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PREFACE

The work described in this report was stimulated by a

timely and searching question raised by Mr. E. M. MacCutcheon9

Jr.$ during a conference on Fracture Mechanics held at Massa-

chusetts Institute of Technology in October 1953. Xf brittle

fracture instability depends on a critical release rate of

elastic energy, how is that release rate influenced by the

presence of a large opening such as a hatch from the bound-

ary of which a crack may spread? The primary purpose of this

report is to answer that question.

has been made to treat the general

ductility may be exhibited.

A more general expression for

In doing thi.s9no attempt

case when considerable

the conditions of fast

fracturing developed by Irwin includes a term giving the work

expended in producing permanent set. The Griffith-1ike term

only has been used here9 and this represents not the available

energy release rate but rather a minimum value for the energy

release rate which is exact only when the permanent set is

negligible.

Studies of fast fracturing are continuing at the Naval

Research Laboratory.

iii
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ENERGY RELEASE RATES DURING FFJLCTURINGOF P’ERFOFMTEDPLATES—— —

ABSTRACT

A preliminary study of energy release rates in simple

structures has been made.

These simple structures consisted of 75ST specimens 6-in.

wide, 12-in. long, and Ws2-5.n. thick. The specimens con-

tained holes of various geometric shapes: circles, ellipsesa

squares? and slats. Symmetrical slots which serve as crack

simulators of increasing length were introduced at the extremi-

ties of the holes.

Energy release rates of the specimens with slots up to

2/’3 the plate width were measured and compared with rates for

a plate containing a simple slot alone. The energy release

rates for the plates containing a hole-slot combination were

quite similar to the rates for plates containing simple slots.

Thus the instability stress for a plate containing a hole from

which a crack has started should be approximately equal to the

instability stress for a plate containing a crack or length

equal to the hole-crack combination.

Comparisons of test results with theoretical values show

good agreement with a function of the Griffith type for the

full range of slot lengths evaluated. Agreement of test re-

sults with the modified Greenspan relation was satisfactory
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up to ratios of slot width to plate width of 1/%. Beyond

this range the experimental rate was considerably less than

the calculated rate.

A calculation is included in the Appendix based on the

Griffith function for the case of a Liberty ship with a deck

width of 60 ft. and a hatch opening of 20 ft. from which a

crack has started. Using a typical energy release rate of

200 in-lb per sq. in. for brittle fracture of steel? the in-

stability stress calculated Is 3980 lb. per sq. in. This

figure corresponds remarkably with calculated nominal (still

water) stress in Liberty ships which failed in a catastrophic

manner.

The numerical example is purely illustrative? since ex-

tensive studies of the effect of residual stress, structural

constraint load redistributionst and so forth9 are required

to completely predict instability behavior of cracks in com-

plex structural systems such as ships.

PROBLEM STATUS

This is an interim report. Mark on this problem is con-

tinuing.

AUTHORIZATION

NRL PROBLEM FO1-C)~

m No. 6~1-o~Q

--
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INTRODUCTICIN

The purpose of this investigation is to

tion relating to the effect d? cracks on the

of simple structures.

obtain informa-

fracture strength

In the past few years the Mechanics Division of NRL has

made a theoretical and experimental study of the role of

stored elastic energy in the fracture phenomenon. A theory

has been developed based upon the strain energy release rate

method for calculating the sudden collapse by fracturing of a

centrally notched plate in tension(1,2$3)* ‘Thetheory devel-

opment shows(4) a relationship between the energy available

in the fracture system and specimen geometry, modulus, and

load. The equation appears in the following form:

()

aE~ .lmP

()

2 a;
- -m& %ii=d

and at instability -3=s

P=

E=

extension of specimen

energy available/unit area

energy.consumed~unitarea

load

young”s modulus



-k

..-
L=

r=

t =

B=

K=

length or specimen

?-q

thickness of specimen

width of specimen

k~ = ratio of spring constant of perforated specimen
L. o

to unperforated specimen

x = dimension of perforation normal to load

Y=;
1
RThe functiony in the above relation can be evaluated

experimentally or determined analytically using solutions of

Greenspan‘5) for the rigidity of a rectangular plate contain-

ing a centrally located elliptical hole~. Kies(4) has extended

this solution~ representing a crack as an ellipse whose minor

axis is zero and whose major axis equals the crack length.

Then

and

2- 4
K= 2-Y

2+(r-&”y4

$=#?$@? [33

~Greenspan(5) has illustrated the limitations in the ap-
plication of his solution for the case ofp.athin rectangular
plate with a circular hole. The values computed are in error
when the diameter of the hole is large compared to the plate
width and\or plate length.
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Substituting in Equation [1], we have

If one neglects the higher powers of y in Equation [s~9

Substituting in Equation Cllt we hawe

‘%-. D2X = W~ at instability

f_4-J

153

L6]

Equation ~6] is the well known Griffith formula. Experimental

work at this laboratory on a~rylic sheet materials with a cen-

tral notch has lent supporting evidence to the stored elastic

energy fracture theo~y. However, studies have not been made

to evaluate the limits of application of the modified Green-

span calculation used in Equation ~k].

Fu~thermore9 the ease of the centrally notcheflplate is

bLltone of the many cases or interest,. The plate material is

fabricated into a structure containing various discontinuities

such as holes and stiffeners? i.e.9 airplane skins~ ship platej

and so forth. In order to gain some information on the me-

chanics of fracture in more complex structural.systems containing
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notches, a program of study has been initiated in which per-

forated plates containing slots are subjected to tensile loads.

The behavior of these more complex slot systems and the limit-

ations of application of the modified Greenspan solution and

the Griffith formula will be evaluated for the specimens used

in these tests. A narrow machined slot was used instead of a

true crack to facilitate preparation of specimens and to in-

sure reproducibility.

PROCEDURE AND TESTS

Specimens of 75ST 6-in. wide by 12-in. long by .032-in.

thick were prepared with 3 holes spaced on 3-in. centers and

are subsequently referred to as 3-bay members. The specimens

are shown in Fig. 1. A 3-bay member was chosen to aid in

eliminating the effect of grip restraint and to insure that

the ends of the bay remain plane. Series 1 specimens con-

~ tained a l\16-in. slot with a V16-in. diameter curvature at

the root of the slot. Series 2 specimens contained square

holes 1 l/2-in. by 1 l/2-in. with corner filets of I\8-In.

diameter. Series 3 specimens contained circular holes of

1 l/2-in. diameter. Series 4 specimens contained elliptical

holes of l.kj-in. major axis and 0.775-in. minor axis with the

major axis parallel to the load. Series 5 specimens contained

elliptical holes of 1.45-in. major axis and 0.77~-in. minor

axis with the minor axis parallel to the direction of the load.
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Each specimen was instrumented with Tuckerman optical strain

gages of 3-in. gage length applied at mid-width to opposite

faces of the central bay. The strain was readable to .000008

in. or .0000027 in. per inch. Tensile loads were applied to

the specimen through spherically seated wide-plate grips which

gripped the specimens their full width for l-in. length. The

test set-up is shown in Fig. 2. The test specimens were loaded

well within their elastic ranges, and strain-load measurements

were made during the load and unload cycle. Symmetrical slots

of l/16-in. height and l\32-in. end radius and systematically in-

creasing lengths were then introduced in.the Series 2, 37 4, and

5 specimens as shown in Fig. 3. h order to evaluate the effec-

tiveness of the multiple bay system, strain measurements were made

at the edges and center of the central 3-in. bay members. No dif-

ferences were found between the strains measured at the edges and

those measured at the cente~s for the specimens from l/2-in. to

h-in. slot length so instrumented. Strain-1oad measurements were

again made well within the elastic range for each slot length

in intervals of approximately 1/2 in. up to a total slot length

of 4 in. Figs. 4--8 show the spring constants vs. crack length

for the Series 1 to 5 specimens. Crack length is defined as

the total length of the slot. The sp~ing constants obtained

from the load-unload measurements are shown individually. AU

average line id drawn through these points since the loads
.

are purely elastic and the scatter of values appear to be



Test Set-up Showing l?uckerman Optical Strain Gage Test Specimens after Slotting

I Fig. 2 Fig.3
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random. Fig. 9 shows a superposition of these curves on a

common plot. Also shown in Fig. 9 are the values computed

from the modified

Referring to

Greenspan relation.

Equation ~1-17

[)+itwill be noted that
d~ ~

is an important factor in the en-

ergy release rate function: Accordingly, the reciprocal of K

has been plotted with respect to y in Figs. IQ--l~. Slopes

taken from these plots have been plotted vs. y in Fig. 16.

DISCUSSION

Reference to Fig. 9 shows good agreement between the cal-

culated values of spring constant based on the modified Green-

span relation and the experimental values up to a slot length

of approximately 1.5 in. or y = 1/4. For specimens containing

slot lengths greater than 1.5 in., the experimental values lie

considerably above the calculated values. Reference to Fig. 16

illustrates the change of ~with respect to y. Although the

~K values greater thanspecimens containing the slot alone show
aY

any of the hole and slot combination specimens the values are

quite similar~

Th.Is the instability load for a plate containing a hole

..”- :

. .

and slot should be approximately equal to the instability load
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for a plate containing a simple slot of equal total length.

Obviously, this has serious implications with respect to the

failure stresses in ships containing large hatch openings from

which short cracks have started. A calculation illustrating

the importance of the result in predicting

included “inthe Appendix.
+

Fig. 16 also shows the function ~ as

ship failures is

calculated from

Equation [3] based on the Greenspan solution. It will be

noted that the calculated values show good agreement with the

experimental values for the simple notch up to a notch length

of 1 1/2 in. or ; = i“ Beyond this point the experimental

value is less than the calculated value. At a slot length of

3in.,: = ~; the experimental value is 33%less than the Cal-

culated value. At this laboratory the work value ~~ defined

by Equation [3] is used as a basis of rating the fracture re-

sistance of materially a high value denoting good fracture

resistance. In the case of the specimen studied here, a work

a;
value computed on the basis of Equation 13] with ~~ waluated

from the modified Greenspan relation would be 150Z of its true

1
value for ~ = ~t The solid line in Fig. 16 illustrates the

~~as calculated for the case of
‘unction m
from Equation [5]. As shown in Equation

reduces Equation ~3J to

a;

Griffith function ~~ as

small values of y

[61, this relation

the well-known Griffith formula. The

defined by Equation [’j]shows good
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agreement with the experimental values within the range

evaluated ~.= O to ~ = $., The applicability of the Griffith

function to such large values of crack length is rather sur-

prising. T_tmust be emphasized, however,that the results dis-

cussed here apply to the particular specimen studied. The

extent of application of these results to specimens of dif-

ferent geometry and different end constraints is not known.

It is clear, however, f~om these studies that a thorough evalua-

tion of the effect of specimen geometry and constraint on the

+function ~—yshould be made. Furthermore$ the effect of cracks

in other structural systems, especially reinforced holes,

should be studied in order that results of studies of cracks

in simple plates can be applied ‘tomore complex systems. Re-

sults of studies using other specimen geometry and structures

will be forthcoming. One special case of great interest will

be that in which appreciable plastic flow occurs in the vitiin-

ity of the slot or crack. In such a case the functional rela-

tions found here between strain energy release factor and

crack length could be materially altered.

S17MMARY

1. Tests conducted on plates with hole and slot combina-

tions show energy release rates similar to those for plates

containing simple slots equal in length to the hole-slot com-

bination. These tests extended to specimens with slot widths

— —
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up to 2/3 the plate width.

2. Comparisons of test results with theoretical values

show good agreement with a function of the G~iffith type for

the full range of slot lengths evaluated.. Agreement of test

results with the modified Greenspan relation was satisfactory

Up to ratios of slot width to plate width of 1/4. Beyond

this range the expe~imental rate was considerably less than

the calculated rate.

3. Calculations based on the test results showed excel-

lent agreement with calculations of nominal (still water)

stresses existing in Liberty ships which failed

trophic manner.

4. Extenstve studies of more complex model

in a catas-

systems are

required to understand the effect of residual Stressesl struc-

tural discontinuities$ and so forth~ on instability behavior

of cracks in such systems.
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The perforated specimens containing slots studied in this

~meportserve as simplified models of a variety of openings in

the plate material of ships and aire~aft from which cracks can

start. The instability behavior of a crack in these complex

structural systems may be quite different from the behavior of

a crack originating from a hole in a plate under simple ten-

sile stressa however. Extensive studies of the effect of re-

sidual stress~ structural constraint load redistributionsa

and so forth$ are required to completely predict instability

behavior of cracks in these systems. Howeverl sample calcula–

tions of instability stress lew~s based ~Pon th@ resu~t~ of

the simple model studied in this report can illustrate the im-

po~tance of “understandinginstability concepts In designing

structures. The present calculations show the limitations of

design based upon fracture strength considerations alone. Ex-

ample No. 1.

A typical Liberty ship has a deck width of 60 ft. and a

hatch opening of 20 ft. Considering the deck as a simple per-

forated plate? we shall calculate the instability stress for

a crack starting at a hatch corner. Referring to Equation [6]
2X

we have ~~ =~~e. a~’~~values of 200 in-lb‘ests ‘ave ‘how’nn

—

per Sq. in. and less fo~ brittle fracture of ship steel*.

al$
‘Valu~s of ~~ as high as 5000 in-lb per sq. in. have bem

obtained in modi~ied Navy tear tests for ship steel but corre-
spond to extremely ductile fracture.
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6With ~~ = 200 in-lb per sq. in.~ x ‘20 ft.,and E=~O x10

lb. per sq. in., we find ~= 398o lb. per sq. in. This cal-

culated value of the instability stress corresponds remarkably

with calculations(61 of the nominal (still water) tensile

stress in Liberty ships which failed In a catastrophic manner.

The calculated stress levels in these ships at failure range

from 3800 lb. per sq. in. to 6800 lb. per sq. in.

Many wide plate tests[7) have generally shown that re-

gardless of the temperature or type of fracture the average

nominal stress

of the steel.

not made under

at failure was very close tO the yield strength

It should be remembered that these tests were

conditions completely representative of serv-

ice conditions. Many of the severe failures in ships started

from weld defects or arc strikes. Such crack starters appar-

ently had the role of sudd~nly introducing a brittle crack

moving rapidly into the surrounding steel. The work of

Pellini and othe~s at NRL shows that such.crack starters in

specimens of full plate thickness can produce fractures with

negligible plastic deformation in the drop-weight test.

Specimens without crack sta~ters tested in the same way re–

tained great ductility. In addition the work of Robertson(81

and of Feely (91 tends to show that brittle c~ack propagation

can be sustained at stresses far below yield. Tha results of

Robertson and of Feely are perhaps

namic stresses have not been fully

not final because the d.y-

meaw.med cm analyzed.
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Amp%e evidence exists? howeverg for doubting that in service

a nominal stress as high as that corresponding to general

yield must exist during brittle fracturing. Example No. 2.

A typical transport aircraft contains a number of wirLdowT

and hatch openings in the aircraft skin. Consider a crack

originating at the edge of a 2-ft. opening. Calculating the

limiting stress for instability from Equation ~63 with a value

of aw
33 = 300 in-lb per sq. in. for the 75ST6 Alclad skint we

have 0= 9750 lb. per sq. in. This instability stress level

is dangerously near the design nominal tensile stress in the

fuselage of 7500 lb. per sq. in. Larger openings could mate-

~ially reduce the instability stress to values considerably

below the design stress. Both of the

exhibit the dangerous consequences of

tensile properties alone.

above Hxamples serve to

design based on standard

.

4.
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