

vices that was conducted during the period from July 1954 to September 1958.

I
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The objectives of the program were to investigate the feasibility of developing

a welded crack arrestor and to observe the behavior of various possible crack-

arresting devices.

The initial phase of this program consisted of development work and

was a joint effort with a related program concerned with Brittle-Fracture Me–

chanics (Ship Structure Committee Project SR- 13’7). The development work that

relates to the Crack-Arrestor Program is summarized briefly below.

When a reliable test procedure had been developed, tests of relatively

small– scale ( 3/4 in. thick by L-ft wide by 6 ft long), rimmed– steel specimens

were conducted as part of Project SR- 137. These plain plate tests provided in-

forrnat ion on the conditions necessary to initiate a brittle crack and on the be-

havior of material during brittle-fracture propagation in the type of laboratory

specimen und,er consideration.

In the Arrestor Program, a few tests were first conducted on 2-ft wide,

rimmed– steel, crack-amestor specimens containing a doubler plate. However,

this specimen detail was abandoned in favor of

steel was butt-welded. in the same plane as the

specimen so that the undesirable doubler plate

nated.

one in which a strake of tough

other strakes making up the

and main–plate slot were elimi–

Preliminary studies (Tests 1-3) were conducted on 3/4-in. thick by >ft

wide specimens containing a strake of notch-tough steel. The results of this

series were encouraging and warranted the extension of this work to 3/4–in.

thick by 6–ft wide specimens, since it was felt that specimens of this larger

size would relate more readily to service conditions.

Tests 4-18 comprise the first series of large-scale ( 3/4 in. thick by 6-ft

wide by about 18-ft. -long) welded arrestor specimens. These specimens con–

sisted of long pull–plates welded to an insert that contained a heat-treated,

high-strength steel (USS T-1 Steel-- designated as T-steel hereafter) as the

arrestor material. Brittle cracks were permitted to propagate as far as 4 ft

before encountering the strake of tough steel. The influence of various widths :-:. ;

of T–steel (4-- 36 in.), as well as that of an E12015 butt weld alcme, on a propa– 1
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.

gating crack was observed at temperatures ranging from -54 to 8 F and at aver-

age stresses from 25 to 33 ksi. All of the specimens in this series were instru-

mented with crack speed detectors arid/or strain gages to provide information

on the speed of propagating cracks and on the strain pattern in the vicinity of

the running crack as well as in the arrestor material beyond the end of the crack.

In order to provide a basis of comparison between the welded and rivet-

ed arrestor specimens, a few 6-ft wide plates were fitted with doubler plates

riveted to one side. The riveted arrestor specimens were fabricated by a quali-

fied ship builder according to a detail that had been widely used in service.

Instrumented with strain gages and/or crack speed detectors, these specimens

provided laboratory test data on a riveted arrestor detail that had proved satis-

factory under service conditions. Tests (19-23) of these specimens were con-

ducted at temperatures ranging from -20 to 1 F at a stress of 26.8 ksi.

The other steel whose crack-arresting behavior was observed in 6-ft

wide welded arrestor specimens was a fully killed and normalized ABS Class C

Steel (designated as C-steel hereafter). The arresting ability of this steel in

widths of 6, 18 and 60 in. was investigated under the influence of a l-ft long

crack in Tests 24-45, where the average stress was generally 20.0 or 28.0

ksi and most testing temperatures were in the 10 to 39 F range. In addition,

the results from these tests of 6-ft wide crack-arrestor specimens were com–

pared with various criteria obtained from tests of Charpy V-notch specimens

and also with results from drop–weight and explosion-bulge tests.

Brief Reference to Published Work—

Following the numerous merchant-ship failures in the early 1940’s,

research programs were initiated to study various phases of the brittle-

fracture problem. Some of the earliest tests on wide-plate specimens were
L

conducted. in 1944-46 by Wilson, Hechtman, and Bruckner3 and involved

static tests of internally notched steel plates of various widths. In 1953, the.

[

●

Standard Oil Company undertook an extensive brittle fracture test program on. .,
steel plates from 10 to 72 in. wide wheref

[.. material, impact, and specimen geometry

r

the effects of temperature, stre SS,
4

were studied. Other experimental
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5and analytical work in the brittle–fracture field has been reported by E. Orowan,
6

G. R. Irwin, A. A. Wells, 7
8

and T. S. Robertson. These references comprise

only a small part of the available literature in the brittle–fracture field; other

important work may be found in the extensive bibliographics of the references

cited.

On work dealing with the arrest of propagating brittle cracks, however,

only two references were found. Hunter’s .work9 was on rather small specimens,

but it indicated the possibility of arresting brittle cracks by introducing a nar-
10

row strip of Austerritic Stainless Steel. Wells, Lane, and Coates inve sti–

gated, in a limited number of tests, the crack arresting ability of 36-in. wide

specimens containing riveted straps and welded notch-tough steel arrestors.

These tests are those most closely related to the program described here.

The service performance of World. War II ship plates has already been

analyzed and related to Charpy V-notch test data. IrI addition, these results

have been compared with the findings from other tests that have been subse-

quently investigated as a possible indicator of the tendency for brittle frac-
11—13

>ure.

The development work and preliminary tests, as well as some of the

6-ft wide plate tests conducted under. Project SR-137 have been previously
14—16

reported. Some of this work was a joint effort of Projects SR- 134 and

SR- 13’7. A summary of some of the work on the Crack-Arrestor Program has
17

already been presented. In

capacity of some of the welds

been published.
18
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Nomenclature

The following terms are commonly used throughout the text:

Dynamic Strain Gage--An SR-4 strain gage whose signal is monitored

on an oscilloscope during the fracture test.

Static Strain Gage --An SR-4 strain gage read at specified loads by

means of a portable strain indicator.

Crack Detector--A device (in most cases, a single wire, SR-4 Type

A-9 strain gage with a 6-in. gage length) that is mounted on

the plate surface perpendicular to the expected crack path and

breaks as the crack passes, thus. interrupting an electrical

circuit.

Starter Material--A steel which readily initiates and propagates a brit-

tle crack under selected laboratory conditions of stress, tempera-

ture, and lateral impact.

Arrestor Material--A strake of steel that possesses improved strength

and ductility properties and is used to arrest a propagating brit-

tle crack.

r

I
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Notch Line--An imaginary horizontal line connecting the notches on op-

posite edges of the specimen insert.

Submerged Crack––A relatively short, arrested crack that does riot cleave

through the plate surface and is characterized by a clearly defined

depression of the plate surface.

INITIAL DEVELOPMENT WORK

General Description of Testing Apparatus, Equipment, and Specimens

The initial development work on this program was a joint effort with a

companion program on Brittle Fracture Mechanics (SR- 137) and included the

consideration of (a) a dependable method of crack initiation, (b) a means of

cooling the test specimen satisfactorily with dry ice, (c) instrumentation

techniques, and (d) a suitable specimen geometry. A detailed explanation (in–

eluding complete figures, drawings, and photographs) of the initial development
14

work associated with these various items has been given previously, and

therefore, only a brief summary of this work will be given here.

The initial development work was performed with flat-plate specimens

3/4 in. thick by 2 ft wide by 6 ft long (clear distance between pull heads). In

general, these specimens were made from rimmed E– steel (Lukens Heat No.

20279) . The check analysis. and mechanical properties of this steel are pre-

sented in Fig. 1.

The method of fracture initiation that was finally developed and used

throughout th,is program (hereafter referred to as the notch-wedge-impact

method) employs a gas-operated piston device to drive a wedge into a prepared.

saw-cut notch at the edge of a plate specimen. The pressure of the gas (bot-

tled comrner~ial nitrogen) and the stroke of the piston can be varied so that a

theoretical external impact up to 3000 ft-lb can be provided by the piston de-

vice.

The reaction that occurs during acceleration of the piston is absorbed -““>,., -,,
by a weight (approximately 120 lb) which bears against the far edge of the

specimen and is tied to the piston device. The impact device and the reac-
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TENSILE TEST DATA

DIRECTION YIELD LILTi MATE ELONGATION REDUCTIOtl

EST:H’”:‘~
CHECK ANALYSIS

c Mm P s Si .Cu Cr Hi Al

O.ta 0.42 0,013 0.031 0.02 0.23 0.07 0.14 0.003

30

20

10

0

.,

T
:

●.
t——_

i
1 1 I

o +30 +60 +90 +120 +

TEMPERATURE “E

CHARPY V-NOTCH IMPACT RESULTS

I

.

40

30

20

10

.

.

.

~

) o +30 +60 +90 + 120

TEMPERATURE “F.

CHAFIPY V-NOTCH IMPACT RESULTS

CHECK ANALYSIS

c Mn P s !3 Cu Cr tii AI

02 I 0.34 0.019 0.030 0.01 0.18 0.12 0.19 mo3

TENSILE TEST DATA

OIRECTION . YIELO ULTIMATE ELONGATION REDUCTION

OF ROLUNG STRENGTH STRENGTH !N2 IN. OF AREA

I(SI KSI % .%

PARALLEL 32. I 64SI 36 $7

NORMAL 3!.6 64.4 31 54

8
.

z- STEEL, HEAT NO. 16445 (b) E- STEEL, HEAT NO,
=

20279

Fig. 1“. Properties of Lukens Rimmed Steels.
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tion weight are supported from the top pull-plate and thus are semi-isolated

from the specimen.

The cooling agent for these tests and all subsequent tests in this

program was crushed dry ice. In these development tests, the dry ice was

placed in trays hung on each side of the specimen and the specimen was

then wrapped with insulating material and cloth.

Plain Plate Tests—— —

From the initial development tests on 2-ft wide plain plate specimens
14made of E-steel, a theoretical lateral impact of 1200 ft-lb was found to be

sufficient to produce (with the notch-wedge-impact method) brittle fracture for

the type of specimen, material, and test conditions under consideration. It

was found that with this impact a brittle crack could be initiated and propa-

gated across a plain-plate specimen of E-steel under an average stress on

the net section of 15.0 ksi at an average temperature of O°F, or under an aver-

age stress of 16.5 ksi at an average temperature of 30 F.

Subsequently, preliminary tests were carried out on plain plates of

Lukens rimmed Z-steel (see Fig. 1 for check analysis and mechanical proper-
1

ties). With a lateral impact of 1200 ft-lb, a brittle crack was consistently
7

initiated and propagated acress specimens of this steel under an average /
14stress .of 18.0 ksi at an average temperature of O“F.

I
2-Ft Wide Doubler-Type Specimens.—

After the initial development tests on 2-ft wide plain plate specimens J

had determined the proper combination of average sixess, average temperature, ~

and lateral impact to consistently initiate and propagate brittle fracture in the
\

materials available, this program was directed toward the consideration of

suitable crack-arrestor specimens.
[

The first type of 2-ft wide welded arrestor specimen considered was an j

imitation of the conventional riveted doubler-type crack arrestor and consisted

of a 3/4-in. by 18-in by 24-in. slotted E-steel insert plate with ~ single doubler -x,>.““1

plate of varying size and mode of attachment placed over the slot. Detailed
I

drawings of the four specimens in this series, Specimens E-5, E-6, E-7 and E-8, 1
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SPECIMEN E-7 f~x:”:,;”‘, :“,. ‘, .. ...———..”---.
.,., ,.

Specimen
E-5

Specimen
E -7

Specimen
E-8

Fig. 4. Fracture Surfaces for Specimens E-5, E-7, and E-8.

are shown in Fig. 2, and the sequence of tests on each of these specimens is

summarized in Table 1.

In the fabrication of the first specimen, E-5, the 3/4-in. by 12-in. by

8-in. E-steel doubler plate was fillet-welded to the insert plate at each end

and then along both sides As shown in Table 1, by applying a second impact

at each notch, four attempts (each with a somewhat higher stress) were made

to fracture this specimen. An average effective stress of 22.5 ksi and a tem-

perature of 24 F (combined with a 1200 ft-lb impact) were required to initiate

and propagate a brittle fracture in this specimen. The crack propagated to the

central slot in the main plate and, at the same time, through the fillet weld and

almost completely across the attached doubler, as shown in Fig. 3. The frac-
tured surface of this specimen can be seen in Fig. 4.
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TABLE 1

SUMMARY OF TESTS ON 2-FT WIDE
WELDED DOUBLER-TYPE ARRESTOR SPECIMENS

Specimen Doubler-Plate Impact Avg. Stress Avg.

Designation Description Location on Net Section Ternp. Remarks

(ksi) (“F)

These tests were conducted on Z-ft wide specimens in a 600, 000 lb screw-type testing machine.
The test specimen is a 3/4 x 18 x 24 in. E steel insert plate (containing a 12-in. long vertical slot at
the center) with a doubler plate of varying size and mode of attachment placed over the slot. The in-
sert is welded to 3/4 in. pull-plates, using double “V”butt welds - E?Ol6 electrodes, to provide a test

piece Z-ft wide x 6 ft long. The notch used consists of a slot which is four hacksaw blades wide (approx.
0.141 in. ) for the first 7/8 in. , one hacksaw blade wide (approx. 0.034 in. ) for the next 1/16 in. , and
one jeweler’ s-saw cut wide (approx. O.012 in. ) for the remaining 1/16 in. Two notches are cut, one at
each edge of the specimen, and are referred to in the following table as notch 1 or notch Z. Theoretical
lateral impact fromthe gas -operated piston device was 1’00 ft-lb. Repetition of the notch number in the
column headed “Impact Location” signifies a second impact on that notch.

E-5 3/4x 12x 8 in. E steel 1 15.0 17
doubler with fillet welds 2 16.5 20
all around. 2 18.0 20

1 22.5 24

E-6 3/4 x 17 x 6 in. A-285 steel
doubler with five 1-in. dia.
plug welds top and bottom and
fillet welds all around.

E-7* 3/4 x 17 x 6 in. A-285 steel
doubler with five 1-in. dia.
plug welds top and bottom and
fillet welds all around.

E-8 3/4 x 17 x 6 in. A-285 steel
doubler with ten 1-in. dia.
button head rivets.

18.3
20.6
20.6
20.6

21.0

26. o

20.0

26. o

20

20

27

27

24

29

35
42

No initiation.
No initiation.
Slight submerged
crack.
Crack propagated to
slot in main plate
and to far side of
doubler.

No initiation.
3 in. submergedcrack.
No initiation.
No initiation.

1 in. submergedcrack.
Crack propagated to
slot in main plate and
to far side of doubler.

3 1/2 in. submergedcrack.
Crack propagated to first
rivet line in main plate.

*Mechanically stress relieved to 20.0 ksi.
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The stress of 22.5 ksi required to initiate and propagate a, brittle crack

in this specimen was considerably more than the stress required .to break a

plain plate specimen of the same material (E–steel), indicating the possible

development of unfavorable residual strains. in the specimen during the weld-

ing of the doubler plate to the main plate.

From a very limited number of Berry gage readings on Specimen E-5, it

was apparent that the strain in the doubler plate was substantially less than

that in the main insert plate. A method of developing greater strain in the

doubler plate was needed, and it seemed that the participation of the doubler

plate might be improved by making it longer and plug-welding it at both ends to

the main insert

pick up load.

In view

fabricated with

plate. This would provide more opportunity for the doubler to

of the previous comments on Specimen E-5,

a longer doubler plate which contained five

Specimen E-6 was

plug welds at each

end. In addition, several 2-in. Eerry gage holes and four SR-4, Type A-1 strain

gages were located on the specimen as shown in Fig. 2. These strain measure-
.

ments provided information on both the residual strains across the specimen re-

sulting from welding and on the strain history at a point 1/2 in. from the base of

the notch as the series of tests on this specimen progressed.

These strain data are presented. in Fig. 5 for Specimen E-6 and indicate

that compressive residual strains of almost yield point magnitude were present

in the region at the end of the notch. As a result, strain in this region remained

compressive with respect to the original zero reading until considerable load

was. applied to the specimen or until a lateral impact (which; although unsuccess-

ful in initiating a brittle crack, could result in substantial plastic deformation)

was applied to the notch. This compressive strain would help to explain why

b the applied stress required to initiate and propagate a brittle crack in this type

of

of1
. .

,:,,,, .:..

specimen was considerably higher than that needed in a plain plate specimen

the same material.

In general, the mechanical strain gage readings, measured with a 2-in.

i Berry gage across a transverse section on both sides of the specimen, showed
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AS WELDED
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for each pair of back-to-back strain readings that the strain on the side opposite

the doubler was usually larger (tension-positive and compression-negative).

The residual strains on the side of the insert on which the doubler was welded

were prirnaril y compressive, whereas the residual strains on the opposite side

of the insert were usually tensile. These strains are consistent with what might

be expected as the,weld metal connecting the doubler plate to one side of the

insert plate cools and shrinks.

The 2-in. Berry gage readings that were taken along a vertical line ad-

j scent to the 3/4-in. fillet-weld on both the insert plate and the doubler plate

did not indicate any consistent pattern. In a transverse direction, the strain

in the doubler plate was approximately one-fourth of that developed in the

main insert plate of this specimen. As shown in Table 1, four tests were con-

ducted on Specimen E-6 and no brittle fracture was obtained under the condi-

tions selected.

The dimensions of Specimen E-7 were exactly the

Specimen E-6 except that a much heavier end-fillet-weld

same as those of

was made to improve

the end connection of the doubler plate to the insert plate. Because of the

high compressive residual strains developed near the end of the notch of

Specimen E-6, modifications in the fabrication procedure of Specimen E-7

were made also. In welding the doubler to the main plate, the longitudinal

fillet-welds were back-stepped from the center and gradually built up so as

to introduce a minimum amount of residual strain in the specimen. In addi-

tion, the specimen was preloaded to an average effective stress of 20.0 ksi

before the edge notches were cut.

Strain measurements were made at the locations shown in Fig. 2

with SR-4, Type A-1 strain gages and a 2-in. Berry gage during the fabrica-

tion and testing of Specimen E-7. The distribution of residual strains in

Specimen E-7 is shown in Fig. 5, where it can be seen that they are somew-

hat less in this specimen than they were in Specimen E–6, probably be-

cause of the modification of the welding procedure used in preparing the

specimen. Also shown in the figure is the strain history at selected points

in the specimen as the specimen was preloaded, notched, and impacted.
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After the doubler plate had been completely welded to one side of the

main insert plate, additional SR-4, Type A– 1 strain gages were mounted in a

-.

back-to-back manner on the doubler and insert plate. These eight gages, to-

gether with the eight gages that were originally mounted on the main insert plate ~
I

before the beginning of the fabrication of the specimen, provided a complete ‘; ~~‘“~

picture of the strain distribution across a transverse section of the specimen
J

under load. From these strain gages, the strain increments shown in Fig. 6
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were obtained in Specimen. E-7 under a 40&kip preload. In this specimen, the
...-

participation of the doubler plate was much better than in

welded doubler-plate specimens.

The two tests on this specimen are summarized in

shown that at an average effective stress of 26.0 ksi and

any of the previous

Table 1, where it is

a temperature of 29 F

the brittle crack propagated across the main plate to the flame-cut slot, through

the fillet–weld, and across to the opposite edge of the attached doubler plate.

The extent of crack propagation on both sides of this specimen can be seen in

Figb 3. The fractured surfaces of the main plate and the doubler plate, indi-

cating the characteristic chevron pattern pointing in the direction of the frac-

ture initiation, is shown in Fig. 4.

Specimen E-8 was similar to Specimen E-7 except that a doubler plate

of A-285-steel was riveted with two rows of 1–in. diam. button–head rivets to

one side of the insert plate as shown in Fig. 2. This model was similar to the

riveted doubler-type crack arrestors that had been used under service condi–

tions. After the specimen was riveted, SR-4, Type A-1 strain gages were

mounted on the specimen as shown in Fig. 2 to provide a record of the distri–

bution of strain throughout the doubler and insert plates during preparation

and loading.

The strain increments shown by these gages under a preload of 200 kips

are plotted in Fig. 6. Comparing the back-to-back strain gage readings on

the insert plate, it is evident that the strains on the side of the plate on which

the doubler is fastened are considerably less. In addition, the strains on the

surface of the doubler plate in this specimen are Compress lve, indicating the

load carried by the doubler in this case is extremely small. The almost negli-

gible participation by the doubler in this specimen was entirely unsatisfactory

and indicated that special provisions must be made in future tests so that the

doubler in riveted doubler specimens would take more of the applied load.

As shown in Table 1, two tests were conducted on this specimen. An
,“;.: average effective stress of 20.0 ksi and a temperature of 35 F, together with a

theoretical impact of 1200 ft-lb, created a 3 l/2-in. submerged crack. A

second impact on the same notch at an average effective stress of 26.0 ksi
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and a temperature of 42 F succeeded. in initiating a crack that propagated to

the rivet hole but was not evident in the doubler plate. The facture path in

this specimen can be seen in Fig. 3, and the fractured surface from the main

plate is shown in rig. 4.

DESCRIPTION OF TEST SPECIMENS AND EQUIPMENT

Specimens and Materials—.

AU of the specimens tested in this investigation were 3/4 in. thick

and consisted of an insert butt-welded with E7016 electrodes to the pulling

plates of the testing machines. In Tests 1-3, the 18-in. “long insert, when

welded to the 3/4-in. thick pull-plates, provided a test piece 2-ft wide by

6-ft long in plan dimension (exclusive of the pull heads of the 200, 000-lb

screw--type testing machine).

In the remaining tests, the depth of the insert varied between 16

and 60 in. , some of the longer inserts being used for more than one test.

For the tests in the 3, 000, 000-lb hydraulic testing machine, the 6-ft wide

pull-plates were 1 in. thick for Tests 4-31 and 3/4 in. thick for Tests 32-

45. In this program, the length of each pull-plate varied from 3 1/4 to al-

most 9 ft. Therefore the overall length of the specimens tested varied from

approximately 8 to 19 ft, depending upon the depth of the insert and the

length of the pull-plates. The maj ority of the specimens, however, had an

overall length of approximately 18 ft. A typical test set-up is shown in

Fig. 7. Depending upon the depth of the notch at each edge of the plate,

the net width of the specimen on the notch line was 2 or 2 1/4 in. less than

the gross width.

The welded arrestor specimens were fabricated with two or more

types of steel, which were welded together ‘with double-V butt-welds in

such a manner as to introduce a minimum amount of residual stress. The

welded arrestor specimens were composed of certain widths of starter and

arrestor material and, in some cases, another material to complete the 72-

in. ‘wide specimen. In all of the tests in this investigation, Lukens

,-.’. .
.,- . ...

I
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E- or Z-steel) were used as the starter material,

USS T-1 and ABS-Class C normalized steels (designated as T- and C-steel)

were used as the arresting materials, and USS semiskilled steel (designated as

X-steel) was used to make up the necessary specimen width. The main plate

and doubler plate of the riveted arrestor specimens were made of Z-steel. All

of the specimens were oriented so that the direction of rolling was parallel to

the specimen axis and transverse to the direction of crack propagation,

i The mechanical properties and chemical compositions for all of these

steels, together with the Charpy V-notch impact results, are presented in Figs.

I 1, 8, and 9.
L.>.. . . ..

Crack Initiation

After a considerable amount of initial development work, summarized

briefly in the preceding section and completely described elsewhere
14

a satis -
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TENSILE TEST DATA
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factory method of initiatinga brittle fracture consistently under laboratory con-

ditions in the type of specimen under consideration was developed and usedin

all tests of the program. This “notch-wedge-impact method” consists ofdriv-

inga tapered wedge into aprepared notch at the edge of the plate. The driving

of the wedge provides a high rate of local strain, commonly recognized as one

of the factors that may contribute to the initiation of brittle fracture in steel.

This procedure is a modification of the initiation method used by the Standard

Oil Development Company in conducting its wide plate tests.
4

The prepared notch used in the specimens of Tests 1-10 and 19-21 had

a total depth of 1 in. The first 7/8 in. was made with four hacksaw blades

(approximately 0.141 in. wide), extended 1/16 in. with one hacksaw blade

(approximately 0.034 in. wide), and ended with a 1/1 6-in. jeweler’s saw-cut

(approximately 0.012 in. wide). For the remaining tests ( 11-18 and 22-45),

the depth of the notch was changed to 1 1/8 in. by increasing the depth of

cut of the four hacksaw blades to 1 in. The notch was then hand-filled to fit

a standard 1-in. octagonal cold chisel (included angle of approximately 16“ )

which was cut to a length of 4 3/4 in. and weighed 1.0 lb.

To provide the impact required to advance the wedge, a gas-operated

piston device capable of providing a theoretical impact as high as 3000 ft-lb

was used. Generally, the theoretical lateral impact was 1200 ft-lb (obtained

with a 5-in. stroke and a pressure of 280 psi), but values as high as 1600

ft-lb were used in the latter part of the program. To absorb the reaction of

the piston device during acceleration of the piston, the device was tied to a

weight (approximately 120 lb) which bore against the far side of the specimen

at the

of the

notch line.

Several attempts were made to investigate the reliability and output

gas-operated impact device. The method adopted, which gives satis-

factory results, is based on the deformation of round ( 1 1/2-in. diameter)

brass cylinders. This method involves (1) the making of tests to obtain the

relationship between the deformation of the brass cylinders and the energy >:,

input from a drop-weight testing machine, and (2) the making of

ing tests on similar brass cylinders made with the gas-operated

correspond-
~

impact device

I
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set at various theoretical energy outputs, particularly at the stroke and pres-

sure combinations used in the test program.

Cooling Method and Supporting Apparatus

The cooling of the specimen to the de sired temperature was accom-

plished by placing crushed dry ice in specially made, approximately 3-in

thick containers hung against each side of the specimen. For the 2-ft wide

specimens, each container is 2 ft wide and almost 6 ft long, thus extending

more than 2 ft above and below the insert. For the 6–ft wide specimens, a

set of 3 containers (each 2 ft high by 6 ft wide) was hung on each side of the

specimen so that the area covered on one side is about 6 ft by 6 ft, more than

sufficient to cover the entire insert. In all tests, the container is recessed

on both sides at the center so that neither the container nor the dry ice comes

in contact with the instrumentation on the surface of the plate. The space

around the perimeter of the tanks is sealed with rock wool insulation.

In general, this method of cooling provided the desired test tempera-

tures satisfactorily and gave a fairly uniform temperature across the plate at

the notch line. Many of the specimens were tested at a temperature between

zero and -20 F, and these temperatures were usually attained within 60 to 90

min. after the dry ice was placed in the containers. In Fig. 10 are shown the

thermocouple layouts used for all of the tests in this program, together with

typical temperature variation across the plate at the time of the test.

The cooling tanks, impact device, and reaction weight were suspended

from the upper pull-plate. The impact device and reaction weight were also

tied together at each edge of the specimen. The horizontal channels that ac-

complished this in the 6-ft wide specimen can be seen in Fig. 7.

Instrumentation

Sensing Devices. Strain measurements were made with Baldwin SR-4,

Type A-1 strain gages ( 13/16-in. gage length) in Tests 2-5 and Baldwin SR-4,

Type A-7 strain gages ( l/4-in. gage length) in Tests 6-23. These gages were
.’”.

used to obtain both static and dynamic strain measurements. They were at-

tached to the specimen with a thin layer of Duco cement, dried as specified,
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and covered with a moisture-proofing material. T~ minimize temperature-

induced errors, approximately equal lengths of lead wire were used and cooled

for ali gages.

The crack speed was measured with a system of surface. crack detectors.

I As the crack passed and broke a given detectcr, an electrical circuit was inter-1
L.

rupted. From the spacing between detectors and the elapsed time between
~..

[.::
successive interruptions cf the circuit, the average speed of the fracture was

,.*, 14.. . .....,- .,;. . computed. After experimenting with various types of detectors (Test 6), the

single-wire Baldwin SR-4, Type A-9 strain gage ( 6-in. gage length) was select-

ed as the detector for subsequent tests. The results of Test 6 (Fig. 1 1) show
~.
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the speed measurements obtained using various methods of speed detection.

These techniques. include sets of O. 015-iri. diameter bismuth wires, 1/8 in.

by 6 in. printed silver circuits on charred paper, SR-4, Type A-9 strain gages,

and a strain-gage bridge composed of SR–4, Type A–7 gages. On the premise

that the strain signal peaked at the instant the crack passed the gage, speed

calculations were made from the time intervals between peaks on the recorded

trace from the strain-gage bridge. The results from Test 6 indicated that the

SR-4, Type A-9 detectors gave results as consistent as did the other types of

detectors and that they are more uniform and easier to apply.

It must be emphasized that this system provides .a surface measurement

orLly and may not give the true speed of the crack front. At the instant the de-

tector breaks, the exact position of the surface failure and of the interior por-

tion of the crack is not known. This method of speed determination was em-

ployed as the best available approximation at the time. Because of the equip–

ment limitations, the difficulty in defining the crack front, and the possible

strain gage inconsistencies, all calculated

nearest 50 fps.

All recording equipment was started

speeds were rounded off to the

by the action of a triggering de-

vice. For Tests 2-12 and 19-23, the trigger was an SR-4, Type A-9 strain

gage (denoted by T in the diagrams of the specimens) mounted about 1 in. be-

yond the tip of the edge notch. The breaking of this gage by the propagating

crack started the recording equipment. For Tests 13-18, an external trigger

(a strip of aluminum foil denoted by ET in the diagrams) was placed so that

the movement of the piston would start the recording equipment and thus begin

the record before the fracture was initiated. Figure 12 shows the trigger cir-

cuit. In this diagram the triggering devices shown are an SR-4, Type A-9

strain gage (plate-surface trigger), a microswitch (PSW), and a strip of alu-

minum foil (external triggers). These triggers were electrically connected in
,. series so that the first one that opened the circuit or was in some way grounded
i ,:V.:;J..-.,:. activated the time-base generator.

Copper-constantan thermocouples were located at various points

across the specimen to provide a temperature profile during cooling of the
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specimen. These thermocouples were installed in No. 54 drill holes about

1/4 in. deep, located as shown in Fig. 10.

Recording Devices. As the program continued, the number of ava ila -

ble channels was increased until a maximum of nine channels of high-speed

cathode-ray oscilloscope equipment with photographic recording was availa-

ble for strain and crack–speed signals. Four dual beam cathode-ray oscil-

loscopes provide eight of these channels and the ninth channel is a single

beam unit. Shown in Fig. 12 are nine channels of oscilloscope equipment,

the temperature recorder, and calibrating oscillators.

In the tests where dynamic strain records are taken for 8 millisec.

or less, all signals were recorded photographically as a function of a com–

mon time-base supplied from the single-channel oscilloscope. This same

oscilloscope provides all beams with the desired unblinking and intensify–

inq signals used to minimize fogging of the record before and after the test

period.

For dynamic strain records longer than 8 millisec. , the time base is

supplied mechanically in the dual–beam-unit cameras by continuous motion

of the film and is generated electrically in the single-channel display tube

because this image is photographed with a single-frame camera. The cir-

cuits that generate this time base electrically after receiving a signal from

the trigger also supply pulses which are fed to all the dual beam units.

The se provide synchronizing pulses for the moving film so that the various

traces can be synchronized with respect to time when the data are reduced.

Four traces from two dual-beam oscilloscopes were optically super-

imposed on a single frame in the interest of maximum photographic definition.

Strip-film 35-mm cameras were employed with the dual-beam equipment

{they were used as single-frame cameras for records as long as 8 millisec. )

and a 35-mm single-frame camera was used with the single–channel oscil-

loscope. This equipment is shown in the block diagram in Fig. 12.

Six of the oscilloscope channels were sufficiently sensitive to al-

low at least 1 1/2 in. of trace deflection for 1000 pin. /in. of strain. The

i

T
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1
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other three channels had about one-third this sensitivity. Whenever possible

r the latter channels were used to record the highest electrical magnitudes. The—
frequency response of the single-channel oscilloscope is flat from O to 1000 kc.,-
The response of the dual-beam units is flat from O to 100 kc and decreases not

more than fifty per cent at 300 kc. The response of the cathode-ray equipment

considerably. exceeds the limits imposed by spot size and photographic tech:

riiques when either the tube face is photographed as a single frame exposure

or when the maximum film speed of 180 in. /see is used. IrI general, the records

obtained did not include frequency components approaching the photographic

limit of resolution. For these reasons the system used was considered ade-

~.. quate. The bandwidth, or frequency response, of the measuring gage and its

,. associated wiring has been assumed to be in excess of any of these values.

The temperature was recorded during the cooling process in order that

the cooling rate and the temperature gradient could be observed before the

test. For this purpose, an automatic recorder which provides a sensitivity of

about l°F per O. 1 in. on the record was used. The various thermocouples are

sequentially sampled by a motor–driven switch and directly recorded in degree

Fahrenheit.

,@!41 circuit “ The signals fed to the cathode-ray recording equipment

consist of a sweep triggering pulse followed by strain and crack-location

signals. The detectors, which fail as the crack crosses the plate, open an

electrical circuit and feed step voltages to the recorder whose amplitudes are

in the. ratio of 1:2:4:8:16. Since each step has a different magnitude, a given

step can be identified with the particular detector to which it is connected,

thereby providing a POSit ive identif icat ion of sequence.

The electrical time-base is initiated by the trigger. Opening the

i trigger circuit removes the bias signal from a triggering thyratron and allows
I
L. it to start conducting. The step voltage, which results at the start of con-

[ duction, is fed into the standard circuits .of the Single oscilloscope unit. Re-
1
,::i:”..’” initiation cannot occur until the thyratron is reset manually. This prevents

f subsequent multiple sweeps which may be triggered by such things as chatter
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of the initiating wedge or accidental grounding of the broken wire which ob-

scure the trace of interest on the single recorded frame.

The strain gages are connected

circuit. Dummy gages which complete

ternally with respect to the specimen.

in the customary Wheatstone bridge

the bridge circuit are mounted ex-

These bridges are excited by direct

current, and their outputs are fed to the recording channels. Typical input

circuits are shown in Fig. 12.

Measurement Procedure and Calibration. The strain measuring chan-

nels are calibrated by shunting gages with a resistance whose equivalent

strain value is known or measurable. Both the active arm and the adjacent

dummy gage are shunted successively to obtain compression and tension

calibrations. Only one calibrating value was used in these tests because

other tests have

quate within the

was obtained by

indicated that the linearity of the recording system was ade–

limit of resolution of the record. Crack-detector calibration

successively opening switches in series with the various de-

tectors and recording the trace steps. In all tests without moving film, the

time axis was calibrated by putting a time signal of known frequency on all

channels simultaneously and photographing one sweep. This was done im-

mediately after the test was completed. When moving film was used, the

time axis was calibrated by putting a square-wave time signal of known

frequency on all channels simultaneously by intensity modulations of the

electron beams. Thus time calibrations are included with the test data, and,

since all beams are modulated, relative shifts in base–time position as well

as specific time on all traces can be observed.

Although the deflection plates are connected in parallel, individual

construction of the various guns and deflection systems results in slight

horizontal displacements between the traces, and some measure of this off-

set must be made on the eight traces in the moving film cameras. As noted

earlier, pulses are inserted from the single frame sweep generator to show the

trigger failure on each trace. These pulses provide a cross-check on the

trace offsets as well as a specific time on all traces.

Data Reduction. A feature of the reduction of data for tests without

1

1

I

.

I
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moving film (Tests 3-12 and 19–2 3) that may not be a standard procedure is

the method of s ynchrordzing the various traces with respect to time and the

significance of the numerical time values. In general, some arbitrary point

is called zero time. This may or may not correspond to the earliest point on

the recorded .trac es. This point is. selected near the early portion of the

sweep at the first peak of the time–calibration sine wave. This provides a

convenient and definite reference point common to all traces. The record

is reduced .in the customary manner of reading signal amplitude against time,

each trace being read with an individual calibration on both the time and

signal axis. The earliest time noted for any record is some finite but un-

known period of time after the breaking of the sweep trigger wire, approxi-

mately 20 p sec.

General Test Procedure—.

The specimen insert was welded between the pull= plates of the test-

ing machine and the notches were cut in the edges of the specimen at the

desired location. The strain gages and crack detectors were then mounted,
on those specimens on which instrumentation was to be included. Then

the thermocouples were installed. The strain gages were checked at room

temperatures by cycling (loading and unloading) the specimen to the test

load. This was done to check the behavior of the gages and the strain dis-

tribution in the specimen. Occasionally it was necessary to replace faulty

or questionable gages. Since maqy of the inserts were slightly warped,

the strain gages usually recorded residual strains following the first load

cycle. To reduce these residuals, the specimen was cycled until little or

no residual strain was observed in any gage. The specimen, however,

was ,never stressed higher than the test load.

All the wiring .exposed to the cooled specimen was sprayed with a

plastic compound to improve the insulation. As. an additional precaution,

the gages and wiring were covered with a plastic envelope to minimize the
,..,:,

,. amount of condensation and to prevent stray pieces ,of dry ice from coming

in contact with the instrumentation.
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Fig. 13. Fracture Path and Surface --Test 1.
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Fig. 14. Fracture Path and Surface--Test 2.
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gas-operated piston device, and reaction

upper pull-plate, the instrumentation was

connected and checked. The dry ice containers were filled and, as the de-

sired test temperature was approached, the test load. was applied to the

specimen and the recording devices were calibrated. When the specimen

reached the desired test temperature, the gas–operated piston device was

pressured and fired.

The static strain gages were read immediately after the test. In

the event that the fracture was arrested, the remaining load was recorded

and the static gages were read at this load. Then the specimen was un-

loaded and the gages were read again so that the permanent set could be

determined.

PRESENTATION AND DISCUSSION OF DATA

Preliminary 2-Ft Wide Welded Arrestor Specimens——

In order to investigate the feasibility of arresting a propagating

brittle crack with a butt-welded strake of tough steel, a few preliminary 2-

ft wide specimens of this type were tested. It was felt that one of the

best quality steels available at that time should be used for the tough steel

and, for this purpose, T–steel was selected.

The specimens for Tests 1 and 2 consisted of a 12-in.

E- and T-steels butt-welded together with E 12015 electrodes,

men for Test 3 consisted of two 12-in. wide plates of E-steel

wide plate of

and the speci-

butt-welded

together with E 12015 electrodes. A summary of this preliminary series of

tests is presented in Table 2. In Tests 1 and 2 (at an average temperature

of 15 F) a lateral impact of 1200 ft-lb initiated and propagated a brittle crack

\ across the E–steel plate to the longitudinal butt–weld under average stressesI

on the net section of 17.0 and 28.0 ksi. In both cases the final load was

slightly less than 80 per cent of the original value.
.,, .

The fracture path and surface of the fracture for Tests 1 and 2 can be

seen in Figs. 13 and 14. In both cases a separation is evident on the surface
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TABLE 2

SUMMARY OF PRELIMINARY TESTS ON 2-FT WIDE -i
WELDED ARRESTOR SPECIMENS

Test Width of Initial Avg. Stress Avg. i

(Plate No. ) Starter Load on Net Temp. Rem arks )
Material Section

(in. ) (kips ) (ksi) (“F)

These tests were conducted ontwo-fi wide specimens in a .600, 000 lb
screw-type testing machine. The test specimen is a 3/4 x 18 x 24 in. insert
(fabricated from two 12 in. -wide strakes of steel) welded to 3/4 in. pull–
plates, using double “V” butt welds – E7016 electrodes, to provide a test
piece 2-ft wide x 6-ft long. The vertical weld within the specimen is a double
“v” butt weld made with E12015 electrodes. A 1 in. long notch (see Table 1 )
and theoretical impact of 1200 ft –lb were used.

The 3/4 x 18 x 24 in. inserts consisted of 12 in. of E–steel and
12 in. of T-steel.

1 12 280 17.0. 16 Final load - 222 kips.
(ET-1 ) Crack propagated 12

in. to near side of
weld. No instrumen–
tation.

2 12 462 28.0 14 Final load -357 kips.
(ET-2) Crack propagated 12

in. to near side of
weld, visible reduc-
tion in thickness of
weld. Record lost.

The 3/4 x 18 x 24 in. insert consisted of two 12 in. E-steel strakes.

3 12 412.5 25.0 30 Complete brittle
(EE-1) fracture with velocity

reduction through weld.
Partial dynamic record,
good quality.

]

!.,. ..+,.,; ....,

[
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Fig. 15. Instrumentation, Record, and Fracture Surface -- Test 3.

of the E-steel to the butt–weld. In Test 2, there is also a significant reduction

of area through the butt weld, probably caused by the combination of initially

high stress and severe eccentricity. Although crack detectors and dynamic

strain gages were mounted on the specimen of Test 2, a record was not obtained

because of mechanical difficulties i

The portion of the plate around the end of the arrested crack in the

specimen from Test 2 was removed for metallurgical examination. This metal-

lurgical sample was sectioned along its midthickness. On this plane, the crack

had traversed the weld metal, the heat-affected zone of the base metal, and

had progressed about O. 1 in. into the unaffected parent metal, indicating a

thumbnail-type shape for the contour of the arre steal crack.

Test 3 was conducted in order to observe the effect of an E 12015 butt-
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weld (without an adjacent strake of tough steel) on the propagation of a brit-

tle crack. Speed detectors and dynamic strain gages were mounted on the

specimen as shown in Fig. 15. Also presented in Fig. 15 are the dynamic

records obtained and the crack speeds calculated for this specimen when

tested at a stress of 25, 000 psi and at a temperature -of 30 F. A sweep time

of about 1 millisec. was set on the oscilloscope, but, since the weld ap–

parently slowed down or stopped the crack temporarily, the detectors

mounted on the far side of the weld were not broken before the total sweep

time elapsed. Crack speeds as high as 4750 fps were measured in the E-

steel, but an average speed of only 700 fps was indicated by the detectors

on each side of the butt–weld. The photograph of the fractured specimen

sh~ws a ductile type of failure across part of the longitudinal butt-weld,

and this might explain the slow–down or momentary arrest of the brittle

crack.

6-Ft Wide Welded Arrestor Specimens with T-Steel——

In these specimens, 4-, 12-, 24- and 36-in. wide strakes of T-

steel (butt-welded with E 12015 electrodes) constituted the arresting ma-

terial. These arrestor strakes were combined with 1-4 ft widths of starter

material (usually rimmed steel E or Z) and sufficient X–steel to fill out a

6-ft wide specimen. Strain gages and crack detectors were mounted on

all specimens in this series and, as shown in Table 3 where these tests

are summarized, a record was obtained in almost every case. Specimens

tested in this series were subjected to a theoretical lateral impact of 1200

ft-lb, an average stress between 25.0 and 33.0 ksi, and a testing tempera-

ture between 10 and -54 F.

Test Records. The results of the instrumented tests are shown in

Figs. 11 arid 16–28. Each figure provides a detailed drawing of the insert,

the location of the instrumentation and crack path with reference to a set

of X and Y coordinates, the strain level for each strain gage at test load, .,.,, 1,-,.:-----,.., .,:
the crack speeds as determined from the detectors, the stress-temperature

conditions of the test, and a record of the strain-time relationships obtained
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4 66.5 0 + 730 13 43.5 0 + 795 24 + 1.30

THEORETICAL 5 4i.5 o + 995 14 54.0 0 + 740 30 + 1.55

IMPACT
6

. 1200 FT LB.
54,5 +24 + 665 15 66.0 0 + 635 36 + 205

7 54.5 o +IOGO 16 6,5 0 + 485
a 66.5 0 +1055 17 I 39.5 0— .— - +IOQO

(:I GAGES oN EAST FACE le 41.57 0 ; +975

QGAGES ON WEST FACE
+

20 154.0 0 f +1030 ,.
—

21 6~01 O + 970
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x
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INITIAL

STRAIN
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5 533 0 + 965
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TABLE 3

SUMMARY OF TESTS ON 6-FT WIDE WELDED
ARRESTOR SPECIMENS CONTAINING T-1 STEEL STIUKES

Test Width of Initial Avg. Stress on Avg.
(Plate No. ) Starter Material Load Net Section., Temp.

(in. ) (kips) (ksi) (“F)

These tests were conducted on 6-ft wide specimens in. a 3, 000, 000
lb hydraulic testing machine. The test specimen is an insert 3/4 in. thick
x 72 in. wide with the depth varying from 18 to 58 in. The insert is welded
to 1 in. pull-plates (each pull–plate was approxfiately 6 3/4 ft long for
Tests 4-14 and 3 1/2 ft long for Tests 15-18) using double “V” butt welds -
E7016 electrodes. All vertical welds within the specimen are double “V” butt
welds made with E1201 5 electrodes . A theoretical impact of 1200 ft-lb was
used in all tests. Notch length was 1 in. in Tests 4–10 (see Table 1 ) and
1 1/8 in. for Tests 11-18. Following the first fracture test on a given speci-
men, the fracture is generally cut out and the remaining portion of the insert
used for a second or third test. The initial test on an insert is designated by
an (A), the second test by a (B), and the third test by a (C) in the “Remarks”
section. Strain gages and/or crack detectors were mounted on all specimens
in this series:

The 3/4 x 56 x 72 in. insert consisted of 12 in. of rimmed E-steel,
12 in. of T-steel, and 48 in. of semiskilled X-steel. This insert was cut and
rewelded for three tests.

4 12 1310 25 L&. -35
(STE-1 )

Remarks: (A) Final load -1290 kips. Crack propagated 12 in. to near side of
weld. Entire record lost.

5 12 1310 25.0 10
(STE-2)

Remarks: (B) Final load -1290 kips. Crack propagated 12 in. to near side of
weld. Partial record, good quality.

6 12 1750
(STE -3)

Remarks: (C) Final load -1735 kips. Crack
weld. Complete record, good quality.

33.0 -13

propagated 12 in. to near side of

The 3/4 x 18 x 72 in. insert consisted of 28 in. of Z-steel and 44 in.
of x-steel.

7 12 1600 30.0 -10
(FIRS-l)

Remarks: (A) Complete fracture. Secondav crack initiation at welded-over notch
1 ft from far edge. Partial record, poor quality.

T
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TABLE 3 (Continued)

r

Test Width of Initial Avg. Stress on Avg ●

(Plate No. ) Starter Material Load Net Section Temp.
(in. ) (kips) (ksi) (“F)

The 3/4 x 58 x 72 in. insert consisted of 12 in. of Z-steel, 4 in. of T-
steel, 12 in. of Z-steel, and 44 in. of X-steel. This insert was cut and rewelded
for three tests.

8 12 1750
(RTRS -1)

Remarks: (A) Final load -1730 kips. Crack
weld. Complete record, good quality.

9 12 1575
(RTRS-2)

Remarks: (B) Final load -1550 kips. Crack

33.0 -5

propagated 12 in. to near side of

30.0 -54

propagated 12 in. to weld and pene -
trated 0.85 in. into T-steel on east side. Complete record, good quality.

10 56 1415 27.0 -39
(RTRS-3)

Remarks: (C) Complete fracture. Fracture surface on 450 plane through T-steel.
Far side slightly buckled. Complete record, fair quality.

Notch length changed from 1 in. to 1 1/8 in. The notch now consists of a
slot which is four hacksaw blades wide (approx. O. 141 in. ) for the first one inch,
one hacksaw blade wide (approx. O. 034 in. ) for the next 1/1 6 in. , and one
jeweler’ s-saw cut wide (approx. O. 012 in.) for the remaining 1/16 in.

The 3/4 x 54 x 72 in. insert consisted of 24 in. of Z-steel, 4 in. of T-steel,
4 in. of Z–steel, 4 in. of T-steel, and 36 in. of Z-steel. This insert was cut and
rewelded for two tests.

24 1475 28.0 -25
/R; RT-1)

Remarks: (A) Final load -1320 kips. Crack propagated 24 in. to near side of weld.
Complete record, good quality.

12 36 1475 28.0 -18
(RTRT-2)

Remarks: (B) Complete fracture in about ten seconds. Extreme buckling on far
side. Fracture surface on 45” plane through T-steel. Complete record,
good quality.

I<.,:....
-,. ~.,
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TABLE 3 (Continued)

Test Width of Initial Avg. Stress on Avg.
(Plate No. ) Starter Material Load Net Section Temp.

(in. ) (kips) (ksi) (°F)

The 3/4 x 54 x 72 in. insert consisted of 36 in. of Z-steel and 36 in. of
T-steel. This insert was cut and rewelded for two tests.

13 36 1475
(RT-1 )

Remarks: (A) Final load -860 kips. Crack propagated
trated 1.5 in. into T-steel. No visible buckling.
of severe condensation.

14 36 1475
(RT-2)

Remarks: (B) Final load -800 kips. Crack propagated

28.0 8

36 in. to weld and pene -
Entire record lost because

28.0 -21

36 in. to weld and then
along the weld for about 1 in. No visible buckling. Paflial record, good
quality.

The 3/4 x 34 x 72 in. insert consisted of 36 in. of Z–steel, 12 in. of
T-steel, and 24 in. of Z-steel.

15 36 1475 28.0 -24
(RTR-1 )

Remarks: (C) Final load -900 kips. Crack propagated 36 in. to weld and pene-
trated 1 in. into T-steel. Extreme buckling occurred on far side. Complete
record, good quality.

The 3/4. x 27 x 72 in. insert consisted of 48 in. of Z–steel and 24 in.
of T–steel.

16 48 1475 28.0 -22

(RT-3)
Remarks: (A) Final load -260 kips. Crack propagated 48 in. to weld and pene–

trated 6 in. into T–steel. Severe buckling occurred in the remaining 18 in.
of T-steel. Complete record, good quality.

The 3/4 x 27 x 72 in. insert consisted of
steel, 20 in. of Z-steel, and 12 in. of T-steel.

17 36 1475
(RTRT-3)

36 in. of Z-steel, 4 in. of T-

28.0 -20

Rem-arks: (A) Crack propagated 36 in. to weld and stopped. During load re-
distribution, a secondary crack was initiated at the junction of the insert
and lower pull plate, re suiting in complete fracture. Complete record,
good quality. 7.... ;:,
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TABLE 3 (Continued)

r—
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Test Width of Initial Avg. Stress on Avg.
(Plate No. ) Starter Material Load Net Section Temp.

(in. ) (kips) (ksi) (“F)

The 3/4 x 27 x 72 in. insert consisted of 36 in. of Z-steel, 4 in. of
T-steel, 20 in. of Z-steel; and 12 in. of T-steel.

36 1475 28.0 -13
(R~RT -4)

Remarks: (A) Final load -85 kips. Crack propagated 36 in. to weld, crossed
4 in. strip of T–steel and 20 in. strip of Z–steel, then penetrated 1.5 in.
into 12 in. strip of T–steel. Fracture surface on 450 plane in T-steel.
Extreme buckling occurred on far side. Complete record, good quality.

,-

,-

. .
from the dynamic gages. In all cases the strain traces start at a level cor–

responding to the initial test-load strain so that absolute values of strain

variation are shown. For tests where crack detectors were included, the

detector breaking time is indicated on the. record to designate the approxi-

mate location of the crack front.

The quality of the records from the tests varies considerably. Poor

records may result from faulty triggering, poor connections, improper focus

of camera or oscilloscope, or so much overlapping of the strain traces that

I individual traces are difficult to follow. In some cases only partial records

were obtained--that is, only some of the strain traces were recorded.

An examination of the figures reveals that the duration of the strain

records in Tests 5-12 was relatively short, varying from O. 5 to 8 millisec.
1-

These strain records are presented in their entirety. The selected record

duration (oscilloscope sweep time) for each test was based on the results

I obtained from previous tests and on what was considered to be a sufficient,-
interval at the time.

1-

Unfortunately, some of the selected times appear to

have been too short to record the specimen behavior during and after theL -..;.
..,’-.:. ,

redistribution of load.1
)\ As the length of the starter material was increased, records over a
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Gage 3

Gage 7
Gage 2
Gage 6

Fig. 29. Photographic Records for Test 17.

longer interval of time became necessary. Moving film was used to record the

strain responses for all dynamic gages in Tests 14-18 for relatively long periods

Of time ( 355 rriillisec . in Test 14) . Photographs of a typical dynamic record

(considered to be of good quality) taken on moving film are presented in Fig. 29.

In many of the dynamic strain records, the plot of one or more strain

res Ponses is shown to terminate in an arrowhead. The trace for such a gage

generally exhibits an extremely rapid rise and leaves the scope face when it

records a magnitude of strain greater than the sensitivity set on the oscillo-

scope. Once this gage has “peaked out, “ it usually does not reappear on the

scope face within the duration of the record.

Dynamic Strain Measurements. Since a limited number of channels were

available for dynamic strain measurements, gages were placed initially at vari-

ous locations thoughout the plate so that a feeling for the magnitude of strains I

to be expected in ,sUbsequent tests could be developed. As the tests continued
...,

?
and more information became available, it appeared that the most useful strain 1

i

1
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measurements would come from gages located on the notch line in what was

expected to be unfractured material. It was also found advantageous to place

all gages back-to-back, and this was done in Tests 14-18.

In the majority of the tests, the overall quality of the records was good,

although occasionally short portions of the traces were not readable because of

extreme microphonicss or pronounced overlapping. In a few tests, only a partial

record was obtained when some of the intended dynamic traces were lost be–

cause of condensation and shorting of the

the observations that fallow represent the

gages, and there may be some exceptions

isfactorily explained.

circuits. It must be emphasized that

general behavior of the majority of

that were observed but cannot be sat–

It appears that there are three factors which may contribute to the strain

pattern of the dynamic strain gages. The first is the effect of the notch-wedge-

impact method of crack initiation on the strain distribution in the specimen.

From a series of striking tests,
16

it was found that gages in the general vicini–

ty of the notch recorded strains as high as 220 p in. /in. , but, for gages lo-

cated 8 in. or more from the tip of the notch (on the notch line), a strain re–

sponse over 50 p in. /in. was not measured for any gage. These results indi–

cate that the effect of impact on the strain pattern of the gages may be neglect–

ed.

The second factor is the effect of the large strain increment that ac-

companies the tip of the crack on the behavior of the strain gages. If the

crack detectors locate the approximate position of the propagating crack, the

records indicate that there is, in general, little change

untracked portion of the plate that is beyond the sphere

crack front. This would indicate that even though there

\ net section as the crack is progressing across the plate
,-

in strain level in the

of influence of the

is a reduction in the

the strain and cor–

re spending load on the remaining section do not change during the fracture

1“ process.
~?,; .....;,i’..::$...... The third and probably most influential effect on the total strain pat-
,r–
I tern is the redistribution of load after the fracture has been stopped. In many
L.

,...



-56-

of the tests prior to the use of moving film (Tests 5-1 2), the duration of the

record may have been too short for the strain pattern to be influenced by the

redistribution of load. Also, three of these specimens (Tests 5, 8, and 9)

contained a crack only 12 in. long, and a redistribution of load on the re-

maining net section (5 ft wide) does not substantially affect the initial

strain level in the specimen. In Test 12, the average reading of back-to-

back gages 5 and 6 shows a definite reduction in strain level at about 4

millisec which may indicate the initial influence of a redistribution of

load.

In Tests 14-18, four of

located on an area of the plate

the dynamic gages (3, 4,

that was not subjected to

7, and 8) were

the sphere of in-

fluence of the propagating crack front. Consequently, the major portion

of strain pattern may be considered to be the result of the redistribution

of load. The remaining gages (1, 2, 5, and 6) were usually placed suf-

ficiently close to the point of initial arrest to ensure that their strain pat–

tern would be affected by both the propagating crack front and the redistri-

bution of load. From a study of the test records, there seems to be a pat-

tern in the strain responses from those gages that is influenced by both

the propagating crack front and the redistribution of load. This pattern

appears to be composed of three stages which may be described as fol-

lows . The first stage is the increase in strain as a result of the influence

of the approaching crack front. When the crack is stopped at the butt

weld, the strain levels off approximately and then starts to increase again.
1

This second increase in strain is probably caused by the beginning of the

load redistribution. Once again the strain levels off and then may increase
Ieither gradually or suddenly. This last stage of increasing strain could be

the result of either the transfer of load because of inelastic buckling at the

far side of the plate or the extension of the crack into the T-steel because [

of the redistribution of load, or a combination of both effects. r

An examination of the strain records from Tests 14-18 clearly shows ........ I...-...,,

a similarity in strain pattern for the gages located

this similarity does not usually prevail throughout

back-to-back.

the entire durat

However,

on of the i

i
J



r

I
.“

r-

(a) Crack Path of Initial and Secondary Fracture

(b) Crack Texture of Secondary Fracture in Z-Steel

(c) Fractured Surface at possible Source of Secondary Fracture

Fig. 30. Initial and Secondary Fracture in Test 17.

strain record. In Tests 14, 15, and 16, the strain responses of gages 4and 8
\

diverge markedly between 4 and 12 millisec. indicating the beginning of buck-

/ ,:
ling on the far side of the plate. In Test 18, gages 4 and 8 indicate the be-

L ginning of buckling at approximately 23 millisec. This time variation in the

I first indication of buckling may be attributed to variation in the alignment ofI
, the pull-plates, difference in the geometry of the specimen, or difference in
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the resistance of Z- and T-steel to inelastic buckling. When the area of buck-

ling was extensive (Tests 15 and 16), th,e strain pattern of gages 3 and 7 also

diverged eventually,

In Test 17, an unusual strain pattern developed because of an unex-

pected occurrence after the fracture was initiated and propagated to the ar-

restor material. Apparently, during the initial stage of load redistribution, a

s~condary crack initiated in the butt weld joining the insert plate to the bottom

pull-plate. This secondary crack caused

on a section approximately 1 ft below the

The chevron pattern in the 36-in. strip of

fracture propagated from the center to the

a complete fracture in the specimen

notch line, as shown in Fig. 30.

Z-steel shows that the secondary

edge of the plate. However, the

fracture surface in the weld between the insert and pull-plate offers no infor-

rrmtion on the direction of crack propagation. In Fig. 26 it can be seen that

all the gages on this specimen start to decrease in strain between 4.5 and

5.0 rnillisec. This probably represents the time that the fracture propagated

along the weld between the insert and pull-plate. AU gages except 1 and 5

decrease to strains that correspond fairly well to the initial yalues at zero

load. The strains from gages 1 and 5 show some permanent set, probably

because they experienced high magnitudes of strain for about 2 millisec.

With the introduction of moving film (Test 14), the strain history of

a gage could be obtained for several hundred rnillis.ec. if the gage did not

“peak out” or fail in some other manner. This relatively long strain record

presented an opportunity to determine the time required for the gage responses

to reach a relatively stationary level of strain. Figures 23 and 24 present the

strain levels measured at time intervals of 355 and 160 millisec. in Tests 14

and 15 respectively. Within minor deviations, the values at 18 to 20 millisec.

are in good agreement with the last readings plotted. Actually, there are mild

oscillations between these times, but it was found that at a time of approxi-

mately 100 millisec. a reasonably constant “final” strain value could be ob-

ta ined.

The strain distribution acress

@ Tests 14, 15, and 17 is shown in

.,, ;.:.
,“...

the plate at various times selected dur-

Figs. 31—33. These figures illustrate

I
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rnore clearly the strain distribution across the remaining net section during

the redistribution of load, A.Iso, they permit a convenient comparison be-

tween the last dynamic strain readings shown and the static values read

after the test. This comparison is discussed in more detail in the section

immediately following.

Static Strain Measurements. Early in the testing program, the gen-

eral purpose of the sta,tic strain gages was to measure the strain level

across the width of the specimen and the bending developed in the insert

plate. In the majority of the specimens tested, the strain level at test

load was nearly uniform throughout the plate. However in some tests it

was observed that the strain distribution varied considerably across the

width of the test piece and through the thickness. In one of these speci-

mens (Test 15), base strains were found. to vary by as much as 380 p in. /in.

across the width of the plate on one side only (gages 12 and 15) . Also, in

the thickness direction, a difference as high as 735 p in. /in. was recorded

by back-to-back gages 15 and 21. In spite of this large difference in strain,

the average of these back–to–back. gages is 900 p in. /in. , which is in

good agreement with the computed strain of 935 p in. /in.

As the testing program advanced, it was found advantageous to place

a static gage 1/2 in. from each dynamic gage. This readily provided a re-

placement for a dynamic gage which may have shorted out during the cooling

process or was found to be unsatisfactory during the calibration period im-

mediately before the test (which accounts for the interruptions in consecutive

numbering of the static gages that appear on some of the instrumentation

drawings). Secondly, the level of strain recorded by the static gages after

the test could be compared with the strains recorded by the dynamic gages

during the test.

From Figs. 31– 33, a comparison can be made between the static

strain measurements (taken under the existing load immediately after the

test) and the last dynamic strain recorded. In general, the sense and mag-

nitude of strains from static and dynamic readings are in good agreement

considering that a comparison is being made of strains measured by gages

I.. . .
“..-”’

i
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1/2 in. apart on the plate. In areas of the plate subjected to high strains

or considerable buckling, a marked difference in strain level can exist be-

tween two gages located only 1/2 in. apart.

Fracture Speeds. The speeds of brittle fracture propagation measured

on the plate surfaces of E-, Z;and X-steels are summarized in Fig. 34 for these

tests. In the majority of tests reported, the speed measurements were re-

stricted to the starter material, and the spat ing of the crack detectors was

determined to some extent by the width of starter strip available. To ex-

amine these results, the fracture speed measurements are divided into the

following groups: (1) specimens in which the detectors were spaced approxi-

mately 2 in. apart (Tests 5-8); (2) specimens in which the detectors were

spaced from 6 to 15 in. apart (Tests 10, 12, and 15-18); and (3) specimens

in which the speed was measured across vertical butt welds made with

E12015 electrodes (Tests 7 and 10).

In the first group, the fracture speeds varied from 2000 to ‘5600 fps.

However, this wide variation represents the two extremes of calculated

4

speed, and, except for three values, most of the speeds are in the 2000 to

4100 fps range. For the tests in this group, the average net stress varied

from 25 to 33 ,ksi; the temperature ranged from 10 to -13 F; and either E- or

Z-steel was used for the starter material. Because of the variation in

mea sure merits obtained for each individual specimen, no effect of any of

these variables on crack speed can be observed.

As wider starter strips were used, the detector spacing was in-

creased, and for Tests 10, 12, and 15-18 the spacing between most de-

tectors varied from 6 to 15 in. , although for any individual specimen the

spat ing was approximately constant. In all cases but one (discussed .in

k the following paragraph), the speed measured over the se distances ranged

from 2800 to 4900 fps. However, this range is not representative of the
,..
I majority of the speed measurements, because, with the exception of 4750

.:, ,,. and 4900 fps, the speeds range from 2800 to 3800 fps. AH of the speeds.,,,
~

in this group were measured on Z-steel at an average net
L

and a temperature around -20 F, except for Test 10 where

stress of 28 ksi

measurements
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were made on X-steel at a slightly lower stress and temperature. Neglecting

the slight differences in stress and temperature, the speeds of crack propa-

gation in the two different steels are in agreement.

In Test 10, a substantially lower crack speed (700 fps) is evident in

the Z-steel between the second trigger T2 and detector F. The reason for

this reduced crack speed is not clear, but there is evidence from the response

of the dynamic gages that there was some delay in the breaking time recorded

for detector F.

In Test 18, the reliability of the speeds recorded by the detectors in

the 20-in. wide strip of Z-steel is highly questionable for several reasons.

First, there was extremely high strain in the area of detector F because of the

redistribution of load, and it is quite possible that this strain may have

stretched the detector a sufficient amount to break it prematurely before the

actual crack was present. Also, there is some doubt as to the reliability of

the breaking time of detector I because the fracture path branched slightly

near detector I, as shown in Fig. 35(b). However, because of the greater

reduction in plate thickness measured across the major portion of this 20-in.

strip of Z-steel ( see Fig. 36), it seems reasonable to expect a somewhat

slower speed in this material.

In Tests 7 and 10, the average speed measured across the vertical

butt welds and short segments of the plate material ranged from 500 to 2550

fps. A reduced speed through the welds seems reasonable since a close in-

spection of the fractured surfaces usually indicated some ductility in the

weld. In Test 10, the substantially lower fracture speed of 100 fps between

detectors F and G is highly questionable since, in another specimen (Test

13), a detector placed on T-steel was found broken as a result of the high

strain and not the presence of an actual fracture in that area. Since T-steel

exhibits considerably more strain before fracturing than either E-, X-, or

Z-steels, results from detectmrs mounted on T-steel should not be combined
.,.;

!.,.. ... with data from detectors mounted on other steels to compute average crack

speeds.
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(a) Test 16, 24 in. T-Steel Strake

!4, >7’ ,’,, !,;1

(b) Test 18, 12 in. T-Steel Strake

Fig. 35. Arrest of 48 and 60 in. Long Cracks--Tests 16 and 18.
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In conclusion, the

detectors are more uniform

2800 to 3800 fps. In most

speeds measured between the more widely spaced

and, for the most part, fall within the range of

cases .the speed measurements made on plain

plate specimens of Z-steel (Project SR- 137) were of about the same magni-

tude when determined from detectors. Variation in speed is more apparent

between closely spaced detectors, and this may be further evidence that the

fracture progresses across the plate in an irregular manner. 16

Reduction in Plate Thickness. The reduction in plate thickness along.—

the crack path for eight specimens (Tests 4, 9, 10, 11, 12, 13, 16, and 18)

is presented in Figs. 36 and 37. These values were obtained at various

points by careful measurements with a pair of micrometer calipers.

In all of these tests, the reduction in thickness in the starter ma-

terial (E, Z, or X) varied from approximately 1/2 to 2 per cent. However, in

Tests 10, 12, and 18, a reduction in plate thickness as high as 10 per cent

was measured in those sections of Z-steel that experienced high strains prior

to fracture. The fractured surfaces in these strips of Z-steel still exhibited

the familiar chevron pattern which was prevalent in the starter strips. An

illustration of this can be seen in Fig. 38 (Test 12).

Reduction in plate thickness as high as 11.5 per cent was measured

in the strakes of T-steel where the fracture had crossed or partially penetrated

this material. For those fractures that had partially penetrated the T-steel,

the reduction in thickness at the point of arrest varied from about 7.5 to 11

per cent, except for Test 9, where the crack penetrated approximately O. 85

in. on one side of the plate and the reduction in thickness at the point of ar-

rest was slightly less than one per sent.

For strakes of T-steel not penetrated by a propagating crack, the

measured reduction in thickness was about one per cent in Test 4, although\
in similar specimens (Tests 5 and 6), no reduction in thickness could be

,. measured.1 In Test 11, a reduction of plate thickness of 4.5 per cent was
. .;.,:..,. measured in the first 4-in. strake of T-steel, clearly indicating the presence,,.::..,,..,,

of very high strains in that area.
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Crack Path and Texture. The fracture has not shown any tendency to— —

follow a particular crack path, although the majority of fractures slope up-

ward from the point of initiation and then level off somewhat. The crack

paths for completely and partially fractured specimens are shown in Figs. 39

and 40 respectively. The maximum deviation of a crack path from the notch

line was 4.90 in. for a 36-in. crack length in Test 15.

For all of the specimens in this series, the fracture surface in the E-,

X–, and Z-steels had a typical brittle appearance. The texture of the fracture

surface varied intermittently from smooth to coarse in all these steels and

could not be correlated with calculated crack speeds. Photographs of the

fractured surfaces of specimens that fractured completely (Tests 7, 10, and

12) a;e shown in Fig. 41.

In contrast to the brittle appearance of the fractured surface of the

rimmed and semiskilled steels, the fractured surface of the T-steel was al-

ways on a 450 plane, indicating a shear–type mode of failure. The surface

texture of three 4-in. strakes of T-steel, which were completely fractured,

is shown in Fig. 38. Partial fractures into T-steel occurred in several

specimens, and photographs showing their surface appearance are pre-

sented in Fig. 42.

Figures 35 and 4 3–45 are photographs of the surface of the T-steel

in the region around the end of the arrested crack. In Figs. 43 and 44 it

is evident that a 4-in. wide strake of T-steel completely arrested 12– and

24-in. long cracks and that only in Test 9, where the testing temperature

was extremely low, is there vi$ible evidence of the crack beyond the butt

weld in the T-steel. In specimens containing a 36-in. width of starter ma-

terial, the arrested crack penetrated 12- and 36-in. wide strakes of T-steel

as shown in Fig. 45. The penetration of cracks that had propagated 48 and

60 in. and then been arrested can be seen in Fig. 35. Inelastic buckling

usually occurred at the far edge of the specimens in which these long crack

lengths. were developed.

In the specimen of Test 17, the brittle crack propagated 36 in. to

the 4–in. strake of T–steel. It is believed that, during the initial stage of

1
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load redistribution, a secondary crack was initiated and resulted in the com-

plete fracture of the specimen, as shown in Fig. 30. Referring to the dynamic

strain records in Fig. 26, it appears that the arrestor strake of T-steel was

not subjected to a major redistribution of load. This also seems reasonable

because the arrested crack in this specimen was visible across the surface

of the plate to the butt weld only, whereas in other cases where a 36-in. long

crack was developed (Tests 13, 14, and 15), penetration of the T-steel strake

was always evident after the test was completed (Fig. 45) .

It seemed that the butt weld and 4-in. T-steel strake in this specimen ,7

{Test 17) contained an arrested crack which had been relatively unaffected by

a redistribution of load and which should be examined further. A radiograph

of the arrest region shcwed that the point of deepest penetration of the crack

was the heat-affected zone of the T-steel. A metallographic examination of

this region revealed that the contour of the arrested crack front was a thumb-

nail-type shape.

6-Ft Wide Riveted—_

To provide

Arrestor Specimens

a basis for comparison of the tests of welded arrestor speci-

mens, it was felt that a few riveted crack arrestor specimens should be fab-

ricated, according to a detail for which there was a great deal of service in-

formation, and te steal under laboratory conditions. The arrestor detail in

these specimens was the same as a design used on ships in service and con-

sisted of a doubler plate riveted to one side of a slotted main insert plate.

The doubler plate was extended above and below the insert plate so that it

could be bolted to each pull–plate and thus more fully develop the desired

load in the doubler. For comparative purposes in the test program, a few

specimens were fabricated without a slot beneath the doubler. All of the riv-

eted arrestor specimens in this series were fabricated by a qualified shipbuilder

to insure that the laboratory specimens were typical of those used in actual

practice. .. ...

In the riveted arrestor specimens, the arresting device consisted of a
‘.. .. ..

16-in. wide by 3/4-in. thick doubler plate riveted to one side of the main
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TABLE 4

SUMMARY OF TESTS ON 6.-FT WIDE RIVETED ARRESTOR SPECIMENS

Test Width of Initial Avg. Stress on Avg.
{Plate No. ) Starter Material Load Net Section Temp.

(in. ) (kips) (ksi) (°F)

These tests were conducted on 6-ft wide specimens in a 3, 000, 000 lb
hydraulic testing machine. The test specimen consists of a 3/4 x 54 x 73 1/4
in. Z-steel main plate (welded to 1 in. pull plates using double “V” butt welds –
E7016 electrodes) with a 3/4 x 99 x 16 in. Z-steel doubler plate (riveted with 1
in. dia. , countersunk pan–head rivets to the insert and bolted with 1 in. dia.
tight–fitting bolts to the pull–plates) located on one side and centered approxi–
mately 19 in. from one edge of the insert. Each pull-plate was approximately
6 3/4 ft long for Tests 19-23. The main plate of the specimen for Tests 19 and
20 contains a longitudinal flame-cut slot, which was lcxated along the center-
line of the doubler plate; the main plate of the specimen for Tests 21-23 does
not have a flame–cut slot. The notch length was 1 in. for Tests 19-i?l and 1 1/8
in. for Tests 22 and 23. A theoretical impact of 1200 ft-lb was used in all these
tests. Following the first fracture test on a given specimen, the partial fracture
is gouged out and the specimen rewelded for a second or third test. The initial
test on an insert is designated by an (A), the second test by a (B), and the third
test by a (C) in the “Remarks” section. ,Strain gages and/or crack detectors were
mounted on all specimens in this series.

This insert, with a flame-cut slot beneath the doubler, was rewelded for 2 tests .

19 -11 1600 26.8 1
(RIvs-1 )

Remarks: (A) Final load -1485 kips. Crack propagated between horizontal rivet
rows to slot (z1 9 in. ) . NO fracture in doubler. Complete record, good
quality.

20 -45 1600 26.9 -19

(IUVS-2)
Remarks: (B) Final load -40 kips. Crack propagated between horizontal rivet

rows to slot (z54 in. ). Doubler fractured from south edge to third vertical
rivet line. Severe buckling occurred at far side. Complete record, good
quality.

This insert, without a flame-cut slot beneath the doubler, was rewelded for
3 tests.

21 -11 1600 26.8 -13
(RIV-1 )

Remarks: (A) Final load - 1570 kips. Crack propagated to rivet in first vertical
line (z12 in. ). No fracture in doubler. Complete record, good quality.
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TABLE 4 (Continued)

Lest
(Pl$te No.)

Width of Initial Avg. Stress on Avg.
Starter Material Load Net Section Temp.

(in. ) (kips ) (ksi) (“F)

22 -11 1600 26.8 -20
(RN-2)

Remarks: (B) Final load -1505 kips. Crack propagated between horizontal
rivet rows to rivet in third vertical line (z20 in. ). No fracture in doubler.
Complete record, gcmd quality.

23 -11 1600 26,3 -16
(RIV-3)

Remarks: (C) Complete fracture of main plate with crack propagating between
horizontal rivet rows. Doubler fractured from sauth edge to second ver–
t.ical rivet line. Complete record, good. quality.

insert plate with four vertical. lines of 1-in. diameter, countersunk, pan-head

rivets. The rivet holes were drilled in the main plate, and t“hose in the

doubler were subpunched and reamed. In one case, the insert plate contained

a longitudinal slot centered beneath the doubler plate, while in the other case

it did not. While only the slotted specimen is typical of the type of arrestor

in general use, it was felt that similar tests of an unslotted specimen would

provide an opportunist y to compare the effectivenesss of the two details.

Table 4 summarizes the tests conducted on 6-ft wide specimens con-

taining a riveted doubler plate. In these tests, the average stress on the net

sect ion was 26.8 ksi, the theoretical. lateral impact was 1200 ft-lb, and the

testing temperature varied from 1 to -20 F.

‘Test Records. Dynamic records were obtained in each of the five tests

on riveted arrestor specimens; these are shown in Figs. 46-50. These figures

have been made up in the same manner as that previously described. It can

be seen that the duration of the strain records from Tests 19-23 varies from 4

to 10 millisec.

Slotted Insert with Doubler. In both tests on this insert, the brittle

crack was initiated from a notch that was on a line with a horizontal row of

. ,,
;:..:., ,
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rivets connecting the doubler to the main plate. In Test 19 the notch was at

the edge of the specimen near the doubler, while in Test 20 the notch was at

the opposite edge of the specimen.

Under an average stress on the net section of 26.8 ksi and an average

temperature of 10 F (Test 19), the brittle crack traveled slightly upward, pass-

ing between the horizontal rivet rows to the flame-cut slot in the main plate.

There was no indication of fracture in the main-plate material beyond the slot

(Fig. 51) or in the doubler plate.

The partial fracture from Test 19 was rewelded. In the next test on

this specimen (Test 20), where the crack was initiated from the opposite edge,

an average stress of 26.8 ksi, an average temperature of -19 F, and a theoreti-

cal impact of 1200 ft-lb were combined to produce a crack that propagated 54

in. across the main plate to the flame–cut slot. In addition, the doubler plate

fractured across two lines of rivets, as shown in Fig. 51.

The dynamic strain gage record from Test 20 (Fig. 47) shows the rapid

development of large strain peaks in the main plate (gage 1) and. in the doubler

(gage 3) as the crack approaches. IrI addition, gage 4 on the far side of the

doubler plate also shows a sudden large increment of strain approximately 2

rnillisec. later, which might be indicative of a major redistribution of load

and/or buckling of the remaining portion of the main plate.

Measurements on the plate surface give fracture speeds from 2650 to

.

The se speeds are within the range of values obtained from other
14950 fps.

tests in this investigation (Fig. 34). The texture of the fractured surface of
[

the specimen from Test 20 is.shown in Fig. 52.

From these tests it is evident that an abrupt discontinuity, such as
[

that provided by a flame-cut slot, is a satisfactory form of crack-arresting

device, if the redistribution of load is not too great. It also appears that
I

rivet holes do not necessarily attract propagating brittle cracks.

Unslotted Insert with Doubler. In all three tests on this specimen—.
,,,,1

(Tests 21, 22 and 23), the brittle crack was initiated from a notch at the
,:-----..-:>++..,

edge of the main plate near the doubler plate. The location of the notch

with respect to the horizontal rows of rivets connecting the doubler to the
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Fig. 51. Views of Fractured Inserts--
Tests 19 and 20.
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Fig. 52, Crack Textures of Fractured Specimens--Tests 20 and 23.
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Test 21

,.
>.’

Test 22

Test 23

Test 23

Fig. 53. Views of Fractured Inserts--Tests 21, 22, and 23.
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main plate was varied in each test. After each test, the fractured portion of

the specimen was rewelded for the next test.

In Test 21 the crack was initiated from a notch in line with a horizon-

tal row of rivets. At a stress of 26.8 ksi and a temperature of -13 F, the

crack propagated in the main plate to a rivet hole in the first vertical line of

rivets (Fig. 53).

In Test 22 the crack was initiated from a notch located midway be-

tween two horizontal rows of rivets. In this case,. at the same stress and

slightly lower temperature, the crack propagated slightly upward and between

two horizontal rows of rivets to a rivet hole in the third vertical line (Fig. 53) .

There was no evidence of fracture in the doubler plate in this test.

In Test 23 the notch was located just slightly above a horizontal row

of rivets so that the best opportunity for uninterrupted crack propagation

would prevail. In this test, at the same stress and approximately the same

temperature, the brittle crack propagated completely across the main plate of

the specimen, pas sing appr~ximately midway between two horizontal rows of

rivets in the region where the doubler plate was connected to the main plate.

In addition, the doubler plate was fractured from the far edge to the second

vertical line of rivets (Fig. 5 3).

The fractured surface of the specimen used in these tests, with its

characteristic chevron pattern, can be seen in Fig. 52.

Since Tests 21 and 22 did not result in complete fracture, full instru-

mentation was not used on the specimen for Test 23. Instead, dynamic rec-

ords were taken on the individual gages mounted on the lower pull-plate only,

since, up to that time, only an average reading of these back-to-back gages

had been recorded and no information was available on the individual behavior

of these gages. These individual records, plotted in Fig. 50, indicate good

agreement between these back-to-back gages during the b,rittle-fracture propa–

gation. They also indicate a substantial drop in strain after about 2 millisec.,

which was about the time required for complete fracture of the insert.
. ,.:>;,,...,,...,.

6-Ft Wide Welded Arrestor— —

The purpose of this

Specimens with C-Steel.—

series of tests was to study the behavior of crack-
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arrestor specimens containing a strake of C-steel as the arresting material.

In all 22 tests the specimen insert was 3/4 in. thick, 6 ft wide, and con-

tained a 12-in. wide starter strip of Z-steel. This width of starter material

was chosen in order to minimize the effects of redistribution and drop-off of

load that are associated with the development of longer crack lengths in this

type of specimen. From Table 3 it is evident that, for

machine used, approximately 97 per cent of the initial

in. wide specimen after a brittle crack has propagated

Crack-speed measurements from this program and also

the hydraulic testing

load remains on a 72-

12 in. and arrested.

from the closely

allied Brittle Fracture Mechanics Study (Project SR - 137) have shown that the

speed of fracture propagation appears to reach a constant value during the

first 6 in. of propagation.
16

In this series of tests the length of the insert varied from 16 to 60 in. ,

and the overall length of the specimen varied from 8.1 to 19.0 ft. The width

of the strake of C-steel was 6, 18, or 60 in. The makeup of the inserts for

the various tests is shown in Fig. 54.

The average stress on the net section of the specimen was generally

either 20.0 ksi (close to typical design stresses) or 28.0 ksi (a 40–per cent

increase over the former) . Except for a few tests, the te sting temperature

varied from 10 to 39 F. At some of the combinations of temperature and

stress in this series of tests, the originally adopted theoretical lateral im-

pact of 1200 ft-lb was not sufficient to initiate and propagate a brittle crack.

Therefore, the stroke and/or pressure in the impact device were increased in

order to provide a larger value of lateral impact for many of the tests in this

series. Consequently, another calibration of the impact device was made at

that particular time (between Tests 31 and 32) in the manner described earlier

in this report. This calibration, made for several combinations of stroke and

pressure, provided the values of actual impact given in Table 5, which sum-

marizes the tests conducted on 6–ft wide specimens containing a strake of

C-steel.

Initiation and Propagation. The testing temperature used in this series

I
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TABLE 5
SUMMARY OF TESTS ON 6-FT WIDE WELDED

ARRESTOR SPECIMENS CONTAINING ABS-C STEEL STIWKES

Test Overall Inifial Avg. Stress AW .
(PlateNo.) Specimen kad on Temp. Remarks

tinath (kins) Net Section (“F]
(fti (ksi)

Thase tests wem rnnducted on 6-ft wide spmimens In a 3, 000.000 lb hydraulic testIn9 machine. The test specimen is an in-
sert 3/4 in. thtck x 72 tn. wide with the depth varyfng from 16 to 60 in. The insert is welded to pull-plates (1 in. thick for Tests
.24-31 and 3/4 in. thick for Tests 32-45) using double “V” butt welds - E7016 elecffades. All vertical welds within the specimen weze
also double “V” butt welds reads with E7016 electrodes. The length of each PUI1 plate variad frOm 3 1/4 ft tO aImOst 9 ft in this series
of tests. All inserts .contafnod a 12 in. width of rimmed Z-steel starter material and a 1 1/8 in. deep notch (see Table 3]. The stroke.
pressure, theoretical impact, and actual impact of the piston device varied for the different tests as follows: 5 in., 280 Psi, 1200 ft-
lb, and 990 ft-lb for Tests 24-27; 7 in., 280 psi, 1600 ft-lb, and 1380 ft-lb for Tests 28-32; and 5 in.. 37o PSI, 1530 ft-lb, and1480
ft-lb lor Tests 33-45. Following the first fracture test on a given specimen, the fracture is generally cut out and the remaining !=rtion
of the insert used for subsecpient tests. The ln3tial test on an insert is designated by (A). the second test by a (B). the t~rd test by a
(C). and the fourth test by a (D) in the “Remarks” column. Successive frials for each test as indicated by the additional initial load
values, however, were made on the same notch. No stra2n qaqes or crack detectors were mounted On any Of the specimens in this

The 3/4 x 56 x 72 in. insert consisted of 12 in. of Z-steel and 60 in. of C-smel. This lflscn was cut and rewelded fOr fourtests.

11.3

10.1

9.0

1330 25.0 -22 (M ComDlete brittle fracture.

1/2 in. mack in Z-steel.
Complete brittle fracture.

No irdtiation.
No irdtiation.
No lrdtiatton.

No initiation.
1/2 in. crack in Z-steel.
Complete brittle fracture.

Final load - 1010 kips. Crack propagated 12 in. to weld
(3 in. submerged crack visible in C-steel).

Final load - 1010 klps. Crack pl’opagatcd 12 in. to weld
(4 in. submerged crack visible in C-steel).

Final load - 1440 kfps. Crack propagated 12 in. to weld
and ame steal.

Final load - 1450 kips. Crack propagated 1Z in. to weld

980
1070

1050

1050

1330

1050

1470

1680

1050

18.7

20.4

20.0

20.0

25. b

20.0

28.0

32. o

20.0

0 (B)
k

35 (c)
22
20

20 (D)
18
12

16 (A)

(R:N-3)

27
(RCN-4)

8.1

28
(RGN- 5)

(~JN-6)

11.3

10.3

9.2

8.1

1050 20.0 33 (B)

1470 28.0 33 (c)

(R~N-8)
1470 2s.0 17 (D)

and axe steal.

The 3/4 x 18 x 72 in. inserts consisted of 12 in. of Z-steel and 60 in. of C-steel. Only one test was made on each insert.

32
(RCN-9)

19.0 1470

1470

19.0 1470

28.0

28.0

28.0

14 (Al
14

14 (B)

No irdtfatton.
No inttiatfon.

Final load - 1420 ktps. Crack propagated 12 in. to weld
and arm steal.

~mplete brfttle fracture.

No irdttatton.
3 In. crack in Z-steel.

No Mtiatlon.
2 in. crack in Z-steel.

1 1/2 in. crack in Z-steel.

Cmnplete brittle fracture.

33
(RCN-10)

(RflN-11)

(R:N-12)

19.0 1470 28.0 2 (Al

19.0 1050
1050

19.0 1050
1050

16. o 1050

20.0
20.0

20.0
20.0

20.0

9 (Al
11

7 (Al
7
7 (N

36
(RCN-13)

(R~N- 14)

38
(RCN- 15)

19.0 1260 24.0 8 (Al

The 3/4 x 48 x 72 in. inseff consisted of 12 in. of Z-steel, 6 in. of C-steel, am 54in.ofx-~t~~l.TheIns~fiW~S=~t~nd
rewelded for two tests.

39 19.0 1050 20.0
(RCN-16)

17 (PJ 1 in. crack in z-steel.
1470 28.0 15 Final load - 1320 kfps. Crack propagated 18 in.

(acrOss C- steel) to second weld and arrented.

40 17. s 1050 20.0 17 (B) Final load -1030 ki~s. Crack propagated 12 in. to weld
(RCN- 17) and em? steal.

The 3/4 x 60 x 72 in. inserts mnsisted of 12 in. of Z-steel, 18 in. of C-steel, and 42 in. of x-steel.
rewe Ided for two tests; the other insert was cut &rid rewelded for three tests.

One insert was cut and

19.0 1470 28.0
(R%N-1.9)

16 W bmpletc brkttle fracture.

17.7 1470 28.0 26

(R~N-19)
(B) Complete brittle fracture.

18. s 1470 28. o
(;;N-20)

38 (Al Final load -1420 ktps. Crack propagated 12 in. to weld
and are steal.

17.6 1050 20.0 7.8*

(R~N-Z 1)
(B) Complete brittle fractuc.

45 16,3 1050 20.0
(RCN-22)

39+ (C) Final load - 1040 kips. Crack pmpagatcd 12 in. to weld
and arre steal.

+Liquid rdtrogen used to subcnol the notch just prior to testing.

i
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Test 35

Test 36

Test 37

Fig. 55. Specimens Failing to Propagate a 12 in. Crack --
Tests 35, 36, and 37.



-94-

of tests was somewhat warmer than any used previously in the Crack Arrestor

Program. Difficulty was encountered in initiating and propagating a brittle

crack in the Z-steel starter strip of the specimens in Tests 25, 26, and 27

(Table 5). (In plain plate tests on Z-steel,
14, 16

similar test conditions

consistently initiated and propagated a brittle crack across the specimen. )

Consequently, the lateral impact was increased for Tests 28-31, and brittle

cracks were satisfactorily initiated and propagated in each of these speci-

mens. By successively cutting off the tested portion, one insert provided

material for a series of four tests. This procedure, however, resulted in a

varying overall length of specimen.

After the completion of Test 31, it was thought that it would be de–

sirable to standardize the specimen geometry by adopting a constant insert

length of 16 in. and by changing the pull-plate thickness to 3/4 in. so that

it would be the same as the insert plate. However, after these changes

‘were made, a brittle crack could not be initiated and propagated (Tests 32,

35, 36, and 37) under test conditions that had previously been sufficient

for satisfactory brittle-fracture propagation (Tests 28, 29, 30, and 31). It

was concluded that the shorter insert combined with the thinner pull-plate

was in some manner hindering the initiation, and propagation of a brittle

crack in the starter strip of this type of specimen. Photographs of the area

around the end of the notch of some of the specimens in which the brittle

crack did not propagate across the 12-in. width of stafier material ar@

presented in Fig, 55.

It was thought that the variation in residual strain introduced during

the preparation of the different sized specimens might have been responsible

for some of the difficulty in initiating and propagating a brittle crack. An

attempt was made to study these strains, and they were measured in the di-

rection of loading during the fabrication and welding of the specimens for

Tests 37 and 38. However, because of the presence of several other pos-

sibly significant variables (overall specimen length, pull-plate thickness,

and notch location) in this test series and. the limited number of specimens

that could be examined, no correlation of these variables with the test

I
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re suits could be obtained.

Arrest. In five of the twenty-two tests in this series, the combination

of stress, temperature, and lateral impact was not sufficient to initiate and

propagate a brittle crack satisfactorily in the test specimen. Of the seventeen

remaining specimens, ten contained a 60-in. width of C–steel, five contained

an 18-in. width of C–steel, and two contained a 6-fn. width of C-steel. The

test results for specimens with these widths of C-steel, under the various

combinations of average stress and temperature, are plotted in Fig. 56. Pre-

sented in Fig. 57 are photographs of all the specimens in which a 12-in. long

crack was arrested by the C-steel stra,ke. In two cases, Tests 40 and 45, in–

complete separation of the material on the surface of the plate occurred over

part of the length of the crack.

In all specimens except two (Tests 28 and 29--where 3- and 4-in.

long submerged cracks in the C- steel were evident), the propagating brittle

crack was either entirely accepted or completely refused by the strake of C-

steel. There was no other case in which the strake of C-steel was penetrated

and partially fractured by the propagating “crack. As indicated by the test re-

sults plotted in Fig. 56, it appears that the arresting ability of C–steel is not

greatly affected by the average applied stress but is very strongly influenced

by the temperature of the material.

Referring to Fig. 56, a 60-in. strake of C-steel exhibits a transition

in behavior from complete fracture to complete arrest at a temperature around

10 F. After only two tests, it was difficult to define the corre spending tem-

perature for a 6-in. strake of C-steel, but it appeared to be a few degrees

higher. However, the temperature range at which an 18-in. width of this ma-

terial demonstrated this transition in behavior seemed to be about 30-35 F in I
these specimens.

In tests where an average stress of 20.0 ksi was applied, both 6- i

and 60–in. wide strakes of C-steel arrested the propagating crack at a tem–

perature of about 16 F. Howeverj when the average stress was increased to .;!:::, [

28.0 ksi, neither a 6- nor 18-in. wide strake of C-steel could arrest a crack

propagating at this temperature. It is conceivable that the proximity of the I
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Test 28,., +,, ~. ..,, —..%- __, -

Test 30
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Test 43

Fig. 57. Brittle Cracks Arre

,.

Test 29

Test 31

Test 40

Test 45

steal by ABS-C Strakes.



-98-

second butt weld in these specimens affects the residual strain pattern in the

arrestor strake, thereby influencing the behavior of the specimen. Neverthe-

less, it should be pointed out that, although a 6-in. wide strake of C-steel

did not arrest a crack that had propagated 12 in. , this crack was arrested

after propagating 18 in. by a 54-in. wide strake of X-steel (Test 39). It is

possible that the crack velocity was reduced while crossing the 6-in. width

of C-steel and that the butt–weld–X– steel combination offered sufficient re-

sistance to arrest a slower moving crack.

Reduction in Plate Thickness. The reduction in plate thickness along.—

the crack path for the specimens in which a brittle crack was initiated and

propagated is presented in Figs. 58 and 59. In general, the reduction in

thickness in the Z-steel starter material varied from approximately 1 to 2 per

cent. In Tests 43 and 45, where the brittle crack propagated 12 in. and was

arrested by an 18-in. width of C-steel, the general level of reduction of

plate thickness in the Z-steel starter material seems to be slightly more than

the previously mentioned value.

In most cases the reduction in plate thickness measured. in the strakes

of C–steel varied from about 1 to 3 per cent where the crack had completely

fractured the strak.e. For the specimens where the crack was arrested by the

butt-weld and was not visible in the C-steel, the reduction in thickness in

the arrestor material was extremely small and measurable only adjacent to the

weld. In the two tests (28 and 29) where submerged cracks 3 and 4 in. long

were developed in the C-steel, the reduction in plate thickness was as high ~

as 6.5 per cent.

Crack Path and Texture. Again in these tests the fractures have not——

shown any tendency to follow a particular crack path, although the majority

of the fractures slope upward and then level off. The crack paths obtained in
\

the various tests are sketched on the individual inserts in Fig. 54.

For all specimens tested in this series, the fractured surface had a

typical brittle appearance and was always on a 900 plane relative to the plane ‘~”~,,~
~,,......I

of the plate. The texture of the fractured surface varied

smooth to coarse in all three steels used and showed no

intermittently from
I

particular pattern.

1
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The chevron markings, characteristic of brittle fractures, can be seen on the

surfaces of the completely fractured specimens. shown in Figs. 60 and 61.

Comparison with Various Charpy V-Notch Criteria. Service data from

World War II ship plates have demonstrated that the initiation of brittle frac-

tures in welded structures of semiskilled and rimmed structural steels is pos-

sible only at temperatures where the steel develops less than 10 ft-lb energy

in Charpy V-notch tests. Similarly, brittle fractures stopped in these steels

at temperatures corresponding to V-notch Charpy energy levels of about 20

ft-lb .

The Naval Research Laboratory developed drop-weight tests (which

provide the NDT temperature) and explosion-bulge tests (which provide FTE

and FTP temperatures) that were in agreement with the National Bureau of

Standards findings.
11

In addition, results from drop-weight and explosion-

bulge tests for fully killed steels, high-tensile steels, quenched and tem-

pered steels, and other types of steel have been reported and compared with

Charpy V-notch test re suits on the same materials.
12

For fuliy killed ABS-

Class C normalized steel, the NDT temperature was found to correlate with

a Charpy V-notch impact range of 15-24 ft–lb, with a usual value of 17 ft–lb

and a conservative {high end .of the range) value of 20 ft-lb. The NDT re–

ported for ABS-Ciass C steel from a limited number of tests was -20 F. The
12reported FTE and FTP te~peratures were 20 and 80 F respectively.

All of the ABS-Class C normalized steel used in this series of tests

was taken from three different plates of the same heat. The absorbed erier–

gies from tests of Charpy V-notch impact specimens from each plate (plates

12-1, 12-2, and 12-3) have been reported in Fig. 9. These energies, to-

gether with the accompanying shear and lateral expansion, are summarized

in Table 6 (Charpy specimen axis is parallel to the direction of rolling of

the plate and the V-notch axis is normal to the plate surface). In addition,

drop-weight specimens from each of these plates, taken from the parent
,.:,.. .:, plate as shown in Fig. 62, were tested by the U. S. Steel Corporation and;. -.,..,

NDT’s Of -20, -30, and –20 F were obtained for plates 12-1, 12-2, 12-3

respectively. These re suits are in good agreement with the previously
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TABLE 6

SUMMARY OF DATA FOR TESTS OF CHARPY SPECIMENS
TAKEN FROM PLATES 12-1, 12-2 AND 12-3

Temp. Absorbed Energy, ft-lb
Percent of Fracture

Surface in Shear
Lateral Expansion. MIIS

● I?,
12-1 12-2 12-3 12-1 12-2 12-3 12-1 12-2 12-3

160 92
90
94
83
86
72

100
100
100
100
100
100

99
97
92

63
58
72

51
51
48
57
67
57

44
44
46
50
46

33
28
35

18
26
24
15
14
13

10
6
8
4
5
5

85
85
83
81
82
79

72
78

120 88
92

100
100

100

80

78
77

96
92
74
78

100
100
100
83

77
77
73
66

88
83
82
87

100 78
79
80
77

72

60

92
84
86
70

96
64
58
68
68
64
74
70
68
58
52
48
58

83
86
87
80
84
66
62
70
71
61
64
62
61
61
50
50
54

68
69
69
63
71
58
56
65
57
57
60
58
58
53
48
44
51

50

59 59
58 56
51 64

40 62
64
60

62
62
82

67
70
65

30

20 54
61
56
59
69
67

47
57
55
59

45 43
50
51
56

46
51
48
50
63
53

--
54
60

10

0

41
45
42
55
46
42

50
44
44
45
43
37

41
43
40
49
42
38

42
38
35

45
52
55
68
60

37
40
42

39
38
36

39
43
45
53
47

-10

-20

I45
44
28
32

36
34
31
30

39
38
29
28

40
23
22
24
20
32
21
19
16
15
16
16
19
11
11

42
43
43

30
26
27
20
22
28
1?
18
17
16
13
13
14

7
9

38
24
24
25
22
32
20
19
16
15
16
16
18

9
10

34
35
35

I-30

-40 27
35
26
29
22
22

18
23
24
10
22

19
21
25
12
16

21
28
20
21
15
16

17
23
22

8
20

-6o

,,..... I.......,-;

I

-8o

-100

-108

17
12
15
14
14
15

9
7

10
9

7
8

10
9
8
5
6
6

6

6

8

9
4
5

5
5

7
4

5
4
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mentioned NDT of –20 F reported by Puzak for ABS Class-C normalized steel.

The NDT temperatures, together with the Charpy V-notch impact test

results, have been plotted in Fig. 63 for each of the three plates of C-steel.

It is evident that the NDT for each of these plates corresponds to an energy

level of 30-35 ft–lb and thus does not agree with the suggestion that the tem-

perature at the 20 ft-lb Charpy V-notch level gives a conservative value of

NDT .

Also shown on Fig. 63 are the FTE range (estimated 30-60 F higher

than NDT) and the FTP range (estimated 80-120 F higher than NDT ). In

addition, explosion-bulge specimens from plate 12–3 were tested by the

Naval Research LaboratoW, and, as indicated. by the results (Fig. 64), an

FTE of 25 F was determined for this plate. It is evident that this actual

value of FTE falls in the middle of the estimated FTE rarige .

In Fig. 63, the crack arrestor test results have been plotted accord-

ing to the plate from which the strake of arrestor material came. It is evi-

dent that in each case the transition in behavior observed in the crack ar-

restor tests occurred within the previously estimated FTE temperature range

{determined by adding 30-60 F to the NDT).

V-notch energy level, this transition occurs

55 ft-lb in plate 12-2, and 65 ft-lb in plate

However, in relation to Charpy

at about 45 ft–lb in plate 12–1 ,

12-3. The se data indicate that

the transition in behavior for C -steel when used in these crack arrestor

specimens does not relate to a closely fixed value of absorbed energy in

the C harpy V-notch impact test. I

Another suggested index for anticipating the arresting ability of a

material is the per cent shear surface exhibited by the broken Charpy V–

To investigate this variable, the per cent shear surface Inotch specimens.

of the Charpy V-notch specimens from plates 12-1, 12–2, and 12-3 was ob- 1
I

tained with a planimeter accurate to O. 01 sq in. from 3 by 5-in. photographs
I

of the fractured surfaces. The total surface area and the brittle surface area

were measured twice on each half of the k.pecimen and the average per cent
,>.....,..: ...



,—..–.. .. -.;, ,,...., .[,
J ; ..-,-,.

.’ .,, .’

. .
,1!

1 —

I

FTE

.

.

, I

1
.

1 1

.

.

.

1 1

—
—

—

—

—

Inl 1 1 I h I

.- ,. . .— --

‘“m

-#’

CRACK ARRESTOR TEST RESULTS

30
k

ARREST

+- COMPLETE FRhCTUR$4+33~39

26
t

‘-”l20 - ?0 -20 +30 +80 + 130

TEST TEMPERATURE *F

(a) PLATE 12-1

Fig. 63. Charpy V-Notch Criter,

22 - 4.0
22 - 44 45

+0
I I I I I

t8 1 I 1 I

-120 - ?0 -20 +30 +80 +130 +180‘!20 -70 -20 +30 +80 +130

TEST TEMPERATURE ●F TEST TEMPERATURE “F

(b) PLATE 12-2 (C), PLATE 12-3 . -.—

a and Crack Arrestor Test Results for ABS-Class C Normalized Steel.



~1(j8-

+10° F +20*F

+ 30° F

Fig. 64. Explosion Bulge Test Results Obtained by NRL
for Plate 12-3 of ABS Class-C Steel.

I

,

,i’:~”:,. I,,.;



-1o9-

shear surface was computed from these measurements. ‘~ The percent shear

surface has been plotted in Fig. 63. The values of the per cent shear

surface that occur at the temperature at which the crack arrestor tests ex-

hibit a transition are approximately ~5, 55, and 65 per cent for plates 12-1,

12-2, and 12-3, respectively. It would seem that a particular value of per

cent shear would not have predicted the behavior of all specimens tested in

this series.

Recently, a comparison was made of the performance of carbon struc-

tural steel in welded ships and the lateral expansion of a Charpy specimen,
13

measured on the compression side of the bar directly opposite the notch.

The indications from this study are that the temperature at which V-notch

Charpy specimens exhibit a 10-roil lateral expansion corresponds closely

with the NDT from drop-weight tests and the “source” plate behavior in the

NBS ship-plate-fracture correlation (for rimmed and semiskilled steels).

This study also indicated that a lateral expansion of 15 roils may correlate

well with the corresponding energy levels that have been proposed as being

significant for killed and low-alloy steels.

The lateral expansion on the compression side of the Charpy V-notch

specimens for C–steel was measured with a micrometer accurate to O. 001 in.

These data have been plotted on Fig. 63, together with the other Charpy V-

notch criteria and the crack-arrestor test results. It can be seen that a

lateral expansion of about 30 roils in the Charpy bar was measured at the

actual NDT for this fully killed and normalized steel. Furthermore, based

on the temperature at which a transition in the crack-arrestor test results

occurs, the accompanying lateral expansion in the Charpy bar varies from

approximately 45 to 60 roils–– substantially more than would be expected by

~The method described above to obtain per cent shear from Charpy speci-
/ mens is related to the deformed cross-sectional area and is similar to the

i ~~+,. method used by the National Bureau of Standards. Lloyd’s Method of deter–
,.: mining per cent shear, however, is related to the original cross-sectional

1

area. A check was made on the Charpy specimens in the 50-per cent shear
range, and it was found that the use of Lloyd’s Method has only a slight ef–
feet on the curve.
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the proponents of this criterion.

SUMMARY

OrI the basis of the test results for the specimen geometry selected

and the laboratory conditions available, the following observations are

made:

1. An El2015 butt weld alone (not. followed by a strake of tough ma-

terial) did not arrest a brittle crack that had propagated 12 in. across a 24-

in. wide (Test 3) or 72–in. wide (Test 7) specimen.

2. The brittle-fracture surface in rimmed (E or Z), semiskilled (X) or

fully killed and normalized (C) steel was always on a plane perpendicular to

the plate. However, for a crack that had propagated across of into a strake

of tough steel (T), the fracture surface was always on a 450 Plane in the

tough material.

3. Strain magnitudes of from two to three times the yield strain have

been measured on the plate surface in the vicinity of the tip of the propagating

crack. However, very little permanent set occurred when these high strains

were developed rapidly and existed for an extremely short period of time.

4. During brittle-fracture propagation, little change occurred in the

strain level across the untracked portion of the plate that is beyond the in-

fluence of the crack front. This influence appears to precede the propagating

crack front by approximately 6 in.

5. From the tests of specimens containing a strake of

it appears that a propagating brittle crack is initially arrested

tough steel (T),

or slowed down

in the butt weld joining the starter and arrestor material. Subsequent progress

of the crack and the extent of penetration in the T–steel depend primarily on

the severity of the re suiting eccentric load and the width of the arrestor ma–

terial. For crack lengths~f 24 in. or less, the resulting eccentric load does
(

not create, in the region at the end of the crack, a strain increment sufficient ,.....

to advance the fracture beyond the initial point of arrest. For crack lengths
.. ......,.

of 36 in. or greater, the re suiting eccentric load creates severe bending (with
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corresponding buckling at the far edge) and sufficiently high strain in the

region at the end of the crack to extend the crack. Then the ability of the

remaining section to absorb high strain depends upon the width and strength

of the tough steel available.

6. The speed of the brittle crack appeared to reach an approximately

constant value within the first 6 in. of propagation. The average speeds,

measured over the distance between widely spaced detectors, were fairly

uniform and, for the most part, fell within the 2800 to 3800 fps range.

7, Tests of 6-ft wide specimens containing a riveted arrestor indi-

cated that this is an excellent form of arrestor because of the discontinuity

produced by the slot in the main plate. Mso, it has been shown that the ac-

companying rivet holes in this type of specimen do not necessarily attract

propagating cra,cks. If there is no slot beneath the doubler plate, however,

it is possible for a brittle crack to pass midway between

of rivets and propagate completely across the main plate

restor specimen.

8. In the tests of specimens containing C-steel

the horizontal rows

of a riveted ar–

as an arrestor ma-

terial, the brittle crack {which had propagated 12 in. } was either entirely ac-

cepted or completely refused by the strakes of C-steel, Apparently, the ar–

resting ability of this steel is not greatly affected by the average applied

stress but is quite strongly influenced by the temperature of the material.

9. A transition in behavior from complete fracture to complete arrest

occurred between 10 and 35 F in specimens containing 6-, 18-, and 60-in.

wide strakes of C-steel. When these data were compared with results from

drop-weight and explosion-bulge tests, it was evident that the transition in

each case occurred within the estimated FTE temperature range.

10. The results from the tests of crack arrestor specimens contain-1
1
L ing C-steel were also compared with the values of various criteria that might

[ .--’

be obtained from tests of Charpy V-notch specimens. At the transition tem-

,,:.-,;..: perature obtained in the Crack Arrestor Te Stsf the corresponding values of

[
various Charpy V-notch c iriteria ranged from 4Z to 65 ft-lb absorbed energy,
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45 to 65 per cent shear, and 45 to 60 roils lateral expansion. The values of

these criteria that correspond to the transition in behavior of the arrestor

specimens are more than would have heretofore been expected for a fully

killed and normalized steel.
T

i

.

I

I
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