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SECTION I

INTRODUCTION

BACKGROUN~D

The objective of this report is to present a set of "general" stress

intensity factor solutions for several cracked hole configurations. As

described later, the crack surfaces are loaded with an arbitrary crack

face pressure in a manner which allows the results to be applied to many

other practical loading conditions. Solutions are given for the through-

the-thickness, corner, and surface cracked hole geometries shown schemat-

ically in Figure 1.

It is commonly known that such cracks often originate at fastener

holes in mechanically fastened joints, and may represent a failure source

for aircraft structures. The United States Air Force, for example, has

adopted fracture mechanics based design criteria which require new aircraft

to resist failure from pre-existent cracks assumed present at fastener

holes (1). Such analyses require stress intensity factor (K I) solutions

for the assumed flaw geometry. Since the fastener hole can be subjected

to a variety of complex loadings, many different stress intensity factor

solutions may be required. In addition to varying degrees of load transfer

through the fastener, for example, residual stresses may be introduced

around the hole (by coldworking or by use of interference fit fasteners)

to improve the joint fatigue life (2-4). The loading conditions may be

further complicated by bending, thermal, or dynamic effects.

This report describes a series of "crack face pressure" stress intensity

factor solutions which may be readily applied to a wide variety of such

loading conditions. The remainder of this section overviews the superposi-

tion techn ;,ue whicbl :ovides the general utility for the crack face pressure



solutions presented here. Subsequent sections describe the analysis techniques

used to obtain the crack face pressure solutions, discuss the results, and

demonstrate their application through several example problems.

LINEAR SUPERPOSITION

In order to describe the nature of the crack face pressure stress intensity

factors, and demonstrate their generality, the well known linear superposi-

tion procedure shown schematically in Figures 2 and 3 will be briefly reviewed.

As indicated in Figure 2, a cracked body subjected to arbitrary elastic

loading (member A) can be resolved into two components (B and C). Member

B consists of the uncracked geometry loaded as in case A. A stress free

line is introduced along the desired crack plane by canceling the resulting

hoop stress through application of -p(x/R). Here x is the distance measured

from the edge of the hole (its radius is R) and p(x/R) is the hoop stress

distribution along the crack plane caused by loading the unflawed member.

Since the crack plane is now stress free, a crack can be introduced. Member

C consists of the cracked body loaded along the crack faces with the pressure

+p(x/R). By superposition, the stress intensity factor for member A is the

linear sum of the stress intensity factors for members B and C.

K A=K B+ K C(1)

Now, since the crack plane in member B is stress free, K B= 0, and K AaK C

Thus, the stress intensity factor for the original problem is identical to

that for a crack loaded with the unflawed hoop stress distribution.

If the crack face pressure is defined in terms of a polynomial expansion,

it is possible to obtain a "general" solution in terms of the polynomial

coefficients. This latter point is demonstrated by the superposition described

in Figure 3, where

p(x/R) - A 0 + A 1 (x/R) + A 2 (x/R) 
2 + .. (2)

Here the crack face pressure is expressed in terms of the dimensionless

2



distance x/R from the edge of the hole, and the A n(n 0, 1, 2, ..

are the polynomial coefficients determined for the unflawed hoop stress

distribution (the A nhave units of stress). Note that the stress intensity

factors f or the cracks shown in Figure 3 are again linearly superimposed.

KI -KO IK, K 2' .. - K n(3)

Here K Iis the mode-one stress intensity factor for the complete crack face

loading (equivalent to the original stress intensity factor for member A

in Figure 2), and the K nare the stress intensity factors due to the individual

pressure terms A n(x/R) nin the expansion for p(x/R).

Note that if the K nare obtained for arbitrary polynomial coefficients

A n, and are expressed in the dimensionless form given by Eq. 4, the results

are readily applied to other plate loadings.

K (4)

n A V WTr

Here the magnification factor M nis defined for each individual term in

the crack face pressure expansion and c. is the crack length measured in

the radial direction. Now, given the A nand crack length for the new problem

of interest, the desired stress intensity factor K Iis found from the general

results (the M n) by performing the summation of Eq. 3.
K

KI M FK n AI n 4 AvIiT n (5)
n

- Ni~c M nA n =KI

Thus, the magnification factors M nobtained for the crack face pressure

loading represent general solutions which may be used to compute

stress intensity factors for any loading once the unflawed hoop stress is

found and represented by Eq. 2. Note that although the hoop stress must

still be determined for the unflawed fastener hole problem of interest,

the fact that the cracked hole does not have to be directly analyzed greatly

3



simplifies computational effort. It is anticipated that the unflawed

problem will be analyzed by a conventional stress analysis method (e.g.

finite elements).

This general analysis procedure is demonstrated in subsequent sections

by several example calculations with through-the-thickness, quarter-

elliptical, and semielliptical fastener hole cracks. These examples

employ results given here for the dimensionless crack face pressure

stress intensity factor M n . Prior to discussing those results, however,n

the analysis procedures used to obtain the crack face pressure solutions

(the K and subsequently M ) are described.
n n

II
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SECTION II

CRACK FACE PRESSURE ANALYSIS METHODS

This section describes the analysis procedures used to obtain the

general crack face pressure solutions for the two-dimensional through-

the-thickness and the three-dimensional corner- and surface-cracked hole

configurations. A weight function approach was used for the through-the-

thickness cracks, while the finite element - alternating method was em-

ployed for the quarter- and semielliptical cracks.

THROUGH-THE-THICKNESS CRACKS

The through-cracked hole problem is shown in Figure 4. An earlier

solution (5) developed for the arbitrary crack face pressure loading was

n
used to compute Kn for the individual pressure term An (xR) . As described

in Reference 5, weight function methods allowed computation of the crack

face pressure solution from stress intensity factor (6) and crack opening

displacement results for remote tt sule loading.

The crack face pressure solution obtained by the weight function method

is given by /H c a(

=H Ip(x/R) dx (6)

Here K* is the stress intensity factor for remote tensile loading applied

perpendicular to the crack plane (6), c is the crack length, R is the

hole radius, I is the crack opening displacement profile corresponding

to K*, p(x/R) is the crack face pressure as before, and H is a material

constant defined in terms of the elastic modulus and Poisson's ratio.

A procedure for computing the derivative of the crack opening profile

with respect to crack length (47) is described in Reference 5. A com-

puter program was employed to numerically integrate Eq. 6 for the crack

face pressure loading p(x/R) defined by Eq. 2. Calculations reported

5
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in References 4 and 5 indicate that the stress intensity factor solutions

obtained by applying Eq. 6 with the linear superposition procedure outlined

earlier in conjunction with Figure 2 give excellent stress intensity factor

results when the unflawed hoop stress distribution is used to define the

crack face pressure solution. Thus, based on this successful experience

with the arbitrary crack face pressure solution, Eq. 6 was used to compute

Kn (and the dimensionless magnification factor H n) for the crack face
n n

loading An (x/R) n . These results for Mn are summarized in a later section

of this report.

CORNER AND SURFACE CRACKS

The quarter-elliptical and semielliptical surface cracks located at

the fastener holes are shown in Figures 5 and 6. Here T is the plate thick-

ness, R is the hole radius, a is the semiaxis of the elliptical crack bound-

ary measured along the bore of the hole, c is the semiaxis length in the

radial direction, and 0 is the "parametric" angle which defines points along

the border of a circle circumscribed around the part elliptical crack. A

projection from the circle defines points along the crack border. The x and

z coordinates (see Figures 5 and 6) of points along the crack perimeter are

given by x = c cos 0 and z - a sin 0.

The finite element - alternating method was used to obtain the stress

intensity factor variation around the perimeter of the corner- and surface-

cracked holes. The finite element - alternating method was developed by

E W. Smith and his associates and has been successfully applied to several

surface crack problems (7-10). Specific use was made here of computer codes

developed by Smith and Kullgren for the analyses described in Reference 10.

The finite element - alternating method involves iterative superposition

of a three-dimensional finite element solution for an uncracked body subjected

to a prescribed surface loading (11) and a solution for a flat elliptical

6
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crack in an infinite body loaded with a prescribed nonuniform surface

pressure (12). Iteration between these two solutions approximates the

surface crack boundary conditions and provides mode-one stress intensity

factors and crack opening displacements for the three-dimensional flaw

geometry. Additional details of the finite element - alternating method

are presented in References 7-10.

Comparisons of stress intensity factors obtained by the finite element-

alternating procedure with other experimental and numerical solutions for

cracked fastener holes indicate that the analysis method provides excellent

stress intensity factor results for this class of problem. Kullgren and Smith

(8-10), for example, have applied the finite element - alternating method

to a series of surface-cracked holes in large plates. Results are presented

for three crack locations near fastener holes in plates with two hole diameter

to plate thickness ratios. Plate loading conditions included remote uni-

axial tension and 100 percent transfer of load to a fastener filled hole.

Those results have been verified in several ways. Three-dimensional calcula-

tions (8-10) by the finite element - alternating method for through-cracked

holes loaded in remote tension agree within 3.2 percent for single crack

results reported by Tweed and Rooke (13) and within 5 percent of Bowie's

double flaw solution (6). Corner crack results agree to within about 10

percent of finite element data reported by Raju and Newman (14). Other

favorable comparisons of the finite element - alternating method are reported

in Reference 10 for experimental data obtained for static fracture (15) and

fatigue crack growth tests (16) with corner-cracked holes. A more recent

study (17) involving simulated aircraft spectrum loading with 2124-T851 alu-

minum specimens indicated that stress intensity factors obtained by the current

analysis accurately predict fatigue crack growth life and changes in crack

shape.

7



In view of this prior success with the finite element - alternating

method, this analysis technique was used to determine the crack face pressure

stress intensity factor solutions for the corner- and surface-cracked holes.

Those results, along with the through-cracked hole data obtained by the

weight function method are discussed in the following section.

8



SECTION III

STRESS INTENSITY FACTOR RESULTS

The objective of this section is to present the stress intensity factor

solutions obtained for the flawed fastener holes. Application of these

"general" crack face- nressure results to several example problems are

discussed in the following section.

THROUGH-CRACKED HOLES

As described earlier, a weight function method was used to compute stress

intensity factors for through-cracked holes loaded with a crack face pressure

A n(x/R)n. Seven individual pressure terms were considered as n varied in

the range 0< n< 6. Although both single and double symmetric cracks were

examined, the dimensionless crack lengths were restricted to the rangef O.1:c/R52.5. The stress intensity factor results are summarized in the

dimensionless form MH = K n/(A n V!_) in Tables 1 and 2. These data, along

with similar results for through-cracked rings, were reported earlier in

Reference 18.

CORNER-CRACKED HOLES

The quarter-elliptical corner crack geometry is shown in Figure 5.

The cracked hole problems considered here are summarized in Table 3. In

all cases, the plate hole diameter to thickness ratio 2R/T was fixed at

1.0, Poisson's ratio was kept at a value of 0.25, and the "large" circular

plate had an outer radius =12 R.

Although solutions for a large matrix of crack shapes would be desirable,

the alternating method requires fairly large computer costs. Thus, care

was taken to select the problems considered. The USAF damage tolerance

specifications described in Reference 1 require analysis of quarter circular

corner cracks (a/c =1.0). As discussed in Reference 10, however, the

9



computer codes employed by the present authors have a numerical instability

at a/c =1.0. Although this instability is associated with the computer

programming, and has no physical significance, it prevented direct analysis

of quarter circular corner cracks. Thus, aspect ratios a/c - 0.9 and 1.1

were selected to closely bracket the crack shapes specified in the USAF

requirements. Emphasis was placed on results for a/c - 1.1 rather than

0.9 because experience indicates that naturally occurring fatigue cracks

often have a/c values between 1.0 and 1.5 (16).

The loading conditions considered here included the first four individual

terms in the polynomial expansion for the crack face pressure. Thus, n

covered the range Oign!3 for the pressure distribution given by A n(x/R)n

Computations were also performed for a remote tensile stress T applied

perpendicular to the crack plane (see Figure 7).

The corner-cracked hole stress intensity factor results are summarized

in Tables 4 and 5. Here the dimensionless magnification factor is presented

as a function of crack shape (a/c), size (a/t), position along the crack

front CP, and applied load. These results were presented earlier in Reference

19.

The magnif ication f actor in Table 4 is def ined by

K

nn
As described earlier, K nis the stress intensity factor caused by A n(x/R)n

in the crack face pressure expansion defined by Eq. 2. Note that since

the polynomial coefficients A nhave units of stress (see Eq. 2), the magni-

nn

of n - 0, 1, 2, and 3.

The results in Table 5 are for a remote stress T applied perpendicular

10



to the crack plane. Here the dimensionless magnification factor is given by

M K1  (8)

where K Iis the stress intensity factor caused by the remote stress a-.

All of the results presented in Tables 4 and 5 are for a material having

a Poisson's ratio of 0.25, a hole diameter to plate thickness ratio 2R/T

1.0 and are reported for 30 degree increments of the "fparametric"~ angle

defined in Figure 5.

In contrast to the crack face pressure results (Table 4), the remote

stress (Table 5) data include through-the-thickness effects in the stress

intensity factor calculations. Reference 20 discusses a three-dimensional

stress analysis for remotely loaded holes in plates of arbitrary thickness,

and indicates that the unflawed boop stress for the geometry considered

here (hole diameter - plate thickness) can vary by as much as 10 percent

in the thickness direction (z direction in Figures 5 and 6) at the bore of

the hole. As described in Reference 10, direct application of the finite

element - alternating method to the remote load problem (the Table 5 results)

takes this three-dimensional effect into account.

SURFACE -CRACKED HOLES

The semielliptical surface-cracked hole geometry is shown in Figure 6.

The flaw shapes and loading conditions considered here are summarized in

Table 6. The loading conditions again consisted of the individual crack

face pressure terms A n(x/R) nwhere 0:5n5S 3, and a remote tensile stress

a applied perpendicular to the crack plane as in Figure 7. Crack shapes

include aspect ratios a/c -1.11, 1.5, and 2.0 and crack lengths 2a/T

0.2, 0.4, 0.6, 0.8, and 1.0.

The crack shapes studied were selected to agree with those found to

occur "naturally" for this flaw configuration. Experiments with surface-

11



cracked hole specimens loaded in remote tension reported by Kullgren and

Smith (15), for example, gave crack shapes in the range of 2.17<a/c<1.52

with a/c = 1.85 as the average value. Fractographic examination of cracked

fastener holes in retired jet engine turbine disks reported in Reference 21

give typical aspect ratios on the order of a/c = 1.4. Specimens prepared for

a nondestructive inspection study (22) associated with a recent damage toler-

ance analysis conducted on another USAF turbine engine gave small semi-

elliptical cracks with asr, ect ratios in the range of 1.2<a/c<l.0. Hsu et. al.

(23) also report fatigue 'ta for fastener holes with two symmetric surface

cracks (one on each ide of the hole) with aspect ratios 1.50<a/c<1.25.

Dimensionless stre.s intensity factors for the two loading configurations

(crack face pressure and remote stress) are presented in Tables 7 and 8 as a

function of position along the crack perimeter ( ), crack size (2a/T), and

flaw shape (a/c). Again the plate hole to thickness ratio 2R/T = 1.0,

Poisson's ratio has a value of 0.25, and the remote stress loading results

incorporate the same through-the-thickness variation in stress described

earlier for the corner-cracked hole configuration. The magnification factors

M and M are defined byn

K
M n= - 9)

Mn

and

M = K (10)

These results are also reported in Reference 24. Note that the magnification

factor for the semielliptical surface cracks (Eqs. 9 and 10) are defined with

the dimension "c" in the denominator rather than "a" as used in Eqs. 7 and 8

for corner cracks.

12
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STRESS FUNCTION COEFFICIENTS

Tables 4, 5, 7 and 8 present tabulated stress intensity factors for the

corner and embedded (surface) cracks at 300 increments of the parametric angle 4

The original computer output gave results for other angles and also provided

crack opening displacement information. Although a complete tabulation of all

the available data is too voluminous for this report, it is possible to provide

information which can be used to reconstruct both stress intensity factors and

crack opening displacements for additional values of the parametric angle 4.

Appendix A, f or example, sunnarizes a set of 10 stress function coefficients

which were computed (see Ref s., 10 and 12 for details) for each crack configuration

considered here. Computer programs described in Appendices B and C, use

these stress function coefficients to recalculate stress intensity factors

and crack opening displacements as a function of the parametric angle 0. Thus,

as demonstrated in the appendices, the reader can readily obtain complete

descriptions of stress intensity factors and crack opening displacements for

all of the problems summarized in Tables 3 and 6. (These problems are relisted

and numbered in Tables A-1 and A-2 of Appendix A.)

1.3



SECTION IV

EXAMPLE PROBLEMS

The purpose of this section is to demonstrate application of the "general"

stress intensity factor solutions reported in Tables 1, 2, 4, and 7. These

crack face pressure results are applied to several example problems in order

to further explain the calculations of Eq. 5, and to indicate the general

utility of the tabulated data. Where possible, these calculations are com-

pared with independent results in order to assess the accuracy of the super-

position procedure.

EXAMPLE 1: THROUGH-CRACKED HOLE LOADED IN REMOTE TENSION

This example demonstrates the use of crack face pressure results in

Table 1 to compute the stress intensity factor for a through-cracked hole

loaded in remote tension perpendicular to the crack plane. This flaw geometry

was analyzed by Bowie (6) and stress intensity factor results are reported

in Reference 25. For demonstration purposes, assume crack length c = 0.5R

and the applied stress is T-.

The first step in the computational procedure is to determine the unflawed

hoop stress o- H caused by the remote load. A two-dimensional stress analysis

for a-H is given in Reference 26. Least squares procedures were employed

here to express that result in the polynomial expansion given by Eq. 2.

The following expression agrees within three percent of the exact analysis

for 05 x/R: 1.0, where 0- is the remote stress.

0,H = 2.9190 - 5.2853(x/R) + 6.2574(x/R)2  2.6910(x/RJ (1

Now, letting the crack face pressure p(x/R) a'H the pressure polynomial

14



coefficients (A n) and magnification factors (M n ) from Table 1 (for c/R = 0.5)

are

A0 2.9190 M .9119

A, =-5.2853 M M .3020

A2 = 6.2574 (r M2 - .1207

A3 -2.6910 M 3 = .05167

The desired stress intensity factor is now given by Eq. 5 as

3AK

n 0 nI = rir [(2.9190)(.9119) - (5.2853)(.3020) + (6.2574)(.1207) -

(2. 6910)(.05167)]= 1.6819a virc -f K V

The corresponding result given in Reference 25 (for c/R = 0.5) is

KI = 1.73 \c. Thus, the solution obtained by the superposition procedure

agrees within three percent of the "exact" result found by direct analysis

(6) of the cracked member.

EXAMPLE 2: THROUGH-CRACKED COLDWORKED HOLE

Coldworking fastener holes is an effective method for extending the

fatigue lives of mechanically fastened joints. The process involves intro-

ducing residual compressive hoop stresses at the hole edge by pulling an

oversize mandrel through the hole. These residual stresses reduce the

effective stress concentration when remote load is applied, and can greatly

extend the fatigue life of fastener holes (2-4).

The purpose of this example is to demonstrate application of the tabu-

lated crack face pressure solutions to the coldworking process. As discussed

in Reference 4, consider a 0.261 inch (6.63 am) diameter hole in a 0.261 inch

15



(6.63 mm) thick plate of 7075-T651 aluminum. A 0.274 inch (6.96 mm) diameter

mandrel is pulled through the fastener hole and causes a residual stress field

around the hole. The plate is then loaded with a remote uniaxial stress of

40 ksi (276 MPa). The objective here is to compute KI for a through-the-

thickness crack length c/R = 0.8 (c = .104 inch = 2.65 mm).

In order to apply the superposition calculation to the coldworked hole

configuration, it is again necessary to determine the hoop stress distribu-

tion for the uncracked case. One may, for example, establish the coldworked

hole residual stress field by the "exact" elastic-plastic solution given by

Hsu and Forman (27) for an infinite sheet containing a pressurized circular

hole. Their plane stress result is based on the J2 deformation theory and

modified Ramberg-Osgood law. A small computer program was written here to

assist in solving the fairly involved equations which represent the Hsu-Forman

solution and used to obtain the residual stress distributions shown in Figure

8. (Note that there are several typographical errors in the equations given

in Reference 27).

Figure 8 indicates that large compressive hoop stresses are left next to

the hole edge by the pre-expansion and are balanced further away from the hole

by a corresponding tensile field. Since large tensile stresses are concen-

trated at the edge of an unworked hole when the plate is loaded in uniaxial

tension, the residual stress distribution reduces the peak tension next to

the hole. An opposite effect, which could lead to more plastic flow, and to

a change in the residual stress pattern, would occur if the plate were loaded

in compression following coldworking.

For example, the residual hoop stress in Figure 8 was fit to within three

percent by a polynomial as before, and gave the following result.

16



3

I B (x/R)n  (12)

n= 0

23
=-130.53 + 296.25(x/R) - 226.67(x/R) + 72.936(x/R)

3

Here the polynomial coefficients B have units of ksi and x/R is restrictedn

to the range 0_x/R: 1.0. Now, the unflawed hoop stress for the remotely

loaded coldworked hole is found by adding Eqs. lland 12. Letting a = 40 ksi

in Eq. 11 (the remote tensile stress of interest) gives

0to a'
total remote coldwork (13)

3 3

(0-A + Bn )(x/R)n C (x/R)n

n 0 n= 0

=-13.770 + 84.838(x/R) + 23.626(x/R)
2 - 34.704(x/R) 3

Note that the superposition of Eq. 13 implies that the remote stress field

is applied elastically and does not alter the residual stresses introduced

by coldworking. Since the sum of the remote and residual stresses never

exceeds yield, this superposition is valid for the present example.

Now, the desired stress intensity factor for the 0.104 inch ong through-

crack (cR = 0.8) can be computed by superposition as before. Table 1 and

Eq. 13 provide the following information.

M 0-- .8610 CO = -13.770 ksi

MI = .4693 C = 84.838 ksi

M2 = .3030 C2 = 23.626 ksi

M3 - .2089 C3 = -34.704 ksi

The summation of Eq. 5 gives

K, n n /7IM C

( (-)(.i044) {(.8610)(-13.770) + (.4693)(84.838) + (.3030)(23.626) +

(.2089)(-34.704)1- 15.96 ksi - in 1/2 =K"

17
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This result is plotted as the large "star" on Figure 9, and is compared

with experimental measurements on coldworked hole specimens reproduced from

Reference 4. The line labeled "Coldwork" was obtained by superposition

calculations similar to that employed here except that a higher order

polynomial fit was used to extend the x/R range in Eqs. 11-13. The "zero K"

values indicated for small crack lengths actually resulted from calculations

which gave negative stress intensity factors (note that Eq. 13 gives nega-

tive hoop stresses for small x/R). Since negative K's have no physical

meaning, all negative results were set equal to zero in Fig. 9. The line

labeled "Bowie" is for the unworked case (remote load only). The experi-

mental data were obtained from fatigue crack growth rate measurements in

precracked coldworked hole specimens (see Reference 4 for additional details).

Note that the predicted stress intensity factors agree well with the experi-

mental data, indicating the superposition procedure can give good predic-

tions for the coldworking process. Similar results are given in Reference

4 for other remote load applications, and indicate that the stress intensity

factor calculations can provide good estimates of the fatigue &',*A growth

lives of coldworked holes.

EXAMPLE 3: CORNER-CRACKED HOLE, REMOTE TENSION

Consider a corner crack emanating from an open hole as in Example 1.

Stress intensity factors for this flaw configuration were obtained directly

by the finite element - alternating method and are reported in Table 5.

The goal of this example is to demonstrate application of the crack face

pressure results in Table 4 by employing them to independently calculate

the remote load results (Table 5) through the superposition procedure.

The specific objective is to compute K/(oa) at * = 90* for a crack which
has an aspect ratio a/c - 1.5 and length a/t a 0.8.

The unflawed hoop stress distribution is again given by Eq. 11, and

Table 4 provides the appropriate crack face stress intensity coefficients Mn

18
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M0 = .4994 A0 - 2.9190a-

M1 M .0939 Al -5.2853 a-

M2 = .0280 A2 = 6.2574 T

M3 = .0027 A3 = -2. 6910r

Equation 5 now gives

KI =C0 -'a {(.4994)(2.9190) + (.0939)(-5.2853) + (.0280)(6.2574) +

(.0027)(-2.6910)} = 1.1294 a-VIia

The corresponding result obtained by an independent application of the

finite element - alternating method as described in Reference 10 and reported

in Table 5, is KI (o /) = 1.1660 (a 3.1 percent difference). This difference

could be due to the error in fitting the exact hoop stress solution by Eq. 11

or, as discussed earlier, to through-the-thickness effects, or to approxi-

mations employed by polynomial fitting routines in the finite element -

alternating method.

EXAMPLE 4: SURFACE-CRACKED HOLE, REMOTE TENSION

Consider another plate with an open hole loaded in remote tension. For

this example, assume a surface crack occurs along the bore of the hole (see

Figure 6), and compute the variation in stress intensity factor around the

perimeter of a crack which has an aspect ratio a/c - 1.11 and length 2a/T

0.8. The unflawed hoop stress is again given by Eq. 11, and the stress

intensity factors are now found in Table 7. At the crack perimeter location

defined by € = 900 (where the crack intersects the bore of the hole), the

Mn are M0 a 0.6836

MH - 0.1030

M2 - 0.0270

M3 - 0.0061

19



Computing the stress intensity factor by Eq. 5 gives

KI= >K = >1 A M

n= 0

=o-V'j {(2.9190) (0.6836) - (5.2853) (0.1030 + (6.2574) (0.0270) -

(2.6910)(0.0061)} = 1.60360-1.

Note that the result obtained directly by the finite element - alternating

method reported in Table 8 for this case (a/c 1.11, 2a/T = 0.8, p = 900)

is K I - 1.625 a OfiV. Similar calculations for P = 0P, 300, and 600 yield

respective values of 0.995, 1.113, and 1.401 for KIa cV. These results

also compare quite favorably with the independent calculations reported

in Table 8.

For comparison purposes, the superposition procedure described in

Examples 3 and 4 was used to recompute all corner-cracked and surfaced-

cracked hole results reported in Tables 5 and 8. In this manner, it was

possible to determine the accuracy achieved by the superposition method

for surface and corner cracks. For the surface cracked holes, the Table

8 results (remote loading applied directly) agreed within 5.3 percent of

all stress intensity factors found from the crack face pressure solutions.

The largest discrepancy occured at 4 900 for the smallest cracks

(2a/T = 0.2) for all three flaw shapes (a/c = 1.11, 1.5, and 2.0). For

the corner-cracked holes, the Table 5 results agree within 9 percent of

the superposition calculations (see Example 3) for all cases. The largest

difference again occurred for the smallest crack lengths (2a/T - 0.2) at the

point where the crack intersects the bore of the bole (4 = 0 in Figure 5).

In general, most calculations were well within 5 percent agreement.

Thus, these "calibration" computations indicate that the superposition

procedure provides an effective means for estimating the stress intensity

20
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factor distribution around the perimeter of corner- and surface-cracked

holes. The fact that the greatest "error" occurs for the smallest crack

lengths along the bore of the hole is consistent with the thickness varia-

tion in hoop stress (20) described earlier.

EXAMPLE 5: CORNER-CRACKED COLDWORKED HOLES

For the final example, consider a corner crack which occurs at the

coldworked hole described in Example 2. Assume the crack shape a/c = 1.1,

the flaw length a/T - 0.4 (a = 0.104 in = 2.65 mm), and the remote applied

stress is 45 ksi (310 MPa). The uncracked hoop stress can again be found

by adding the remote and residual coldworked hole stresses as in Eq. 13

(in this case, T - 45 ksi). For this example, the Eq. 13 calculation and

Table 4 gives the following for 4 = 0.

M0 = 0.6656 CO = 0.8250 ksi

M I = 0.3329 CI = 58.41 ksi

M 2 -- 0.1943 C 2 = 54.91 ksi

M3 = 0.1202 C =-- -48.16 ksi

3 3

The superposition calculation now gives
3 31/

Kn = mn 14.22 Ksi-inl/2

n=0 n--0

Similar calculations at other points around the crack border ( = 300, 600,

and 900) give KI values of 12.69, 7.15, and 3.16 Ksi-in/ 2 .

Note that for an identical crack in a plate which is not coldworked,

but subjected to the remote tensile stress only, the results of Table 5

(or approximate calculations with the Table 4 crack face pressure solutions

as in Example 5) give KI values of 26.4, 26.0, 31.3 and 37.2 Ks-in/2

for the respective parametric angles P = 00, 300, 600, and 900. The large

reduction in KI for the coldworked hole case is consistent with the experimental

21
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fact that coldworking can significantly reduce fatigue crack growth rates

at fastener holes. Note that the reduction in KI is greatest at the bore

of the hole - 900) where coldworking lowers KI to 3.16 Ksi-in1/ 2 from

1/2
37.2 Ksi-inI  , indicating that coldworking is most effective next to the

hole edge.

22

I I



SECTION V

SUM ARY AND CONCLUSIONS

The objective of this report is to present a set of general stress

intensity factor solutions which may be used to analyze practical fastener

hole problems. Results are given for radial through-the-thickness, quarter-

elliptical corner, and semielliptical surface (embedded) cracks which are

loaded with crack face pressure. Through linear superposition, these

tabulated results are readily applied to other types of loading. This

superposition procedure is demonstrated through several sets of example

calculations.

It is felt that the dimensionless stress intensity factors reported

in Tables 1, 2, 4, and 7 provide an effective means for estimating KI for

practicel fastener hole crack configurations. In applying these crack

face pressure solutions to new problems, however, the designer or analyst

should consider the following points.

1. The crack face pressure (unflawed crack plane hoop stresses) should

be tension over the entire crack.

2. The unflawed hoop stresses must be adequately described by the

polynomial expression given by Eq. 2. Through-the-thickness

problems can employ a sixth degree fit, while the corner and

surface crack geometries are limited to third order polynomials.

Note, however, that it is only necessary to represent the hoop

stress over the range 0 < X/R < c.

23
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3. Through-the-thickness variations in the crack face pressure are

not considered. Thus, caution should be exercised in applying the

crack face pressure solutions to situations where the unflawed hoop

stress exhibits a significant through-the-thickness variation. The

remote stress results reported in Tables 4 and 8 do, however, contain

through-the-thickness effects.

4. The corner and surface crack results are restricted to plates which

have hole diameters equal to the plate thickness (2RfT) and to

materials with a Poisson's ratio of 0.25.

Questions will naturally arise regarding extrapolation of the present

results to cases of differing hole diameters to plate thickness ratios,

loadine conditions and crack shapes or sizes. Kullgren and Smith (9. 10)

list four effects governing the magnitude and variation of mode-one

stress intensity along the crack border.

1. Hole Stress Concentrations. Locations on the crack border close

to the hole and thus in a repion of elevated stress have larger

stress intensity factors than do locations more removed.

2. Front and Back Surfaces. Crack points close to a plate front

or back surface or near a crack intersection with these surfaces

have elevated stress intensity factors.

3. Hole Surface. For small cracks (relative to hole diameter)

the hole surface has an effect similar to crack intersection

with the plate front or back surfaces. For large cracks,

the hole restricts crack opening resulting in lower stress

intensity near the hole/crack intersection.

4. Crack Shape. Stress intensity factors are highest at the ends

of an elliptical crack under constant load (9).
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In general, it is not possible from the present results to separate

or determine the relative importance of these effects. Any change to

the crack or plate geometries results in more than one effect operating.

For example, earlier work (7, 9, 10) indicates a reduction of 2R/T

from 1.0 to 0.5 while all other parameters remain unchanged resulted

in a lowering of magnification factors at all locations on the crack

border for cases of remote loading (open fastener hole). However,

when this same load is transferred to a fastener in the hole, magnifi-

cation factors increased for the same reduction in 2R/T. While this

surely underscores the importance of the Hole Stress Concentration

Effect, it is by no means clear that for other plate/crack geometries

the same trend will be seen. In the absence of an extension of the

present work, the authors do not recommend the quantitative extrapo-

lation of the results presented here.

'14a



REFERENCES

1. Coffin, M.D. and Tiffany, D.F., "New Air Force Requirements for

Structural Safety, Durability, and Life Measurement ", Journal of

Aircraft, Vol. 13, No. 2, 1976, pp. 93-98.

2. Petrak, G.J. and Stewart, R.P., "Retardation of Cracks Emanating

from Fastener Holes", Engineering Fracture Mechanics, Vol. 6, No. 2,

1974, pp. 275-282.

3. Phillips, J.L., "Sleeve Coldworking Fastener Holed', Technical Report

AFML-TR-740-10, Air Force Materials Laboratory, Wright-Patterson Air

Force Base, Ohio, February, 1974.

4. Cathey, W.H. and Grandt, A.F., Jr., "Fracture Mechanics Consideration

of Residual Stresses and Introduced by Coldworking Fastener Holes ",

Journal of Engineering Materials and Technology, Vol. 102, No. 2,

January 1980, pp. 85-91.

5. Grandt, A.F., Jr., "Stress Intensity Factors for Some Through-Cracked

Fastener Holes ", International Journal of Fracture, Vol. 11, No. 2,

April 1975, pp. 283-294.

6. Bowie, O.L., "Analysis of an Infinite Plate Containing Radial Cracks

Originating at the Boundary of an Internal Circular Hole",Journal of

Mathematics and Physics, Vol. 35, 1956, pp. 60-71.

25



7. Kullgren, T.E., Smith, F.W., and Ganong, G.P., "Quarter-Elliptical

Cracks Emanating from Holes in Plates", Journal of Engineering Materials

and Technology, Vol. 100, April 1978, pp. 144-149.

8. Kullgren, T.E. and Smith, F.W., "The Finite Element-Alternating Method

Applied to Benchmark No. 2", International Journal of Fracture, Vol. 14,

1978, pp. R319-R322.

9. Kullgren, T.E. and Smith, F.W., "Part-Elliptical Cracks Emanating from

Open and Loaded Holes in Plates", Journal of Engineering Materials and

Technology, Vol. 101, January 1979, pp. 12-17.

10. Smith, F.W. and Kullgren, T.E., "Theoretical and Experimental Analysis

of Surface Cracks Emanating from Fastener Holes", Technical Report AFFDL-

TR-76-104, Air Force Flight Dynamics Laboratory, Wright-Patterson Air

Force Base, Ohio, 1977.

11. Wilson, E.L., "Finite Element Analysis of Mine Structure", Technical

Report Bureau of Mines OF 27-73, Denver Mining Research Center, September

1972.

12. Shaw, R,C, and Kobayashi A.S., "Stress Intensity Factors for an Ellip-

tical Crack under Arbitrary Normal Loading", Engineering Fracture Mechanics,

Vol. 3, No. 1, July 1971.

13. tweed, J. and Rooke, D.P., "The Distribution of Stress Near the Tip of

a Radial Crack at the Edge of a Circular Hole", International Journal

of Engineerig Sc ence, Vol. 11, 1973, pp. 1185-1195.

26

/|



14. Raju, I.S. and Newman, J.C., Jr., "Stress-Intensity Factors for Two

Symmetric Corner Cracks", Fracture Mechanics, ASTM STP 677, 1979, pp.

411-430.

15. Kullgren, T.E. and Smith, F.W., "Static Fracture Testing of PMMA Plates

Having Flawed Fastener Holes",Experimental Mechanics, Vol. 20, No. 3,

March 1980, pp. 95-102.

16. Snow, J.R., "A Stress Intensity Factor Calibration for Corner Flaws at

an Open Hole", Technical Report AFML-TR-74-282, Air Force Materials

Laboratory, Wright-Patterson Air Force Base, Ohio, 1975

17. Petrak, G.J. and Ruschau, J.J., "Fatigue and Fatigue Crack Growth

Characteristics of Improperly Quenched (Substrength) Aluminum",

Engineering Fracture. Mechanics, Vol 15, No. 1-2, 1981, pp 143-153.

18. Grandt, A.F., Jr., "Stress Intensity Factors for Cracked Holes and Rings

Loaded with Polynomial Crack Face Pressure Distributions", International

Journal of Fracture, Vol. 14, No. 4, August 1978, pp. R221-R229.

19. Grandt, A.F., Jr. and Kullgren, T.E., "Stress Intensity Factors for

Corner Cracked Holes Under General Loading Conditions', Journal of

Engineering Materials and Technolog, Vol. 103, No. 2, April 1981,

pp. 171-176.

20. Sternberg, E. and Sadowsky, M.S., "Three-Dimensional Solution for the

Stress Concentration Around a Circular Hole in a Plate of Arbitrary

Thickness ",Journal of Applied Mechanics, Vol. 16, No. 1, 1949, pp.

27-38

27

I,



21. Hill, R.J., Reimann, W.H., and Ogg, J.B., "A Retirement-For-Cause

Study of an Engine Turbine Disk ', draft manuscript, 1978.

22. Private correspondence with A.W. Gunderson, Wright Aeronautical

Laboratories, Wright-Patterson Air Force Base, Ohio.

23. Hsu, T.M., McGee, W.M., and Aberson, J.A., "Extended Study of Flaw

Growth at Fastener Holes", Technical Report AFFDL-TR-77-83, Air Force

Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio, 1977.

24. Grandt, A.F., Jr., "Crack Face Pressure Loading of Semielliptical

Cracks Located Along the Bore of a Hole", Engineering Fracture Mechanics

Vol. 14, No. 4, 1981, pp. 843-852.

25. Paris, P.C. and Sih, G.C., "Stress Analysis of Cracks', Fracture

Toughness Testing and its Applications, ASTM STP 381, 1964, pp. 30-81.

26. Timoshenko, S. and Goodier, J.N., Theory of Elasticity, 2nd ed., McGraw-

Hill Book Company, New York, P. 80.

27. Hsu, Y.C. and Forman, R.G., "Elastic-Plastic Analysis of an Infinite

Sheet Having a Circular Hole Under Pressure ",ASME Journal of Applied

Mechanics, Vol. 42, No. 2, 1975, pp. 347-352.

28

/I



ko -t M~ r.j (11 .4 .4 .4 4 . 'J

1 1 0 0 1 1 + + 4. 4 4+ +

to P, %D N CD to (Y% k = c '40 0
Q, ef ' 'Y 0 '0 W' V) Ln k 0 N Un U

-4 a% N' w' go . 0: CO 4 p, a%. _'ra
v. .4 (\j . .4 -t cc 0~ - ) 0 .4 P-

UN m m (M 4 .-4 1= 03 '4 '. '4 (\ w

I I I I I I + 4. 4 + + 4 4.

to co Go 0 t 0% 0 0 co 0 UN4 (u
V4 0t . 4 3 0 f 03 fl) I= U% I.T 3 cu

co tv v4 0 -4 (MU 4 f4 4 (M Lf v4 W)~
0

-44 m' (\ N '4 .4 0p 7 0 14 - 4 w

s I I I I I + + +- 4- + + +
w0L LiJ I Li i Li Li i Id i Li wi L

%D do 0 T 0% ?-. C3 M m' " .4 4 r) 0'
'0 to = 4 0% 4.r ON (% m~ m' (P go 3

0P N.3 0' o 4.( . -t do at " 1%~. .1'

m- (I .r4 -4 -H T4 0= 0 V4 T4 .4

.4 C3 C= C2 +3 C3 cm C CZ D

VLi IL] Li Li L LJ LLI Li IA i Li Li L
T a% C3 .4 rN. wU 0' = N LA N m CU

ctr 4. U0 m 0 4D to O no %D D %0 %D 0%

0 ~~~ ~ ~ ~0 r~ -4) .4 CU N c j - .

0- ("1 14 V 4 m 0 Cim C3 -4V

0' 0' 1 0 4. N. 4. +. 0 +. + 4. 0

'JJct ow 2 U L) w LJu i LJ w LJ W U

a% 0' N. j N~ I*- m' 0D co N.

0 0 0 0 0

I + +. + + + + +4 4
U) Li Li Li Li IdJ Li w Idw
00 (\ N t- 0A to 0' A) 4 N- 0 0 N
4"r -I% '9M a' (.4 CO. a% C3 '0 m' 0 4
m 0U IX) -t' .4 0S %0 co (\) 51 C> N T

EO P. ko -4 '? 4 11i fl) "3 - n 4 4 -

U) 0 00 0 )) 0 V

0 w4 + +.' 4. If' +0 + 4- A. +\ + 0

v-I a. r- CU 14 a% -T c S r
om -4 19% IM 44 .4 PM C
Cuc ' " 1 N to f 1

-.4 oC, c q,13-

U-4 02e



11 - ) (\ VA .4 4 C3 W4 . . N
C=) C- CD C)l a) C:3 C2 cn C : =

I* I + + + + + +.
Li LJ LiJ LLI Li LiJ i ii Li Li LiJ Li j Li
. 4 -4 14 4~ r-- cm -T LI. ,.. 'D M V) G
kD CD r N IN U N fi a%\ to 1-4 -4r C:

u r- ) C\N Csj co -t .4 T4 T4 m C) CD N.
CO O N PQ 4 T v4 co m ~ .4C ' ?

m r ) CN .4 .4 C= ) . -4 -A N MN
C) M) C3 C) C3 C3 cm CD C C) C:) C) C:)

S S I I 4 + + 4 + +
Li Li i Li Li LiJ L L i LJ Li Li L
UN %D -4 t 4t V4 Un O'P -1 .4 _r m~ .4

-n m1 Go) -4 Wi% W% (\ cm P ) Go a% a%~ 6 UL
w~ Cr ca (I C3 ko V4 m) C) Wi UL C) m.

m~ .4 wO t -4 (NJ -H m~ 4 fl m' 4 1-
0

'-A

a) -T rN C. 4 C) C) CD 4 .4 .
-4 CD CM cm C) CD C3 m) 01 C3 CD CD cm CD
0 * 1 * 1 1 .. + 41 + + + +

Li Li i Li Li L LLI Li Lij Li L LI Li
0U') 0 N- U% .4 NQ N m~ a% Go Go P .4

-IT at' Go 4 -4 N v4 Nl NI .4 (0% N~ "~ 0

m m n rl. U' Nf - -4 Go In% C3

8r) (\ .4 .4 4 .4 M) C) C) .4 .4 ,-f .4
A4 C) C) Cm Cm Cm C3 C) C3 C) C:) C) C3 C=

on LA C3 Li I LA Li IA 0i LiN a% Li Li cli

m' 130 t) co m) 4 4 0' fn Nl S.. .4 .4
(M te) .4 N C3 -H .4 N 4 l N 4 N

0 C) C:

c4-i Sn CS .C3 1414

00 (T3 'TD CD cn t' .1(0-4~

co CM NI n fN I" &M Nt Is N
C) 0' ko mO N. No e4 0U N cu4 U.)

41I U 4 It N .-4 -4 mI N ~ . C,

-4 C: C C)3 C= C3 CD CD CD -1 . 4 -

C3 C) C) C) M C) C) C) C5 CD C)
"-< + + 4. + +4 + + + +

Li Li L i Li i Li '4J Li LLI "i
c-4 f*) r., 13 4T P-. .4 m~ CZ) C" f- N

WI U' Nn C% 0- .0u 4 It .4 N~ J) -4 ~
4o N (0 4~ C) N CIt N. r- C4 .4 C

Eno

-) 4 C3 C) C3 C!) C) C) C) C) C) C7)
- lC3 C) C) C) CD C)3 Cm C3 C) C2 C:)
rto4. + + + + 41 4 + + + +
0)L11 Li LO LiJ Li W Li Li Lij L (LI hIl U,

Clo 14 N~ .4 N~ 0N t.\ -It N~ C) '0 N
In IC\ LO -In ml m~ en. 4 t . .4 .,

cl C) C) NI 10 U) U'% -t .4 U' ro ON C3 r:
4 (IN IN' 0 ' ~ '~

C-' C)3 "I ~ ) C-1 C") CI tn C:) W\ r-, t-
.li-4 l Pe) -t LC' k0 3C C:) Nl LIN N. - U"

-4 4 4 .4 0 N

30



Table 3 Summary of Corner-Cracked Hole Solutions

(x denotes geometries analyzed)

Crack Shape Crack Size Loading
n

a/c a/T Crack face pressure A (x/R) Remote
Uniaial Tension

n-0 n=l n=2 n=3 o

.5 .2 x x x x x

.4 x x x x x

.5 x x x x x

.9 .2 x x x x x

.4

.6

.8 x x x x x

1.1 .2 x x x x x

.4 x x x x x

.6 x x x x x

.8 x x x x x

1.0 x x x x x

1.5 .2 x x x x x

.4 x x x x x

.6 x x x x x

.8 x x x x x

1.0 x x x x
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Table 5 Stress Intensity Magnification Factors

for Corner Crack Holes Loaded with a

Remote Uniaxial Stress a

a/c alt M=K I/(M/la)

0=0 30 0 60 0 900

.5 .2 .930 1.064 1.514 1.890

.4 .954 .931 1.269 1.762

.5 .982 .929 1.217 1.696

.9 .2 1.106 1.220 1.482 1.640

.4 1.050 .999 1.235 1.543

.6 1.060 .944 1.114 1.421

.8 1.068 .906 1.041 1.369

1.1 .2 1.235 1.312 1.456 1.539V.4 1.027 1.009 1.215 1.447

.6 1.059 .952 1.090 1.338

.8 1.038 .896 1.019 1.292

1.0 1.121 .899 1.311 1.947

1.5 .2 1.263 1.347 1.383 1.365

.4 1.070 1.069 1.190 1.302

.6 1.050 .969 1.059 1.210

.8 1.009 .903 .991 1.166

1.0 1.465 1.242 1.750 2.386

34 ,



I •
Table 6 Summary of Semielliptical

Surface Crack Hole Solutions (x denotes
problem analyzed, 2R = T in all cases)

Crack Shape Crack Size Loading

a/c 2a/T Crack face pressure An (x/R)n Remote
Uniaxial Tension

n=O n=l n=2 n=3 a

1.11 0.2 x x x x x
0.4 x x x x x

0.6 x x x x x

0.8 x x x x x

1.0 x x x x x

I.50 0.2 x x x x x
0.4 x x x x x

0.6 x x x x x

0.8 x x x x x

I 1.0 x x x x x

2.0 0.2 x x x x x

0.4 x x x x x

0.6 x x x x x

0.8 x x x x x

1.0 x x x x x
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Table 7 Stress Intensity Magnification Factors for
Semielliptical Surface Cracks at Holes in a
Plate Loaded with Crack Face Pressure An (x/R)n
(2R = T for all cases).

a/c 2a/T nMn = Kn/(A /;;c)

€ = 00 + 300 + 600 + 90°

1.11 0.2 0 .6761 .6800 .6674 .5973

1 .0882 .0746 .0448 .0187

2 .0129 .0098 .0042 .0011

3 .0020 .0014 .0004 .0001

0.4 0 .6336 .6526 .6697 .6189

1 .1718 .1467 .0914 .0427

2 .0507 .0386 .0168 .0053

3 .0156 .0111 .0035 .0005

0.6 0 .6276 .6465 .6710 .6361

1 .2561 .2186 .1375 .0682

2 .1139 .0868 .0381 .0128

3 .0528 .0375 .0118 .0019

0.8 0 .6453 .6650 .7003 .6836

1 .3456 .2957 .1904 .1030

2 .2040 .1560 .0706 .0270

3 .1260 .0898 .0293 .0061

1.0 0 .6565 .7250 .8943 1.0039

1 .4379 .3863 .2840 .2022

2 .3222 .2511 .1278 .0690

3 .2484 .1791 .0640 .0215
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Table 7 (Continued)

a/c 2a/T n M n=K /(A nh

0 =0 0  + 300 + 600 + 900

1.5 0.2 0 .7683 .7496 .6793 .5763

1 .0705 .0582 .0325 .0130

2 .0075 .0056 .0022 .0006

3 .0009 .0006 .0002 .0000

0.4 0 .7437 .7403 .6964 .6058

1 .1406 .1172 .0683 .0307

2 .0300 .0224 .0092 .0028

3 .0068 .0047 .0013 .0002

0.6 0 .7110 .7185 .6982 .6256

1 .2056 .1723 .1030 .0497

2 .0667 .0498 .0207 .0068
3 .0228 .0157 .0045 .0006

0.8 0 .7159 .7248 .7157 .6607

1 .2748 .2307 .1406 .0734

2 .1189 .0889 .0378 .0139

3 .0543 .0376 .0110 .0018

1.0 0 .7270 .7831 .8820 .9088

1 .3465 .2992 .2047 .1349

2 .1872 .1423 .0670 .0332

3 .1067 .0744 .0235 .0064
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Table 7 (Continued)

a/c 2a/T n mn= K n/(A ,-

= 00 + 300 + 600 + 900

2.0 0.2 0 .8345 .8008 .6833 .5406

1 .0553 .0448 .0234 .0086

2 .0044 .0032 .0012 .0003

3 .0004 .0003 .0001 .0000

0.4 0 .8393 .8152 .7114 .5718

1 .1137 .0929 .0503 .0205

2 .0179 .0131 .0050 .0013

3 .0030 .0020 .0005 .0000

0.6 0 .8024 .7952 .7212 .5959

1 .1661 .1372 .0771 .0342

2 .0397 .0292 .0114 .0034

3 .0101 .0068 .0017 .0001

0.8 0 .7847 .7877 .7359 .6262

1 .2184 .1815 .1050 .0505

2 .0700 .0517 .0207 .0069

3 .0239 .0162 .0042 .0004

1.0 0 .7831 .8297 .8651 .8052

1 .2739 .2327 .1477 .0866
2 .1099 .0821 .0357 .0154

3 .0469 .0319 .0088 .0016
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Table 8 Stress Intensity Magnification Factors for
Semielliptical Surface Cracks at Holes in
Large Plates Loaded with Uniaxial Tensile
Stress a (2R = T in all cases).

a/c 2a/T M = KI/( T-c )

00 +300 +600 +900

1.11 0.2 1.608 1.687 1.803 1.733

0.4 1.244 1.375 1.619 1.681

0.6 1.081 1.204 1.474 1.620

0.8 1.021 1.132 1.413 1.625

1.0 0.971 1.166 1.710 2.206

1.50 0.2 1.956 1.970 1.904 1.702

0.4 1.630 1.711 1.786 1.696

0.6 1.382 1.491 1.650 1.654

0.8 1.275 1.378 1.564 1.640

1.0 1.211 1.403 1.817 2.095

2.0 0.2 2.227 2.192 1.968 1.620

0.4 1.994 2.019 1.913 1.644

0.6 1.725 1.801 1.810 1.632

0.8 1.554 1.648 1.723 1.619

1.0 1.445 1.629 1.904 1.944
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Through-The-Thickness Crack

42R cK

Quarter-Elliptical Corner Crack

Semielliptical Surface Crack

2a

c-4

Figure 1 Flawed Fastener Hole Configurations
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Figure 4: Crack face pressure loading 
p(x) applied to a

radial through-the-thickness crack 
in an

infinite sheet.
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T 2a

2R C

z

Figure 6: Semielliptical surface (embedded) crack
located along bore of a hole in a large
plate.

T

Figure 7: Cracked hole in a large plate loaded with remote tensile
stress applied perpendicular to the crack plane
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Distance X From Edge Of Hole (MM)
0 2.0 4.0 6.0 8.0 10.0

r 1000
7075 -T6 Aluminum
2R= 6.63 MM

100 uo= 0.17 MM (Radial)

500

-50 0

I '-Hoop Stress

a) U)

U)

-6 Radial StressZ

100

0 0.1 0.2 0.3 10
X (Inches)

Figure 8: Residual stress distribution due to coidworking hole as
predicted by Hsu-Forman solution
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APPENDIX A

TABULAR DATA

1. INTRODUCTION

Appendices A through C are designed to provide completeness to this

report. In Appendix A, results from finite element-alternating method

calculations are listed for all 150 cases considered. Appendix B de-

scribes two short computer programs which can be used to regenerate more

comprehensive descriptions of mode one stress intensity variations along

the crack border. Appendix C contains another short program which gives

crack opening displacements. The computer programs of Appendices B and

C use the tabular results of Appendix A as input.

2. DATA DESCRIPTION

Table A-1 lists important geometric and loading parameters for the

75 surface crack cases and Table A-2 lists similar information for the

85 corner crack cases. Table A-3 lists 10 coefficients for each indi-I vidual case. These coefficients result from the original finite element-

alternating method calculations and must be used as input data for the

computer programs described in Appendices B and C. A list of coefficients

for cases different than those considered in the present report is con-

tained in Reference 10. These coefficients can also be used in the

computer programs of the following Appendices.

The actual plate modeled by the finite element - alternating method

had a thickness of 1.0 and a radius 0.5. The objective was to compute
nstress intensity factors for crack pressures p(x/R) -A n(x/R)=

An
n .n Since R = .5, the actual loadings considered for the current

model were p(x) -(A n/Rn)xn_ 1, 2x, 4x , 8x3 for n -0, 1, 2, 3. In a
2nfew cases denoted in Table A-2, the pressure was p(x) = ,x, x , x

These results were converted to the standard loading by multiplication

by an appropriate constant. Thus, all of the results given in Tables

4 and 7 are for p(x/R) - 1, (x/R), (x/R) 2, (x/R) 3which is equivalent
2 3to p(x) =1, 2x, 4x , 8x for the actual model (R =0.5).
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Table A-1. Surface Crack Cases I

Case Crack I Loading Case, p(x) 2

Number Type a/c 2a/t Remote Tension 1 2x 4x 8x

100 Surface 2.0 .2 x

101 x

102 x

103 x

104 x

105 .4 x

106 x

107 x

108 x

109 x

110 .6 x

ill x

112 x

113 x

114 x

115 .8 x

116 x

117 x

118 x

119 x

120 1.0 x

121 x

122 x

123 x

124 x
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Table A-I. (cont'd)

Case Crack Loading Case, p(x) 3
Number Type a/c 2a/t Remote Tension 1 2x 4x2  8x3

125 Surface 1.11 .2 x

126 x

127 x

128 x

129

130 .4 x

131 x

132 x

133 x

134 x

135 .6 x

136 x

136 x

137 x

138x

139 x

140 .8 x

141 x

142 x

143

144 x

145 L.0 x

146 x

147 x

L48 x

149
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Table A- . (cont'd) 

L a i g C s , p x

Case Crack 12 3
Number Type a/c 2a/t Remote Tension 1 2x 4x 8x

150 Surface 1.5 .2 x

151 x

152 x

153 x

154 x

155 .4 x

156 x

157 x

158 X

159 X

160 .6 x

161 x

162 x

163 X

164 x

165 .8 x

166 x

167 x

168 x

169 x

17C 1.0 x

171 x

172 x

173 x

174 x
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Table A-2. Corner Crack Cases

Case Crack Loading Case, p(x) 2
Number Type a/c a/t Remote Tension 1 2x 4x2  8x

175 Corner .5 .2 x

176 x

177 x

178 x

179 x

180 .4 x

181 x

182 x

183 x

184 x

185 .5

186 x

187 x*

188 x*

189 x*

190 .9 .2 x

191 x

192 x

193 x

194 x

195 .3 x

196 .4 x

197 .5

198 .6 x

199 .7 x

* p(x) for these cases was x, x and x
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Table A-2. (cont'd)

Case Crack Loading Case, p(x) = 3
Number Type a/c a/t Remote Tension I 2x 4x2  8x3

200 Corner .8 x

201 x

202 x

203 x

204 x

205 .9 x

206 1.1 .1 x

207 .2 x

208 x

209 x*

210 x*

211 x*

212 .3 x

213 .4 x

214 x

215 x

216 x

217 x

218 .5 x

219 .6 x

220 x

221 x

222 x

223 x

p(x) for these cases was x, x 2and x3
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Table A-2. (cont'd)

Case Crack Loading Case, p(x) =
Number Type a/c a/lt Remote Tension I 2x 4x2  8x3

224 Corner .7 x

225 .8 x

226 x

227 x

228 x

229 x

230 .9 x

231 1.5 .2 x

232 x

233 x

234 x

235 x

236 .4

237 x

238 x

239 x

240 x

241 .6

242 x

243 x

244 x

245 x

246 .8 x

247 x

248 x

249 x

250
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Table A-2. (cont'd)

Casp Crack jLoading Case, p(x)
Numbe. Type a/c alt

IRemote Tension 1 2x 4x 2  8x 3

251 Corner 1.5 1.0

252 x

253 x

254 x

255

256 Corner 1.1 1.0 x

257 x

258 x

259 x

260 x

55



a,. . ,. . . . . , ,i , ,- ,8 U V ' . ,. U , ,8 ,8 , , ,

. . . .N 0 i. . .N N . . . 19. 0 - . -: . . - t -N P

•, . . . 0 • * a . . . . . .N ,n C'. . . . . . . .

1-4

~ " - 0' -, .4 f C, ,C,,,- , - n a, ., .' .' .l ., , , -

,

-r - - - ' V 0 '. 4 4

* I * 4 SS S S S .I S S

44 p r I 1 1

. . . . . . - . . . . . ..

A. .N - , .0 S .8 N 11. N . -, N -N . 0 -S . .0 .

4)

.- -. . . - -. .. . .- . .... . . . .. - -- - '.

* I I S S S S 4 56 5 5 I S I S



I I I 4 I I I 4 I I

o 0. . .0 . ~. . In "0 ," . .0 .. 4 4

L . . .0 - . . . in . .- N . . . . .g% c~ . * ? n.01 - N - l . 0 N .0 ' . .5

• * S S S * o S S I • * S S °

.N, , 0, , ,4 ,0 ,0 , , ,4 . , 1 N. -, 1 .

US w W w 1

. . . . . . . . . . . . . . . . . . .

a a a aq 54 a' a a a 5 a a a a

Il ly N. ty N~ft - N0 00 i" O "I Wr. M 0

-. .0.0 40 U 0 0 4 - i N ~57



... . .. ..I I II .. . .... .........

LI o l N IN N C I'.. . . . . . a " ..4 . ' . - . .

* I I I * i I I S S I S I S I I S S o

- ' r. , C t •~ , a C -, C' '. •. -

-ia L a L a L a L a - U La La oa La La L ia

.4- N U ? . 4 - 4. U . . . .N . . ..4 U' NI

N_ . .. . . - . . . . . .- l I I . i '. 4 ." m 9 4 Nl I. . . ..... 4 ' --



U - a. .9 u' o . - 9 . - .0 0 , a . o. o ,,. . s

N • -, . -

* i a i i *

'a .N . ' , -

N . n -9 t' - ,, .0 ' N . ,., N ,. -a. . ' c .%

'.. . , i. 9 -a o * - ot e0 - N - N . .

- aa a, N .0 . - .9 - N at p - .9 i N

LiC .0 - i

59a C . 9. 9

i ., -,



- N N N .3 .3 - N N ft 4 .8 A .8 N - 0 .3 .3 P.
- - - - .4 - - C.a a a a a a a a a a a a a a a a a a a a

- - - hi hi Ia - hi hi hi Sa hi - hi - hi hi hi hi -
Cl .3 P. - .8 0 .6 ~ 4 - 0 - - N - - 0 - 4~
hi N an an .8 N an .6 N .6 .6 .6 .8 -s N .8 4 .6 .8 4 .6

.8 N 4 IA . - - .8 P. N - N 0 N N N 0 61 P. 0
N .8 an - N - N 4 ~A N 4 N - N 4 N - C N

* a a a a a a a a a a a a a a a a

- - o sa ~ a 0 .3 0 -, - 4 4 6 N - 0 0 P. P.

- -a -* a a a a a a * a a a a a a a a a a a a
hi hi hi hi hi hi hi hi hiN hi hi hi hi hi hi hi Ia hi hi o P. - an 0 N P. 0- N 0 - - 61 .3 4 6. N P. -

Li Cl aA .3 N N - N U an A N .3 0 .6 4 ~ 0 .8 N P.
.6 P. P. - - an 4 .6 .6 0 .8 ~ - P. IA aD VI .8 N 0
.6 P. - - .6 an N N N an .. '8 - - A an ., a - an

- - - 0 -. - hi - -. 4 C ** N - - C -- - - - - - - "

* a a a a a a a a a a a a a a a a a- hi hi hi hi hi hi hi hi hi hi hi hi hi hi hi hi hi hi hi hi
N N P. N N P. 61 N - N N 0 ci P. -, 4 4 N ai~ N
u a a - *i a an .6 .0 - a. - N - .8 £ * N A..6 .6 .6 P. .4 P. N - .6 4 N 0 - P. N N N N

P. ~ P .6 -. an - - IA -. N N * 6 .1 - an -a N

a a a a a I a a I

- C P. - - Ca .3 C -. .6 4 4 4 N - 0 0 hi -
- - - .3-----------------------a
a a a a a a a a a a a a a a a a a a a a

.3 hi hi hi hi I hi hi hi hi hi hi hi hi hi hi - hi - hi hi
.0 .6 ~ 4 .8 P. 0 an 4 IA - N 0 N P. 8 N P. 8

U - N 2 - e 0 IA A 4 - .3 .6 .6 0 N E~ .6 an
.8 N .3 N P. 4 4 an N N IA N 0 - N N N -
- N tA - N N - p.. P. an N - an - ~, an - - N
a a a a a a a a a a a a a a a a a a a

- 0 0 A 0 3 A Cl 0 N N an an 4 - - ~ n P. P.
a a a a a a a a a a a a a a a a a a I a

N hi hi hi hi hi hi N hi Ni hi hi hi hi hi hi hi hi hi hi w
Cl 0 .8 0 - 0 P. 4 - P % 4 61 0 N P. P. .3
hi N - 4 4 .8 N 0 N P. .3 aft' .8 N a a, 0 N -

P. U N hI A N 4i 4 - .6 A ~' N 4 8 .6 4* -, -
a. ..a ... ... an N - - N - an - 4 - .8 N an .. N

a a a a a a a a 4 a a * a a a a a a a a
.3 P. .3 Cl N N N an an Cl Cl P. P.

-. .3-------------------.3 6I
- N hi hi hi N hi hi hi hi hi hi hi hi hi hi hi hi hi hi hi- an a., N N P. P. P. -. P. P. IA IA .6 .4 0 Li Cl i
Li - N N Cl - N .8 N .0 an p .6 N an C 4 an N .3 P.

- N P. 0 .6 Ca P. N 61 N N VI .3 - ~ N - Cl ~ P.
- * N - N - aD N 0 an - - .6 - N .8 an a N 4

I a a a a a a

4* 0 P. P. aA a. P. .6 P. N N Pa an -, ci a. a. a
- - .3 % C an Cl C IA ---------- Cl IA
a a a . a a a a a a a a a a a a a

hi hi hi hi hi hi hi hi - hi hi ha hi hi N hi ha hi hi hi
Cl N '1 P. Cl Ca - - = N - iS N .6 0 N ' .6 A P. .8N C P. P. P. - VI N * C, P. 0 P. N N P. 0 N a an C
hi - .6 hi IA A - N - - N .3 IA ~ 4 N 0 N a~ ~

61 ~----------.8 - * N - .. - - N ~..........................
a a a a a a a a a

C .0 - - P. C--------is. 61 Cl C P. P. * p

C Cl ,, -.a a a a a a a a a a a a a a a a a a a a
Iai hi 1. hi hi N hi N hi N hi N hi hi hi hi a.. N a.,

* .a a , ,. 0 , a * 4 1 .1 p p ~ a * ..
.3 N N N -. an .~ .8 N an .8 N N .6 VI .6 .' a N - .3
hi - N a' 4 0 0 N 0 . N IA 4 P. 0 0 as .3 0 6~ N

an - .6 .0 N 6 - N N N - - - N N - N .6 .8
a a a a a. aa a. .a aa Ia a a.

a a a a a a

NJ N Cl ~ * a
fl a t~ -a n r .3 a ---------
* a a a a a a a a a a a a a a a a a ' ?------------------------------------------------------------------

Cl a f -. 0 a. .6 .6 N 0 IA VI .6 4 .8 si IA .6 ~ N .3
- IA IA Ii S .* 0 .3 .6 a* .* P. -1 .6 - ~ 0 .ai 4 0 .A

- hi - ~ a- ~ N 'V *. ~ .6 ~ .7. a- *~ * .6 .'4 .6 V ~ .6
4J 4 .8 .8 N .8 P. 8 4 an - - an - 4 - N 6 N

..........................
0ci

0 a. P. - - ~ Va * a. ta - an ,.. a a - . -
.3 Cl Cl Ca El e Cl 71 7' Cl .4 -. - -
a a a a a a a a a a a a a a ? ? 7 ~' '
~ hi hi hi hi hi hi hi .8 hi hi hi hi hi hi hi hi hi hi hi

* .3 0 IA N 0 6 P. - N N .8 0 P. 0 U .3 an - '8 61
~i Si a. .8 - an .6 8 .4 * ip Cl P. 5 ~ 'I an '8 anu 3 .0 ' 8 P. - 4 *l NNSN-a4 Li N

- VI 4 4 - N ~U an ali an IA N aS 4 .6 Pa - .6 N4

hi - N .6 a, 4 N 0 .6 .3 - N .6 MI .8 ft. 0 P. 0A an 0 0 0 .6 41 0 .6 0 0 P. .6 P. P. P. P. P. P. P. P. 0
4 - a 1 - - - - - - as a - - - - - - N

N-' U

60



~I

a ,,d.S? ,tJ 3 . 3 3 . , ,e - ,dLD . a .3 .3 .3 .3

U . a . N . "* -* .a .

, .. - . . .. , . N N a . , .., .,.. N,. .

Ca i i ,a -
I 

i *i , i i i * i

i ' ' " '' 0 ' 0 " .0 " ". U' C ' . U '

.i 0 C 0 ., .9 . ' 0 .., 0 *

La 3 aS LS h 3 . 3 3 LS Ld Ld LS . a . . 3 .

(4 C a, . , ,, 4 a .. 4 .0 .. , - .... N

.0 . ~, 0 U - - aa 9 C 8 0 U 6 -

C n ' - C' ' N a. '9 N - C a ' a N



- i - 0 0 ' 0 i CI - i0 In il In 0 N - -) 'I

* a * o a a a a a a * * * I S S o

o * - , N 0 0 U ,1 N N 0 6 4 .

LI C I - - - S 0 -. . . N. . ,. . .
Cl 6 3 , - C I" . C 43 ,0 0 0 . 0 - . 1

* "a * . o S * S * * * * S

- . o C' 0 0 44 0 C' .* S .0 N N - , -

0 o C 4 .0 o -o 0

.... - - :: ;- 7

* S S S S S S S * S * S * *

[-. -, L I J L I L I L I I L I L I L I L I L

44 U .0 0 . 0 - 0 N " N 0 .3 ' - -2



- - - - - a - - a a
- N N N N fl

- a a a a a a a a a a* , S * S S S * * * ~ I., .' I. ',,-~ . I. I. l.a-' - Cl 0- .0 01 ftI - * qg, * *
o o N .0 0 .0 N N C~.~aSM * 1 - - - a
o a - - u, a . C -, Al 4I CV 01 *lI Sd 01 LV 141 U'

N .0 ft. WI .0 * IlL WI
N 0- - .0 0 - N SI C ~ - 01 01 .0 1! dl 01 0.

* I S S a . a a a a a* S * S * I * * * S

o a a a'
- - N N N CL

- a a a a S a S S I S* 5 5 5 5 5 5 I P S 1 I,' I.E I
N SI SI 1.1 SI IM SI SI SI SI SI .t .0 In-I 1 ('a 0- -
- .0 * CL - SI Cl In N 0 -' In 01 - 1. .41 I~ .41 10 01 In
.. , * a - ~ a .0 C - 0- * C - II - 45 .0 SI to.

* C .0 j - a, 01 .8 IlL
* N .0 a a a, - t .~ 01 - - 01 N 01 - . a - N* a a a a a S

I S I S S S
o LI C a a C a t' a

SI U U tO to -
- S S S I 5 I S S I S

6* 1.1 Il' 1.1 -. *4 .13 II. 114 5.'
- 6* SI SI SI SI SI SI SI SI SI a ., q' 0' 41 .0 .0 - VI -
N N SI 01 SI .0 In 01 N N - t C * . r si a o. aLI a o - .0 - .0 SI ~0 101 - N N In a In .0 (I. - It In

o SI .0 - .0 Ii - -
-. .a, a N .0 IlL N a - .0 N -. Id N - ill Ul 01 -

10 a a a -U - - N N 1 to ~ - - - -- S S S S 5 * S * ** 5 5 * I S S * S SI *. 5.5 Li 6* LI Mi ** 6* Li
o SM SI 6* 6* 6* 6* 6* 6* 6* 6* 0 ,0 N In -, - 0 .14 01 N-, 01 .0 CL CI 0 N 0 .0 ~ 01 N .0 .0 If 'WI In C iD -
u ... . - SI 41 In 0 CL N 0. 01 N 10 C~ II. 0 0 0

SI * 0 01 01
-. SI - In N - In C - a 01 .0 Id - In - - .0

0 5 5 5 5 a a S * * S
* , I S S I S S S

a - - g1 a a a a a a

CL 0 0 0 CL

Il 5.4 6* I It II US U. I.) S..
N 6* SM 6* 6* SI 6* 6* 5.4 SI 6* ' C in 0.. C Sr a' U' .0 N
o N .0 In CI - C S. in 41 10 In N N SI a c - ~ a
o 6* a .~ N .0 oS SI * In - 01 . .0 .0 In N 0 N

S *. - ' a 01 1. N -
- Wi CL N N. - - N 4* S . I I I

* I I I S

o - a ., - a a a ao - a - - a a o 0 CL - -
6*6*6* ~'}'~

* S S r * * * * * * 5 * 5- N In t~ - 0- 01 tt a * 01 N In SI
* ICo a
~ a,

- a a 5~ C - C 0 0 0
o a - - - 01 0 * ~

- a - - - -* . . . . . . * * 1 I I 5 5 I SSI SI SI I SI SI - 6* 5.1 5.1 .4 *.' MI vi *4 6- LI 4- - - .1 - .0 2' 01'
~ .0 CL N N a n In - C -
N C * * * - *~, . WI N 01 01 .0 IV .0 LI' -
5.5 C 0 0. VI In .0 * *~ g, In In WI - .0 0 01 01 01 01.

N N 01 In - - SI CI - - 0* 0- N - 01 .0 0

~ * a' 01 ~ *~I * In a a a a a WI 01 Ii. 41- - - - - a ol ~, a C, a a a C* , * * , * , * S S S S I S S I 5 5
5. .. a * Li U. I .- Li .4

SI 6* 6* .. 6* 6* 6* 6* SI ft 5' a C. S v 01 Lv a S* 0. 4 - V 'L 0 * ~ CV 01 - 4 Cl - C N 151 05
*L -. - WI I- 0 01 - 011 N a a a' u 'a, - .u a

LI -, N .~ SI to - a 01 In* SI * - I* - N 114 - - N a a 5.1 11. N 0. 01 01
I. III

01 0- - - C I,. C Cl C LI511 ta - a v I~ .0 1.5 -
C, - - - - a lo - -

V a, a a a - v 0 * N N I C It In U 01 .0
- a ~ a a a In -. * .0 0' In N 01 a 0- 01 N .0

.3 - , * * ~ C I a -0 01 '1' * a , .0CI .0 - N It - '0 - N 1' - In

o I S I S a S I a
(I)

- ~ - - p - 01 01 41 01 a i' fi * *
a' a a a' - a a I, 5, 0a -s 0 - - a a I, Cl C . .* S * I S I S S 5

.1 6* SI sI 6* 6* j 1.1 - 6* 9. I.' I.? 4 I ,, '.' .
(I5I~ 0 C - '~. - ~ a - * N ~ It It0-. a .0a a Cl S. n a In 6* IV 05 In ~ 0.5 4 - 01 4 0.

5.1 0 -J N .0 .0 .~J - 01 Cl .0 ii. .0 II'. -, .IC - - 01 It In a' 01

GJ
6* - '1 -, 01 In .0 0- C ~ c - N 01 01 In .0 01 4. 1)
In * 01 01 01 .0 * .0 a * In C Il 4' Vi VI 4 VI .5 In *
4 N N N N N N N N N N N N Ca N N N N N N N

H LI

63

I



APPENDIX B

MODE-ONE STRESS INTENSITY FACTOR CALCULATIONS

1. INTRODUCTION

Tables 4 and 5 and Tables 7 and 8 in an earlier section of this report

list dimensionless stress intensity magnification factors for corner and

surface cracks, respectively, at holes in plates. These magnification

factors are shown in the interest of brevity, for 300icee along

the crack border. It is entirely possible that at some future date simi-

lar information for other locations might be needed. This appendix de-

scribes two computer programs, one written in FORTRAN and the other in

BASIC, which generate mode-one stress intensity factors, Ki, at one

degree increments of parametric angle along the crack border.

2. PROGRAM DESCRIPTION

Programs KFRTN and KBSC, whose listings are found in Tables B-1 andI B-2 respectively, perform identical functions. The difference, of course,
is the computer language used. Program KFRTN is in FORTRAN and KBSC is

in BASIC and this latter program was written and tested on the Hewlett-

Packard series of desktop computers. Both programs are structured in

a standard fashion. The first section reads and writes input parameters.

The second section determines the parametric angles for which K Iwill

be calculated along the crack border depending upon the crack location

and shape. The third and final section performs the lengthy algebraic

calculation to arrive at K

3. PROGRAM INPUT

Table B-3 lists required variable inputs determined for the particular

case being considered. Figure B-1 graphically depicts these parameters

in more detail. The authors suggest that any user of these programs

exercise special care to be absolutely certain these parameters are

correctly input (sketches similar to those of Figure B-1 are particularly

helpful).
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The user should also be aware of certain values fixed in the software

which must remain Rs shown. All calculations are for a Poissons Ratio of

0.25 and a Modulus of Rigidity of 12x106 psi. Stress intensity factors

obtained from the stress function coefficients are given in Table A-3

for specific loadings. For the remote tension cases, the applied load

was 1 psi. For the crack face pressure problems, the applied load is

p(x/R) -A o , A1 (x/R), A2(x/R)
2  x/R)4 , where A0 = A 1  A2 - A3 ' 1

and R = 0.5. Other loadings and hole diameters can be considered by

scaling the resulting stress intensity factors in an appropriate manner

(multiply by desired remote stress, pressure load An, and/or relate crack

dimensions through a/c and a/t). In all cases, one must maintain 2R - T.

4. PROGRAM OUTPUT

Table B-4 shows a sample output of Program KBSC (output of KFRTN is

similar). The mode-one stress intensity factor, K., is printed for

increments of parametric angle, , where this angle is always measured

from the crack semi-minor axis as shown in Figures 5 and 6. For the

corner crack, K1 will be calculated for 0 to 90 in one degree incre-

ments but for the surface crack K will be calculated for -90 to +900
I

(all along the crack border) in two degree increments. Note that in the

outputs of programs KBSC and KFRTN, the parametric angle I is always

measured from the semi-minor axis, while in Tables 4 and 5, is always de-

fined as the distance from the front surface for the corner cracks as in

Fig. 5. Thus, for a/c > 1.0, both the tabulated and computer program output

have the same definition for 0, while for a/c < 1.0, the angles are com-

plementary. Since a/c always exceeds 1.0 for the semielliptical cracks

considered, there is no inconsistency in the two definitions for 4.
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Table B-i Program KFRTN Listing

C TH1S PROARAM CALCULATES MODE I STRESS 3INTENSITY FACTOR$ Al ONE
C DEGPEE INCREMENTS Of ELL IPTICAL ANGLE ALONG THE BORDER Of A
C SEMIELLIPTICAL CRACK INTERSECTING A 1ASTENER ROLE IN A FLAT*PLATE
C
C
C, INPUTS ARE
C
C %AXIS -CRACK CRIENTATION(SEE EXPLANATORY FIJGURES)
C A =CRACK SEVT-MAJOR AXIS
C B =CRACK SEIMI-MINOR AXIS
C DI DISTANCE FRDI. PLATE CENTER TO CRACK CENTER(SEE FIGURES)
C C(I) =STRESS FUNCTION COEFFICIENTS. INPUT IN ORDER Of TABLE
C
C
C OUTPUTS ARE
C
C A04CLE =ELLIPTICAL OR PARAMETRIC ANGLE FROM CRACK MINOR AXIS
C KI =MODE ONE STRESS INTENSITY FACTOR FOR ONE PSI REMOTE STRESS
C

CDIM~'ENSION C910)
G= 12000!'OD.
Piz3 .14159

REAP(5,!) NAXISPAPBPD1
VIRTF'(6#2) NAXIS
WRITrt&.,!) A
WRI1E(6p4) B
WRITE(6p5) DI

READ (5.6) (C (I),I 9#10)
&VRITE(E.2I)
kR7E(6p8) (C).:,0

C DETEPINE ATUGLES FOR WHICH STRESS INTENSITY FACTORS WILL BE
C CALCULATED.
C

OPP=.5*1T4DI
OPP AMAXICOPPs-A)
CPP=A!.IN1 (OPPPA)
I1=ASIN (0PP IA)
OPP=.5*TT-DI
OrPAMAXI I 'P1, -A)
(OPP=AVIN4 ICOPP,A)
T2=ASIN (OPPIA)
07=(T2471)*2./PI

IF (IJAX IS- : s03
3C PRINT I--,., NAXIS

1[:C FORMIAT(1X,ONAXIS NOT I OR 2*.1O
2C CONTINUE

T1=T1-9l.
GO To 40

1r CONTINUE
&. CONTINUE

DO 1-,fl I1191

CAL C -A?JG4Q 0

AKI-F. iCCA'P) 4SORT (P I(AeD) )e(A*A* (SIN(TH))*2
2C(*) '(COS(H))'.IAA-.C() SNTO)? 8B
2C(SIN C(TN3.3/..4 C1 *A )'COS(6)(H T)IAC **O2T/.(T)(A

5E (7)*CCOS (7H) /A) *3-4.*C (9)* (COS (H) /A)* (SINCTH),a)**2)
WITFC6,9) ANG,AKI
ANG=[A
CAL C=0.O
AKI=r"r

I~r CONTINUE
IfOR?1AT(IIC.3F1r,.&)
2FORrAT(IHC,*NAXIS 's2I

3 fORMAI0iN :.C:ACK SEMI-MAJOR AXIS % .24
& FOR~pAT7 C 1PCRACK SErI-7ZNOR AXIS *',F5 *I)
5 FORMATOCIHC'DISTANCE 7O CRACK CENTER. 01 c'&FS.2,1/)
6 FORMATC~bW 4)
7 fO~rIAT(2DE3s.
t FOR" AT CJJ.6X. AULE'61,K1%l)
9 fORMATCF1IV.1.F1%3)

11 fOR'AICI,4C.STRESS FUNCTION COEfFICIENTS, CCI) To CCIO)*.I)
STOP
EicU
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Table B-2. Program KBSC Listing

II 1 1 TI L
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'i It IA1f 1-1 1 7
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lH i " . 11 L L I 1 : -*1) .'

' I H I J I E J

Tl 1 Oh;1.L LIN E TER

1::,' FI fit j i I- - ,i 1 11, II I

I LI TtI tI
I t . (j IJ CL

'I.' t-4 f, I f -I!C :' f fr1 "

I ! H I

I'PlM If 1. 1 .1E 0 M k ii ,WVi-Tl

FI I E [IHI

It t:IIiD . -11t j.' T 1 1 11 1 ',i I Fi T ). L I N 1,
Ii~.. F4'. L [
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Table B-2. (cont'd)
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Table B-3 Input List

Description Determined From

NAXIS Define the crack orientation Figure B-i
with respect to the plate

A Crack semi-major axis Table A-i or A-2

B Crack semi-minor axis Table A-I or A-2

DI Locates the crack center Figure B-1
with respect to the plate

C(I) Coefficients to calculate KI where Table A-3
C(l) - COO, ... , C(10) C03 (reading from

left to right)
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Corner Crack (a/c < 0.9, 2R = T - 1.

I T

a~j

I.--2R -4 c ]

Input: A = c
B=a
Dl = + 0.5
NAXIS = 2

Corner Crack (a/c > 1.1, 2R = T 1.

'a T

Input: A = a
B c

D1= - 0.5
NAXIS = 1

Surface Crack (c/a < 0.9, 2R - T - 1.

7
S2aT

SI I 1- 0 ---
~2R -4

Input: A a

B c
Dl= 0.0
NAXIS - I

Fig. B-i Input Description
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Table B-4. Sample Output, Program KBSC

f, I, TIi

* I 1 1 .-

I Lt I ''i

11  it -1

,*i II
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APPENDIX C

CRACK OPENING DISPLACEMENT CALCULATIONS

1. INTRODUCTION

Crack opening displacements can be easily determined using input

similar to those for the mode-one stress intensity factor calculations

of Appendix B. Reference 10 fully describes the formulation of a

lengthy yet simple algebraic expression which results in crack opening

displacements. This appendix describes a computer program which will

generate such displacements at certain locations on the crack plane.

2. PROGRAM DESCRIPTION AND INPUT

Computer program COD (listed in Table C-i) is written in BASIC on

a Hewlett-Packard desktop computer. The derivation of the algebraic

expression which yields crack opening displacement includes A, B, and C(I)

which are exactly as described in Appendix B for Programs KFRTN and

KBSC.

3. PROGRAM OUTPUT

Program COD output includes crack opening displacements calculated

and printed for specific points along rays at 100 increments of para-

metric angle, 0, over 90 0 of the crack where 0? is measured from the

crack major axis. Figure C-i depicts a few of these points for clarity.

Each ray, whose length might be called ri, has output points

These points coincide with the description required for Benchmark

Problems and an example can be found in Reference 3.

Table C-2 shows a sample output from Program COD. The coordinates

of each point are described in terms of x and y (Figure C-i) rather

than r1.* As with the Appendix B calculations, for the remote loading

cases the uniform remote tension was one psi.
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Table C-I. Program COD Listing

I M HC-[ 12 ]: " .,' .I W .2 1 ] i.U[ f 1 1 1 I F, I 1H ' F

0ili FUR I =:1 T0 10
40 EL I T-.l
50 N3 UT I
t D I:! " ItIF .l H1.FIIC, -EI I 1. I"iFOR i- H I'l HF1 H.::E: Fl, E:
10 0 IT I H ' L. I F, EI
C: &: F'P F 1 I N I H :, "SL.II-..HfVJn . f:)',>S .. ;I:I;"ii[iM]:--HIH R f'::,I'' ";E
~'1 II .H i. :.' 2 1; CIII IINJ: wi
IO F0 F' il H C. I N.I LU "' ] I:E.; SUi.iN', S F.;-i 1'. ]:: " i I... . IN{S'

120 N20=0u.1
10 HE I =0 ,0l
140 I ]=0.2
150 415]00. 11
1 ti1.'.) HE [ - C' . , 2 !i
170 LK 7]WO.,3
1 ;-. 0 I11[:'D 3Iz C1. 2 1.
190 ru[ 'A 1-0,12
200 1[ 13 N0:'

I 2 ~~~1 0 1., I '.!; F' " I L'I..T TF.!;[IR:E SS FUNt.I.t: I O:H FCOE Q : I C1: E:IIS"
. I Tll T3 L 00
,I I H T L.. I 0 0 TO 1- L. I

Liiit( Ii[R I] 'H Li

. 1'1I F : J I l F . : 1 C I I

T: A:'I; :: F N D Ai F! D
0 T I I I i i [ 1: 1

90 1.' : IT E ( 2,:3 0 .:t I I]
0 F l . R I N1 AT E 1 ,4

:, 0 11 E :::: T' I I
: '0 1 11:: F, F F'() k! 0 l.,i L:; 1 T 0 t S!: E, t I 11 :: 1 : 1: 11 R.::I R E C T1I0 LI.::; E 1. T E R: 0 "
,1 i f I T HA ti 2i FF. t- lL -

L'I0 [Fl: Il i::E TI[il 6

I 4 ::E B
:ii;' il T : I '

-1 HF I iF F ,:: t

i l I: ' FA tI , tll :

i 1i 'i : ':I: i,., :t (!

I il ' ;: .iit '' '. : E I

4,10I i ' t 4 I t
$ ~~ 4 F:, 'fi - 'L H : ,: 'l H 4 ' , 'F ,7
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Table C-i. (cont'd)

T I I:[

I , i . 1. i l l : . I 1.

! H1 Ir 1 (, '- - ,A ,L I 1

: 4 , 1

'.l' ' 1 1 1 1

1.11 I illi' i t

t , i I It. Ri ' II

I I t r 7[

, I. ' ~l . l74
i 'it i .I ' 4i

ii, I illll "'41!

.I . / , I .. , ,' ! :. I I 1' I : 1:', I "1K I I I 41 : 1:,. [I'I ' [ I ] I (' i: 4 4 :. : I ] , H) : ; .- I

... I *""; ,[i , i i''' [: P ] , ,I , I '", I 1 4 1 ' V ; 1 F ' [7 ]: 4" [I>: Jl ::,."E

, ,: i 1 4

,, t - II I-i i i

: ' , - . I . I I ,

.. I. 1 I 4 ' .' : ; : L I ' , [ l~ II A II ] I I I l i

*' I . - .1

* , I ' I
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Table C-2. Sample Output, Program COD

t:,i]' II 3 ~ Ii'Fi F:I:F ' 1 f g3 1. 111 liii iq - H.l l l' : Ill... O F IV: 1F

I~LI I .,,' '. In l iii "1T ] ; *- 1.. tL l I lLi >1::

I. Il I l I I r.

:::. 7: .:10{1 Ut'

'..1 1.~ 1{ " Ui.

Ii'L 117

',: , 457 : 1 LI

It:

I :l 11

1: Ix

II 1-1111,1 11.1111 : . :: i,1 lii i

I. ." i) I .I iIj I I ' I . ,I'I 011 I 1. V17 1 - I I

i I. I7 '. II. {11111 I 1 ; ''," I II '

! ,I III II, ',, l:] 7 5
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Table C-2. (cont'd)

HRAME1 F I AC NGLE FROM MAJOR A.I' 10 DEGREES

DI FL

0.000 0. KIIU 4. I4-E,
0 09- 1. 009 4. 769E-O',
0. 197 0.017 4.6 ,36E-O',

S.295 0.026 1 413E-O.:
0. 94 0.035 4. 1150E-08-
0 492 0.043 7436E08
0.59 0.052 ,i. 0..... E Li
0.68.=,9 0. 061 2.7'4'9E-.0:3,
0.788'I- 0.0659 2" 2075E--0,,
0.8i6 0.078 1. 4951E -,
0.9436- 0.08-2 1.03?08,E-0,8Li H F, I L, 1 Li L, E , D

DIP
0.000 0 . A, 5 3 E - 0:"71,

F'BRAMFTF'I AN'I;LE FROM MAJOR A3:3'- = 9i0 DEGR.'EES.'

ft. fitiO LI LiOiL 4.'-r4E -0:-

0. 0.2 L. L50 4. 3 i3E-0L
0.000 0. i00 4. -662E-Li

K0.000 0 350 4.66 LE-08
0.00L 40.40,0 :-,E10H80. 00" LI LiLI 4.U-t : :'9E-0L-

0.000 0.450 -r.14E008

0.00u 0.475 1.6365E-08
0.000 0. 490 1.045'E-0-
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Fiu C-1. Prga CODOuputPont

" \.

O Soeoo oo • .-

Figure C-i. Program COD Output Points
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