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FATIGUE CRACK GROWTH FROM A CIRCULAR HOLE
WITH AND WITHOUT HIGH PRIOR LOADING

By John H. Crews, Jr., and N. H, White
Langley Research Center

SUMMARY

Fatigue crack growth from a circular hole was investigated experimentally and ana-
Iytically. An aluminum-alloy sheet specimen was cycled under a single level of loading
with and without prior high loads. Tests showed that the crack propagation life was sig-
nificantly longer when the high loads were applied initially. This longer life was attrib-
uted to compressive residual stresses produced near the hole by the initial high loads.

The residual stresses near the hole were determined by an elastoplastic analysis
and were then used to develop a stress-intensity solution for a crack growing through the
residual stress field. This solution and a similar solution for the case of no prior loading
were used to predict crack growth. The predicted crack growth agreed closely with the
experimental values.

INTRODUCTION

Fatigue life can be predicted on the basis of crack propagation alone (refs. 1 and 2).

A small initial crack is assumed to exist, and the time required toc propagate this crack

to a critical length is calculated and assumed equal to fatigue life. This approach involves
certain practical complexities when applied for structures. First, since fatigue cracks
usually initiate at stress concentrations that cause high local stresses, the influence of
local stress must be accounted for. Second, since localized yielding often precedes crack
initiation and alters local stresses, it must also be accounted for. The purpose of the
present study is to demonstrate the influence of local stresses on crack propagation and

to present a method for incorporating this influence into crack-propagation predictions.

The problem studied was that for 2024-T3 aluminum-alloy sheet specimens con-
taining a circular hole for two cases of uniaxial loading. Both cases involved constant-
amplitude loading at a level that produced elastic stresses near the hole, but in one case
this loading was preceded by several applications of a high load. This prior loading
yielded the material near the hole; residual stresses were produced which altered the
distribution of the subsequent elastic stresses near the hole.



The influence of local stress distribution on crack growth was investigated by
conducting tests with the two types of loading. Local stresses were calculated for an
uncracked sheet specimen for each of the two cases of loading and were then used in an
analysis of stress-intensity factors for cracks extending from the hole. The crack lengths
beyond which the influence of the hole can be neglected were determined for each type of
loading. To account for nonuniform stresses along the plane of the crack, growth predic-
tions were made by a stress-intensity procedure like that used in references 3 and 4.

The predicted and measured crack-growth results were compared to evaluate the ana-
lytical procedures. '

SYMBOLS
The units used for the physical qunntities defined in this paper are given both in the

International System of Units (SI) (ref. 5) and in the U.S. Customary Units. The measure-
ments and calculations were made in the U.S. Customary Units.

Apn,Bn arbitrary constants
a : craok length relative to center of specimen, mm (in.)
b - dimension locating concentrated ,_foroe_, mm (in.)
Cm material cnacl{—growth con;stqnt_é
E . Young'sAmodu.lus, MN/m?2 (ksi) ;." '
Eg secant modulus, IV‘IN/mZA (ksi) :
in indices
K | stress-intensit.y factor, MN/m3/2_ (ksi \[fn‘) :
. Ky - h component of stress- 1ntens1ty factor cor.resp()ndmg to boundary collocation,

' MN/m3/2 (kSl \[m)
’ critica.l s'tress-intensity' factor ;" -

Kf ’ component of stress-intensity factor corresponding to concentrated forces
' “on crack, MN/m3 /2 (k51 \/1_)



KT elastic stress-concentration factor

K, strain-concentration factor

Ko stress-concentration factor

L crack length relative to edge of hole, mm (in.)
M,J limits for indices

N crack-propagation period, cycles

P concentrated force, N (lb)

R ratio of minimum to maximum stress

r,0 polar coordinates, mm (in.), deg

S gross section nominal stress, MN/m2 (ksi)

t specimen thickness, mm (in.)

w specimen width, mm (in.)

X,y Cartesian coordinates, mm (in.)

Zq Westergaard stress function

z complex variable, x + iy

o correction factor for finite width

AK range of stress-intensity factor, MN/m3/ 2 (ksi \]H)
p radius of circular hole, mm (in.)

o local stress, MN/m2 (ksi)

o effective stress; MN/m2 (ksi)



T elastic effective stress, MN/m2 (ksi)

OpsTrg normal and shear stress components in polar coordinates, MN/m2 (ksi)
Ox» 0y normal stress components in Cartesian coordinates, MN/m2 (ksi)
xes%ye elastic normal stress components in Cartesian coordinates, MN/m2 (ksi)

¢(z),Q(z) Muskhelishvili stress functions
Subscript:
max maximum
TEST PROCEDURE AND RESULTS

Specimen and Loading

The specimen configuration and dimensions are shown in figure 1. Sheet 2024-T3
aluminum alloy was used with the sheet-rolling direction parallel to the applied cyclic
loading. Fatigue cracks developed at the boundary of the hole and propagated along the
transverse axis.

The two loading sequences used in this study are shown in figure 2. The single-
level loading (R =0, S=115 MN/m2 (16.7 ksi)) in figure 2(a) was selected to produce
only elastic stresses (it therefore established the basic influence of the hole on the initial
stage of crack growth). In contrast, the high load (R = -1, S =230 MN/m2 (33.3 ksi)) in
the two-level sequence shown in figure 2(b) was selected to produce local yielding and the
concomitant residual stresses near the hole. The high load cycling was terminated after
the tenth positive half-cycle; the second loading level in the two-level sequence was iden-
tical to that in figure 2(a).

Test Procedure

The specimens were tested in an axial-load testing machine which operated at two
frequencies, 0.25 Hz and 13.3 Hz. They were cyclically loaded at 13.3 Hz during the slow
initial stage of crack growth; later they were loaded at 0.25 Hz during the higher growth
rates. The prior high loads were applied manually.

Fatigue cracks started at the boundary of the hole after 120 000 and 460 000 cycles,
respectively, for the single-level and two-level loading sequences. These cracks were



detected and measured through a 10-power microscope. A scale was taped to the speci-
men for a reference. As shown in figure 3(a), crack length was referenced to the cen-
ter of the hole by length a or to the edge of the hole by length L. An initial length of
L =0.76 mm (0.03 in.) was defined as the beginning of the crack-propagation period;
crack-growth data were recorded beyond this initial length.

Six tests were conducted, three for each of the two types of loading. To simplify
the analysis, symmetrical crack growth was desired; but in every test a fatigue crack
started only on one side of the hole.” Inasmuch as the difference between stress-intensity
factors for a single crack from a hole and symmetrical cracks is less than 5 percent when
the cracks are shorter than L = 3.8 mm (0.15 in.) (ref. 6), the crack was allowed to grow
to this length before the opposite side of the hole was slit to the same length to promote
symmetrical crack growth. When each test was continued, a crack quickly appeared at
the end of the slit and the cracks grew symmetrically.

Test Results

Observation of fracture surfaces revealed that in all tests the cracks started at the
intersection of the sheet face and the hole; the cracks then extended radially as shown in
figure 3(b). This so-called corner-crack configuration was maintained until the crack
extended through the thickness. A similar crack-growth sequence was reported in
reference 7.

Test data are presented in table 1 and also in figure 4 for crack length L and
crack-propagation period N. Average crack-propagation periods were 5200 cycles for
the single-level loading and 31 000 cycles for the two-level loading. These results are
~analyzed in the following section.

ANALYSIS

A procedure was presented in reference 3 for predicting crack growth through a
nonuniform stress field. Those predictions, which were for cracks growing near simu-
lated rivet forces, were based on calculated stress-intensity factors and a so-called
K-rate curve which related experimental crack-growth rates to stress-intensity factors.
A similar procedure was used in the present study to predict crack growth through the
nonuniform stress field near the circular hole. The approach involved three steps: first,
calculation of the stress distribution near the hole, second, calculation of the stress inten-
sity factors for cracks in and through the local stress field, and finally, prediction of the
crack growth based on the stress-intensity solution and a K-rate curve.



Stress Distributions

The stresses of interest are those along the transverse axis of the central-hole
specimen before the crack was initiated. The general procedures used to calculate these
stresses are described in appendix A.

For the case of single-level loading, the conditions were elastic; as discussed in
appendix A, the elastic stress Oye oOR the transverse axis is given by

oye =50 +( +3@)] | o

Equation (1) is plotted as the lower solid curve in figure 5. Because the loading produced
only elastic stresses, no residual stresses remained after the specimen was unloaded.
Stresses therefore alternated between the values given by the solid curve and zero.

For the case of two-level loading, the initial high loads produced yielding near the
hole. The resultant elastoplastic stresses were determined by first calculating the
stresses with elastic theory and then correcting these stresses to account for the local
yielding, as explained in appendix A. The distribution of elastic stresses 9ye for the
high load was obtained from equation (1) and is shown as the upper solid curve in figure 5.
The corresponding elastoplastic stresses 0y were found from

Oy = “ye\/]z_; @)

where Eg 1is the secant modulus and E is the Young's modulus. The dash-dot curve
represents the stress distribution corrected for yielding. Since yielding reduced the
stresses within the plastic zone, the elastic stresses outside the zone must be increased
to maintain equilibrium; this was accomplished by raising the elastic curve as shown in
figure 5. '

The high loads in the two-level sequence produced cyclic strain hardening, typical
of 2024-T3 aluminum alloy; however, results in reference 8 show that 10 cycles of this
loading are sufficient to stabilize the hardening. (This was actually the basis for selecting
10 cycles of high load in the present investigation.) The dash-dot curve in figure 5 repre-
sents stresses for the last cycle of high load and was calculated by using values of Eg
from the stabilized cyclic stress-strain curve in reference 8.

During unloading from the last high load, the material yielded in compression in a
very localized region near the hole. For this region, stresses were calculated by again
using equation (2) and the procedure in appendix A. Stresses outside this region were
calculated by elasticity theory. The resulting distribution of residual stress after high
loading is shown as the lower dashed curve in figure 5.
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Since the low loads in the two-level sequence produced only elastic stresses, the
stresses produced by these loads were found by adding the elastic-stress ranges from
equation (1) to the residual stresses. The maximum stresses for low loads are shown
by the upper dashed curve in figure 5. For subsequent load cycles, the stress cycled
between the two dashed curves.

Although the low loads in the two-level sequence were identical to those for the
single-level sequence, the local stresses near the hole are quite different for the two
sequences. Comparison of the lower solid curve and the upper dashed curve for single-
and two-level loading, respectively, shows this difference to be as large as 200 MN/m2
(30 ksi). The influence of local stresses on crack growth is discussed in the following
section in terms of stress-intensity factors.

Stress-Intensity Factors

As previously mentioned, all cracks started at the intersection of the sheet face
and the hole (corner-crack configuration). Because of difficulties in analyzing a corner
crack in a finite-thickness sheet, the initial crack (0.76 mm (0.03 in.)) was assumed to
have a straight front which extended through the complete sheet thickness. Stress-
intensity factors for this assumed configuration were calculated by a procedure described
in appendix B.

Maximum stress-intensity factors are presented in table 2 for a range of normalized
crack lengths. Stress-intensity factors for the single-level loading are presented in fig-
“ure 6 for comparison with Bowie's solution (ref. 6). The two curves agree very closely
for small crack lengths and deviate only slightly for long crack lengths. This close cor-
relation substantiates the procedures described in appendix B.

The influence of the hole on crack growth can be examined by comparing stress-
intensity factors for the reference case of a cracked sheet without a hole with those from
the present study. (See fig. 7.) For the case of single-level loading (solid curve), stress-
intensity values rapidly approach the reference curve for a cracked sheet without a hole;
for L/p larger than about 0.2, they deviate from this curve by less than +5 percent.
Therefore, for L/p larger than 0.2 the influence of the hole can be neglected. However,
since stress-intensity factors are initially very small, a large percentage of the crack-
propagation period is spent in growing the crack to a length of L/p =0.2 — about 70 per-
cent for single-level loading (table 1).

For the case of two-level loading (dashed curve in fig. 7), comparison with the ref-
erence curve (dash-dot curve) shows that the influence of the hole exists for larger crack
lengths than for single-level loading; the stress intensity is within +5 percent of the ref-
erence case for L/p larger than about 0.5. To grow the crackto L/p =0.5 took about
95 percent of the crack-propagation period. For large crack lengths the solution for two-
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level loading deviates from the reference curve, probably because of the manner in which
stress redistribution due to yielding was approximated. However, since only 5 percent

of the crack-propagation period remained beyond L/p = 0.5, this apparent error in stress
intensity for long cracks was not expected to seriously influence the predictions.

Prediction of Crack Growth
The K-rate curve for 2024-T3 aluminum alloy was established in the present study
by measuring crack-growth rates in centrally cracked specimens under constant-
amplitude, R =0 loading. These specimens were of the same size and thickness as the
specimens with a central hole. The range of stress intensity for this case is given by

AK =S ra o

max
where «a is a finite-width correction which was required because cracks were grown to
aspect ratios (2a/w) up to 0.75. This correction (ref. 9) is

_ Ta
a = fsec = (3)

Measured crack-growth rates as a function of stress-intensity range are shown in figure 8.

The following empirical equation (ref. 10) has been shown to accurately represent
K-rate data:

da _ c(ak)™
dN " (1 - R)K, - AK 4)

where K. is critical-stress intensity at fracture and C and m are material con-
stants. These constants were evaluated for the data in figure 8. The solid curve repre-
sents a least-squares fit for the data; the dashed curves bracket 90 percent of the data.

Predictions for crack growth from the circular hole were based on the following
procedure: first, the stress-intensity values were taken from table 2 for increments of
crack length; second, these values were corrected with equation (3) to account for finite
specimen width; third, the corrected stress-intensity values were used in equation (4) to
calculate the corresponding crack-growth rates; and finally, the crack length and number
of cycles were determined by numerical integration.

The crack-growth predictions for single-level loading are shown in figure 9; the
solid curve is based on the mean K-rate curve and the dashed curves are based on the
90-percent-data scatter limits from figure 8. The predicted range for the crack growth



brackets the experimental results. This close correlation substantiates the prediction
procedure,

Crack-growth predictions for two-level loading cannot be based on the zero-to-
tension (R = 0) K-rate curve (fig. 8) since the local stresses were found to cycle between
compression and tension near the hole (see fig. 5). In fact, these local stresses cannot
be characterized by a single R value -~ for very small cracks the local stress ratio is
nearly R = -1, but for longer cracks it approaches R = 0. This problem was dealt with
by two approximate approaches for predicting the crack growth.

For the first approach, the compressive portion of the local-stress cycle was
neglected, to be consistent with the zero-to-tension K-rate curve. The necessary stress-
intensity ranges were taken directly from table 2. For the second approach, the com-
pressive residual stresses were assumed equal in magnitude to the tensile stresses; that
is, the local stresses were assumed to be completely reversed (R = -1). This approach
was considered because the experimental results show that a large portion of the crack-
growth period was spent while the cracks were quite small, and, as previously mentioned,
the stress field surrounding a small crack consists of nearly completely reversed local
stresses. Crack growth was predicted using a K-rate curve for R = -1 ‘loading (ref. 11);
stress-intensity ranges were determined by simply doubling the values in table 2.

Predictions based on these two approaches are shown in figure 9. As expected, the
first approach pre'dicted a crack-growth period (solid curve) that is larger than those
found experimentally; for the material used in this study, the compressive portion of the
stress cycle has been shown to contribute to crack growth (ref. 11). The dashed curves
bracketing the solid curve are based on the 90-percent-data scatter limits from figure 8.
The second approach predicted the dash-dot curve which agrees quite well with experi-
mental results. Since reference 11 did not contain information on scatter, the scatter
band about the dash-dot curve has been omitted.

CONCLUDING REMARKS

Fatigue crack growth from a circular hole has been investigated analytically and
experimentally with 2024-T3 aluminum-alloy sheet specimens. Two types of tests were
performed; both involved constant-amplitude loading at a level that produced elastic
stresses near the hole, but for one type of test this loading was preceded by several
applications of a high load which produced yielding near the hole.

The prior high loads significantly lengthened the crack-propagation period. This
effect was attributed to compressive residual stresses produced around the hole.

The stress distributions near the hole were determined by an elastoplastic analysis
and were used to calculate stress-intensity factors. As expected, stress-intensity factors



were smaller for the case involving high prior loading. The stress-intensity solutions
were used to predict crack growth from the hole. Although several simplifying assump-
tions were involved, the predicted growth was in good agreement with measured results.

Stress-~intensity factors also illustrated the very localized influence of the hole on
crack behavior. Stress-intensity factors for symmetrical cracks growing from a hole
became equal to those for a central crack at rather short crack lengths: 0.2 and 0.5 times
the hole radius for the cases of no prior loading and high prior loading, respectively.
After escaping the influence of the hole, a crack may be assumed to be equivalent to a
center crack with a half-length equal to the hole radius plus the crack length.

Although the influence of the hole was quite localized, its effect on crack propaga-
tion operated for a large portion of the crack-propagation period — 70 percent of the
period for no high initial loading and 95 percent of the period for high initial loading.
Since fatigue cracks in structures typically originate at stress concentrations, such as
holes, these results emphasize the need for improved fatigue-prediction methods which
accurately model crack growth from holes.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., August 11, 1972.
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APPENDIX A
STRESS DISTRIBUTIONS NEAR A CIRCULAR HOLE

Elastic Loading

For elastic stresses, the solution in reference 12 for a hole in a finite sheet is
directly applicable. However, the solution for an infinite sheet is much simpler and is
sufficiently accurate for the wide plate used in this study. For the infinite-width con-
figuration, the desired stress o on the transverse axis is given (see, for example,

ye
ref. 13) by

Oye = 5[2 * (5)2 * 3(3)4:] ‘ (A1)

This equation was used to calculate local stresses for the constant-amplitude loading in
the present study.

Inelastic Loading

The high-load cycles in the two-level sequence in the present study produced local-
ized yielding near the hole. The resultant elastoplastic stresses were calculated by a
procedure presented in reference 14. In this procedure the stresses are calculated by
elastic theory, then corrected to account for yielding and the biaxial stress state near
the hole.

The desired elastoplastic y-component of stress oy on the transverse axis can

be expressed as

ES
o'y = Uye E— (AZ)

where Oye is the stress from elasticity theory, Eg is the secant modulus, and E is
the Young's modulus. It should be noted that although equation (A2) was developed in ref-
erence 14 for stresses near a crack tip, it can also be derived from the well-known Neuber
equation for notches: KT2 = K K, when K; and K, are stress and strain concentra-
tion factors, respectively (ref. 15). The Oye in equation (A2) can be determined directly
from equation (Al); but the Eg in equation (A2) cannot be established by a simple direct
method because Eg 1is.a function of 0y in this equation. For the present study Eg

was found by a graphical procedure described in the remainder of this section.

Because the biaxial-stress state near the hole increases the stress required for a
given strain to a value above that for the uniaxial-stress state, the stress from a uniaxial
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APPENDIX A - Continued

stress-strain curve must be adjusted. The adjusted stress was called the effective stress
0 which for the transverse axis can be expressed as

= ‘/cgz - Ox0y + oyz (A3)

where 0y is the x-component of stress. Using the format of equation (A2) to express

o, and 0y, equation (A3) becomes

- = [Bg
G =05 (A4)

where T, is the elastic effective stress given by

= _ |2
T = \lcxe - Oxelye + cr}z,e (A5)
The Oye can be determined from elasticity theory by using equation (Al); Oye Can be

determined by using the following equation (ref. 13)

Oge = %S-k,@)z - (Q)ﬂ | (46)

The stress along the transverse axis was determined by using the preceding equa-
tions together with the stress-strain curve according to the following steps:

(1) For given values of S and X, Oye and oye were calculated from equa-
tions (A6) and (A1), respectively.

(2) These values of 04e and 0ye Were used in equation (A5) to calculate 3T,.

(3) The value of 'O"e' was substituted into equation (A4) and this equation was plotted
as in figure 10.

(4) Values of ES/E, and o (uniaxial stress) were taken from a stress-strain
curve for the material and were also plotted in figure 10.

(5) The intersection of these two curves, point A in figure 10, represents a solution
to equation (A4) consistent with the material stress-strain reponse. The value of Eg /E
for point A is the desired value corresponding to ©. This value of Eg /E was therefore
substituted into equation (A2) to determine oy The procedure was repeated for a range
of x-values to obtain the distribution of Uy on the transverse axis.

This procedure is equally applicable for the unloading portion of an applied load
cycle. For this case, the curve of ES/E against o is derived from a stress-strain

12



APPENDIX A — Concluded

curve for unloading from a plastic stress-strain state (see ref. 8). The dashed curve in

figure 10 was derived in this manner and was used with equation (A4) to determine point B,
a typical graphical solution for Eg /E and O for unloading. Stress after unloading was
found by subtracting the unloading stress range from the maximum stress immediately

before unloading.
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APPENDIX B
STRESS-INTENSITY FACTORS

Stress-intensity factors were sought for an axially loaded sheet containing two
symmetrical cracks emanating from a circular hole. For simplicity, an infinite width
was assumed. A stress-intensity solution exists (ref. 6) for this infinite-width case and
is directly applicable to the case of single-level loading used in the present study. But,
for the case of two-level loading, the stress distribution near the hole is complex; no solu-
tion for this distribution exists. For this reason a solution was developed for an arbitrary
stress distribution, then specialized for the stress distributions corresponding to the
single-level and two-level loading cases. |

The analysis was based on a superposition of loads that permitted the case under
study to be analyzed in terms of two tractable loading cases. This superposition is
represented in figure 11. In part (a) the sheet is loaded by a remote tensile stress S
and by a stress o(x) acting on the crack surface. This o(x), which tends to close the
crack, was taken equal to that which exists along the x-axis for an uncracked sheet with
a hole. The stress acting on the crack in part (b) is equal but opposite to o(x) in
part (a). Superposition of parts (a) and (b) causes the stresses on the crack to cancel
one another and produces the desired stress-free crack with remote loading shown in
part (c).

Since ofx) is equal to the stress in an uncracked sheet when o(x) is applied to
the crack surface as in part (a), the crack is effectively eliminated; part (a) therefore
represents an uncracked sheet with a hole. As a result, the stress-intensity factors
sought for part (c) are those operative in part (b).

The stress-intensity analysis of part (b) consisted of two phases: first, stress-
intensity factors were found for -o(x) acting on a central crack in a sheet without a hole;
then, the influence of the hole was introduced as an additional component of stress inten-
sity. This procedure is briefly described in the following sections.

Discretization of Stress Distributions on the Crack Surfaces

The stress distribution -o0(x) along the crack surface was simulated by applying
concentrated forces at 0.0635-mm (0.0025-in.) intervals. The resulting system of forces
was analyzed by considering sets of four symmetrically located forces Pj;, as shown in
figure 12(a). The stress-intensity factor K; for each set of forces was given in refer-
ence 16 as

14



APPENDIX B - Continued

2P;yma

The stress-intensity factor for the complete system of M-forces, figure 12(b), was found

K=

by summing the stress-intensity factor corresponding to each set of forces as follows:

(B1)

Boundary Collocation for a Circular Hole

The influence of the hole was introduced by eliminating stress along the circular
arc p =1 by boundary collocation. Normal and tangential stresses along this arc were
found for each set of forces and were summed to determine the stresses that must be
eliminated to produce a stress-free boundary. Stresses were based on the Westergaard
stress function (ref. 17)

ZPiZ\/'TT <a2 - b12>1/2
7rt<zz - biZ) z2 - a2

Zl(Z) =

and were expressed as

op = (Re Z;-yIm Zl'>c0529 + (Re Z1+yIm Zl')sinze
- 2y Re Z, sin ¢ cos 6 . (B2)
and
1 1

Tro = y[z Im Z_'sin 6 cos 0 - Re Z '(cos29 - sinze)] (B3)

The boundary-collocation stresses were expressed in terms of the following complex
stress functions presented in reference 18:

J
Ap B
#(z) = Z + 2
£ 22n-109"2 ,2n

15



APPENDIX B - Continued

and

5 .
() = Z Ap B,
“ Z2n-1\/zz - a2 ZZn

Separation of real and imaginary parts in

o, - iTI‘G = ¢(z) + ¢_(z7 - [(2‘ - z)¢'(z) - ¢>(é) + Q(z) 216

leads to
J
- 1 _ -
oy = z 2An{—5—1 cos[Zn 1) + Bl:l sm[(Zn 2) + B]
n=1 rF1te \/ 172
1
s1n (2n - 4)0 + B, |\ + 2B, cos 2né
2n 2 } [ 2] [I‘zn
-2 gin@n - 1)8 + L cos(2n - 2)6 (B4)
2n+1 r2n
and

- z 24, (2n - 1)y cos[(Zn %) + Bl] cos[(Zn - 4)6 + 32]

20 3
n=1 ‘f 152 (rlrz)
+ 2B 20y cos(2n - 1)6 + 1 sin(2n -2)6 (B5)
n r2n+1 I_2n :

16



APPENDIX B - Concluded

where

T =X GEtan'leg | BIE%(61+92)

2, y2
= - a)2 4 v2 = tan-1{_Y -3
ry= \{(x a)¢ +y 6, = tan <x > a) By = 2(61 + 82)

Ty = x+a)¥+y 69 = tan (x+a)

Stresses from pairs of equations (B2), (B4) and (B3), (B5) were added at J-points along the
circular arc to satisfy the conditions 0. =7, 6= 0 at each point. The resulting set of
2J-equations was solved for A, and B,. The stress-intensity factor corresponding to
the boundary-collocation stresses was written in terms of ¢(z), according to refer-

ence 16, as

Ky = 2\27 lirr;, [z =a ¢(z) (B6)
p A

The stress-intensity factor for the case in figure 12(b) was written as the sum of
the contributions from equations (B1) and (B6) to give

————+ 2)27 lim VZ - 2 ¢(z) (B7)

K= Z ——
1 qty/a - b Z-a

This is the desired stress-intensity equation for the configuration and loading in the
present study.
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TABLE 1.- CRACK PROPAGATION DATA

Crackﬂength, Crack-propagation period, N, cycles
mm in, Single-level loading Two-level loading
0.76 0.03 0 0 0 0 0 0
1.02 .04 978 . 1003 452 3 900 9 000 19 000
1.27 .05 1310 1675 1060 6400 | 17900 21 200
1.52 .06 1660 2185 1787 9 200 24 800 24 400
1.78 .07 1832 2550 2425 11 600 26 400 27 200
2.03 .08 1932 2760 2557 13200 | ----- 28 800
2.29 .09 2009 3012 2891 | ----- 28 100 29 900
2.54 .10 2069 3214 3545 15500 | ----- 31 000
3.05 12 2172 3424 3910 17 100 29 400 32 700
3.56 .14 2246 3574 4083 18 300 30 200 33 500
4.06 .16 2300 3664 4369 18 900 30 800 34 041
4.57 .18 --—- 3730 4499 19 233 31 100 34 452
5.08 .20 2416 3790 4595 19 453 31 400 34 768
5.59 .22 2444 3860 ---- 19 614 31 600 34 992
6.10 .24 2499 3937 - 19 800 31 700 35 147
6.60 .26 2556 3983 ——— 19 937 31 900 35 286
7.11 .28 2601 4033 -— 20033 | ----- 35 418
7.62 .30 2647 4073 4873 20 104 32 100 35 552
10.15 .40 2827 4251 5051 20 523 32 438 35 992
12.70 .50 2973 4407 5189 20 810 32 693 36 304
'15.24 .60 3116 4538 5312 21 055 32 857 36 532
17.78 .70 3222 4652 5438 21 190 33 014 36 752
20.32 .80 3323 4758 5541 21 314 33 130 36 932
22.86 .90 3410 4850 5634 21 412 33 226 37 049
25.40 1.00 3491 4923 5711 21 497 33 305 37 164
30.48 1.20 3611 5055 ——— 21 621 33 443 37 357
35.56 1.40 3704 5153 -— 21 711 33 530 37 502
40.64 1.60 3776 5225 -—— 21 772 33 607 37 612
45.72 1.80 3826 5274 - 21 809 33 657 37 691
50.80 2.00 3858 5313 6162 21 836 33 694 37 746
55.88 2.20 3880 5338 -——— | - 33720 | -----
60.96 2.40 3897 5354 e 33736 | -----
66.04 2.60 3905 5364 ---- 21 858 33746 | -----
71.12 2.80 ———- 5367 ——- | em--- 33750 | -----
76.20 3.00 -—— - 6263 | ----- | —--oc | —mme-




TABLE 2.- MAXIMUM STRESS-INTENSITY FACTORS

@‘or symmetrical cracks extending from a circular hole in an infinite sheet]

Single-level loading

Normalized Two-level loading
l%lr‘lag‘(l::ll:, Equation (B7) Reference 6 (Bowie) (low level)
L/ MN/m>/2 | ksi-inl/2 | MN/m3/2 | ksi-in?/2 | MN/m>? | ksi-inl/2
0 0 0 0 0 0 0
.01 11.63 10.58 ———- — 4.1 4.34
.02 12.01 11.84 5.25 4.71
.03 15.60 14.20 6.31 5.74
.04 18.08 16.45 ——- -—-- 7.48 1.77
.06 22.01 20.03 9.57 8.70
.08 24.94 22.69 —— -—-- 11.49 10.46
.10 26.83 24.43 28.02 25.51 13.35 12.14
.15 31.25 28.43 ——-- —— 17.72 16.13
.20 33.69 30.66 35.01 31.53 21.96 19.99
.30 37.42 34.05 38.23 34.79 29.41 26.76
.40 39.65 36.09 40.23 36.62 33.68 30.65
.50 41.32 317.59 42.01 38.23 36.58 33.29
.60 42.77 38.92 43.00 39.14 38.66 35.18
.70 43.94 39.99 40.39 36.76
.80 45.07 41.01 45.89 41.76 41.97 38.20
1.00 47.36 43.11 47.08 42.84 44.81 40.78
1.50 52.07 47.40 51.29 46.69 51.12 46.52
2.00 56.61 51.53 55.57 50.57 56.54 51.45
3.00 64.91 59.08 64.11 58.35 66.20 60.25
4.00 72.39 65.88 ——-- 74.43 67.73
5.00 79.23 72.10 77.61 70.69 81.75 74.39
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w = 302 mm
e (11.9 in.)— ™
y
b
r
' 0
890 mm [
(35.0 in.) - \ - X
—'ﬂ—- 25.4 mm

| (1,00 in.)

i

S

Figure 1.- Specimen configuration and dimensions. Material, 2024-T3 aluminum,;

thickness, 3.96 mm (0.156 in.).
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(b) Two-level loading.

Figure 2.- Loading sequences.
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(a) Sketch showing fatigue crack and saw-cut slit.

Initiation site

{ TIT ] T 3

WA=

(b) Sketch of fracture surface, section A-A.

Figure 3.- Sketches illustrating fatigue crack, saw-cut slit,
and fracture surface.
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Stress~intensity factor, K, ksi ‘Vin.
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Figure 6.- Stress-intensity factors for the single-level loading case.

27



Stress-intensity factor, K, ksi V in,

28

25~
S
 ttt ot
20|—
K = sfra = 8 [x(I#p) PR
R /
201
15}
=
£ 151
g
gﬂ
8
ey
3
~
- x|
o <
2 1of
3
’?'
w
b Two-level
8 loading case
]
Single—level IL—
Sk 5 loading case
brod
S
Ok OO 1 1 3
1 2 3

Normalized crack length, L/p

Figure 7.- Stress-intensity factors for the single-level loading
and two-level loading cases.



Crack-growth rate, da/aN, in/cycle
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Figure 8.- K-rate curve for 2024-T3 aluminum alloy.
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(a) Symmetrically located forces on a crack.

(b) System of forces used to simulate -0(x).

Figure 12.- Discretization of stress distribution on the crack surfa‘;ces. .
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