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Foreword 

This publication on Part-Through Crack Fatigue Life Prediction con
tains papers presented at a symposium held 13-14 Oct. 1977 at San Diego, 
Calif. The symposium was sponsored by the American Society for Testing 
and Materials through its Committee E-24 on Fracture Testing. J. B. 
Chang, Rockwell International Military Aircraft Division, served as 
symposium chairman and editor of this publication. Those who served as 
session chairmen were J. P. Gallagher, University of Dayton Research 
Institute; G. A. Vroman, Rockwell International/Rocketdyne; and C. M. 
Hudson, NASA/Langley Research Center. 
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Introduction 

The practical importance of part-through surface cracks has been 
recognized for many years. The results of careful fracture failure examina
tions of hydro-test fractures of Polaris rocket chambers (1958-1962) were 
clearly illustrative. In most of these, crack propagation started from a 
surface crack defect. The rocket chambers were welded and the shell 
material was a hot-die steel with a yield strength in the 200 to 220 ksi 
range. Most of the initial cracks were located at weld borders or at solidifi
cation boundaries related to weld repairs. It seemed clear that surface 
contour, lack of fusion, and additions of bending to in-plane tension all 
favored the formation of surface cracks. The importance of part-through 
surface cracks was discussed in the first report of the ASTM Special 
Committee which later became ASTM Committee E-24.1 Footnote 1 
described the relationship of part-through surface cracks to the "leak-
before-burst" criterion for adequate toughness. 

Subsequent applications of fracture mechanics to fatigue and to stress-
corrosion cracking added to the probability of service component initial 
cracks of the part-through surface crack type. Pertinent considerations 
included surface folds, deep surface scratches, damage at edges of holes, 
and access of aggressive environments to surface features. 

Although the practical importance of part-through surface cracks has 
been clear, the development of adequate fracture mechanics treatment of 
these cracks has been handicapped by formidable complexities. The com
plexities are of two kinds, /f-value analysis and resistance to crack exten
sion. With regard to K-value analysis, our first assistance came from a 
function theory solution for the problem of a flat-elliptical crack with 
remote normal tension by Green and Sneddon.2 Footnote 3 provided equa
tions for K around the elliptical crack front and suggested an initial, 
approximate method for /C-value estimates applicable to part-through 
surface cracks. 

Numerical as well as function theory analyses of three-dimensional 
crack problems are, of course, much more difficult than analyses of two-
dimensional crack problems. The analysis problems become extreme or 

'"Fracture Testing of High Strength Sheet Materials," ASTM Bulletin, Jan. 1960, pp. 34-
37. 

2Green, A. E. and Sneddon, I. N., Proceedings, Cambridge Philosophical Society, 1950, 
Vol. 46, p. 159. 

3 Irwin, G. R., Transactions, American Society of Mechanical Engineers, 1962, Series E, 
Vol. 29, p. 651. 
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2 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

unimportant, depending upon viewpoint, as the front of a part-through 
crack approaches intersection with the plate (or shell) surface. The surface 
region adjacent to the crack front develops plastic yielding early in the 
loading cycle. In addition to the corresponding intluence of local yielding 
upon stress distribution and AT-value estimates, the effect of the near-by 
free surface upon resistance to crack extension must be considered. 

Given a part-through surface crack of nearly half-elliptical shape, it seems 
reasonable to assume that the central and deepest half of the crack front 
would be governed by conditions of local plane-strain and would respond 
in predictable ways to crack extension forces. Uncertainties would remain 
with regard to regions of the crack front close to the plate surface inter
sections. Presumably these uncertainties would be at a minimum in fatigue 
loading but even then should not be overlooked. 

Experience has shown that advances in fracture technology proceed best 
through mutual interaction between analysis and experimental observa
tions. The technical papers in this ASTM Special Technical Publication 
provide an appropriate collection of theoretical and experimental investiga
tions which will substantially assist fracture mechanics technology in 
application especially to part-through surface cracks fatigue life predictions. 

G. R. Irwin 
Visiting professor of Mechanical Engineer

ing. University of Maryland, College Park, 
Md. 20742. 
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T. A. Cruse, lA. E. Gemma,' R. F. Lacroix,2 and T. G Meyeri 

Surface Crack Life Prediction: 
An Overview 

REFERENCE: Cruse, T. A., Gemma, A. E., Lacroix, R. F., and Meyer, T. G., 
"Surface Crack Life Prediction: An Overview," Part-Through Crack Fatigue Life 
Prediction, ASTM STP 687, J. B. Chang, Ed., American Society for Testing and 
Materials, 1979, pp. 3-15. 

ABSTRACT: Successful application of fracture mechanics methodology to component 
fatigue life prediction requires knowledge of flight cycle loading, local stress and 
material conditions, da/dN characterization for the material, and the stress intensity 
factor(s) for the appropriate crack geometry(ies). It is generally assumed that all of 
the aforementioned conditions are well within current state-of-the-art design proce
dures for through-thickness cracks. It is further assumed that the part-through, 
surface crack stress intensity factor distribution is now sufficiently easily characterized 
that accurate fatigue life predictions can be made for this class of crack geometries. 
Major unresolved issues for surface cracks exist for small surface cracks, which are 
initiated within surface layers of machining stress and flight cycle-induced plastic zones 
near structural notches. The issues include definition of the material properties within 
the surface layer, unknown surface "values" of the stress intensity factor distribution, 
crack growth through highly varying stress/material property fields at the surface, and 
the applicability of macrocrack growth models to small cracks. Further experimental 
and analytical effort is required in order to achieve accurate fatigue life prediction 
design methodologies for small surface crack problems in real structures. 

KEY WORDS: fatigue (materials), gas turbine disk, crack initiation, crack propaga
tion, stress concentration, titanium alloys,.stress gradients, structural analysis 

Fatigue life prediction for gas turbine engine disks traditionally has 
involved two distinct problems: initiation (and subsequent growth) of 
surface cracks at highly stressed notches in inherently defect-free material; 
and, propagation of cracks from inherent defects in smooth regions of 
large material volume with moderate stress levels. A recent paper [7J3 has 

1 Project engineer, senior assistant project engineer, and senior analytical engineer, respec
tively, United Technologies Corp., Pratt and Whitney Aircraft Group, Commercial Products 
Division, East Hartford, Conn. 06108. 

2Assistant project engineer, Materials Engineering and Research Laboratory, Middletown, 
Conn. 06457. 

3 The italic numbers in brackets refer to the list of references appended to this paper. 

3 
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4 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

presented a study of the initiation problem for titanium fan disks, sub
jected to complex mission load cycle histories. The critical fatigue location 
in the selected fan disk problem was the bolt hole, which can be simulated 
by a bolt-hole specimen (see Fig. 1). The current paper seeks to present an 
overview of some basic features of surface crack growth prediction tech
nology by fracture mechanics modeling of the bolt-hole fatigue problem 
discussed in Ref / . 

Surface crack fatigue life prediction for large cracks in elastically loaded 
plates with and without notches has been shown to be within the state of 
the art [2]. This earlier work showed that simple hypotheses can be used 
to reduce the general surface crack geometry to two, coupled crack growth 
problems for the crack surface length and depth. Correlation of the surface 
crack growth data showed good agreement between experimental and 
analytical values of the stress intensity factors and the growing crack size 
and shape. Finally, this study demonstrated a cost effective means for 
incorporating local stress gradients due to elastic loading of a bolt-hole 
type specimen. 

The current study seeks to demonstrate some current deficiencies in 
surface crack growth prediction. The fatigue life of the bolt-hole specimens 
in Ref / consisted primarily of the early initiation and subsequent propaga
tion of very small surface cracks. The local stresses in the bolt-hole speci
men consist of elastic-plastic stresses due to the high load amplitude, 
together with local residual stresses due to machining. One major concern 
in the current study is the ability to account for these important, inelastic 
stress fields. A second major concern is the issue of surface length retarda
tion due to inaccurate crack growth models in the surface layer. These 
inaccuracies do appear to exist, although the question of whether the 

0.6255 In. dia 0.291 In. dIa. 

JHJ 

0.145 In. 
0.50 In. 

L 
J 

I I I 

FIG. I—Boll-hole specimen (I in. = 2.54 cm) 
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CRUSE ET AL ON SURFACE CRACK LIFE PREDICTION 5 

problem is the surface stress intensity factor calculation or the growth 
model is not yet resolved. 

Analytical crack growth modeling was performed to predict cyclic crack 
size and aspect ratio as a function of various stress distributions near the 
bolt-hole: elastic, elastic-plastic with zero /?-ratio (minimum stress/ 
maximum stress), and a full accounting of the local elastoplastic field, 
including variable /?-ratio into the specimen depth. Experimental data 
have been taken from eight bolt-hole specimens, subjected to identical low 
cycle fatigue load histories. The data include documentation of the failure 
sites, crack morphologies, and limited striation spacing. 

Experiment 

Baseline Materials Data for Ti-6Al-2Sn-4Zr-6Mo 

The same heat of material was used in the fabrication of all specimens. 
The room temperature monotonic and cyclic stress-strain data for Ti-6-2-4-6 
have been reported elsewhere [/]. The baseline crack propagation behavior 
was determined from a series of tests using center-notched sheets and tube 
specimens machined from a compressor disk forging. The following rela
tionship was found to characterize the test results. 

da / 1 54 \ "-^ 
- ^ = 1.55 X 1 0 - " T T T W {AKY"^ dN \ 1.64-/? 

- ^ > 7 X 10- ' ; - 5 . 0 < R < 0.5; 20 cpm 

units: AK, ksiVin.; da/dN, in./cycle 

(1 in. = 0.0254 m; 1 ksiVin. = 1.099 MN/m^'^) 

Fatigue Tests of Bolt-Hole Specimens 

The primary experimental phase of the study consisted in the testing of 
eight bolt-hole specimens under constant amplitude fatigue with a net 
section stress range of 344.75 + 344.75 MN/m^ at a frequency of 15 cpm 
and room temperature. All specimens were machined from two disk 
forgings of the same heat code to ensure that each specimen had the same 
processing history and microstructure. Final machining was controlled 
carefully so that the surface finish and residual (machining) stresses would 
be similar for each specimen. The configuration and dimensions of the 
bolt-hole specimen are given by Fig. 1. At selected intervals during the 
fatigue testing, visual inspection of the surface of the hole was made using 
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6 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

the wink-zyglo technique, (the surface was coated with a fluorescent dye-
penetrant and viewed in black light). An attempt was made to estimate 
the number of cycles to first indication of a crack permitted by the sensi
tivity of the inspection method, which is approximately 0.0127 to 0.01778 
cm. The results of the fatigue tests can be found in Table 1. The data 
indicate that the observed surface macrocrack growth accounts for approxi
mately 20 percent of total life; however, unobservable crack growth (from 
initiation to approximately 0.0127 cm) accounts for a much larger fraction 
of the total life. 

Fractography 

Subsequent to failure, each specimen was examined in a scanning electron 
microscope to determine the shapes and sizes of the fatigue cracks at the 
onset of final fracture. The fracture surfaces of all specimens were similar 
in that they contained multiple fatigue origins and extensive regions of 
shear and tear fracture. The specimens shown in Figs. 2a and 2b are 
representative of all of the specimens examined. The primary fracture in 
each case progressed from one origin or from two or three origins located 
in close proximity to each other. The remainder of the fatigue cracks were 
isolated from the primary fracture until joined by shearing or tearing in 
the final stages of fracture. Many (possibly all) of the secondary fatigue 
cracks may have ceased to grow before the onset of final fracture. This is 
indicated by the "stretched" zones at the peripheries of these cracks 
similar to those produced in specimens containing arrested fatigue cracks 
which are subjected to sudden overloads (such as that occurring in fatigue 
cracked parts which are broken open by impact). Thus the sizes and 
shapes of the secondary cracks at the time of final fracture are clearly 
discernible. In contrast are the primary cracks which eventually led to 

Table 1—Specimen data. 

Specimen 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

1 

First Observed 
(0.005 to 0.007) 

7000 
5000 
5000 

6000 
5000 
4200 

Observed Crack Length (inches)" 

1/64 

5500 

5000 

7000 
5500 
5000 

1/32 

7600* 
6500* 
5800* 
5300* 
4500* 
7400* 
6000 
5600* 

versus Cycles 

1/16 

7700 
7000 
6000 
5500 

6000 

Failure 

8380 
7347 
6200 
5615 
4757 
7695 
6207 
6830 

"1-in. = 2.54 cm. 
* Estimated. 
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CRUSE ET AL ON SURFACE CRACK LIFE PREDICTION 7 

Primary crack-

Shear lip 

, ^^N Approximate 
^ ^ crack shapes at 
^- "^^ / failure of 
\ 

\ ^ ~-/ specimen no. I. 

Secondary 
crack 

Shear 
lip 

?^*^^^'' 

/ 
/ 

Stcondary cracks 

Depth of 
plastic zone 

mm 
/ Crack shapes 
ZX at failure of 
vy specimen no. 2. 

FIG. 2—(a) Fracture surface showing multiple crack origins, and (b) fracture surface 
showing well-defined secondary crack shapes. 

failure of the specimens. They display no stretched zones and the extent 
of fatigue fracture can be estimated only because the fractographic features 
associated with rapid fatigue crack growth are identical to those produced 
by tearing. 

Aspect ratios (the ratio of surface crack length to crack depth) were 
determined for all but a few of the fatigue cracks. In Fig. 3, the aspect 
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8 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

2.4 ' Spec " I 
- 2 

2.2- — ] 

2.0^ Simulation Largest predicted 
crack 

2c/a aspect ratio 

1.6 

1.4-

1.2h 

results 

1.0^ 
10 ' 10^ 10 ' 1 0 ' 

TT ac crack area-in.' 

FIG. 3—Comparison of measured and predicted crack aspect ratios (/ in. = 2.54 < 

ratios of all "isolated" cracks are plotted as a function of crack area. 
Included in Fig. 3 are measurements of cracks on primary and secondary 
surfaces. Although there were wide ranges for both the crack size and 
aspect ratio, there appeared to be no significant systematic variation in 
aspect ratio with crack size. Crack lengths ranged from 0.00584 to 0.09728 
cm, crack depths from 0.00381 to 0.0762 cm, and aspect ratios from 
1.17 to 2.33. The average ratio for all cracks was 1.68; for the smaller 
cracks (lengths 0.0508 cm, depth 0.0254 cm) the average was 1.63 and for 
the larger cracks it was 1.85. Replicas of the fracture surfaces were pre
pared and examined in a transmission electron microscope for the purpose 
of measuring the striation spacings and thereby determining the microscopic 
crack growth rates. The measured striation spacings as a function of 
crack depth are shown in Fig. 4. It was hoped that these data could be 
used to determine crack sizes and shapes at various cyclic intervals. How
ever, this was found to be infeasible for several reasons. There was a high 
degree of random variation in the striation spacings. The locations of the 
measured striations with respect to the fatigue origins could not be deter
mined with sufficient accuracy. Well defined and measurable striations 
were, in some cases, very scarce. Another complicating factor was the 
observation that the local (microscopic) crack growth directions (indicated 
by the orientation of the striations) were not always consistent with the 
dominant (macroscopic) crack growth direction. However, since all cracks 
were relatively small (-0.0762 cm), the deviations observed in this study 
were not as large as the variation usually found for large cracks. Figure 5 
indicates the deviations in crack directions typically observed. 

Some difficulty was also encountered in correlating the fractographic 
observations with the macrocrack data of Table 1. For example, most of 
the specimens reportedly contained (by wink-zyglo) cracks as long as 
0.1588 cm prior to failure, whereas in the fractographic examination none 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:56:56 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CRUSE ET AL ON SURFACE CRACK LIFE PREDICTION 9 

30 

20 
Striation spacing, 

/ i inch 

(Aa/ANXIO'^in/ 
cycle) 10 

Predicted for aspect ratio of 2.1 

Predicted for aspect ratio of 1.0 

A A o 

A ' O'^ O 

> & /I 
y 

• 8 / 

Specimen 

O 1 

O 6 

A 2 

O 7 

0.01 0.02 0.03 0.04 

a, crack depth '^ in. 

FIG. 4—Actual and predicted striation spacings versus crack depth (1 in. = 2.54 cm). 

Macroscopic crack 
growth direction y 

FIG. 5—Macroscopic versus microscopic crack growth direction. 

of the specimens was found to contain a fatigue crack of this length. This 
may imply that the observed cracks (by wink-zyglo) consisted of several 
smaller cracks which gave the appearance of a single crack. 
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10 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

Analysis 

Finite Element Stress Analysis of Bolt-Hole Specimen 

The finite element method was used to carry out three stress analyses 
(plane stress) of the bolt-hole specimen in order to determine the stress 
distribution at the critical region, CT, (X, 0), following a single load cycle. 
Each one of the three analyses was based, in turn, upon one of the follow
ing assumptions concerning material behavior and loading conditions: (1) 
purely elastic behavior, (2) elastoplastic behavior without unloading, and 
(3) elastoplastic behavior with elastic unloading. Only the last analysis 
yields residual stresses and the corresponding variable ^-ratio distribution, 
and is given by Fig. 6. It is noteworthy that the ^-ratio is approximately 
— 0.4 at the surface of the hole and it remains negative for a depth of 
0.05334 cm which is deeper than most of the cracks found by fractographic 
examination. 

Crack Modeling and the Effective Stress Intensity Factor 

The stress intensity factor, Kis), along the crack front of a part-through 
surface crack emanating from the hole is a complex 3D problem. However, 
a method developed by Besuner [3] and Cruse and Besuner [4] to estimate 
the effective stress intensity factor(s) for through and part-through cracks 
with complex configurations in variable stress fields has been shown to be 
quite useful. Essentially the Besuner-Cruse method introduces the concept 
of an effective stress intensity factor which can be identified as the area 
rms (root-mean-square) value of the varying stress intensity factor, K(s), 
where s is the crack-tip boundary, for the corresponding increment of 

I AppliBd load 

Local stiess (ante, 

AaylX. 0| 
Ksi 

Local stitss ratio 

0 0.10 0.20 

X, distance from surface of hole 
(inches) 

FIG. 6—Stress range and stress ratio near the boll-hole (1 in. = 2.54 cm: 1 ksi = 0.1450 
MN/m^). 
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CRUSE ET AL ON SURFACE CRACK LIFE PREDICTION 11 

surface area. In other words, the effective stress intensity factor is an 
area-weighted function of the point function, K{s). Furthermore, since 
K„ the effective stress intensity factor is related to the energy release rate 
obtained by the perturbation of its corresponding freedom, a„ alone, 
then a two degree-of-freedom (DOF) crack model corresponds to an 
elliptical crack, which appears to be a particularly appropriate model for 
a surface crack emanating from a hole. 

Life Prediction 

The life prediction studies were based on a two DOF crack model using 
the effective stress intensity approach and the baseline macrocrack growth 
relationship. The computer program which embodies the life prediction 
method requires an initial crack configuration, the assumed crack model 
(for example, two DOF), the stress distribution and the crack law. The 
initial crack (flaw) was assumed to be a semicircular surface crack with 
a 0.000762 cm radius. This choice was based on the characteristic size 
of the a phase, an hep (hexagonal-close-packed) structure, which is found 
to develop microcracks in the slip bands that extend across the a phase 
during fatigue. The secondary /3 phase has a body-centered-cubic structure 
and is typically two to four times larger than the a phase and is rarely 
observed to be the initiation site of fatigue cracks. 

Evaluation 

The stress analyses used in this paper attempted to model with various 
degrees of accuracy the actual local condition in the bolt hole region. The 
fidelity of these analyses ranged from a simple two-dimensional elastic 
analysis to an analysis which models the first order effects of elastoplastic 
material behavior. 

It is recognized that the plane stress assumptions used here neglect the 
truly three-dimensional nature of the problem. It is known from elastic 
three-dimensional stress analysis [6,7] of thick plates with circular cylindrical 
holes that the maximum stress concentration factor, SCF, occurs at the 
midplane and not at the plate surface and is a function of Poisson's ratio 
and (thickness/hole diameter). For the bolt-hole specimen (Fig. 1) the 
maximum SCF is estimated to be 7 percent greater than at the surface. 
In addition, unlike the plate surface which is subject to uniaxial stress, 
the midplane region of the plate (at the hole surface) is under a biaxial 
state of stress [8] and Weiss [9] has shown for several titanium alloys that 
the material ductility is reduced markedly by the degree of biaxiality 
present (by as much as a factor of five and greater). Although three-
dimensional elastoplastic analyses are within the current state of the art, 
such analyses cannot yet be considered to be practical design tools due to 
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1 2 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

their complexity and expense. For this reason a three-dimensional elasto-
plastic analysis was not used in this study. However, three-dimensional 
analyses may provide valuable information that could be factored into the 
design procedure. 

A comparison of the predicted crack growth behavior is given by Fig. 7. 
It should be pointed out that any life estimate is strongly dependent upon 
the assumed initial crack size, so that the only meaningful comparison 
permitted is the one between the predictions, since an initial crack size can 
be chosen so that any one of the predictions can be made to coincide with 
the average test life. It is evident from Fig. 7 that the accuracy with which 
the actual stress field is modeled has a significant effect on the predicted 
life. It can be concluded that the residual stress field (R ratio) cannot be 
neglected without introducing serious error. 

Comparison of actual and predicted crack morphologies can be useful in 
evaluating the accuracy of current fracture mechanics modeling techniques. 
Such comparisons were made with respect to two parameters: (a) aspect 
ratio of the elliptical crack versus crack area, Fig. 3, and {b) crack depth 
versus crack area. Fig. 8. The bolt-hole region stress field used in the 
prediction model was the elastoplastic analysis with unloading as shown 
in Fig. 7. Within the limits just discussed, this stress analysis most faith
fully models the actual stress fields. 

No correlation (see Fig. 3) was found between actual and predicted 
aspect ratios. A fourth analysis (not shown in Fig. 7) which attempted to 
model the large compressive surface layer stresses due to machining opera
tions showed a minor effect on the predicted crack aspect ratios. This 
result suggests that the area-weighted effective stress intensity factor may 
not be appropriate for very small surface cracks. On the other hand, the 
multiple crack initiation sites found at the surface of the hole may suggest 

Varying R 
plastic analysis 
with unloading 

R=0 
plastic analysis 
without unloading 

100 1000 10,000 100,000 

Cycles 

FIG. 7—Comparison of three growth siimdutions showing sensitivity to stress analyses used 

(/ ill. = 2.54 cm). 
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FIG. 8—Comparison of measured and predicted crack depths (I in. — 2.54 cm). 

that the crack modehng is too simplistic, that is, a single dominant crack 
without interaction of neighboring microcracks. 

Koterazawa [5] in a fractographic study of surface and subsurface 
cracking in aluminum alloys and carbon steels, found that at the surface 
a crack propagated discontinuously by coalescence of the main crack with 
a microcrack ahead of it. In other words, the surface crack extended 
intermittently through the repetition of microcrack initiation. He found 
that the interior cracks propagated continuously forming a striation in 
each stress cycle. He suggested that the observed differences in crack 
growth behavior may be related to the degree of constraint between surface 
crystals and interior crystals. 

Agreement (see Fig. 8) between actual and predicted crack depths was 
good for small crack depths; however, for cracks deeper than 0.0254 cm, 
there was a total lack of agreement. 

Since the crack aspect ratio, 2c/a, was found to vary from 1.2 to 2.3 
(Fig. 3), the prediction method was used to estimate the crack growth rate 
for two specific aspect ratios 1.0 and 2.1. These estimates are shown in 
Fig. 4 and it is readily seen that there is little agreement with the measured 
striation spacing data. This is additional evidence that the crack model is 
too simplistic or that the effective stress intensity concept is not appropriate 
for very small surface part-through cracks. 

Since striation spacing is equivalent to local crack growth rate, {Aa/AN), 
and the factor A AT can be estimated from the two DOF model, a compari
son of the local and baseline (macrocrack) growth behavior can be made. 
The striation spacing measurements, Fig. 4, were used together with the 
calculated AK results for various crack depths to make the comparison 
shown in Fig. 9. In addition, the predicted da/dN versus AK for the 
varying i?-ratio analysis is included in Fig. 9. It is clear that the prediction 
does not agree with the results based on striation measurements. Further
more, the striation measurements and baseline data show little agreement. 
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? | in./cycle 10 = 
dN 

10 

Pfedicted behavior with 
varying R-tatio 

AKKSlVnr 

FIG. 9—Comparison of coiisiaiu ainpliiiulc baseline data with siriaiion nieasnrenienis on 
bolt-hole specimens (/ in. = 25.4 cm: I ksi\in. = 1.099 MN/m-'^^). 

However, it must be noted that the points indicating striation spacing 
measurements are based on calculated values of AAT which in turn have 
been deduced from the stress analysis and the effective K calculations. 
Therefore, there are several potential sources of error which make it diffi
cult to draw definite conclusions concerning the lack of correlation. Never
theless, the use of striation spacing measurements to deduce load or stress 
levels and fatigue life, does not seem to be applicable for Ti-6-2-4-6. 

Conclusions 

This study was an attempt to evaluate the current design state of the art 
for life prediction of components with small surface cracks emanating from 
highly stressed (plastic) regions. It is clear that many issues require further 
experimental and analytical work before accurate fatigue life prediction for 
such situations in real structures is possible. These issues include defini
tion of material properties within the surface layer, the surface "values" 
of the stress intensity factor distribution, crack growth through highly 
varying stress/material property fields at the surface, and the applicability 
of macrocrack growth models to small cracks. 
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ABSTRACT: The stress-intensity factor solutions proposed for a surface crack in a fi
nite plate subjected to uniform tension are reviewed. Fourteen different solutions for 
the stress-intensity factors are compared. These solutions have been obtained over the 
past 16 years using approximate analytical methods, experimental methods, and engi
neering estimates. 

The present paper assesses the accuracy of the various solutions by correlating frac
ture data on surface-cracked tension specimens made of a brittle epoxy material. Frac
ture of the epoxy material was characterized by a constant value of stress-intensity 
factor at failure. Thus, the correctness of the various solutions are judged by the varia
tions in the stress-intensity factors at failure. The solutions were ranked in order of 
minimum standard deviation. The highest ranking solutions correlated 95 percent of 
data analyzed within ±10 percent, whereas, the lowest ranking solutions correlated 
95 percent of data analyzed within ±20 percent. However, some solutions could be 
applied to all data considered, whereas, others were limited with respect to crack shapes 
and crack sizes that could be analyzed. 

KEY WORDS: fracture properties, fracturing, mechanical properties, stresses, cracks, 
fatigue (materials), crack propagation 

Nomenclature 

a Depth of surface crack, m 
c Half-length of surface crack, m 
F Boundary-correction factor on stress intensity 
K Mode I elastic stress-intensity factor, N/m^'^ 

K„ Fracture toughness, N/m^^^ 

' Research engineer, NASA-Langley Research Center, Hampton, Va. 23665. 
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Me, Mk, Ms, M,, Ml, Ml Magnification factors defined in text 
n Number of data analyzed 
Q Elastic shape factor for an elliptical crack 
S Gross-section stress, N/m^ 
t Specimen thickness, m 

W Specimen width, m 
a Standard deviation 
# Complete elliptic integral of second kind 
(j) Parametric angle of ellipse 

Surface cracks [1.2Y are among the most common flaws in many practi
cal structures. Accurate stress-intensity factors for surface cracks are needed 
for reliable prediction of crack-growth rates and fracture strengths. Exact 
solutions are not available, but solutions have been obtained by approximate 
methods. However, due to the difficulties involved, these approximate solu
tions differ considerably. 

In 1973, Merkle [3\ and Keays {4\ presented reviews of some of the earlier 
stress-intensity factor solutions for the surface crack. Since these reviews, 
the number of proposed solutions have nearly doubled. The objective of the 
present paper was to review the stress-intensity factor solutions proposed for 
the surface crack in a finite plate subjected to uniform tension and to assess 
the accuracy of the various solutions by correlating fracture data on a brit
tle material. Fourteen stress-intensity factor solutions were reviewed. Other 
solutions, those that had severe limitations on crack shape and crack size, 
were not considered in the assessment. This review was limited to linear-
elastic analyses and to application to brittle materials. 

The present assessment of the 14 solutions was based on correlating 
fracture data. Fracture data from a large number of tests on surface-cracked 
tension specimens made of a brittle epoxy material were available in the 
literature [5]. In these data, the crack-depth-to-specimen-thickness ratios 
ranged from 0.15 to 1 and the crack-depth-to-crack-length ratios ranged 
from 0.3 to 0.84. Fracture of the epoxy material was characterized in the 
present paper by a constant value of stress-intensity factor at failure. Thus, 
the correctness of the various solutions was judged by the variations in the 
stress-intensity factors at failure, and the solutions were ranked in order of 
minimum standard deviation. The range of applicability of the various solu
tions also was considered in assessing their usefulness. 

Elastic Stress-Intensity Factors 

The stress-intensity factor solutions for cracks in finite plates usually are 
expressed in terms of a boundary-correction factor that modifies the stress-

^ The italic numbers in brackets refer to the list of references appended to this paper. 
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18 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

intensity factor for cracks in infinite bodies. Thus, the elastic solution for 
an elliptical crack embedded in an infinite solid (Fig. 1) has a major role 
in the surface-crack solution. In this section, a brief review of the stress-
intensity factors for the elliptical crack embedded in an infinite solid and 
the form of stress-intensity factor for the surface crack in a finite plate are 
presented. 

Infinite Solid 

Irwin [/] derived an exact expression for the Mode I stress-intensity fac
tor around an elliptical crack in an infinite elastic solid subjected to uni
form tension (Fig. 1) based on an exact stress analysis by Green and Sned
don [6]. The stress-intensity factor along the boundary of the elliptical crack 
was given by 

K — —T— I — cos- <b + sin- 01 (1) 

where $ is the complete elliptic integral of second kind and is given by 

<!> = sin^ 0 H 7 cos^ (j)) d4) (2) 

As is customary, the elliptic integral is expressed in terms of the elastic 
shape factor, Q. The shape factor Q equals $^. 

Section A-A 

FIG. 1—Embedded elliptical crack in an infinile solid subjected to uniform stress. 
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Very useful empirical expressions for Q have been developed by Rawe 
[3]. The expressions are 

2 = 1 + 1.464 ( - for - < 1 
c 

(3a) 

2 = 1 + 1.464 (-] f o r - > 1 {3b) 

The maximum error in the stress-intensity factor by using these equations 
for Q was about 0.13 percent for all values of a/c. (Rawe's original equa
tion was written in terms of a/2c.) 

For c > a the maximum stress-intensity factor is at (̂  = x/2 and is 
given by 

K = S /xg- (4) 

Finite Plate 

The surface crack in a finite plate is shown in Fig. 2. The crack is semi-
elliptical with a crack of half-length c and of depth a. The plate is of thick
ness t and width, W, which is usually large with respect to the crack length. 
The configuration is subjected to a uniform tensile stress, S, normal to the 
crack plane. The form of the Mode I stress-intensity factor is given by 

K =^ S a — I a a c 
Q \t c W 

(5) 

Back face 

rr^. -2c-
Front face 

Section A-A 

FIG. 2—Surface crack in a finite plate subjected to uniform stress. 
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20 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

The boundary-correction factor, F, accounts for the influence of the front 
face, back face, and finite width on the stress-intensity factor for a crack 
in an infinite solid. The parametric angle is defined in the insert on Fig. 2. 
Many analysts, through approximation techniques, have tried to determine 
the correct expression for F. Some of the approximate methods used were 
the alternating method, finite-element method, boundary-integral equa
tions, method of lines, line-spring model, experimental methods, and engi
neering estimates. 

In the Appendix, 14 solutions [/, 7-24] for the boundary-correction fac
tor, F, are presented. Table 1 gives the chronological order of development 
for these solutions, the method used, limitations on a/c, a/t and 2c/W, 
and the form of the results. The solutions were given in either graphical or 
equation form. Most solutions were proposed for analyzing fracture of sur
face-cracked tension specimens and give the stress-intensity factor at the 
maximum depth point. A few give the stress-intensity factors at other loca
tions along the crack front for a/c ratios greater than about 0.6. Some 
solutions also included plasticity corrections for analyzing fracture of 
ductile materials. However, in the present paper only the elastic solutions 
are presented and used. 

Comparison of Stress-Intensity Correction Factors 

Figures 3 to 6 show a comparison among the various stress-intensity cor
rection factors for the surface crack subjected to uniform tension for some 
common crack shapes (a/c) as a function of a/t. Figure 3 shows the stress 
intensity correction factor, F, at the maximum depth point (0 = ir/2) for a 
crack with an a/c ratio of 0.2. The stress-intensity factor at the maximum 
depth point was also the maximum stress-intensity value. The solid and 
dashed curves show correction factors obtained from equations and graphs, 
respectively. These results show that for a/t ratios less than about 0.2, 
most solutions were in good agreement ( ± 5 percent). However, for a/t 
ratios greater than 0.2, the differences among the various solutions were 
considerable. The percentage differences were as large as 80 percent for an 
a/t ratio of 0.6. The upper solid line at a/t = 1 (F — 2.35) denotes the 
equivalent correction factor for a through crack of length 2c in an infinite 
plate. This is the approximate limiting value for the surface crack as a/t 
approaches unity. 

Figure 4 shows the correction factor at the maximum-depth point but for 
a crack with an a/c ratio of 0.6. The stress-intensity factor at 0 = ir/2 was 
also the maximum stress intensity for most solutions which reported the 
variation in stress intensity along the crack front [3.18.22]. In Ref 22, for 
an a/t ratio of 0.8, the maximum stress intensity did not occur at the 
maximum depth point but occurred near the intersection of the crack with 
the front face (0 = 0). Figure 4 shows that for a/t ratios less than about 
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22 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

Limit for surface crock — • 

Newman 

FIG. 3—Stress-intensity correction factor at maximum depth point for semi-elliptical sur
face crack (a/c = 0.2). 

0.3, most solutions agree within about 5 percent. For an a/t ratio of 0.6, 
the percentage difference between the upper and lower bounds was about 
20 percent. Again, the upper solid line at a/t = 1 (F = 1.65) denotes the 
approximate limiting value for the surface crack as a/t approaches unity. 

Figures 5 and 6 show the correction factor at 0 = ir/2 and the maxi
mum value, respectively, for a semi-circular surface crack {a/c = 1). The 
maximum stress-intensity factor occurred at or near the intersection of the 
crack with the front surface, <i> = 0. Some of the 14 solutions reviewed 
were not included in these figures because they did not consider the semi
circular crack or because their results should not be applied to these 
particular values of 4>- Figure 5 shows that all solutions, except the esti
mate from Irwin [/], agree within about 5 percent for a/t ratios less than 
0.4. For larger a/t ratios, the percentage difference was as large as 35 per
cent. The results from Hellen and Blackburn [27] (not included in the 14 
solutions reviewed) have also been included in Fig. 5 for comparison. 
Hellen and Blackburn analyzed only the semicircular surface crack using a 
three-dimensional finite-element analysis. 

Figure 6 shows the maximum stress-intensity factors for semi-circular 
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Newman-
/ Raju 

/^j^-^ Shah-
' / / Kobayashl 

Anderson-Holms-
Orange 

FIG. 4—Stress-intensity correction factor at maximum depth point for semi-elliptical sur
face crack (a/c = 0.6). 

surface cracks as calculated by four investigators. The maximum stress-
intensity values reported in the literature [3,21,27], occurred at or near the 
intersection of the crack with the front face. Again, the finite-element 
results from Hellen and Blackburn [27] and unpublished results from 
Kobayashi also have been included for comparison. The results from 
Kobayashi were obtained using the analysis described in Ref 20. For a/t 
ratios less than 0.3, the solutions were in good agreement. However, for 
larger a/t ratios, the solutions generally disagree (as much as 30 percent). 
The results from Kobayashi and Raju and Newman [21] were in good 
agreement (within 5 percent). 

Some of the differences shown in Figs. 3 to 6 may be attributed to 
improper boundary conditions imposed on the surface-crack configuration. 
Some of the earlier stress-intensity factor solutions [10,17] did not analyze 
the surface-crack configuration, but analyzed approximate configurations 
for which solutions could be readily obtained, such as an elliptical crack 
approaching a free boundary in a semi-infinite solid [18] or two elliptical 
cracks approaching each other in an infinite solid. Kobayashi [20] also has 
demonstrated that his earlier applications of the alternating method inad-
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Newman 

Paris-Sih . / ^ " u " - J / 
Kobayashl ,y / 
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Hellen-Blackburn / '/ / 
\ / Raju-Newman / / / 

Irwin \ y i / / V ^ . K .• 
V v ^ - ^ /// Kobayashl 

FIG. 5—Stress-intensity correction factor at maximum depth point for semi-circular surface 
crack (a/c = / ) . 

vertently induced improper bending restraint by limiting the areas of front 
and back faces that are free of residual surface tractions. The more recent 
analyses of the surface crack [21.26.27] have used the finite-element 
method and any inaccuracies in these analyses would be associated with 
modeling the surface crack and with how well the governing equations in 
the interior were satisfied. 

Analysis of Fracture Data 

The accuracy of the stress-intensity factor solutions, previously reviewed, 
were verified independently herein by analyzing fracture data from the 
literature on brittle epoxy materials. These data had a wide range in crack 
shape (a/c) and crack size (a/t). Solutions which gave the best correlation 
of data and which applied over the widest range of a/c and a/t were 
regarded as the most useful. 

Smith [5] conducted fracture tests on a large number of surface-crack 
tension specimens made of a brittle epoxy material (ultimate tensile 
strength of about 60 MPa). All his specimens were 25 mm wide and had 
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FIG. 6—Maximum stress-intensity correction factor for semi-circular surface crack (a/c = / ) . 

thicknesses ranging from 2.5 to 9.5 mm. He conducted 150 fracture tests 
on specimens with a/t ratios that ranged from 0.15 to 1 and a/c ratios that 
ranged from 0.3 to 0.84. The specimens were arranged into five different 
groups. Each group of specimens was manufactured at a different time 
(denoted with a "plate date") and each group had the same specimen 
thickness. The estimated plane-strain plastic-zone size using the largest 
value of fracture toughness (computed) was about 0.015 mm. This 
estimated plastic-zone size was orders of magnitude smaller than the mini
mum specimen thickness. The extremely small plastic zone indicates that 
linear-elastic analyses are adequate. 

The 14 stress-intensity factor solutions presented in the Appendix were 
used herein to analyze Smith's fracture data on epoxy specimens. Fracture 
was characterized herein by a constant value of stress-intensity factor at 
failure (denoted as Kcr). The fracture toughness, Kcr, for each group of 
specimens was calculated for each solution by averaging the stress-intensity 
factors at failure for data where the a/t ratios were less than 0.5 and was 
given by 

1 " 
Kcr = ~ 1̂  Ki 

n 1=1 
(6) 
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where n is the number of data analyzed for each group of specimens. This 
particular limit on a/t was chosen because, as previously mentioned, for 
low a/t ratios most solutions were in fair agreement. Thus, the calculated 
fracture toughness values would also be in fair agreement. The fracture 
toughness values computed from the various solutions for each group of 
specimens are given in Table 2. As expected, the maximum and minimum 
Kcr values from the various solutions for each "plate date" material were in 
fair agreement (within ±10 percent of their average value). 

Assessment of the Solutions 

To assess the accuracy of the various stress-intensity factor solutions, 
comparisons are made between the calculated stress-intensity factors at 
failure and the fracture toughness, K^, for all fracture data considered 
(0.15 < a/t < \\ 0.3 < a/c s 0.84). Thus, for a/t ratios greater than 
0.5, these comparisons show how well the various solutions predict failure of 
the epoxy specimens. Fracture data which exceeded the limitations on a/t 
or a/c for each solution (see Table 1) were not included in the analysis 
using that particular solution. 

Figures 7 through 20 show the ratio of the stress-intensity factor at 
failure normalized by the fracture toughness, Kcr, plotted against the a/t 
ratio for each solution. The fracture toughness values used for each group 
of specimens are given in Table 2. The solid line at unity denotes perfect 
agreement and the dashed lines denote ± 1 0 percent scatter. Stress-
intensity factor ratios (K/Kcr) that deviate substantially from unity indicate 

TABLE 2—Fracture toughness, Yia(kN/m'^'^) for brittle epoxy material calculated from 
various stress-intensity factor solutions. 

Investigator(s) 

Irwin 
Paris-Sih 
Smith 
Kobayashi-Moss 
Masters-Haese-Finger 
Smith-Alavi 
Rice-Levy 
Anderson-Holms-Orange 
Newman 
Shah-Kobayashi 
Smith-Sorensen 
Kobayashi 
Raju-Newman 
Newman-Raju 

8-7-69 

686 
653 
697 
654 
699 
659 
597 
646 
658 
653 
638 
676 
708 
677 

10-6-70 

634 
648 
670 
609 
663 
619 
565 
608 
616 
610 
604 
661 
697 
682 

Plate Date 

12-5-70 

678 
692 
699 
658 
712 
671 
599 
660 
670 
659 
652 
733 
724 
731 

4-11-71 

664 
672 
697 
652 
696 
664 
613 
674 
674 
653 
652 
729 
716 
713 

6-10-71 

681 
684 
710 
6''0 
704 
t>80 
640 
693 
693 
671 
670 
741 
729 
723 
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FIG. 7—Correlation of brittle-epoxy fracture data using the Irwin [1] solution. 
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FIG. 8—Correlation of brittle-epoxy fracture data using the Paris-Sih [7] solution. 
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FIG. 9—Correlation of brittle-epoxy fracture data using the Smith [3,8] solution. 
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FIG. 10—Correlation of brittle-epoxy fracture data using the Kobayashi-Moss [10] solution. 
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FIG. 11—Correlation of brittle-epoxy fracture data using the Masters-Haese-Finger [ll]solution. 
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FIG. 12—Correlation of brittle-epoxy fracture data using the Smith-Alavi [13] solution. 
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FIG. 13—Correlation of brittle-epoxy fracture data using the Rice-Levy [14] solution. 
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FIG. 14—Correlation of brittle-epoxy fracture data using the Anderson-Holms-Orange 
[15] solution. 
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FIG. 15—Correlation of brittle-epoxy fracture data using the Newman [16] solution. 
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FIG. 16—Correlation of brittle-epoxy fracture data using the Shah-Kobayashi [17] solution. 
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FIG. 17—Correlation of brittle-epoxy fracture data using the Smilh-Sorensen [19] solution. 
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FIG. 18—Correlation of brittle-epoxy fracture data using the Kobayashi [20] solution. 
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FIG. 19—Correlation of brittle-epoxy fracture data using the Raju-Newman [21,22] solution. 
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FIG. 20—Correlation of brittle-epoxy fracture data using the Newman-Raju [24] solution. 
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substantial deficiencies in that particular solution. (The ratio of K/K„ is 
equivalent also to the ratio of experimental failure stress to predicted 
failure stress.) The standard deviation (a) and the number of tests analyzed 
(n) are also shown on each figure. 

To rank the various solutions, the standard deviation was calculated 
from the results for each stress-intensity factor solution. The standard 
deviation was given by 

(7) 

where n is the number of data points analyzed and 

e, - ^ - 1 (8) 

Ki is the stress-intensity factor at failure for each data point considered 
and K„ is the fracture toughness for that particular group of specimens. 

The ranking of the various solutions in order of minimum standard 
deviation is shown in Table 3. This table shows the investigator(s), date of 
publication, limitation on a/t, percent of data analyzed, standard devia
tion, and the form of the results for each solution. The standard deviations 
ranged from 0.044 to 0.089 for the 14 solutions considered. Assuming a 
normal distribution, two standard deviations (±2(j) about the mean {K/Kcr 
= 1) form bounds in which 95 percent of the data should fall. The highest 
ranking solutions correlated 95 percent of the data analyzed within +10 
percent, whereas the lowest ranking solutions correlated 95 percent of the 
data analyzed within ± 20 percent. However, the percent of data analyzed 
ranged from 57 to 100 percent. Of the lowest ranking solutions, most 
underestimated the stress-intensity factors for a/t ratios greater than 0.5 
{K/Kcr less than unity); and one solution (Newman, Fig. 15) overestimated 
the stress-intensity factors for a/t greater than about 0.8. 

The stress-intensity factor solutions which gave low values of standard 
deviation tended to give large values for the correction factors shown in 
Figs. 3 to 5. Those solutions which used stress-intensity factors at locations 
other than the maximum-depth point for the near semicircular cracks 
(Figs. 9, 19, and 20), generally, gave low values of standard deviation. 
Only three solutions (Figs. 15, 19 and 20) used a finite-width correction on 
the stress-intensity factor for the surface crack. Analyses made with a 
finite-width correction gave slightly lower values of standard deviation than 
did the same analyses made without a width correction (see Table 3, Raju 
and Newman, 1977). 
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Concluding Remarks 

The stress-intensity factor solutions proposed for a surface crack in a 
finite plate subjected to uniform tension were reviewed. These solutions 
have been developed over the past 16 years using approximate analytical 
methods, experimental methods, and engineering estimates. Comparison of 
the various solutions at the maximum depth point showed good agreement 
( ± 5 percent) for crack-depth-to-specimen-thickness ratios less than about 
0.3. However, for larger crack-depth-to-specimen-thickness ratios (0.3 to 1) 
the solutions were in considerable disagreement (20 to 80 percent), 
especially, for cracks with small crack-depth-to-crack-length ratios (0.2 to 
0.6). Some of the discrepancies among the various solutions were 
attributed to improper boundary conditions imposed on the surface-crack 
configuration. 

To assess the accuracy of the various solutions, fracture data on surface-
crack tension specimens made of a brittle epoxy material were analyzed. 
The various solutions were ranked on the variation in the stress-intensity 
factors at failure. Standard deviations ranged from 0.044 to 0.089 for the 
14 stress-intensity factor solutions considered. The solutions, ranked in 
order of minimum standard deviation, were Raju-Newman, Smith, 
Newman-Raju, Paris-Sih, Masters-Haese-Finger, Irwin, Newman, Ko-
bayashi, Smith-Alavi, Rice-Levy, Smith-Sorensen, Shah-Kobayashi, 
Anderson-Holms-Orange, and Kobayashi-Moss. The highest ranking 
solutions correlated 95 percent of the data analyzed within ± 10 percent, 
whereas the lowest ranking solutions correlated 95 percent of data analyzed 
within ±20 percent. However, some solutions were applied to all of the 
data considered, whereas others were limited on crack shapes and crack 
sizes that could be analyzed. 

APPENDIX 

Boundary-Correction Factors for Surface Cracks in Finite Plates 

The 14 expressions for the boundary-correction factor, F, used in the text are 
briefly reviewed herein. The stress-intensity factor is given by Eq 5. 

Irwin (1962) [1]—He estimated the boundary-correction factor for a shallow semi-
elliptical surface crack in a finite-thickness plate at (j> = 7r/2 as 

F= V L 2 = 1.1 (9) 

The coefficient 1.1 accounted for the combined influence of both the front- and 
back-face effects in the range Q < a/t < 0.5 and 0 < a/c < 1. 

Paris and Sih (1965) [7]—They estimated the correction factor at î  = Tr/2, which 
included a front- and back-face correction, as 
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1 + 0.12(1 - -

for a/t < 0.75 and a/c < 1. The "tangent" term was obtained from an analysis of 
an infinite plate (two dimensional) containing an infinite periodic array of cracks. 

Smith (1966) [3,8]—He proposed a modification of the semi-circular surface 
crack solution [8] to obtain an estimate for a semi-elliptical surface crack in a finite-
thickness plate under tension (Boeing Airplane Co., Structural Development Re
search Memorandum No. 17, August 1966 [3]). The solution presented in Ref 8, 
using the alternating method, was the first analysis to consider the variation of 
stress intensity around the crack front for a semi-circular surface crack in a semi-
infinite solid. 

For fracture, he proposed to use the maximum stress-intensity factor for which 
the correction factor was given by 

F^MiM2f(B) (11) 

where M\ and A/2 are the front- and back-face magnification factors, respectively, 
and f(d) is an angular function [8] (8 = ir/2 — ^) . The maximum value of the 
product Ml times f (6) for various a/c ratios is 

a/c Ml fid) 

0.2 
0.4 
0.6 
0.8 
1.0 

1.09 
1.075 
1.06 
1.07 
1.21 

The back-face magnification factor, Mi, for a/c = 1 was obtained by Smith using 
the alternating method \3\. Using Mi for a/c = 1 and the single edge-crack solu
tion for a/c = 0 [9], curves of M2 for other a/c ratios were estimated by graphical 
interpolation. The curves for M2 have been reproduced in Ref 3 on page 25. These 
curves had various limitations on the maximum a/t ratio. For a/c = 0.2, the maxi
mum a/t ratio was less than 0.6 and for a/c = 1, the maximum a/t ratio was less 
than about 0.9. 

Kobayashi and Moss (1969) [10]—They estimated the correction factor as 

F = M\Mi (12) 

where Mi, the front-face magnification factor, was given by 

Ml = 1 + 0.12 ( 1 - - ) (13) 

The back-face magnification factor. Mi, was obtained from an existing solution for 
a pair of coplanar elliptical cracks under uniform tension, with a plane of symmetry 
(simulated back face) located midway between the two cracks [10\. Assuming no 
interaction between the front- and back-faces, boundary-correction factors were 
estimated for ratios of a/c ranging from 0 to 1 and ratios of a/t ranging from 0 to 
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0.98. The curves for the correction factors (product of Mi and MT) are given in Ref 
10 (page 42). 

Masters, Haese, and Finger {1969) [11]—They used an experimental method to 
obtain the correction factors. The experimental method involved fracture tests of 
surface-crack tension specimens (with various a/c and a/t ratios) made of 2219-T87 
aluminum alloy material (t = 16 mm) at room and cryogenic temperature. The cor
rection factors then were obtained by requiring that the calculated stress-intensity 
factor be equal to the plane-strain fracture toughness, K\c, at the same test temper
ature. The correction factors were given as 

F=\AMK (14) 

for a/t < 0.85 and 0.1 < a/c < 0.8. The curves for MK are given in Ref 11 (page 
67, Fig. 58). These same correction factors also have been used to correlate fracture 
data on aluminum and titanium alloys in Ref 12. 

Smith and Alavi (1969) [13]—They were the first to analyze the part-circular sur
face crack in a semi-infinite solid using the alternating method. The crack was a 
segment of a circle where the crack depth, a, was less than the crack length, c. The 
boundary-correction factor for the part-circular surface crack in a finite-thickness 
plate was given by 

F = M,M, (15) 

for a/t s 0.8 and 0.4 s a/c < 1. Mj was the front-face magnification and M, was 
the back-face magnification. Mj was the same as the product of M\ times/(9) in Eq 
11. The back-face magnification was estimated from the solution for an embedded 
circular crack near a free boundary in a semi-infinite solid. Curves of M, for various 
a/c ratios are given in Ref J (page 33). 

Rice and Levy (1970) [14]—They determined the stress-intensity factors at 0 = 
ir/2 using a line spring model. The line spring model reduces the three-dimensional 
crack problem to a two-dimensional analogy (single-edge-cracked plate) where the 
crack is represented as a line of reduced stiffness. The results of their analysis were 
presented graphically in terms of the ratio of the stress-intensity factor at the 
deepest point of a semi-elliptical surface crack (K\) to the stress-intensity factor for 
a single-edge-cracked specimen (K^) with a crack of the same depth. The correc
tion factor, rewritten in terms of Eq 5, was given by 

i=-=(£)v^/ (16) 

where Ki/K„ was obtained from Ref 14 for uniform tension and/ , the correction 
factor for a single-edge-cracked plate [9], was given by 

a\ , ^„ ,^ I ay .,, _, I ay . ^ „ /a^'* 
/ = 1.12 - 0.23 ( - 1 + 10.55 ( - 1 - 21.71 ( - 1 + 30.38 ( - 1 (17) 

They calculated the ratio of/(Ti//*:<» for 0.1 < a/t < 0.7 and 0 < a/c < 1. 
Anderson. Holms, and Orange (1970) [15]—They modified the boundary correc

tion factor equation of Paris and Sih [7] and estimated the correction factor as 

1 + 0.12(1 --fi. •\j ira 

1 TTa \ 
(18) 

for a/t £ 1 and a/c < 1 where Q is the elastic shape factor. 
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Newman (1972) [16]—He used the analytical results from Smith and Alavi [12], 
Rice and Levy [13], and Gross and Srawley [9] for particular ranges of a/c to obtain 
an expression for the correction factor. The results from Smith and Alavi for a near 
semi-circular crack (a/c = 0.4 and 1), Rice and Levy for shallow cracks (a/c = 0.1 
and 0.2), and Gross and Srawley for a single-edge crack (a/c = 0) were used. An 
equation was chosen to fit these particular results. The equation for the correction 
factor was given by 

F = Me Ml + M l 
a NP 

secant 
TTC a 

(19) 

where 

p = 2 + 8 (20) 

The expression for Q was approximated by 

2 = 1 + 1.47 for - < 1 
c 

•(21fl) 

2 = 1 + 1.47 ( - 1 f o r - > 1 (2lb) 

The maximum error in the stress-intensity factor by using three equations for Q was 
about 0.25 percent. The front-face correction, Mi, was given by 

Ml = 1.13 - 0.1 ( - for 0.02 < - < 1 
v C / C 

for - > 1 
c 

Ml = - 1 + 0.03 

(22fl) 

(22b) 

For a/c < 0.02, the stress-intensity factor for the single-edge cracked plate (a/c — 
0) subjected to uniform tension [9] was assumed to apply and F was given by Eq 17. 

As a/t approaches unity for any value of a/c (except zero), Eq 5 with F given by 
Eq 19 reduces to the stress-intensity factor for a through crack of length 2c in a 
finite-width plate. The secant term in Eq 19 is the finite-width correction. 

Shah and Kobayashi (1972) [17]—They estimated the correction factors from an 
empirical front-face magnification (Mi) and from an analytical back-face magnifi
cation (M2) obtained from the solution for an embedded elliptical crack approach
ing the free surface of a semi-infinite solid [18]. The front-face magnification was 
given by Eq 13. The correction factor, due to both the front and back faces, was 
obtained by multiplying the back-face magnification, M2, by Eq 13. The correction 
factor was given by 

F = MK = M1M2 (23) 

for a/t < 0.9 and 0.1 < a/c < 1. The curves for MK are given in Ref 17 (page 
114). 

Smith and Sorensen (1974) [19]—They used the alternating method to calculate 
the variation of the stress-intensity factor along semi-elliptical surface cracks in 
finite-thickness plates. They made calculations for a/c ratios ranging from 0.1 to 
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0.6. The results for a/c ratios of 0.8 and 1 used by Smith and Sorensen were ob
tained from Shah and Kobayashi [17]. The boundary-correction factors are 
presented in Ref 19 (page 88). 

Kobayashi (1976) [20]—He used the alternating method with improved boundary 
conditions to obtain the correction factors. In previous analyses by Kobayashi using 
the alternating method, some inappropriate boundary conditions (bending re
straints) were induced inadvertently by limiting the areas of front- and back-face 
surfaces that are free of residual surface tractions. To estimate the effect of this 
bending restraint, a two-dimensional finite-element model of a single-edge-cracked 
tension plate was analyzed with side constraints. The side constraints induced a 
similar bending moment. The change in stress intensity caused by this bending 
moment was calculated and used to modify the stress intensity for the surface crack. 
The stress-intensity factors at the maximum depth point were calculated for a/c = 
0.2 and 0.98. The stress-intensity factor for other a/c ratios (0.4, 0.6 and 0.8) were 
obtained by interpolation between the results from a/c = 0.2 and 0.98. The cor
rection factors were given hy F = MK for a/t < 0.9 and 0.2 s a/c < 0.98. The 
curves for MK are given in Ref 20 (Fig. 12). 

Raju and Newman (1977) [21,22]—They used a three-dimensional finite-element 
analysis with singularity elements to obtain the correction factors. To verify the 
accuracy of the finite-element method, elliptical cracks (a/c — 0.2 to 1) embedded 
in a large solid body were analyzed [21] and the stress-intensity factors agreed 
generally within 1 percent of the exact solutions [6]. To verify the finite-element 
models employed, convergence was studied by varying the number of degrees of 
freedom from 1500 to 6900. The correction factors were calculated for semi-
elliptical surface cracks (a/c = 0.2 to 2) in finite-thickness plates with a/t ranging 
from 0.2 to 0.8 for W > 10c. The correction factors are tabulated in Refs 21 and 
22. 

For fracture, they proposed to use the maximum stress-intensity factor for a/c < 
0.6. For a/c ratios between 0.6 and 1, an "average" stress-intensity factor (average 
between the values at 0 = 0 and </> = 7r/2) was used. These results were calculated 
for a surface crack in a wide plate. To compensate for the influence of finite width, 
the results were multiplied by/w, the finite-width correction [23] given by 

f„ — /secant 
TTC ( a 

'vv4~t (24) 

Newman and Raju (1978) [24]—They used the results from Raju and Newman 
[21,22] for the semi-elliptical surface crack and from Gross and Srawley [9] for a 
single-edge crack to obtain an equation for the correction factors. The form of the 
equation was similar to that used in Ref 16. The equation was given by 

F = M,= M^ + [JQI-MA(^] + J Q ^ ( M . - I ) ( - / . (25) 

wherep — Vr and Q is given by Eqs 3a and b. The front-face correction, M\, was 
given by 

Ml = 1.13 - 0.1 f - j f o r 0 . 0 3 < - < l (26«) 

Ml = / - ( 1 + 0.03 - ) for - > 1 (26b) 
-V o \ a / c 
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and M2 was given by 

M2 = / 7 for - < 1 (27a) 
Aj 4 c 

M2 = 1 + M / ^ - 1) for - > 1 {27b) 

The finite-width correction, / „ , was given by Eq 24. For a/c < 0.03, the stress-
intensity factor for the single-edge crack plate, a/c = 0, subjected to uniform ten
sion [9] was assumed to apply and F was given by Eq 17. 

Other Analyses of the Surface Crack—A large number of reports consider the 
surface-crack configuration. Some of these reports analyze [25-28] or experimentally 
determine [29] the stress-intensity factors for only a few select configurations. The 
results from these reports were too limited in values of a/c and a/t to use in the 
"Analysis of Fracture Da t a " section. Many other reports (see, for example, Refs 30 
and 31) use stress-intensity factor solutions previously reviewed. One report [32] 
analyzes the surface-crack configuration from a nonfracture mechanics approach. 
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DISCUSSION 

H. Tada and P. Paris^ (written discussion)—It is noted that a factor 
(sin^ <̂  + feVa^ cos^ t/))'̂ " repeatedly appears in /^-formulas for an 
embedded elliptical crack under various loading conditions (Fig. 21).^ 

The following observation of this factor is interesting and worth some 
attention. That is Z>(sin̂  4> + b'^/a^ cos^ </))'̂ ^ is the length of the normal of 
the ellipse which is represented by the length / in Fig. 21. This observation 
considerably simplifies the /^-expressions for an elliptical crack. For 
example, when the crack is subjected to an internal pressure, p, the K-
expression is now written in a simple form 

KM A = (28) 
Eik) 

This is a very compact form and convenient to memorize. 
It also should be noted that a circular crack, a parabolic crack, and a 2-

D tunnel crack are simply special cases of an elliptical crack. Therefore, 
this length-of-normal concept is applied directly to these special cases. For 
example, corresponding to Eq 28 

K = - pyfVa (29) 

K = psTd (Fig. 22fl) (30) 

and 

K = psf^ (Fig. 22^.) (31) 

are derived readily without difficulty for a circular crack, a parabolic 
crack, and a 2-D tunnel crack, respectively, under internal pressure/? (Fig. 
22). 

In addition, it is known that isT-formulas for a crack consisting of two 
straight edges (Fig. 23a) also contains / as the major length factor. Thus, it 
seems reasonable to assume the length-of-normal concept to have some 

'School of Engineering and Applied Science, Dept. of Engineering, Washington University, 
St. Louis, Mo. 63130. 

^Tada, H., Paris, P., and Irwin, G., The Stress Analysis of Cracks Handbook. Del Re
search Corporation, St. Louis, Mo., 1973. 
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A B ^ b s i n t , 
BC = P cos t =-5- cos< 

iA,\Vl AC = t= b(sin*t +-^cos*t) 

FIG. 21—Elliptical crack in an infinite solid. 
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FIG. 22—Parabolic and two-dimensional tunnel crack in an infinite solid. 

generality for estimation purposes. That is, when an embedded flat crack 
which has an axis of symmetry (Fig. 23b) is subjected to an internal pres
sure, p, K is assumed to be in the form 

K = p4Vl-f (32) 

where/is a factor dependent on crack shape (and, in general, loading con
ditions). 

The objective of this discussion is to show the possibilities of engineering 
estimates of /C-value for surface and corner cracks. As best illustrated by 
Irwin and Paris empirical formulae for part-through cracks,^•'' an engineer
ing estimate based on sound judgment can provide the /f-value with a 

'Paris, p. and Sih, G., "Stress Analysis of Cracks," ASTM STP 381. American Society for 
Testing and Materials, 1965. 

''Newman, J. C , Jr., this publication, pp. 16-42. 
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( a ) . ( b ) 

FIG. 23—Arbitrarily-shaped cracks in an infinite solid. 

sufficient accuracy for practical purposes. A few very simple examples are 
given as follows. 

The surface or comer flaws do not necessarily have semi or quarter 
elliptical shapes (Fig. 24). 

For a surface crack shown in Fig. 24a subjected to a uniform tension, a, 
the following expression provides a conservative estimate of K 

(33) *r = ^ x , . , 5 

where / is the measured value for the crack and E(k) is calculated for the 
ellipse shown by a dotted line in the figure. For a corner crack which has 
approximately parabolic shape (Fig. 24b), the following expression is 
conservative 

K = ayfwi X 1.15 (34) 

where / is the measured value. Equations 6 and 7 should not be applied to 
the points in the immediate neighborhood of the intersections of crack 
edge and free surfaces. For some discussions on the engineering estimate of 
this type see footnote 5. 

• l l i p s s 

yw^. 
( 0 ) ( b ) 

FIG. 24—Surface crack and corner crack in a semi-infinite solid. 

^Tada, H. and Irwin, G., "K-Value Analysis for Cracks in Bridge Structures," Fritz Engi
neering Laboratory Report, Lehigh University, Bethlehem, Pa., June 1975. 
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If a rigorous numerical analysis, for example FEM, is used for spot 
checks of the estimation or to provide some additional information to assist 
refinement of the estimation, the computational efforts may be reduced 
substantially. 

/ . C. Newman, Jr. {author's closure)—The observation made by Tada 
and Paris provides a very useful estimation procedure for stress-intensity 
factors for arbitrarily shaped cracks in infinite bodies. However, the 
influence of various shaped boundaries on stress-intensity factors, such as 
free surfaces and holes, must still be obtained from rigorous numerical 
analyses. Most numerical analyses have only considered circular- or ellipti
cal-shaped cracks in finite bodies. The proposed estimation procedure 
could be useful in modifying elliptical-crack solutions in finite bodies to 
obtain estimates for arbitrarily shaped cracks in the same finite bodies. 
This would reduce greatly the computational efforts required for obtaining 
stress-intensity factors for arbitrarily shaped cracks in the neighborhood of 
boundaries. 
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Development of Basic Material(s) 
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REFERENCE: Bucci, R. J., "Development of Basic Material(s) Data for Evaluating 
Crack Growth Life," Part-Through Crack Fatigue Life Prediction, ASTMSTP687, J. B. 
Chang, Ed., American Society for Testing and Materials, 1979, pp. 47-73. 

ABSTRACT: Fracture toughness, fatigue crack growth rate, and sustained load crack 
growth data comprise a basic package of materials property information used in predict
ing growth of cracks by fracture mechanics methods. Accurate analysis requires carefully 
developed laboratory results using various simple specimen configurations to describe 
these properties. A contributing factor to variability in life prediction is the lack of consis
tent procedures for obtaining and reporting this information for use in design. Though a 
standard does exist for direct fracture toughness determinations (ASTM Method E 399), 
standards for subcritical crack growth measurement are in various stages of develop
ment. Accuracy of life prediction is further confounded by judgment required of the 
analyst in selecting the most appropriate test and interpreting material property data for 
use in the computational methodology. 

This paper reviews the status on standardization of test practices for characterizing 
basic material properties used in crack growth analysis. Emphasis is given to aspects of 
fatigue crack growth because of the relative importance of its characterization to life 
prediction by damage integration techniques. Other criteria are outlined to provide 
helpful guidelines to the design engineer seeking to recognize problems and minimize 
variability in life prediction. 

KEY WORDS: fatigue crack growth, stress corrosion cracking, fracture toughness, 
crack growth rate, fracture mechanics, test methods, life prediction, fatigue (materials), 
crack propagation 

Technological demands for higher performance and more efficient 
engineering structures, availability of increased strength materials, and im
proved analytical methods have produced a trend toward higher operating 
stresses in engineering components. However, these same factors enhance 
the prospect of failure by rapid fracture emanating from preexisting crack
like defects in a structural part. Historically, a high percentage of failures en-

'Staff engineer, Engineering Properties and Design Division, Alcoa Laboratories, Alcoa 
Center, Pa. 15069. 
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countered for fracture critical parts have developed through propagation of a 
part-through crack (PTC). This crack-like defect may originate early in the 
life at areas of high stress concentration, such as corners, holes, attachments, 
and corrosion pits, or they may develop from manufacturing defects present 
in the initial structure such as tool marks, weld discontinuities, forging laps, 
inclusions, and the like. 

Evaluation of PTC behavior has been based on experimental simulation. 
However, new requirements in which designs must guarantee safe crack 
growth life have established the need for analytical evaluation of the PTC. 
Perhaps the most notable of these is the Air Force structural integrity 
requirement [1].^ Compliance with such requirements involves the evalua
tion of large numbers of candidate materials and structural details where 
testing of each option may not be economically feasible. Analytical life 
prediction uses a material(s) data base that can be input into a crack growth 
model which is based on principles of fracture mechanics. The basic 
material(s) data package consists of tensile properties, fracture toughness, 
fatigue crack growth rate, and sustained load cracking (SLC) information. 
The fracture properties usually are established from various precracked 
laboratory fracture mechanics specimens that are considerably more efficient 
to test than the PTC specimen. Ability to predict PTC behavior is verified by 
the degree of success that basic laboratory material(s) data, combined with 
stress analysis and descriptive equations of the crack growth model, are able 
to predict actual PTC test results. Once confidence in PTC life prediction is 
established, a number of steps in the design process can be performed by 
analysis, thereby permitting reduction in testing costs and relaxation to bind
ing conservatism of a more empirical approach. 

Objective 

This paper reviews the status on standardization of test practices for 
characterizing basic material properties for input in crack grow1:h analyses. 
Though the scope of this symposium addresses the PTC, much of the discus
sion herewith can be applied more generally toward establishment of baseline 
data for use in analysis of "flawed" engineering components, including those 
containing the PTC. Guidelines are given to help the design engineer 
recognize potential problems and minimize variability in the basic 
material(s) data package. As other areas of PTC analysis such as stress inten
sity solutions, crack geometry effects, transitioning from PTC to through-
thickness cracks, stress/strain history effects, continue to develop, greater 
accuracy in crack growth prediction will result. Progress in these areas is de
scribed in other papers included in this symposium volume. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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Crack Growth Integration Model 

An obstacle to an analytical approach to crack growth prediction is the re
quirement for a model which combines physical significance with feasible 
computational procedures. To facilitate use, physical requirements are often 
compromised to streamline computations. Presently, there does not exist a 
universal model which can predict consistently all forms of interaction be
tween material, load, environment, and component configuration variables 
encountered in service. Therefore, it is not intended that analytical life 
prediction replace the need for service simulation tests in verification of 
design. The crack growth integration model described herewith provides a 
cost effective computational process which establishes a basic link between 
material(s) property data and actual behavior. The basic material(s) testings, 
which serve as input to the model, are essential to understanding crack 
growth mechanisms and evaluating behavior under more complex condi
tions. 

The crack growth integration model is generally written as 

a = a „ + E,Aa, (1) 

where ao is the initial flaw size, and Aa/ is the growth increment associated 
with the i* applied load event. The purpose of Eq 1 is to calculate by 
numerical integration the growth increment, Aa,, for each incrementally ap
plied load event. The integration process continues until a terminal flaw size 
is reached. 

Fatigue 

If fatigue is the subcritical crack growth mechanism, the load event may 
represent an increment of one or more fatigue cycles, AÂ , at fixed maximum 
and minimum loads. Over AA'̂  cycles, the crack growth increment, Aa,, 
could then be computed as 

Aai = ida/dN)rAN, (2) 

where the fatigue crack growth rate characteristic of the material, da/dN, is 
described as a function of stress intensity factor range, AK, the environment, 
and usually the stress ratio, R (R — Kmm/Kmax), for the /* load event. That 
is 

(da/dN)i = / i {AKi,Ri, environment) (3) 

The functional relationship of Eq 3 is developed from constant amplitude 
fatigue crack growth rate data established from precracked fracture 
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mechanics specimens. Fracture mechanics assumes that fatigue crack 
growth in an engineering structure occurs at the same da/dN as that of the 
precracked specimen of the same material when the range and mean stress 
intensities for both configurations are the same. Assuming crack growth in
crement, Aa,, in Eq 1 to be small, the stress intensity factor of the /* load 
event is given as 

A / i : , = / 2 ( A a „ a , - , , y ( a , - , ) ) (4) 

where ACT, is the stress range of the /,h event, a, i is the terminal crack size of 
the previous (i — l)"" load event, and factor Y interrelates crack geometry to 
the configuration of the part. The functional form of Eq 4 is developed from 
linear elasticity. Solutions for many common engineering configurations are 
tabulated in handbooks {2-4\. Therefore, component crack propagation life 
may be estimated by numerical integration of crack growth rates established 
from the laboratory specimen. 

The validity of Eqs 1 and 2 assume that Aa, is independent of prior history, 
that is, load interaction effects are ignored. Several fatigue crack growth 
retardation models have been advanced to account for high to low load in
teraction effects (that is, phenomena whereby growth of a crack is slowed by 
application of a high load in the fatigue spectrum). For aircraft load spectra, 
treatment of retardation effects generally leads to less conservative life 
prediction than models which ignore these interactions (that is, linear 
damage models) [5-7]. Retardation models exist in numerous forms, but a 
basic mechanism, common to most, is that localized plastic deformation left 
by a high load excursion causes residual forces that effectively reduce the 
stress intensity factor during subsequent cycles of lower stress magnitude. 
The mathematical formulation of the stress intensity factor reduction is 
beyond the scope of this paper, but it is founded generally on semi-empirical 
relationships derived from experiment, and included as part of the retarda
tion model. Material(s) parameters, such as yield strength, may be included 
in the model. To account for load interaction effects in crack growth predic
tion, most retardation models modify A/^, and /f, in Eq 3, and establish a 
new (da/dN)i according to the functional crack growth rate relationship 
established from basic material(s) data. 

Time Dependent Sustained Load Cracking (SLC) 

A model analogous to that for fatigue may be considered when the sub-
critical crack growth process is time dependent (for example, stress corrosion 
cracking or elevated temperature creep crack growth, or both), when reliable 
laboratory data relating crack growth velocity, da/dt, to stress intensity fac
tor exists, the crack growth integration model may be used. In this case, the 
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ith applied load event of Eq 1 would correspond to a sustained load held over 
time increment, At/. Equations 2, 3, and 4 would be written analogously as 

Aai = {da/dt)rAti (2') 

(da/dt)i=MKi) (3') 

/ : i = / 2 ( a , , a , - , , y ( f l , - , ) ) (4') 

where {da/dt)i is the characteristic crack growth rate at sustained stress in
tensity, Ki, determined from laboratory data. 

Terminal Crack Size 

Repetitive application of Eqs 1 through 4 accomplishes the integration 
steps to predict crack length as a function of load history. This computa
tional process continues until a terminal value of crack size is reached. Ter
minal flaw size is usually based on residual strength requirements set by 
design. Often the terminal flaw size is established as the critical size where 
rapid fracture is likely to occur, that is, when K approaches the critical 
toughness (/Tk or A'c), or where K exceeds the stress corrosion threshold (Kic 
or Kiscc) and failure is imminent if aggressive environment persists. For the 
PTC terminal flaw size may also be the "leak-before-break" condition at 
breakthrough, or it may be dictated by limitations of inspection or economic 
restraints of repair and rework. 

Basic Material(s) Data Package 

The basic material(s) data package for crack grovrth life prediction con
sists of: (a) subcritical crack growth rate information (namely, fatigue or 
SLC, or both) for establishment of the functional relationships given by Eqs 3 
and 3 ' , and (b) fracture toughness for determination of the terminal flaw 
size. The terminal flaw size is set generally by the failure criteria of design. In 
addition, basic tensile properties, fatigue and SLC "thresholds," and frac
ture toughness are sometimes incorporated as material parameters in crack 
growth prediction models. 

A contributing factor to variability in life prediction is the lack of consis
tent procedures for measurement and interpreting basic material(s) fracture 
data for use in the prediction model. Though ASTM Test for Plane-Strain 
Fracture Toughness of Metallic Materials (E 399-78) does exist for direct 
fracture toughness determination, standards for subcritical crack growth 
measurement are in various stages of development. Accurate prediction of 
life requires judgment in selecting the most appropriate test and in inter
preting material property data for computational use. 
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Fracture Toughness 

Values of fracture toughness used for life prediction should represent con
servative values preferably obtained from the specific material and product 
form involved. The values should be justified on the basis of current technol
ogy and should take into account material variability, testing techniques, 
and other factors which might alter toughness values. 

Partially or fully embedded flaws are usually subjected to plane-strain 
deformations in the vicinity of the flaw periphery. Under plane-strain con
straint, the onset of unstable fracture is abrupt, occurring with little warning 
or gross deformation preceding fracture. In the plane-strain state of stress 
the material is at its lowest point of resistance to unstable fracture. The basic 
material property defining this characteristic isKic, the plane-strain fracture 
toughness. Procedures for direct measurement of Kic are well established 
and have been standardized by ASTM Method E 399. Basic steps and valid
ity requirements of this standard are summarized in Tables 1 and 2, respec
tively. The requirements of this standard that generally cause the greatest 
concern are items 2, 3A, and 9 of Table 2. Comparatively, other re
quirements cause relatively few problems and generally can be avoided. Size 
requirements, items 2 and 3, of Table 2 represent the first major judgment in 
performing the test. Since specimen size is established by the level of fracture 
toughness, this requirement cannot be satisfied until the final test result is 
known. The size requirement stipulates that specimen thickness, crack size, 
and remaining uncracked ligament are approximately 50 times the plane-
strain plastic zone size estimated at (l/67r)-(A'ic/CTys)^ [<̂ ]- Nonlinearity in 
the load-displacement test record may be attributed to crack growth and 
plasticity. The limiting Pma^/Pa ratio, item 9 of Table 2, attempts to 
discriminate and restrict the amount of plastically induced nonlinearity in a 
valid test record. This is to ensure that PQ , the critical load point determined 
by the 5 percent secant offset, represents a true measure of toughness and is 
not superficially suppressed because of gross plasticity. 

The size requirement of ASTM Method E 399 imposes a rather severe 
restriction for relatively tough materials, since relatively large specimens are 
needed to ensure validity. The validity requirements of ASTM Method E 399 
have been the subject of continuing review. The generation of data that pro-

TABLE 1—Steps in K;, testing. 

Select specimen size 
Machine specimen 
Precrack specimen by fatigue loading 
Obtain autographic recording of load versus crack opening deflection while loading to fracture 

by monotonic loading 
Analyze test record; select critical load 
Calculate critical stress intensity factor 
Ascertain validity of results 
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TABLE 2—Principal requirements for valid K/, measurement {paragraph and nomenclature in 
accordance with ASTM Method E 399 

1. Specimen proportions: 
B = 0 . 2 5 ^ to LOW (bend specimen) 7.3.1 
B = 0.25W to 0.50W (compact specimen) 7.3.2 
B = Q.5W most commonly employed, 7.3 

2. Specimen thickness: 
B > 2.5 (A:ic/ys)^ 7.1.1 

3 . Crack length: 
A. a > 2.5 (A:ic/ys)2, 7.1.1 
B. 0.45W < a < 0.55W, 7.3.3 

4. Fatigue precracking: 
A. KKj) ma.x/E] < 0.002 (in.)'''", 7.4.2 
B. (Kf) max < 0.60 A"ic, 7.4.2 
C. A- > 0.9 (AT/) max, 7.4.3 

5. Fatigue crack length: 
>0.05a or >0.050 in., whichever is greater, 7.2.3, 7.4 

6. Crack front curvature: 
A. in mid-thickness, difference between any two a measurements (center and midway) < 

(0.05 X average a), 8.2.3 
B. a at surface > (0.9 X average a), 8.2.3 

7. Crack plane parallel to width-thickness plane to within ± 10 deg, 8.2.4 
8. Loading rate range: 

30 to 150 ksi Vin. /min., 8.3, 8.4 
9. P„^JPQ < 1.10,9.1.2 

vide information on effects of specimen geometry and testing procedure 
which are not confounded by other test variables is slow. Kaufman [9] has 
provided a summary of more recent data. Discussion of these data is beyond 
the scope of this presentation. However, such data will eventually lead to 
some relaxations or modification to validity requirements of ASTM Method 
E 399 which will reduce costs and simplify workability with Ku test results. 

For high toughness materials or thin sheet sections, or both, where insuffi
cient material is available for valid Kic determination, alternate approaches 
for characterizing the material toughness may be used. Several test methods 
have already been developed by ASTM Subcommittee E24.01 on Fracture 
Mechanics Test Methods, notably ASTM Method for Sharp-Notch Tension 
Testing of High-Strength Sheet Materials (E 338-68 (1973)), ASTM Ten
tative Recommended Practice for R-Curve Determination (E 561-76T), and 
ASTM Tentative Test for Sharp-Notch Tension Testing with Cylindrical 
Specimens (E 602-76T). A number of others are in progress. Recent 
developments on standardization of fracture toughness test methods within 
ASTM Subcommittee E24.01 are summarized in Ref 10, and a comprehen
sive survey of inexpensive test methods to determine fracture toughness is 
available in Ref//. Further discussion on fracture toughness test methods, 
therefore, is not warranted here. 

An important part of accurate life prediction is the selection and use of 
basic material(s) data in the analysis which matches the processed material 
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form used in the engineering component to be analyzed. For example, 
general trends observed in most engineering materials indicate that strength 
increase generally is accompanied by toughness decrease and vice versa. 
Therefore, factors known to affect a material's strength are likely to in
fluence toughness [12,13]. Actually, the integrity of a material is controlled 
by its microstructure. As such, toughness is dependent on a number of fac
tors such as alloy composition, homogeneity, and mechanical and thermal 
processing. The control of these factors may have significant impact on the 
magnitude and variability of product toughness independent of the general 
level of strength. For example. Fig. 1 shows controlled high toughness of 
2124 and 7475 aluminum alloys are achieved by special processing and 
tightening impurity limits of iron and silicon over those of their 2024 and 
7075 alloy counterparts of comparable high strength [13]. A large quantity of 
fracture toughness information established over many production lots of 
commercial 2124-T851 aluminum alloy plate is summarized in Table 3. 
Product thicknesses greater than 102 mm (4 in.) show a lower average Kic 
value, indicating sensitivity to processing variables [14]. Similar observations 
have been made in other alloy systems [/5]. 

Fracture properties also are known to vary with orientation of principal 
stress direction with respect to grain flow. This is shown in Table 3 by varia
tions in fracture toughness values of specimens removed from the three prin
cipal orientations {L-T, T-L, and S-L) in aluminum plate. In thin sections or 
cutaways machined from thick plate, or in forged or extruded shapes, the 
direction of grain flow may not always be predictable from the external con
figuration of the machined part, as shown in Fig. 2. Therefore, it is impor
tant to consider direction of stress relative to the grain flow of the part when 
selecting baseline data for analytical life prediction. A complexity of PTC 

Îc 
K,̂  , KSiyifr(MPa /m) 

55 

(60.5) 

Fe + Si. MAX. 

45 
(49.5) 

35 
(38.5) 

25 

(27.5) 

15 

(16.5) 

5 

(5.5) 

L-T LONGITUDINAL DIRECTION 
T L LONG TRANSVERSE DIRECTION 
S-L SHORT TRANSVERSE DIRECTION 

Fe-i-Si 
IL-T fk 

S-L 

Fe.^Si 

S-L ;: 

1.00 

0.80 

0.60 

0.40 

0.20 

0.00 

2024-T851 2124-T851 7075-T7351 7475-T7351 

FIG. I—Aluminum alloy 2124 and 7475 are tougher versions of alloys 2024 and 7075. High 
purity metal {low iron and silicon contents) and special processing techniques are needed to op
timize toughness in these materials. 
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TABLE 3—K/<- distributions for 2I24-T85I plate versus product thickness. 

L-T Orientation 
No. of tests" 
Average Kic (ksi Vin.) * 
Standard deviation 
Skewness coefficient 

T-L Orientation 
No. of tests" 
Average/LIC (ksi Vin.) 
Standard deviation 
Skewness coefficient 

S-L Orientation 
No. of tests" 
Average A'lc (ksi Vin.) 
Standard deviation 
Skewness coefficient 

Product Thickness 
<102 mm (<4.0 in.) 

78 
29.9 

2.7 

55 
25.2 

2.2 
+0.6 

35 
22.2 
2.0 

- 0 . 1 

Product Thickness 
>102 mm(>4.0in . ) 

40 
27.2 

1.4 
+0.7 

25 
22.2 

1.2 
+0.4 

9 
21.8 

" Only data representing valid K ic tests in accordance with ASTM Method E 399 and only one 
test per lot of material is used in this tabulation. 
*lksiVin. = l . l M P a V m . 

Schematic of 
transverse grain flow 
(Short transverse • vertical) 
(Long transverse * horizontal) 

Machined angle 

(o) LOCATION OF MACHINED ANGLE WITH RESPECT TO TRANSVERSE 
GRAIN FLOW IN THICK TEE 

Angulor mismatch 

High assembly stress in 

short transverse direction 

Rigid member 

(b) LOCKED IN ASSEMBLY STRESSES FROM MISMATCH 

FIG. 2—How grain structure can be adversely oriented with respect to locked-in assembly 
stresses when a thin part is machined from a thicker one. 
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analysis is that the grain flow orientation varies along the periphery of the 
crack. 

The sensitivity of toughness input to residual life calculation is generally 
low for long life structure. For example, a 10 percent shift in K^ or K^ has 
negligible effect on calculated cyclic lives greater than 1 0 \ However, several 
mathematical cyclic crack growth rate descriptions used in life prediction in
corporate a toughness parameter to serve as an asymptote for fast fracture at 
high stress intensity [16]. Variability in toughness input to these models may 
affect the prediction of growth rate behavior at K levels below the critical 
value. This potential source of variability should be considered in the com
putation process. 

Fatigue Crack Propagation 

Constant Amplitude Fatigue Crack Growth Rate Relationship 

Resistance to stable crack extension under constant amplitude cyclic 
loading may be described by fatigue crack growth rate, da/dN, expressed as 
a function of crack-tip stress intensity factor range, AK, using fracture 
mechanics concepts. Characterizing fatigue crack propagation in this man
ner provides results which are independent of specimen planar geometry, 
thus enabling exchange and comparison of data obtained from a variety of 
test configurations and loading conditions. When data are plotted as log 
da/dN versus log AK, generally three regions of crack growth rate may be 
identified. They are shown schematically in Fig. 3a. The first region occurs at 
low AK where crack growth rate is strongly dependent upon stress intensity 
and log da/dN decreases rapidly with small decreases in log AK". Reported 
da/dN values in this regime may correspond to increments of crack extension 
per cycle which are less than one atomic spacing. In this case, crack growth is 
discontinuous along the flaw periphery, and da/dN values represent an in
crement of crack growth averaged through the specimen thickness. For many 
engineering structures a major component of fatigue life is spent in Region 1. 
Growth rates in this regime are of interest to the designer since they often 
correspond to early stages of crack formation and growth where remedial ac
tion can be instituted. Region 1 behavior is highly dependent on stress ratio, 
R. Region 2 crack growth rates occur at intermediate stress intensities. 
Behavior in this region is often represented by a linear relationship between 
log da/dN and log AK, particularly in nonhostile environments. Region 2 
crack growth rates are of great practical interest since their associated stress 
intensity factors generally correspond to damage tolerant flaw sizes for in-
service inspection. Region 3 behavior occurs as the maximum stress intensity 
factor of the fatigue cycle approaches the material fracture toughness. 
Region 3 crack growth rates are highly dependent on stress ratio, R, fracture 
toughness and specimen thickness (if not plane strain). For analysis of the 
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PTC configuration, which is predominantly one of plane strain, care should 
be exercised in selecting and using Region 3 crack growth rates generated 
from thin nonplane-strain specimens. Crack growth information established 
over the three regions described is shown for aluminum alloy 2219-T851 in 
Fig. 3fe. 

A value of AK in Region 1 above which fatigue crack growth has been 
observed, but below which crack growth has not been observed has been 
termed a fatigue crack growth threshold, AK^, for the opening Mode I. The 
task of defining a "true" threshold is difficult and obviously a function of 
measurement sensitivity, length of observation, and technique. For certain 
material-environment combinations or applications, or both, the concept of 
a "true" arrest threshold has been accepted provisionally until better 
methods to quantify low da/dN fatigue crack growth are needed and 
available. However, it should be recognized that for some material-
environment combinations the slope of Region 1 crack growth has been 
found to be finite, at least down to low growth rates on the order of 10"'° 
m/cycle, for example. Fig. 4. An operational definition of the fatigue crack 
growth threshold has been suggested as that AK corresponding to a fatigue 
crack growth rate of 1 0 ' " m/cycle [17\. Though the operational definition 
may be useful for quantifying materials' resistance to crack growth, caution 
should be exercised when using the latter concept in design. 

For design use, AK is usually taken as the independent variable and 
da/dN as the dependent variable with the data considered to be parametric 
on stress ratio, R. Fitting data in this format permits the use of analytical ex
pressions of the form described by Eq 3. Expressing crack growth rate in this 
manner permits the da/dN versus AK relationship to be described at any R 
which is useful for predicting crack growth under more realistic load spectra. 
Moreover, this analytical relationship permits a range ofR ratio effects to be 
established from a limited number of baseline constant amplitude tests. 
Several mathematical descriptions of the relationship of AK and R on da/dN 
have been proposed and shown to work reasonably well for a wide variety of 
materials [16]. 

The quality of component life prediction obviously is influenced by the ac
curacy to which the fatigue crack growth relationship represents conditions 
likely to be encountered in service. Care should be exercised to account prop
erly for the full range in AK and R experienced by the actual part. For exam
ple, small errors at low AK may affect life prediction significantly, especially 
when stress intensity factor reductions in Eq 3 are warranted to account for 
crack growth retardation and delay. Moreover, data established over one or 
two decades of crack growth rate may be insufficient to characterize certain 
trends observed over many decades of crack growth, for example Figs. 4 and 
5. 

The accuracy of the fatigue crack growth relationship can likewise be af
fected by variability in test data used to establish the relationship. Over the 
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FIG. 4—Effect of stress ratio, R, on low fatigue crack propagation rates of 2219-T851 
aluminum and lONi steel alloys [19]. 
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past 15 years extensive crack growth rate information has been determined in 
the fracture mechanics format and reported by various sources. Discrepan
cies in typical crack growth relationships reported in the literature are not 
uncommon. Much of the variability has been categorized as normal scatter. 
As a result, relatively little is known about fatigue crack growth rate response 
of materials in use today. Use of statistics to define significance of particular 
data trends has been minimal. The material, environment, and loading 
variables noted in Table 4 should be recognized as important factors affect
ing fatigue crack growth rates [18,19]. To successfully use the fatigue crack 
growth relationship in life prediction requires identification of application 
parameters and their control in the fatigue crack growth test. However, addi
tional and often neglected aspects of the relationship concern variables of the 
test and analysis methods to establish the basic growth rate data. These fac
tors include specimen design, precrack procedures, precision of load applica
tion and crack length measurement, generation of crack length versus 
elapsed cycles (a versus N) data, processing methods for conversion of a ver
sus N to da/dN versus AK, and interpretation and presentation of results. 
Often these testing variables influence crack growth rate more than the fac
tors cited in Table 4. For example. Fig. 6 [20] illustrates anomalous data 
which do not fit the general pattern developed from a number of identically 
shaped specimens tested at various fixed load range, AP. In this case, the 
anomalous behavior was recognized as transient crack growth rate 
characteristics developed from data established at crack lengths very close to 
the machined starter notch. This and other supporting data [19] suggested 
the need for a minimum precrack length requirement that will generally 

TABLE 4—Factors that can influence fatigue crack growth rates. 

Material Variables 
Composition 
Microstructure 

Purity, homogeneity 
Size, type, distribution of second phase particles 

Processing 
Thermal, mechanical 

Product form 
Mechanical properties 

Environmental Variables 
Environmental chemistry and electrochemistry 
Temperature 
Pressure 

Loading Variables 
Load history 

Load range, stress ratio, frequency, waveform, overloads, underloads 
Stress State 

Thickness, constraint 
Type of loading, uniaxial or multiaxial 

Principal stress direction with respect to grain flow 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:56:56 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



62 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

AK (MPa /m) 
2 20 

10" 

y 10-5 

5 o 
T3 

lO , -6 . 

1 1 

TREND LINE ; , 

^ = I.7IXI0-9AK'-^5 7 

/ 

/ 
i; 

1 
/ ° 'i 

• SPECIMEN NO 

COMMENCE^ 

836 • 
837 • 
838 • 

"NORMAL" •--
FATIGUE 

10" 

> 

10 E 

T3 

-5 10 

1.0 10 100 
STRESS INTENSITY RANGE 

AK (KSiyTN.) 

FIG. 6—Anomalous fatigue crack growth rate data for 2024-T351 aluminum alloy [20]. 

remove the anomalous effect. Other forms of transient crack growth 
phenomena are known to occur, particularly when load or environmental 
variables, or both, are changed in the course of the test, or when crack front 
irregularities occur [19]. Optimum procedures for establishment of basic 
material fatigue crack growth rate data recognize and minimize sources of 
test method variability so that data are representative of true steady state 
crack growth characteristics of the material-environment combination con
sidered [17, and ASTM Method E 647-78T]. 

Standardization of Fatigue Crack Growth Rate Testing 

Efforts to standardize crack growth rate test methodology within ASTM 
has been an ongoing process since 1970. Many recommendations and 
guidelines concerning specimen preparation, testing procedure, and data 
reporting have evolved from efforts to standardize fracture toughness 
measurement (ASTM Method E 399 and Ref 5). Other contributions were 
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derived from specific experiments constructed to establish guidelines for 
fatigue crack growth rate testing. Presently, there exists ASTM Tentative 
Test for Constant-Load-Amplitude Fatigue Crack Growth Rates Above 10"* 
m/cycle (E 647-78 T). Standardization of low crack growth rate measure
ment (that is, da/dN < 10 ~* m/cycle) has progressed on a separate time 
table because of the added complexity and more limited experience of data 
acquisition within this regime. Low crack growth rate test methodology has 
advanced to the state that a proposed standard practice exists. At this 
writing, proposed recommended procedures for high and low crack growth 
rate measurement have been consolidated into one concise document [17]. 
The remainder of this section is intended to highlight basic steps to be fol
lowed for establishing fatigue crack growth rate data according to this docu
ment. 

Establishment of Test Conditions 

The importance of selecting test conditions that are representative of the 
particular application already has been presented. Material should be tested 
in the processed form in which it is to be used. Specimen orientation, with 
respect to grain flow, environment, and mechanical loading variables should 
be selected likewise. The range of crack grow1:h rates or AAT traversed, or 
both, should be commensurate with those expected of the actual part. Sen
sitivity of fatigue crack growth rates to test parameters, such as those listed in 
Table 4, should be recognized and controlled in the test to minimize poten
tial sources of variability and enhance understanding of mechanisms. Depen
dent upon the application, it is often practical to select test parameters 
typical of the "worst case" to ensure conservative life prediction. 

Specimen Type, Size, and K Calibration 

Choice of specimen type obviously will be narrowed by conditions of the 
test. This selection should be confined only to those configurations for which 
a well established stress intensity factor calibration exists. The compact 
specimen (CT) and the center crack tension (CCT) specimen have been iden
tified as preferred testing configurations in the ASTM tentative guidelines 
(ASTM Method E 647). The CT specimen is recommended for tension-
tension loading and is the most ideal configuration for measurement of very 
low rates of crack growth [19]. The CCT specimen is best suited for testing of 
thin sections and is recommended for tests at negative R values. Recom
mended proportions and tolerances for the CT and CCT configurations, and 
their stress intensity calibration^ basically follow those guidelines developed 

•'wide range elastic stress intensity solutions valid for dimensionless crack length, a/W > 0.2 
for the CT specimen and a/W < 0.95 for the CCT specimen are now available (ASTM Method 
E 647). 
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for fracture toughness testing. However, an allowable thickness range for the 
CT specimen is given by the limits, W/20 < B < W/2, where B is the 
specimen thickness, and W the effective specimen width measured from the 
centerline of load application. The lower thickness limit provides assurance 
that buckling will not occur in relatively thin specimens. The upper limit on 
thickness allows the standard fracture toughness specimen to be used for 
fatigue crack growth rate testing. However, crack front straightness and cur
vature can be controlled better and their effects minimized by use of 
specimens that are thin relative to their planar size. Therefore, a preferred 
upper limit on CT specimen thickness B < W/4, is stated in the recom
mended practice (Ref 17 and ASTM Method E 647). The latter limit is better 
suited to satisfy validity requirements on crack front straightness and 
minimize the need for curvature correction on crack length. More discussion 
on aspects of crack front straightness and curvature is deferred to later sec
tions of this paper. The same rationale is used to set preferred and allowable 
thickness limits for the CCT specimen as fi < W/8 and B < W/4, respec
tively. No lower limit on B for the CCT specimen is given since this limit is 
sensitive to gage length, method of gripping, and R ratio (positive or 
negative). Bending strains should be kept to within 5 percent of the nominal 
strain, and use of antibuckling constraints may be necessary to maintain this 
strain level. 

An additional specimen size requirement is necessary to maintain 
predominantly elastic conditions in the specimen. This condition is met when 
the remaining uncracked ligament (W — a) of the CT and CCT specimen 
configurations satisfy 

{W - a) > — (^^\ for the CT specimen 
7r \ (7, 

or 

(W — 2a) > —'^^, for the CCT specimen 
BcTjs 

where Pmax and /Cmax are the respective maximum cyclic load and stress inten
sity factor and Oy, the monotonic yield strength (0.2 percent offset). 

For high strength, low monotonic strain hardening materials the afore
mentioned size requirement for the CT specimen has been shown to corre
spond to the onset of measurable plastic deformation which is accompanied 
by acceleration in growth rate [19]. The size requirement on this class of 
materials is therefore justified as being appropriate and necessary. On the 
other hand, the CT specimen size requirement appears to be overly restrictive 
for low strength materials which exhibit significant monotonic strain harden
ing, and several alternatives for relaxation of the aforementioned require
ment have been proposed [19,21]. 
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Load Arrangements and Test Equipment 

Specimen gripping fixtures should be designed to conform with boundary 
conditions assumed in deriving the stress intensity factor of the specimen. 
Careful attention should be given to achieving as good an alignment as possi
ble. General gripping for the pin loaded CT specimen should be designed to 
allow free rotation as the specimen is loaded. The type of grip for the CCT 
specimen depends on the specimen width and loading condition (that is, 
tension-tension or tension-compression). Single pin, multiple bolts, and 
mechanical or hydraulic clamping devices, or both, are all suitable fixturing 
for the CCT specimen. The recommended minimum CCT gage length varies 
with the type of fixturing and is specified so that a uniform stress develops in 
the test section. Accordingly, shorter specimen gage lengths are permissible 
with gripping devices that distribute loads more uniformly. Clamping 
devices, which are necessary for tension-compression loading, permit the 
shortest possible CCT gage length, and hence minimize buckling problems. 
Recommended grip arrangements are described in (Ref 17 and ASTM 
Method E 647). 

Optimum choice of test equipment also depends on the type of test. 
However, the equipment should be capable of maintaining load accuracies 
within ± 2 percent of the maximum and range of applied load (that is, i'max 
and AP). An accurate cycle counting device is also needed. 

Precracking 

The importance of precracking is to provide a sharp, straight (also sym
metrical for the CCT specimen) crack of adequate size which assures (1) the 
effect of the machined starter notch is removed from the specimen K calibra
tion, and (2) elimination of any permanent or transient fatigue crack growth 
characteristics caused by changing crack front shape or precrack load 
history. The need for a requirement on minimum precrack length was cited 
earlier by example. The precracking equipment should ensure symmetry of 
load distribution with respect to the notch and the maximum stress intensity 
factor should be controlled carefully during the final stages of precracking. It 
is preferred that final A" max of the precrack not exceed the initial A" max for 
which test data are to be obtained. However, in the event that the precrack 
process is expedited by stepping down loads to initial test values, the 
magnitude of load steps and crack growth increment per step shall be within 
prescribed limits given by the recommended practice (Ref 17 and ASTM 
Method E 647). These precautions are necessary to ensure that crack growth 
delay effects are eliminated upon commencement of the actual test. Chang
ing R value may introduce transient crack growth effects, particularly at low 
A/if, as indicated by Fig. 4. Therefore, it is preferred that /?, for the last step 
of precracking be equivalent to that at the start of the test, especially when 
targeted initial growth rates are about 10^* m/cycle or less. 
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Establishment of Crack Length versus Cycles (a versus N) Data 

It has been previously recorded that the primary source of variabihty in 
fatigue crack growth rates is scatter encountered in estabhshing nontransient 
test (a versus N) data [18]. Of major concern in establishing such data for 
analysis are potential problems that arise from several forms of transient 
crack growth phenomena when conditions of the test are changed. For exam
ple, crack growth rates are known to become transient with changes in Pmax, 
Pmin, or i?, or with frequency and waveform, especially when environmental 
effects are present [22]. Changes in environmental chemistry or elec
trochemistry also are known to promote transient behavior [23-25]. Suffi
cient crack extension should be allowed following changes in load or en
vironmental variables, or both, to enable growth rate to attain a steady state 
value. The amount of crack growth required depends on the magnitude of 
load change, the material, and the environment. Additional guidance for 
dealing with changes in loading variables is given in Ref 17 and ASTM 
Method E 647. 

Testing at constant load range, AP and fixed loading variables is well 
suited for establishment of high and intermediate rates of crack growth. 
However, this may not always be practical, for example, when a wide range 
in AK is sought from a single specimen. Whenever loads are changed, it is 
preferred that maximum load increase rather than decrease. This is to 
preclude overload induced delay phenomena; retardation being more pro
nounced than accelerated crack growth associated with incremental increase 
i n P m a x . 

A special AT-decreasing procedure has been developed for measurement of 
intermediate and low crack growth rates (less than 10 " ' m/cycle). Under this 
approach, reasonable loads are used to precrack the specimen to predeter
mined crack lengths, whereupon a procedure of progressive shedding of load 
with increasing crack extension commences. The rate of load shedding is 
controlled such that/i^ nominally decreases with increasing crack length, and 
a versus N information obtained during the shedding process can be con
verted to da/dN versus AK. Load shedding continues until the lowest AK or 
growth rate of interest is achieved. For the establishment of very low da/dN 
data this approach has considerable merit since significant time spent 
precracking at low stress intensities is eliminated. Programmed shedding of 
load may be conducted either as a series of step decreases in load at selected 
crack length intervals, or in a continuous manner by an automated technique 
that makes use of an analog or digital computer [26], or both. The load shed
ding (/f-decreasing) test may be halted at any crack length, then continued at 
constant AP to obtain comparison data under A^-increasing conditions. This 
approach, whereby a A'-decreasing and A^-increasing experiment are con
ducted on a single test, provides a viable means for detection and elimination 
of anomalous data. This procedure is recommended when obtaining low 
crack growth rate data from a limited number of specimens. 
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Additional guidelines were formulated to ensure validity of low AK data 
established under /C-decreasing conditions. The specific requirements and 
supporting data are too detailed to elaborate on here, but their basis is 
described in Ref/9 and ASTM Method E 647. Primarily, these additional re
quirements control the magnitude and rate of load-shed with'increasing 
crack extension to be gradual enough to (1) preclude anomalous data 
resulting from reductions in stress intensity factor and concomitant growth 
rates, and (2) allow establishment of about five (da/dN, AK) data points of 
approximate equal spacing per decade of crack growth rate. At very low A^ 
it is also preferred that R be fixed because of the significant influence of this 
variable on low crack growth rates, for example, as shown in Fig. 4. 

Measurement of crack length is an integral part of the test data collection 
process. Measurement procedures should be employed which are capable of 
resolving crack extensions to recommended accuracies [19] (0.10 mm or 
0.002 W, whichever is greater). Maximum limits on the crack growth 
measurement interval, Aa, are dependent on specimen type, size, and crack 
resolution capability. The minimum Aa should be 0.25 mm or ten times the 
measurement precision, whichever is greater. Crack length versus cycles data 
are considered invalid where the average through the thickness crack departs 
more than + 5 degrees from the plane of horizontal symmetry, or where any 
two surface (front and back side) crack measurements differ by more than 
0.025 W or by more than 0.25 B, whichever is less. Upon termination of the 
test, fracture surfaces shall be examined for excessive crack front curvature. 
At any visible crack front contour (for example, precrack or terminal crack 
size) an average through the thickness crack length is to determined in accor
dance with ASTM Method E 399. The difference between the average 
through-thickness crack length and the corresponding crack length 
measured during the test (for example, surface crack length if visual methods 
are employed) represents a crack curvature correction. If the crack curvature 
correction results in a greater than 5 percent difference in calibrated stress 
intensity, then a correction procedure (Ref 17 and ASTM Method E 647) 
should be employed when analyzing the data. 

Calculation of Crack Growth Rate and Stress Intensity Factor Range Rela
tionship 

The rate of fatigue crack growth is to be determined from crack length ver
sus cycles data. The preferred techniques for this calculation are either the 
secant (point to point) or incremental polynomial method (Ref / 7 and ASTM 
Method E 647). The maximum value and range of applied stress intensity 
factor, A"max and AK, respectively, shall be calculated by substituting 
measured values of load and crack length into the specimen stress intensity 
factor relationship. The loading variables /Tmax, AA", and R are related such 
that specifying two uniquely defines the third according to the relationship 
AK = {l - /?)-ii:„ax for R > 0, SLTid AK = K^>,^ for R <0 . 
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Reporting 

The test report should include loading and environmental conditions, 
specimen dimensions, and a complete description of the material, including 
location and orientation of the specimen with respect to the parent product. 
Crack growth data which violate validity requirements should be separated 
from valid data. 

Crack growth rate data are generally plotted as da/dN as a function of A/C 
on log-log coordinates. For optimum data comparison the size of one log-AAT 
decade should be two to four times larger than the size of one \og-da/dN 
decade. A mathematical representation of the crack growth rate curve is 
useful for subsequent integration; however, at this writing no consensus rela
tionship exists. Additional work is needed in this important area. More 
specific reporting requirements are prescribed in Ref / 7 and ASTM Method 
E647. 

Sustained Load Cracking (SLC) 

Subcritical size cracks may also grow under sustained loading in the 
presence of a corrosive or elevated temperature environment, or both. 
Growth does not always begin immediately, but generally occurs after an in
cubation period, the length of which depends on the alloy-environment 
system involved. For damage-tolerant analysis it is conservative to assume 
the incubation time as negligible and life of the part to be that spent in pro
pagating the crack to critical size. Fracture mechanics concepts can be used 
to develop relationships between applied stress, flaw size, and SLC growth. 
Baseline data, expressing da/dt in terms of K, are therefore useful for ap
praising SLC and establishing inspection intervals and limits for damage-
tolerant design [27-30]. 

The relationship between da/dt and K, as well as experimental procedures 
for its measurement, are very similar for both stress corrosion and creep 
crack growth. Remaining discussion is restricted to stress corrosion cracking 
(SCC) where the greatest SLC experience exists. A parallel for creep cracking 
may be drawn by substituting elevated temperature environment for ag
gressive environment in the following remarks. 

Stress Corrosion Crack {SCC) Growth Relationship 

The kinetics of SCC growth encountered in many engineering materials is 
described by the three regions illustrated schematically in Fig. 7. Regions 1 
and 3 of Fig. 7 are analogous to those previously described for cyclic growth, 
for example. Fig. 3. Within Region 2, SCC growth rates are influenced by en
vironment, and da/dt becomes relatively insensitive to K. Some investigators 
have found the "plateau" of Region 2 to be a useful index for screening 
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FIG. 7—Schematic representation of stress corrosion crack growth rate data. 

resistance to SCC for particular material-environment combinations [31]. 
For some material-environment combinations, Region 3 and sometimes 
Region 2 may not exist when toughness is so low that fracture occurs prior to 
the onset of Region 3. On the other hand, wedging by corrosion products can 
interfere with the observation of Region 1. 

Like fatigue, the concept of a' threshold value, Kiscc, below which SCC 
growth has not been observed has been accepted provisionally in some 
materials (for example, titanium and most steels in natural aqueous environ
ments). However, some materials, for example, certain high strength 
aluminum alloys tested in the short transverse orientation, show a continuous 
finite rate of da/dt decrease with decreasing K down to velocities as low as 
10'* to 10"' cm/s. In this case, defining the SCC threshold as some ar
bitrary low velocity provides a practical means of characterizing a material's 
resistance to SCC. There are indications that at K levels close to the /Tiscc the 
incubation period may become very long and sensitive to prior history. Thus, 
crack growth behavior at low stress intensity factors may not always be con
sistent and failure times difficult to predict from growth rate data. 
Therefore, caution is needed when using the concept of Â iscc for design pur
poses. 

Variations from the typical SCC relationship of Fig. 7 have been reported 
by many investigators. Metallurgical factors, such as alloy type and process
ing variations, also chemical environment, stress state, direction of stress 
with respect to grain flow, and residual stresses are all known to have strong 
influence on SCC velocities. To emphasize what has been said previously, the 
selection of test conditions for establishing baseline data has significant bear
ing on the success of the intended evaluation. 
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sec Testing with Precracked Specimens 

Since test methods for measurement of SCC growth are widely varied, 
many factors that contribute to the establishment of uniform test 
methodology remain to be evaluated. The multiplicity of approaches reflects, 
in part, varied needs of individual users of these data. Moreover, the wide 
difference in magnitude of effects in different material-environment com
binations makes formulation of standard test practices difficult. Never
theless, the need for standardization has been recognized, and ASTM Com
mittees E-24 on Fracture Testing of Materials and G-1 on Corrosion of 
Metals are working jointly to develop recommended practices for precracked 
SCC specimens. Because mechanisms of the SCC process are complex and 
not fully understood, standardization will be an evolutionary process. At pre
sent, general agreement is needed on one or two standard specimen designs 
and the necessary operational controls for conducting of the tests. Many of 
the factors pertinent to standardization of fracture toughness and fatigue 
crack growth test methods (for example, specimen preparation, fixturing, 
crack measurement, recording of data, . . . ) can be used in formulation of 
SCC testing guidelines. 

Comprehensive surveys of precrack specimen SCC test methods, specimen 
types and relative merits of each have been presented elsewhere [29,32], and 
will not be repeated here. Remaining discussion will simply highlight some of 
the basic differences and pertinent considerations of SCC test methodology 
in use today. The intent here is to present options available for establishing 
optimum material(s) data for SCC growth life prediction. The selection of 
specimen type and means of stress application influences the extent of K ver
sus da/dt information that may be obtained by a given procedure. The selec
tion of a particular test procedure must take into account the desired objec
tive, related experience, and other economic and time constraints. 

Depending on the method of load application and specimen configuration, 
K can be made to increase, decrease, or remain constant as the crack ex
tends. Generally, specimens are provided with fatigue precracks. In some 
cases the cracks are introduced through mechanical wedging to produce a 
"pop-in" crack emanating from a sharply machined starter notch. The latter 
has the advantage of eliminating expensive precrack time. Relatively little in
formation exists concerning the influence of precrack method on SCC 
growth. Available test results have shown that high precrack stresses or 
mechanical pop-in on subsequent SCC performance may, or may not, have 
an effect depending on the material-environment combination involved [29]. 
Moreover, other test results have shown that fatigue precracks introduced in 
air could lead to different results in subsequent SCC tests than those in which 
fatigue precracks were introduced in the corrosive environment [29]. Again, 
the latter observation depends on the material-environment combination in
volved. 
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Specimens in which K increases with crack length are most commonly 
stressed under conditions of fixed or slowly increasing loads usually achieved 
by dead weight, mechanical, or hydraulic devices. Fixturing requirements 
are essentially consistent with those of fatigue, namely good alignment 
should be maintained and errors that arise from friction in specimen connec
tions should be eliminated. SCC test results can be affected severely by exter
nal sources of vibration, therefore the testing arrangement should be con
structed to minimize vibration induced stressing. An advantage of the K in
creasing technique is that once crack growth is initiated, crack length may be 
monitored over long distances in relatively short periods of time prior to 
rapid fracture. Generally, behavior in Regions 2 and 3 are characterized ef
fectively by this technique. Region 1 rates and /fhcc can be determined by this 
approach, but a major item of testing hardware is tied up for long periods of 
time to make these measurements. 

Specimens in which K decreases with crack extension generally are 
stressed under constant deflection usually applied by a bolt, wedge, or other 
device. Under this form of loading, load and K diminish as the crack ex
tends. The A" decreasing specimen is highly attractive because of its portabil
ity, and the relative ease with which it is tested. The accuracy of load 
measurement depends upon the accuracy of the specimen compliance 
calibration and the exactness of deflection measurement. External vibrations 
are not expected to be a problem with this approach. The most commonly 
employed constant deflection technique is that of the bolt-loaded specimen. 
Specimen shape and proportions are most often selected similar to those of 
the standard compact specimen, while others have used the long double-
cantilever-beam (DCB) specimen to remove the effect of the remaining liga
ment {W-a). Loading generally is applied through a bolt which is drilled and 
tapped into the top arm of the specimen which contacts with a loading pin or 
other bolt in the bottom arm of the specimen. The bolt and loading pin 
generally are machined from high strength steels to prevent plastic flow dur
ing test. After precracking the specimen, the bolt(s) is torqued to a predeter
mined displacement measured by a clip-on displacement gage attached to 
the specimen mouth. The specimen is placed in the environment and re
moved when crack arrest occurs. Subsequent reloading in a tensile machine 
to the arrest deflection corresponding to crack arrest, is used to measure the 
corresponding final load and an arrest K value. Alternatively, the load may 
be calibrated by instrumentation of the bolt. Mechanical wedges are 
employed sometimes in place of bolts in specimens that are too thin to ac
commodate bolts. In the latter test, care is required not to deform the 
specimen as the wedge is inserted. 

Experience has shown that there are a number of problems that must be 
recognized and dealt with in order to achieve meaningful interpretation SCC 
data. For some material-environment combinations, particularly those 
characterized by SCC branching, cessation of Region 2 crack growth may be 
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relatively abrupt as K decreases with crack length and, hence, the estimated 
threshold K value would be nonconservative. In other cases, the crack may 
depart from a single plane. Side grooves are used sometimes to prevent devia
tions from the intended fracture path, but this places an unnatural con
straint on crack growth. The buildup of corrosion products at the crack tip 
can cause stresses at the crack tip. In extreme cases, corrosion product wedg
ing action can be so severe as to lift the loading bolts free of contact with the 
entire stress being supplied by the corrosion product. When corrosion pro
duct buildup is expected to be a problem, /t^-increasing tests generally will 
provide more accurate descriptions of the da/dt versus K relationship. It 
should also be appreciated that few laboratory SCC characterization tests are 
of durations comparable to service conditions, and added conservatism is 
often warranted converting basic SCC data to service performance. 

In summary, basic material characterization of SCC growth behavior re
quires discretion in selecting the most appropriate test method and inter
pretation of the data. There is obvious need for further development of stan
dardized test practices for this purpose. 

Summary 

Fracture toughness, fatigue crack growth, and stress corrosion crack 
growth data comprise a basic package of material(s) information for use in 
crack growth life prediction. Progress toward standardization of testing prac
tices to establish this information is reviewed. Useful guidelines are provided 
to the engineer seeking to recognize problems and minimize variability of 
crack growth analysis through proper development of baseline material(s) 
data. 
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ABSTRACT: A survey of various analytical solutions currently used in part-through 
crack life prediction is presented. Solutions are included which account for shape 
change effects as well as constant shape solutions. Comparisons of these solutions 
with constant amplitude experimental data are examined. Results are presented for 
three different materials: 2219-T851 aluminum, 6A1-4V (/3 annealed) titanium and 
9Ni-4Co-0.20C steel. 
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Nomenclature 

a Crack depth 
c Surface half crack length 

Ca Crack growth rate constant-depth 
Cc Crack growth rate constant-surface 

da/dN Crack growth rate-depth 
dc/dN Crack growth rate-surface 

F Front surface correction factor 
K Stress intensity factor 

AK Stress intensity factor range, (Kmax — Kmi„) 
Kth Threshold stress intensity factor 

m Threshold crack growth rate exponent 
Mk Back surface correction factor 
na Crack growth rate exponent-depth 

'Aerospace engineer, Air Force Flight Dynamics Laboratory, Wright-Patterson AFB, 
Ohio 45433. 
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n'c Crack growth rate exponent-surface 

N Cycles 
Q Part-through crack shape parameter 
t Plate thickness 

/3 Parametric angle for elliptical crack 
$ Complete elliptical integral of the second kind 
a Applied stress 

Oy Material yield strength 

Many common crack geometries occurring in aircraft structures can be 
characterized in terms of a single crack length parameter. For example, 
the edge-through crack, the center-through crack and the radial-through 
crack emanating from a hole can all be described by a stress-intensity 
factor (SIF) which depends only upon the variation of the single-dimensioned 
surface crack length. The SIF for these geometries remains constant through 
the thickness along the crack front. Many crack propagation computer 
programs for life prediction have adopted this approach of using a single 
"characteristic" crack length in the analysis, which will be subsequently 
referred to as a one-dimensional analysis [1,2].^ 

The curved crack front presented by the part-through crack (PTC) leads 
to a variation of the SIF around the periphery of the crack front. Since 
the SIF does vary, the crack growth rates also will vary around the periphery 
of the crack front. This implies that crack shape may vary during the 
crack growth process, making it usually impossible to characterize the 
PTC in terms of a single crack length parameter. The most popular ex
pression for the SIF for a part-through crack is due to Irwin [3]. This 
solution contains two parameters, the aspect ratio of the ellipse, a/c, and 
an angle, /S, which characterizes the location on the crack front (see Fig. 
1). 

Stress-Intensity Factor Formulation 

The SIF formulation, based upon Irwin's solution with correction factors 
for both the front surface [4] and back surface [5] is given by 

/ : = a V W Q [(a/c)^ coŝ /S + sin^/S]''' -F-M, (1) 

where 

Q = *2 - 0.212 {a/ayV 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1—Geometry for part-through crack. 

* Sin ' dd 

and 

F = 1 + 0.12(1 - a/lcY 

The back surface correction factor, Mk, is given in Table 1 as a function 
of a/2c and a/t. 

Evaluating Eq 1 at the major and minor axes of the elliptical crack 
leads to the following expressions for Ka, the SIF at point a, and Kc, the 
SIF at point c. 

Ka = a 4^aZQ [1 + 0.12(1 - a/2cY]-Mk 

Kc = 1.12a yfircTQ (a/c) 

TABLE 1—Back surface correction factor. 

(2) 

(3) 

0.05 0.10 

a/2c 

0.20 0.30 

MK 

0.40 0.50 

a/t 0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

1.00 
1.01 
1.03 
1.06 
1.12 
1.22 
1.34 
1.48 
1.64 
1.77 
1.84 

1.00 
1.01 
1.03 
1.06 
1.12 
1.18 
1.30 
1.42 
1.57 
1.68 
1.75 

1.00 
1.01 
1.02 
1.04 
1.08 
1.14 
1.22 
1.31 
1.41 
1.50 
1.59 

1.00 
1.01 
1.02 
1.03 
1.05 
1.08 
1.13 
1.20 
1.26 
1.32 
1.38 

1.00 
1.01 
1.01 
1.02 
1.02 
1.03 
1.06 
1.08 
1.13 
1.18 
1.22 

1.00 
1.00 
1.00 
1.00 
1.00 
1.01 
1.01 
1.02 
1.04 
1.08 
1.10 
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Analytical Assumptions 

Most existing aircraft life prediction programs perform one dimen
sional analyses based on a single crack length parameter. From Eq 1 it is 
evident that this restriction implies that the parametric angle, /3, must be 
fixed or eliminated. Further, the shape parameter, Q, does not change. 
Thus, the analyst must decide upon a value for (3 and a constant shape 
which will best represent the crack growth pattern for the given initial con
ditions. 

Equation 1 shows that the stress-intensity factor actually varies around 
the periphery of the crack front. Existing two-dimensional analyses per
form independent crack growth analyses in both the depth and surface 
directions using Eqs 2 and 3. These independent analyses then are coupled 
through the shape parameter, Q. Hall et al [6] presented an analysis based 
upon this approach which assumed that the crack growth rate was the 
same in both directions. Forman et al [7] presented a similar analysis in 
which the crack growth rate was assumed to be dependent upon the direc
tion of propagation. Forman assumed the crack growth rate along the 
surface to be twice the crack growth rate in the depth direction. 

The obvious questions arise concerning which techniques should be 
chosen to perform a life prediction for a part-through crack and the im
pact of the choices made upon the accuracy of the life prediction. The 
next section of the paper addresses these questions. Six types of analytical 
assumptions for part-through crack growth are examined. These assump
tions are listed in Table 2. 

The crack growth rate versus stress-intensity factor range relationship 
used in this analysis was developed by Hall [6] under a USAF sponsored 
research program in 1973. The experimental data taken during this pro
gram form the basis for the evaluation of the two-dimensional approaches. 
Hall's crack growth rate relationship may be written 

da/dN = Ca {K^.,a - K.^riAKa)"- (4) 

dc/dN = Cc {K^,,,c - Kt^riAKcYc (5) 

The study conducted by Hall et al examined three materials: 2219-T851 
aluminum, 9Ni-4Co-0.20C Steel and 6A1-4V beta annealed titanium. Table 
3 presents all the material properties developed in Ref 6 for the three 
materials. 

Crack Growth Accumulation Algorithm 

For the two-dimensional analyses the crack growth accumulation algorithm 
performs two independent crack growth analyses using Eqs 2 and 4 to 
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TABLE 2—Basic crack growth assumptions for the types of analysis considered. 

Analysis Type Assumptions 

Two-dimensional type assumptions: 
1 The crack growth rate depends on crack growth 

direction. 
2 The crack growth rate is independent of crack 

growth direction. 

One-dimensional type assumptions: 4>, Q do not change 
3 The crack grows so that the initial shape is held 

constant. 
4 The initial crack is replaced with a semi-circular 

crack which has the same depth as the initial 
crack. The crack grows maintaining the semi
circular shape. 

5 The initial crack is replaced with a semi-circular 
crack which has the same SIF (at the depth 
position) as the initial crack. The crack grows 
maintaining the semi-circular shape. 

6 The initial crack is replaced with a semi-circular 
crack which has the same area within its perim
eter. The crack grows maintaining the semi
circular shape. 

Material 

2219-T851 aluminum 
9Ni-4Co-0.20C steel 
6A1-4V((3A) titanium 

(ksi)" 

52.6 
186.6 
128 

TABLE3-

(ksiVin) 

40 
130 
141 

-Material properties. 

(ksi V in) 

1.5 
10 
5 

c 

0.34 X 10~* 
0.40 X 10~* 
0.33 X lO^'O 

m 

0.84 
0.57 
1.02 

n 

2.40 
1.76 
3.00 

"Original measurementsjn U.S. customary units. Conversion factors are: 1 in. — 25.4 mm; 
1 ksi = 0.145 MPa; 1 ksi Vin.= 0.9099 MPaVm. 

grow the crack in the depth direction and Eqs 3 and 5 to grow the crack 
in the surface direction. These two crack growth analyses are coupled 
through the shape factor Q in the following manner: (a) given an initial 
flaw having a, and c,, calculate Q,, {b) using a,, c, and Q,, calculate 
Krmx.a Krmx.c AKa, AKc USlHg E q S 2 a n d 3 , ( c ) u s i n g A^max.,,, A^n.ax.o AKa 

and AKc, calculate da/dN and dc/dN using Eqs 4 and 5, (d) using 
da/dN, dc/dN, a, and c,, calculate a,+i and c,+i, (e) using a,+i and c+i , 
calculate Q,-n, ( / ) repeat steps b through e until failure or breakthrough. 
The one-dimensional analyses were performed using the current version 
of the CRACKS computer code [/]. These analyses are performed in the 
following manner (a) given an initial flaw having a, and c, as defined 
by one of the one-dimensional assumptions in Table 2, calculate Q, = Q, 
ib) using a, and Q, calculate Km^x.a and AKa using Eq 2, (c) using 
ATmax.o and AKa, calculate da/dN using Eq 4, (d) using a, and da/dN, 
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calculate a,+i, (c) repeat step b through step d until failure or break
through. 

Experimental Data Base 

The constant amplitude tests reported in Ref 6 form the data base for 
the evaluation and comparison of the two types of two-dimensional algorithms 
with typical one-dimensional algorithms using various constant shape 
assumptions. The tests were conducted under uniform tension loading at 
stress ratios of 0.1 and 0.5. Each specimen contained three parallel sur
face flaws located a minimum of 75 mm (3 in.)^ apart. Surface crack 
lengths were measured optically and final flaw shapes were determined 
fractographically. For each material, the geometrical parameters were 
varied over the following ranges 

0.14 < a/2c < 0.50 

0.25 < a/t < 0.85 

The individual variations are presented in Table 4 for each material. 

Evaluation of Analyses 

All six analytical assumptions listed in Table 2 were evaluated against 
the experimental data for each of the 2219-T851 aluminum specimens. 
Figure 2 presents a comparison of the six analyses by plotting the mean 
value of the life prediction ratio, Np/N„ plus or minus the coefficient 
of variation. From Fig. 2 it can be seen that both two-dimensional analyses 
generate smaller coefficients of variation than any of the one-dimensional 
analyses. The implication is that the variable shape assumption of the two-
dimensional analyses leads to more accurate growth patterns and, hence, 
less scatter. Based upon the results shown in Fig. 2 it would appear that, 
if the analyst is forced to use a one-dimensional analysis, the Type 3 analysis 
is superior. In other words, the best constant shape analysis assumption 
is that the flaw will grow in the shape defined by the initial crack depth 
and surface length. 

Both two-dimensional analyses described in Table 2 were applied to all 
of the specimens listed in Table 4. Predictions were made for each flaw in 
each specimen. The predictions for both final flaw shape and cycles to 
breakthrough are presented in Table 4 along with the test results. The 
superimposed histograms of final flaw shapes in Fig. 3 give an indication 
of the overall capability of the analyses to predict flaw shape change. Figure 4 

^Original measurements were made in U.S. customary units. 
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1 1 ; 

ANALYSIS TYPE 

FIG. 2—Comparison of analysis types. 2219-T851 aluminum. 

presents a similar evaluation of the capability to predict cycles to break
through. Both analyses are seen to present a significant improvement over 
all of the one-dimensional analyses (Type 3-Type 6). The improvement of 
the life prediction capability of Type 1 over Type 2 described previously 
is not so great; the most significant improvement of the Type 1 analysis 
over the Type 2 analysis is in the capability of handling the flaw shape 
change. This is illustrated graphically in Figs. 5 through 7 which compare 
the two techniques for each of the three materials. Examination of the 
predicted final flaw aspect ratios in Table 4 shows that the Type 1 analysis 
matched the test aspect ratios to within plus or minus 15 percent. A similar 
comparison using the Type 2 analysis was only capable of predicting the 
final flaw aspect ratio within 30 percent. Figures 5 through 7 graphically 
illustrate that this difference in aspect ratio leads to a considerable dif
ference in final flaw shape. 

Summary 

Six different methods for handling the aspect ratio variability in part-
through crack life analysis have been evaluated against an experimental 
data base of surface flaw specimens under constant amplitude cyclic ten-
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0.75 035 0 3 5 1.06 1.15 

PREDICTED SHAPE/MEASURED SHAPE 

FIG. 3—Final flaw shape predictions, two-dimensional analysis. 

0.2 0.4 0.6 O.e 1.0 1.2 

PREDICTED CYCLES / TEST CYCLES 

FIG. 4—Cycles to breakthrough, two-dimensional analysis. 
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FIG. 5—Flaw shape change predictions, 2219-T851 aluminum (1 in. = 25.4 mm)SUTAl-l (J). 
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FIG. 6—Flaw shape change predictions, 9Ni-4Co-0.2C steel (1 in. = 25.4 mm) SUTSi-3 (1). 

sion-tension loading. Four constant shape (one-dimensional) solutions were 
evaluated. Two variables shape (two-dimensional) solutions also were evalu
ated. Both two-dimensional solutions were shown to be superior to all of the 
one-dimensional solutions. The solution proposed by Forman, which as
sumes that the growth variation can be modeled by assuming different 
growth rate properties in the depth and surface directions, gave better 
results for final flaw shapes than the Hall solution which assumes identical 
growth rate properties in both directions. Results for cycles to break
through for both two-dimensional analyses were excellent and presented 
significant improvements over all the one-dimensional analyses examined. 

Conclusions 

Since the stress-intensity factor varies around the crack front and the 
state of stress also varies, flaw shape change (aspect ratio variability) 
should be considered in any part-through crack life analysis. Both Hall 
[6] and Forman [7] selected an existing stress-intensity factor formulation. 
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FIG. 7—Flavi shape change predictions, 6AI-4V titanium (I in. — 25.4 mm) SUTTi-1 {!). 

Eq 1, performed two-dimensional analyses using this SIF to account for 
the variation in growth at the depth and along the surface. In addition, 
Forman made an attempt to account for the varying state of stress around 
the crack front by modifying the apparent crack growth rate in the sur
face direction. Stress-intensity factor formulations are being developed 
and presented in the literature to eliminate the need for this artifice by 
providing better descriptions of the variation of stress intensity around the 
crack periphery. 
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Life Prediction Analysis of Part-
Through Cracks 

REFERENCE: Vroman, G. A., "Life Prediction Analysis of Part-Through Cracks," 
Part-Through Crack Fatigue Life Prediction, ASTM STP 687, J. B. Chang, Ed., 
American Society for Testing and Materials, 1979, pp. 89-95. 

ABSTRACT: The ability to predict part-through crack behavior analytically based 
on compact specimen crack growth rate data is quantified by comparing analytical 
predictions of cyclic life under constant amplitude loading with laboratory test results. 
In three analytical exercises performed by ASTM Task Group E24.06.01, a total 
of 24 specimens included 2219-T851 aluminum, 6A1-4V-Ti, and 9Ni-4Co-0.20C steel. 

KEY WORDS: crack life, part-through cracks, life prediction accuracy, fatigue 
(materials), crack propagation 

During recent years there has been a widespread recognition that the 
service life of structures often is determined by crack-like flaws undetected 
during fabrication. This recognition along with advances in fracture mechan
ics technology has resulted in the adoption of fracture control principles 
in structural design, thereby reducing the possibility of crack induced 
failures. The design procedure is to perform a life prediction analysis of 
the largest crack-like defect that can escape detection during the manufac
turing inspection. The life prediction analysis brings together the elements 
which largely determine the success or failure of the structure in service; 
the inspection capability, the service imposed stresses, and the material 
fracture properties. 

From a practical standpoint the only material fracture properties avail
able to support design analysis are generated by laboratory testing of 
compact type specimens. However the usual type of problem in design 
analysis is to predict the life of initial part-through cracks (surface flaws), 
so the stress-intensity concept of fracture mechanics analysis is used to 
predict part-through crack behavior from compact specimen data. This is 

'Project engineer, Rocketdyne Division of Rockwell International, Canoga Park, Calif. 
91304. 

89 
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not simple to do and therefore some doubt is justified regarding the accuracy 
of life prediction analyses. 

At the October 1975 American Society for Testing Materials (ASTM) 
Committee Week meeting of Subcommittee E24.06 on Applications a 
spirited discussion of problems associated with design analysis ended with 
the formation of Task Group E24.06.01 on Part Through Crack Life 
Prediction Analysis. From the outset there was considerable interest in 
this activity by other members of ASTM Committee E-24 on Fracture 
Testing of Materials, not only from those engaged in performing life pre
diction analyses but also from those interested in developing the technology. 
Some of this interest diminished as it became known that the principal 
task of E24.06.01 is to assess the design analysis applicability of material 
fracture properties data generated in accordance with ASTM sanctioned 
procedures, and to make recommendations for additional testing if the 
need became apparent. Any developments in analytical techniques that 
result from the task group activities are incidental to the principal objec
tive. In other words, the analytical technique used to perform life predic
tion analyses is not important if an accurate life prediction can be made 
on the basis of ASTM approved data. In the task group activities chronicled 
in this paper, there was no intent to standardize the analytical procedures 
of the different investigators. In fact, diversity was encouraged. 

Organizing Task Group Activities 

The first meeting of our task group resulted in a general agreement 
regarding the scope of our activities. In order to minimize the influence 
of analysis unknowns, we agreed to limit the initial investigations to the 
simplest crack geometry (the semi-elliptical surface crack), under the 
simplest loading (constant amplitude sinusoidal wave shape and approxi
mately R = 0). It was recognized that other types of surface cracks and 
other types of loading would be of more general interest, but it was believed 
that a simple approach would be most likely to establish a correlation 
between compact specimen data and part-through crack behavior. Certainly 
the more complicated analytical procedures associated with other problems 
would introduce a greater variability in the life predictions and therefore 
a larger disparity between analytical predictions and test results. 

Because of a paradox in the chronology of fracture mechanics testing 
development, it was difficult to obtain test data directly applicable to the 
simple problem of a semi-elliptic surface crack under constant amplitude 
loading. Judging from the available literature, it appears that the capa
bility to perform a large number of laboratory tests under cyclic loading 
was developed coincidentally with a new-found interest in spectrum loading 
and crack geometries such as corner cracks, cracks emanating from bolt 
holes, etc. Before this time the relatively few documented tests under cyclic 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:56:56 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



VROMAN ON LIFE PREDICTION ANALYSIS OF CRACKS 91 

loading usually did not include comprehensive records of crack size mea
sured versus the number of applied loading cycles. 

Our analytical exercises were initiated after J. B. Chang of Rockwell 
International-Los Angeles Division provided us with two groups of test 
data: semi-elliptic surface crack size versus number of constant amplitude 
loading cycles, and compact specimen crack growth rates for the same 
materials. Each member of the task group was provided with the test 
specimen description (including initial crack size), the material crack 
growth rate data, but not the test results. The analytical exercise was to 
predict the number of loading cycles (life) before breakthrough or rupture. 
We believed that the objectivity used in performing the analysis was en
hanced by not knowing the test results beforehand. 

In all of our analytical exercises we tried to discourage the competitive 
urge to identify one analyst as being better than another. In keeping with 
our objective, we wanted to establish the predictive accuracy of the average 
analysis rather than the better analysis. From a practical applications 
viewpoint, we wanted to know the predictive accuracy of the average part 
through crack life prediction analysis based on compact specimen data. 
Therefore, the most important statistical parameter that could be expected 
from the analytical exercises was the average predictive ability of those 
participating, including some measure of the variability about the mean. 

Summaty of Analytical Exercises 

Three analytical exercises were performed by participating members of 
the task group, approximating one per year during 1976 through 1978. 
The more important results of these exercises are summarized in Tables 1, 
2, and 3. In the following paragraphs, the results are discussed relative 
to our objective of correlating part-through crack behavior with compact 
specimen data. In all of the tables and in the discussion below, the calcu-

Specimen 
Number 

23-18 
23-17 
40-8 
40-2 

TABLE 1—First 

Specimen 
Parameters" 

b 

b 

c 

c 

analytical exercise results. 

Test 
Parameters'' 

221 (32), LHA 
97 (14), STW 

579 (84), LHA 
248 (36), LHA 

Prediction 
Ratio^ 

0.754 ± 0.196 
1.444 ± 0.193 
0.670 ± 0.247 
1.095 ± 0.527 

" All specimens 12.70 mm (0.50 in.) thick, initial crack size 1.52 mm (0.060 in.) deep by 
3.05 mm (0.120 in.) surface length (a/2c = 1/2). 

''Material is 2219-T851 aluminum. 
'̂  Material is 6A1-4V-Ti titanium. 
''stress in MPa (ksi), LHA = low humidity air, STW = sump tank water. All specimens 

cycled at 0.05 stress range ratio and 60 cpm frequency. 
•̂ Mean and standard deviation from four analysts. 
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TABLE 2—Second analytical exercise results. 

Specimen 
Number 

23-18 
37-3 
32-2 
23-16 
23-12 
23-13 
23-17 
27-76 
23-14 
23-10 

Specimen 
Parameters" 

typical 
b 

b.c 

typical 
typical 
typical 
typical 
typical 
typical 
typical 

Test 
Parameters'' 

221 (32), LHA 
221 (32), LHA 
221 (32), LHA 

97 (14), DW 
221 (32), DW 
221 (32), D W 
97 (14), STW 
97(14), S T W 

221 (32), STW 
221 (32), S T W 

Prediction 
Ratio' 

0.692 + 0.148 
0.988 ± 0.288 
0.454 ± 0.099 
1.388 ± 0.295 
0.747 ± 0.127 
0.880 ± 0.158 
2.186 ± 1.390 
1.982 ± 1.027 
0.841 ± 0.149 
0.900 ± 0.177 

"AH material 2219-T851 aluminum. 
'Thickness is 25.40 mm (1.00 in.), all others 12.70 mm (0.50 in.). 
•^Initial crack is 2.29 mm (0.090 in.) deep (a/2c = 1/3), all others 1.52 mm (0.060 in.) 

deep (a/2c = 1/2). 
''Constant amplitude stress in MPa (ksi), LHA = low humidity air, DW = distilled 

water, STW = sump tank water, stress range ratio = +0.05 for all specimens. 
* Cyclic loading frequency = 6 cpm, all others 60 cpm. 
-'̂ Mean and standard deviation from six analysts. 

TABLE 3—Third analytical exercise results. 

Specimen 
Number 

188 
184 
583 
189 
190 
186 
482 
484 
185 
191 
483 
486 

Specimen 
Parameters" 

typical 
typical 

b 

typical 
c 
d 

typical 
typical 
typical 

d 

typical 
typical 

Test 
Parameters'' 

32, LHA 
54, LHA 
54, LHA 
54, LHA^ 
54, LHA« 
54, LHA 
54, STW* 
54, STW 

126, LHA 
126, LHA 
126, STW* 
126, STW 

Prediction 
Ratio' 

0.548 ± 0.286 
0.798 ± 0.271 
0.796 ± 0.245 
0.828 ± 0.342 
0.690 ± 0.337 
0.775 ± 0.233 
1.085 ± 0.371 
0.887 ± 0.304 
0.829 ± 0.212 
0.642 ± 0.251 
1.068 ± 0.272 
0.877 ± 0.224 

"All material 9Ni-4Co-0.20C steel. 
*Thickness is 25.40 mm (1.00 in.), all others 12.70 mm (0.50 in.). 
''Initial crack is 1.78 mm (0.070 in.) deep, all others 1.52 mm (0.060 in.). 
''initial crack aspect ratio (a/2c) is 1/3, all others 1/2. 
"Constant amplitude stress in MPa (ksi), LHA = low humidity air, STW 

water. 
-'̂  Stress range ratio = +0 .3 . 
* Stress range ratio = +0.5 , all others stress range ratio = 0. 
''Cyclic loading frequency = 6 cpm, all others 60 cpm. 
' Mean and standard deviation from five analysts. 

sump tank 
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lated ratio of analysis versus test (predicted cycles to failure divided by 
actual test cycles to failure) is referred to as the prediction ratio. Any 
prediction ratio greater than 1.000 is unconservative in the sense that 
the analysis predicts more life than the specimen demonstrated by test. 
Additional data relative to the tabulated values are provided and discussed 
in the text. 

In reviewing the results, it is important to remember that the prediction 
ratio is affected by three statistically independent variables; the variability 
of the compact specimen crack growth rate data, the accuracy of the 
analytical procedures used to predict part-through crack behavior and the 
natural inconsistency of part-through crack test results due to both material 
variability and test loading misalignments. At this time, there are not 
sufficient data available to quantify the relative importance of these vari
ables. It is likely that some of the extreme variations from specimen to 
specimen in the listed prediction ratio averages are due principally to 
testing variability. On the other hand, the variability (standard deviation) 
of the prediction ratio for each specimen is due solely to the analytical 
procedures. 

The results from the first analytical exercise are listed in Table 1. With 
perseverance, the associated specimen and test parameters also can be 
read from the notes. The results take on a greater importance when viewed 
with an appreciation of the many variations in the affecting parameters. 
Therefore, it was very reassuring to find that the average prediction ratio 
was 0.991, slightly conservative but very close to the perfect value of 1.000. 
Also, it was encouraging to find that the average standard deviation in the 
prediction ratio was 0.291, suggesting that the different analytical pro
cedures of the four analysts did not greatly influence the results. On further 
investigation, the background data showed a tendency for the analytical 
predictions to be unconservative for high cycle fatigue and conservative 
for low cycle fatigue. The 1.444 mean prediction ratio of specimen 23-17 
resulted from a test life of 192 000 cycles, the 1.095 ratio of 40-2 from 
172 200 cycles, and down to the 0.670 ratio of 40-8 from 6784 cycles. This 
apparent correlation caused the life prediction analysts to re-examine their 
calculation procedures. 

The second analytical exercise results are listed in Table 2. Within the 
total of twelve specimens, two were repeated from the first analytical exer
cise (23-17 and 23-18) giving some advantage to the observant analyst 
who knew the test results. The average prediction ratio for each of these 
two specimens do not indicate that the replication influenced the analytical 
results because both specimens had worse average predictions in the second 
exercise. Another factor that probably influenced the predictions was the 
crack growth rate data. Whereas in the first exercise a single crack grow1:h 
rate curve was provided for the two specimens, in the second exercise a 
large number of curves (all that could be found) were provided, and the 
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94 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

analyst was required to choose between the data. Several of the analysts 
objected to this variation in the exercise, but the choice between apparently 
conflicting data is a common occurrence and certainly a factor influencing 
the accuracy of the life prediction procedure. 

In general, the results of the first two analytical exercises were very 
similar. However, in the second exercise, two specimens showed significantly 
larger unconservatisms in their prediction ratio; specimens 23-17 and 27-76 
(Table 2). A closer examination of the results shows that for specimen 23-17, 
three of the six analysts had a prediction ratio between 0.974 and 1.401. 
Similarly for specimen 27-76, the better three prediction ratios ranged 
between 1.113 and 1.601, as compared to the overall average of 1.982 and 
the extreme value of 3.738. It seems most likely that such a statistical 
characteristic would be caused by differences in analysis methodology 
rather than problems associated with the input compact specimen data. 
Further support for this opinion was gained in the third analytical exercise. 

Table 3 lists the results of the third analytical exercise. It can be seen 
from the listed prediction ratios that the cyclic life of all twelve specimens 
were reasonably well predicted. In fact, the overall average prediction ratio 
of 0.819 (±0.279 average standard deviation) is close to optimum, slightly 
conservative but not too conservative. As in the other analytical exercises, 
a layering effect of stress level appears in the results but the variation is not 
large at the two higher stress levels. The average prediction ratio for all 
869 MPa (54-ksi) stress specimens is 0.837, which is close to the 0.854 
average for all 372 MPa (126-ksi) specimens. 

An overall summary of the three analytical exercises is shown in Table 
4. Also listed are some of the parameters associated with these results. 
This summary demonstrates that our task group has investigated a wide 
variety of material and testing parameters, consistently achieving satisfac
tory predictions of part-through crack behavior from compact specimen 
crack growth rate data. 

TABLE 4—Summary of analytical exercise results. 

Year 
Completed 

1976 

1977 

1978 

Material 

aluminum 
2219-T851 
titanium 
Ti-6A1-4V 
aluminum 
2219-T851 

steel 
HP-9-4-20 

Stress, 
MPa (ksi) 

221 (32) 
97 (14) 

579 (84) 
248 (36) 
221 (32) 
221 (32) 

97 (14) 
221 (32) 
372 (54) 
372 (54) 
869 (126) 

Thickness, 
mm (in.) 

12.70 (0.50) 
12.70 (0.50) 
12.70 (0.50) 
12.70 (0.50) 
12.70(0.50) 
25.40(1.00) 
12.70 (0.50) 
12.70 (0.50) 
12.70 (0.50) 
25.40(1.00) 
12.70 (0.50) 

Average Ratio 
Analysis/Test 

r 
( 0.991 
s ( 4 analysts) 
/ ( 4 specimens) 
^ 1.007 

( 6 analysts) 
(10 specimens) 

0.819 
( 5 analysts) 
(12 specimens) 
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Conclusion 

The aforementioned analytical exercises demonstrate that the behavior 
of part-through cracks under constant amplitude loading can be predicted 
with sufficient accuracy on the basis of crack growth rate data obtained 
from compact specimens. 
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ABSTRACT: The validity of using compact tension fatigue crack growth rate data to 
predict constant amplitude fatigue crack growth of part-through crack specimens was 
assessed. The assessment reported herein is one of six such assessments made by various 
members of the ASTM Task Group E24.06.01 on Application of Fracture Data in Life 
Prediction. Each of six members of this task group predicted the crack growth behavior 
for ten part-through crack specimens using compact tension crack growth rate data, 
with only one member having prior knowledge of the part-through crack test results. 
This author's assessment is presented in detail together with a comparison of the ratio 
of the analytical/experimental cycles to "breakthrough" and "failure" as determined 
by each of the six members of the task group. 

KEY WORDS: compact tension, part-through crack, round robin, fatigue (materials), 
crack propagation 

While a relatively large amount of subcritical crack growth rate data 
exists for compact tension specimens, a much smaller amount of such data 
exists for part-through crack specimens. This is due to the fact that it is 
easier to make crack length measurements on compact tension specimens 
and it is easier to characterize the stress intensity solutions for these speci
mens. Because of the different geometries, crack shapes, etc., involved for 
the two types of specimens, a question that is often raised is whether it is 
proper to use compact tension fatigue crack growth rate data to predict the 
crack growth behavior of part-through crack specimens. 

Approach 

In order to assess the validity of using compact tension crack growth rate 

'Aerospace engineer, Air Force Flight Dynamics Laboratory (AFFDL/FBE), Wright-
Patterson AFB, Ohio 45433. 
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RUDD ON PREDICTIONS USING COMPACT GROWTH RATE DATA 97 

data to predict the crack growth behavior of part-through crack specimens, 
an analytical round-robin exercise was performed by members of the ASTM 
Task Group E24.06.01 on Application of Fracture Data in Life Prediction. 
Each member predicted the crack growth behavior for ten part-through 
crack specimens (using compact tension data) for a number of different 
environments, constant amplitude cyclic loading rates, thicknesses, stress 
levels, initial crack sizes, and initial aspect ratios. After the analytical pre
dictions were performed, experimental test data for the part-through crack 
specimens were provided by J. B. Chang. Analytical predictions then were 
correlated with these experimental test results in order to perform the de
sired assessment. 

Compact Tension Crack Growth Rate Data 

Each member of the ASTM Task Group E24.06.01 was furnished with 
crack growth rate curves, representing compact tension crack growth rate 
data, by J. B. Chang to be used to predict the crack growth behavior of the 
ten part-through crack specimens. These computer-generated curves repre
sent a mean fit to the test data generated from compact tension specimens, 
such as the specimen illustrated in Fig. 1. The material involved was 2219-
T851 aluminum. The data were generated for dry air, distilled water, and 
sump tank water environments at a cyclic loading rate of one cycle per 
second and a stress ratio ofR = 0.08. The thicknesses of the specimens were 
B = 44.45 mm (1.75 in.) and 50.8 mm (2.0 in.).^ The specimen depth W 

FIG. 1—Compact tension specimen. 

^The original measurements were in U.S. customary units. 
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98 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

and the maximum stress level 5max for which the crack growth rate data 
were generated were unspecified. The crack growth rate curves used in the 
part-through crack growth predictions will be presented later in this report. 

Part-Through Crack Tests 

Part-through crack tests for 2219-T851 Al were conducted using speci
mens of the type illustrated in Fig. 2. The tests were conducted in dry air, 
distilled water, and sump tank water environments at cyclic loading rates 
of 0.1 cps and 1 cps. The specimen thicknesses were B = 12.7 mm (0.5 in.) 
and 25.4 mm (1.0 in.) and the specimen width was W = 101.6 mm (4.0 in.). 
The specimens were subjected to maximum stress levels of 5'max = 96.53 
MPa (14 ksi) and 220.64 MPa (32 ksi) at a stress ratio R = 0.05. Two 
initial crack depths, a, = 1.52 mm (0.06 in.) and 2.29 mm (0.09 in.), and 
two initial aspect ratios, (a/2c), = 0.40 and 0.50, were considered. It should 
be noted that while the compact tension crack growth rate data provided 
were generated for a loading rate of 1 cps, part-through crack growth pre
dictions were also required for a loading rate of 0.1 cps. Also, while the 
compact tension crack growth rate data provided were generated for thick
nesses oi B = 44.45 mm (1.75 in.) and 50.8 mm (2.0 in.), part-through 
crack growth predictions were required for thicknesses of fi = 12.7 mm 
(0.5 in.) and 25.4 mm (1.0 in.). These differences in the geometric and 
loading conditions for the compact tension and part-through crack speci
mens could have contributed to the differences between the analytical pre
dictions and experimental test results. 

a I 

w 
SECTION A - A 

FIG. 2—Part-through crack specimen. 
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Part-Through Crack Analyses 

This member's predictions of the crack growth behavior of the part-
through crack specimens were performed using the CRACKS computer 
program [1]J The following one-dimensional (that is, the. crack was 
assumed to grow at a constant aspect ratio) stress intensity solution for a 
surface crack was used in the analyses 

K= \.\a^l~M, (1) 

where 

1.1 = front surface correction factor, 
a = far field stress, 
a — crack depth, 
Q = flaw shape parameter, and 

Mk — back surface correction factor. 

The flaw shape parameter Q can be expressed as follows [2] 

Q - $ 2 0.212 (2) 

where Oy is the yield strength and $ is the elliptic integral 

$ = 1 - sin^e de (3) 

in which a is the semi-minor axis of the ellipse, b is the semi-major axis, 
and 9 is an angular coordinate. The back surface correction factor M* [J], 
currently contained in the CRACKS computer program in tabular form, is 
presented in Table 1. It can be seen that the back surface correction factor 
is a function of the ratio of the crack depth to the thickness, a/B, as well 
as the aspect ratio a/2c. 

The criterion used in the analyses to represent the transition from a 
surface crack to a through-the-thickness crack is illustrated in Fig. 3. The 
surface crack is grown at a constant shape until the crack depth a is equal 
to the thickness B. At this time, a through-the-thickness crack is assumed 
to exist, having a crack length 2c, equal to the surface crack length at the 
time of transition. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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100 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

TABLE 1—Back surface correction factor. 

a/2c 

0.05 0.10 0.20 0.30 

Mk 

0.40 0.50 

a/B 0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

1.00 
1.01 
1.03 
1.06 
1.12 
1.22 
1.34 
1.48 
1.64 
1.77 
1.84 

1.00 
1.01 
1.03 
1.06 
1.12 
1.18 
1.30 
1.42 
1.57 
1.68 
1.75 

1.00 
1.01 
1.02 
1.04 
1.08 
1.14 
1.22 
1.31 
1.41 
1.50 
1.59 

1.00 
1.01 
1.02 
1,03 
1.05 
1.08 
1.13 
1.20 
1.26 
1.32 
1.38 

1.00 
1.01 
1.01 
1.02 
1.02 
1.03 
1.06 
1.08 
1.13 
1.18 
1.22 

1.00 
1.00 
1.00 
1.00 
1.00 
1.01 
1.01 
1.02 
1.04 
1.08 
1.10 

v 

FIG. 3—Transition criterion. 

After transition, the following expression was used to represent the 
stress intensity solution for a through-the-thickness crack 

K = ffVira Fia/w) 

F{a/w) is the finite width correction factor expressed as [4] 

(4) 

F(a/w) = Vsecant(7ra/w) (5) 

From the data furnished to each member and Ref 5, values selected by this 
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member for the fracture toughness Kc and the yield strength Oy were 68.10 
MPa Vm (62.0 ksi Vin. ) and 330.95 MPa (48 ksi), respectively. Points were 
selected from the crack growth rate curves furnished to each member and 
input directly into the CRACKS computer program in tabular form {da/dN 
versus AK). The crack growth for the part-through crack specimens was 
determined using the Runge-Kutta numerical integration method. 

Analytical/Experimental Crack Growth Results 

Dry Air Environment 

Three part-through crack predictions involved a dry air environment. 
Crack growth rate curves, representing compact tension crack growth rate 
data, were furnished to each member for these predictions (Fig. 4). These 
computer-generated curves represent a mean fit to the test data. The data 
were generated for a cyclic loading rate of 1 cps and a stress ratio of 0.08. 
Crack growth rate curves are presented for thicknesses of 44.45 mm (1.75 
in.) and 50.8 mm (2.0 in.). The 44.45 mm (1.75 in.) crack growth rate 

10' 

10 

o >-o 
(/> 
UJ 
X 

10' 

10 

10 

B'i 3/4 

• • I 

10 
iK(KSIiAN) 

100 

FIG. 4—Crack growth rate data for dry air environment (I in. = 25.4 mm. 1 ksi — 0.145 
MPa). 
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curve was selected for use in the predictions because this was closer to the 
12.7 mm (0.5 in.) and 25.4 mm (1.0 in.) thicknesses of the part-through 
crack specimens. A straightedge was used to divide the selected crack 
growth rate curve into 14 linear segments (on the log-log plot). The values 
of the 15 points for the chosen segments were input directly into the 
CRACKS computer program in tabular form (da/dN versus AK). Desired 
intermediate values were calculated using- a linear interpolation routine 
contained in CRACKS. 

The analytical/experimental correlations for a dry air environment are 
presented in Figs. 5, 6, and 7. The solid curves represent the analytical 
predictions and the dashed curves represent the experimental test data. 
Each figure indicates the loading rate, thickness, maximum stress level, 
stress ratio, initial crack depth, and initial aspect ratio involved. Conserva
tive lives were predicted for the specimens. It should be mentioned that 
although the specimen of Fig. 7 was tested with an initial aspect ratio 
(a/2c), = 0.40, each member was mistakenly informed that the initial 
aspect ratio was 0.33. Hence, (a/2c), — 0.33 was used in the analysis. If 
the actual initial aspect ratio of 0.40 had been used in the prediction, the 
predicted life would have been even more conservative. 

Distilled Water Environment 

Three part-through crack predictions involved a distilled water environ-

I 
< 
X IE 
O 

1.0 • 

0.8 • 

0.6 

0.4 

UJ 

o 0.2 

0.0 

DRY AIR ENVIRONMENT at I GPS, 
B= 0.50" 

Smax'32 KSI, R« .05 

a\ =.06", (a/ZOj =.50 

Ccr ' -90 at 
16,500 CYCLES 

Ccr = .90" at 
24,600 CYCLES 

<? 

t I BREAKTHROUGH 

16,000 CYCLES / 

P 

a/2C = .38 at 
23,000 CYCLES 

— I 1 1 

8,000 16,000 

N(CYCLES) 

24,000 

FIG. 5-
MPa). 

-Crack growth correlation for example No. 1 {1 in. — 25.4 mm, I ksi = 0.145 
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0.0 

.Ccr = 1.20" at 
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FIG. 6—Crack growth correlation for example No. 2 (/ in. = 25.4 mm, I ksi — 0.145 
MPa). 

ment. A crack growth rate curve, representing compact tension crack 
growth rate data, was furnished to each member for these predictions 
(Fig. 8). This computer generated curve represents a mean fit to the test 
data. The data were generated for a cycHc loading rate of 1 cps, stress ratio 
of 0.08, and thickness of 50.8 mm (2.0 in.). The furnished crack growth 
rate curve was divided into 15 linear segments and values for the 16 points 
defining the linear segments were input into CRACKS in tabular form. Be
cause one of the part-through crack examples for this environment involved 
stress intensity ranges below those represented by the solid curve, the 
CRACKS computer program used extrapolated values for this slow growth 
region. The extrapolated crack growth rate values used in the prediction 
for this example are represented by the dashed curve in Fig. 8. 

The analytical/experimental correlations for a distilled water environ
ment are presented in Figs. 9, 10, and 11. The second example for a dis
tilled water environment (Fig. 10) involved the same basic loading and 
geometric conditions as the preceding example (Fig. 9) with the exception 
that the loading rate was 0.1 cps rather than 1 cps. Because crack growth 
rate data were only furnished for a loading rate of 1 cps, the prediction for 
the previous example also was used for this example. The example in Fig. 
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1.2 • 

OT 1.0 

0.0 

DRY AIR ENVIRONMENT at I CPS, B' 1.00̂  SnKix'32 KSI , R • .05 
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24,000 

FIG. 7—Crack growth correlation for example No. 3 (/ in. — 25.4 mm. I ksi = 0.145 
MPa). 

11 involved a maximum stress of 96.53 MPa (14 ksi) instead of the 220.64 
MPa (32 ksi) stress levels for Figs. 9 and 10. This lower maximum stress 
level resulted in stress intensity ranges below those of the furnished crack 
growth rate data. In fact, the majority of the predicted crack growth life 
involved these low stress intensity ranges for which extrapolated crack 
growth rates were required. These extrapolated crack growth rates were 
determined in the CRACKS computer program using the two slowest crack 
growth rates input into the program. The extrapolated analytical growth 
rates in this slow growth region were apparently very unconservative, as 
demonstrated by Fig. 11. 

Sump Tank Water Environment 

Four part-through crack predictions involved a sump tank water environ
ment. A crack growth rate curve, representing compact tension crack 
growth rate data, was furnished to each member for these predictions (solid 
curve in Fig. 12). This computer generated curve represents a mean fit to 
the test data. The data were generated for a cyclic loading rate of 1 cps, 
stress ratio of 0.08, and thickness of 44.45 mm (1.75 in.). The furnished 
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FIG. 8—Crack growth rate data for distilled water environment, (1 in. = 25.4 mm. 1 ksi 
0.145 MPa). 

crack growth rate curve was divided into ten linear segments and values for 
the eleven points defining the linear segments were input into CRACKS in 
tabular form. Because two of the part-through crack examples for this 
environment involved stress intensity ranges below those represented by the 
solid curve, extrapolated values were used for this slow growth region. The 
extrapolated values used in the predictions for these two examples are rep
resented by the dashed curve in Fig. 12. Also shown in Fig. 12 is a Walker 
Equation [6] fit to the previous 2219-T851 data (average fit to both dry air 
and sump tank water environments) which was used in a previous analytical 
round-robin exercise by the members of the ASTM Task Group E24.06.01. 
It can be seen that for the slow growth region, the crack growth rates for 
the Walker Equation are considerably higher (as much as an order of mag
nitude) than those for the extrapolated curve. Hence, the extrapolated 
analytical growth rates were apparently very unconservative. 

The analytical/experimental correlations for a sump tank water environ
ment are presented in Figs. 13 through 16. The second example for a sump 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:56:56 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



106 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

o 
I 0.8 

^ 0.4 

0.0 

Ccr = .92" at 
Ccr = .90" at 23,000 CYCLES 
14,500 CYCLES . 

DISTILLED HgO ENVIRONMENT at 

I CPS, B= .50" 

Smax ' 32 KSI, R» .05 

a I • .06", (a /2C)j - .50 

aac , 

_ BREAKTHROUGH^n 

a/2C =.50 ot K a/2C=.38 ot 
14,000 CYCLES ̂ , | 22,400 CYCLES 

f( a 

—I 
8,000 

•+ - -t-
24,000 16,000 

N(CYCLES) 

FIG. 9—Crack growth correlation for example No. 4 (/ in. = 25.4 mm, I ksi = 0.145 MPa). 
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11—Crack growth correlation for example No. 6 (1 in. = 25.4 mm, I ksi = 0.145 

tank water environment (Fig. 14) involved the same basic loading and geo
metric conditons as the preceding example (Fig. 13) with the exception 
that the loading rate was 0.1 ops rather than 1 cps. Because crack .growth 
rate data were only furnished for a loading rate of 1 cps, the prediction for 
the previous example also was used for this example. The example in 
Fig. 15 involved a maximum stress of 96.53 MPa (14 ksi) instead of the 
220.64 MPa (32 ksi) stress level for Figs. 13 and 14. This lower maximum 
stress level resulted in stress intensity ranges below those of the furnished 
crack growth rate data. In fact, the majority of the predicted crack growth 
life involved these low stress intensity ranges for which extrapolated crack 
growth rates were required. As previously discussed, very unconservative 
crack growth rates in this slow crack growth region were developed in the 
analytical prediction, as demonstrated by Fig. 15. The example in Fig. 16 
involved the same basic loading and geometric conditions as the preceding 
example (Fig. 15) with the exception that the loading rate was 0.1 cps 
rather than 1 cps. Again, because crack growth rate data were furnished 
for only a loading rate of 1 cps, the prediction for the previous example 
also was used for this example. 

Summary of Analytical/Experimental Correlations 

Table 2 contains a ratio of this member's predicted life to the experi-
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FIG. 12—Crack growth rate data for sump tank water environment (1 in. — 25.4 mm. 
1 ksi = 0.145 MPa). 

mental test life at breakthrough and failure for each of the ten examples 
considered in the round-robin exercise. Recalling that examples 1 through 
5, 7, 8 involved a maximum stress level of 220.64 MPa (32 ksi), it can be 
seen that conservative crack growth life predictions were made for these 
seven examples, for which crack growth rate data were available for the 
entire stress intensity range of interest. The correlations of the predicted 
and test lives for these seven examples are within the normal expected 
scatter of the crack growth rate data. However, unconservative crack 
growth predictions were made for the three examples involving the lower 
maximum stress level of 96.53 MPa (14 ksi), for which crack growth rate 
data were not available for the slow growth region and extrapolated crack 
growth rate data were used in the predictions. Particularly unconservative 
is the prediction for Examples 9 and 10 (the same prediction was used for 
two different loading rates). 

Table 3 presents the mean and standard deviation of each member's 
ratios of predicted lives to experimental lives at breakthrough and failure 
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FIG. 13—Crack growth correlation for example No. 7 (I in. = 25.4 mm. I ksi = 0.145 
MPa). 
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FIG. 15—Crack growth correlation for example No. 9 (/ in. 
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= 25.4 mm. 1 ksi = 0.145 

for the ten examples considered in the round-robin exercise. It appears 
that this member's anal)rtical methodology is very unconservative. However, 
this is due to one very unconservative prediction which was used in two 
examples (Examples 9 and 10). This is demonstrated by Table 4 which is 
similar to Table 3 except that it summarizes only the first eight examples 
(Examples 9 and 10 are not included). Hence, by eliminating one pre
diction (two examples), this member's analytical methodology now appears 
to be conservative. It can be seen that summarizing the results in this 
manner, when only a few examples are involved, can be misleading. This is 
especially true when one prediction completely dominates the results, such 
as the case just presented. 

Conclusions 

The conservative analytical predictions for the seven examples involving 
crack growth rate data which were available for the entire stress intensity 
range of interest correlated adequately with the experimental test results 
(within the expected scatter of the crack growth rate data). The only pre
dictions which were unconservative and which did not correlate adequately 
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FIG. 16—Crack growth correlation for example No. 10 (/ in. = 25.4 mm. 1 ksi — 0,145 
MPa). 

TABLE 2—Analytical/experimental correlation. 

Example No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Predicted/Test 

Breakthrough 

0.70 
a 

a 

0.63 
0.71 
1.77 
0.73 
0.77 
4.79 
5.54 

Failure 

0.67 
0.87 
0.40 
0.63 
0.73 
1.69 
0.74 
0.77 
4.50 
5.14 

"No breakthrough. 

with the experimental test results were those for the three examples for 
which there were no crack growth rate data available for the slow growth 
region, thus requiring the use of extrapolated crack growth rate data in the 
predictions. It is felt that if slow crack growth rate data had been available 
and represented adequately, predictions for these three examples probably 
would have correlated adequately with the experimental test results also. 
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TABLE 3—Round-robin summary (10 examples). 

Analyst 

A 
B 
C 
D 
E 

RUDD 

Mean 

1.166 
1.061 
1.833 
1.S09 
0.953 
1.954 

Breakthrough 

Predicted/Test 

Standard Deviation 

0.288 
0.345 
0.241 
1.450 
0.137 
2.027 

Mean 

1.075 
0.712 
1.169 
0.942 
0.787 
1.858 

Failure 

Standard Deviation 

0.327 
0.288 
0.451 
1.051 
0.323 
1.868 

TABLE 4—Round-robin summary (8 examples). 

Predicted/Test 

Analyst 

A 
B 
C 
D 
E 

RUDD 

Mean 

1.036 
0.906 
1.642 
0.761 
0.894 
0.883 

Breakthrough 

Standard Deviation 

0.172 
0.215 

0.473 
0.080 
0.439 

Mean 

0.969 
0.711 
1.010 
0.669 
0.786 
0.812 

Failure 

Standard Deviation 

0.265 
0.288 
0.332 
0.406 
0.323 
0.379 

Therefore, based on the limited number of examples considered in this 
round-robin exercise, it is concluded that it is possible to use compact 
tension crack growth rate data to predict the crack growth behavior of part-
through crack specimens. 
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ABSTRACT: A round-robin study was conducted which evaluated and compared 
different methods currently in practice for predicting crack growth in surface-cracked 
specimens. This report describes the prediction methods used by the Fracture Me
chanics Engineering Section, at NASA-Langley Research Center, and presents a com
parison between predicted crack growth and crack growth observed in laboratory 
experiments. 

For tests at higher stress levels, the correlation between predicted and experimentally 
determined crack growth was generally quite good. For tests at lower stress levels, the 
predicted number of cycles to reach a given crack length was consistently higher than 
the experimentally determined number of cycles. This consistent overestimation of the 
number of cycles could have resulted from a lack of definition of crack-growth data at 
low values of the stress intensity range. 

Generally, the predicted critical flaw sizes were smaller than the experimentally 
determined critical flaw sizes. This underestimation probably resulted from using 
plane-strain fracture toughness values to predict failure rather than the more appro
priate values based on maximum load. 

KEY WORDS: crack propagation, fracture toughness, stress intensity factors, alumi
num alloy, fatigue-crack-propagation equations, fatigue (materials) 

ASTM Task Group E24.06.01 on Application of Fracture Data in Life 
Prediction initiated a round-robin study to evaluate and compare different 
methods currently in practice for predicting crack growth in surface-cracked 

1 Head and Aerospace Technologist, FMES, MDB, RFED, respectively, NASA-Langley 
Research Center, Hampton, Va. 23665. 
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114 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

specimens. Participating organizations were given fracture toughness and 
fatigue-crack-propagation data from tests on compact specimens. In addi
tion, they were given the initial test conditions for ten surface-cracked 
specimens. All specimens were made of 2219-T851 aluminum alloy. Using 
the data and initial conditions provided, each organization was asked to 
predict the growth of the cracks in the ten specimens by using the organi
zation's in-house prediction methods. The results of the actual tests on 
these ten specimens were provided subsequently to the participating or
ganizations for comparison with the predicted results. This report describes 
the prediction methods used by the Fracture Mechanics Engineering Section 
(FMES) at Langley Research Center, and presents a comparison of the 
predicted and experimental results. 

Nomenclature 

Except for the figures, this paper presents physical quantities in both the 
International System of Units (SI) and the U.S. customary units. For 
clarity, the figures show only SI units. All measurements and calculations 
were made in U.S . customary units. 

a Half-length of a through crack or depth of a surface crack 
a„ Initial half-length of a through crack or initial depth of a surface 

crack. 
C Coefficient of Forman's equation [iP 
c Half-length of a surface crack 

c„ Initial half-length of a surface crack 
da/dN Rate of fatigue-crack propagation 

e Elongation 
K Stress intensity factor 

Kc Fracture toughness based on maximum load 
K]c Plain-strain fracture toughness 
Kie Experimental elastic fracture toughness 

•K^max Stress intensity factor at maximum stress 
A'min Stress intensity factor at minimum stress 

AK Stress intensity range 
L Longitudinal 

M,. Elastic magnification factor on stress intensity 
Ml Front-face magnification factor on stress intensity 

N Number of cycles 
n Exponent on Forman's equation [/] 
p Exponent on equation for the elastic magnification factor 
Q Elastic shape factor for an elliptical crack 

2 The italic numbers in brackets refer to the Hst of references appended to this paper. 
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R Ratio of minimum stress to maximum stress 
RA Reduction in area 

R W Crack normal to rolling direction 
S Stress 

5max Maximum stress in cycle 
5n,in Minimum stress in cycle 
ST Short transverse 

T Transverse 
TW Crack normal to thickness direction 

t Component thickness 
W Component width 

WR Crack normal to width direction 
a. Yield strength 
a„ Ultimate tensile strength 
$ Complete elliptic integral of the second kind 
(f Coordination angle [2] 

Method Used to Predict Crack Growth 

Fracture Toughness and Fatigue-Crack-Propagation Data Supplied 

Table 1 presents the pertinent fracture toughness data which were sup
plied by Rockwell-International to each participating organization. Figure 1 
is typical of the rate-A/iC plots which were supplied. The dashed line in 
this figure shows Forman's [/] equation fitted to the extremes of the 1-Hz 
curve. (The FMES method numerically integrates Forman's equation from 
an initial flaw size to the critical flaw size to predict crack growth). The 
following general information, based on fatigue-crack-propagation tests on 
the compact specimens, also was supplied. 

1. Stress ratio, R, significantly affected fatigue crack growth. For a 
given stress intensity range, higher stress ratios generally produced faster 
fatigue crack growth. 

2. For tests in dry air, a cyclic frequency of 1 Hz produced faster crack 
growth than a cyclic frequency of 6 Hz. However, cyclic frequencies of 1 
and 0.1 Hz produced crack growth at approximately the same rates. Also, 
cyclic frequencies of 6 and 63.3 Hz produced crack growth at approximately 
the same rates. For tests in sump tank water, a cyclic frequency of 0.1 Hz 
produced faster crack growth than a cyclic frequency of 1 Hz. 

3 . A temperature of 403 K produced faster crack growth than ambient 
temperature. 

4. For plate thicknesses up to 50.8 mm (2 in.), grain direction had little 
effect on fatigue crack growth. For 76.2 mm (3 in.) thick plate, cracks 
grew slightly faster in the WR direction than in the RW direction. 
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FIG. 1—Solid lines show curves generated using compact specimens. Dashed tine shows 
Forman's equation fit to test curve at I Hz (60 cpm). 22I9-T85! aluminum alloy. R = 0.08. 
Room temperature. RW grain direction. 

5. Specimen thickness had essentially no effect on fatigue crack growth. 
Specimen thickness ranged from 6.35 to 25.4 mm (0.25 to 1.0 in.). 

6. For a given set of test parameters, environment generally had little 
effect on fatigue crack growth. Test environments included dry air, dis
tilled water, shop cleaning solvent, field cleaning solvent, and sump tank 
water. 

7. Product form had little effect on fatigue crack growth. Product forms 
included plates, forgings, and extrusions. 

8. The material studied was 2219-T851 aluminum alloy. 

Test curves supporting this information were also supplied. Table 2 lists 
the tensile properties of the 2219-T851 aluminum alloy. 

Table 3 lists the initial test conditions for the surface-cracked specimens. 
The tests results for these specimens were not provided until after each 
group had completed its analysis and forwarded its predictions to the 
chairman of ASTM Task Force E24.06:01 on Application of Fracture Data 
in Life Prediction. 

Stress Intensity Solutions Used 

The Fracture Mechanics Engineering Section (FMES) used Feddersen's 
[3] semiempirical stress intensity solution for the through cracks. The basic 
form of this solution is given by 
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TABLE 2—Nominal tensile properties of2219-T851 aluminum alloy. 

Plate Thickness 

mm 

44.5 
44.5 
50.8 
50.8 
50.8 
76.2 
76.2 
76.2 

in. 

1.75 
1.75 
2.00 
2.00 
2.00 
3.00 
3.00 
3.00 

Test 
Direction 

L 
T 
L 
T 
ST 
L 
T 
ST 

K 

MPa 

455 
455 
469 
469 
434 
476 
469 
455 

= s 

Ou 

ksi 

66 
66 
68 
68 
63 
69 
68 
66 

l-Ka secant 

"y 

MPa 

345 
331 
345 
345 
345 
372 
366 
366 

•na 

ksi 

50 
48 
50 
50 
50 
54 
53 
53 

e, 
percent 

12 
10 
12 
12 
4 

10 
10 
7 

RA. 
percent 

25 
17 
28 
22 

8 
22 
18 
10 

(1) 
w 

This equation is used widely in the analysis of center-cracked panels sub
jected to uniform tensile loads [</]. 

The FMES used Newman's empirical stress intensity solution [2] for the 
surface crack. The basic form of this solution is given by 

i C - 5 j i r - ^ M . (2) 

The elastic shape factor for an elliptical crack, Q, is given by 

Q = *2 (3) 

where 

* = M - h - f-^j j sinv) d,f> (4) 

The expression for Q can be approximated by [2] 

/ \1.64 

Q = 1 + 1.47 (-^j for-^ < 1.0 (5a) 

and 

Q = 1 + 1.47 (-^j f o r y > 1.0 iSb) 
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Newman [2] indicates that the maximum error introduced by using these 
approximations is nominally 0.25 percent. 

The elastic magnification factor, Me, in Eq 2 is given by 

M, = 

and 

M, + (̂  J ^ - M , ^ (fi: [secant ^^ for — > 0.02 (6fl) 
c 

M,. = 1.12 - 0.23 ( y j + 10.55 ( y j - 21.71 (jj + 30.38Yy 

for— < 0.02 (6*) 
c 

The front-face correction, Mi , in Eq 6a, is given by 

and 

M, = ( y j M + 0.03 y j for y > 1.0 (7a) 

M, = 1.13 - 0.1 ( y j for 0.02 < y < 1.0 {7b) 

The exponent, p, in Eq 6a is given by 

p = 2 + S ( y J (8) 

Newman showed the magnification factors given by Eq 6a agreed quite 
well with the analytical results of other researchers. A subsequent finite 
element analysis [5] indicates Newman's solution for the surface crack is 
accurate within ± 5 percent for a wide range ofa/t and a/c values. 

Fatigue-Crack-Propagation Program Used 

The propagation of fatigue cracks is predicted by numerically integrating 
the equation of Forman et al [/] from the initial flaw size to the critical 
flaw size. 

Forman's equation has the form 

^ " / ' ^ ^ = ( 1 - i ) ^ ; ' - AK (^> 
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The integration of this equation is accomplished in the following steps. 

1. Input Data (see Table 4) 

Kit: Experimental elastic fracture toughness 
C Coefficient of Forman's equation 
n Exponent of Forman's equation 
t Component thickness 

W Component width 
a„ Initial depth of crack 
c„ Initial half-length of surface crack 

i'nux Maximum stress in cycle 
^ nun Minimum stress in cycle 

2. Calculate a„/t 

If a„/t equals one, then the crack is a through crack and stress intensity 
factors are calculated using Eq 1. Conversely, if a„/t is less than one, the 
crack is a surface crack and stress intensity factors are calculated using 
Eq2 . 

3. Calculate Stress Intensities 

For through cracks, the maximum stress intensity factor, A^̂ ax, and the 
stress intensity range, AK, are given by 

A'max = ^max. j WaoSeCaTlt ~ ^ (10) 

and 

AK = (5'„,ax - 5min). /ira„ s e c a n t - ^ (11) 

For surface cracks, the maximum stress intensity factor and the stress 
intensity range are given by 

>• max ' J max ^ M , (12) 

and 

A/: = ( 5 m a x - 5 m , n ) J ^ M , (13) 

The input data supplies all terms required for these calculations. 
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If /fmax 2: Ku, the program is terminated. If A'max < K,^, the program 
proceeds with the numerical integration of Forman's equation. 

4. Integrate Forman's Equation 

Forman's equation is set up 

CAK" 

where the term Aa is the integration interval. An interval of 0.025 mm 
(0.001 in.) is used in this program since smaller intervals (a) produce no 
significant change in the number of cycles calculated for a given amount of 
crack growth and (6) require more time for calculation. The terms C, n, 
and Â ie are input data. The term AK is calculated by using Eq 11 or 13, 
as appropriate. The term R is given by i'mm/5max. Thus all terms on the 
right side of Eq 14 are defined, and AÂ , the number of cycles required to 
propagate the crack 0.025 mm (0.001 in.), can be calculated. 

For a through crack, the initial crack length then is increased by the 
integration interval, 0.025 mm (0.001 in.), and the calculaton and sum
ming process is repeated. This is continued until Kma, ^ A îe. At that 
point, the program is terminated. 

For a surface crack, the initial crack depth is increased by the inte
gration interval 0.025 mm (0.001 in.). The change in the surface length of 
the crack is calculated using Forman's equation. This change is given by 

A CAK" .,CN 
^' - (1 - R)K, - AK ^ ^ <̂ ^̂  

where C, n, R, and Ku are the same as in Eq 14, and AA' is the number 
of cycles required to increase the depth of the crack by 0.025 mm (0.001 
in.). The stress intensity range along the boundary of the crack is given by 

AK = (5„,ax - 5™i„) J ^ MJs inV + ^ cosV) (16) 

At the surface 

thus 

^ = 0 (17) 

AK = (5.ax - 5™„) J ^ M , ( y ) (18) 
1/2 
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Thus all terms on the right side of Eq 15 are defined and Ac can be cal
culated. This change in surface length then is added to the initial surface 
length. 

The calculation and summing process is repeated until either A',„ax ^ A'le, 
at which point the program is terminated, or a = f at which point the 
crack breaks through the back surface. If breakthrough occurs, the pro
gram then considers the crack to be a through crack of length 2c and 
continues to numerically integrate until /̂ max ^ ^ic-

Results and Discussion 

Figure 2 shows the predicted and experimental plots of crack length 
against cycles for the specimens analyzed. The solid curves are test data 
and the dashed curves are predictions. With the exception of Specimen 
No. 37-2, the predictions for the tests at 221 MPa (32 ksi) (Specimen Nos. 
23-18, 37-3, 23-12, 23-13, 23-14, and 23-10) are quite good. For these six 
specimens, the ratio of test life to predicted life ranged from 0.70 to 1.27. 

For Specimen No. 37-2, the ratio of test life to predicted life was 1.84. 
Figure 2 indicates the experimental number of cycles to failure for Speci
men No. 37-2 is approximately 20 000 cycles. The experimental number of 
cycles to failure for Specimen Nos. 23-18, 37-3, 23-12, 23-13, 23-14, and 
23-14, is nominally 20 000 cycles also. Yet the initial flaw depth for Speci
men No. 37-2 is 2.286 mm (0.090 in.) while the initial flaw depth for the 
six other specimens is only 1.524 mm (0.060 in.). Because of the larger 
initial flaw size, Specimen No. 37-2 would be expected to have a shorter 
fatigue life than the other six specimens (as the analysis predicted). The 
fact that the fatigue lives of all seven specimens were nominally the same is 
probably attributable to normal scatter in the test results. 

The predicted fatigue lives for tests at 97 MPa (14 ksi), Specimen Nos. 
23-16, 23-17, and 27-76, were consistently high. For these three specimens, 
the ratio of test life to predicted life ranged from 0.51 to 0.65. This con
sistent overestimation of fatigue lives could result from lack of definition 
of the rate — AK curve at low values of AK. The rate — AK curves are 
only defined down to a AK value of 6.6 MN/m-"^ (6 ksi in. "2). However, 
for these three specimens, the initial stress intensity factors were nominally 
4.4 MN/m^''^ (4 ksi in.'^2) j j je undefined stress intensity range is admit
tedly quite small. However, the rate — AK curve is very steep in this stress 
intensity range. Consequently, if the extrapolated curve in the undefined 
region is only slightly to the right of the test data, the predicted lives will 
be considerably longer than the experimentally determined lives. 

Generally, the predicted critical flaw sizes are smaller than the experi
mentally determined critical flaw sizes. This underestimation probably 
resulted from using Ki^ values to predict failure. 
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FIG. 2—Variation of crack length with number of cycles for surface-cracked specimens. 
Solid curves are experimental. Dashed curves are predicted. From the initial flaw size to 
breakthrough, crack depth, a, is plotted against number of cycles. Past breakthrough, half-
surface-crack length, c, is plotted. 
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The use of the higher A'̂  values would probably be more appropriate for 
specimen thicknesses of 12.7 and 25.4 mm (0.50 and 1.0 in.). 

Concluding Remarks 

A round-robin study was conducted which evaluated and compared 
different methods currently in practice for predicting crack growth in 
surface-cracked specimens. This report describes the prediction methods 
used by the Fracture Mechanics Engineering Section, at NASA-Langley 
Research Center, and presents a comparison between predicted crack 
growth and crack growth observed in laboratory experiments. 

For six of seven tests at 221 MPa (32 ksi), the ratio of test life to pre
dicted life ranged from 0.70 to 1.27 which is quite good. For the seventh 
test at 221 MPa (32 ksi), the ratio of test life to predicted life was 1.84. 
This high ratio is probably attributable to the normal scatter which occurs 
in fatigue-crack-propagation tests. 

For tests at 97 MPa (14 ksi), the ratio of test life to predicted life ranged 
from 0.51 to 0.65. This consistent overestimation of fatigue lives could 
result from lack of definition of the rate — AK curve at low values of AK. 

Generally, the predicted critical flaw sizes are smaller than the experi
mentally determined flaw sizes. This underestimation probably resulted 
from using A'lc values to predict failure rather than the more appropriate 
K, values. 
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chanics Life Prediction Analysis," Part-Through Crack Fatigue Life Prediction, ASTM 
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ABSTRACT: The fracture mechanics analysis and computer logic used to perform 
design life predictions is described. Initial part-through crack defects are analyzed under 
the conditions of constant-amplitude loading to predict the number of loading cycles ap
plied before breakthrough or failure. A criterion is provided to predict the transition 
from part-through crack growth characteristics to through crack growth characteristics. 
A breakthrough criterion is also provided. 

KEY WORDS: fatigue crack growth, constant amplitude loading, life predictions, part-
through crack, through crack, transitioning, breakthrough, crack propagation, fatigue 
(materials) 

Nomenclature 

a Crack depth 
b Crack half-length 
C Material constant for crack growth in the depth and length direc

tions 
dS Stress range in a fatigue cycle 
F Correction factor for the effect of the front surface on the growth of 

a crack through the thickness 
G Correction factor for the effect of the front surface on the growth of 

a crack in the length direction 
Kc, Kic Critical stress intensity factor for fracture 

M Correction factor for the effect of the back face on the growth of a 
crack through the thickness 

'Member of the technical staff and project engineer, respectively, Rocketdyne Division of 
Rockwell International, Canoga Park, Calif. 91304. 
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130 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

Mh Magnification factor at the point of maximum crack depth for sur
face cracks in bending 

N Number of fatigue loading cycles 
n Material constant for crack growth in the depth and length direc

tions 
Q Flaw shape correction factor 
Sf Stress on flawed surface 
5„ Stress on unflawed surface 

SYS Material yield stress 
t Material thickness 

$ Complete elliptic integral of the second type 
AKa Stress intensity factor range at the point of maximum crack depth 
AKh Stress intensity factor range at the crack front-surface interface 

The improvements in fracture mechanics technology occurring in the 1965 
to 1970 time period resulted in the use of fracture mechanics life prediction 
as part of the engineering design procedure. Previously the principal 
engineering application of fracture mechanics was to assist in material selec
tion by identifying those materials susceptible to brittle fracture (low fracture 
toughness). Largely as a result of government-sponsored research, an exper
tise was developed in linear elastic fracture mechanics (mathematical for
mulas), material fracture characteristics quantifying crack growth rates, and 
material inspection procedures quantifying the characteristics of material 
defects. All three of these developments were necessary before fracture 
mechanics life prediction could be performed, bringing together for the first 
time the design life requirements, the possible undetected crack-like defects, 
the design stresses imposed on the cracked region, and the material fracture 
characteristics. The incorporation of fracture mechanics life prediction into 
the engineering design process not only provided an assurance of design suc
cess but also allowed necessary adjustments to be made in either the design 
stress or the inspection procedure before the parts were fabricated and before 
problems were encountered in service. 

Fracture mechanics life prediction has served as an engineering design tool 
in the Space Shuttle Main Engine (SSME) since 1971. Early in the design 
stage it was recognized that the high stresses necessary for lightweight design 
and the aggressive environments impinging on the materials would increase 
the criticality of undetected defects. Therefore, a Fracture Mechanics Plan 
was developed to incorporate fracture mechanics life prediction into the 
engineering design procedure for the purpose of preventing service failures 
caused by undetected crack-like defects, A material fracture properties test 
program was expanded to obtain data characterizing the critical material-
environment combinations, and additional testing was performed to quantify 
inspection crack detection capability. Parallel with this effort a computer 
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program was developed to use the supporting data efficiently in performing 
fracture mechanics life predictions. 

The problem-solving requirements for the computer program are relatively 
simple because of the SSME for which it was developed. The SSME is 
primarily a welded structure; therefore, bolt holes and their associated de
fects are not addressed. The design operating requirements are approx
imated by a zero-to-maximum-pressure-to-zero engine firing cycle so the 
overload effects of spectrum loading are not included. Also, the range ratio 
effect is included in the input material properties rather than being ac
counted for by the computer program. The relatively simple problem solved 
by the computer program is to calculate the number of constant-amplitude 
loading cycles before breakthrough or failure of an initial semi-elliptical flaw 
on the surface of a constant-thickness section. 

Analysis Procedure 

The computer program requires input information describing the initial 
flaw, the section thickness, the applied stresses, and the material properties. 
The initial semi-elliptical flaw is defined by its surface length {2b) and depth 
(a). The constant section thickness of the flawed region is t. The applied 
stresses are defined by the two surface stresses: the stress on the flawed sur
face (Sf), and the stress on the unflawed surface (Su). The input material 
properties are the yield strength {SYS), the plane strain and the plane stress 
fracture toughness {K^ and Kc), and the fatigue crack grovrth rate param
eters (c and n). 

The calculations that will be discussed later lead to the generation of com
puter output, so they can be better understood by looking ahead to the end 
product. The computer program produces a complete description of the 
crack growth as a function of the applied loading cycles. Included in this 
description are the crack dimensions, the stress intensity at each of the rate-
controlling dimensions, the crack growth rate corresponding to each stress 
intensity, and the associated number of accumulated loading cycles. Signifi
cant events in the crack growth history are shown by line statements in the 
printout identifying transition from part-through crack growth characteris
tics to through crack growth characteristics, breakthrough (leakage through 
the thickness), or catastrophic rupture of the total section. 

The computational scheme employed in the computer calculations follows 
a previous program, EFFGRO, originated by G. A. Vroman and in use at 
several facilities of Rockwell International. In this scheme the numerical in
tegration problems inherent in cycle-by-cycle analysis are avoided. Rather 
than having the number of loading cycles be an independent variable, the 
crack size is enlarged by very small increments and the number of loading 
cycles to cause each growth are calculated. By choosing small increments of 
growth, the stress intensity variation between the beginning of incremental 
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growth and the end of incremental growth is negligibly small. This calcula
tion requires little computer run time (relative to Runge-Kutta integration 
schemes), so the efficient computation program of crack growth was entitled 
EFFGRO. 

Unlike the original EFFGRO computer program, the Rocketdyne-
developed program extends the computational scheme to enlarge both the 
length and depth directions of the crack incrementally. The mathematical 
formulation developed by Royce Forman [7]^ was used as a basis for com
puter calculations. 

AK, = F-{dS)M 

applicable when a s b 

AK,=F{dS)-

applicable when a > b 

AK, = G-(dS)-[j 

applicable when a < b 

ira 
Q 

Q 

(1) 

(2) 

AKt = G-idS)' 

(3) 

(4) 

applicable when a > b 

Figure 1 shows the physical relationships of the variables and the points of 
stress intensity calculation. 

In using the above Eqs 1 through 4, the values of-F and G were set to 1.12 
(commonly used for a free surface correction factor) to save the computer 
time of reading the more accurate tabular values presented by Forman (vary
ing with aspect ratio). Forman's other tables were programmed into the com
puter and interpolated to obtain the back-face factor M (varying with both 
depth-to-thickness ratio and aspect ratio) and the shape factor ^^ (varying 
with aspect ratio). Q was calculated using Eq 5, following Forman's pro
cedure 

Q = $2 - 0.212 {S/SYSY (5) 

Because of the interdependence between length and depth dimensions in 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1—Part-through crack geometry. 

calculating stress intensity (related through aspect ratio), it was necessary to 
program an iterative loop that would produce compatible values of the in
cremental growths Aa and Afe. Initially, Aa and Afe are chosen as specific 
percentages of the crack dimensions a and b. Within the loop, summarized 
in Fig. 2, Ab is refined until the resulting aspect ratio (a/fe) is within 1 per
cent of that assumed in the stress intensity calculation. 

Figure 2 illustrates the calculation procedure used to determine the rela
tionship between the number of loading cycles and the crack size. After each 
increment of crack growth has satisfied the aspect ratio criterion, the number 
of loading cycles necesary to cause that growth are calculated by Eq 6. 

INPUTS 
INCREMENT 
CRACK 
GROWTH 

A = A + d A 

B = B+4B 

N- AiL. 
DADN-

N - N + 4 N 

CALCULATE 

INTENSITIES 

YES / 

NO 

VB/NEW , < OlV 

CALCULATE 
CRACK GROWTH 
RATES 

4 B . 4 A - PBON 
DADN 

A t 4 * 

FIG. 2—Crack growth integration technique. 
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AN = Aa/da/dN (6) 

The accumulated loading cycles are obtained by petforming a running 
summation of all the incremental growths, back to the initial crack size. 

Combined Tension and Bending 

The complex structure of the SSME is rarely subjected to the simple 
loading of in-plane tension. Therefore, it is necessary to account for both the 
tension and bending loadings in the life prediction analysis. Although the ap
plied stresses are often nonlinear through the thickness because of the ther
mal stress distribution, it is usually conservative to assume a linear variation 
between the two surface stresses. This approximation was used in for
mulating the computer program, thereby allowing an automated calculation 
within the program to separate the loading into two components, tension and 
bending, based on linear superposition. 

'S'axial = ~ ( ' ) 

Su.. = ^ ^ (8) 

The total stress intensity at the point of maximum crack depth is therefore 
the sum of the contributions from each component: 

AKa = A/iCaaxial + ^^"bending ( 9 ) 

The contribution in stress intensity due to axial loading component is ob
tained by substituting the incremental element average dimensions into Eq 1. 

7r(a +_Aa/2) 

Q 
A^.a .a , -F -c f5 . . . -M-J"^"V ^̂  (10) 

The bending contribution to stress intensity at the maximum crack depth is 
based on a formulation by Shah and Kobayashi [2] 

MfdS bending 

Values of the correction factor Mh are determined by interpolating a 
computer-stored tabulation, after reading in the quantities of a/b and a/t. 
Computer predictions using this formulation were within 10 percent of the 
specimen test data published by Grandt and Sinclair [3]. Other formulations 
that were tried showed less accuracy. 
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The total contribution in stress intensity at the crack-front-to-surface in
tersection (the b dimension) is calculated without the necessity to separate 
the axial and bending components of the applied loading. By simply using 
the program input flawed surface stress (5}) and accepting the conservative 
approximation of constant stress through the thickness, the simple form of 
Eq 3 can be used. The combined loading is accounted for because 5} includes 
both the axial and the bending components. 

AK, = G.dSr[f)-^''^^^^ (12) 

Characterization of Growtli Rate 

The crack growth rates are obtained by substituting the calculated stress 
intensities into the Paris equation, where the material characterization 
parameters (C and n) are from the initial program input. 

da/clN=C-{AK)" (13) 

The capability of the Paris equation to characterize crack growth rate is 
enhanced by using multiple values of C and n as a function of the stress in
tensity value. The equation provides a linear approximation in log-log space 
so that data plotted on a log-log scale appear as a straight line. In preparing 
the program inputs the typical double inflection curve is approximated by 
three straight line segments each having separate values of C and n along 
with the stress intensity range of applicability. Using this characterization as 
an input, the computer program chooses the appropriate Paris equation 
values for the stress intensity and calculates the crack growth rate. Figure 3 
shows two examples of the three-segment approximation to the crack growth 
rate curve. 

It is important to recognize that the crack growth rate data used to 
characterize the material are almost always obtained from compact 
specimens rather than part-through crack (PTC) specimens. In using these 
results to perform PTC design life prediction, the influence of crack shape 
must be considered. Whereas the compact specimen has a nominally straight 
crack front, the semi-elliptic PTC has a pronounced curvature. Historically, 
the static fracture toughness data from PTC specimens have been normalized 
to an equivalent straight front crack by the shape and plasticity factor Q 
(a/Q = depth of equivalent semi-infinite crack). There is also some prece
dent to Expressing the PTC growth rates by using the Q normalization 
{da/Q)/dN. Forman [1] discusses a normalized crack growth rate theory 
employed in the Apollo program which was developed by C. F. Tiffany. 
While that particular theory is not employed here, it suggests that da/dN for 
a given stress intensity in a compact specimen would equal {da/Q)/dN for 
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FIG. 3—Example approximation of crack growth rate. 

the same calculated stress intensity in a PTC specimen. We investigated this 
question by comparing PTC life predictions made from compact specimen 
data against PTC specimen test data. The results suggested that a change in 
the fracture mechanism occurred at crack growth rates below 0.250 |tm/cycle 
(approximately). It was rationalized that the Q correction was appropriate 
for higher growth rates associated with low cycle fatigue but not applicable 
for high cycle fatigue. A branching logic was built into the computer life 
prediction program that divided the input compact specimen data by Q when 
the growth rate exceeded 0.250 /im/cycle but made no correction for lower 
growth rates. Life predictions from the improved program showed excellent 
correlation with PTC specimen test data. 

It is important to note that this normalization of the crack growth rate 
data is applicable only during the growth period when the crack can be 
characterized as a PTC. As will be discussed in the next section, a transition 
point occurs where the crack can better be characterized as a through crack. 
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The growth of a through crack closely resembles that of a compact specimen 
and, therefore, does not require a normalization of the crack growth rate 
data. 

Transition to Through Crack 

The computer program to perform fracture mechanics life prediction is in
tended to quantify the growth characteristics of an initial part-through 
crack. In keeping with this objective, a significant effort was devoted to 
developing a criterion for characterizing the transition of an initial surface 
crack to a through crack. Nine years ago it became evident from cyclic crack 
growth tests that relatively thin or highly stressed part-through crack (PTC) 
specimens, or both, underwent a change in crack growth rate characteristics 
when the depth of the flaw was sufficient to induce stresses above yield in the 
material back face. Predictive analysis based on the "Irwin" surface flaw 
equation was not adequate to describe the crack front conditions (stress in
tensity) where the surrounding material was largely inelastic. PTC specimen 
tests showed fracture face markings consistent with a transition from surface 
flaw grovrth characteristics to through crack growth characteristics. It ap
peared that the surface flaw predictive equations were accurate up to the 
onset of backface yielding, then the crack effectively transitioned toward the 
characteristics of a through crack, even before breakthrough occurred. A 
criterion was developed to control the predictive analysis whereby the crack 
growth prediction was based initially on surface crack equations, then 
transferred to through-crack equations when the criterion indicated back-
face yieljjing. 

At the Sixth National Fracture Mechanics Symposium (August 1972), the 
criterion for transitioning was presented for discussion. Considerable interest 
was generated but very little support. The simplistic approach used to 
develop the criterion and the lack of supporting data did not instill con
fidence in the result. However, the lack of supporting data (or conflicting 
data) was in fact the reason for the simplistic approach. The more 
sophisticated Kobayashi-Moss solution [4] did not differ radically in the final 
answers relative to the simplest criterion, so it was decided to stay with a sim
ple approach until test data were available. The simple approach provided a 
more conservative analytical life prediction than the Kobayashi-Moss results. 
When additional test data became available in 1974 [5], the question was 
reopened and after further investigation it was concluded that the 
Kobayashi-Moss solution was considerably more accurate than the simple 
criterion. However, the complexities of programming the Kobayashi-Moss 
solution in explicit form prevented its inclusion in the computer program. In 
1976 it was found that a modification of the original yielding criterion (ad
ding one term) provided a good approximation to the Kobayashi-Moss solu-
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tion. Using the nomenclature found in the test data, back-ace dimpling 
(yielding) is indicated by the subscript D 

../.„ = l - f + ( l - f ) (f)(1) 04, 
In each increment of crack growth, the computer program checks Eq 14 and 
goes to the through crack mode of crack growth when back-face yielding is 
indicated by SD/SYS equaling or exceeding 1.00. 

AATA = di'axial • ^TTib + Ab/2) (15) 

When transition to the through-crack mode has occurred, the crack sur
face length (b) continues to grow as controlled by Eq 15. Conversely, crack 
growth through the thickness is inhibited to such a degree by the plastic state 
ahead of the crack front that the crack depth remains virtually unchanged 
until breakthrough occurs. (The prediction criterion for breakthrough is 
discussed in the next section.) Ideally, the crack growth model should in
clude the effects due to bending in addition to those due to axial loading. Un
fortunately, insufficient test data are available in this area to pursue the 
development of a more sophisticated model. The method described herein 
results in a conservative estimate of the crack growth when the crack surface 
length is used in the calculations. 

A comparison between the revised transition criterion and the Kobayashi-
Moss results are shown in Fig. 4. It can be seen that the percentage difference 
between the two results is not large. The revised criterion is further supported 
by the data for two materials shown in Fig. 5 and 6 [6]. The criterion calcula
tion appears to predict the lower edge of the test data. This disparity can be 
explained by reading the original test report and thereby recognizing the dif
ficulty of measuring the onset of yielding. It could be expected that the detec
tion of yielding (dimpling) during test would often be at stresses higher than 
the onset of yielding, consistent with the data of Figs. 5 and 6. 

Breakthrough 

After transitioning occurs, the crack usually grows for some number of 
loading cycles before breaking through the back face of the thickness. A 
criterion for predicting breakthrough was originally developed in 1975, based 
on very limited test data, and refined in 1976 when the data from Ref 6 was 
analyzed. The technical approach was crude and largely empirical, based on 
a speculative relationship of the controlling parameters. At breakthrough 

— = [0.860 •(a/2fe)]-o«2i (16) 
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FIG. 4—Comparison of back-face yielding criteria. 
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FIG. 5—Test versus prediction of aluminum yielding. 
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FIG. 6—Test versus prediction of titanium yielding. 

In the computer program logic, a test calculation of Eq 16 is made for each 
increment of crack growth until breakthrough is predicted. The accuracy of 
this procedure is illustrated in Fig. 7 where the source data are reasonably 
well fitted by the solid line of the criterion. 

Life Prediction Accuracy 

In the application of the computer-aided fracture mechanics life predic
tion program, the individual accuracies of the aforementioned calculation 
modules are secondary to the overall life prediction accuracy. To assess this 
accuracy, the computer program was used to predict the number of loading 
cycles before breakthrough or failure of PTC specimens. (The program is 
constrained by SSME hardware requirements to assume breakthrough to be 
failure of the part.) The test data were on hand before the predictions were 
made, so a skeptic might question the validity of the predictions. However, 
the point of the exercise was to assess program accuracy rather than to arrive 
at a given set of answers, so the calculations were performed objectively. A 
typical set of results is shown in Table 1. All of the specimens in this set were 
made from 2219-T85 aluminum plate. Variations of the specimen parame
ters included section thicknesses of 12.7 and 25.4 mm, initial crack aspect 
ratios (a/2b) of V2 and Vs, and initial crack depths of 1.5 and 2.3 mm. All 
specimens were loaded axially with variations in test parameters including 
test section stress levels of 97 and 221 MPa (14 and 32 ksi), cyclic loading 
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FIG. 7—Effect of aspect ratio on breakthrough. 

TABLE 1—Predictions of aluminum PTC specimen data. 

Specimen 

23-18 
37-3 
32-2 
23-16 
23-12 
23-13 
23-17 
27-76 
23-14 
23-10 

Test 

Breakthrough 

23 000 

190 000 
22 400 
19 800 

178 000 
154 000 
20 000 
18 800 

X = 0.953-0.787 
S = 0.137-0.323 

Fail 

24 600 
20 100 
19 900 

205 000 
23 000 
20 000 

192 000 
168 000 
20 400 
19 400 

Analysis 

Breakthrough 

18 100 

187 000 
18 100 
18 100 

187 000 
187 000 
18 100 
18 100 

Fail 

20 400 
11 100 

Analysis/Test 

Breakthrough 

0.787 

0.984 
0.808 
0.914 
1.051 
1.214 
0.905 
0.963 

Fail 

1.015 
0.558 

rates of 6 and 60 cpm, and testing mediums of dry air and both distilled and 
sump tank water. With all of these variations included in only ten specimens, 
it is impractical to quantify individual effects. Therefore, this analytic exer
cise is only a qualitative assessment of computer-aided life prediction ac
curacy. The ratio of predicted-cycles-to-breakthrough divided by test-cycles-
to-breakthrough averaged 0.95, with a statistical standard deviation of 0.14 
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as shown in Table 1. Similar results were obtained using test data from 
6Al-4V-titanium and 9Ni-4Co-0.20C steel specimens. Therefore, it was con
cluded that the computer-aided fracture mechanics life prediction program 
provides a good basis for design analysis. 

Future Developments 

The aforementioned computer program is modularized so that new tech
nology can be incorporated very easily. In general, the IBM 360 computer 
run times are less than 1 min. This efficiency allows the proposed analytic 
techniques to be investigated inexpensively before the program is committed 
to design analysis. At this time several unqualified modules are tentatively in 
use; one accommodates nonlinear variations of stress through the thickness 
caused by thermal stress, and another spectrum-type input loading. Further 
improvements will be incorporated as the fracture mechanics technology 
becomes available. 
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ABSTRACT: A technique used to predict constant amplitude crack growth in a surface 
flaw is presented. Various aspects of this technique that are discussed include: con
stant amplitude crack growth data, crack growth models, crack growth accumulation/ 
integration routine, surface flaw stress intensity factors, surface flaw transition to a 
through crack and the definition of failure/fracture of a specimen. The author's predic
tions and the results of a round-robin effort are discussed. 

KEY WORDS: crack propagation, surface flaw, surface flaw transition, crack growth 
integration, fatigue (materials) 

The objective of this paper is to outline the rationale and methodology 
used by the author for predicting the constant amplitude crack growth of 
surface flaws for the round robin sponsored by ASTM Task Group 
E24.06.01 of ASTM Subcommittee E24.06 on Fracture Mechanics Appli
cations. Details of the round robin effort are presented by Vroman [l].2 

The purpose of the methodology is to predict analytically (not merely be 
fitted to) the constant amplitude crack growth behavior. 

The author feels that there are at least six separate areas that must be 
addressed and considered carefully if an accurate prediction technique for 
constant amplitude crack growth is to be achieved. Constant amplitude is 
specified because spectrum loading crack growth requires several 

1 Structural engineer, Fatigue and Fracture Analysis Group, General Dynamics, Fort Worth, 
Tex. 77101. Currently at Duke University, Department of Civil Engineering, Durham, N. C. 
27706. 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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additional considerations if the crack growth load interaction is to be 
modeled properly [2]. Therefore, the following topics will be addressed: 

1. Constant amplitude crack growth data 
2. Crack growth models 
3. Crack growth accumulation/integration routine 
4. Surface flaw stress intensity factors 
5. Surface flaw transition to a through crack 
6. Definition of failure/fracture of specimen. 

Constant Amplitude Crack Growth Data 

The constant amplitude crack growth data are used to relate the crack 
tip stress intensity factor, K, to the crack growth rate, da/dN, of a 
particular material. This relationship is dependent upon material thick
ness, yield stress, environment, rate of cycling, and stress ratio. The 
constant amplitude data are evaluated to determine the parameters of a 
chosen crack growth rate model. Therefore, the selection of the constant 
amplitude data has a large influence on the accuracy of the predicted crack 
growth. 

Specimens used to generate the candidate data set and specimens that 
are to be predicted should involve the same (a) material (for example 
2219-T851 Aluminum) and grain orientation (for example R-T, R-W, 
etc.), {b) approximate thickness, (c) chemical environment, and (c?) ap
proximate values of stress ratio. 

Moreover, the candidate data set should be consistent within itself to 
add validity and confidence to the data. The data set should exhibit 
increasing crack growth rate (or at least a status quo) with increasingly 
hostile environment/frequency combinations. Consistency in the shape of 
the crack growth curve with a minimum of scatter is expected for duplicate 
tests to give credibility to the experimental procedures and to the data. 

Constant amplitude crack growth data were supplied by the task group 
chairman and were used for the round-robin predictions. However, this 
supplied data did not meet the validity tests previously described. There
fore, the author selected constant amplitude crack growth from the 
Damage Tolerant Design Handbook [3] for 2219-T851 aluminum. Results 
obtained using these data will be presented later in the paper. Table 1 
presents a description of the constant amplitude data in terms of the 
parameters n and C of the Paris crack growth equation. 

Crack Growth Model 

Numerous fatigue crack propagation models have been proposed in the 
literature to describe the functional relationship between the crack growth 
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TABLE 1—Paris equation crack growth description parameters for the 2219-T851 aluminum 
data ofRefJ. 

Page 
RefJ 

8.1 to 121 (1/75) 

8.1 to 115 (1/75) 

8.1 to 120 (1/75) 

3* < AA: < 9: n = 4.1900 
C = 4.20 X 10""" 

A/f > 9: n = 3.0546 
C = 5.11 X 1 0 " ' 

AA" > 3: n = 3.3866 
C = 2.7479 X 10~ ' 

AA" > 3 n = 3.3866 
C = 3.00 X lO"'"^ 

3 < AA' < 10 n = 4.0589 
C = 8.7318 X lO""" 

A/f 2 10 « = 2.822 
C = 1.5068 X 10 ~* 

3 < AA < 10 n = 4.0589 
C = 9.0 X 10" '" ' ' 

AA" > 10 n = 2.822 
C = 1.7 X 10"*"^ 

Used to Predict 
Test Number" 

441,532,533 

434, 432 

436 

433, 431 

448, 435 

" Refer to the round-robin introduction article by Vroman [/] for further description of tests. 
''A crack growth threshold value, AKtk, is assumed to be 3 MN m~^^^. 
''The values of C are increased slightly by judgment to account for lower frequency environ

mental effects producing higher crack growth rates. 

rate, da/dN, and the stress intensity range, AK. Many of these relation
ships consider such parameters as stress ratio, R, and fracture toughness, 
/Tc. Gallagher [4] has summarized a number of these models. 

For constant amplitude crack growth predictions, the Paris [5] or 
Forman [6] model is of adequate complexity. The Paris (Power law) equa
tion was chosen here for simplicity, because the constant amplitude loading 
is at a constant stress ratio, R 

§ = CiAK)^ (1) 

The constant amplitude data chosen from Ref 3 was approximately the 
same stress ratio as the test to be predicted (0.05 versus 0.08), so there 
exists no need for interpolation such as the Forman model. The da/dN 
versus AK constant amplitude data curve was separated into one or more 
segments for each data set in order to fit a Paris equation to the crack 
growth curve over a specific range of stress intensity. Describing individual 
linear segments (on log-log plot) with separate equations results in an 
accurate description of the overall shape of the curve. Of course, if the 
number of segments is too large (greater than three), it may be 
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advantageous to resort to some type of polynomial or trigonometric curve 
fitting procedure. 

Crack Growth Accumulation/Integration Routine 

It is highly advantageous (economical) to perform the crack growth 
predictions for a rather large number of constant amplitude cycles at a 
time. This may be accomplished by using closed form integration solutions 
to the Paris or Forman equations. Express the stress intensity range as 

A A: = {correct AcpfK)a^'^ (2) 

where correct is the geometric correction factor. For the Paris equation, 
substitute Eq 2 into Eq 1 and separate variables. The integration of both 
sides results in an equation for the final crack length, a/, starting with an 
initial flaw size, a,, after N number of cycles at Aa stress range. 

Of — CiAaVTTCorrect)" N + a, (2-„)/2 
2 / (2 - / 1 ) 

(3) 

The Appendix presents further details of the solution of the Paris equation 
and a closed form solution of the Forman equation using a perturbation 
technique [7]. The Forman equation solution is included since it can be 
used to describe crack growth rate dependence on stress ratio, R, and 
fracture toughness, Kc. 

There is, of course, a limit to the size of TV that can be used, because the 
correct term will vary as the crack grows in many cases. Therefore, Eq 3 
was used in blocks of N = 10 for the round-robin exercise. 

This method of crack growth integration/accumulation is very accurate 
and economical when it is compared to traditional cycle-by-cycle accumula
tion or Runga-Kutta numerical integration techniques. 

Surface Flaw Stress Intensity Factor 

Part-through cracks (surface flaws) are quite common in the aerospace 
industry. However, the state of the art in the geometric considerations of 
surface flaws is not as well characterized as that for through-the-thickness 
cracks due to the three-dimensional nature of the part-through crack. The 
crack growth of the surface flaw should be calculated in both the depth (a) 
and surface length (2c) directions. The ratio between the depth and surface 
length (a/2c) is referred to commonly as the aspect ratio of the crack. 

The stress intensities used for surface flaw crack growth predictions will 
be described next. They are basically those described by Hall, Shah, and 
Engstrom [8] with slight alteration. Notice that the backface magnification 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:56:56 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



JOHNSON ON PREDICTION OF CRACK PROPAGATION IN FLAWS 147 

factor, Mk, curves are extrapolated to a/t = 1.0 in Fig. 4. This enables 
one to grow the crack depth continuously to the backface, as indicated in 
Fig. 1. This trend has been observed experimentally at General Dynamics/ 
Forth Worth. 

Figure 1 represents the surface flaw geometry during periods of growth. 
The stress intensity used for the surface crack length (point B, Fig. 2) is 

K = l.lV^ro/Q ffVoTc (4) 

where 1.1 was taken as a best estimate of the effect of the front specimen 
face on the stress intensity factor at the specimen surface. The Q is the 
flaw shape parameter as shown in Fig. 3. 

The crack growth in the depth direction (point A, Fig. 2) is calculated 
using the stress intensity equation 

K = ayfra/QAfK (5) 

where Mk is the backface magnification factor as shown in Fig. 4 [9]. 
The crack growth is calculated in both the depth, a, and surface, c, 

direction simultaneously while accounting for the change in Q as the flaw 
shape changes. 

In many observations of surface flaw crack growth under tension 
loading, it has been noted by the author that the surface flaw tends to 
"stabilize" at a ratio of a/2c between 0.38 and 0.50 depending on the 
material loading. The stress intensities of Eqs 4 and 5 "stabilize" the 

FRONT SURFACE 

^ U R F A C E CRACK 

THROUGH CRACK ' TRANSITIONAL I THROUGH CRACK 
RANGE 
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FIG. 1—Typical surface/Jaw crack growth behavior. 
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FIG. 2—Surface flaw geometry. 
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FIG. 3—Flaw shape parameter. Q [8]. 
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aspect ratio at approximately 0.40, which corresponds extremely well with 
surface flaws of aluminum material tested at General Dynamics. This 
approximate value of 0.40 is achieved with initial a/2c values above or 
below 0.40. 

Surface Flaw Transition to a Through Crack 

A new realistic method for describing a surface flaw transition to a 
through crack is presented next. Traditionally, the surface flaw would be 
assumed to grow until the depth equaled the thickness, and then it would 
be transformed immediately to a through crack. This would create a large 
increase in the stress intensity value, and it would often cause the crack 
growth prediction to be overly conservative. 

Examination of experimental data reveals that the elliptical surface flaw 
does not immediately transform to a normal through-the-thickness crack, 
rather the crack essentially retains its elliptical shape as it grows into a 
normal through crack as illustrated in Fig. 1. 

Therefore, the new model allows the surface flaw to grow with the stress 
intensity factors cited previously in both the depth and surface length 
directions. When the crack depth is equal to or greater than the material 
thickness, t, the crack is assumed to have an elliptical shape that can be 
described by 

where 

a ' = imaginary crack depth if a > t, and 
c' = backface surface crack length 

as shown in Fig. 5. 
As the crack is allowed to grow in the a' and c direction, c ' can be 

calculated using Eq 6. When c ' = 0.9c, the flaw is assumed to be a 
through-the-thickness crack, and the appropriate stress intensity factor is 
used. The only modification to the stress intensity factors during the tran
sitioning period is for the crack depth; Eq 5 becomes 

K = l . lVWQMyf (7) 

where the 1.1 accounts for the backface becoming a free surface, and the 
MK is fixed at the value when the crack depth reached the backface (that 
is, a/t = 1.0). This transitioning technique is mathematically simple, 
logical, and agrees well with the actual trends of experimental data 
observed at General Dynamics. 
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FIG. S—Surface flaw transition to a through crack. 

Definition of Failure/Fracture of Specimen 

Essentially, there are two modes of failure in tension-tension crack 
growth testing. The first is failure due to fracture. This is caused by the 
stress intensity at some point on the crack front exceeding the critical stress 
intensity, K^, for the material and state of stress (function of specimen 
thickness and loading) being evaluated. 

The second common form of failure is static failure. This occurs when 
the average stress in the specimen cross section containing the crack 
exceeds the value of ultimate tensile strength for the material being tested. 

For the round-robin prediction, the appropriate values of fracture tough
ness, yield stress, and ultimate stress were selected from the information 
supplied by the task group chairman. A yield stress of 345 MPa and an 
ultimate stress of 455 MPa for the 2219-T851 aluminum material were 
chosen. A fracture toughness of Kc = 87 MN m'^'^ ^as selected for the 
specimens of 1.27 cm thickness and A'c = 79 MN m~^'^ for the specimens 
of 2.54 cm thickness. 

Predictions and Results 

The methodology described in the preceding section are contained within 
the CGR-GD [9] computerized crack growth rate prediction program. The 
usual geometric and material parameters are read into the program for 
each specific problem. 

Using the 2219-T851 aluminum crack growth data of Ref 3 resulted in 
the predictive accuracy presented in Table 2. The values for the predictive 
accuracy using the supplied data also are presented for comparison. The 
crack growth data set obtained from Ref 3 yielded more consistent results 
as indicated by the marked decrease in the standard deviation. However, 
the mean value of the prediction was not improved, but was about 33 per
cent conservative. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:56:56 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



JOHNSON ON PREDICTION OF CRACK PROPAGATION IN FLAWS 151 

TABLE 2—Summary of predictive accuracy for the ten predictions of the round robin. 

Ratio of Predicted Crack Length to Test Crack Length 
Data At Breakthrough At Failure 

Standard 
Mean Deviation 

Damage Tolerant Design 0.983 0.10 
Handbook [3] 

Ratio of Predicted Cycles to Test Cycles 
Data At Breakthrough 

Standard 
Mean Deviation 

Damage Tolerant Design 0.685 0.388 
Handbook [3] 
Supplied L509 1.450 

Ratio of Predicted Aspect Ratio to Test Aspect 
At Breakthrough 

Mean 

1.086 

Standard 
Deviation 

0.10 

At Failure 

Mean 

0.697 

0.942 

Ratio 

Standard 
Deviation 

0.306 

1.051 

Standard 
Mean Deviation 

Damage Tolerant Design 0.99 0.1 
Handbook [2] 

Notice in Table 2 that the predicted aspect ratios (a/2c) are in extremely 
good agreement with the test results. This adds validity to the stress 
intensity factors variation in the depth and surface directions as described 
in a previous section. 

Conclusion 

There are many different aspects to crack growth rate predictions. Each 
aspect is subject to experimental scatter and theoretical debate. It is a 
nearly impossible task to evaluate meaningfully the correctness of a partic
ular aspect of the crack growth formulation when there exists considerable 
uncertainty in the other assumptions. Therefore, it is necessary to continue 
to explore the various aspects, assumptions, and techniques presently 
employed, and to advance this state of the art through the interaction of 
various experts in the field through such organizations as ASTM 
Committee E-24 on Fracture Testing of Materials. 
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APPENDIX 

Mathematical Formulation of Damage Accumulation Techniques 

Solution ofForman Equation 

da ^ C(AK)" 
dN (1 - R)K, - AA: 

Separating terms a and N yields 

a—Uf 

. t j — U \ ' J 

Constants C. N. R, Kc, n and a are known. An explicit function of a is available for 
AK{a), and we wish to find af. (Note that n is not necessarily an integer.) For all 
crack geometries considered 

AK(a) = (correct AaVx)^"^ 

where correct = geometric correction factor 
For any crack geometry the integration in Eq 8 may be performed readily. It is 

CAN = A ^ r ^ — {oo<2-""2 - a,<2-̂ "'''2} - B ^ — {a/^'' ' ' '^ - a,»-")''2} (9) 
2. — n 3 — n 

where 

(1 - R)K, 
(VxAff correct)" 

and B = (^fvAa correct)' " 

Since n is generally irrational, Eq 9 is transcendental in Of thus an exact solution for 
o/is not possible. One may also note that if n is near 2 or 3, the appropriate term in 
Eq 9 is near a logarithmic function of Of. To circumvent these difficulties attention 
is redirected to Eq 8. Define 

"/ 
G(a)da (10) 

• ' " = " , • 

where 

- /" A ^, J ^ / ^ - (1 - R)Kc - AKja) 
^i-CAN and G{a) - ' [A/f(a)]" 

By inspecting actual numerical values, ix is generally much smaller than G(a). 
Hence one might approximate Eq 10 with 

ft - G{ad I da = G(a , ) (a / - a,) (11) 

Solution of Eq 11 for a/ may be accomplished quite readily. 
Effectually, the procedure described below calculates successive corrections to the 
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approximate result of Eq 11. In Eq 10 G(a) is expanded in a Taylor series about a 
= a,, whereupon the resulting series is integrated. 

where 

m=OAu 

g.m+[ d"'G{a) 
(m + 1)! da"' 

(12) 

Aa a, 

Note that if only the first term is considered, Eq 12 becomes identical to Eq 11. 
Therefore, 

AK{a) = (VrAa correctW^^ 

G{a) =Aa-"'^ - 5a<'-">^2 

where 

^ ^ {\-R)K, 
(^Aa correct)" 

and 

B = (•{iAa correcty " 

as previously stated. Then 

Po = aP-"^'HA - a,'^2g) 

P^ = \ -

IV 1 

1 1 ^\ j^aP-"^'^A(n) - a,^'^B(n - 1)} 

Pi = ( - | ) -^ aP-"'"^{A(n)(n + 2) - ai^'^B(n - l)(n + 1)} 

Pn, = 
1 ,.<2-n)/2 {A(n)(n + 2) • • • (n + 2m ~ 2) 1 

2 / (m + 1)! "' 

- a,'^25(« - l)(n + 1) • • • (« + 2w - 3)} 

To calculate Aa, from Eq 12, a power series expansion in the "small parameter" is 
assumed [10] as 

Aa = E ii''ap 
P=\.2.. 

(13) 

where each «p is determined. Upon substituting Eq 13 into Eq 12 and equating to 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:56:56 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



154 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

zero the coefficients of every integral power of n, one obtains a sequence of equa
tions 

Pofli = 1 

Poa2 + Pxa,^ = 0 

PoO} + Ptlaiai + ^201^ = 0 

Sequential solution of these equations for ai , a j , aj • • • yields 

a, = 1/Po 

0 2 = -Pi/Po' 

03 = (-P0P2 + 2Pt^)/Po^ 

Having determined each successive Op, Eq 14 and the definition of A a may be used 
to calculate Of 

af = a,(l + ^a) = aA 1 + L ixi^a^ (14) 
p=l ,2 ,3 . . . / 

In actual calculations, the series for Aa is carried through p = 5 (order fi^). An 
estimate of the error involved may be obtained by substituting Eq 13 into Eq 12 and 
dividing by /^m. 

Solution of Paris Equation 

da/dN = C(AK)" 

For all crack geometries considered 

AA' = {correct ACTVTT^J''̂  

Separating terms a and N gives 

da a'"'^ = Ci^a-fK correct)"dN 

By integrating over the range of each load level 

a-"'^da = CiAa'fir correct)"dN 

af = 2 

For the special case of n = 2, 

C(Aa^ correct)"N + aP'"^^^ 
2/(2-n) 

(15) 
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da 

dN 
= C(AK)^ 

da_ 

dN 
= C(Aa^ita correct)^ 

da a~^ = C(Aa^ correct)^dN 

Integrating over the range of each load level yields: 

tt=af cN=N "f 
a ^da = I C(AaVw correct)^dN 

In a/ — In a, = C(AaVv eorrecfp-N 

In aj = C(Aa^ correct)^N + In a, 

and finally, 

Of = exp [C(AffVT correct)^N + In a,] (16) 
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Part-Through Crack Fatigue Life Prediction. ASTM STP 687, J. B. Chang, Ed., 
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ABSTRACT: Fatigue crack life predictions were performed for specimens containing 
part-through cracks subjected to constant-amplitude loading. A computer routine, 
EFFGRO, was employed in the crack growth predictions. Three rounds of predictions 
were made by using different crack growth rate constants derived from the compact-
type (CT) specimen da/dN versus AK data. The predictive accuracies of each round of 
predictions were assessed. The results show that accurate predictions of part-through 
crack fatigue lives using CT specimen crack growth rate data can be achieved if there 
are known part-through crack test data serving as guidelines. 

KEY WORDS: fatigue life prediction, part-through crack, constant amplitude, alumi
nums, stress intensity factor, crack propagation, fatigue (materials) 

The emphasis of designing durable and damage-tolerant structures in 
recent years has initiated many test programs to generate a large quantity 
of fracture and fatigue crack growth rate data. In most of the test pro
grams, CT specimens have been widely used. Relative low cost is the 
obvious reason for using CT specimens to generate the baseline data. Yet, 
the analysts would like to know if the data are directly usable in part-
through crack life predictions. A wide range of answers is anticipated, 
depending on individual experience. Based on this, a round-robin analysis 

'Member of technical staff, Fatigue and Fracture Mechanics, Structures Systems, North 
American Aircraft Division, Rockwell International, Los Angeles, Calif. 90009. 
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was initiated by ASTM Task Group E24.06.01. The round-robin partici
pants started with information related to ten test cases which were 2219-
T851 aluminum plates containing part-through cracks subjected to 
constant-amplitude loading. The information furnished consisted of the 
specimen geometries, initial crack sizes, test loading conditions, and test 
environments. Table 1 summarizes the detail information of each test case. 
Crack growth test data for each test case were known by this author at the 
time of the predictions and were made known to the other participants 
after they submitted their predictions. 

At Rockwell International (Rockwell), North American Aircraft Division 
(NAAD), each life prediction was performed by employing a crack growth 
analysis computer routine, EFFGRO [1],^ developed in-house at NAAD. 
This paper describes briefly the crack growth methodology used in EFFGRO 
and presents the results of the analytical predictions together with test data 
correlations. 

Fatigue Crack Growth Prediction Methodology 

EFFGRO is a computer program developed for analyzing crack growth 
in cyclic-loaded structures based on linear elastic fracture mechanics 
(LEFM) principles. Based on LEFM concepts, the damage severity at the 
crack tip can be characterized by a single parameter, the crack-tip stress 
intensity factor K. 

Fatigue Crack Growth Rate Relationship 

The fatigue crack growth rate equation chosen for the analysis was the 
Walker equation [2], which is a modified version of Paris' rate equation 
[3], The Walker equation can be written as 

lere 

AK = A" max n. min 

da _ 
dN ^ 

= the stress 

AK 
(1 - /? ) ' "" 

intensity fact 
R = stress ratio, 

C and n = crack growth rate coefficients, and 
m = Walker exponent. 

Three rounds of life predictions were performed in this round-robin 
analysis. The first-round predictions were done without comparing the test 
data, while the second- and third-round predictions were performed after 

^The italic numbers in brackets refer to the list of references appended to this paper. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:56:56 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



158 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

S 

2 

to 

u 
l-l 

< 

on 
c 
•o 
« 

...1 

u 

3 
CT 

U. 

o 

o. o 
E E E E a. 

11 
,S-z 

3 
• ^ j 

eQ 

a 
B 
v 
• ^ l l 

E •« 

2 J3 

l o 
o 
o 

3 

m 
4> 
a 
E 
^ 
S 
§ 
t_ 

»o 
o 
o 

u 
•5 

c4 

3 
-w 

« S 
0 . 
E 
u 

e 
8 
L^ 

i / ^ 
0 
0 

u 
•5 
•s 
— 

_3 
"fl 
V 
0 . 
B 
V 

E 
§ 
U 

uo 
0 
0 

t -

S 
0 
= 
.2 
• 0 

3 

cd 
U 
CL 
E 
a> 

E 
0 
0 
u 

^ 
0 
0 

!-̂ 
S 

5 
,2 
• ^ 

3 

cS 

a 
E 
V 

E 
0 
0 
b . 

u^ 
0 
0 

M 

• 0 
V 

v i 

TS 

3 

« 
0 . 
E 
V 

E 
b 

u^ 
0 
0 

5 • M 

rt 

* 
^ £ 
« 

1 
V ) 

3 

«J 
u. 
CL 
E 
u 

E 
0 
0 
I N 

" I 
0 
0 

c -hJ 

M 

s 
J ^ 

S 
2 

1 
ir 

3 

« 
U 

a. 
a -K 
E 
0 
0 

IT) 
0 
0 

5 -fcJ 

rt 
S 
^ 5 
« 

1 
W) 

5 
"rt 

Cu 

e iJ 
g 
8 
u 

U-) 
0 
0 

5 
- I — 

rt 
S 

j ^ 

s 2 

1 
in 

o 
o 

s 

f^ ^ - ^ 

o 
o 
o 

o 
o 

o 
o 

• ^ 

(N 
l /> 

(N 
u^ 

^ 
00 
(N 

T f 
(N 
ly^ 

•̂  
(N 
>0 

• » 

<N 

"^ 
• ^ 

(N 
10 

• V 
(N 
IT) 

^ 
• » 
(N 

1-
-̂  
fS 
i / ^ 

o ^ ^ o o o* o o o" o 
r - - " ^ ' 3 - r - - r ^ r-̂  h- ĥ  t^ r̂  
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the test data had been compared to the first-set predictions. The fatigue 
crack growth rate constants used in the first-round analysis were 

c, = 9.93 X 10-^ 
nx = 2.68 
wi = 0.3 

A^,h = 2.75 MN/m3^2 (2.5 ksi ViiT) 
/? cutoff = 0 . 4 5 

The crack growth rate equation coefficients C and n were obtained 
directly from the first line shown in Fig. 1. This line was drawn through 
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the test points collected from a baseline 2219-T851 aluminum alloy crack 
growth rate data generation program [4] conducted in-house at Rockwell. 
The specimens used in this test program were a modification of the ASTM 
CT specimen configuration as described in ASTM Test for Plane-Strain 
Fracture Toughness of Metallic Materials (E 399 - 74). The tests were 
conducted in high- and low-humidity air as well as sump tank water 
environments. The cyclic loading rates ranged from 60 to 360 cpm. As 
indicated in Fig. 1. there are no profound distinctions among the growth 
rate data generated in different environments and cyclic loading rates. 
Therefore, the same crack growth rate constants were used in the predic
tions for all ten cases. 

In order to study the sensitivity of the crack growth rate coefficients to 
the predictive accuracy, two additional rounds of predictions were 
performed by using two other sets of coefficients (ci. ni. and cj. wj). which 
represent the interceptions and the reciprocal of the slopes of the second 
and third lines shown in Fig. 1. It can be seen that these two lines were 
tilted toward the direction which provides faster growth rate for higher AK 
values. This is because the results of the first-round predictions showed 
that the coefficients overwhelmingly overestimated crack lives. 

Stress-Intensity Factor Formula 

Stress-intensity factors used in the fatigue crack growth behavior predic
tions were those originally built into EFFGRO. For the part-through crack, 
the stress-intensity factor for the point on the periphery of the crack at the 
greatest distance from the front face in EFFGRO is 

where 

a — remotely applied tensile stress, 
a — crack depth, 

2c = crack length, 
t = thickness, 

w = width of the structure, and 
Mf and Mb = front and back face correction factors, respectively. 

The Mf and Mb for various a/c and a/t values are shown in Tables 2 and 
3. They are derived from the results reported by Kobayashi and Moss [5] 
and Shah and Kobayashi \6\. My., is the width correction factor. Tada's 
modified secant function [7] is adopted, which takes the following form 

Af „ = 1 - 0.025 ( ^ y +0.06(1^ , TC 
secant -TTZ 

W 
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TABLE 2—Front face correction factor. 

a/c 

a/c 
Mf 

a/t 

0 
1.12 

0.0 

0.1 
1.11 

TABLE 3 -

0.2 0.3 

0.2 
1.1 

0.4 
1.08 

Back face correction 

0.4 0.5 

0.6 
1.06 

: factor. 

0.5 

0.8 
1.04 

0.7 

1.0 
1.03 

0.8 0.9 

0.1 
0.2 
0.4 
0.6 
0.8 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.02 
1.0 
1.0 
1.0 
1.0 
1.0 

1.04 
1.02 
1.02 
1.0 
1.0 
1.0 

1.05 
1.03 
1.01 
1.01 
1.01 
1.0 

1.08 
1.06 
1.04 
1.02 
1.02 
1.01 

1.13 
1.1 
1.07 
1.05 
1.04 
1.02 

1.2 
1.16 
1.13 
1.09 
1.07 
1.05 

1.36 
1.27 
1.20 
1.16 
1.13 
1.10 

1.76 
1.53 
1.37 
1.28 
1.24 
1.19 

The quantity Q is a combined factor which is expressed in terms of the 
elliptical shape normalizing factor, <j>, and the ratio of the applied stress to 
the material yield strength, a/oys as 

Q = (l>^ - 0.212 {a/oy^y 

Values of (/> are the complete elliptical integral of the second kind, which 
can be expressed as 

i / 2 

4> = ( V T - (1 - 4|2) sin2 0)^0^ I = a/2c 
Jo 

Integration Scheme 

EFFGRO is essentially a specialized integration routine where an initial 
crack length is given and da/dN is integrated to yield the relationship 
between a and N for a given load spectrum. It is based on the fact that 
small changes in crack length have a minimal effect on the crack growth 
rate. This integration scheme was originated by Vroman [/]. The following 
paragraphs describe the integration procedure. 

The load information in the actual integration portion of EFFGRO is 
given in Table 4. 

The integration scheme proceeds by considering a load step (i) and using 
ffmax, and ffmin, to calculatc Km^x, Kmin, R, and da/dN. 

The value of 0.01a/(da/dN) is then compared to AT,. If O.Ola/{da/dN) is 
greater than iV,, then the crack growth for that load step is A a = iV, X 
da/dN. a is increased by Aa, and the program proceeds to the next load 
step. 
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TABLE 4—Load information in integration portion of EFFGRO. 

Step Max Stress Min Stress No. of Cycles/Block (flight) 

1 Umax I Omin 1 N\ 

2 ffmax 2 CTmin 2 ^ ' 2 

3 amax 3 "min 3 Ni 

t Omax ( t^min / '^i 

If O.Ola/(da/dN) is less than or equal to A',, then the number of cycles to 
grow O.Ola is O.Ola/{da/dN). This value is subtracted from Ni, the crack 
size, a, is increased by O.Ola, and the load step is reconsidered. This 
process continues with 0.01a/{da/dN) being compared to the remaining 
cycles in the step. 

When all load steps in the block (flight) are exhausted, the program 
proceeds to the first step of the next block (flight). The calculation ends 
when K\im computed with the limit load or the maximum spectrum load, 
whichever is greater, exceeds the defined critical stress intensity factor 
value. 

Breakthrough Criterion 

When the boundary of the part-through crack reaches the back face 
(that is, a = t), the part-through crack is said to break through the thick
ness, and the crack is assumed to be a through crack by EFFGRO. For a 
through crack, the stress-intensity factor used is 

Crack Growth Termination Criterion 

The crack growth termination criterion applied in this fatigue life predic
tion exercise is based on the critical stress intensity factor values of the 
material. The life of a cracked structure is said to be ended when the growth 
of the crack is terminated by the computer program. The program run 
ends when the calculated Kwm with the maximum cyclic stress exceeds the 
appropriate critical stress intensity factor value. In the predictions, it was 
assumed that for the part-through crack, the critical stress intensity factor 
was Kcr = 49 MN/m3^2 (45 ĵ ^̂ j Vin.), and for the through crack, Kcr = 83 
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Results and Discussion 

The crack growth life prediction results were compared to test data. 
Typical comparisons are shown in Figs. 2 and 3. The broken lines repre
sent the predicted growth behavior of the crack, while the solid.lines repre
sent the test result of each case. It can be seen from Fig. 2 that the crack 
growth life prediction is within 10 percent of the actual life. This is very 
good for a part-through crack life prediction. 

In order to assess the predictive accuracy, the ratios of the predicted life 
to the test life, R, of the ten correlated cases in the first-round predictions 
were calculated (Table 5). The mean value of R of the first-round predic
tions is 1.08. It seems to be an acceptable number; however, as shown in 
the table, 80 percent of the R values in this round exceed unity, indicating 
the predictions overwhelmingly overestimated fatigue crack lives. The 
histogram shown in Fig. 4 illustrates the point. 

Two more rounds of predictions were made based on the aforementioned 
results in order to assess the sensitivity of the crack growth rate constants 
chosen in the predictions. The crack growth rate coefficients used in the 
second- and third-round predictions are shown in Fig. 1. Results of the 

TEST N O . Q 3 2 ) SPECIMEN 23-12 
SURFACE FLAW-DEEP-a/2c, - 1/2 
2219-T851 ALUMINUM PLATE 
CONSTANT AMPLITUDE STRESS = 32 KSI, R - +.05 
DISTILLED WATER ENVIRONMENT AT 60 CPM 
TEST LIFE 23,000 CYCLES 2 C „ = 1.84 INCHES 

DEPTH a OR 

HALF LENGTH, c (IN. I 

0 2 4 6 10 12 14 16 18 20 22 23 

CYCLES X 1000 

FIG. 2—Crack growth comparison, prediction versus test. Specimen 23-12. 
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OR 
HALF LENGTH c 

100 120 
CYCLES X 1000 

FIG. 3—Crack growth comparison, prediction versus test. Specimen 27-76. 

crack life predictions were again compared with the test data. Table 5 
summarizes the comparison. Histograms of the ratio of predicted life to 
tested life (Figs. 5 and 6) were plotted in order to demonstrate the predic
tive accuracy of each round of predictions. It can be seen that the third-
round predictions were the best among the three. Half of the predicted 
cases were within 20 percent of the actual life, and the percentage of over-
estimation dropped to 40. 

Conclusions 

The results of the present investigation on the sensitivity of the crack 
growth rate coefficients to the accuracy of the part-through crack fatigue 
life predictions suggest the following conclusions: 

1. To use the crack growth rate coefficients c and n derived from the 
compact-type specimen da/dN versus AK' data for part-through crack 
fatigue life prediction will provide satisfactory answers. 

2. Accurate predictions of part-through crack fatigue lives using 
compact-type specimen crack growth rate data can be achieved if there are 
known part-through crack test data serving as guidelines. 
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SPECIMENS 

CORRELATED 
MEAN 5 ? ' 1.08 

• 2219-T851 ALUMINUM 
• CONSTANT-AMPLITUDE LOADING 
• PREDICTED BY EFFGRO 

Ci • 9 . ' ) 3 x l 0 " ' 

n , • 2.68 

n a/2c - 1/3 

0 a;2c • 1/2 

0.2 0.4 0.6 0.8 I.O 1.2 1.4 1.6 1.8 2.0 2.7 2.4 2.6 2.8 3.0 

5 g • PREDICTED CRACK LIFE/TESTED CRACK LIFE 

FIG. 4—Histogram, results oj first-round correlations. 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

'/? • PREDICTED CRACK LIFE/TESTED CRACK LIFE 

FIG. 5—Histogram, results of second-round correlations. 

5 -

4 -

MEAN / P • 

.2219-T851 ALUMINUM 

• CONSTANT-AMPLITUDE 

• PREDICTED BY EFFGRO 

C j - 1.72 X lO" ' 

H j • 3.42 

en • 0.3 

LOADING 

INITIAL ASPECT RATIO 

B 3/2c • 1/3 

^ a/2c • 1/2 

0 
0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3 2.5 2.7 2.9 

Ji • LIFE (PREDICTEDl/LIFE ITESTEDI 

FIG. 6—Histogram, results of final correlation. 
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ABSTRACT: Flaws occur in aircraft structures due to material and structural manu
facturing and processing operations. The most prevalent sources of cracking in aircraft 
structures are fastener holes, although cracking does occur at locations other than 
fastener holes (for example, surface cracks). This paper presents a discussion of the 
most common types of flaws which exist in aircraft structures and the test data and 
analytical criteria needed to predict their growth. A number of special analytical and 
structural considerations are discussed such as small flaws, cold-worked holes, plasticity 
effects, failure criteria, and multiple flaw sites. The analytical crack growth and resi
dual strength requirements which must be met as well as the initial flaw sizes and 
shapes which must be assumed in the Air Force damage tolerance design require
ments (MIL-A-83444) are presented. Recently developed stress intensity factor solutions 
for quarter elliptical corner cracks emanating from various types of fastener holes are 
presented. Predictions using these current solutions are correlated with other approxi
mate solutions as well as experimental test data. 

KEY WORDS: part-through cracks, aircraft structure, damage tolerance, stress inten
sity factors, design criteria, fastener holes, crack propagation, fatigue (materials) 

It seems most appropriate to begin the discussion of part-through crack 
problems in aircraft structures by presenting the infamous part-through 
flaw which generated a tremendous amount of interest by the Air Force in 
the area of fracture mechanics and has led to the current Air Force damage 
tolerance design requirements of MIL-A-83444 [7],3 This flaw was intro
duced during the manufacturing of a F- l l l wing forging made of D6AC 
steel. The flaw was a semi-elliptical surface flaw with a length of 25.4 mm 
(1 in.) and a depth of 6.35 mm (0.25 in.).4 The upper portion of Fig. 1 

'Aerospace engineer and supervisory aerospace engineer, respectively, Air Force Flight 
Dynamics Laboratory, Wright Patterson AFB, Ohio 45433. 

2Aircraft development engineer-specialist, Lockheed-Georgia Co., Marietta, Ga. 30063. 
3 The italic numbers in brackets refer to the list of references appended to this paper. 
4The original measurements were in U.S. customary units. 
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ERNS CO 
FIG. \—F-l II part-through flaw. 

represents a honeycomb fairing. In-service failure of the F-111 aircraft 
which contained the flawed forging occurred at Nellis Air Force Base, 
Nevada in 1969 after a relatively small number of flight hours, the growth 
of the flaw being represented by the narrow band in Fig. 1. This failure 
had a large impact on the current requirements contained in MIL-A-83444, 
which include the assumption that flaws exist in aircraft structures due to 
material and structural manufacturing and processing operations. The 
emphasis on fracture mechanics in the design, manufacture, and mainte
nance of military aircraft has increased steadily since that failure. 

Common Types of Flaws in Aircraft Structures 

Fastener holes are found to be the most prevalent sources of cracking in 
aircraft structures [2]. This cracking occurs due to a number of different 
material and structural manufacturing and processing operations as well as 
due to the large stress concentrations which exist at fastener holes. Some 
common types of flaws which occur at fastener holes are corner flaws, sur-
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170 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

face flaws along the bore of a hole, part-through flaws in a countersunk 
hole, and through-the-thickness flaws. 

Flaws also occur in aircraft structures at locations other than fastener 
holes, such as the part-through surface flaw shown in Fig. 1. Such flaws 
are most significant in heavy sections such as forgings (for example, 
landing gear components) and are introduced due to a number of different 
material and structural manufacturing and processing operations or as a 
result of pitting or corrosion. 

Required Test Data, Analytical Criteria, and Special Analytical and 
Structural Considerations 

Required Test Data and Analytical Criteria 

In order to perform crack growth and residual strength analyses for air
craft structures, certain experimental test data and analytical criteria must 
be available. For example, in the case of part-through cracks, there is 
interest in predicting the growth both along the surface and in the depth 
direction. Hence, a two-dimensional analytical capability is required to 
predict the crack shape change. The prediction requires baseline 
experimental crack growth rate data for the material. These data are 
needed for two directions of crack growth, since the material crack growth 
rate properties may differ in the length and depth directions. These data 
must be generated at the temperature and in the environment that the 
structure is expected to be subjected to. Also, for part-through cracks, an 
analytical criterion is required to predict the transition from a part-through 
crack to a through-the-thickness crack. Accurate predictions require that 
the effects of free surfaces and other boundaries must be accounted for. 
Finally, in order to predict the residual strength and crack growth life of 
an aircraft structure, a failure criterion must exist, whether it be elastic or 
elastic-plastic.This also requires the availability of experimental test data, 
such as fracture toughness versus thickness (Kc versus t) for the particular 
material involved. 

Special Analytical Considerations 

A number of special analytical considerations are necessary to predict 
the flaw growth behavior in aircraft structures. One such consideration 
involves the applicability of fracture mechanics for very small flaws. For 
example, the damage tolerance design requirements of Ref / specify that a 
small imperfection equivalent to a 0.127-mm (0.005-in.) corner flaw shall be 

assumed to exist in each fastener hole of each element in aircraft structure. 
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with the exception that a larger flaw shall be assumed to exist in the most 
critical fastener hole of each element. Hence, in order to satisfy the crack 
growth requirements of this specification, the analytical capability must 
exist to predict the flaw growth behavior of very small flaws. 

Another special analytical consideration involves the capability to predict 
flaw growth behavior when plasticity is present. Plasticity may be intro
duced when improved fastener systems are used to increase the structural 
lives of aircraft components. Two such systems are interference-fit 
fasteners and cold-worked holes. These systems introduce increased com
plexities to the analyses due to the large amounts of plasticity involved. 
Plasticity also is introduced at the crack tip when tensile overloads are 
present, resulting in retarded crack growth. In order to accurately predict 
the flaw growth behavior in aircraft structures, these inelastic effects must 
be accounted for. 

Special Structural Considerations 

Special structural configurations must be considered when predicting the 
flaw growth behavior for built-up, complex structure. For example, Ref / 
specifies that multiple flaw sites must be considered when a row of fastener 
holes is involved. In particular, the specification requires that when the 
assumed primary initial damage grows into and terminates at a fastener 
hole, continuing damage shall be assumed to exist in that hole which is 
equivalent to a 0.127-mm (0.005-in.) corner flaw plus the amount of 
growth that occurs prior to termination of the primary damage. The con
tinuing damage shall be assumed to exist on the diametrically opposite side 
of the fastener hole at which the primary damage terminated. 

A second structural consideration involves the flaw growth behavior in 
multilayered structure. Ref / specifies that for fastener hole locations in 
which the assembly drilling of the fastener holes is conducted such that 
flaws in two or more elements can exist at the same location, the primary 
initial flaw for each element should be assumed at that location. However, 
at locations other than fastener holes in which the fabrication and 
assembly operations are conducted such that flaws in two or more elements 
are not expected to exist at the same location, the primary initial flaw in 
each element need not be assumed at the same location. 

A third structural consideration involves the load transfer in flawed 
built-up, complex structure. For example, to predict accurately the flaw 
growth behavior of skin-stringer structure, the load transferred from the 
stringer to the skin after failure of the stringer must be accounted for. 
Similarly, if only one member were flawed, load shedding from the flawed 
member to the unflawed member also should be accounted for. Structural 
complexities such as these must be considered in order to obtain accurate 
flaw growth predictions for aircraft structures. 
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Damage Tolerance Design Requirements for Aircraft Structures 

The Air Force damage tolerance design requirements (MIL-A-83444) [/], 
applicable to airplane safety of flight structure, are specified as a function 
of the design concept and the degree of inspectability of the structure. The 
design concepts include slow crack growth structure and fail-safe (that is, 
multiple load path and crack arrest) structure while the degrees of inspect
ability include noninspectable, depot or base-level inspectable, special 
visual inspectable, walk-around visual inspectable, ground evident in
spectable, and in-flight evident inspectable. The design requirements 
involve both residual strength and crack growth analyses in which flaws are 
assumed to exist in the most unfavorable location and orientation with 
respect to the applied stress and material properties. These flaws are 
assumed to occur due to various material and structural manufacturing 
and processing operations. The design requirements as well as the sizes 
and shapes of the assumed flaws are presented in the following. 

Slow Crack Growth Structure 

The degree of inspectability of slow crack growth structure is either (1) 
noninspectable or (2) depot or base level inspectable. Ref / specifies that 
for noninspectable, slow crack growth structure, initial primary damage 
shall be assumed to exist in the most critical location of each element and 
this damage shall not grow to critical size and cause failure of the structure 
in two (2) design service lifetimes. In addition to this crack growth require
ment, a residual strength requirement must also be met for this time 
period. The initial primary damage sizes and shapes assumed for non
inspectable structure are presented in Fig. 2, with oi = 1.27 mm (0.05 
in.) and «2 = 3.175 mm (0.125 in.). It can be seen that for a fastener hole 
location, the assumed initial primary damage shall be either a 1.27-mm 
(0.05 in.) through-the-thickness flaw or a quarter-circular corner flaw at 
one side of the hole, depending upon the material thickness. For a location 
other than a fastener hole, the assumed initial primary damage shall be 
either a through-the-thickness flaw or a semicircular surface flaw, 
depending upon the material thickness. Other possible surface flaw shapes 
with an initial stress intensity factor equivalent to that of the specified 
semicircular surface flaw shall be considered as appropriate (for example, 
corner flaws at the edges of structural elements, longer and shallower sur
face flaws in plates subjected to high bending stresses). Smaller initial flaw 
sizes than those specified above may be assumed subsequent to a demon
stration that all flaws larger than the assumed sizes have at least a 90 
percent probability of detection with a 95 percent confidence level. Smaller 
initial flaw sizes may also be assumed if proof test inspection is used, based 
on the calculated critical size at the proof test stress level. 
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FIG. 2—Initial primary damage assumptions for slow crack growth structure. 

For depot or base level inspectable structure, initial primary damage 
shall be assumed to exist in the most critical location of each element and 
this damage shall not grow to critical size and cause failure of the structure 
in one half (Va) the design service lifetime. In addition to this crack growth 
requirement, a residual strength requirement also must be met for this 
time period. The assumed initial primary damage sizes and shapes after 
completion of a depot or base level inspection shall be the same as those 
previously presented for noninspectable structure (Fig. 2) if the component 
is to be removed from the aircraft and completely inspected with the same 
NDI procedures that were used during fabrication. However, when NDI 
techniques (that is, penetrant, magnetic particle, ultrasonics) are applied 
without component or fastener removal, the assumed initial primary 
damage sizes shall be larger. For a fastener hole location, the assumed 
initial primary damage shall be a through-the-thickness flaw emanating 
from one side of the hole having a 6.35 mm (0.25 in.) uncovered length 
(measured from the edge of the fastener head or nut) when the material 
thickness is equal to or less than 6.35 mm (0.25 in.). For greater material 
thicknesses, the assumed initial primary damage shall be a quarter-circular 
corner flaw emanating from one side of the hole having a 6.35-mm (0.25-
in.) uncovered length. For a location other than a fastener hole, the 
assumed initial primary damage shall be as shown in Fig. 2b, with 02 = 
6.35 mm (0.25 in.). Other possible surface flaw shapes with an initial stress 
intensity equivalent to that of the specified semicircular surface flaw shall 
be considered as appropriate. Where close visual inspection is used, a 
through-the-thickness flaw having at least 50.8 mm (2 in.) of uncovered 
length shall be the minimum assumed damage size. When inaccessibility, 
paint, sealant, or other factors preclude close visual inspection or the use 
of NDI techniques (that is, penetrant, magnetic particle, ultrasonics), slow 
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crack growth structure shall be considered to be noninspectable. Smaller 
initial flaw sizes than those specified previously may be assumed if proof 
test inspection is used. 

In addition to the initial primary damage which must be assumed at the 
most critical location, initial continuing damage shall be assumed to exist 
at other locations to represent overall initial quality. For example, 
continuing damage equivalent to a 0.127-mm (0.005-in.) quarter-circular 
corner flaw shall be assumed to exist in each fastener hole of each element 
except the most critical fastener hole containing the primary damage. At 
locations other than fastener holes, the continuing damage shall be 
assumed to be a semicircular surface flaw with a length of 0.508 mm (0.02 
in.) and a depth of 0.254 mm (0.01 in.). If the contractor has developed 
initial quality data (for example, fractographic studies which provide a 
sound basis for determining equivalent initial flaw sizes), these data may 
be submitted to the procuring activity for review and serve as a basis for 
negotiating a size different than those specified previously. 

Fail-Safe Stn{cture 

Fail-safe structure may be classified as either multiple load path or crack 
arrest structure. The degrees of inspectability of fail-safe structure include 
depot or base-level inspectable, special visual inspectable, walk-around 
visual inspectable, ground evident inspectable, and in-flight evident 
inspectable. Two sets of crack growth and residual strength requirements 
are specified for multiple load path structure. The first set applies to intact 
structure (that is, structure prior to load path failure) while the second set 
applies to the remaining structure subsequent to load path failure. If the 
intact structure is depot or base-level inspectable, the assumed initial 
primary damage sizes and shapes after completion of the inspection shall 
be the same as those previously presented for depot or base-level 
inspectable slow crack growth structure. The assumed damage shall not 
grow to critical size and cause failure of the structure in one fourth (Vi) the 
design service lifetime. The structure shall also meet a residual strength 
requirement for this time period. If the intact structure is not depot or 
base-level inspectable, the initial primary damage sizes and shapes shall be 
assumed to be those illustrated in Fig. 2, with at = 0.508 mm (0.02 in.) 
and 02 = 1.27 mm (0.05 in.). The assumed damage shall not grow to 
critical size and cause failure of the structure in one (1) design service life
time. The intact structure also shall meet a residual strength requirement 
for this time period. The remaining structure at the time of load path 
failure shall meet a separate residual strength requirement which is based 
on the degree of inspectability of the structure. In addition, subsequent to 
load path failure, the failed load path plus damage assumed in the 
remaining adjacent structure shall meet additional crack growth and 
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residual strength requirements which also are based upon the degree of 
inspectability of the structure. 

Reference / also specifies two sets of crack growth and residual strength 
requirements for crack arrest structure. The first set applies to intact struc
ture (that is, structure prior to unstable crack growth and arrest), while the 
second set applies to the remaining structure subsequent to encountering 
unstable crack growth and arrest. The requirements and assumptions 
which apply to crack arrest structure are basically the same as those which 
are applicable to multiple load path structure, previously discussed. Hence, 
no further discussion of the requirements and assumptions for crack arrest 
structure shall be presented here. 

Stress Intensity Factors for Quarter-Elliptical Corner Cracks Emanating 
from Fastener Holes 

• As previously mentioned, fastener holes are found to be the most 
prevalent sources of cracking in aircraft structures, and corner cracks at 
fastener holes are particularly important in aircraft structures. In order to 
predict the crack growth behavior for this type of flaw, a stress intensity 
factor for a quarter-elliptical corner crack emanating from a fastener hole 
is needed. As no closed form solution exists, this paper presents an 
approximate stress intensity factor solution recently developed by modify
ing an existing solution developed by Hsu and Liu [3] for a quarter-
elliptical corner crack emanating from an open hole. The development of 
this solution as well as solutions for quarter-elliptical corner cracks 
emanating from other types of fastener holes is presented. Also presented 
are correlations of predictions using the current solution with predictions 
from other approximate solutions and experimental test data. 

Stress Intensity Factor Development 

The shape of a corner crack at a fastener hole generally is assumed to be 
quarter-elliptical with the semi-axes a and c coinciding with the hole wall 
and the plate surface, respectively. The approximate stress intensity factor 
solution for a quarter-elliptical crack emanating from the corner of an 
open hole proposed by Hsu and Liu can be written as 

K = aoVira 

M ( - . x/2 - |8 

4>{a/c) 
M.(^,/3U f for - < 1 

c (1) 

K = 
J a <j>{c/a) 

M . ( £ , ^ 5 ^ for ^ > 1 
c (2) 
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The quantity in square brackets is the exact stress intensity solution for an 
embedded elliptical crack. Mi adjusts this expression to account for the 
front free surface of the plate, and B adjusts for the effect of the hole and 
hole surface. 

To be more explicit, B(x/r) is the Bowie hole correction factor for 
through-the-thickness cracks [4], evaluated at the normalized distance 
from the edge of the hole, x/r; </> is the complete elliptical integral of the 
second kind presented in Fig. 3 as a function of the ratio of the minor and 
major axes of the ellipse; /3 is an elliptical angle measured from the hole 
wall; M is defined as 

M sin^ j3 + cos^ /3 for a/c < 1 (3) 

and 

M = cos^ 0 + sin^ (3 for a/c > 1 (4) 

and Ml is the front surface correction factor for a semi-elliptical surface 
crack in a half space, determined by interpolating between the known solu
tions for the following three cases: (1) a/c = 0, (2) a/c = 1, and (3) a/c = 

i . 6 r 

<t) 

0 0.2 0.4 0.6 0.8 

FLAW SHAPE RATIO, a/c or c/a 

FIG. 3—Elliptical integral 4>. 
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00. For a/c = 0, the crack geometry is similar to that of an edge crack for 
which the front surface correction factor is 1.12. For a/c s oo, the crack 
geometry is similar to that of a center crack for which Mi is equal to 1.0. 
For a/c = 1, Mi has been obtained numerically and presented as a func
tion of an elliptical angle fi by Smith et al [5]. Values of Mi are presented 
in Fig. 4 in ten-degree (elliptical angle) increments from the hole wall to 
the plate surface for all possible a/c ratios. 

Combining M and Mi in Eqs 1 and 2, we obtain 

K = aoVira-B< 
x\ M l ' fa 

0 
/J) for a/c < 1 (5) 

and 

K = (ToVTra H^ M l ' 
0] for a/c > 1 (6) 

The normalized Mi '/</> factor is plotted in Fig. 5 as a function of a/c for 
a/c < 1 and in Fig. 6 as a function of c/a for a/c > 1. 

Equations 5 and 6, proposed by Hsu and Liu, are modified in the 
following manner. For a corner crack with a small c/r ratio, the entire 
crack surface is located in the region of elevated stress and the unflawed 
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FIG. 4—Front surface correction factor M; . 
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stress variation within the crack surface is small. For this case, Eqs 5 and 6 
normally result in good estimates of the stress intensity factors. However, 
when the c/r ratio becomes large, the large crack surface extends into the 
region of lower stress. Because the stress intensity factors are sensitive to 
the local stress field in the vicinity of the crack, the actual stress intensity 
factor at the edge of the hole for this case is expected to be lower than the 
stress intensity factor computed from Eqs 5 and 6. To account for this 
effect, Eqs 5 and 6 are modified as follows 

K = ao^fira-B ( -
M l ' 

7&Mv: for a/c < 1 (7) 

/.=,.^(f)-.i>(f).^(->; •Mc {y for a/c > 1 (8) 

where 

Mc=F+- a - F) c (9) 

in which the factor F, presented in Fig. 7 as a function of c/r, is obtained 
from the stress intensity factors estimated by Shah [6\ at the edge of the 
hole and x is the distance from the hole wall to the particular point of 
interest on the crack periphery. 

Equations 7 and 8 represent the stress intensity factor for a quarter-
elliptical crack emanating from the corner of an open hole. The stress 
intensity factor for a quarter-elliptical crack emanating from the corner of 
a different type of fastener hole can be estimated from the stress intensity 
factor for a through-the-thickness crack emanating from the same type of 

I I I I I ,1 

2 4 6 8 10 

FIG. 7—Nondimensional factor F at the edge of a hole. 
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fastener hole. This can be accomplished by replacing the Bowie correction 
factor B{x/r) for an open hole in Eqs 7 and 8 with the corresponding cor
rection factor Brix/r) for the type of hole considered. The procedure for 
calculating Brix/r) for a through-the-thickness crack emanating from any 
type of fastener hole, using the Green's function approach, is presented in 
Ref 7. 

Correlations with Other Approximate Solutions and Experimental Test 
Data 

Normalized stress intensity factors (K/ayJira) for a double corner crack 
emanating from an open hole were computed using Eqs 7 and 8 and are 
presented in Figs. 8 through 11 for a/c ratios of 0.75, I.O, 1.5, and 2.0, 
respectively, as a function of the geometric angle 6 defined in the sketch in 
Fig. 4. Solutions also were obtained from Eq 7 for an a/c ratio of 0.5 and 
are correlated in Fig. 12 with other approximate solutions proposed by 
Smith [8] and Shah [6]. Similarly, solutions for a single corner crack 
emanating from an open hole were obtained from Eq 7 for an a/c ratio of 
1.0 and are correlated in Fig. 13 with other approximate solutions 
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FIG. 8—Normalized stress intensity factors for double corner crack emanating from open 
hole (a./c = 0.75). 
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FIG. 9—Normalized stress intensity factors for double corner crack emanating from open 
hole (a/c = 1.0). 

proposed by Kobayashi et al [9] and Shah [6]. The magnification factors 
presented in Fig. 13 were obtained by normalizing the stress intensity 
factors by dividing by /sTje' (the stress intensity factor for an elliptical crack 
in an infinite body (see Eqs 1 and 2) subjected to a uniform tensile stress 
3(7o). 

Because there is no exact stress intensity factor solution for a quarter-
elliptical corner crack emanating from an open hole with which to compare 
the current solution presented in Eqs 7 and 8, correlations also were made 
between predictions using the current solution and experimental test data. 
Two sets of test data were generated under carefully controlled laboratory 
conditions. The specimens were made of 7050-T73 aluminum plate with a 
thickness of 6.35 mm (0.25 in.), a width of 76.2 mm (3 in.), and a hole 
diameter of 6.60 mm (0.26 in.). An electrodischarge machine was used to 
introduce the initial notch at the corner of the hole (one crack only). 
Fatigue crack propagation tests then were conducted in 90 to 95 percent 
relative humidity room temperature air at a loading frequency of 10 cps. 
The specimens were subjected to constant amplitude loading with a 
maximum stress of 103.42 MPa (15 ksi) and a stress ratio of 0.1. Crack 
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FIG. 10—Normalized stress intensity factors for double corner crack emanating from open 
hole (a/c = 1.5). 

lengths (both a and c) were recorded using a macromechanjc device. 
During the test, "marker" loads were applied occasionally to produce 
bench marks on the fracture surfaces. These bench marks provided a 
record of the actual shape of the crack during crack propagation and also 
served to verify the visual crack length measurements made during the test. 
The maximum stress level for the "marker" load cycles was also 103.42 
MPa (15 ksi), but the stress ratio was increased to 0.85. Photographs 
showing the elox cut and the bench marks resulting from application of the 
"marker" loads on the crack surface of each specimen are presented in 
Fig. 14. Figure 15 shows the actual flaw shape on the fracture surface of 
one of the specimens resulting from the application of the "marker" loads 
and the result of fitting a quarter-elliptical curve through two readings 
observed on the surfaces: a and c. The figure indicates the accuracy of 
assuming that the corner crack is quarter-elliptical in shape. 

Correlations of analytical predictions using the current solution and the 
test data for the two previously mentioned specimens are presented in Figs. 
16 and 17. The figures present the number of cycles versus crack length for 
both the front surface and the hole wall. It was assumed in the predictions 
that for a given number of applied load cycles, the extension of the 
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0 30 60 90 
ANGLE FROM THE HOLE WALL, 6, DEGREES 

FIG. 11—Normalized stress intensity factors for double corner crack emanating from open 
hole (a/c = 2.0). 

quarter-elliptical crack border was controlled by the stress intensity factors 
at the intersections of the crack periphery and both the hole wall and plate 
surface (that is, KA and Kc). In general, the stress intensity factors at these 
two locations were different, resulting in different crack growth rates. 
Therefore, the new flaw shape aspect ratio after each crack growth incre
ment differed from the previous one. The new flaw shape aspect ratio was 
computed using the new crack lengths at both the hole wall and plate 
surface. The process was repeated until the crack length along the hole 
wall was equal to the plate thickness. At that time, the crack was assumed 
to be a through-the-thickness crack with length c. This assumption was 
made based upon the experimental observation that after the crack 
penetrates the back surface and the cyclic load application continues, the 
back surface crack length increases much faster than that of the front 
surface until the front of the through-the-thickness crack becomes stable. 
Figures 16 and 17 indicate that good correlations were obtained between 
the analytical predictions and the experimental test data. 

Correlations of analytical predictions using the current solution and 
experimental test data generated by Snow [10] are presented in Fig. 18. 
The correlations involve corner cracks emanating from open holes in 
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FIG. 14—Fracture surfaces for single corner crack emanating from open hole. 
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FIG. 15—Flaw shape change for single corner crack emanating from open hole (specimen 
No. I) (I in. = 25.4 mm). 

polymethyl methacrylate (PMMA) polymer plates subjected to constant 
amplitude loading. Figure 18 presents the number of cycles versus crack 
length for both the front surface and the hole wall. Correlations are also 
presented in Table 1 for analytical predictions using the current solution, 
analytical predictions using other approximate solutions, and the experi
mental test data generated by Snow [10]. Correlated in Table 1 are the 
normalized stress intensity factors at the hole wall and plate surface. 
Again, good correlations are obtained between analytical predictions using 
the current solution and experimental test data for PMMA polymer 
material. 

Correlations have been presented for quarter-elliptical corner cracks 
emanating from open holes. Let us now consider the stress intensity factor 
for a quarter-elliptical crack emanating from the corner of a different type 
of fastener hole, such as an interference-fit fastener hole. As previously 
mentioned, the stress intensity factor for a quarter-elliptical crack 
emanating from the corner of an interference-fit fastener hole can be 
estimated from the stress intensity factor for a through-the-thickness crack 
emanating from the same type of fastener hole. This can be accomplished 
by replacing the Bowie correction factor Bix/r) for an open hole in Eqs 7 
and 8 with the corresponding correction factor Bw{x/r) for an interference-
fit fastener hole. Typical BiF(x/r) factors are presented in Fig. 19 for 2219-
T851 aluminum. These factors were obtained from computed stress 
intensity factors [13] for three different levels of interference: 6 = 0.0610, 
0.0965, 0.1524 mm (6 = 0.0024, 0.0038, 0.0060 in.). The factors are 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:56:56 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



RUDD ET AL ON PART-THROUGH CRACK PROBLEMS IN AIRCRAFT 187 

1.0 

0.8 

X 
u 
Z 0.6 

O 
z 
UJ 

^ 0.4 
u 
< u 

I—Icl. 
0.261" 

7075-173 PLATE ; 
t%,ax " 15 KSI ^ 
R * 0.1 / 
90~95%R.H. , R.T. /A 
W - 3 . 0 INCHES / 

a =0.077" 
o 

c =0.067" o 
/ A TEST DATA 

PREDICTIONS 

a 
O 

c 
<a 

A '& B: MARKER LOADS APPLIED 
I 

nl !A .jB , . , , _, 
0 20,000 40,000 

N O . OF CYCLES 

60,000 

FIG. 16—Correlation for single corner crack emanating from open hole (specimen No. 1) 
U in. = 25.4 mm, 1 ksi = 0.145 MPa). 

presented for both loading (ff„ = 124.10 MPa (18 ksi) far-field loading) 
and unloading {oo = 0 MPa) conditions. The Bipix/r) factors were 
substituted for the B(x/r) factors in Eqs 7 and 8 in order to obtain the 
normalized stress intensity factors at the intersection of the plate surface 
and the border of a single corner crack presented in Fig. 20 for the three 
levels of interference and a flaw aspect ratio of 0.75. 

Unlike an open hole problem, the stress intensity factor for a crack 
emanating from an interference-fit fastener hole is not linearly proportional 
to the far-field applied load. It also depends upon the level of interference, 
material yield strength, Young's modulus, and Poisson's ratio. For the 
purpose of verifying the current analytical solution, a crack emanating 
from an interference-fit fastener hole in a plate subjected to constant 
amplitude far-field fatigue loading was treated as a crack emanating from 
a fastener hole having no residual stresses and subjected to variable 
amplitude loading. The variable amplitude loading was selected to produce 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:56:56 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



188 PART-THROUGH CRACK FATIGUE LIFE PREDICTION 

0.25' CE7 
0.26" 

X u z 
0.6 

Z 0 

< 

.4 

0.2 

7050-T73 PLATE 
•^mox^lSKSI 
R " O . I 
90-95% R.H., R.T. LI 
W = 3.0 INCHES / 

a =0.085" / 

TEST DATA 
PREDICTIONS 

a 

O 

c 

A 

A, B & C: MARKER LOADS APPLIED 

20,000 40, 000 
NO. OF CYCLES 

60, 000 
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FIG. 18—Correlations for corner cracks emanating from open holes on PMMA polymer 
plates (1 in. = 25.4 mm, I ksi = 0.145 MPa). 
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FIG. 19—Normalized stress intensity factors for single through-the-thickness crack ema
nating from interference-fit fastener hole (loading and unloading) (/ ksi = 0.145 MPa). 
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FIG. 20—Normalized stress intensity factors for single corner crack a/e = 0. 75 emanating 
from interference-fit fastener hole (loading and unloading) (I ksi = 0.145 MPa). 
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the same stress intensity factor ranges and ratios (that is, /(Tmax ~ Kmin and 
Kmn/KmiLx) as thosc for the constant amplitude loading for the interference-
fit fastener hole with residual stresses. Figure 21 presents a correlation of 
the predicted crack growth history, surface crack length versus number of 
cycles, and experimental test data for a single corner crack emanating 
from an interference-fit fastener hole. Three levels of interference were 
considered (0.0610, 0.0965, and 0.1524 mm) for 2219-T851 aluminum 
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FIG. 21—Correlations for single corner crack emanating from interference-fit fastener holes 
((To = 18 ksi) (1 in. = 25.4 mm. 1 ksi = 0.145 MPa). 

plates subjected to a constant amplitude far-field loading of 124.10 MPa 
and a stress ratio of 0.1. Both Forman's [14] and Hall's [15] crack growth 
rate equations were used in the predictions. As seen from Fig. 21, the 
experimental data scatter was up to a factor of four in the tests of cracks 
emanating from interference-fit fastener holes, and the magnitude of the 
errors in the predictions is similar. 
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ABSTRACT: K solutions for internal surface cracks in pressurized cylinders are com
pared, including Smith's photoelastic results, Hussain's collocation and compliance 
results, and Underwood's estimates. Fatigue crack growth observations from cannon 
tubes are described, particularly in relation to surface crack growth and multiple 
cracks. 

A method is proposed for describing quantitatively the effect of residual stress on 
K in cylinders with shallow cracks. The combination of compressive residual stress with 
applied stress reduces AK and thus increases fatigue life. 

KEY WORDS: fracture mechanics, surface crack, fatigue life, residual stress, pres
surized cylinder, crack propagation, fatigue (material) 

The growth of cracks in cannon tubes is similar in most respects to crack 
growth in other pressure vessels. Aside from the initiation of cracks due 
to high bore-surface temperatures during firing, the growth of cracks in 
cannon tubes is the classic combination of fatigue propagation followed by 
fast fracture, both of which can be well described using fracture mechanics. 
As in most other structural components the fatigue cracks take on the shape 
of a part-through or surface crack. So this shape must bear the emphasis 
in any attempt to characterize the crack growth. 

The results of fracture tests and analyses related to surface crack growth 
in cannon tubes will be described here in three sections. First, a descrip
tion will be given of some predominant types of crack growth which are 
observed in cannon tube firing and simulation tests. Second, stress inten-

'Materials engineer and mechanical engineer, respectively, U.S. Army Armament Research 
and Development Command, Benet Weapons Laboratory, LCWSL, Watervliet, N.Y. 12189. 
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sity factor, Ki, solutions and estimates which apply to surface cracks in 
cannon tubes will be described. Using this information, fatigue crack growth 
and life estimates will be compared with the results from laboratory tests 
of cannon tube sections containing surface cracks of prescribed starting 
size and shape. Third, the effect of residual stress on fatigue crack growth 
will be considered. A method of analysis will be proposed which gives a 
quantitative description of the effect of residual stress on ATi and in turn on 
the fatigue crack propagation rate for shallow cracks in specimens under 
load. 

Crack Growth in Cannon 

Initiation, Growth, Failure 

A macrophotograph of a fracture surface can reveal many of the basic 
features of fatigue crack growth in a cannon tube. Figure 1 shows the frac
ture surface of a portion of a tube which has been fired and then subjected 
to further simulated firing in the laboratory. A few details of the tube mate
rial and dimensions are: a 4335 steel forging with yield stress in the range 
of 1200 MPa; inner radius of 60 mm, outer radius of 130 mm, and hence 
a diameter ratio of 2.17. The wall thickness shown in the photograph is 
then 70 mm. This information is useful mainly as background data, because 
the general features of crack growth in a cannon tube are not very sensi-

FIG. 1—Fracture surface of cannon tube and sketch of geometry. 
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tive to the material and dimensions. A sketch is shown in Fig. 1 showing 
some of the symbols used here. 

The section of the tube inner surface, shown at the bottom of the photo
graph in Fig. 1, shows a severely eroded surface caused by the high sur
face temperature during firing. Not visible at the magnification of the photo 
is a network of thermally induced cracks, referred to as heat-checks, which 
also occurs on the inner surface. Erosion and heat-checking typically com
bine to produce cracks 0.2 to 1.0 mm deep in cannon tubes in a few tens 
of firings. So classic fatigue crack initiation is precluded, and a fatigue 
crack must be assumed present from essentially the first firing cycle. Of 
course this assumption reduces life estimates, but it simplifies life predic
tion. 

After enough firing cycles to ensure crack initiation, the tube was pres
sure-cycled in the laboratory using the same pressure as in firing. It is not 
necessary to simulate the pressure rise-time of firing, about 5 ms, because 
no loading rate effect is observed for this combination of material and 
loading rate. The type of fatigue crack growth observed here in Fig. 1 is 
typical of cannon. The crack starts in the approximate shape of a semi-
ellipse with a small aspect ratio, a/2c, where a is the depth into the tube 
wall and is half the minor axis while 2c is the length along the tube axis 
and is the major axis. The a/2c ratio of the crack increases as the crack 
deepens, as seen by the shadings and marks on the fracture surface caused 
by interruptions in the test. The crack grows much more rapidly for depths 
beyond mid-wall, and as the crack approaches the outer surface the crack 
growth per cycle is often so large that it is later visible on the fracture 
surface with the unaided eye. Three such crack growth steps can be seen 
in Fig. 1, the last of which caused the final breakthrough to the outer sur
face. 

The final failure of this example tube is also typical of cannon. The 
failure is controlled primarily by the fracture toughness, Ki^, of the tube 
material. The larger the ATic, then, the deeper is the fatigue crack from 
which the abrupt breakthrough to the outer surface occurs, and the smaller 
is the length of the breakthrough. This is the preferred fracture mode, 
a leak-before-break, in which the final break is small and the tube merely 
leaks a small amount of the pressurized fluid. A high value of Kic has the 
equally important effect of delaying or entirely preventing the rapid, un
stable fatigue crack growth as the crack approaches the outer surface. For 
high enough values of Kic the relatively slow stable fatigue crack growth, 
typical of da/dN proportional to AK" relationship, can be observed all 
the way to the outer radius. This can extend somewhat the fatigue life of a 
tube. But more important it can eliminate the possibility of an abrupt 
breakthrough which, in the worst case, can lead to a crack running along 
the length of the tube. 
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Multiple Cracks 

One of the features of interest in the crack growth behavior of cannon 
tubes is multiple cracking which can occur in some circumstances. Figure 
2 shows an array of cracks in a cross section of a cannon tube. The mate
rial, geometry, and test procedure for this tube were similar to that of the 
tube just discussed. An important difference here, in relation to multiple 
cracks, is that rifling lands and grooves are present in this tube. Cracks 
initiate at the corner of the lands, with the driving side preferred. The 
driving side of the land is that which imparts the force which rotates the 
projectile as it travels down the tube. The result is a uniformly spaced 
array of cracks of roughly equal depth, with one major crack for each of 
the lands. For cracks as in Fig. 2, whose depth is about equal to the spac
ing between cracks, it seems reasonable to expect that they interfere with 
each other and cause some sort of load-shedding and a decrease in ATi as 
compared to that for a single crack. Goldthorpe [7]^ has described an 
approximate Ki analysis for a tube with 40 uniformly spaced uniform depth 
cracks which shows a significantly lower K\ value than that for a single 
crack of the same depth. Current work by Pu and Hussain [2] gives finite 
element calculations of Ki for several different arrays of cracks of uniform 
spacing and depth. These results also show a decreased K[ for multiple 
cracks compared to that of a single crack, except for the cases of two and 
three cracks which result in a higher Ki than that of a single crack. Pu 
and Hussain's result for 40 cracks with depth of 0.25 of the wall thickness 
in a cylinder with diameter ratio of 2.0 is a Ki value which is about 37 

FIG. 2—Cross section of cannon tube showing multiple cracks. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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percent of the K\ for the single crack, other conditions being the same. 
For a crack rate, da/dN, proportional to the cube power of AKi this re
duced value of Ki produces a da/dN value of only 5 percent of that for a 
single crack. So it is clear that when multiple cracks do occur in pressurized 
cylinders, their effect must be included for an accurate description of the 
fatigue crack growth and life behavior. The multiple-crack Ki solutions 
currently available are for straight-fronted cracks. These solutions can be 
applied directly only to relatively shallow cracks in cannon tubes when the 
a/2c values are small. Fortunately this is the condition in which most of 
the cyclic life of cannon tubes is expended. 

Ki and Life Detenninations 

The most important geometric factor to be considered in the description 
of fatigue crack growth and fatigue life of cannon tubes and many other 
structural components is the semi-elliptical shape which is characteristic 
of surface cracks. Other effects, such as those due to multiple cracks and 
the effect of residual stress are certainly important, but obviously only 
when conditions prevail which produce these effects. Surface cracks, how
ever, nearly always prevail. An important question to be addressed here is: 
What is a good estimate of Ki for a surface crack in a pressurized thick-
wall cylinder? 

Kifor Surface Cracks 

Underwood [3] made an estimate for Ki at the point of deepest pene
tration of a surface crack in a pressurized cylinder. The estimate was a 
combination of the Bowie and Freese [4] solution for a straight-fronted 
crack in a pressurized cylinder and solutions for straight and surface cracks 
in a tension loaded plate. More recently Smith et al [5] reported photo-
elastic stress freezing evaluations of relatively long and shallow surface 
cracks in a pressurized cylinder. Ki results have been reported for near 
semicircular surface cracks by Hussain et al [6] using two quite indepen
dent methods, one based on experimental compliance measurements in a 
cylinder with an a/2c = 0.50, the other a three-dimensional collocation 
method using a simulation of a cylinder geometry with an a/2c = 0.65 
crack. 

The three independent sets of Ki calculations are shown in Fig. 3 along 
with the estimate of Ki for two values of a/2c and with the Bowie and 
Freese solution for a straight crack, which corresponds to a/2c = 0. In 
general the Underwood estimate [3] of Ki is a good representation of the 
calculations of Ki from the three different evaluations. The agreement is 
the poorest as a/W approaches 0.5, and this is the area in which the ac
curacy of both the Ki estimate and the three evaluations would be expected 
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FIG. 3—Calculations and estimate oJ'Kifor surface cracked cylinder. 

to be poorest. As mentioned earlier, most of the fatigue life of a cannon 
tube is expended by the time a/W = 0.5, so inaccuracies in K\ at and 
beyond this point would have little effect on fatigue life calculations. 

Another estimate of K\ for a pressurized cylinder with a surface crack 
has been made by Kobayashi et al [7]. It covers a range of r2/ri up to 1.5, 
which does not include the applications of primary interest in cannon, 
(those for r2/r\ near 2.0), but does have other application. A comparison 
of the Kobayashi estimate with that from Ref 3 is shown in Fig. 4. The 
estimate by Kobayashi and coworkers is higher than that of Underwood, 
particularly for large a/W. This might indicate that for large a/W the 
estimate of Kobayashi et al is closer to the true Ki, based on the data shown 
in Fig. 3. However, it should be noted that the Kobayashi estimate is evi
dently too high for small a/W. This is indicated by the fact that at a/W = 
0 it predicts a higher Ki for a/2c = 0.1 than does the accurate, upper 
bound, Bowie and Freese solution for a/2c — 0. 

Putting aside the accuracy considerations of Ki for surface cracks, all 
the results discussed here show that crack shape effects can produce a 
Ki value of less than one half that for straight-fronted cracks. So the fatigue 
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FIG. 4—Two estimates ofYiifor surface cracked cylinder. 

crack propagation rate for surface cracks can be expected to be in the 
order of one tenth of that for straight-fronted cracks. 

Fatigue Crack Growth Tests 

A series of tests is under way at our laboratory to directly measure the 
growth of surface cracks of known shape in full-size cannon tubes under 
cyclic loading. One phase of the tests which is completed will be described 
here. Figure 5 shows the fracture surface of one of the four specimens 
which make up this phase of the tests. The specimens were 760 mm long 
sections of cannon tubes with outer radius of 181 mm and inner radius 
of 90 mm. The material is the same as described earlier in relation to Fig. 
1. Notches were electric-discharge-machined into the inner surface of each 
specimen to a depth of 6.35 mm and with lengths which varied from 12.7 
to 510 mm. So the starting values of a/2c are known, as listed in Table 1. 
The specimens were cycled to failure using a maximum pressure of 330 
MPa and a minimum pressure near zero. During the tests measurements 
of crack depth and length were obtained by use of ultrasonics. They were 
confirmed by subsequent measurements on the fracture surfaces. 

The crack growth measurements plotted in Fig. 6 clearly show the signi-
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FIG. 5—Fracture surface of cannon tube specimen No. 3A. 

ficant effect of crack shape on growth rate and cycUc life. Referring to 
Table 1, even though a/2c increased considerably for the specimens having 
low starting a/2c values, there was still a factor of seven difference between 
the cyclic life of the specimen having (a/2c)o = 0.5 and the average life 
of the two specimens having {a/2c)o — 0.012. Had a/2c somehow remained 
fixed at the starting value for all specimens this difference would have been 
ever larger. 

Analytical Description 

The significant effect of crack shape on life observed in the tests can 
be well described by fracture mechanics analysis. By starting with the ex
pression which has been found to be a good representation of the fatigue 
crack propagation rate in compact and C-shaped specimens of gun steel 

da/dN= 6.52 X lO-'^A/C^ (1) 

and integrating, the following general expression for cyclic life is obtained 

2 
Nf = 

1 

6.52 X 10-<2 UKPM' 
(2) 

where 

a, = initial crack depth, 
Uj = final crack depth, 
p — pressure in the cylinder, and 

//f = Ki/p-^Tta. = dimensionless K\ parameter used here. 

Note that the constant in Eqs 1 and 2 is appropriate for da/dN in m/cycle, 
K in MPa Vm and p in MPa. 
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FIG. 6—Crack growth in cannon tube specimens. 

Equation 2 was used to calculate the curves in Fig. 6. The values of 
a,, Qf, andp were determined from the test conditions. The use of the start
ing notch depth for a, in effect requires the assumption that the fatigue 
crack starts immediately from the notch. This is believed to be a reason
able assumption because the electrical-discharge-machining process pro
duces a relatively sharp notch which in addition has microcracks at its 
tip. Values oi/K used in Eq 2 were selected so that the curves in Fig. 6 
would fit the data. These selected values of/*^ are compared in Table 1 
with/zc values from the K estimate [3] summarized in Fig. 7. The//f values 
from the K estimate are those for the particular a/2c value measured from 
the fracture surfaces at the point where a/W = 0.25. The/A estimate at 
a/W = 0.25 was chosen to give a representative /K for the entire crack 
growth process. Referring to the comparison oifK values in Table 1, for the 
specimens having the highest and the intermediate values of a/2c the two 
values of/A: are the same. This indicates that the use of the constant value 
of/A: corresponding to the situation at a/W = 0.25 gives a good description 
of the growth of cracks having relatively high values ofa/2c. For low values 
of a/2c, specimens 3A and 3B in Table 1, this procedure gives too high a 
value of/A and would therefore predict too short a fatigue life. The use 
of a constant value of/A for low values of a/2c may still be an adequate des
cription of the crack growth portion of life, and the difference between 
measured and calculated lives may be the result of cycles required to initiate 
the crack growth from the notch. A few hundred initiation cycles would 
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FIG. 7—Estimate ofKifor surface cracked cylinder. 

make a noticeable difference in a total life of 1500 cycles but would have 
less effect on the longer life of specimens having higher starting values of 
a/2c. 

The results summarized in Fig. 6 clearly show the large effect of crack 
shape on life, and the procedure for fatigue life prediction summarized 
in Eq 2 includes this crack shape effect by way of the parameter/zf. The pro
cedure of using constant/A: is easy to understand and to verify, but it does 
not directly take into account the changing shape which does occur while 
the crack grows in a cylinder. As described here in relation to Fig. 1 and 
Table 1, cracks in cannon tubes start with a low value of a/2c and grow 
with a steady increase in a/2c. Such behavior may be modeled as suggested 
by the dashed line in Fig. 7. A method for including this changing crack 
shape in the description of crack growth is to obtain an expression offK 
versus a which fits the observed behavior in the cylinder of interest and 
which can be integrated to obtain a simple closed-form expression such 
as Eq 2. This method will have the very significant advantages of ease of 
application and verification which are often not present in numerical inte
gration schemes. 

Residual Stress Effects 

The effect of residual stress on fatigue crack growth is of particular con
cern in cannon tubes. Many large cannons are produced with compressive 
residual stress present near the bore surface which serves to increase the 
fatigue life greatly. The residual stress is induced by an overstraining pro
cess called autofrettage, which is accomplished either by pressurizing the 
tube to a level above the yield pressure or more often by forcing an over
sized mandrel through the tube. Both methods result in residual stress 
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distributions of the type shown in Fig. 8, which is a plot of the ratio of 
circumferential residual stress to uniaxial yield stress versus position through 
the tube wall. Both partial and complete overstrain are used. A 60 percent 
overstrain condition, as shown in Fig. 8, is produced by expanding the 
tube to the point where plastic deformation has proceeded 60 percent of 
the distance from the inner to the outer surface of the tube. The residual 
stress distribution which results from a partial overstrain has the advantage 
of a decrease in the tensile value near the outer surface with a significantly 
smaller decrease in the compressive value near the inner surface. This is a 
significant advantage in cases where fatigue cracks can develop at the outer 
surface as well as at the inner surface of a tube. 

These principles of autofrettage design, very briefly sketched here, are 
being used now in pressure vessels and piping applications as well as in 
cannon components. 

Proposed K Description for Residual Stress 

Regardless of the application, a method is required for describing the 
effect of residual stress on Ki in a loaded specimen with a notch. The basis 
for a method which applies to cannon tubes and structural components in 
general is shown in Figs. 9 and 10. In Fig. 9a is a sketch of a specimen or 
component with a notch of depth a which is small relative to the size of the 
piece and with a residual stress distribution which is known over the dis
tance of the notch depth. For these conditions a good estimate of the stress 
intensity factor due to the residual stress can be obtained by the super
position of two other Ki solutions as indicated in Figs. 9b and 9c. Figure 
9A shows both the residual stress in the specimen and an arbitrary stress 

- /oo % oi/e/?sr/?/i/// 

FIG. 8—Residual stress distribution in autofrettaged cylinder. 
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FIG. 9—Superposition to obtain Ki due to residual stress. 
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FIG. 10—Crack face loading solutions. 

applied to the notch with an effect which is equal and opposite to that of 
the residual stress. In this example of a compressive residual stress, the 
arbitrary stress applied to the notch faces (shown applied to only one side 
for clarity) is such that it would open the notch, while the residual stress 
would close the notch. The net effect of the combined loading in Fig. 96 is 
that K\ — 0. If the situation in Fig. 9c were added to that in Fig. 96 so as 
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to counteract the arbitrary stress, then the sum would be the problem of 
interest shown originally in Fig. 9a. The key point is that the Ki for a 
notched specimen with residual stress present, Fig. 9a, is equivalent to the 
ATi of the specimen with equivalent stress applied directly to the notch 
faces, Fig. 9c. 

Next, it can be shown in Fig. 10 that a specimen containing a shallow 
notch with stress applied to the faces can be handled easily. Bueckner [<̂ ] 
described the solution for a shallow notch with uniform pressure applied to 
the notch faces, see Fig. 10a. Benthem [9] and Tada [10] gave solutions 
for decreasing and increasing, linear varying pressure applied to the faces 
of a shallow notch. These three solutions can be combined to describe the 
Ki for the case of general, linear-varying, crack-face loading as shown in 
Fig. 10c and repeated here 

Ki = [1.12 a,. - 0.68(a„ - a,,)] ^ira (3) 

Based on the concepts discussed in relation to Figs. 9 and 10, it is pro
posed that the values from the residual stress distribution which corres
pond to the surface and to the depth a below the surface (aw,, and OR,, res
pectively in Fig. 9a) can be used in Eq 3 to obtain a measure of the K\ pro
duced by the residual stress. This value, KK, can then be added to the 
Ki due to external loads to obtain the total K\ applied to the notch tip. A 
negative value of KR, as sketched in Fig. 9a, can be considered but only 
when a larger positive ATi due to external loads is present so that no closing 
of the crack can occur. Other limitations of this proposed method for de
termining KR are the shallow crack requirement already mentioned and the 
requirement that the residual stress distribution near the surface must be 
of a type that can be approximated by a straight line. 

Example of Residual Stress Effect on K/ 

The proposed method for determining KR can be used to calculate the 
effect of residual stress in a hypothetical example. Consider a 60 percent 
overstrained cylinder with the dimensions shown in Table 2. For a yield 
stress of 1000 MPa, the values of residual stress at the surface, ORO, and at 
the point in the wall corresponding to the notch tip, jRa, are determined 
from Fig. 8 and listed in Table 2. 

Using these values of a, ORO , and OR^ in Eq 3 gives a value of KR = — 82 

TABLE 2—Example data. 

n/r\ = 2.0 ffvp = 1000 MPa 
W = 50 mm <7R„ = - 7 4 0 MPa 
a = 5 mm aR^= - 4 9 0 MPa 
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MPaVm. If in the example the cydic loads on the cylinder resulted in a 
minimum Ki of zero and a maximum K\ of 100 MPaVm, then the com
bined effect of external and residual loading would be a AK of 18 MPaVtn. 
This of course would result in a very much slower rate of crack propagation 
than if the compressive residual stresses were not present. 

Equation 3 can be used in the same way to calculate KR which corres
ponds to a tensile residual stress. In general, the effect of a combination of 
positive KR and positive applied Ki would not cause nearly as large a rela
tive increase in da/dN as the relative decrease expected in the example 
here. The reason for this is that, although the mean K\ would be increased 
by a tensile residual stress, AK would be unchanged, and it is well known 
that mean Ki has much less effect on da/dN than does AK. 

Sununaiy 

Three independent calculations of Ki for pressurized cylinders with sur
face cracks are well represented by Underwood's estimate [3] of Ki. This 
estimate also gives a good description of the crack growth and fatigue life 
behavior of nonautofrettaged cannon tube specimens which contain surface 
flaws of prescribed size and shape. 

Multiple cracking in pressurized cylinders can reduce K\ to one half 
that of a single crack when the spacing between cracks is in the order of 
the crack depth. 

A method is proposed for describing quantitatively the effect of residual 
stress on K\ in cylinders and other components with shallow cracks. For a 
compressive residual stress the reduced AK due to the combination of resi
dual loading and applied cyclic loading can be calculated and used to pre
dict the rate of fatigue crack propagation and to estimate the number of 
cycles to failure. 
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Summary 

The papers in this symposium volume may be divided into three cate
gories: (1) state-of-the-art reviews on part-through crack (PTC) fatigue life 
prediction methodologies, (2) ASTM Task Group E24.06.01 PTC Life 
Prediction Round Robin Analysis results, and (3) special PTC problems in 
industry application. 

In the first category, an overview of important features of PTC growth 
prediction technology was presented in the paper by Cruse et al. Emphasis 
was placed on the prediction of small surface cracks emanating from 
highly stressed regions, such as bolt holes. They concluded that many 
issues require further experimental and analytical work. These issues 
include the surface value of the stress intensity distribution, crack growth 
through highly varying stress/material property fields at the surface, and 
the applicability of macrocrack growth methods to small cracks. 

For reliable crack growth life predictions, accurate stress intensity 
factors solutions are needed. Newman's paper provided a comprehensive 
review of 14 stress intensity factor solutions proposed for a PTC in a finite 
plate subjected to uniform tension over the past two decades. Comparison 
of the stress intensity factor solutions at the maximum depth point showed 
good agreement for crack depth-to-thickness (a/t) ratios about 0.3 or less. 
For 0.3 < a/t < 1, the solutions were in considerable disagreement (20 
to 80 percent). Newman indicated that some of the discrepancies among 
the various solutions were attributed to improper boundary conditions 
imposed on the PTC configuration. 

Additional to accurate stress intensity factor solutions, the ability to 
accurately predict fatigue crack growth behavior relies heavily on the 
material's crack growth rate data and its fracture properties. The paper by 
Bucci reviewed the status of the standardization on test practice for charac
terizing basic material properties for inputting in the crack growth analysis. 
Bucci provided guidelines to help the design engineer to recognize potential 
problems and minimize variability in the basic material package which 
consists of tensile properties, fracture toughness, cyclic crack growth rates, 
and sustained load cracking information. 

It is a well known fact that the shape of a PTC may vary during the 
crack growing process. The need to account for the shape change effect 
in the analytical prediction procedure is obvious. The paper by Engle 
presented six different methods for handling the shape changes in PTC life 
predictions. Engle reported the results of the evaluation of four constant 
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shape (one-dimensional growth) solutions and two variable shape (two-
dimensional growth) solutions. Although one can argue about whether it 
is always true that the crack growth rate in the width direction is faster 
than the crack growth rate in the depth direction, the crack growth ac
cumulation algorithm described in.Engle's paper provided a clear picture 
for the best way of handling the shape change eifect for PTC fatigue life 
predictions. 

Papers by Hudson and Lewis, Peterson and Vroman, Johnson, Rudd, as 
well as Chang, presented in detail the methodology and procedure utilized 
by each participated organization in the prediction of the fatigue crack 
growth behaviors for the PTC test cases selected for the round-robin 
analysis conducted by ASTM E24.06.01 Task Group belonged to the 
second category. In summary, all predictions were done by using certain 
computerized damage accumulation package including computer program 
such as CRACKS and EFFGRO. The fatigue crack growth rate relation
ships used mostly were the Paris equation or its modified versions, Forman 
equation, and Walker equation. The PTC stress intensity factor solutions 
used in the analyses varied slightly from one another. Primarily, the 
variation was the value of the back face correction factor. Most of the 
predictions were done by assuming constant shape (one dimensional 
growth). Since the initial shapes for most of the PTC cases in the round-
robin analysis were in the stable shape, that is, a/2c = 0.45, the constant 
shape approach taken by most participants is justifiable. Majority of the 
authors reported that the simple break-through criterion was adopted in 
their analyses, that is, when the crack depth a reaches to the thickness t, 
a PTC is said to translate to a through crack (TC). 

Correlations of predicted crack growth behaviors to the actual crack 
growth data were presented in the papers just listed. In general, satis
factory correlations have been shown. Vroman's paper presented a summary 
of the three round-robin analysis results. The conclusion that was drawn 
in Vroman's paper is worthwhile to be repeated here. That is, the fatigue 
crack growth behavior of PTC under constant amplitude loading is able to 
be predicted with sufficient accuracy on the basis of crack growth rate data 
obtained from the compact specimens. 

Two papers related to the third category, the special PTC problems in 
industry application, are collected in this symposium volume. The paper 
by Rudd et al presented a comprehensive summary of the analytical crack 
growth and residual strength requirements which must be met as well as 
the initial flaw shapes and sizes which must be assumed in the Air Force 
Airplane Damage Tolerance Design Requirements (MIL-A-83444). Their 
paper provided a clear picture as to what are the PTC problems in air
frame structural designs. It also presented techniques for predicting the 
crack growth behavior on various type of cracks emanating from fastener 
holes. 
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The paper by Underwood and Throop unveiled the PTC problems in 
cannon tubes. These include the thermally induced cracks occurring on 
the severely eroded inner surface caused by high temperature during firing, 
and the fact that multiple cracks can occur in some circumstances. They 
described in detail the results of fracture tests and analyses related to PTC 
growth in cannon tubes. Emphasis was placed on a proposed method for 
describing quantitatively the effect of residual stresses on the stress intensity 
factor calculations and crack growth predictions for the cannon tube and 
other components with shallow surface cracks. The effect of residual 
stresses on fatigue crack growth which is of particular concern in cannon 
tubes is due to the fact that, to improve fatigue lives, many large cannons 
are produced with compressive stress presented near the bore surface by 
an overstraining process called autofrettage. It seems that their proposed 
method to account for the residual stress effect can be applied to any 
structural components containing residual stresses including cold-worked 
fastener holes, shot-peened parts, etc. 

The papers collected in this symposium volume reflect the fact that all 
the authors did an excellent job in contributing to the symposium and 
stimulating interest in this important area. It is hoped that the information 
contained in this publication will be of use to design, analysis, and test 
engineers, as well as to other technologists who are concerned with this 
important problem. There is no doubt that further experimental and 
analytical efforts are needed in order to achieve more accurate PTC crack 
life predictions. This is particularly true for predicting fatigue crack 
growth behavior of PTC under spectrum loading. It is wished that ASTM 
Committees E-9 on Fatigue and E-24 on Fracture Testing will act jointly 
to coordinate the studies required and that further progress would be 
reported in future publications. 

/. B. Chang 
Fatigue and Fracture Mechanics Group, 

North American Aircraft Division, Rockwell 
International Corporation, Los Angeles, 
Calif. 90009; editor. 
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