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Investigations of fracture prior to the ad-
vent of fracture mechanics are interesting
and can improve the perspective with which
we view current fracture problems. In addi-
tion, it is natural to wonder how cnginecrs
coped with fracture strength limitations in
previous centuries and what events stimu-
lated development of fracture mechanics tech-
niques. In this article, historical complete-
ness is not attempted, particularly with re-
gard to the oldest part of the story. The
matters presented were selected mainly for
illustrative value.

INTRODUCTION

Fracture events are most typically
unexpected, sudden, and unfortunate.
When such an event occurs, it 1s natural
to center attention on minimizing the
undesired consequences. A careful un-
derstanding of sudden and rather com-
plex fracture behaviors in terms of
separational mechanisms may seem to
be relatively unimportant, however,
these details need to be understood for
practical reasons. With technological
progress, we have become increasingly
dependent upon structural reliability.
The confidence with which fracture reli-
ability can be achieved depends very
much upon an understanding of how
and why fractures occur and upon proper
use of this information in design, fabri-
cation, quality control, and the estab-
lishment of safe operational conditions.

Upon reflection, it can be understood
that structural components may contain
a wide range of local weaknesses. For
simplicity, these will be termed tlaws.
Sometimes cracks areintroduced by forg-
ing, welding, or heat treatment. At fine
scale, there may be poorly bonded inclu-
sions or grain boundaries weakened by
impurities. Quality control can reduce,
but not eliminate, flaws. In addition, the
local stresses may differ substantially
from the average stress across a section
of the component. A structural fracture
begins naturally at a position where the
combination of local weakness and local
stress is most severe. Given that a crack
forms across such a region or given an

initial tabrication crack, the structure may
be safe orunsaferelative torapid separa-
tion depending upon what can be ex-
pected in terms of progressive crack-
extension behavior. Obviously, the se-
verity of a prior crack or a local flaw-
stress combination is somewhat a mat-
ter of chance, and a statistical viewpoint
can assist the understanding and use of
fracturebehavior information. However,
itis also clear that progressive spreading
of an initial crack is the feature of main
importance to a structural fracture fail-
ure. Probabilistic aspects of fracture

THE NATURE OF FRACTURE

The application of stress analysis methods is
expected to reveal regions of very high stfess near
the leading edge or front of a crack in a sotid. We are
concemed primarily wilh the response in terms of
crack extension within this overstressed region.
Relativety simple methods can be used to charac-
terize the stress-strain state surrounding the region
that contains the progressive crack-extension pro-
cess. This finding greatly simpiifies model studies
of progressive fracturing. It means that a model
study of a crack in a service component may not
need to duplicate the size and geometry of the
component. Given the similarity of material in the
component and in the laboratory test specimen, it
can be assumed that the crack extension in the
component will be like the observed crack exten-
sion in the test specimen when the charactenzation
parameters pertaining to the stress-strain field local
to the crack front are similar. This macroscopic
viewpoint is basic to measurements and applica-
tions pertaining to fracture toughness, fatigue and
stress corrosion cracking, and corrosion fatigue.

The mechanisms of fractuting at a fine scale are
complex and vary wideiy in nature in different ma-
teriais. In certain situations (e.g., the cleavage
fracturing of structural steel), aspects of fine-scale
fracture behaviar influence the interpretation of test
resutts and, therefore, must be considered. In gen-
eral, the currentunderstanding of fracturing at afine
scale is incomplete. The macroscopic-behavior
viewpoint must come first, both for practical rea-
sons and as an aid to better understanding of the
mechanisms of separations at fine scale.

From an essentially academic viewpoint, the
progressive fracturing of a solid is @ mechanical
behavior ofunusual interest. The analytical aspects
are simpte enough in certain cases and sufficientty
compiex in others to attract a wide range of applied
mathematics interests. Experimental fracture me-
chanics may be done with commonly used devices
for measuring load and displacement. Other as-
pects {e.g., dynamic fracturing) can be assisted by
the use of modem photomechanics techniques.
Furthermore, the entire subject of fracture mechan-
ics is sufficiently young so that much remains to be
explored and discovered.

mechanics is an emerging field of study1
that can succeed only when based upo;
a sound understanding of crack-ext
sion behaviors. In this article, statisti
viewpoints rarely will be used. Instea
attention will be centered upon crac
extension behaviors in terms of the pr
gressive separation viewpoint.

There were essentially three time pey
riods in the history of fracture. During
the first period, the principles of siﬁ
tude weredeveloped, and the individ
importance of flaws was ignored.
ing the second period, fracture size efs
fects wereexplored, mainly with notched
bar testing. Following 1945, serious fr
ture failures coupled with therapid pa
of technological development result
in the development of fracture mechans
ics and fracture control plans. :

THE EARLY UNDERSTANDING
OF FRACTURE 5

The Earliest Studies 3

One of the earliest recorded exampleg
of fracture strength testing reflected a
strong influence of specific flaws. One of
Leonardida Vinci’s sketch books' shows
adrawing of anapparatus for testing the
strength of various lengths of iron wire,
From our knowledge of how iron wi
was produced in 1500, da Vinci’s resulf
were plausible and realistic.

Nearly one century later, Galilep
taught that the strength of a column ih
compression or tension would depend
only onthesectionarea, notuponlength?
In this instance, Galileo’s viewpoint was
analytical. From this viewpoint, it is natu-
ral and convenient to ignore individual
flaws and to regard every unit area ofa
cross section as capable of the same
strength. Galileo, like many subsequent
engineers and scientists, preferred to
express the idealizations of his mind in
analytical form.

About 1650, Louis XIV of France de-
termined to build a palace and grounds
at Versailles that would possess unusual
grandeur. Grandeur implied fountains
of great height, and this implied contain-
ment of substantial amounts of pressur-
ized water. The engineer, Mariotte, de-
signed a method for bringing water to
Versailles from the Seine River abaove
Paris with enough pressure to supply
the fountains. Mariotte’s tests of defaf-
mation and burst pressure of trial cyligr |
drical vessels were reported in some
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detail to the French Academy of Sci-
ence.’ He reported that the vessels ap-

ared to burst when the fractional in-
crease of circumference reached a criti-
cal value. Before the publication of
Hooke's Law (of which Mariotte wasnot
aware), the engineer reported the close

roportionality between pressure in
his test vessel and the circumferential
stretch. Mariotte’sstatement of astrength
Jaw based upon critical strain was the
first of a number of research efforts to
express strength in terms of stress-strain

relationships.
The 1800s

As continuum mechanics developed
during the next two centuries, methods
for expressing strength laws in general
form were explored. The graphical
method introduced by Mohr about 1860
contained as much generality as was
achieved 100 years later when the use of
tensor notationbecame fashionable. The
analytical viewpoint was dominant, and
laws of similitude seemed to be firmly
established.

About 1830, two sets of experimental
results were reported.? Lloyd tested the
tensile strength of various lengths of
iron rod, and Le Blanc studied the influ-
ence of specimen length on iron-wire
strength. In both cases, the average
strength decreased with an increase in
Jength of the test specimen. The observed
size effects were relatively small and
were ascribed to the presence of non-
yniformities. These results were reported
Jong before statistical methods were de-
veloped that might have been applied to
their analytical treatment. In fact, 100
vears elapsed before Weibull converted
available methods of extreme value sta-
tistics into a worst-flaw statistical theory
of fracture strength.

Love's Treatise on the Mathematical
Theory of Elasticity (1892) contains a brief
chapter on hypotheses concerning safety.
The section, which discusses fracture,
states that “the conditions of rupture are
but vaguely understood.” According to
Love, it was common practice for En-
glishand American engineers to require
that the largest tension in the structure
should be some fraction of the breaking
stress as determined by tensile tests. The
denominatorofthis fraction, termed fac-
tor of safety, was 6 for boilers and axles,
6~10 for railway bridges, and 12 for pro-
peller shafts. However, the analysis ac-
curacy of the mathematical methods dis-
cussed in the book was regarded as ad-
equate so long as stresses remained be-
low the yield strength of the material.
Obviously, the large safety factors that
were in common use were based on
practical experience rather than theo-
retical analysis, and it was the reasons
forthese safety factors thatwere vaguely
understood. Large testing machinessuch
asthatused for testing iron bars by Lloyd

were coming into use, and engineers
tried to supplement failure experience
with laboratory testing.

The introduction of Krupp composi-
tion alloy steel for ordinance applica-
tions around 1860 was followed by the
development of notched-barimpact test-
ing. As is well known, this steel can be
embrittled by slow cooling from the tem-
pering temperature. The presence of this
undesirable condition was most conve-
niently revealed by impact tests of
notched bars.

The Early 1900s

In 1909, Ludwik* explained the rela-
tively abrupt increase of notched-bar
fracture work with an increase of test
temperature. He assumed there was a
cohesive strength, nearly independent
of temperature, and a yield strength that
decreased with temperature. Elevation
of the test temperature to the point where
the yield strength was less than the cohe-
sivestrength resulted in substantial plas-
tic strain prior to fracture. From the
Ludwik theory, the fracture work re-
mained small below a critical tempera-
ture and increased rapidly when this
temperature was exceeded.

The Ludwik explanation was phrased
in stress-strain terms from which one
could infer that laws of similitude would
apply. However, in 1920, Stanton and
Batson® reported that similitude did not
apply to impact fractures of notched bars
of structural steel. The temperature of
brittle-ductile transition could be in-
creased by increasing the test bar size,
and the fracture work per unit volume
decreased with a scaled increase of test-
bar dimensions. During the 1930s,
Docherty conducted similar notched-bar
tests in bending with slow loading to
eliminate dynamic uncertainties inher-
ent in the tests by Stanton and Batson.
Again, the existence of large fracture
size effects was evident. After witness-
ing one of Docherty’s spectacular frac-
ture-size-effect demonstrations, an edi-
tor of the British journal Engineering
wrote a description of the demonstra-
tion test,® in which he commented that
the principles of mechanical similitude
appeared to be overthrown where crack-
ing occurs. He observed that similar size
effects had been demonstrated in fatigue
testing of notched bars. At this time, it
was well known that the safety factors
customarily used in design depended
considerably upon judgment estimates
of the possibilities of fracture. Neverthe-
less, no perceptible influence of the
Stanton-Batson and Docherty results on
design details occurred. There was an
awakening of interest in improving de-
sign details that was stimulated by
Neuber’s 1937 book’ onstress analysis of
notches, but this was not associated with
fracture-size effects in technical discus-
sions.

MODERN FRACTURE
MECHANICS

Before 1960

The basic ideas leading to the start of
modern fracture mechanics can be re-
lated to a theory of the fracture strength
of glass published by A.A. Griffith in
1920 and to the introduction of disloca-
tion mechanics. The Griffith theory® as-
sumed that fracture strength was lim-
ited by the existence of initial cracks. An
applied tensile stress of critical size for
unstable extension of the largest initial
crack was calculated by equating the
stress-field energy disappearancerate to
the increase rate of surface energy per
increment of crack extension. An agree-
ment was claimed between theory and
experiments using precracked glass
bulbs. Now, this agreement appears to
have been coincidental. Clearly the as-
sumption of perfect energy transfer effi-
ciency from stress-field energy to sur-
face-tension energy was both naive and
impractical. In glassy solids and particu-
larly in structural metals, separational
mechanisms involve so much energy
loss into nonelastic strains that the resis-
tance tocrack extension is scarcely influ-
enced by the solid-state surface energy.

The development of crystalline dislo-
cation mechanics during the 1930s to
1950s furnished important ideas that
were directly transferable to fracturing.
The alignments of lattice faults, termed
dislocations, provided an answer to the
plastic-flow weakness of metal single
crystals. Simple estimates showed that
rigid shear displacement across a slip
ptane would encounter a resistance on
the order of one-tenth of the shear modu-
lus. However, from the viewpoint of
dislocation mechanics, the stress neces-
sary toloosen bondsacross theslip plane
is provided locally by the dislocation
irregularity in the metal lattice. Therela-
tively easy glide of dislocations across
slip planes in response to applied shear
stressresultsinadequately low estimates
of resistance to plastic flow. In structural
metals, interference in the easy glide of
dislocations occurs because of internal
complexities such as grain boundaries
and minute inclusions. Although the
resistance ot metals to plastic deforma-
tion is generally understood, the details
are quite complex, and strength is nor-
mally determined by measurement
rather than by computation.

Similar considerations are directly
applicable to fracturing. Historically,
structural fractures that were vaguely
understood were those that occurred
when the applied stress was substan-
tially less than the yield strength of the
structural material. If separation is as-
sumed to occur simultaneously every-
where on the plane of separation, then
the applied stress necessary for separa-
tion cannot be less than the ultimate
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tensile strength and is probably larger.
However, given the presence of an ini-
tial crack, the natural stress concentra-
tioninfluence of the crack produces very
large stresses near the leading edge or
front of the crack. If these local stresses
are large enough to cause progressive
fracturing, then complete separation
may occur at an applied stress that is
much less than the yield strength of the
material.

In dislocation mechanics, it can be
shown that the stress-field force driving
adislocationis the productof the Burgers
vector times the parallel component of
applied shear stress. In the force deriva-
tion method, the force is computed as
the derivative of the (system-isolated)
stress-field energy per increment of for-
ward motion of the dislocation line. A
knowledge of the deformation details
within the core of the dislocation is not
required. Assuming that nonelastic
strains along the crack front are well
enclosed by an elastic stress field, the
same generalized force concept can be
applied to the leading edge of a crack. If
the force is computed per unit of length
along the disturbance zone (the crack
front) in a manner similar to the disloca-
tion line force, the result has the same
dimension, force/length. In fact, the
Griffith crack theory is obtained if the
crack extension force is equated to twice
the solid-state surface energy of the ma-
terial. However, the deformation details
that provide resistance to crack exten-
sion are even more complex than those
that provide resistance to plastic strain-
ing. Thus, critical values of crack-exten-
sion force necessary for various kinds of
actual crack extension must be deter-
mined by experimental measurements.
Although the Griffith crack theory had
suggestive value, the influence of dislo-
cation mechanicsuponthe development
of modern fracture mechanics was di-
rect and more persuasive.

Beginning in 1937, investigations on
armor were conducted at the U.S. Na-
val Research Laboratory to assist the
solution of brittle fracture problems in
heavy armor and to explore the feasibil-
ity of light armor for aircraft. Although
the brittleness problems with heavy ar-
mor were resolved early by metallurgi-
cal techniques, the critical influence of
fracture strength upon armor quality,
the evidence of fracture size effects, and
the obvious lack of understanding of
fracture encouraged additional study.
This interest resulted in a research con-
tract forstudies of fracture at the Univer-
sity of North Carolina between 1941 and
1948. Although the reported results of
fracture-size effects® were of interest, the
main practical value was the perspec-
tive provided by a thorough review of
previous fracture investigations. Pro-
gram revisions related to the ending of
World War I then permitted the settle-

ment of plans for a new research pro-
gram based upon the progressive crack
extension viewpoint.

Atthe outset, it was clear that the new
viewpoint would provide at least a par-
tial explanation for fracture-size effects.
The notched-bar fracture size effect ob-
servations indicated that the energy as-
sociated with fracture varied with speci-
men size in a manner intermediate be-
tween proportionality to specimen vol-
umeand proportionality tosevered area.
Naiveinterpretations of the progressive-
fracturing viewpoint suggested that a
direct proportionality of fracture work
to severed area would be ideal. But, the
experiments contained interpretation
problems, and study of dislocation me-
chanics provided strong support for the
new fracture research plan.

The ideas basic to linear-elastic frac-
ture mechanics were suggested in a 1948
paper by Irwin!? and were presented
more firmly in unrefined but useful form
in 1952 and 1954 papers by Irwin and
Kies.""12 There were three fundamental
ideas presented. First, attention should
center on the progressive-forward mo-
tion of the crack front (leading edge or
crack tip). Second, the crack-extension
force, G, was the rate of loss of stress-
field energy at the crack front per incre-
ment of crack extension. Third, the resis-
tance to crack extension was the rate of
energy dissipation into nonelastic strains
close to the crack front.

Initial trials conducted using metallic
sheet materials, plastics, and glass pro-
vided entirely favorable results. The
prospects for practical applications to
brittle fracturing were enhanced by the
recognition that the energy loss per in-
crement of severed area, G, depended
only on the stress-strain field surround-
ing the limited zone of nonlinear strains
at the crack tip. Thus, knowledge from
prior measurements of the critical value
of G for crack propagation, G, furnished
a one-parameter criterion that could be
used to predictthecriticalload for propa-
gation of a prior crack of given size and
location in a service component. The
Irwin-Kies papers provided an experi-
mental method for the determination of
G, which is usually termed compliance
calibration.

The first successful practical applica-
tion of the research was associated with
the development of stretch-toughened
glazing materials for aircraft in 1953-
1956. Additionally, it was noted that the
fractures of the welded Liberty ships,
bursts of several large petroleum stor-
agetanks, and the pressurized cabin frac-
tures of the DeHavilland Comet jet air-
planes all seemed understandable in
terms of this new fracture-strength view-
point. The explanatory method was rela-
tively simple. A value of G, was esti-
mated from laboratory tests of pre-
cracked specimens. Using appropriate

stress analysis methods, the value of the
driving force G that tended to extend the :
starting crack revealed by fracture fail-
ure examinations was computed. In all
cases, the comparison showed that the
toughness had not been large enough to
prevent crack propagabon

The introduction of prior cracks or
defects that generate cracks soon after
tensile loading can occur in many wast
during the fabrication of structures, par--
ticularly welded structures. It is now!
understood that welded structures sucl\g
as bridges and pressure vessels have:
commonly provided many years of faxth-x
ful service despite the presence of such’
defects. However, this was not an ac-
cepted understanding during the early
development period of fracture mechan-*
ics. Most engineers preferred to take a
face value the “no cracks” clause usuaﬂj
included in specifications. On the other
hand, the possibilities for planning frac-
ture safety in a sure way required the
recognition that overlooked defects of
finite size may be unavoidable in welded
structures.

It was necessary to overcome a sub-
stantial amount of unsympathetic reac-
tion. Atthe same time, theanalyticaland
testing techniques of fracture mechanics
needed improvement. Both of these ob-
jectives were sufficiently achieved by
1960 s0 as to guarantee acceptance and
continued growth of fracture mechanics
technology. Primarily, three major frac-
ture problems were responsible—the
DeHavilland Comet fractures, fractures
of heavy rotating components of large
steam turbine electric generators, and
fractures of Polaris and Minuteman solid-
propellant rocket chambers. In all of
these, the fracture problem was related
to the use of a relatively new higher
strength metal. More importantly, the
penalties for failure tosolve each of these
problems in a timely way were unac-
ceptable, Fracture mechanics assisted in
thesolution of these problems. In return,
each of these applications made signifi-
cant contributions in terms of new frac-
ture behavior information, analysis
methods, and testing techniques.

The 1960s

In January 1960, a special committee
of the American Society for Testing and
Materials (now Committee E-24 for the
fracture testing of metals) reported'* that
fracture mechanics could be used to de-
termine whether a fracture test is mea-
suring the significant factors governing
performance and the degree in which a
fracture-test result can be generalized to
the more complex structure existing in
service. By this time, the U.S. Naval Re-
search Laboratory program on fracture
mechanics was only a moderate portion
of a national effort. Leadership of this
effort through the activities of ASTM

(Continued on page 83.)
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tewin (Continued from page 40.)
Committee E-24 has been consistent and
quite helpful. _

During the 1960-1967 period, the ap-
plication of fracture mechanigs to fg-
ngueand stress-corrosion cracking revi-
talized these topics both with regard to
research and practical fracture control
applications. Fracture-mechanics-based
research extended into other fields such
as the fracture of adhesive joints, com-
posites, rock, ceramics, and glasses.
Much of the effort during this period
was related to NASA and U.S. Depart-
ment of Defense aerospace programs. In
1967,a provisional ASTM testing method
tor plane-strain fracture toughness was
nearing completion and was already
being used. However, it was clear thata
consensus agreement on standard meth-
ods of toughness evaluation generally
applicable to a wide range of sheet and
plate materials required the develop-
ment of new characterization methods
*hat still retained validity in the pres-
rnce of relatively large crack-tip plastic
Zanes.

During 1960 to 1968 several ideas
rmerged,* and a number of problem
ireas suitable for trial of these ideas were
hand. From the applicability of frac-
“ire mechanics, the problem areas of
most significance were those that did
“Hnvolve high-strength materials (used
‘marily in aerospace tasks). For ex-
——

ample, reexamination of the fracture
safety of pressurized water vessels in
nuclear power plants revealed that the
possibilities for fracture during rapid
internal cooling required additional
study. Asasecond example, it was found
that fracture mechanics provided ad-
equate understanding of two major
bridge fracture experiences—the King's
Bridge at Melbourne (1963) and the Sil-
ver Bridge at Pleasant Point, West Vir-
ginia (1967), Although currently avail-
able fracture mechanics analysis meth-
odsassisted in the understanding of these
problems, the expansion of practical frac-
ture mechanics technology to include
advanced methods of characterization is
clearly needed for efficient fracture con-
trol during the coming years. This ex-
pansion is making progress but is still
some distance from completion.

CONCLUSION

The importance of the initiating pro-
gram at the U.S. Naval Research Labora-
tory and the 1920 Griffith crack theory
should not be overemphasized. The es-
sential analysis ideas were nearly obvi-
ous frombasic principles and could have
received appropriate expression at any
time given sufficient motivation. What
really happened was that the practice of
learning safety factors with the aid of
fracture failure experience, a practice
which had been in need of enlightened

replacement for some years, became too
expenstve. Innovative progress with
materials and structures demanded im-
proved understanding of fracture
strength and improved methods for
fracture control.
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