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PRELIMINARY STUDIES OF BRiTILE FRACTURE
PROPAGATION IN STRUCTURAL STEEL

ABSTRACT

This report describes the initlal rese.'ch work on a program concerned with a

study of the propagation of brittle fractures in wide steal plates. The tests are be-
: ing conducted to obtain information concerning the crack speed and the strain dis-
: tribution in a mild steel plate during brittle crack propagation.
j The development work involved consideration of (a) two methods of crack ini-
: tiation, (b) instrumentation, (c) methods of specimen cooling, and (d) specimen
geometsy. The adopted specimen consists of an insert plate welded to pull plates
fl mounted in the testing machine. The test procedure consists of cooling the plate
with dry ice, loading to the desired averacge stress level, and nitlating the fracture
by means of an impact that drives a wedge into a nctch in the edge of the specimen.

Strain and speed measurements are recorded by means of cathode-ray oscilloscope

[T P N P LT

recording equip:ment.

After the cevelopment work had proceeded to the point where the test procedure

i 2R

was fairly rellable, a preliminary program of tests of 2-ft wide rimmed steel plate

)

, specimens was undertaken. The more important observations resulting from these

: tests may bz summarized as follows: (1) crack speeds ranging from 1150 to 5900
ips wer. recorded, (2) absolute peak elastic strains as high as 0.002500 in. per in,
were recorded in the vicinity of the fracture with negligible permanent set remaining

;after the fracture; (3) as the distance between a vertically oriented strain gags and

;the fracture path increased, the magnitude of the straln pulse decreased and the

1 pulse time increased. -
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PRELIMINARY STUDIES OF BRITTLE FRACTURE
PROPAGATION IN STRUGTURAL STEEL

I. INTRODUCTION

1. Generg

Perhaps the most tmportant and desirable mechanical property of structural
stee!, under normal loading conditions, is its ability to undergo considerable de-
formation with large energy absorption before failure. However, under certain con-
ditions of stress, temperature, and gecmetry, it may fracture in a brittle manner;
this type of fracture 1s characterized by a small amcunt of deformation and a cor-
responding small amount of energy absorption. During the past half cantwry many
structural fatlures exhibiting brittle fractures have been reported in the literature,
These failures have occurmred in a variety of structures, including ships, ofl stor~
ages tanks, pressure vesgels, and Lridges, However, not until World War --
when the falluras of a large number of steel merchant ships attracted public stten-
iion--did the pronlem of brittle © acture of steel receive the serious attention it
deserved.

As a rasult of extensive research since World War II, the probability of
brittle failure in many applications today -an be minimized by glving proper atten-
tion to such variables as type of material, geometry, method and sequence of fab—
rication, temperature, and stress level. Also, in selected applications, it is

now possible to effectively use crack armrestors, which may stop the propagation

of brittle fractures. In spite of these marked advances, a clear understanding of

the brittle fracture mechanism {s still needed for the eventual develocpment of sat-

isfactor ; design procedures.
2. Object and Scope of Investigation

This report describes the initlal phaszs of a fundamental investigation of

brittle fracture mechanics. The object of the investigation, which bagan in July
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1954, is to study the propagation of brittle fractures in wide steel plates, Even-
tually, it 1s hoped that as a result of these studies it wil]l be possible to develop
hypotheses that can be used to verify and predict the behavior of steel when 1t
fractures in a brittle manner,

The first task of the program was to declde what should be measurad and
in what manner it might be accomplished. After a thorough study of the problem,
it was declded that an investigation should be made of the crack speed and the
change in strain dustribution in the plate while the fracture is propagating. Little
of the brittle fracture work ieported previously has included the results of high~
speed measurements made during the propagation of brittle fractures.

The initial phase of this investigation consisted of development werk and
was a joint effart with another related program concerned with the evaluation of
crack arrestors (Ship Structure Committee Projest SR-134). However, only that de-
velopmerst work which relates directly to the objectives of the fracture mechanics
vrogram is described in this report.

Pcur items that required early consideration were (a) crack initiation, (Db)
specimea cooling, {c) instrumentation, and (d) specimen geometry. Two general
methods of crack initiation were investigated. One involved an explosiva device
(the powder-detonatar bolt} and the other involved the notch-wedga~impact system,
a method similar to that developed by other investigators. B8ince at the beginning
of the program it was decided that crushed dry ice could be used ag the cooling
agent, the development work consisted of devizing appropriate containers and {m-
proving the efficliency of the cooling systems employed. The instrumentation
problems included the selection and development of such things as pickups, wiring,
recording iastrurentation, data reduction, and required more effort than any other
Phase in the early stagas of the program. Except for the powder-detonator holt
tests, which utllized relatively small-scale specimens, mosat of the davelopment
work was performed with flat plate specimens 3/4 in. thick by 2-ft wide by 6-£t

-t
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long {clear distance between pullheads). For the most part, only the significant
details of the development work are presented in this report. In general, the
flnal successful arrangement or method 1s described. However, in some cases
it was felt desirable to describe briefly some of the unsuccessful items of devel-
opment in the hopes that this would be of aid to investigators on related future
programs,

After the development had proceeded to the point where the test procedure
was fairly reliable, a program of tests of 2-ft wide specimens was undertaken.
The purpose of this series of tests was threefold: first, to obtain measurements
of the speed of crack propagation and a measure of the strain pattern in the vicin-
ity of the running crack, as well as ;t other selected points; second, to check on
the consistency of these data by a serles of duplicate tests; and third, to develop
a procedure satisfactory for testing é-ft wide plate specimens. Part [II of this re-
port contains a description of the tests of the 2-ft wide specimens and the result-
ing data.

3. Brief Reference to Published Work
The first wide~plate tests conducted at the University of Illinots involved

static tests of internally notched steel plates of various widths to determine the

relation between the behavior of wide plates and the mechanical properties of the
material. (n
The present Unaiversity of Illinois program involves tests of wide plates
that are instrumented to obtain measurements of crack speed and strain response
22 the crack propagates. The fracture is initlated [rom edge notches by means
of a wedge with external impact. In addition to the material presented here. re-

ports are available on some of the other work accomplished as a part of this pro-

gram.(z' 3

The method of testing used s stmtlar to that used by Robertson in England, (4)

{5, 6)

and Feely and associates in the United States. Reports are also availlable
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on other experimental work that is related directly or indirectly to the work reported
(7=-13)
here,

mechanics problem.

as ls materlal presenting the theoratical aspects of the b .rtle iracture- ‘
(12--16) “The Velocity of Brittle Fracture, " by Roberts and Wells,
a summary of brittle fracture speed measurements in steel as reported in published
works, is of particular interest with respect to the speed measurements undertaken
as a part of this lnvesthatlon.u3) This paper reports measurements made by several
different methods on various types and sizes of steel specimens and showed speeds
in the range of 3370 to 6600 fps,
The above references comprise only a small part of the available literature

in the brittie fracture fleld. Other important work in this fleld may be traced through
the extensive bibliographies contatned in each of the references cited.
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The powdsr-detonator bolt development work was done by Dr. W. G.
Godden, Lecturer, Gueens University, Belfast, Ireland, while he was asso-~
ciated with the Structural Laboratory at the University of Illinois in 1954-55,
That portion of the report dealing with the program of tests of the 2-ft wide
plate specimens was drawn from a Master of Science dissertation submitted
to the Graduate College of the University of Illinois in 1956 by Mr. O. A.

Pettah.lloglu.( 17)

. INITIAL DEVELOPMENT WORK

5. Fracture Initiation Studies
Two general methods of fracture initiation, one employing an explo-

sive and the other employing a notch, a wedge and external impact, were
investigated early in the program. Both methods involve a high rate of local

straining, commonly recognized to be one of the factors that may contribute
to the initiation of brittle fracture in steel.

(a) Powder-Detonator Bolt

Development of the powder~detonator bolt was undertaken because it

was believed possible to initlate a brittle fracture by explodving a charge with-
in a sealed detconation chamber located at a stress raiser in the specimen,

The advantages of simplicity, compactness, and utility at any location on the
specimen made this methad of initiation particularly attractive. However, two
of the major propiams encountered in the development of such a device were
(a) sealing the chamber against pressure leakage and (b) protecting the charge
from condensation of water, particularly at low temperatures.

The body of the device consisted of a high tensile bolt that was bored
to hold an explosive charge. The bolt was designed to fit closely in a notched
hole in a specimen and was sealed at the ends of the notched hole so that the
pressure from the blast would emit only radially from orifices in the bolt shank

P T L R VA T - - - .
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to produce a pressure impulse in the stress ralser. Black powder was used as the
explosive medium becausa it reaches a ceiling pressure of about 20, 000 pai after
which buming ceases. It 1s estimated that the maximum pressure i3 obtained in

four to five milliseconds when the flnest {FFFg) commercially available grain size

of powder is used. The explosive was detonated electrically with a model airplane-
type glow plug packed with finely ground black powder dust. The priming mechanism
required a pressure valve between the main charge and the glow plug to preveat
blowcut of the glow plug.

The most serious problem encountered in the development of the detonator holt
was sealing against pressure leakage at the bolt-plate junction. Recesses were ma-
chined to receive solder-sealing gaskets which were held in place by the shoulder of
the bolt. This method of sealing was satisfactory provided there was no excessive
yielding in the vicinity of the hole near the plate surfaces. '

After being assembled, the bolt was kept in a desiccator until it was required
for the test. A specimen with the powder-detonator bolt in place is shown in Fig. 1;
detali. of the detonator bolt are shown (n Figs. 2 and 3.

In the test specimens, the detonator balt was fitted into either a 5/3-in, 4~
ameter drilled hole with two dlametrically opposite 1/16-in. deep jeweler's saw-cut
stress ralsers transverse to the direction of applied stress, or a 5/8-1in. diameter
punched hole. In the formser case, the depth of the sawed notches was limited by
the gas-sezling arrangement, The punched hole was tried because of the known
susceptibility of shearaed edges to brittle fracture. Detalls of theae stress raisers
are prasenied in FMg. 4. - ‘

Because the detonator bolt device falled to initiate even one fracture in these
exploratory tests, the results are summarized only briefly in Table 1. The details
and dimensions of the specimens used in connection with the detonator bolt tests are
shown in Figs, & and 6, with additional explanation presented in Table 1. The 12-in.
wide specimens were welded to pull plates for testing. The material was a rimmed

i
i
i
i
i
i
!

. el

1
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steel, (Steel E, Plates 16-1 and 17-A) having yleld and maximum strength values of
about 31,000 wad 63, 000 psi respectively, and a Charpy V-notch 20 ft-1b value of
about 70 F. The check analyses and mechanical properties of the stzel are summa-~
rized in Tables 2 and 3, and in Pig. 10.

As noted in Table 1, the detonator bolt was tried with each size of specimen
and with each type of stress raiser. At the time the detonator device was fired, the
static stress on the net section of the specimens was in the range of 30, 000 to
35, 800 psi, and the temperature was in the range of S to 20 F. There was no sign
of fracture initiation in any of the tests. Unburned powder {n the bolt in many of
the tests indicated that the maximum pressure had been obt}:ined. The detonation
generally produced extensive yleld patierns in the vicinity of the stress ralsers;
these yleld patterns could be seen clearly on the polished surfaces. Measurements
of the enlargement of the diameters of the stress-ralser holes are noted in Table 1
and amounted to as much as 0.015 in.

Test 8-DB (Table 1), a static tension test, was made to ascertain the ap~
proximate fracture strength of the test pleces that had been used with the pawder
detonator bolt. The fracture originated at the punched hole (Fig. 8) at an average
stress of 42, 700 psi. One static test (Test 9-DB. Fig. 7} of an eccentrically
loaded specimen, having a semicircular punched notch as a stress raiser, was
made to investigate any possible stress correlation with the previous tests, Afler
considerable yielding, the specimen falled at an average net stress only slightly
higher {44, 900 ps1) than that found in Test 8-DB noted above. The fractured
specimen is shown in Fig. 9.

Several additional tests (6-DB and 7-DB) of the 12-in. specimens were made
using the detonator bolt as a static pressuring device, With an average net stress
of 30,000 pst and application of an additional hydraulic pressure of 13, 800 gsi to the
bolt, the only visible results were an enlargemeant of the hole and extensive yield pat-
terns on the polished surface.
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Although the exact reason for the failure of the detonator bolt device to
inlitliate any fractures is not precisely known, one possible reason {s that the
amount and rate of loading, resiting from the explosion, may not have been
quite high eriough, As a result of the abcve tests, the detonator bolt scheme
of initiating fractures was drcpped from further consideration as a part of this
program,

(b) Noich-Wedge-Impact Method -

The second methed of frecture initiation, hereafter called the notch-
wedge~impact method, has bean used in various forms for fractura initiation
since the beginning of the program,. To supply the external impact, a gas-
cperated piston device capable of providing up to 3, 000 ft-1b of external en-
ergy was developed. The details of this device are presented in Figs. 11
and 12. Bottled commarcial nitrogen gas was used as the pressurizing medi-
um. The gas préasu.re and piston stroke could be altered to produce the de-
sired sneorgy cuiput. The piston, mechanically restrained durliag the pressur-
izing and manually releasad at the time of firing, drives a wedge into a pra-
pared saw=-cut notch in the edge of the plate specimen. To absorb the reace
tion of the piston device during acceleration of the piston, the device was
tied to a weight (appraximately 120 1b) which bore against the far side of the
specimen at the notch line. The term "notch line” refers to an imaginary haosi-
zontal line (when the plate is held vertically in the testing machine) that con-
nects notches that had been made previously on both edges of the plate.

The apparatus that suppcorted the impact device and reaction weight
was attached to the top pullhead and thus was semi-isolated from the speci~
men. The apparatus was also tied back to the columns of the machine with
wires to minimize the movement of the system whzn the firing latch was tripped.

A summary of the sarly development tests of 2-ft wide plane plate speci=
mens is presented in Table 4. (The original testing arrangement may be seen
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in Figs. 14, 15, and 18.) These specimens were used for the development and
evaluation of the notch-wedge~impact method of ftacture initiation, for the cool=-
ing apparatus, the support apparatus for the gun and waighi, and for the trials
of the various types of recording instrumentatio and associated pickups.

Specimen A-1 was cut from a 3/4-in. plate of A-285 Firebox-Grade C
steel. The test plece was 2-ft by 6~ft {n plan dimension and was welded to the
pullheads of the 600, 000 lb screw-type testing machine. After this specimen
was tested, a central 18-in. portion, which included the fracture, was cut out;
the remaining end pleces, welded to the pullheads, were used for the pull plates
in future 2-ft wide tests. All subsequent 2-ft wide specimens consisted of 3/4~-
by 24- by 18-in. plate inserts, weldad to the pull plates, to give an over-all
plate specimen 2-ft by 6-ft in plan dimension. This smali-scale specimen was
gecmetrically similar in plan dimensions to the é-ft wide plate specimens used
for the later tests (6t wide by 18-ft long); in each case, the length was the
clear distance between edges of the pullheads. All of the specimens were cori-
ented with the direction of rolling parallel to the long axis of the specimen and
perpendicular to the direction of crack initiation. The plate numbers of thase
inserts are listed in Table 4 and, with the exception of Specimen A-1, the check
analyses and mechanical properties of the steels are presented in Tables 2 and
3, and Fig, 10,

Several notch and wedge detalls were used in the various tests, In
Specimen A-1, a tapered circular wedge was driven broadside into a tapered hole
near one edge of the plate (see Table 4, and Figs. 13(a) and 14). The broadside
wedging scheme was abandoned because of the torgional vibration which was
evident in the recorded data, Edge-on wedging was adopted beginning with Speci-
men E~1. The detalls of the various types of notches and wedges are noted in
Table 4 and Fig. 13.
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\
. As a result of the forego'ng deveiopment work, the notch-wedge configura-
tion shown in Fig. 13(c) was adopted. This method of Inttlation is an outgrowth of
(4)
d

a method used by Robertson in Englan and ls similar in many respects to that

used by the Standard Cil Development Company in thelr .*es’.s.(s' 6)

A theoretical
impact of about 1200 ft-1b was established as sufficiont to insure fracture initia-
tion for the particular materiai and test conditions cnazr consideration.

Some of the details of the fractures resuiting h>m the tests summarized in
Table 4 are shown {n Figs. 14--17. The .erm " submerged crack, * as used in
Table 4, denotes a relatively short, wedge-driven crack that propagates only a
few inches but does not cleave through the plate surface compietely. It is charac-
terized by a depression on the plate surface, which normally corresponds to a re~
duction in the plate's thickness of about 1 to 2 per cent. The internal surfaces of
the submerged cracks shown in Fig. 17 were revealed by cutting out the notch re-

glon after the test and pulling the pleces apart statically. In this figure, the 8

{(South) and N {Ncith) latters in the specimen designationz refer to the original

plate orlentation in the tasting machine. The two submerged cracks for Specimen

E=~3 are found in the top half of the plata as indicatad in Table 4. The extent of

penetration of the vriginal éubmerged crack is indicated by arrows in the figure.
In the case of 8pacimen E~11, a series of rasidual straln measurements

was made along the notch line to study the effect of welding the insert to the pull

plates. The welding produced tensile residual strains of 125 micro in./in. in the

longitudinal direction of the specimen at the notch line.

- 6. Cooling Apparatus ‘ )
Since the beginning of the program, crushed dry ice has been used as the

cooling medium. In the early tests, the dry ice was placed in wire baskets, !

which in turn were held in trays as indicated in Fig. 15; the specimen was then 1

wrapped with insulation material and cloth as shown in Fig. 18. Later, a much

mora efficlent wood and screen bax was prepared to hold the dry ice. These baxes ]
are described in Section 9 of this report, _ -
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7. Speed Detectors and Recording Instrumentation

In order to vbtaln a measure of ¢he ¢rack speed, It appeared that the best
available method would consist of placing detectors (conducting strips or wires
mounted perpendicular to the expected crack path) on the surface of the specimen.
The wreaking of the detectors would be monitored on a recording instrument to ob-
tain a measure of the time required for the crack to propagate from one detector
to the next. With a knowledge of the time of breaking and the distance between
the datectors, the crack speed could be computed. As conductors, lamp black,
fine powdered aluminum, pulverized charcoal, graphite, brittle copper wire, ex~-
truded bismuth wire and silver-printed circuits were tried. Stresscoat, shellac,
Duc-o cement, and several commereizl electraiiic insulaiing substances were
tried as Insulation and gluing basec. After considerable investigation, the two
most proemising types of crack speed detectors were found to be extruded bismuth
wire {ranging from 0.006 in. to 0.012 in. in diameter), glued to charred sulphide
paper with Duco camert, and silver circuits, printed on sulphide paper and then
charred. Each of these detectors was glued to the surfaca of the specimen with
Duco camant.

One of ths biggest questions in connection with the use of such devices
was the consistancy of the detectors, l.e., did all the detectors break at the
same strain? An attempt was made to obtain some measu» of the consistency

of the detecturs by gluing a number of them to steael beam specimans, which in
turn were placed in a rapid-loading device available in the laboratory. This
davice is capable of attaining a maximum load of 20 kips in 2 to 3 milliseconds.
One of the beam specimens with detectars attached Is shown mountad in the
pulse loading machine in fiq. 19, After examining the records from these tests,
it became apparent that slight eccentricities of loading, or unevenness of load-
ing, could cause quite a vari ilon in strain at the detactor.

Thus it was establigshed
that this was not a falr measure of the consistency of the detectors. Also, the
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loading rate in these tests, on the order of 2 to 3 milliseconds, is considerably
slower than the loading .ate Ln the brittle fracture process.

Later in the program, Baldwin SR-4 Type A-9 strain gages (single-wire,
6-in. gage length} were used for crack speed detectors. Although they are
somewhat more ductile than the other detectors, it was felt that the greater ease
of application and smaller variation of dimensions and properties of these strain
gages made their use more desirable,

Early in the program, a comparison was made on Specimen A-1 of the
strain response as recorded on an oscillograph and an oscilloscope. In these
exploratory tests, it was observed that the oscillograph did not have a frequency
response great anough to provide accurate strain records; thereafter, oscilloscopes
were used exclusively to record strain. In the test of Specimen E-11, the strains
were recarded on a DuMont dual-beam oscilloscope and photographed with a
DuMont 35-mm strip~fllm camera running at its fastest speed (10, 800 in./min).
Even at this speed, however, the record was too condensed for satisfactory read-
ing. Thus it was dacided that future recording would require that the traces should
sweep the scope face (time-wise) and be photographed on still film. However,
the data irom ihe test of Specimen E-11 were of considerable value in that the rec~
ord showed crack gpeeds ranging from 1600 to 2700 fps, with speed incraasing in
maanitude as the crack progresssd screse the specimen.,

The test of 8pecinen E-10 rasultad in a 3-in. submerged crack as noted in
Tabls 4. In this instance, the partial fracture broke the triggar wire, enargized
all of the circuits, and provided a strain record of unusual interest, The test duca
indicated that, in the immediate vicinity of the notch, sizeable strainas c~u'< be
expacted; at distances reiatively far from the crack, the strains were affected to a
minor extent by the wedging force. This was tha first “afinite indication that the
notch-wedge-impact method of fracture initiatlon produced a much smaller strain
response at some distance from the notch than would cicur as a result of a
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propagating crar ™ in a complete fracture test. This same conclusion has been

reached in connection with simlilar studies on 6~ft wide plates.(a)

III. PRELIMINARY TEST SERIES--TW(~FOOT WIDE SPECIMENS

8. Specimen Materlal and “reparation
Lukens rimmed steel {Heat No. 15445; Laboratory designation 21A, l.e..
Steel 2, Plate 1A) was used for all of the specimens of the preliminary serles of

tests. The check analysis of this steel is presented in Table 2, tensile~test
data in Table 3, and the Charpy V-notch results in Fig. 10. The V-notch in the
Charpy specimen was oriented perpendiculsr to the plate surface, and the test
bar was aligned parallel to the directicn of rolling. This material had a Charpy
V-notch 20 ft-1b value of about 70 F, which made it a desirable material for the
particular type of test used In this investigation. '

The ten Z1A series specimens |3/4-in. thick by 24-in. wide by 18-in.
deep Inserts) were cut from a 6~ft by 9-ft plate as shown in Fig. 20. As may be
noted in this figure, the direction of rolling was in line with the vertical axis
of the specimen, i.e., always perpendicular to the notch line. All specimens
were prepared with two notches, one on each edge of the specimen, to provide
a symmetrical specimen; the notch detalls are described in Section S(b) of ihis
report. The one--inch notch on each edge of the specimen resulted in a net sec-
tion 22 in. by 3/4 in.

The teats of this investigation were performed in a 600, 000-1b screw=-
type testing machine. A typical test setup with zll apparatus In place is shown
in Fig. 21.

The brittle fractuie was initiated at the notch by driving a tapered cold-
chisel wedge {approximately 16* included angle, 5 1/2 in.long and waighing

1 1b) into the notch by means of the gqas-operated piston device. The specimen
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was cooled with crushed dry ice, held in containers fitted against each side of the
specimen. A contalner is shown mounted in place on a spec) 1en in Fig, 21 and is
shown separately 1n Fig. 22. The central portion of the box was recessed to keep
the dry ice from contacting the instrumentation in the vicinity of the notch line.
This extremely efficient arrangement cooled the specimens from room temperature
to approximately 0°F in about one hour.
10, Instrumentation

(a) General

Al specimens of this serles, with the exception of Test 1, were instrumented
in essentially the same manner and with essentially the same equipment, The varia-
tion between specimens occurred in the specific number of channels allocated to
strain measurements and to crack speed measurements. The instrumentation and re-
cording aquipment will be discussed in general terms; the reader is directed to the
actual reccords for the specific arrangaments for a given test.

(b) Strain Gages, Speed Detectors, Triggers and Thermocouples.

Baldwin SR-4 Type A-1 strain gages (13/16-in. gage length) were used for
Tests 1, 5, 6, 7 and 8, and Baldwin SR-4 Type A-7 strain gages (1/4~in. gage length)
were used for Tests 9, 10 and 11, The active strain gages, as contrasted to those
used only for static monitoring purposes, are hereafter commonly referred tc a3 dynam~
ic strain gages, These dynamic strain gages form a part of a circuit connected to an
oscilloscope during the fracture propagaticn. Wwhen this preliminary series of tests
was started, tiree types of speed detectors were being uiilized: (1) zingle-wire 3R-4
Type A-9 strain gages {6 in. gage length), {2) single-wire silver-printed paper strips
(charred), and (3) small-diamatar extruded bismuth wire. All of these, with suitable
insulation and lead attachments), wers cemented to the specimen with a thin layer
of Duco camsnt. As the tasting on thc various phases of the program progressed, it
became apparent that the Type A-9 strain gages were the easlest to install and seemed
to provide results as consistent as the other types. Beginning with Test 9, these




boewf e sy gwwm sl gy e

P

' et bomy  omnd  bow  eond e bwad b et

A e =

- — b L

-15-

Type A-9 strain gage detactors were used exclusively for speed detectors, while
silver-printed detectors were used exclusively for triggering the instrumentation.
Typical exampies of specimens with the various types of instrumentation are
shown in Pigs. 23--25.

Some difficulty was experienced in obtaining reliable static strain read-
ings during cooling, until it was realized that an equal length of lead wire for
each gage must be placed in the cooled region. This anpnlted to compensating
gages as well as active strain gages. After the lead wire lengths were properly
adjusted, the discrepancy in strain readings between those taken at room tempera-
lure and during cooling was almost negligible.

All of the instrumentation on the specimen was covered with a plastic
curtain before cooling to minimize the amount of condensation forming on the gages
and wiring and to prevent stray pleces of dry ice from grounding the gages., Copper-
constantan thermocouples were used to measure temperature, and the temperature

readings were recorded automatically on a Micromax strip-chart recorder during the
cooling process.,

(c) Recording Equirment

At the time thesz specimens were tested, a maximum of five channels of
high~speed cathode-~ray oscilloscope equipment was available for recording. This
equipment conststed of two dual-beam cathode-ray oscilloscopss {Dullont types
322 and 322a), modified to provide greater sensitivity, and one Tektronix type 512
oscijloscope driven by a Tektronix Model 122 preamplifier, The recording instru=-
mentation is shown in Fig. 26.

All traces were recorded photographically as a function of a common time
base supplied from the Tektronix oscilloscope. This same electronic sweep genera-

tor provided the desired blanking and intensifying signals to minimize fogging of
the record before and after the test period.
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The four DuMont chanaels were optically combined and superimposed on
a single frame in the interests of maximum photographic definition. The cameras
used were the DuMont 321, which served as a single frame camera for the four
DuMeont channels, and a 35-mm Exzacta V, used for the Tektronix unit, The record-
ing equipment is shown in block diagram form in Fig. 27,

The DuMont 322 sensitivity was sufficient to allow about 1-1/2 in. of
trace deflection for 1000 micro in./in. strain; the 322a sensitivity was less than
this with 1000 micro in./in. strain deflecting the trace about 1/2 in. Whenever
possible, the 322a traces were used to record the highest magnitudes or signals
{described in Section 10d) other than strains. The frequency response of both units
was flat within 5 per cent from zero tc 100 kc and down not more than 50 per cent at
300 k¢. Since the majority of records taken were of the order of two or more milli~
seconds sweep time, and the recorded signals did not approximate step functions,
the latter response was considered adequate.

The frequency response of the Tektronix 512 unit operating off the Model 122
preamplifier was essentialiy limited by the characteristics of the preamplifier, This
amplifier has a bandwidth of 0.2 cps to 40, 000 ¢ps. Care was taken to insure record-
ing of signals whose shapes cowld be passed within this band, and all records were
checked to make sure that recorded rise times did not closely approach this upper
limit. The sensl.ivity of the combination was more than adequate for these tests, al-
though the law fraquency cutoff did affect the calibration procedure,

{d) Imput Clrcuit

The signals fed to the recording equipment consisted of a aweep-triggering
pulse, strain signals and crack detector signals, These were used respectively to
start the recording equipment, to provide a series of strain signals that were recorded
as strain-time curves, and to time the breaking of the crack detectors. In the case of
the latter signal, the detectors opened an elsctricai ciiuuit a3 they broke and fed step
vol.agesd to the recording channel. The ampiitudes of the steps were in the ratlos of
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1, 2, 4, 8 and 16. Thus each step of different magnitude could be identified with
the particular detector to which it was connected and allowed positive determina-
tion of the sequence of detector failures,

The sweep was triggered when a circuit was opened by the breaking of a
trigger detector. This -.inoved a bias signal from a triggering thyratron and allowed
it to start cenducting. The step voltage, which resulted froxﬁ the initiation of con~
duction, was fed into the standard circuits of the Tektronix 512. The thyratron was
not added until approximately midway through this series of tests. Its function was
to prevent multiple sweeps on the single recorded frame. The multiple sweeps ob-
scured the traces of interest and were triggered by such things as chatter of the ini-
tiating wedge and accidental grounding of the trigger re.anants. With the thyratron
in the circuit, reinitiation cculd not occur unttl the thyraton was reset manually,

The strain gages were connected in tﬁe customary wheatstono bridge circuit
with one active and three dummy gages. These gages were excited by direct curtent
and thetr outputs fed to the recording channels. The common lead for all the bridges
was grounded. Typical input circuits to the recording instrumentation are shown in
Fig. 28.

(e) Calibration and Measurement Procedures

C_altbratlon of the strain measuring channels followed the customary procedure
of shunting the gages with a resistance whose equivalent strain value is known. Both
the active arm and tnhe adfacent dummy gage were shunted successively, giving a ten-
sion and a compression calibration. Only one calibration value was used (nasmuch as
other tests indicated that the linearity of the recording system was adequate within
the limit of resolution of the record. The crack Gatector calibration was obtained by
successively opening switches in series with the various detectors and recording the
trace steps. These calibration switches and circuits are indicated in Fig. 28.

When the DuMont type-321 camera was used, the film was moved slowly past

the lens as the various calibrating switches ware operated. This resulted ir a calibra-
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tion record of the type shown in the lower portion of Fig., 29. A typical test record
taken with the DuMont equipment also is shown in the upper portion of Flg. 29.

Because the Tektronix oscilloscope had a low frequency cutoff point and ba-
cause the Exacta V camera did not permit operation as a strip-film camera, a differ-
ent calibration technique was used with this unit, A free-running sweep was applied
to the scope with the camera shutter cpen. The calibration resistance was then
shunted across the desired gage. The resuit of the above operation was that the trace
remained at " zero" until tha resistor was connectad and then stepped to a value cor-
responding to the amount of the calibrating signal. This step decayed exponentially,
and successive traces showed this exponential decay as a darkened area on the nega-
tive. The actual calibration value i3 that distance between the zero line and the maxi-
mum displacement of the trace, B8uccessive frames wera used for tension and compres-
sion calibration. The lower and right portion of Fig. 30 illustrates the step and decay
phenomenon for the Tektronix unit, The chopped decay actually appears as a solid
band as can be seen from the photograph. A typical test record taken with the Tektrc;nl.x
unit also 1s shown in the upper left porticn of Fig. 30.

The time axis was calibrated by putting a time s! '.al of known frequency on all
channels simultaneously and photographing one sweep imm :alately after the test was
completad. -

All horizontal deflzcction plates were connected in parallel and were driven trom
a common amplifier. However, individual construction of the various guns and deflec~
tions systems results .n slight horizontal displacements between the traces and in
slight difierences of deflection sensitivity. For these reasons, it was necessary to
calibrate all traces with a simultaneous signal. One phase of this gperation that may
be slightly questioned is the time lag between the actual test and the calibration of
the horizontal sweeps, There is a parallel question, of course, in calibiating the ver-
tical aystem befora the test period. However, the question of gtability of gain magnitude
and trace deflection was studied and considered to be satisfactory on ihe basis of the
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consistency of trace lengths and locations obtained from the various tests tn a

series of investigations.

{f) Data Reduction

The only features of data reduction in this investigation that may not be
standurd wera the method of tying the varlous traces tegether with respect to ‘
*ime and the aianificance of the time axls values.

In general, some arbitrary point was taken along the sweep length and
called "zero time.® This may or may not correspand to the earlisst point on the
recorded traces. The point was usually selected near the early portion of the
sweep at the first paak of the time~calibrating sine-wave. This was done to
provide a convenient reference point thai would be comunon to all traces. The
record was then reduced in the customary manner of reading strains against
time, or of noting the times at which the detectors falled. Individual traces
wero read with individual calibrations on both the time and straln axes. The
result is a series of correlated measurements with an arbitrary zero time.

As a result of this procedure, a plot of the raduced data may show
values beginning at a negative r'ma. The earliest time noted fdr ary trace
(it may be before or after the a witrarily selected zero time) was some flnite
but unknown amount of time aftar th? breaking of the sweep triggering wire
{appraximately 20 microseconds), and was a completely unknown amount of
time after the ir'tiating wedge enters the plate. This time has heen tacitly
assumed small. . _

In plotting the data for this report, 2ero time was taken as the earli-
est recorded time for all traces for a particular tesc; thus, the zero times noted
are arbitrary and are not common to all tests, nor are they related to the time

at which the fractures initiate.

———— e A i e




-20- | |
11, Test Precedure \\

The steps {nvolved in performing a test are listed in order as follows:

1, The specimen i3 prelot iad at room temperature and the static
strain values are recorded,

2. Dynamic recording instrumentation is connected and checked.

3, Dty ice is placed in the cocling containers and cooling begina,

4. About ten minutes before actual test time (as estimated from
tha cooling rate}, the calibration traces are recorded; the speci-
men is loaded and static straing are recorded.

5., The gas—-operated piston device is pressurized, instrumentation
readied, and when the desirad tamperature is reached, the pis=
ton davice i3 fired manually.

6. After the teat, the time calibrations are racorded and all strain
gages are checkad statically while cold, and again after the
8pe -imen has warmed to room temperatura.

12, Resuits and Interpreiation of Tests

(a) Gensral

A summary of this preliminary series of tests ia presented in Takle 5.
The final test made as a part of the initial development work i3 listd ag Test 1
{8r=cimen E-18) in this table. It is included with this series of preliminary
raxts because an excallent .'ecord\ was obtained. and because {t was esseantially
the basis for the Z1A series of tests reported here.

After completion of the development work, it szemed desiruble torun a
series of tests of 2=ft wide specimens. There were three main reasons for this
series: first, to obtain additional measurements of the speed of crack propaga-
tion and of the sirain pattern at selacted points; second, to check on the con~
sistency of the data by running several duplicate tests; and third, to further the
developmant of various {tems in preparation for the testing of 6-ft wide plate
specimens.
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As indicated in Table 3, the tests of this particular phase of the program
were divided into three groups. The first group (Tests 2~-~4) was run to investi-
gate the fracture characteristics of the particular steel stock. The results indi-
cated that brittle fractures could be expected to propagate consistently at an
average net stress of 18, 000 psi, a temperature of about 0*F, and with an ex~
ternal impact of 1200 ft-1b for fracture {nitiation. These values of stress, im-
pact, and approximate temperature were used for all of the tests of the second
and third groups, the instrumentation then being the only variable.

In general, all of the second group of specimens (Tests 5~-8) were in~
strumented in an identical manner, and all of the third group of specimens
(Tesis 9-~11) were likewise Instrumented in an identical manner. Exceptions
resulted when an additicnal channel of instrumantation became available and
when certain gages failed at the last moment.

The scaled record, instrumentation layout, and position of the fracture
for each of the instrumented specimens are presented in Figs. 32 through 39,

In these figures, the nomenclature should be self-ex;;lanatory, with perhaps
the exception of Yc-g’ which i3 the ve.tical distance from the crack to the
gage. All strain diagrams are plotted beginning at the initial test-load strain;
thus the strains as shown may be ¢onsidered to be absolute values, The test-
ivad strain values were obtained for each particular gage during the static pre-
li~Zing at room temperature. The crack ;ipeeds computed from the detectors
are tabulated in Table 6.

- Of the seven instrumented specimens, only four provided completely
satisfactory recerds. Considering the stage of development of the work, tests,

and instrumentation, however, this situation was believed to be very encourag-
ing.
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(b} Test 1 (Specimen E-18)

Speciiien E-18 was tested at an average net stress of 25,000 psi, a

temperature of 13 F, and with an external impact of 1200 ft-1b for fracture
initlation., A print of the actual test record is shown in Fig. 31, and the
scaled record, irstrumentation layout, and position of {racture are presented
in Fig. 32, Tha speed detectors indicated crack speeds of 2400 to 4200 fps,
as noted in Table 6. The two vertically oriented strain gages (Fig. 32) showed
absolute peak strains of about 1750 and 2500 micro in./in. respectively, fol-
lowed by a rapid drop to absclute zero. No measurable permanent set in the
strains was evident.

(c) Fizst Group (Tests 2, 3 and 4)

The firgt thrae specimens of the ZIA series were tested without any in-
strumentation. The purpose of the tests was to find a combination of stress,
temperature, and lmpact that would insure the propaganor; of the brittle fracture
across the 2~ft wide plate. This group of tests was necessary since plates
from this particular heat of steael had nct be=n used previously.

It appeared desirable on the basis of previous work to maintain the im-
pact energy for crack initiation at 1200 fi-1b. The problem thus was reduced
to selecting the critical combination of stress and temperature that would pro-
vide completa fractura, The sequence of adjusting the stress i.c temperature
can be followed in Table 5.

After the complete fracture in Test 2 at an average net stress of 16, 000
psi and a temperature of 0°F, it was decided to alter only the stress on the
next test. Test 3, at a stress of 14, 000 psi, resulted in a 4 1/2-ix. submérged
crack, This tended to bracket the stress level for initiation and propagation
at 0°F.

Test 4 was made to see if a crack would propagate at a higher tempera-
ture (20 F), but at the same stress as used i Test 2; the result was a 1-in.
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submerged crack, Another test on the same insert, but on the opposita notch and
at a higher stress, resulted in a 2-in. submerged crack. It appeared that complete
fracture at 20 I would require a higher stress or perhaps hLigher impact energy for
fracture initiation.

Thus it was concluded that a brittle fracture could be propagated consist-
ently across the plate at an average stress of about 18,000 psi on the net section,
at a temperature of about 0°*F, and with an external impact eneryy of 1200 ft-1b for
fracture initiation.

{d) Second Group (Tests 5--8)
The four specimens of this second group were instrumented with strain gages

~ and speed detectors. Since only four channels of instrumentation were available

for the first three specimens, two channels ware used for strain and two chanrels
wera used for detectors. One additional channel became avatlable for Test 8, and
this provided three ¢ innels for strain measurements.

Dynamic strains were recorded for two vertically oriented strain gages mounted
at the mid-width of the plate, 1 1/2 and 6 in. above the notch iine. The reason for
mounting one dynamic strain gage above the other at the mid-width of the plate was
to investigate the change in strain pattern with increasing distance from the fracture
path. In Test 8, the additional channel of instrumentation was used for a vertically
oriented strain gage, located 18 in. from the striking edge and 1 1/2 in. above the
notch line.

Each specimen also had a number of strain gages which were used to monitor
the static strain values at various locations on the plate. In general, after Test 5,
those gages that were used for dynamic strain readings had two companion gages, one
mounted alongside the dynamic gage and the other mounted on the opposite surface of
the specimen. As a part of the preloading operation at room temperature, all strain

gages wera read statically.
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cch specimen oi this group had five detectors mounted on each side.
The detectors were mounted back~to—~back, and all five detectars on one s'de
were connected into one channel of the instrumentation. 'The specd detectors
for this group of tests were concentrated toward the sirixing edge to check the
variation in speed as the fracture progressed toward the center of the specimen.
Generally, at least one detector was placed beside a dynamic strain gage to
check the detector breaking time with the respense of the strain gage.

Although there wera five speed detectors on each side of the specimen
mounted back-to-back, the detectors on each side were of different types.
Since the consistency of even the same type of detector mounted back=to-back
is questionable, the use of different types on opposite sidas of the plate makes
a cross~check of the advanzing crack front unreliable, Moreover, it is impos-
gible to state at what stage of crack development any one type of detector broaks.
In some of the earlier work, it was noted that the passing of a submerged crack

under a detector caused the detactor to break. Such behavior tended to verify
that the speed detectors are relatively sensitive to the passage of the crack, and
that the speed values obtalned from the detectors were fairly representative of
the average crack speed. This belief is further borne out by the fact that ir the
third group of tests, Section 12{e), the speeds determined from the times of peak-
ing of the strain traces as the crack approached and passed the gagss approximate-
1y checked the speeds computed from the detectors,

The record shown in Fig. 33 for Test 5 13 incomplete because of an incaor-
rect cholce of saweep time. Since the one-millisecond sweep time used for Test 1
resulted in a complete record, this same total sweap time was chosen for Test 5,
Howaver, for those specimens in which the fracture was initiated from a saw-cut
notch in the ragion of a ghearad edge (Test 5 and Test 7), thare was a time delay
in the initiation. A study of the data for these two tests indicates that the time
required to propagate the first 1 3/4 in. beyond the first trigger is about 600 to

R




(R

-25-

700 microseconds. This is to be compared with a corresponding value of about
150 microzaconds for those specimens in which the crack started from a notch

in interior plate material. The difference in fracture texture corresponding to the
two types of initiation regions is Zi{scussed in Section 13.

The strain osclllations shown in Fig. 33 are not easlly explained, unless
they are the result of the initial propagation resistance mentioned in the preced-
ing paragraph. However, this same type of initial strain bohavior was not ap~
parent in the record of Test 7 (Fig. 35), which experienced a delay of the same
magnitude as Test 5.

In Figs. 34--~36, it will be observed that the sharp, high strain peaks oc-
cur for those gages nearest the fracture path. However, the vertically oriented
straln gages mounted & in. above the notch line show strain vaiues that increase
from time zero, as contrasted to {he gages mounted clcser to the crack that show
essantlally a steady or decraasing value of strain before the fracture approachas.
The upper gagas (those at the greater distance from the notch line) peak out at a
smaller straln value but at an earlier time. Thie hahavior was not entirely unex-~
pected since the upper gage, by virtue of ita position, can perceive the strain re-
sponse sconér than the gags nearly in line with the fracture. The strain decay 1a
most rapid for thiose gages near the fracture path., and a marked time-attenuation
in gage respanse is notad for those gages 6 in. from the fracture path. The strains
generally return to the absolute zero values after fracture. The variation in leveling~-
off strz2in may be caused in part by relaxation of residual strains, inelastic strzin
resulting from fractura, and stretching of the lead wires after fra~ture. The cyclic
oscillations of the strains upon returning to absolute zero have been noted to check
approximately with the natural frequency of the fractured half-specimen.

In Test 6~-8, it will be observed that the detectors alongside the dynamic

strain gages broke at about the same time, or slightly later than, the time at which
the strain traces peakad.
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(e) Third Group (Tests 9--11)

In the third group of tests, attentlon was concentrated on the strain pat-
tern in the vicinity of the fracture. The instrumentation for the third group was
much the same as that for the second group, except for the changes noted below.
Beginning with Test 9, SR-4 Type A-7 strain gages were used. The speed detec-
tors were single wire SR~4 Type A-9 strain gages. Only one set of detectors
was distributed more or less uniformly across the width of one side of the speci-
men. This resulted in one channel of spaed detectors and four channels of strain.
One of the latter strain channels was connected to a strain gage, which was ori-
ented horizontally and situated adjacent to a longitudinal gage at the mid-width cf
the plate. Photographic trouble resulted in the loss of all of the records for Test 9,
with the exception of one vertically oriented strain gage, Also, the data beyond
0.59 milliseconds in Test 11 (Fig. 39) is questionable because of severe overlapping
of {he traces.

The stress-strain diagrams for the static preioading operation for Test 10
(before cooling) are presented in Fig. 40, and a similar diagram for the static read-
ings during the cooling process is presented in Fig. 41. The position of the static
strain gages ia shown in Fig. 38. In general, the "before cooling® and "while cool-
tng” values show reasonably close agreement. The difference in strains may be due
in part to the small differences in the length of the lead wires, as noted in Section
10({b). Too, resldual strains relieved by the loading process may have caused part
of the discrepancies.

Since all of tha vertically ariented dynamic strain gages are near the crack
pat.a, tha records show relatively sharp strain peaks. In these particular tests,
vertically oriented strain gages at an essentially constant distance from the crack
path exhibit strain peaks that increase in magnitude as the dlstance between the
gage position and the starting edge becomes greater. Generally, it {3 notad that
as the distance betwsen the strain gage and fracture path increases (fur example,
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compare Tests 10 and 11}, the strain peak amplitude decreases, and the pulse
time increases.,
The horizontal strain gage mounted adjacent ta the vertical strain gage
. at the mid-width of the plate (Fig. 38) shows a somewhat different behavior.
As the crack approached the gage location, the horizontai strain reached a maxi-

its maximum, continued to attain another maximum, and then exhibited cyclic
. osclllations.

In Tests 9 through 11, a detector was placed near each of the vertically

» oriented dynamic strain gages to check the detector's breaking time with the

strain response. In general, the detectors broke after the peaking of the cor-

responding strain gage; this 13 logical beczuse not only were the detectors on

the far side of the strain gage, but thesoretical considerations {ndicate that the

strein gage should peak before the fracture reaches the gage location. Further
svidence of this agreement is observed in Test 11, where the fracture path is
farther away from the gage locations, and the time differences are greater.

In general, there does not appear to be any ccrrelation between perma-
nent set in the strain readings and distance of the gage from the fracture sur-

face. For example, in this series of tests, the strain residuals ranged from

200 to -100 micro In. /1in,

l A typical temperature-time relationship for Test 9 is shown in Fig. 42.
: The uniformity of the cooling is apparent from the temperature values recorded
- in this figure. The bottcm portion of the curve has been expanded in Fig. <3
| to show the slight femperature rise that was observed immediately after frac~-
) ture. This rigse in temperature can very likely be attributed to the enerqgy re-
leased during ifracture. The fact that the curve starts to drop again merely in-

However, thermocouple No. 4, which was 6 in. from the
i fracture. also showed the same Increase {n temperature which suggests that
- the change may have been caused by some other factor,

ately after the test.

o
i
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A comparison of the various records in each of the groups reported here
shows that, in general, consistent records are obtained for similar test condi-
tions and {nstrumentation locations, This statement is particularly true for the
straln traces, if the position of the gage with reference to the fracture is taken
intc consideration. For the first few iests, the crack speeds (Table €) exhibited .
a tendency to increase with crack length; in the later tests, tr- crack spaeds aex-
hibited a tendency to reach a plateau after the first 6 to 12 in. of crack travel.
The variations in crack speed may be due in part to differences in breaking proper=-
ties of the detectors as noted in Sections 7 and 10(b), and as later studies indt
cate, a discontinuous surface fracture may account for some of the detector and
gtrain gage anomalieg that have been noted.”')

13, Crack Path and Texturs of Fracturg Surfaces

Photographs of the plate fractures are presented in Figs. 44 through 52.

In these figures, a string is stretchad between the notches to help outline the
path of the fracture with respect to the noteh lins. No preference for the crack

t0 go above or below the notch-line was noted. The secondary cracks that often
started from the notch cut at the far edge can be clearly observed in the photo-
graphs. Generally, the secondary crack joined the main fracture and resulted in
a detached piece of plate material, It is believed that these secondary cracks
may ba the result of the localized high tension and other factors that occurred .
toward the end of the test, Varlous views of the detached pPleces resulting from
the secondary cracking are shown in Fig, 53.

The texture of the fractures may be noted in Figs, 44 through 52, The
sheur lip associated with all of these fractures was very small and almost im-
pawceptible. In a careful examination of the fractures, it was noted that portions
of the surface axhibited a coarse texture while other portiong were fine. It was
thought that there might be a correlation of this texture with the crack speed.
Howaver, after further study, it was found that, in general, no correlation of the
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texture with the speed was evident. In Tests 2, 5 and 7, in which the fracture
was initlated from a notch in the region of a sheared cdge, the first several
inches of the fracture surface had a coarse appearance. This may be seen in
Figs. 45, 46 and 48. An enlarged view of this tough region is shown in Fig. 54,
together with a view of the initiation reglon near a flame-cut edge; In the case
where the adge was flame cut, none of the fractures exhibited the tough appear-
ance. This interesting observation may perhaps be visualized more easily by
referring to Fig. 20, which shows the layout of the specimens on .12 original
plate. This behavior was not exhibited by Specimens Z1A8 and Z1A10 kecause
their starting edges werc lccated about 1/2 in. in from the sheared edge of ths
originali piaie {(about 1,/2 in. of the original sheared edge was burned off).

IV. SUMMARY

-— The object of this program 1s to study the propagaticn of brittle fractures
in wide steel plates. )This report describes the early development work on the
program and t‘bg.-mﬂis/equent preliminary series of tests of 2-ft wide plate speeci-
mensg, \,',./

Initially, two methods of fracture initlatlon were investigated, the powder
datonator bolt, which involved the use of an explosive, and the notch-wedge=
impact method. Although attractive for sevearal reasons, the detonator bolt method
failed to initiate any fractures and thus was dropped from further consideration.

As a reault, the notch-wedge=impact method of fractura initiation has been used
for all piate iwgis in this program to date. Other development work included speci-
men ¢ooling, instrumentaticn, and detatls of specimen geometry.

When the development work had progressed to a sat:sfactory siage, a serles
of tests of 2-ft wide spacimens was made. These tests invoived the surface measure-

ment ¢f crack speed and strain pattern while the fracture was propagating. Their

Sl wa
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results may be summarized as follows:

1. Crack speeds ranging from 1150 to 5900 fps were recorded.

2, Absolute peak elastic strains as high as 2500 micro in./in.
(0.0025 In,/in.) have been recorded in the vicinity of the
fracture.

_ 34 For vertically oriented dynamic strain gages, as the distance
from the fracture to the gage Increases, the magnitude of the
peak strain decreases, and the pulse time increases.

4, No correlation of crack speed with texture was noted.

5. A sizable delay in the time necessary to start full propaga-
tion was noted for cracks itnitiated in the vicinity of a sheared
edge.

‘A compariscn of the records from each group of tests indicates that,

within reason, consistent data were obtained at similar gage locations under

\\

comparable tast conditions.

P - - . -
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TABLE 1 SUMMARY OF PRINCIPAL TESTS INVOLVING THE POWDER DETOMATOR BOLT

Tes: NO. Machine Lverage Blress Termp. Purpose of Test
Load on Net Section (F})
{kips} (st}

Results

All of the following nine tests were conducted on E steal specime

ns from plates 16-1 or

17-A. The dimersions of the following three gpecimens were 3/4- % 2 i/2- x 24-in. (sce Figs.
1 and 5). Stross raisers for the first test consisted of a 5/8 in. drilled hole with two 1/16 in.

jong jeweler's saw~-cuts normal to the specimen axis {see Flg. 4},

1-DB 44.40 33.5 12 To determine the cf-

fect of the explosive

load under the stat—
ed test conditions.

Stress raisers for the following two tests consist of a 5/8~1in
(see Fig. 4).

2-0B 42.0 30.0 5 game as test 1-DB

Same as test 1-08,
ewcept at higher
stress.

3-DB 50.5 35.8 20

In tests 4 through 8, the specimens aré 12 in. wide (see Fig. 6).
following group of tests are one 5/8-in. drilled hole with jeweler's saw-

diameter punched hole. In test 4-DB, the Insert plate was i2 in. long.

Highly developed slip
line psattem in vicini-
ty of hole but no indi-
cation of fracture.

. dlameter punched hole

No evidence of slip
lines, enlargement of

hole, or fracture. Un-

burned powder showed

. that pressurc reached
' celling value.

No evidence of slip

Unes or fracture. Di-
ameter of hole enlarg-
ed 0.005 in. in direc~
tion of specimen axis.

Stress raisers for the

cuts and one 5/8-in.
The succeeding three

tests {5-DB, 6-DB and 7-D3) were all made on the same insert specimen (9 in. in length}.

.-is-
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TABLE 1 (Continued}

Test No. Average Stress Temp Purpose of Test Results
on Net Section {F)
{kst}
4-DB 30.0 10 To attempt Initiation No fracture. Heavy
of a brittle fracuure ylold patterns. Aver-
with the detonator age diameter enisrge-
bolt In & 12-in. wide ment of 0.007 in.for
platae., pynched hole and
0.015 In, for drilled
hole.
5-DB 30.0 10 To check the yield Very small yield pat-

pattern from static
axial tensfon only
in a 12-in. wide
specimen. Detona-
tor Bolt was not
fired.

tern caused by axlal
tension alone.

¥

In the next two tests the bolt was used with a hydraulic pump as a static pressurizing device.

6-138

7-DB

8-DB

{at faflure)

30.0 60 To determine the ef-

fect of hydraulic pros-

surlzing of a drilied
stress ralser,

37.2 60 To attempt to Initiate
a brittle fraclure by
hydraulle pressurizing

at a higher stress

than used in Test 6-DF,

42.7 -2
{at faillure)

To determine nominal
breaking stress of a
specimen subjected to
only static load., De-
tonator bolt was not
used.

L ot Dt * S———— —

Bolt seals broke at a
hydraulic pressure of
33,000 pai.

No evidence of fracture,
Bolt seals broke at a hy-
draulic pressure of
22,000 psi.

Complete brittle fracture
initiated in punched hcle
after considerable yield-
ing (see Fig. 8).
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TARLE 1 {Continued)]

Test No. BMachire  Average Stress Temp. Purpose of Test Results
Load on Net Bection ({F}
{kips) {k=si)

. The following specimen was 9 in. x 3/4 in. at the net section {see Flg. 7y. Stress
raiset §s one punched semi~circular hole (5/8 In. diameter} on edge of specimen. Specimen
was eccentrically loaded. Petonator bolt was not used.
9-DB 292.7 44.9 ~5 at Bcecentrle tension test  Complete brittie frac-
(at failure) stregs to investigate possible ture after considerable
raiger, stress correlation with  vielding (sea Fig. 9},
~10 previouy est.
at far
sido

..g{..
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TABLE 2 CHECK ANALYSES OF STEEL PLATE MATERIAL

Material
{Plate No.}
Heat No.

Chemical Compogition in Per Cent

Cc Mn P ] S Cu Cr Ni

[

Stesl E
(16-1) -
202719

Steel E
{17-4)
20279

2immed Steel

0.20 0,33 0.019 0.031 0.04 0.17 ©.11 0.62 0.003

0.21 0.34 0.03i9 0,030 0.01 0,138 0.12 0.19 0.003

0.18 0.42 0.013 0.031 .02 0.23 0.07 0.14 0.003

LZ1A)
15445
TABLE 3 TENSILE TEST DATA OF STEEL PLATE MATERIAL
. {Standard ASTM 0.505-in. dia. specimens)

Material Lower Yield Maximum Per Gent Per Cent
(Plate No.) Strength Strength Raduction Elongation
Heat No. {ksi) {(ksi) of Area in 2-in.
Gteel E (L) 0.5 61.3 €0.3 i5.¢
(16-1) (T) 29.6 60.7 56,3 35,2
. 20279 ’

Steal E (L) 32.0 65.0 56.7 35.8
117-4) (1) 31.8 4.4 53.7 31.0
20279

Rimmed Steel (L) 34,17 68.1 57.6 36.5
(Z1A) (1) . 35,2 68.7 51.6° 31.2
16445

(L) Average of two specimans taken parallal to tha dirsetion of rolling,
(T) Average of two specimens taken transverse to the direction oi rolling.

T

[

(Y
ra—e
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T431E 4 SUMMARY OF DEVELOPMENT TESTS OF TWO FOOT WIDE PIAIN PLATE SPECIMENS

of original
Epeclmen E-3}

Specimen Stenrl Insert Initial Average Stress Type of Theor. Average Remarks
Ingert Material Test Load on Net Secticn Notch Impact Temp.
Wo. {Plate No.) No. (kips) {ksi) and Energy {F}
Wedge* {{t-1b}
A1 A-285 1 135 8.6 A 675 8 No fracture
Firebox 2 180 11.4 A 1100 2 No fracture
Grade C 3 225 14.2 A 1320 2 No fracture
4 284 i8.0 A 2200 -10 Complete fracture
E-1 E Steel i 212 14.0 A-1 410 =10 No fracture
{16~1} 2 250 16.5 A-1 430 2 No fracture
E-2 E Steel 1 223 14.0 B 700 -9 No fracture
{16-1} 2 241 15.0 C 700 26 Short submerged
cracks to special
slots [
3 241 15.0 C~1 700 28 2 3/4-in. submerged X
crack '
E-3 E Steetl 1 241.5 15.0 C~2 706 26 2 1/2-in. submerged
{16-1) crack
2 255 17.0 c-2 700 28 7/8-1n, submerged
crack
3 252 18.¢ C-2 700 26 Re-~strike of the same
notch as Test 2;
slight extension of
the submerged crack
E-3 4 247.5 15.0 C-2 700 6 No fracture
{Bottom half 5 247.5 15.0 Cc-2 1200 0 Complete fracture

v 4 e s oy Wt Teed -

#A description of the types of wedges and notches used can be found by referring to their key letter
at the end of this table.
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TABLE 5 PRELIMIKARY TEST SERIES - TWO FOOT WIDE SPECIMENS

Test Specimen No. Initial Average Siress Average Remarks
No. and Date of Load on Net Section Temp.
Test {kips) {ksi) {F}

These tests were conducted on 2-ft wide specimens of rimmed steel in the 403, 000~1b Rlehle

testing machine. The brittle fracture was initiated by the notch-wedge~impact methed with an fmpact
of about 1200 ft~1b.

The test plece was an Insert {3/4~ x 18~ x 24 {n.) welded to the 3/4~in, thick pull plates to

provide a test plece 2-ft wide x 6~ft long in plan dimensicn {exclusive of the pull heads).

The notch was 1~-in. long and consisted of a stot four hacksaw blades wide (0. 141 in.} for

the first 7/8 in., one blade wide {*0.034 in.} for the next 1/16 in., and ended with a jeweler's saw-
cut {~0.012 in.} 1/16 in. long. :

1

£-13 412.5 25.0 13 Complete fracture. Excellent record.
8-11-55
Z1Al 264.0 16.0 , -1 Complete fracture. No instrumentation.
9-9-55%
Z1A2 231.0 14.0 o FPinal load~-227.9 kips. Submerged crack
9-13~55 . 4.5 in. long. No instrumentation.
Z1A3 264.0 16.0 20 Final load--262.0 kips. Submerged crack
9-22~55 1 in. long. No instrumentation.
{two tests)

1 268.0 17.0 20 Final load--266.0 kips. Submerged crack

2 in. long. MNo instrumentation.

ZiR4 297.0 18.0 1 Complete fracture. Record gocd for the
10-7-55 part that exists.
Z1A5 297.4Q 18.0 0 Complete fracture. Record poor. Instru-
10~13~55 mentation sam> as Z1A4.

.-62 -



. TABLE 5 {Continued)
o .. Tast Specimen No. Initial Average Stress Average Remarks
A No. and Date of - Load on Net Saction Temp.
- i Test {kips} {ksi) {F)
S
R 7 Z1Ab . 297.0 18.0 1 Complete fracture. Good rvcord. Instru-
o 19-20-55 mentation same as Z1A4,
i ah g
i 8 Z1A7 267.0 -18.0 -3 Complete fracture. Retriggered record of
10-31-55 fair quality. Essentially another dupli-
cate of Z1A%.
9 Z1A8 297.0 18.0 -2 Complete fracture. Record lost with the
" 11=10=55 exception of one strain charnnel.
10 Z1A9 297.0 18.0 ~5 Complote fracture, Good record. Instru-
11=-17=55 mentation same es Z1AR,
11 Z1A10 297.0 18.0 -5 Complote fracture. Retriggered record of
11-23-55 fair quality. Essentialiy ancther dupli-
cate of Z1AR,
|
3
i
4
o
1
cob
|
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.
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TABLE 6 CRACK SPEEDS FROM DETECTOR RECORDS

-41-

All distances are measured along the crack path.
Speeds are rounded off to nearest 50 fps.

etector Measured Time Speed Detector Measured Time Speed
Jumber Distance Interval {fps) Number Distance Interval {(fps)
Retween (p - sec.) Betwesan {p -~ sec.)
Detectors Detectors
(in.) {in.)
Test 1 {E-18) East side Tost & {Z1AS5) Wes: side
(Silver-printed Detectors) (Bismuth Wire Detectors)
A F
2.0 40 4150 2.36 33.2 5900
3 G ’
2.16 50 3600 3.52 35.4 3550
C ’ H
3.90 35 3800 3.53 94,1 3150
n I _
7.96 165 4000 4,95 108, 3 3800
E J
Test 1 (E~-18) West side Tast 7 {Z1A6) East side
(Bismuth Wire Detsctors) (Silver-printed Detectors)
T A
1.90 68 2350 2.45 160 1300
G B )
3.96 70 4700 3,58 140 2150
H C ’
4,06 95 3550 3.50 110 2650
I D
4,01 80 4200 4.95 70 5400
J E
Test 6 (Z1A5) East side Test 7 (21A6) West side
(8llver-printed Dutectors) (Bismuth Wire Detectors)
A _ F
2.48 73.0 2850 2.43 - 180 1150
B G
3.57 97.3 3050 3.55 110 2700
C H
3.46 103.2 2800 1,54 110 2700
D ] I
4.97 121.7 3400 4,93 29 4550
E J
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TABLE 6 (Continued)

Detector Measured Time Speed Detector Measured Time Speed
Nuimber Distance Interval {fps) Number Distance Interval {fps)
Between {p - sec.) Between {p - Sec.)
Deatectors Detectors
(in.) (in.)
Test 8 (Z1A7) East side Test 10 (Z1n9) Fast side
(Silver~printed Tlatectors) (A-9 Detectors)
A ' A
2.47 T 135.0 1550 3.5 134.7 2150
B B
3.53 103.2 2850 4.5 111.9 3350
C C
3.55 97.3 3050 2.0 62.7 4000
D D
4.93 139.7 2950 4.5 112.7 3350
E E
Test 8 (Z1A7) West side Test 11 (21A10} East side
{Bismuth Wire Detectors) (A-9 Detectors)
F A
2.48 97.5 2100 3.5 127 2300
G B
3,47 87.5 3300 4.5 134 2300
H C
3.65 107.5 2850 3.0 91 2750
I D
4,89 137.7 2950 4.5 100 3750
1 E
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75. 1 FRACTURE INITIATION SPECIMEN,

b= x

2-1/2-in. PLATE, WITH DETONATOR BOLT

FIG. 2 DETONATOR BOLT FARTS, SHOWING

SEALING RINGS IN FOSITION
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=16, 8 FRACTURE INITIATION SPECIMEN, 3/4= x 12-in, PLATE AFTER STATIC
5S? B.0B -. FRACTURE INITIATED FROM PUNCHED KOLE ON LEFT

PIG, 9 ECCENTRIC TENSILE SPECTMEN AFTER STATIC TEST 9-DB —~ TRACTURS
INTTIATED FROM FUNCHED SEMIOIRCULAR NOTCH

ENE—




SESORBED BHERGY -~ FT LB

ABSORSED ENERGY - FT LB

ABSOMRED EMERQY - FT 1B

PIG, 10 CHARPY V-HOTCH DMPACT TEST RESULTS

40 T T ]
Lukans Rimmed : T
30 — Heat No. 16445 //
Flata Z1A //
20 —4
10 ="
0
-5 0 15 45 75 105 135
LD I [ l ‘ '
20 |- Inksns Rimmod /
3 Heat o, 20279 .
Flats 17-4 ///
20 — | /"‘
L __//
10 .-—"‘-" 1 ]
0
=30 0 30 60 50 120
I | i 1
Lukens Rimnad /
L0 — Heat Ho. 20279 g
Plata 1G-1 /
30 /
20 — =
10 =]
0-30 0 30 &0 X0 120

s = A




by en

P

————r

— —

[

-——

i

ar—— r—

', Pttt 2 T

-19- _ )

S e

2 £ i
ot L Ty ¥
a2 7}
b R S
AN

Erety

g

PIG, 11 GAS-OFERATED PISTOR DEVICE = AFTER FIRDIG

[t
e L - . S
N T [ o - .- g . P
e e e o _ :
< - . R )
. - . N
: T JoordaRIE L L . o
X fi 7T e S P .
RN A . )

Bl faid L G T .-

I
!
[
1

l



" »50-

39"

1“

Safoty lLateh

e

J.
:

[ ]

NN =
0 =

L

/—— Spacing and Tripping Hechanlsm

k4 9y -

31 3/4
e

19 Y2

71G. 12 GAS-OPERATED PISTON DEVICE

- Piaton
I
*_ -
1
]
A
J
on #"._.___..__.___... e R3"

LT L Tt o
[ . ~" “ EW - ] O_ 1
i .. u i u ! 1 t
T | . .
[ 1
= S o
ot
“HM.I -qIT—llu.."uul.J —AA -
ML bt |
~_ [ T :” !
[ B AL
v —— - ]
il gt bt | _
L |
T T
*I e 1 1 ."_ -
I . [ Y [ [T | ~i
vy [N ()
AL u".
.: 0l
lllll ﬁl Y S € W |

Gas Chember

A i iy T 4




T TR AR
|
| |
- 0.86% « et e DL034% cut, 1/1€7 long.
\ ~ 0.827 ~ e mmn oo 0.0127 eut, 1/16" long.
I
)
1
. 0.95%
b
“ , . DBy
G VEGE
- 2,317 =
(2) Trisl HMethod of Usdging { Brvadside )
i
E
0.012% sut, 116" loxg,
N 0.034" cut, /18" losg.
4+
\X‘___%_m e
I~ — e B
A T 20N T
Y
l.u' 0 /l—\ |
' - -+ 1. ‘ = ] A\
: ! 1.15
r [ ! \\. /II \_4.-/ !
——r .3 —_—-— F
1 T B NGl A
Vo i : i
R -— 0.92"
[N wa i { !
: ! a.l = - !
0.50" R P 0.50" - 07571
. | coor

FEILYION A=k, Platg cnly.

(b) Trisl iattod of Vedging | IHge~sn }

i _ .. 0.712* cut, /1(" long.

1,03 mt, 1/16* long.

LR TAL :
0,257, rround to flit vedre.

e

m—r—

t \ i *
i | ) \\___/ |
At y | b .
! 1 ’&i i Yadpe SECTICE A=A |
i 1/16" et VA E :
l 1
1 116" = !
) Adoptsd Netbod of Wedging ( Ldge-on ) é
¥I5. 13 VEICE AND ROTCH DETAILS — USED FOR FRACTURE TXITIATION §

—



[ )

T

[

-

e A B A S ot T

K PRt P e sy e e

=52~

FIG, 15

SYEOLEN Be3

7IG. 14 SPSCIMEH Al -~ AFIER TES? - DBROADSIDS HEIGIHG

(ROTTOM HAL?) - AFTER FRACIURD

PP




[ . i ———

I TP S S T

.j:(ﬁ

L 3l

ey
e
el

pis

i

A
tere

¥IG. 16

SEECTMEN B-3 (20TTCM HAIF) —~ TFRACTUHE SURFACE

s a A
DA

R
T

FIG, 17 TRACTURE SURFACE OF SUEMERGED CRACKS

Xy

e
L

W
I M .
PR e
gy AT
B o A

A

i
R e




~54-

Fic, 19

P10, 18 TEST SEIU? FOR EARLY DEVELOR{ENT TEST

R [P

[ ZUNPEIY




pr———

L

Directica of Holling
e
=1

T

Hotes:

e

b 2u —'“=m.--—- " _::“:'_ at(a‘ i\:\‘sw)

\ ,/—— Bwpad Edga "

N8

rad

e sheered Edge T\

t,-l
‘ o
4

\
\
\

& S Burned Bdge 7 !

e e "

72"

Lukens Rimmed Steel

Heat No. 16W45

12" % 1107 X% 34" -- Plate M
A1l epocimens struck on W Bl {doted
Top - refers O orientation in €00,

K}

2.7 WIDE Z1A SERIES
(TESTS 2 THPOUGH 11)

FIG, 20 LAYOUT orF

OCD-1b. testing machine.

SPECTMIZS

/—— vaste (..,
_’l sheared edge

purnad off.

2 )

i T e



«56=

T, 2

o

TIPICAL TEST SZIUP POR 21A SFRIES .- BEFORE FIRTHG

e




~-57=

L30T, I IUE,
k!‘w.“tl. We s :
L 12T e MR
At TYM ATAL 5 F
ERCEE e L

TIG, 23 EAST SIDE OF SFECIMEN ZIAS (TEST 7) BEZORE TEST

A e S ST



-58-

-

A P i AN AR (R,




~59-

4+ e ——— T

Yotes: 1. Siastars of both cimavas
zaaally sparatad prlar o
I{npuz__,, f N 2. A singls Svesp Amplifier
Yo, y =2 —— 13 uzed to driva 5 pairs of
\\ norizoatal defloatica pladss
Y cooneeted ia parallal.
\\ 3. Boudpcont meddfizd to
allow only ong AVTS) vhsa
; trigeared by suwbmrmol GL7nal.
#ngmm - 4 \‘\ t5ip B3 yosst uamnally baf
Ioput e ~ FEp OB B3 2-3risgersd.
“O. 2 _é m Y — \
p
: 3 /H'_::\l}‘.' Camara
{ U -
Tuwicay = i 7
Input | #3 1 I
Ho, 3~ /
3 2e2A A
v
e
i
~
o
ol w4 ¥, —_—
Input ;i’gm‘ e
No. 4 -
y 3E2A
Tektrualx . o k LIaote
Input _ b1~ N e ] v
No, % and A
512 Hota §1
Intenaifying
D Bigeal
P (S g Taztrenix Batorasl
Azpiifier o 512 ——  Grwap
Hote §#2 = “ -:ipmc:‘é?_ujm Pl gper
PI0. 27 BLLCK DLMIRAY OF RECCRDTN EQUIPHZAT

SRR

R il



-50~

e CUTPUT Ho. 1
CUIPUD Ho. 2
CUTPUT Bo. 3
ceanacl

Crack Datactors
(er interrupter A-D)

0—0*6——1

Caltorating Switckas

-

QUTPUT

,_........-—--—-"_,____,,_...._-—-—'—"""""" -

.A,_.--_---‘.u___.._w-v--"'.

iy A T

1
e

T




Spaed Datoctors
(s, B, C, D, E)

Strain Gaga 1
Strain Gage 3

Strain Gage 4

o ——

¥ ,;J.' B e
P
3

T

R R
SRR

s e e

R S

Gz1ibration as Rocorded by DuMont Osollloscopd

PIG, 29 TYPICAL TEST RECOHD AND CALIBRATION

3
™ T o
P e

Spsod Dotestora
(A, B, C, D, E)

Sigaln Cage 1
Strain Gags 3

Strain Gage 4

— TEST 10

L owbee S




R

:
z

Ting —a

Ting —o=

AN

Calibration es Recordsd en Telitronix Oscillescope

Skotch of Tektronix Colibration

Timo Resnonse

Stra

(Calibraticn Switch closed at to)

rends:

Teltr

— TEST 9

FiG. 30 TYPICAL TEST HECORD AND CALIBRATION

S ds-wannf fim ) R

LIS ]

]

[ 2ot il

LN

— el

A




o Linvarert [ ton

63~

Compreasion

aries
Lo
R e
L
ot e
S AL P I
YR ek S
X FRREIRE ey A
I
)
PR T  © ee)
. : R N
! " i
rudpig W

Ale)

|

e v e

Peoesie

FIG, 31 DINAMIC STRATH.TIME -RECORD - TEST 1

?iw,._-.......u..mk. v~
1

Lo T e T e e ey A T B - ,
e A
B -
T RSN y

[



™~ s e e
135, Pl Flste L L
T vy
. Yidein. Spec Fraoture Path
3 )
{
; A @ D 1
- L e 3 = R e
T e @ O | Dz
- i}
et - erl WUIPRRNRN BN FERE Lh oy
Fs 3
L“"
= HHH
T75T CONDITIONS: GStress 25 kst
al ™ Taep, 3T
tepact 1200 £t 10
&
A-T STRACY GAGSS DETECIRS tSIECTCRS
: 1
%o. | Orlectatiom) X | X ‘ ‘Ea_‘ Ka. X o I I
k 1 1. l' in. id. 13 15,
i v [o70 (+1.25] 0200 | & (kO | ¥ 2.0
2. v 7.0 | AiSie08 | 3 b0 | O | 40
- L
c | o0 ¥ | -0
' p o | 1 |00 |
3 o | 62 ;
: - o
;
#
N T T -
[
Voo " Tatal rueep tims
B 59 — 4
vy 1.9 alliizatonds i
= o
2600 L .— .
—
Iz ‘
2005 -4 — L
i1 .
i
LE ’ R SV—
F R F
e i t i
q 1% [ I
= i ! i
1 “ !
RN Ingtial strotn d
B ':-.\’.:, ! -"“ ") in./1lns W
' g et 11 o
- 1 2 +10%0 )
l .
'- ‘
i
|

/] [ 0.2 1.2 1.6
TN - miilisecosdd

[ N ! - L




64~

", A R T T R T T TR S Y SRR T R

ot L Ee g
{ PSR e
R ETT RO ' s
. ‘
: . 34=ln, Specinen pARIS '
<. s G Practure huth
| B T o G
! A [\ %
. 3 -Lj T ® ® _D
; P 1 Y |
i 18._&_.4,., - PR S = — -
b

-i~-' PR P P

TEST CONDITIONS: Stress .o ksl
-

Taspe *1F
|} Ixpmct 1200 % 1®

r oo YT T EITY AT T

e ____.t,__,__.__.ﬂ._ -

‘, [ 1-7 STRAIN GARES SmecrcRs | bareemas |
T T
o }Orhnuuoni L:. 1: ‘Z“ ‘ii._s Roe l’;- - -i‘: ] Li.
, 1. v 212,20 1 +1.5 l-1..7 A +3.0 7 +3.0
[ 2. ‘ v 12,0 | 6.0 |62 | B | 455 a |53
B T ¢ w0 ¥ | 90 |
: b i

LT

i

e Nl

A m—r

Eand e

1500 " T e
i
I ! H l Tatal swmep time
b - - | .
®® I‘ Ou? milllsscond
1000 1 T N
: . {
. 1 .
'tl\ = y s (t)‘ E .- ———————d
j PR IRV
- PECE o -
* zoo - 3 0 ® -
L]
-
g I~itial streln
o ;{u./u. ]
+HEQ
2 +610
R VRS —— y
<500 |
0 a.l 0.8 1.2 1.6 2.0
T - allligenscods
i
: Tid, SCALED RITORD AMD [ESTRUMENTATIOR = TEXT 5
H
£
i
i
&
s

T




3 i=in, Specimm .
' Fracture Fo

ST CORDITIONS: Strees 18 ;li

=3 a
Inpact 1200 f%
l et it Y TITR TR YT
\_.______._._.—--—*—J

L7 3TSALT GAGE

T o b 4 - b 4
18 fa. l

1
i ine in.

1 T
‘ A rlZ-O {~1.5 0.9 o
\ 7 }412.0 ‘-6.0 [ | 3 |55 [-::n_ | #5.5

‘ Criontacion ‘ X

|

preae

-

Troees raain at sasentially the
sama ateain level after 1.7

q mmmﬂ’m Ay bgni o0, L




\ : i
N . . ;
. : wt o - . I |
A oy n&l’lﬁ}@ﬂ‘;&&#umwmumlul
\ 3 3/4-in, Speclmen 2146 ) )
E ‘ Fracturs Fath ;
; £) -
)
L v
fy e qa e
f ‘ -] il 3
=
i ftress 12 kb s
! 1F
o} 17 ft 1b
bercrraan B bom ity
i \
1
2-7 STRAIY CRGES DETECTCES DRTECTORS
To. | ortentatioal X Y 1, Yoo 1 Woa ] X
L5 ia. it ide ] 1f.
1. <12,0 | +1.5 | el.2 A |30 P +30
2. v P12.0 1 «be0 | 35.7 -] 5.5 (4 55
.
i T Y )
i i I B A '
i O A Tothl ey time .
. [ U S || Wb — i
Ve i L (U] :
- 19.0 miill a :
: 20 00000 O |
13
i .
T [
i
|

»
v :
S :
) i
{
. |
: S ! ;
E i ;
: S Gl i :
7‘% W . Tracas reoain 4t esvsentislly the :
[ .
-= y saow  strain lavel efter 2 allliseconds. i
? ; i L | : : ]
§ Do 0.l 0.8 e 1o - 2.9
L} - 3
i TIME = millisuoonds :
y
i P82, 35 OoALT) EEXND A DUTIGOIIAIGN — TIST 7
3 1
! 1 |
e T . [, ..‘-q--b’::-_wm. : - - . - e
. M e . l
- . - ) ) ¢
' 1
).




2500

1500

1000

STRAIK — g ‘n./tn.

P =

l_! —— LT -l
! A
T-io, Pl Piats ¥ ~
¥ { 3/4~in. Spocinen 47
- Frostore Jath
-

&4
9:'-:" VI
fJff f;
& L — e
o) Yy
E"l

TEST COHDITIONE

Etmaag 18 3l
Teep, =3 F

Inphot 1300 It ib

et w1

——

D T T e T T T P R R S

[ ]

) i ¥
2
4
A=T STTAIY CAGESY LE2ES RS DETICTOAR .
Ho. | Orisniatios b4 b 4 Tag | o X o, 1 .
1m. tn. ine ia. in. :
N Y =12.0 | 11,5 | #1.5 4 2.0 r 3.0
2. 4 +12.0 | +6.0 | 540 8. 1 5.5 G | 455
3 ! v +13,0 +1.5 |12 [ 3.0 - .0
D pi2.5 I |*12.5 ¢
£ [s1T.8 3 |=17.% :
y
T 1 T T L
RS T Total swnep tine .
Py 1 i i
AR 3.5 mAllitseomiy
@!@f ® & o1
®Pp0 ® e
& - v
1 e
i "l
[
13
1 .
——— + i T i
Holpe dus to I | l
'
! ?re0e X ool 3 obheapad . l
i — tiyemd 2.0 slllipcoonds :
i :
i
i
r r
Ak \V-\E,a.., %) [N R
. -'\J-"‘ ! _-\_ 2 S S .-
o T
0k 04 1.2 1.4 2,0 ‘_}

TR, 36 SCALDY MY D TEMNTTORTATEN - TET 9

N P O R S T

e
e

1§
h

SR X g e

.

I Y e b W B b 55 (T T ¢
. . 194




l-ip. Pyl Plate

A 4=in, Spetleor

L1

TEST CORDITIONS: Stross }E Hal

Fracture Path

.ﬂ . T
4

FAREY WP Y Ty ol WS

Tomp. =T N
Inpast 1200 ft 1b

_»_

A=7 3TRAYT GAGES

Crientatien b 4

ia.

4.0

|
|
}
|
11

+11

3-12.0

120.0
]

Total swesp tice

1% aillismgoms

B s a

5\
-4
!
!

1

11y the zeze wtrain

aftar 1 millisscond.

Traze remalnss at  ss3emtis-

lavel

TIME ~ ailliseconds

via, 37 SCALED WEIED AHD DETARMEMATION

ety .-

g



-.'_“G_
S =
t ¥
- - . 248 - -
! A
5 v ot foll Fjla‘u ) v
.- Vi=ins Spwinem
9"7“"
T
- L
bE-L I B
DAl
1y e
o TEST COMDITIONS
l L L
3-7 STRAIN GACES A-7 3TRAST CAGES LITXCICHE
T H
do. | Orlentatioa X T Tood 300 trieatation k3 T Trug 30 X
te. | ta. | 1809 fae | 13s | 1R 1a.
1. v ;.0 1.0 | +0.8 | 12, v #1220 +1.0 0T A G
1 2, | o8 sl el | 7|3 T le0.0 |00 (08 |y |45
1. 7 2.0 | 1.0 | 40.7 | M ) 45 | <1.0 | 0,81 & la3.0
~ H H
I 20,0 | +1.0 | 0.6 | 154 P AR I e
AN A T e
w | ¥ 4.0 | k0 | 00.836. ¥ Ze5 | eled 0T 13 [R5
' . n 11,251 .0 | o7 [17: Voo |95 |10 0 e0s
2000 { : l’ | I ll : : T T T T
: I : { :] ;l N H Total emep ilse 1.5
: i ' H \
i (U SR N Lo 4 eillissrocdn. Traoe 2 ]
) 1750 ; ® “ B)--- @i @ @ sococdl Iy
: i i ; i : i\ axhibity 4 ratter syaiimatiq
: i : oot
1500 r ; ;\ } ossillaiion Detvsex O asd
i : : ; I
1 ; "‘ H l \ +500 for recslcder of traes.
250 p—mt - . f
{ JE i |
. PR N
HE)
1000 fr— - BRI
: 1 ; P
3 i | 1
= P Ao |
: " .
L s g e gl B
T e i O L Y
i S 00 ‘ . ,
! - T vl e
i k- . ! L . /‘_H“/R\
: - Tt . . . N ~7 . -
14 “ ! HE - s O b - ~~
}- 250  pb—— 1 .'. [P . G)
: . JNAY TN
i I . ' oy " -
i [s] : il ! ‘l' ."u o= P r] X ! ‘x ®—"
{ *J N7 M AL D 1 ~ 7
¢ L7 Intde) n;u:;‘ v - P R ]
£ A W indin. i N v - L
i 1 +655 | ! I .
: =250 p—m—t 3 R TP SIS Lt A :
: i €2 i Traces 1, %, and L remain et cesentially the
665 saxe straln lzvel aftar 1 millisecond.
500 i R 1 N N . " " N
[+} 0,2 0.k N3 0.3 1,0

S AR i A e B TR

FI0, 2%

TIME = =illissoods

GLATEN weromn puh TSSTTATRTATICR e Wt I

=3

s

Tt




RN Y it sl . et s i e $ P i o -

[

[

N

h?l!!& b iner

i
|

- 1-in, Mk Fiata
34=in. Spacisem

e

Te—

5 "9.

-
. T ¢ =2
. o=
185t e SRt il &
IHFACT

|

_E_‘_ - TEST CCHDITIONSH fm‘“” 12 ;n A
! Izpaet 1200 Tt 1%
ES ra
A
Y
A=7 STUAYF CaCES USTELTIRY
qo. Orientation ) 4 4 ' ‘-H (1Y x
fe. izs | b iaa
1. v NS IV DU B O
2. u Pz s Lael s |
3 3 Y w2.0 o2 fad e e
b v F19:5 |10 [ e8| b 6.0
1 +20.5
2000 T T
; i N A
; B \ N [ Total sHIep tire
: 1 L H ! ——]
; @ ® @ @ @ 1.0 =illizosond
1500 Al
[ ]
e |

1000 — : [ l\

. )
g ! '\l ' / '
3 : | A !
P ! ! / : ;/\ l
a = T o T
R SUSEE Sl B \ /I\ ®/
& e h R /
E Tottia) m‘\'g., - L reaon 3 \J /
| inJ/1s, \ ‘L obaoured Vbeyend ]
\'\.\ "' this poiat. \ @ T
- 1 AR & k'. i L "\ : e ¢
:"-\‘ -, “@ :". "‘ . :”‘-' ‘\\ 7 .I® I%
b N _y .’- ‘.“ :| AT 3
Y F N V i
o W
i
ol 0.4 0.8 1.0 i
TIXE - milliseeccds
SCALXD RICORD AND IMSTRERRNPATION -. TEST 11 }:‘
4

o/

s ——

TSN




(ONII000 RHOLRE) OT §SIL - ONIQYOT DNIUNQ MTVMIS SnSHEA SSEUIS OF *OId

supfur - KIVEIS

+ ——— o 0T b —> —

VN n

£1 pue ¥ cAy

ZL po® € 4y ~
OT pu@ T *AY

7 N
SV T T T UALY

N

-
224N\
/.

/

NN

r

\\.///i. £ duﬁw.ﬁu\

NN

N i s s
P4 , x L) o
»

&

09 <\

1 |
T A\
it

FONIE) TLBIG WPl

079 % N:\ \\ \J\\\

el
,\:

\\
\k
L/
L
L

X
N

/
089

009
§99
.f"/




~73~

{oMrI000 TIAN) OT XSl — RUIAYOT Did0g [Tvels SOTNA SSRUIS TV *orx

TER/uE T~ v

P S
AT
. A4 4 N @
ot AN VAR 4 \\w / /\ -
ﬂl,/,,. \ \r\ a Mllﬂla m
V\\ \\\AW, /W /\x _ M
\ \\\\\\ ._ NIM / // . .
—n
w\m e k ﬁ\ %\ ,w\ sonyuy hﬁnam EAECEN W % 8t




~74
uz/[ z'—\ 5
3 N R
] @, -~z R 2
R s 2
) s s I®
3 49 z 3 o
3 A 3 H o
i S D & 7
3 W . B L . a— E
—_— _Q . — A . :‘: duwv +4 O
b _._4 4 3 &= I
i ul 3 a
b 3 o
3 ?f, ::: A D N E
: wZ/T— SR i3 &
b : et Nt Na ! Nt r-=
1 - . 3 :j
RN EANC X 8
b L4+
0 W G- E‘é
et —
A s - h
O 0 =3 U W i
R Y T m
2
2 £
e
A A . g Q :, 5
- 3 Q )
. = f
Q S
2 |
: i
2 5
2 2 3
E R
: g
ﬁ =
34344 %
T T, e i iy E
o e 18 £
=
=2
o o~ &
SRARR &
T T, [ i g
SEBIE 18 3
o]
5 .
J— | L i 1 L [ (] L - L o Z
8§ & 8 8 8 R & 28 ° g
d *2oT = MUNIVHILEL
4
L SR S



=75-

&

r o
L

T RIQLTTRA 40 NHIL NTEM QUIHSTOTIVERN DEISDIOLVETOEL IVICARYT 67 Cnra

U - SUTL

FYY NN NI ETRIRINFYY

FEFEETSTFF NN ISNNIIV])

-

[+ §

w2l

_4.
©

w2 /T Z'-'\

L

:
5]

5

ANYOTLT JO TUTY —mrme— o

TP PrT YT YT YT T ITTY Y

wl

o

~3

4 °29p ~ DUNIVIZIRALY




A LT - - .

-76-

CTURE SURFACE AND PATH —TEST 1!

FRA

4

FiG.

A - - e mr e e T !
- R o .,
2t [ -




T

e

b

[z

Py

R -7 -

Ty

FEAL
i o
H q—u- 3
! “3 &
. 585
, e ng
: a2
: 25
x o
? e Zul
3 X : Wyt
é . "
H
i

L e e

FACE AND PATH—TEST 2

G. 45 FRACTURE SUR

h
s et e e e X

ey
¥

4

A ) |
B U s
L —_ —_—— e .

i

-

17




FIG. 46 FRACTURE SURFACE AWDPATH—TEST 5

]

e AT TR

[ IR |




. o o e ¢ e o bk

_79_

9 1S

3L -

HIYD GNY 30V2NS 3HNLOVH3 4P 9N

SSE90El 3000
g 00U
L CLLSI SUnM

. U\M - ..

Eno

gt PUNTS




e ¢ — -

~80- ' : l !

~
- _
m -
o f
= :
i
=
=
i
(=
| -4
<
)
| 2
£
=2
; o |
| 199
: ¢ |
| b= :
:’ Q
| x©
3 2.
| )
| Sy
S
| i
,
H .

b TR

: - - - Spraem——— LU ERL L |
o L e e e . . - ‘ -

FEVY -




ot i

et

Aot

B
4

b

A g

13T

M LAY
Ay

7 A

PodFriy $18rs bR

FIG. 49 FRACTURE SURFACE ARND PATH— TEST 8

i
i
i
'

e ALy itk a4




-82 =

ad

TUR

eTex

ikl

Fi5. 50 FRACTURE SURFACE AND PATH —TEST 9

e e e e Do o s it b a3 TS
e A e e T R e - e .
. } S Dems " . . L . N
.
. ' P




————

————

Fi1G. 51

FRACTURE SURFACE AND PATH — TEST [0

RS PR

L e aman e A

[

TR

-

R

, -

e na

nrry T AT

s T ST R E A

!
I




e deprrgs

i

3
:
§
i

Lapees

e § e

PR e e 1 L

-84 -

=k
o e
Woorr T
-my_’:,{v

1—TEST (I

i

TURE SURFACE AND P&

AC

FR




[P ——

bl 4 TP a1 o ies Ra 2T R TS R e i ek mtre i § ytromt 4 1o el e p

ek

Lo de

| M e+t e a4

;
i

i
i
¥I0. 53 PIDCES DETACHED Foow |
ROM EDGE OF SPECIMIN BY 8100} s

(FROM LEFT TO RIGHT, TESTS 2, 6, 10, 1) IDARY cmxg_

B
e




=86 =

Fractuze Tomaron
Fzom Notreu 1w
Buanegs T pes
i or,

Fracrurg IuimATOn

Fron ”ﬁg“

FIG, 54 TYPICAL FRACTURE INITIATION FEGIONS w= SHTARTD EIGE
(SFECRMEN Z146 - TEST 7) AMD BURHED EDGE (SEECDMN ZIA7 - TEST 3)

o e v—




