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Brittle-Fracture
Tests
ofSteel
Plates
- Containing
Residual
Compressive
Strain
Investigation

undertaken to produce a residual

compressive-strain

field in the central portion of a two-foot wide steel plate,

and to study the propagation of brittle fractures in such plates
BY

S.

T.

ROLFE,

W.

J.

HALL

AND

This
investigation
was
undertaken
in an attempt
to determine some of the effects a residual compressive-strain
field may have on a
propagating
brittle fracture.
Brittlefracture tests were conducted on 3/~-in.
thick by 2-ft wide by 5-n long steel
plates in which there was a longitudinal
residual compressive strain in the central portion of each plate, and a region
of high longitudinal
tensile strain at
each
edge.
This
strain
field
was
developed
by welding
tapered
slots
cut perpendicular
to the edges of the
plates.
The tests show clearly that the residual strain field aflects the initiation
and propagation
of a brittle fracture.
In all these tests the residual tensile
strain at the edge of the plate was
effective in reducing the applied stress
at the notch
required
for fracture
initiation.
In one test in which the
fracture propagated
completely
across
the plate,
the residual
compressive
strain field decreased the crack speed
and the associated
strain response.
In two other tests, in which the residual
compressive strains were much greater,
the brittle fractures
arrested in the
compressive strain fields.
The results suggest the possibility of
prestressing elements of ships or structures, or perhaps entire structures, as a
means of arresting brittle fractures or
providing a barrier for fracture initiation.
ABSTRAGT.

introduction
IrI the past

there
has been
considerable discussion as to what effect
a compressive
strain field may have
on the propagation
of a brittle
fracture in a steel plate.
The prob-

lem is complicated by the fact that
the extent and magnitude of the
S. T. ROLFE, W. J. HALL md N. M. Nl?,WMARK are associatedwith the Civil Engineering
lkparttmmt, University of Hlbmis, Urbana, 111.
Paper to be presented at the AWS 40th Ammal
Meeting to be held in Chicago, Ill., Apr. 6–10,
1959.
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compressive strain field, as well as
the nature of the adjacent strain
field, affect the propagation of the
fracture. In spite of these complications, it still is of interest and
importance to ascertain whether a
compressive strain field, in which
the major compression is perpendicular to the expected crack path, can
arrest a brittle fracture. To investigate this problem, several fracture tests were made of 2.ft wide
plates in which there existed a longitudinal residual compressive strain
in the central portion of the plate.
The initial phases of this study
consisted of investigating two methods of producing a compressive
strain field in the central portion of
“/,-in. thick by 2-ft wide by 5-ft
long steel plates. The first method
consisted of flame heating and water
quenching wedge-shaped areas along
both edges of a plate; the second
method consisted of welding tapered
slots cut perpendicular to the edges
of a plate. It was believed that if
the nature of the strain field were
satisfactory, it would be possible to
initiate and propagate a brittle
fracture from one edge of the plate;
this in turn would permit a study of
the behavior of the specimen as the
fracture entered the compressive
region.
Brittle-fracture tests were conducted on three specimens prepared
by the method of welding tapered
slots. The specimens, tested at relatively low average applied stresses
of 12,000 and 2000 psi, were cooled
prior to testing. The fractures were
initiated a’c an edge notch by the
notch-wedge-impact method of fracture initiation, from a nominal impact energy of 1200 ft-lb.
The
plates were instrumented with SR-4
strain gages to provide a record of
W-ELDING
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strain response and crack speed
while the fracture was propagating.

Preparation

of Specimens

ResidualStrain Measurements
The residual strains resulting
from the flame heating or welding
were measured by means of Type
A-7 SR-4 strain gages and a 6-irL
Berry mechanical gage. Berry gage
holes (6-in. gage length and oriented
vertically) were placed every 1 in.
across the central portion of the
flame-heated specimens and every
1 in. across the entire width of the
SR-4
strain
welded specimens.
gages used to measure residual
strains were located only in the central region of the plates. In general,
for any particular specimen there was
good agreement between the strains
recorded by the SR-4 gages and the
Berry gage.
After a specimen was placed in
position for either heating or welding, the initial Berry gage and SR-4
gage ~eadings were taken. At this
time, the plates were unstrained
with respect to the as-rolled condition; all succeeding strain measure-,
rnents were referred to this zero
strain level. The specimen was
subjected to the flame heating or
welding process and allowed to cool
to room temperature before the final
strain measurements used to determine the residual strains were made.
FIame.Heated

Specimens

Three procedures were followed
in preparing the flame-heated specimens and are illustrated in Fig. 1.
The
first
(a) Specimen
1.
method investigated to produce a
residual compressive strain in the
central portion of a plate consisted
of flame heating an arc along both
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from back-to-back gages; very little
bending was evident.
From Specimens 1 through 3 it
was concluded that high compressive
strains could be produced in t,he
central portion of the plate by heating wedge-shaped areas and water
immediately.
quenching
them
However, the resulting longitudinal
strain distribution exhibited a steep
gradient along the horizontal as well
as the vertical axis which was not
considered to be desirable in this
series of tests. The steep strain
Wadients and also the possible effect
of heating and quenching on the
brittle-fracture initiation and propagation characteristics of the material made an investigation of
welded-plate specimens desirable.

4

.E

4,5,6,

The resulting residual compressive
strain is shown in Fig. 2.
(c) Specimen
3.
Four
deep
“wedges” were heated to 16500 F on
the same plate used as Specimen 2;
the wedges were water quenched
immediately after heating. Residual strains at the center of the
specimen, as determined by Berry
gage readings, reached a maximum
of about – 0.0025 in. /in. in a longitudinal direction. However,
the
strain gradient was quite steep as
may be noted in Fig. 2. The plotted
strains are the average of readings

0

<

SPECIMENS

specimens

edges of a killed and normalized
steel plate while cooling the central
portion of the specimen with dry
ice. Strain measurements recorded
with the Berry gage showed an wratic residual-strain distribution.
(b) Specimen 2. Wedge-shaped
areas were flame heated to about
1650° F along both edges of this
killed and normalized steel plate
while the central portion was cooled
with dry ice. The wedge-shaped
areas were heated successively, with
each individual’ ‘wedge” being water
quenched immediately after heating.
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Fig. 2—Average longitudinal strain distribution across plate at notch line
after flame heatinE and water quenching—Specimens
2 and 3

Plates

Four specimens were prepared by
the mdhod of welding tapered slots,
cut perpendicular to the edges of a
plate. Figure 1 shows the general
layout of the specimens. Specimens 4 and 5 were prepared f--em a
killed and normalized steel plate
and Specimens 6 and 7 were prepared from a rimmed steel plate.
The vertical distance between slots
was 8 in. for all specimens, but
the slot lengths varied for each
specimen; Specimens 4, 5, 6 and 7
had slot lengths of 4, 5, 6 and 7 k.,
respectively. The four slots in
each plate were tapered from 3/16in.
at the edge of the plate to ~/s in. at
the tip of the slots. A photograph
of the slots for Specimen 6 is presented in Fig. 3.
The welding sequence was similar
for Specimens 4 through 7 and will
be described briefly with reference
to Fig. 3. For each slot, welding
began at a point two-thirds of the
way toward the tip of the slot and
proceeded to the tip. For example,

‘-

2

—

which the residual compressive
strain was produced by welding
tapered slots (Specimens 5, 6 and
7). The welded specimens win-e
ideally suited for fracture tests be-

cause of’ the high longitudinal residual tensile simins that existed
at both edges of the plate. The
yielded tensile region extended in
from the edges of the plate for a dis-
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Fig. 3—Ta pered slots before welding
—Specimen 6

in Fig. 3, welding began at a point
4 in. from the edge of the plate and
proceeded to the tip of the slot,.
The same number of passes was
made on each side of the plate and
they were placed alternately until
th~ end one-third of all four slots
was filled. All four slots were then
welded in the same manner again,
this time beginning at a point onethird of the way toward the tip of
the slots and working to the previously completed welds; the last
one-third of each slot was welded in
the same manner. It was felt this
welding sequence would keep the
bending to a minimum, and produce
a high uniform residual compressive
strain in the crmtral portion of the
plate.
Welding of the four different slot
lengths produced different amounts
of residual compressive strain across
the central portion of each plate as
may be seen in Fig. 4. In generai,
the deeper slots produced a greater
residual compressive strain. The
strains on both faces were measured
every 1 in. across the plate width
with the Berry gage and, as are all
the other strains reported herein, are
plotted with respect to the as-rolled
prewelded condition. It will be
noted in Fig. 4 that, for any test, the
tension and compression areas approximately balance, thus serving as
a partial check on the recorded
strains.
After the residual strains were
recorded, the regular 1‘ /$-in. deep
notch, used in the notch-wedgeimpact method of fracture initiation, was sawed in both edges midway between the tapered slots; rein the
central
laxation in straiil

<

,0004

.=
I
z
z
a
+
07

0

J
u
2
G
u
K
–,0004

-~.
“’..
-0008

-0012
8

4

o

DISTANCE

0.00002 in. /in.

Tests

General

tests were made
Brittle-fracture
with three of the plate specimens in
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Fig. 4—Average longitudinal strain distribution across
plate at notch line after welding—Specimens
4, 5, 6, and 7

portion
of the plate resulting
from
the notching
was only 0.00001 to

Brittle-Fracture
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Fig. 5—Fracture

path—Specimen
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tance of several inches as may be
noted in Fig. 4. Since high-tensile
strains existed at the edges even
before any test load was applied, it
was possible to initiate the fracture
at a low applied stress; in fact, as
described later, in two of the tests
the applied net stress was only 2000
psi.
Eight channels of high-speed cathode-ray oscilloscope and associated
phonographic equipment were used
to record the strain and crack sig-nals from SR-4 strain gages as the
crack propagated across the plate.
Details
of the instrumentation
equipment, calibration, measuring
procedure and data reduction were
essentially the same as those described in an earlier paper. 1
The specimens to be tested had
dimensions of 3/, x 24 x 60 in., and
were welded to p-all plates having
dimensions of 9 ft between the pLLU
heads mounted in the 600,000-lb
screw-t ype testing machine.
The yield strength and maximum

record—Specimen

5

tensile strength values for material
from Specimen 5 were 34.8 and 59.8
ksi, and for material from Specimens
6 and 7 were 34.9 and 68.4 ksi, respectively. The Charpy V-notch
10 ft-lb value for the killed and
normalized steel used in the test of
Specimen 5 was about –3o 0 F.
The Charpy V-notch 10 ft-lb value
for the rimmed steel used in the
tests of Specimens 6 and 7 was about
~ZO F.
The

test

procedure

consisted

of

cooling the plate, loading it to the
desired stress level and initiating
the fracture by means of an impact
that drives a wedge into a notch in
the edge of the plate. A more complete description of the testing procedure may be.found in other reports
and papers. 1+
Test of Specimen

5

This welded plate was the tiist of
three specimens on which brittlefracture tests were conducted. The
test was made at an average applied
4

net stress of 12,000 psi, a temperature of –320 F and an impact of
1200 ft-lb for fracture initiation.
After applying the test load, the
compressive strain ovcw the central
10-in. portion of the plate averaged
about – 0.00015 in. /in.
During th~
test, a brittle fracture propagated
across the entire specimen as is
shown in Fig. 5; the black stringdenotes the notch line, i.e., an irm
aginary line connecting the edge
notches.
The dynamic - instrumentation
]ayout, strain-time traces of the
strain gages recorded during the
fracture process and the breaking
times of the crack detectors are
presented in Fig. 6. The zero strain
level on the strain-time curve corresponds to the as-rolled prewelded
strain condition. In other words,
the initial strain values in Fig. 6
correspond to the residual strain
PIUSthe strain associated with the
applied test load.
With several exceptions, the resulting records were similar to those
of nonprestrained plates. z
The
strain trace of Gage 3, which was
mounted at the edge of the compressive-strain field, was similar to that
found in tests of nonprestrained
plates in that ii peaked sharply in
tension and relaxed immediately.
The traces of Gages 1,2 and 4 which
were in the center of the compressive-strain region, peaked sharply,
relaxed rapidly to a strain value approximately one-half of the peak
value, and then took about one
millisecond to return to their respective final strain levels.
The trace of Gage 5 at the far edge
of the compressive-strain region
behaved in a different manner; the
trace took 1 millisecond to reach
one-half of the maximum peak
strain, peaked sharply to the maximum strain value and then relaxed
to its final strain fairly rapidly.
Possibly, as the speed of the fracture decreased, redistribution of
load began; then, as the fracture
propagated past Gage 5, the strain
trace showed the customary tension
peak.
The fracture speed as determined
by crack detectors and strain gage
peaks was quite low. Between detectors A and B, and B and C, the
fracture speed was 950 and 1600 fps,
respectively; the fracture speed decreased to 450 and 35o fps between detectors C and D, and D and
E, respectively, which were located
in the center of the compressive
strain region.
Fracture
speeds
based on the time interval between
the strain peaks of the dynamic
strain gages were 400, 1100 and 450
fps

between

Strain

Gages

3 and

4,

.

“

--

I and 2, and 4 and 5, respectively.
All of these fracture speeds (with
the exception of the 1600 fps value)
were well Mow any of those previously recorded as a part of this
program. It is of interest to note
that both the fracture speed and
the magnitude of each successive
strain peak decreased as the fracture traversed through the compressive-strain field.
The fracture surface appearance
was not noticeably different than
that observed in other plain-plate
tests. In general, the fracture texture was fairly smooth for the first
3 in., rough for the next 7 in. and
then became smooth again for the
remainder of the fracture. Thus,
the slower fracture speeds were recorded in a region of slightly finer
crack texture.
Test

of Specimen

Fig.

7-. Fracture

Fig.

8—Fracture

path—Specimen

6

rqzion—Specimen

6

6

The welding of the slots for this
plate resulted in an average residual
compressive strain of – 0.00065 in. /
in. across the central 10-in. portion
of the specimen (Fig. 4).
The
specimen was tested at an average
applied net stress of ZOOOpsi, at a
temperature of –90 F, and with an
impact of 1200 ft-lb for fractnr~ initiation.
In this test, only enough
load was applied (32,000 lb) to keep
the specimen taut in the testing
machine. This was done for two
reasons, name]y: (a) to retain the
high longitudinal compressive strain
in the central region of the plate,
and (h) to verify that a brittle fracture could be initiated with a low
applied net stress and a -region of
high residual tensile strain. Earlier
2-ft wide plain-plate tests~ indicated that an applied net stress of
15,000 psi was nece%ary for fracture initiation.
The brittle fracture propagated
about 10 in. and stopped in th~
the
central compressive region;
last 4 in. of the fracture had the appearance of a submerged crack.
Photographs of the fracture are presented as Figs. 7 and 8. The
change in direcLionof the fracture as
it neared the compressive strain
fiagures.
field may be seen in the
On one face of the specimen a surface fracture ‘/, in. long is clearly
visible in the submerged-crack region; the location of this surface
fracture is noted in Fig. 8 by the two
small arrows about 9‘ /z in. from the
The arrow at
edge of the plate.
6’ /b in. marks the point at which the
visible surface fracture ended.
The instrumentation layout and
the strain-time traces are presented
in Fig. 9. The traces of Gages 1 and
6, which were mounted in the region
of high-tensile strain near the edge

of the plate, e~bibited the usual
response of vertically oriented gazes
with the exception that the peakstrain magnitude was low (approximately 0.0005 in. /’in. ). The traces
of dynamic strain gages mounted on
the specimen exhibited behavior
similar to that noted in crack-mrester ‘ccsis.’ As the fracture speed
decreased a~~dthe fracture was arrested (at approximately 0.5 milliseconds), there was a redistribution
of strain as evidenced by the shill of
the strain traces toward the zerostrain level.
The initial strain distribution
across the plate resulting from
welding of the tapered slots, and
5

the final strain distribution across
the plate after the brittle fracture
had w-rested and the final test load
was removed, are shown in Fig. 10.
The initial and final strain distributions were determined from the
average of back-to-lmck static SR-4
and Berry gage readings taken at
mom temperature.
It will be noted
that the areas under the strain plot
along the notch line measured after
fracture do not hakmce; this results
in part from the fact that the crack
did not follow the notch line. The
final strain levek of the dynamic
gages (minus the s-him corresponding to the final test load of 19,700 lb)
are also plotted in Fig. 10 and agree
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6+

8“
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quite well with the
tion as determined
gages.
13ccause only one
broke and only one

4“

L’

x

strain distribuby the static
crack detector

set of back-toback strain gages peaked in the usual
sense, no fracture
speeds could be
computed for this test.
A portion

of the fracture (resembling a subtile
merged crack) passed beneath
second crack
break it.

detector

but

did

not

The redL~ctio~lin plate thickness
the surface fracture was on
the order of 1 to 2 ~o; in the region
of the submerged crack the reduction in plate thickness was about 2
to 4 ~O. The surface texture in the
fractured region was similar to that
found in complete fracture tests.
along
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summary
Tlie objects of the tests reported
in this paper were to investigate
lTX?L1
)mk for producing a rcsid[~a]
compremive-strain field in tile ten.
ha] portion of a 2-ft wide steel plate.
and to study the propagation of brititk
frachwe~ in such plates.
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plate averaged – 0.00075 in. /in.
A
brittle fracture propagated
about 10 in. and arrested in the compressive strain r~gion. The length
and appearance of the fracture were
similar to that of the fracture occurring in the test of Specimen 6.
A photograph of the fractwe region
is shown in Fig. 11. The small arrows on tke photographs, 9 and 10
in. from the initiation edge, show
dkecwhere tllc fractl~:co chml~ed
ticm a~k~ it cnterod the conlpressive-stmia field. ‘1’]lQ visible sLlrk’ace fra<;ture ended at a point between the secznd and third crack
detectors.
The avemge fracture speed betwmu the fkst and third detectors
(located 1 ‘/2 and 7’/, ill. from the
initiation edge) was 550 fps. The
fraC’LUYe pamwl
beneath t]le s~ond
detector but did not bxeal< it.
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The test of Specimen 7 was essentially a duplicate of the test of
Specimen 6 with the exception that
the length of the slots was increased
from 6 to 7 in. The strain records
were quite simihr to those of Specimen 6, and are not presented.
The specimen was tested at an
average applied net stress of’ 2000
psi, at a tcmperatme
of –50 I?, and
with
an impact
of 1200 ft-lb
for
fracture
initiation.
After
applying
the test load, the compressive
strain
over the central 8-in. port ion of the
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Fi3. lkAverage
lon~itudinal strain
distribution across plate at notch line
—Specimen 6
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Two methods of obtaining the
desired residual ccnnpressive-si%ain
field in the central portion of tkw
plate were investigated. The first
method consisted of flame heating
and water quenching wedgr-shapecl
areas along both edges of a plate,
and the second method cimsisted of
welding tapered slots cut perpendicular to the edges of a plate. The
welding of these slots produced a
fairly uniform longitudinal compressive strain in the central region of
the specimens, as well as a region or
high longitudinal tensile strain at
each edge of the plaies.
Brittle-fracture tests were con.
ducted on three specimens prepared
by the method of welding tapered
slots, and the results of these tests
may be summarized as follows.
In all three tests, and particularly
in the last two tests, a low applied
net stress was used. Thus, it appears that a high-tensile residual
strain of yield magnitude at the
edge of a 2-ft wide plate, and little
or no applied stress, is sufficient for
fracture initiation and propagation with the notch-wedge-impact
method of fracture initiation. It
should be noted that the other test
conditions, namely temperature and
impact, were similar to those use-d
for previous tests of’ 2-ft wide plain
plates, in which an applied net stress
of about 15,000 psi was necessary
for fracture initiation.
The residual-strain distribution
obtained in the welded-slot type of
specimen decreased the speed of a
brittle fracture to the range of 400
to 1600 fps as the fracture propacornpgated through a longitudinal
ressive-strain
field of low magnitude
( –0.00015
in./in.);
in the other
two tests, the brittle
fracture
was

arrested as it entered the compressive-strain field of higher magnitude
(average longitudinal compressive
strain of – 0.00060 and – 0.00075
in. /in., respectively).
The strain traces of gages located
in the tensile-strain
region
of all
three plates exhibited
a sharp tensile

Fig. n-Fracture

path—Specimen
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strain peak as the fracture propagated by the gage; this behavior is
simdar to that observed in tensilestrain regions of plain plates. The
strain traces of gages located in the
compressive-strain region on plaixw
in which the fracture arrested exhibited a behavior similar to that
observed in crack-arrester tests, in
that as the fracture arrested, the
redistribution of’ strain on the remaining section was evident.
This investigation has demonstrated that, under certain conditions, a residual compressive strain
field may constitute an effective
similarly, such a
crack arrester;
strain field also could constitute an
effective barrier for crack initiation.
In the opposite sense, these tests also
demonstrated that a residual tensile
strain at the edge of a plate was e(’fective in reducing the applied stress
at the notch required for fracture
initiation.
Although this study was of an exploratory nature and of very limited
extent, these tests suggest that, under certain circumstances, it may be
desirable to consider prestressing
elements of ships or structures, or
perhaps entire structures, as a means
of arresting brittle fractures or providing a barrier for fracture initiation.
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