
.—
,,. /

{/ “

PB 181536
Price $0.75

SUMMARY OF SOME STUDIES OF
BRITTLE-FRACTURE PROPAGATIOhI

SSC-149

BY

W. J. HALL AND F. W. BARTON

SHIP STRUCTURE COMMITTEE

h

.-

For sale by the U.S. Department of Commerce, Oi%ce of Technical Services,

Washington, D.C., 20230

—



I

SHIP STRUCTURE COMMITTEE

MEMBER AGENCIBS:

BUREAU OF SHIPS, DEPT. OF NAVY

MILITARY SEA TRANSPORTATION SERVICE, DEPT. OF NAVY

UNITED STATES COA!3T GUARD. TREASURY DEPT.

MARITIME ADMINISTRATION, DEFT, OF COMMERCE

AMERICAN BUREAU OF SHIPPINO

4 September 1963

Dear Sir

As part of its research program directed tov
of hull structures of ships, the Ship Structure Comrn
soring a brittle-fracture mechanics study at the C

Herewithis the Final Report, SSC-149, Sum
of Brittle-Fracture Ropaaation, by W. J. Hall a=

This project was conducted under the advi
Committee on Ship Structural De sign of the National 1
National Research Counci 1.

This report is being distributed to the indil
associated with the project, and to those intere steo

Committee program. Questions or comments regar(
be appreciated and should be ser,t to the Se cretaryl
mittee.

Sincere ly yours

T. J. Fabik
Rear Admiral, U
Chairman, Ship

“.-. . ,—-——-.—- . . .

ADDRESS CORRESPONDENCE TO:

SECRETARY

SHIP STRUCTURg COMMITTEE

U, B. COAST GUARE HEADQUARTERS

WASHINGTON 25, D. C.

Lrd the improvement
tee has been spon-
iversity of Illinois.

~ary of Some Studies
. W. Barton.

my guidance of the
ademy of Sciences-

duals and agencies
n the Ship Structure
ng this report would
;hip Structure Com-

S. Coast Guard
tructure Committee

—



SSC-149

Final Repofi
of

Project SR-155
“Low-Velocity Fracture”

to the

Ship Structure Committee

SUMMARY OF SOME STUDIES OF

BRITTLE -FRACTURI PROPAGATION

by

W. J. Hall
and

F. W. Barton

University of Illinois
Urbana, Illinois

under

Depaflment of the Navy
Bureau of Ships Contract NObs-65790

Washington, D. C .
U. S . Department of Commerce, Office of Technical Services

September 4, 1963



ABSTfWCT

The most significant observations arising from experimental studies

of brittle-fracture propagation in wide stee 1 plates conducted as a part of

SSC Projects SR- 137 (Fracture Mechanics) and SR-155 (Low-Velocity Frac-

ture) are summarized.

Six-foot-wide plain plate specimens tested at an average applied

stress of about 20 ksi, a temperature of O‘F, and with the notch–wedge–

impact method of initiation, in order” to study fracture propagation under

relative lY steady state conditions produced fracture speeds in the range

of 2000 to 4000 fps.

Six-foot-wide pre stres sed stee 1 plates with a region of high tensile

residual strain at each edge, and a region of residual compression in the

central portion, tested at zero or 3 ksi average applied stress, at 0 “F, and

with impact initiation, produced fracture speeds of 6000 fps in the tensile

zone near the initiation source, and speeds as low as 50 fps in the central

portions of the plate.

Two-foot-wide centrally notched and weldsd specimens fabricated

in different ways and tested at an average applied stress of almut 10 ksi

and a temperature of –40 F, produced speeds within 1 1/2 inches of the

initiation source and in a region of high residual tensile stress as high as

5000 fps whereas speeds throughout the remainder of the specimen, which

initially possessed a low compressive residual stress, were on the order of

1800 fps.

Fracture texture, the effects of thermal strain cycling, notch geom-

etry, and surface strain field associated with the advancing fracture at both

high and low velocities have been observed and reported.
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1~TRO13UCT10~

In the recent UniVQrS~tY of I llirmis fracture
mechanics investigations sponsored by the
Ship Structure Committee, primary emphasis
has been placed on studies of brittle-fracture
propagation in wide steel plates. Because of
the considerable fundamental information a-
massed in these investigations in recent years,

it was decided that one of the final tasks of
Project SR-155 would be the preparation “of
this short report summarizing the most s~gnif -
icant observations arising from work conducted
as a part of Projects SR-137 and SR-155; this
report also serves as the final report on Proj-
ect SR-155.

Project SR-137 dealt primarily with studies
of fracture propagation In 6-ft-wids plain
plate specimens. The fractures studied as a
part of the lamer investigation were generally
of a high-speed nature (2000-4000 fps); the
study provided considerable information about
the average fracture speed and the strain field
surrounding the tip of propagating fractures as
measured by instrumentation located on the
surface of the plate. In one of the later phases
of’ Project SR-I 37, pilot studies were made
with wide plates in which a residual strain
field had been introduced. These tests indi-
cated that brittle fractures cou Id propagate at
extreme ly low ve Locities (recorded as low as
50 fps) through regions where the initial resid-
ual strain perpendicular to the crack path was
of a comprds sive nature. The differences
noted between high- and low- speed fracture
propagation ra~sed many questions about the
role of the various parameters affecting propa-
gation, and in order to study this problem more
fully, Project SR- 155 was undertaken to exam-
ine various aspects of low-velocity fracture
propagation. Such a study was of particular
interest because results from this investiga-
tion, when combined with the results from
Project SR- 137, would provide a rather com-
plete picture of britt Ie fracture propagation in
6-ft-wide steel plates over a wide range of
fracture speeds.

Another major phase of Project SR- 155 in-
volved the testing of 2-ft- and 3-ft-wide plates
containing a centrally located transverse notch
and a longitudinal butt weld. Because of the
high residual tensile stress in the region of
the prepared notch, brittle fractures could be
consistently initiated under static load con-
ditions without the aid of impact. The results

of these studies were deemed of great impor-
tance because they provided speed and strain
data from statically initiated fractures which
could be compared with the earlier impact-
initiated fracture data, and because they rep-
resented an intermediate fracture speed level.

It is to b noted that none of the plate
specimens tested on Projects SR-137 or SR-155
were stress relieved.

The remainder of the report is devoted to a
summary of the most pertinent observations
arising out of the major areas of experimental
investigation of Projects SR-I 37 and SR-155.
Whenever appropriate, comparisons of the
various findings are presented. More detailed
discussions of the various phases of the in-
vestigation reported herein may be found in the
theses, reports and published papers listed in
the Bibliography at the end of this report.

SUMMARY OF EXPERIMENTAL STUDIES

Wide Plain Plate Tests

All tests of plain plate specimens were
conducted as a part of Project SR-1 37 and, with
the exception of initial exploratory tests, all
specimens were 3i4-in. thick and 6-ft wide.
including The early exploratory studies, a total
of thirty-nine brittle-fracture te sts were con-
ducted as a part of Project SR- 137. The pri-
mary purpose of the inve stiqation was to study
the fracture swed and transient strain field
surrounding the tip of a propagating fracture.

The specimens werz tested at an average
applied stress of 15 to 20 ksi, at a tempera-
ture of approximately O“F, and with the notch-
wedge-impact method for fracture initiation.
Speed measurements and surface strain re-
sponse as determined from strain gages
mounted on the surface of the plate were ob-
tained during fracture propagation.

A typical instrumentation layout and strain–
time records from gages mounted on the surface
of a specimen are shown in Fig. 1. In this
series of tests the majority of the strain and
speed measurements were made in the imme-
diate vicinity of the fracture path. Although
fracture speeds as high as 7550 fps were re-
corded, in over seventy–five per cent of the
tests the speeds were in the range of 2000 to
4000 fps. Peak strain magnitudes of S00 to
3000 microin. /in. (one value as high as 5000
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FIG. 2. PLAIN PLATE--TEST 39-

microin. \in. was noted) were recorded on the
plate surface near the fracture with negligible
permanent set remaining after fracture, i.e.,
the exhibited response was elastic from gages
even as close a~ one–quarter inch to the frac-
ture. Preliminary tests had indicated that,
outside of the immediate initiation region,
surface strains were not materially affected by
the impact used for initiation.

In a later phase of this study, rectangular
strain rosettes were uti Lized ‘m provide suf-
ficient data to establish the characteristics of

the strain field surrounding a propagating frac-
ture. A typical instrumentation layout and a
Photograph of the fractured Portion of a test
specimen in which rosettes were used is shown
in Fig. 2. Strain-time traces for the comPo-
nent gages of three rosettes of this same
specimen are Presented in Fig. 3. As may be
noted from this figure, the strain-time pulse
is very sharp for gages located close to the
fracture (in some cases strains as high as
5000 micmin. iin. were noted); for gages ~ur-
ther away, the Peak strain is Of ~ lower rna9-
nitude and the pulse extends over a longer
time.

From strain data obtained from rosettes it
was possible to calculate maximum and mini-
mum principal strains, and typical principal
strain-time plots for three rosettes are shown
in Fig. 3 to the right of the component gage
traces. In general the major principal strain
trace for each rosette has essentially the same
shape as the corre spending vertical component
gage trace, which indicates that the direction
of major princiPal strain is es senti~~~y normal
to the fracture.

-1
-.. —.-.f~ . ‘-

i+’oo:w_-
E +Iooo ~.-\. ----

‘EF41w
o 0.5 1.0 1.50 0.5 1.0 1.5

TIME — millmecondz

FIG . 3. STRAIN-TIME TllACES AND COMPUTED
PRINCIPAL STRAINS FOR ROSETTES L~.ATED AT
vARIOUS DISTANCES FROM THE FRACTURE--
TEST 39.

—
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In order to portray the strain distribution
on a plate surface during the time a crack was

Propagating, data from several tests conducted
under identical conditions were superimposed
to permit the plotting of contours of major
principal strain for various crack lengths. It
was found that for 6-ft–wide plates the mag-
nitude and extent of the strain fie Id associated
with the moving crack tip increased fmm its
original size near the fracture source to a
steady state condition after traversing ap-
proximate 1y one-quarter of the plate width. A
set of typical major principal strain contours
for a crack length greater than one-quatier of
the plate width is presented in Fig. 4.

Th@ fracture texture of all plain plate

Strains in Microin. /in.

~ ‘-’” ‘“”

,o//(&J’jjoo
600 800

1000
800
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FIG . 4. MAJOR PRINCIPAL STRAIN CONTOURS .

specimens was quite rough, and the usual chev-
ron marklnqs were easily visible. 1+photograph
of the fracture texture of a typical specimen is
shown in Fig. 5.
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FfG. 5. FRACTURE TEXTURE--TEST 38.

Wide Prestres sed Plate Te~s

All of the tests described in the preceding

section were conducted as a part of Project
SR-137 on specimens in which the major applied
stress was that resulting from the externally
applled machine load. The last series of tests
of Project SR-1 37, and the initial area of study
on Project SR-1 55, were conducted on both Z-
ft- and 6- ft-wide plates in which residual
stresses were present. The purpa se of these
tests was to investigate the effects of residual
stress orI the initiation and propagation charac-
teristics of a brittle fracture and if POS sible to
utifize the residual compressive stress field as
a means of obtaining low-ve l.ocity brittle frac-
tures.

Preliminary studies established that the
most satisfactory method for introducing a re-
sidual stress pattern acress the width of a
specimen was by welding tapered slots cut
above and below the expected fracture path on
each edge of the plate. The position of the
slots may be seen in the plate layout shown in
Fig. 6 (a). The major phase of this inve stiga-

I
I

L‘R3?-I---6
20” + Welded Slol >

J Crack Path Strain Gaqa

-+5 -- - - ,0 -t -- ,4 –-

1~ _

12
~ Speed Detector

(o) PLATE LAYOUT AND FRACTURE PATH
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.0005

0 — ..,., .—-—..-

1

in
-.0005
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DISTANCE FROM INITIATION EDGE - in.

(b) AVERAGE LONGITUDINAL RESIDUAL STRAIN

FIG. 6. PRESTRAINED PLATE--TEST 46.

tion involved brittle fracture tests of eight
plate specimens 3/4-in. thick and 6-ft wide,
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seven of which were prestressed by the weld–
ing of tapered slots, arid one of which was a
plain plate specimen tested to aid in evaluating
the effect of the initiation procedure. Although
there was some variation in the magnitudes of
residual strain resulting from the prestressing
procedure, the pattern was similar for all
specimens and consisted of high re sldual ten–
sile strain approaching or exceeding the yield
level at the edges of the plate and a fairly
uniform compressive strain region across the
central portion of the plate. The measured
longitudinal residual strain distribution in a
typical prestressed specimen is shown in Fig.
6 (b).

Brittle fractures were successfully initiated
by the notch-wedge-impact procedure in all
prestrained specimens tested, even those in
which no external load was employed. In three
tests, in which a small load of 3000 psi was
applied to maintain the specimen taut in the
machine, complete brittle fracture of the speci-
mens occurred; in the other four presh-ained

specimens, the fractures arrested in the com-
pressive strain region. Of these latter four
specimens ifi which the fracture arrested, three
were tested with zero applied load as just
noted. Apparently, the residual compressive
strain normal to the crack path and the lack
(or small amount) of stored energy in the
specimen–machine system was a factor in
causing the arrest of “the brittle fracture. The
fact that the fracture arrested in one of the
specimens with a small apphed load would
seem to indicate that the fractures In all such
specimens may have been on the verge of ar–
rest.

In the earlier 6-ft-wide plain plate tests
In which ther~ was no residua 1 strain field, an
average applied stress in excess of 15 ksi was
necessary to insure frac~ure irmtiation under
similar test conditions. The fac~ that brittle
fractures could be consistently lrntlated In the
prestres sed specimens with little or no ex–
ternal applied stress ind~cales ~hat a high
residual tensile strain field materially aids in
the initiation proc~ss .

While the residual ~enslle stress aided
fracture initiation and propagation, [he resid-
ual compressive stress field in the central
portion of the test specimen had just the oP-
posite effect. The most significant effects
were that h~gh fracture speeds were recorded
near the initiation edge where high residual

tensile strains were present, while greatly
reduced speeds were recorded in the central
porhon of the plate in the area of residual
compression; the latter speeds were consider-
ably lower than those recorded earlier in tests
of 6-ft–wide plain plate specimens. In speci–
mens in wlmch complete brittle fractures oc-
curred, the hlghe st fracture speeds recorded

were In the range of 5500 to 6500 fps near the
initiation source, and “the lowest speeds were
in the range of 50 to 300 fps in the central
region.

A comparison of th~ fracture sp@eds in the
plain plate and prestressed plate specimens
considered in this report are presented ~n Fig.
7 along with data for a centrally notched speci-
men to be discussed later. In this figure the
breaking time of a detector gage, or the time of
peaking of a strain gage, is plot~ed versus
distance along the crack path; the slope of
these curves r~present the speed. Typical
sp~~d values are noted for purposes of com-
parison.

t.
J L._._.._L...–.I

rLs, c,

!0 2f, w(b E CENTRALLY

NOTCHED AND W<LIX. PLATE
. ~ DETECTOR BREAKING TIME

II A STRAIN GAGE PEAKING TIME II
01 I I I I I I

o 4 0 12 16 20 24

TIME- m,ll,.,.

FIG . 7. FRACTURE SPEEDS ACROSS PLATE
WIDTHS--TESTS 37, 46, AND 67.

The effect of the residual strain field on the
propagation characteristics was apparent from
the dynamic strain records obtained dur~ng the
te sls. Except for two tests in which rectan-
gular strain rosettes were employed, the major
portion of the dynamic strain data was recorded
from individual vertical gages. The strain-



time traces recorded from vertically oriented
gages were sirmlar for all tests and typical
strain–time traces from Test 46 are shown in
Fig. 8. T.h~ traces shown are for vertically
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FIG . 8. TYPICAL STRAIN-TIME RECORDS --
TEST 46.

oriented strain gages located at the positions
indicated in Fig. 6.

A typical instrumentation layout for a speci
men in which strain rosettes were used is
shown in Fig. 9. Strain-time traces for the
component gag~s of two rosettes of the speci-
men shown. in Fig. 9 are presented in Fig. 10;
the major and minor principal strains, and

r
lo”

b
‘L
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maximum shear strain, all versus time, are
shown to the right in Fig. 10. Most of ‘the psak
strain values recorded were in the range of 500
to 1500 microin./in. ; this rang~ is lower than
that recorded from the tests of plain plate
specimens.

From an analysis of the recorded strain
data, it was evident that the strain field as-
sociated with the tip of propagating fracture
was considerably reduced in magnitude and
extent by the residual compressive strain in the
central portion of the specimens. This was
evident in all tests and may be observed from
the strain data shown in Fig. 8. Also the pulse
width (time base) increased as the fracture
passed through the compressive zone; in some
cases the pulse lengths were as long as 5
milliseconds. Gage 5, which was located in
an area of residual tension showed a peak
strain response of approximately 1700 microin./
in. , while Gage 10, located much closer to the
fracture but in a zone of initial re sidua 1 com-
pression, showed a peak strain response of
only 800 microin. /in. This reduction of th~
transient strain field in the residual compres-
sive strain region was observed to occur in all
tests of prestrained specimens, even those in
which the fracture arrested. Strain redi stribu-
tion during propagation may be noted from th~
traces for Gages 12 and 14 in Fig. 8. The re-
distribution mechanism is complicated by the
fact that it involv~s the redistribution of both
external load and interrm 1 re sidua ~ strain.

Another interesting feature rioted from the
strain-time records was the behavior of com-
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1 Ilk “’’’)’”+=F+Fm“1i-%wT‘7
3“L—-- ---------,.... .--—-.—“---”J3+ I

I i

FIG. 9. PLATE LPYOUT--TEST 50.
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panent gages of rosettes located extremely
close to the fracture path. From previous tests
it had been observed that the vertical gage of
a rosette always peaked in tension as the frac-
ture passed the gage while the horizontal gage
peaked in compression. If, however, the ro–
sette is located within approximately 1/2 in.
of the fracture bath the vertical and horizontal
gages peaked in tension, although the magni-
tude of the vertical strain peak was consider–
ably higher. These observations are illustrat-
ed by the strain records shown in Fig. 10 and
3. This pronounced biaxial state of tensile
strain extremely close to the fracture path was
observed in tests of all type specimens in
which gages were located sufficiently close to
the fracture.

In both the plain plate specimens and the
notched and welded plate specimens (to be
described), the fracture path was essentially
straight, which would be expec[ed since the
direction of the principal s’mess, and any major
applied stress or strains were in the vertical
direction. In the prestressed plate tests, how-
ever, in which transverse edge slots were
welded, the direction of the major principal

stress varied considerably throughout each
specimen. In these specimens the path of the
fracture was observed to deviate noticeably
from a straight line as may be noted in Fig.
6 (a) and 9, ancl a study of the pr~ncipal strain
directions existing at the time of test indicated
that the fracture generally propagated in a
direction normal to the direction of the major
principal strain.

The texture of the fracture surface was
noticeably different as it passed through re–
gions of tensile and compre ssivc residual
stress. Near the initiation edge, where the
initial longitudinal residual stress was tensile
and where the highe st fracture speeds were re-
corded, the fracture texture was rough and

exhibited the familiar chevron pat~ern observed
in most brittle fractures. This coarse texture
was similar to that noted in the earlier tests of
6-ft-wide plain plate specimens . IrI the Initial
residual compressive stress region, however,
where the recorded fracture speeds were ex–
treme ly low, the fracture texture was notice-
ably smooth but still brittle in appearance; In
the smooth textured region, there was no clearl-
y discernible chevron pattern. Photographs of
typical fracture textures in regions of both ini-
tial residual tension and residual compression
are shown in Fig. 11. The fracture texture

HIGH SPEED REGION

LOW SPEED REGION

FIG. 11. FRACTURE TEXTURE--TEST 50.
.

Loward the far edge of the plate in the initial
tensile zone wiis smooth as contrasted to the
rough text ure in the corre spending tensile strain
zone at the initiation edge; this difference in
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texture was not unexpected, because of the
stress redistribution accompanying the fracture.

Centrally Notched and Welded Plate Tests

IrI all previous brittle-fracture tests con-
ducted thus far as a part of this investigation,
fracture initiation was produced by the notch-
wedge–impact technique. To avoid any Pos–
sibi lit y of having unknown impact effects in–
eluded in the recorded data, and at the same
time, to obtain brittle fractures which could
be made to initiate and propagate at fairly low
values of applied stress, a series of tests were
conducted on centrally notched plates can–
taining a. longitudinal butt weld. By virtue of
the low- stress level for fracture, it was ex-
pe cted that the re suiting fracture speeds would
be in the low to intermediate range. The pres-
ence of the weld produced high residual ten-
sile stresses in the region of the prepared
notch and consequently made it possible to
initiate brittle fractures statically at a low
average applied stress.

The purpose of this series of tests was to
study fracture propagation in plate specimens
with special emphasis on fracture ve~ocity and
surface strain during propagation. Because the
fractures were initiated statically, some con-
sideration was necessarily given to certain
asp@cts of fracture initiation and this area of
the study also is included in the discussion
presented herein.

A total of nineteen tests were conducted as
a pafl of this phase of the investigation; with
the exception of two exploratory tests, all
specimens were prepared from 3/4-in. semi-
skilled stee 1 plate. The majority of the spe ti-
me ns were 2 –fT-wide and contained either a
complete or interrupted butt weld down the
center of the plate. Variations in the fabri-
cation procedure were utilized in a few cas~s
to facilitate the study of certain parameters.
For convenience in discussion, all specimens
have been classified as Types A through E ac-
cording to the particular fabrication procedure
employed. A sketch of the various specimen
configurations employed and detai 1s of the
notches are shown in Fig. 12.

The majority of the specimens (15 out of 19)

contained either a complete (Type A) or inter-
rupted (Type B) butt weld, and both static and
dynamic strain measurements were made on
selected specimens from these two groups.

1
C.”lin” .”,

Bull Weld

3 Pasm3

Each Slda

Nol M

TYPE A

TYPE D

TYPE B

I

I

I - N.,,”

L--
TYPE E

N. Wdd

~No,. ”

TYPE C

,/.- 70-

IzEaz
STRAIGHT NOTCH

FIG. 12. SPECIMEN TYPES AND NOTCH

DETAILS .

During preparation of Type B specimens both
strain and temperature measurements vvere re-
corded on the plate surface at a point imme-
diate ly adjacent to the notch tip. Strain
measurements this C1Ose to the notch tip were
POs sible because an unwelded gap, which re–
suited in low temperatures, existed in the
vicinity of the central notch; temperature al the
notch tip never exceeded approximately 200 l?.
The strain mea surements indicated that the
material on the plate surface at the notch tip
underwent a cyclic strain of as much as 2000
microin. /in. range per weld pass. A plot
showing the strain and temperature variations
during welding for a typical gapped specimen
is presented in Fig. 13. In this figure, one
pass consists of laying one bead from one end
of the specimen to the termination at the gap
followed by an identical bend on the other
half of the plate, all on the same side; this
procedure gives rise to two compressive strain
peaks psr cycle.

It was found that the residual strain pat-
tern across the notch line resulting from weld-
ing was essentially the same for both Type A
and Type B specimens and a plot of a typical
residual strain pattern for a Type B specimen
is shown in Fig. 14.
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ACROSS SPECIMEN--TEST 56.

Four exploratory specimens were prepared
by a different fabrication procedure than that
just discussed, which resulted in different
conditions of strain cycling and residual
strain. TWO specimens (Type C) were identical

to the Type A and B specimens except that no
weld joined the two plate halves; one speci-
men (Type D) cori~ained short transverse welds
located above znd below the notch, and one
specimen was e plain plate (Type E) containing
only the cc+ntral Vee-notch. Thus, the Type C
and Type E specimens were not subjected to
strain cycling or temperature changes, and
contained no residlial strain, while the Type D
specimen underwent very little strain c yclinq;
however, the la-der specimen contained ex-
tremely high residual tensile strains (as much
as 6000 microin. /in. ) in the vicinity of the
notch.

-Ml plate tests were conducted at a tempera-

ture of approximately -40 F. Statically ini-
tiated brittle frzctures at low average applied

stress were ob[ained orIly in the Type A and B
specimens. All other specimens fractured at
yie Id stress or above after undergoing con-
siderable general yielding.

In general, either a partial or complete
brittle fracture at a low applied stress was ob-
tained in tests of Type A and B specimens. In
the few cases ?n which the - fracture oc-
curred at or near yield stress, the unusually
high stress necessary for fracture could be
attributed to variations in the plate geometry,
such as a misaligned notch, different notch
geometry or a longer unwelded gap.

Fracture speeds were determined in these
tests from crack speed detectors and dynamic
strain gage data. Since a complete fracture



could propagate only 12 in. , the amount of
speed data that could b~ obtained was hmited:
howcvsr, sufficient information was obtained
to provide a reasonable indication of the frac-
ture velocil”y of statically initiated fractures.
Measured average speeds were found to vary
from a high of 5000 fps near ~he point of ini-
tiat~on to approximately 1800 fps for the major
portion of fracture travel, which was through a
region of low residual compression. This ve-

locity variation IS indicated in Flg. 7. Speed
measurements In these tests represent the
first time fracture veloclty has been obtained
within 1 1/2 ~n. of the Initiation source. The

measured speeds also are consistent with data
from previous tests with regard to the corre-
spondence between speed and total stress
level.

In all tests canducted high fracture speeds
in excess of 2000 fps were observed to occur
in regions where the tensile stress resulting
from apphed loads or the siress resulting from
residual tensile strains were high. In regions
of initial compressive residual strain the frac–
ture speeds recorded were much lower with the
lowest frac[ure speeds being associa~ed w~th
the hlghcst initial residual compressive strain.

Dynamic strains were recorded during

fracture propagation in selected specimens
contalrnng a weld (Type A and B). The strain-
tlms records from vertically oriented gages
were slm~lar in shape to those recorded in the
comprcs sive strain region of the t~ sts of the
6-ft-wide prestressed plates, although the
pulse times for the strain peaks were somewhat
shorter. Typical strain-time records are shown
in Fig . 15 for the specimen whose residual

stra~n paltern is given in Fig. 13. In Fig . 15
the zero strain. level corre spends to the strain
leve 1 of the gage at the time of fracture and
does not include the additional strain arising
from loadlng or the residual strain. If the
total strain is considered, the strain peaks
decredsc In miigrutude as the fracture moves
toward the edge of the plate, and do not in–
crease as the traces in Fig. 15 would seem to
indicate. This bchav~or is consistent with
previous results, which indicate that the high-
est sh-aln peaks occurred in regions where the
fracture speed was highest. Comparison of

the se strain hrne records with those for higher
and lower speeds will show the pulse width and
height to bc about that which would be expect-
ed. Thus, at distances from the source of ini–
tlation, the stra~n field associated with a prop-
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FIG. 16. FRACTUW TEXTURE--TESTS 51, and
53.
agating brittle fracture was ascertained to be
of the same nature irrespective of whether the
fracture Initiation was of a statical type or of
the notch-wed~e-impact method.

Because of the particular instrumentation
and recording procedure employed, it was im-
possible to statically monitor the strain gages
used for dynamic recording once loading of the
specimen had commenced; thus, the actual
strain leve i of a gage at the time the dynamic
records were obtained was not known precisely.
For this reason, in these tests employing rec-
tangular strain rosettes, princiPal strain
values were not calculated; records from strain
rosettes were used only to obtain the dynamic
response of the component gages.



-10.

In all of the tests described in this sec-
tion, the fracture texture appeared to be di-
re ctly re kited to the stress leve 1 in the speci–
rrmn at the time of fracture. For specimens
which fractured at a low average applied
stress, the texture was smooth––comparable to
that observed in the compressive strain region
of the wide pre stres sed Plates. The texture
was noticeably rougher, however, for fractures
which occurred at or near yield stress. Typi-
cal fracture textures for the two conditions
noted are shown in Fig. 16 along with the
stress values at fracture.

Fracture Initiation in Small Notched Specimens

A separate but re kited study, conducted

concurrently with the wids–plate studies was
concerned with the initiation of brittle frac-
tures in small. notched specimens of mild
steel. Some of the results of this study are

described herein because of their relationship
to the wide plate studies. Specifically, the
purpose of this study was to determine the
general s~ate of stress associated with the in-
itiation of a brittle fracture, and in particular
LO determine the critical tensile stress neces-
sary for fracture initiation. Also included as
a part of this investigation was a study of the?
effects of certain parameters on fracture be–
havior. The results were obtained from both
experimental tests of notched specimens and
an analytical stress analysis.

‘ y-b//,6.,,;y&g;/_.———--—————————x
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FIG. 17. MODEL USED IN STRESS ANALYSIS

An approximate elastic-plastic stre ss
analysis was developed utilizing the mode 1
notch configuration shown in Fig. 17. The
analysis accounted for limited plastic deforma-
tion in the immediate vicinity of the notch tiP,
and provided a theoretical relationship between
the average applied stress and the principal

stresses existing along the minimum section of
the notched specimen. Th@ maximum axial
tensile stress at the notch tip as a functicn of
the average apglied stress, as determined from
this analysis and which indicates the nature of
the stress concentration effect, is shown in
Fig. 18.
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FIG. 18. MAXIMUM AXIAL STRESS AT NOTCH
TIP VS. APPLIED STRESS .

To predict the actual stresses existing in a
not ched spec~rr,en whose geometry is similar to
that of the moael used in the stress analysis,
the average applied stress at fracture and the
yield stress must be known. These values
were determined from ‘tests of Z-in. -wide plate–
type specimens of varying thicknesses con-
taining l/2-in. deep edge notches. Specimen
thickness was varied from 1/4 to 1 in. and
tests were conducted at temperatures of 78 F
(room), -100 F and -320 F.

Application of the analytical stress anal-
ysis to the results obtained from the experi–
mental studies provided a theoretical predic-
tion of the state of stress at the location of
fracture initia~lon and provided an indication of
the position of the elastic-plastic boundary in
the specimens. For the material and specimens
employed in this investigation, it was esti-
mated that a brittle fracture would initiate when
the maximum axial tensile stress, ( D~)~~X,
reaches a critical value of approximately 245
ksi; the remaining two principal stresses,

(D, )MA x and (O-Z).,, , were found to be approxi-
mately 125 ksi and 110 ksi respectively at thm
time of fracture initiation. The position of the
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elastic-plastic boundary at fracture, as Pre–
dieted by Ihe theoretical analysis, was
approximate ly O. 01 in. bsneath the notch root

along the minimum cross section; this position
of the yield zone aLso was qualitatively veri-
fied by re suits from experimental work. The
noted value of critical stress of 245 ksi was
obtained from both analytical and experimental
procedures and thus represents a predicted,
rather than mess ured quantity, but interesting-
ly enough is quite close to values predicted
@arlier by Clark and Wood. * A more striking
comparison, however, exists between the
theoretical critical stress predic~ed by this
study and the stress at the tip of a propagating
fracture as determined from the experimental
propagation studies made at the University
of Illinois in recerit years. As noted earlier in
this report, a considerable amount of dynamic
strain data was obtained from tests of 6-ft-
wide plain plates as a part of Project SR-137;
in Fig. 19 are presented values of vertical and
horizontal peak dynamic strains measured
during fracture propagation plotted as a func-
tion of gage distance from the fracture. By
extrapolation of the data from the plain plate
tests, approximate val,ues of horizontal (EX )
and vertical (CY) strains at the crack front can
be obtained; as indicated in the figures, these
strains are found to be approximately +1 900
microin. /in. and +7200 microin. /in., respec-
tive ly. Since the strains were measured on
the surface of the test specimens, the come–
spending stresses can be computed from the
plain stress relationships. Calculated in this

manner, the maximum tensile stress at the tip
of a propagating fracture was found to be ap-
proximate ly Z55 ksi, which compares favorably
with the predicted value of 245 ksi.

Also shown in Fig. 9 are the peak vertical

strain values versus gage distance from the
fracture for the 6 -ft-wide pre stres sed plates
for gages located in the central region of the
plate which initially possessed a residual
compressive strain. Although the se strain
values are apparently of a lower magnitude this
is likely a result of both a lower applied stress
and the initial residual compression present in

the plate. Although data is lacking for points
very close to the fracture, it is likely that the
veflical strains increase sharply at close in
distances as a re suit of the extremely high
strain rates associated with a propagating frac-
ture.

‘: Hendrickson, J. A., Wood, D. S. and
Clark, D. S., “The Initiation OP Britt le Frac-
ture in Mild Steel, “ Third Interim Technical
Report under Office of Ordinance Research,
OOR Project No . 1235, Contract No. DA-04-
495-Oral-l 71, California Institute of Technol-r
ogy, April 1957.
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