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A UNIFIED TECHNOLOGY PLAN FOR

FATIGUE AND FRACTURE DESIGN

Herbert F. Hardrath
NASA Langley Research Center
Hampton, Virginia, U.S.A.

ABSTRACT

Present procedures for designing against fatigue and fracture in aircraft
depend heavily on past experience and on expensive and time-consuming

ad hoc tests. Widely used analytical procedures are recognized as being

deficient in their quantitative predictions. The existing technology is

not always utilized to the extent possible,

Consequently, aircraft structures frequently develop significant fatigue
problems requiring expensive retrofits, inspections, and repalrs. Histori-
cally, many of the deficiencies developed early in the service usage of &
given type. In a few cases the aircraft structures were so grossly defi-
cient that the usefulness of the vehicle was jecpardized. Clearly, such
probtlems are attributable to an inadequate technology or to improper
analysis during design.

In many cases of military aircraft, the mission changes significantly
during the service life and economic constraints foree use of aircraft
beyond thelr scheduled lifetimes. Again, improved analyticasl tools are
needed to predict the impact of such actlions on structural integrity,
inspections, and costs.

An integrated research program is proposed that seeks to improve the tech-
nology of designing against fatigue and fracture and to develop a computer-
ized capability for assessing the adequacy of a given design. Both fatigue
life prediction and damage tolérance considerations are incorporated. The
research for each of these conslderations is organized to account for mate-
rial behavior, the effect of structural configurations, the cumulative
effects of the operating loedings, and, hopefully, for the effects of
enviromment — temperature and corrosion. Obviously, such an ambitious
program cannot be carrled out by any single organization. Much valuable
research 1g being done and will continue to be done by industrial,
academic, and govermment laboratories throughout the world. Their
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accomplishments will be vital to the overall effort and should be incor-
porated as appropriate. The goal is to achieve a viable fatigue and
fracture design procedure for any practical problem. The oversll program
is outlined, assessments are made of the state of the art, subgoals are
proposed, and means for achieving them are suggested.

INTROIUCTIOR

The cortinuing trend toward higher performance in new asircraft dictates
that all possible measures be used to save weight. However, the very high
cost of these aircraft also dictates that they be kept in service with
high reliability for long periods of time. At the same time, the struc-
tures of these vehicles tend to be much more complex and larger than their
predecessors. Clearly, the designers of new aircraft need reliable tools
to satisfy these conflicting requirements.

Designers frequently use computers to sssist them with the huge number of
caleulstions required. Many companies and institutions have developed
computer programs for the stress analysis of very complex structures. More
recently, the computer has been adapted to design the structure to satisfy
several criteria simultanecusly (Ref. 1). Among the considerations that
must ultimately be included in this design scheme is the assessment of
structural integrity for the scheduled lifetime of the vshicle. However,
today's technology in this important ares is characterized by a rather
heterogeneous assortment of rules of thumb, intuition, jJudgment, enslysis,
and only a semblance of theory. Certainly, nc rigorous solutions are
avallaeble for designing adequate parte.

Judging from the frequency of service failures, current technology is
either inadequate or its application is deficient, or perhaps both. Many
ingtltutions are conducting vital research in this area, and many symposia
are held to disseminate the results. The International Committee on
Aeronautical Fatigue is one of the foremost groups for such information
exchanges and 18, therefore, a most suitable forum for discussing plans
for technology improvement.

A practical discussion of = technology as broad and complex as thig one

requires thet the probleme be organized into comprehendible and mansgeable
units, then, that the state of the art be aessessed, that goals for improve-
ment be proposed and, finally, that methods be suggested for achieving the
desired improvements. This paper seeks to satisfy at least parte of these



needs. The remarks contained are intended to be applicabdble to metallic
structures. Composite constructions will undoubtedly require & parallel
effort because of their multiphased constituents and highly anisotropie
behavior. The technology for composite materials is not considered here.
Although the desigu of derospace structures 1s discussed, the principles
are expected to be applicable to meny other transportation gystems, sta-
tionary machinery, and civil engineering structures.

COMPETING DESIGN PHILOSOPHIES

Certification requirements for aircraft structural integrity fall into two
broad categories — safe-1ife and demage tolerant. The safe-life prhilosophy
is, of course, the older of the two and 1s widely uszed to predict the over-
all fatigue life of a fleet of vehicles. Analyses are based on simple
concepts; data are in the form of S-N curves established through tests of
slmple specimens; and ad hoe fatigue tests of critiecal Joints, major com-
ponents, and complete airframes demonstrate adequate life and define prob-
able locations for service failures. Little or no account 1s taken of the
behavior of cracks. "Failure" is subject to many interpretations, but
usually refers to sbme significant crack which, if detected, would require
corrective action before additionsl dervice is accrued. Thisg philosophy

is the basiz for most Eurcpean reguirements and, until recently, for sll
U.5, military requirements,

For many years, the American civil requirements {Ref. 2) have employed
fail-safe design which requires that adequate residual strength be main-
tained in the event of complete failure or obvicus partial failure of a
structural part. Recently revised American military requirements {Ref, 3)
now require that military aircraft be designed to be "damage tolerant."
These new military requirements are much more far-reaching than the
earlier 6ivil requirements. They differ from the eivil requirements in
that they require the structure to have specified "operating intervals"
during which cracks that have Just escaped detection at s previous inspec-
tion will not grow to critical size before the next scheduled inspection.
These requirements imply analytical techniques that are much more sophis-
ticated and will undoubtedly spur much new activity to provide the upgraded
technology. However, the new requirements also require that parts that
cannot be Inspected or that may not be capable of being rendered damage
tolerant, be designed to have a specified safe life.



The damage tolerant design depends on the stress intensity analysis of
cracked'éonfigurations; materials properties are in the form of rates of
crack propagetion and fracture toughness; and ad hoc tests are eonducted
on representative structural components to demonstrate adequate resistance
to crack propagation and edequate residual strength. In contrast to the
safe-life philosophy, this philosophy concerns itself only with ersck
behavior, but usually ignores how or when the crack was initiated.

These cbservations suggest that both prhilosophles, safe-life and demage
tolerant, will be applied seriously for the foreseeable future; neither is
completely satisfactory by itself; and both require improvement in predic-
tive capability to achieve improved future designs.

~Regardless of which design philosophy 1s considered, four major parameters
are proposed as being useful and necessary. These are: properties of
materials, effects of configuration details, effects of variable amplitude
loading, and the effects of the thermal and chemical environment. To a fair
first approximation these parameters caen be considered to be mutually
exclusive, tut strong gynergistic effects are obviously present. The solu-
tion of a given design problem requires consideration of each of the four
paremeters.

The remarks in this baper are grouped according to the four parameters just
mentioned. Because of the complexity of the problem areas, generalities

are employed which may not be literally true for individual situations, but
&re expected to be representative of the state of affairs. In each instance,
the current state of the art is evaluated, a proposal is made to upgrade the
technology, and a quantitative goal is offered to focus the effort. These
remarks reflect some of the special requirements associated with computer-
izing the technology. Finally, saimple applications are described to show

how a designer may approach the trades he may have to make among competing
design conslderations,

Selected accomplishments by the author's colleagues toward these ends have
been summarized in an earlier paper (Ref. 4),

MATERIAL PROPERTIES

Designers require at least three classes of material properties in order to
make intelligent choices in the design of highly reliable structures. These
are fatigue properties, crack propagation resistance, and fracture toughness,
Many tests are conducted in meny organizations to provide these data and to



certify that given lots of materials satisfy minimum requirements. Gener-
ally, these data remain in the files of the generating organization, but
several continuing efforts are applied to consolidating and disseminating
such data (Refs. 5.9).

As valuable as such data compilations may be, they are not well suited for
use in computers. For this purpose, a much more convenient form would be
8 set of standardized empirical equations fitted to the data.

Fatigue Properties

To characterize fatigue behavior, the well-known S-N curve is the most fre-
quently used data format. Because the 8-N curves must be known for each
combination of material, mean stress (or R), maximum stress, and stress
concentration, a very large number of tests is required, Early investiga-
tors such as Goodman (Ref. 10) and Gerber (Ref. 11) foresaw the need to
stanC rdize the ecross plot of S-N curves to show the relation between
alternating and mean stresses for glven llves. However, the technology
still lacks generally mccepted equations for organizing the data,

Computerized data-handling systems appear ideally suited for developing
standard equations at thisz time. Large quantities of data have been encoded
(Ref. 12) and should be used to develop adequate formulas, Once standard-
ized expressions are developed and demonstrated to be capable of representing
the data, they should become very effective in anticipating fatigue behavior
for the full range of parameters after only & few selected tests are con-
ducted. If such efforts were successful, the economies affected in conduct-
ing future tests should more than repay the cost of the research required
for their development. Even 1f the totﬁl fatigue and damage tolerant design
process were not reduced to 2 computer operation, working with analytical
expressions should be much more convenient end reliable than working with
magses of plotted data.

Fatigue Crack Propagation

Crack propagation data are usually plotted as da/dN, the rate of growth per
cycle, against some measure of stress, usuelly the stress intensity factor,
X, calculated by s modification of the Griffith-Irwin analysis.

Many "laws" have been proposed to characterize such data, Among them, the
Paris (Ref. 13) equation proposes

&= c ()" (1)



where n was originslly thought to be k. Although this law has been wvidely
quoted, the exponent has been shown to very significantly, and the expres-
aion 18 not capeble of predicting the threshold value below which many
investigators have found no erack &rowth, nor the more rapid rates that must
accompany high stresses ncar the critical fracture stress. Forman (Ref. 14)
has proposed an expression

n
g%smf (%) - {(2)
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vhich satisfies the latter cbjection, but does not predict & threshold. The
Elber (Ref. 15) crack-closure concept may provide a rational basis for
improved predictions but requires further development to become a quantita-
tive prediction tool.

Large quantities of data are being generated to characterize crack propaga-
tion bebavior and, egain, standardized expressions fitted to the data would
be of immcdiate benefit to users of the information and should help to
reduce ths amount of testing required to characterize materials in the
future. If computerized analysizs is ultimately to become a reality, such
equations are clearly a requirement,

Fracture

The Griffith-Irwin brittle fracture concepts {Ref. 16) have been actively
developed by & large number of investigetors during the past two decades.

A most attractive raticnele for fracture has been developed. Because
"brittle” fellure 1s easy to analyze and usually represents the "worst cage"
for & given material, the bulk of research to date has been devoted to
forcing a materiasl to fail under plane strain conditions to simulate brittle
behavior. Stendard test methods (Ref. 17) are available, but have severe

limitations on how they are applied and even then do not always generate
"valid" data.

Howaver, the Griffith condition of completely brittle (K1.) failure occurs
in practicsl structures only infrequently and many investigators have come
to realize thet if K1, data were used in design, very severe weight penal-
ties would be suffered. Consequently, plasticity and "plane stress” behavior
at crack tips have been the subject of much research in the past few years,
The underlying rationale ig usually to modify the stress intensity analysis
to, in prineciple, aceount for the nonlingar behavior, and thus to extend
fracture conaiderat;:lons to the nonbrittle failure case, Much remainz to be



done before this technology 1s ready for general use by designers. Fracture
theories and test procedures should be developed that are capable of charsc-
terizing all practical materials in all commonly used thicknesses,

Material Selection

The three-dimensionsl diagrem in Figure 1 has been proposed (Ref. 18) to
illustrate the choices a designer must make to select the best material for
his structure. The "operating surface" for a given material intersects the
vertical axis (N = 0, a, = O) at the ultimate tensile strength-density ratio.
It intersects the right-hand vertical plane (8, = 0) along the S-N curve and
along the left-hend vertical plane (N = 0) along & curve of residual strength
egainst crack length. Away from the coordinate planes the surface represents
the combination of stress and life that accompanies any given initial crack
length. For practical situations, the initial crack length will normally be
the threshold sensitivity of the inspection procedures employed in manufac-
ture or in service end the life will be the desired inspection interval,

For the slmple case shown (simple configuration and R = 0), the equation
for the surface wes based upon & modified Paris relation and is glven as

b L 1
") (&) e g

where N is the number of cycles of loading that will grow & crack to its
critical size
A5 is the range of stress
p 1ig the density of the material
C 1is the material constant that characterizes crack growth resistance
a_ 1z the initial crack length
a, -1s the critical crack length

(Note: The surface represented by Equation (3) does not intersect the
8g = O plane at the limits suggested, so it has been faired into the S-N
curve to give a complete representation of material behavior.)f

The diagram in Figure 2 provides a a comparison for three such surfaces repre-
senting three arbitrarily chosen candidate materials for a given set of
design conditlons. The materials chosen and their prertinent characteristics

were:



Alumi num Titanium Steel

Alloy ' 202473 T1-6A1-4V D6Ac
Tensile strength, MB!/me 489 900 1700
Density, p, gk/m> 2770 4o 7890
Fracture toughncss, K, Mm/m'jfe 110 110 60
Crack growitn resistence, C 1025 3043 23000
Crack growth exponent, n 3.64 3.12 2.62

The figure shows only that portion of each of the three operating surfﬁces
that is higher than the other two at s given combination of initial crack
length and life. Thus, the lightest part for the same loading may be made
from the material whose surface is shown. From this comparison, the high-
strength steel is superior only for extremely short initial crack lengths.
Thus, for most practical situations requiring low weight, the titanium and
aluminum alloys will provide lighter deaigns. The titanium alloy is better
over only a small region where crack lengths and required lives are short.
For the large majority of design situations the modest strength aluminum
alloy leads to the most efficient deslgn.

To become & gquantitative design tool, the material-selection model described
here requires extension to account for other R values, variable amplitude
loading, and more complex configurations. In each case analytical expres-
sions will be required to permit the necessary caleculations to be made,

CONFIGURATION EFFECTS

Fatigge

The effects of configuration, whether on fatigue behavior or on damage
tolerance, are measured primarily by the stress analysis of structural
parts. By far the most common reason for deficient service life is the
inadequate accounting for stress concentrations near design details,
Although the designer is well aware that sharp discontinuities lead to
early fallures, he is hard-pressed to know quantitatively how much he must
alleviate stress concentrations. Because his structure is too complex for
8 complete analysis of local stresses, he relies heavily on rules of thumb
and past experience with similer designs. FPhotoelastic or other strain-
surveylng techniques are sometimes used for particularly sensitive areas.
Tabulated date on theoreticsl and experimental factors for simple configu-
rations are frequently used to supply additional judgments. The current
state of art is such that an experienced designer can err in his estimate



of stress concentration factors by a factor of 2. The congequent error in
predicted life is frequently a disappointing factor of 10, Large numbers
of ad hoc tests are needed to evaluate candidate designs.

The improvement of this stete of affairs presents & formidable challenge to-
researchers. One obvicus approach is to require a detalled stress analysis
by say, finite-element procedures, to describe the local stress state for
each fastener and other discontinuities in the structure. Even our largest,
most sophisticated computers could not cope with so tremendous a computa-
tional chore. An alternate, and far more economically sultable proposal,
would be to provide general catalogs of effective concentration factors for
previously encountered details. Such catalogs should include factora for
varicus types of fasteners probably as a function of fastener-sheet material
combinations, head shapes, fastener-sheet slzes, interference fits, various
doubler configurations, reinforcements around cutouts, Joints, and many
others. Other effects such as damage from fretting and improved behavior
due to shot-peening or other cold work should alsc be accounted for
ultimately.

Partially computerized techniques for analyzing major Joints have been
developed by Jarfall {Ref. 19) and probably by others. Such methods are
required for many other practical situations in order to quantify the design
process and to reduce the number of ad hoc tests required to prove adequacy
of trial designs. Very significant improvements in safety and service life
are likely to be achieved with little or no weight penalty.

Damage Tolerance

Both the rate of fatigue crack propagation snd the residual static strength
in structural components are characterized by the stress intensity at crack
tips. The local stress concentration that may lead to early fatigue cracking
is of much less concern here than for fatigue design because only the very
early stages of crack growth are affected by these local stresses. 'Houever,
the presence of stringers, thelr attachment to sheets, redundancy of con-
struction and other such features are likely to be of great importence.

Stress intensity analyses for practical complexities in structures are being
developed at an increasing rate. Particular attention is being given to
cracks growing from holesz, surface flaws and other three-dimensional configu-
rations, allowances for plastic action and scme cases of stiffened configu-
rations. Many more sclutions are required. Analyses such as one by Poe



(Ref. 20) indicete that rates of crack propagation can be changed readily
by factors of 10 or more by judicious use of crack inhibiting stringers,

Design Trade Offs

The designer should ultimately be in g position to make g Judiciocus choice
among candidate configurations to provide the reliability and life he
requires. On the one extreme, he may wish to consider a completely mono-
lithic design with a minimum of stress concentrations. Such designs are
likely to be lightweight because 211 material is used efficiently, but are
likely to be very expensive to construct. However, if such a structure is
stressed to take advantage of its superior fatigue behavior, it is likely
not to possess much tolerance for insdvertent damage encountered in service,
On the other extreme, the designer may wish to introduce many redundancies
to retard crack growth. Such designs are also likely to be expensive,
because many parts must be assembled, Further, the many fasteners that are

The optimm design 1s likely to be a combination of good fatigue and damage
tolerant design features. The optimum will be resched best when both
features can be evaluated quantitatively. Customers and certifieation
agencies must also be assured that a well-balanced, safe and economical
design has been achieved.

LOAD HISTORY EFFECTS

One of the most challenging facets of designing for adequate service lirfe

1s to account for the complex load history to which most alrframe components
are subjected, The description of the statistical frequency of oeccurrence
of service loadings is beyond the Scope of this paper, but how Such leoadings
contribute damage and affect fatigue crack Propagation are treated here.

Fatigue
Despite many research results that 1llustrate the deficiencies of the well-
knovn Miner rule (Rer. 21), no substitute cumulative damage rule has £gained

widespread approval. Several alternate schemes are being applied or
studied.

The Royal Aeronautical Datg Sheet (Ref. 9) recommends the use of the Miner
rule, but baged on 3-N curves whose mean stress is selected to account for

local residual stresses that can be left by cceasional excursions to high
stresses,

1o



Kirkby (Ref. 22) and others have proposed that the anomalies in the cumula-
tive dam@ge enalyses might be avoided if the basic S-N curve were to be
generated from tests with random loadings &nd various root-mean-square
stress levels. Life under the service load environment would then be cal-
culated from an assembly of random load segments. Adoption of this princi-
ple 18 likely to be hampered by the very costly prospect of generating a
new set of basic data. Special procedures will be required to account for

large, nonrandom, load excursions such as the ground-air-ground cycle,

A third method suggests that the expected load time history be transformed
to a local stress history accounting for local plastic stresses. The S-N
curves Tor unnotched specimens made of the material of interest would be
used 83 a basls for a Miner analysis. Procedures for making sequential
stress calculations are being developed by Morrow and his colleborators
(Ref. 23) and by Crews (Ref. 24). This method is attractive because of the
attention paid to local behavior. However, the designer is unlikely to be
in a pesition to anticipate the camplete sequence of events in the service
life of an aircraft. Presumably, large numbers of potential sequences
having identical overall statistical characteristics night be proposed, a
life predicted for each and the worst case or some intermediate case
accepted as the representative prediction. The application seems cumber-
some for deslgn purposes. The method depends heavily on the detailed
elastic and plartic stress analyses previously discussed under Configuration
Effects and also should include effects of interference fasteners (Ref. 25)
and cther bullt-in stresses.

Whichever of these or other hypotheses is ultimately chosen for cumulative
damage analysis, the accuracy must be significantly better than that of the
current Miner rule, the calculations must be tractable, and should be appli-
cable to any time history of stress that is likely to be encountered in
service,

Crack Propagation

Many recent investigations have shown that a very important delay in crack
propagation occurs after intermittent applications of high stresses. Pre-
diction procedures for this so-called "interaction effect" have been devel-
oped (Refs. 26-27) from consideraticns of the slze of the plastic zone
ahead of the crack tip.
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In Wheeler's model (Ref. 26) the crack growth increment Aa for a given
stress cycle is

T
da
ba = (EE) ax ()
P
where rp is the plastic zone size Tor the ¢ycle in question
& is the plastic zone size for a previous cycle at higher stress
m is an adjustable constant
da

and an 1s the growth expected if no interaction were Dpresent.,

Tne constant m 1s adjusted empirically to fit observed data and appears
to depend on the material and on the stress history,

Willenborg (Ref. 27), on the other hand;, calculates a residual stress ahead
of the crack tip and postulates that the next stress cycle is ineffective
until 1t counteracts the residual stress. Thus, the effective range of
stress 1s reduced for all cycles following & high stress ¢ycle. The resid-
ual atress is assumed to decay linesrly with crack growth through the
Plastic zone,

Elber (Ref. 15) found that cracke close near their tipa before all external
stress is removed, because material behind the ecrack tip has been Plasti-
cally deformed. Conseguently, a "crack-opening load” must be applied before
edditional crack growth can take place. This model requires further develop-
ment to predict behavior under variable emplitude loading.

Whichever of these or other model is found to be most suiteble for design
purposes, 1t must be applicable for any time hiastory of stress that is
likely to be encountered in service.

Fracture

Fracture behavior is expected not to be sensitive to time history effects
for purposes of thie discussion.

ERVIRONMENTAL EFFECTS

For purposes of this discussion; two broad categories of envirommental
effects are likely to be present in many practical design situations:
thermal and chemicel effcots.



Thermal Effects

The primary effect of temperature is to modify material properties. Thus,
many 8d hoc tests are conducted at temperatures to determine fatigue prop-
erties, crack propagation resistance, and fracture toughness. For cryogenic
applications the first two properties are likely to be reasonably unaffected,
but toughness frequently is much lower at low temperatures than at room
temperature. At elevated temperatures, all three properties are likely to
be degraded, the failure Phenomena betome much more time-dependent (impl&ing
an interaction with creep) and are complicated by possible interactions with
oxidation.

Because of the major effect of the elevated temperatures, designers of engine
&nd other heated components are likely to select materials and adjust stress
levels consistent with expected service conditions. However, quantitative
predictions are not yet ready for canputerization. The effect of tempera-
tures on the materials properties discussed earlier should be quantified

and reduced to analytical form for computer-alded design.

Chemical Effects

Much of vhat is known about the effect of the chemical enviromment on
fatigue behavior has been learned from "basic” studies in which the mecha-
nism of failure is under deliberate study. Generally, & vacuum environment
leads to longer lives than are observed in eir and aggressive environments
are likely to lead to shorter lives. The actual life is likely to be
strongly time-dependent in the aggressive environment. Quantification of
the effects is progressing at a very slow rate. Even the simple case of
corrosion in an outdoor seaside environment without stress has resisted
attempts to produce dependable correlations.

When tensile stress and a susceptible material containing a flaw are exposed
to an aggressive enviromment, stress corrosion cracking may oceur. At room
temperature the most deleterious environment is likely to be aqueous, but
dry salt and liquld metals produce similar degrading results at elevated
temperatures. Data are usually plotted as the stress intensity factor K
against the time required for failure.

Because corrosion, even without stress, can have drastic regults, it is
usually dealt with by selection of reeistant materials or by protective
treatments. In service, lavatories, galleys, and other areas where the
environment 1s recognized to be especially severe are inspected for damage

13



and repaired before serious structural damage occurs. Generally, the pro-
gressivé degradetion of properties and the acceleration of the fatigue and
crack propagation processes are not dealt with in a deliberate sense for
alreraft design., Whether & quentitative life prediction scheme should or
should not be pursued in the foreseeable future ig a matter for debate.

For pressure veséels in Spacecraft, resistance to stresg eorrosion crack-
ing has been a controlling meterisl property. Usually, the threshold

stress intensity is or interest ang inspections and proof’ tests are employed
to identify the initial condition of a vehicle, Life to failure is gener-
2lly not the design condition, thus, a simple listing of threshold stress
intensity for given combinations of material, corrosive environment,rand
temperature is likely to suffice for design purposes.

Fracture toughness 1is currently thought not to be affected by an aggressive
environment, Rather, if failure is to oceur, flaws will grow by stress
corrosion cracking until the critical conditions are reached that are
critical for nonaggressive environments,

SUMMARY

Throughout the Toregoing sections, the current design capability has been
found deficient compared to what is desireable for future designs, particu-
larly if computer-aided procedures are to be employed, Table T summarizes
qQuantitatively the suthor's Judgments on the errors that are possible with
today's technology and on goals that might be achieved through concerted
research efforts over the next decade or go. In all cases, the objective
should be to provide a design tool sophisticated enough to handle the most
important parameters rationally, if possible, but emplrically, if neces.-
sary. In any case, the limits of application should be clearly established.
Proposed methods must be capable of handling the practical complexities of
at least the configurations and load histories commonly encountered in
aerospace designs. Materials must be characterized for fatigue behavior,
crack propagation resistance, snd fracture toughness, with appropriate
account for temperature effects. Extension to predict life under a corro-
give environment mey not be realistic in the foreseeable future and should
receive lower priority.
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TABLE I

QUARTITATIVE JUDGMENTS OF THE CURRENT AND RECOMMENDED STATE OF ART
FOR FATIGUE AND DAMAGE TOLERANT DESIGN

Material Properties
Fatigue
Crack propagation

Fracture
Configuration Effects
Fatigue

Crack propagation
and fracture

Load History Effects
Fatigue

Crack propagation

Fracture

Environmentel Effects
Temperature
Chemical

1973

Unwieldy analysis
Inadequate analysis
Limited to plane strain

cases

Predicted KT
0.5 < < 2.0
= HTectlve K, <

0.8 < Predicted K <1.2
~ Effective X =

Simple cases

0.1 < Z § <10.0

Predicted Nf
0.05 < Srrem— < 2

— Observed Nf

Noct applicable

Ad hoc tests
Ad hoc tests, inspect

repair

18

Future

Standard equations
Improved laws
Extend to plane stress

Predicted K&

°-85mm51-2

0.9 < Predicted K <1.1

ectlve -

More complex cases

0.5 < Predicted life <2
- Ubserv e -

Predicted Nf
<2

S-Observed Nf -

0.5

Not applicable

Standard equations
Quantitative predictions?
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ALTERNATING LOADS TEST
STRESS/DENSITY CENTER CRACKED PANEL

OPERATING -
STRESS/ DENSITY l I ‘

FATIGUE LIFE

L e
LIFE TO FAILURE

INITIAL CRACK LENGTH, 3

Figure 1. Operating stress for specified 1life and initial crack.
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STRESS/DENSITY

Figure 2. Best choice among three materials for specified life and initial crack.



