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Fatigue Life of Panels with Multiple Site Damage
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This article describes research aimed at predicting the fatigue lives of unstiffened aluminum panels
that contain multiple site damage (MSD). The initial damage consists of through-the-thickness cracks
emanating from a row of holes in the center of a finite width panel. The row of holes is aligned perpen-
dicular to a cyclically applied, constant amplitude, tensile load. A fracture mechanics analysis is employed
to predict the growth, interaction, and coalescence of the various cracks that propagate in the panel. A
strain-life analysis incorporating Neuber’s rule for notches, and Miner’s rule for cuamulative damage, is
also employed to predict crack initiation for holes with no initial cracking. Twelve fatigue tests of 2024-
T3 aluminum panels with MSD were conducted to evaluate the analysis, and the test results compare
favorably with predictions for the fatigue life of these panels. Crack interaction effects in the MSD test
specimens are apparent, and are shown to significantly accelerate crack growth rates, particularly during

the latter stages of fatigue life.

Introduction

ULTIPLE SITE DAMAGE (MSD) refers to the exis-

tence of simultaneous fatigue cracking at various struc-
tural locations, and has occurred along rows of fastener holes
in the fuselages and wings of commercial and military aircraft.
MSD is significant when it reduces the overall structural in-
tegrity more than would be predicted by the analysis of indi-
vidual cracks, or when the cracks are close enough together to
influence each other’s growth rates."” Significant MSD crack-
ing may develop before it can be reliably detected by many
nondestructive evaluation (NDE) techniques. MSD may also
reduce the residual strength (RS) of panels below that pre-
dicted by simple analytical techniques. (For the purposes of
this investigation, RS is defined as the maximum stress a panel
can sustain before complete failure occurs across the center
span.)

MSD poses a significant challenge to those who must ensure
the structural integrity of aging aircraft because it is extremely
difficult to detect, greatly reduces the RS and critical crack
size, and may defeat the crack arrest capability of the design.™*
The most widely known failure attributed to MSD is the Aloha
Airlines incident of April 28, 1988, in which a 4.5-m- (15-ft-)
long section of fuselage structure was peeled-open in flight,
resulting in the death of a flight attendant and the near-loss of
the entire aircraft.’

The objective of this article is to describe a procedure for
predicting the fatigue crack growth properties and interaction
effects of MSD cracks through the study of a simplified MSD
scenario. The approach focuses on predicting the fatigue lives
and individual crack growth at open fastener holes in flat, un-
reinforced panels subjected to cyclic, constant amplitude loads.
The effect of MSD on the RS of these panels is described in
a companion article,® and additional details of the analysis and
experiments are given in Ref. 7.
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Experimental Procedures

A testing program was conducted to evaluate the accuracy
of a numerical method for predicting the fatigue life of panels
with MSD. To accomplish this goal, fatigue testing was con-
ducted to investigate fatigue crack initiation, crack growth, and
crack interaction effects in panels that contain MSD. The test
material was 2.3-mm- (0.09-in.-) thick 2024-T3 aluminum
(bare), procured commercially in two separate lots consisting
of four 1.2 X 3.7 m (4 X 12 ft) sheets. Specimens were ori-
ented so that the grain direction was perpendicular to the load-
ing axis. A typical MSD specimen is shown in Fig. 1.
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Fig. 1 Typical MSD specimen (MSD04) with nominal 0.16-in.
hole diameter: a) global specimen configuration (dimensions in
inches) and b) detailed view of crack plane showing hole spacing
and MSD crack locations (dimensions in inches).
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Fig. 2 Fatigue crack growth rate data for 2024-T3 aluminum test
material.

Baseline Testing

An MTS test machine was used to measure the tensile ui-
timate o, and yield oy, stresses in rectangular specimens ac-
cording to ASTM specification E-8.° An extensometer was
used to measure the strain across a 1-in. span under load con-
trol. The 0.2% offset yield stress o, was determined to be 303
MPa (44.0 ksi) and the ultimate stress o, was found to be 434
MPa (63 ksi).

Fatigue crack growth tests were conducted in accordance
with ASTM Standard E-647° to determine the basic fatigue
crack growth rate da/dN vs the cyclic stress intensity factor
AK relationship for the 2024-T3 test material. Five center
crack tension (CCT) specimens were milled from the test pan-
els using a Flow International Corporation Abrasive Jet Cut-
ting System (model 430). Constant amplitude, uniaxial, R =
0.01 loading at a frequency of 5 Hz was applied parallel to
the specimen’s major axis until failure occurred. The crack
growth data were reduced according to the seven-point poly-
nomial approach described in Ref. 9, and are given in the form
of a da/dN — AK plot in Fig. 2. The nine points from these
data given in Table 1 were used to define a set of segmented
Paris laws for subsequent life predictions.

MSD Fatigue Tests

Twelve fatigue tests of 22.9-cm- (9-in.-) wide specimens
shown schematically in Fig. 1 were conducted to determine
the fatigue lives of panels with MSD, and to measure the
growth of interacting cracks in MSD configurations. Two types
of MSD panels with nominal hole diameters of 4.06 mm (0.16
in.) were tested. The two types, designated type A and type B,
had the same overall design shown in Fig. 1, differing only in
their hole and crack configurations. Type A specimens con-
tained small, nearly uniform MSD cracks at all holes. Type A
panels with eight holes spaced 2.5 cm (1.0 in.) apart and with
10 and 11 holes spaced 1.9 cm (0.75 in.) apart were tested.
Figure 3 shows the hole and crack configuration for the type
A panels.

The type B panels had relatively large lead cracks that
spanned several of the central holes. Type B panels with MSD
at all holes and with MSD at only some of the holes were
tested. One type B panel with no holes precracked was also
tested to demonstrate the reduction of fatigue life caused by
MSD. Figures 4 and 5 depict the designs of the type B panels.

The MSD specimen preparation followed the following pro-
cedures. First, the sheets of 2.3-mm- (0.09-in.-) thick 2024-T3
aluminum were sheared to a length of 69 cm (27 in.) and a
width of 33 cm (13 in.). These sheets were flattened with a

Table 1 Points used to define
the Paris law segments for the
fatigue crack growth behavior
of the 2024-T3 aluminum
test material

AK, da/dN,
ksi-\V/in. in./cycle
3.65 2.40 X 1077
6.68 1.07 < 107°
7.11 1.58 X 107°
8.60 3.02 X 107°
11.04 6.94 X 107°
14.53 1.38 X 1073
19.40 3.83 X 107°
23.86 145 x 107*
24.00 1.00 X 1072
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Fig. 3 Schematic view of hole spacing for various type A MSD
test specimens. The nominal hole diameter is 0.16 in. and total
specimen width is 9.0 in. Specimens a) MSD02, 03, and 04; b)
MSD09; and ¢) MSD10.

mechanical roller to remove warping present in the original
1.2 X 3.7 m (4 X 12 ft) sheet. Next, a 20-cm- (8-in.-) wide
section was polished to a mirror-like finish across the center
span of one side to aid in viewing the cracks with an optical
microscope. The sheet was then milled to the final specimen
dimensions using the abrasive jet machining tool described
previously. Small fatigue starter-notches (1 mm = 0.04 in. long
by 0.25 mm = 0.01 in. wide) were cut at both sides of MSD
holes with the abrasive jet tool. Although rounded at the ends
(with a radius of approximately 0.13 mm = 0.005 in.), these
slots produced early and consistent crack initiation during fa-
tigue precracking.

Each specimen was precracked under constant amplitude cy-
clic loading until measurable cracks were visible under the
optical microscope at both sides of all holes with starter
notches. The type B MSD specimens were initially cycled at
double their test loading to reduce the total time to crack ini-
tiation. Loads were then reduced in increments of 20% or less
as prescribed by ASTM Standard E647° until measurable crack
growth at the final test load was achieved. Only the type B
specimens required this load shedding procedure, as the pre-
cracking load used on the type A specimens was the same as
the test load. The central ligament between the holes forming
the lead crack in the type B specimens was cut with a jeweler’s
saw after the holes were fatigue precracked. This procedure
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Fig. 4 Schematic view of hole spacing and crack configurations
for various type B MSD specimens. Nominal hole diameter is 0.16
in. and specimen width is 9.0 in. Specimens a) MSDO05 and b)
MSDO06.
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Fig. 5 Schematic view of hole spacing and crack configuration
for various type B MSD specimens. Nominal hole diameter is 0.16
in. and specimen width is 9.0 in. Specimens a) MSDO07 with lead
crack and MSD cracks at holes 2 and 7, b) MSD08 with lead crack
and MSD cracks at holes 1 and 8, and ¢) MSD11 with lead crack
only (no MSD).

permitted small, uniform cracks to initiate at MSD holes before
the central crack grew too large.

The fatigue life of an MSD specimen began once measur-
able MSD cracks (usually cracks greater than 0.13 mm = 0.005
in. in length as measured from the starter notch edge) had
initiated at all holes designed to have MSD. The initial crack
lengths were measured using a traveling optical microscope
with digital readout, and the specimen was cyclically loaded
until complete failure across the midsection occurred. Table 2
lists the effective initial crack lengths for the six type A MSD
specimens, and Table 3 lists them for the six type B specimens.
The crack length a, in Tables 2 and 3 is measured from the
left side of the hole (including the starter notch), whereas a
designates the crack length (and notch) from the right side of
the hole.

All MSD specimens were loaded parallel to the major axis
at a cyclic frequency of 5 Hz. The load amplitude was kept
constant, and the R ratio was maintained near 0.01 to match
the baseline tests. (Here, R = G/ Omax» Where o, and o, are

the maximum and minimum applied remote stresses, respec-
tively.) Table 4 lists the remote stresses applied to each MSD
specimen.

All cracks were measured periodically, with the cyclic in-
terval between measurements determined primarily as a func-
tion of the fatigue crack growth rate. Initially, longer intervals
(such as 5000 cycles) were used during the slow crack growth
period. As crack-tips approached each other, or when crack
growth became rapid, the measurement intervals were short-
ened as appropriate to obtain detailed crack growth data.

The MSD tests ended when rapid crack growth and link-up
occurred, followed almost immediately by total failure across
the midsection of the panel. When failure occurred, the total
number of cycles was recorded and the specimen was removed
from the testing machine. Prior to discussing the results of the
fatigue crack growth tests, however, the numerical analysis for
the fatigue life of the MSD specimens will first be discussed.

Numerical Analysis

A fatigue analysis was developed to predict the initiation
and growth of MSD cracks emanating from a row of open
fastener holes as remote cyclic loads are applied. The computer
algorithm is relatively simple in concept. Given the initial
specimen geometry, MSD configuration and loading condi-
tions, the stress intensity factor range AK is computed at each
crack tip. The fatigue crack growth rate da/dN is then calcu-
lated for each crack using the da/dN vs AK relationship given
in Fig. 2. Next, the number of cycles AN to grow the smallest
crack a specified amount A is calculated by Eq. (1):

da
N=A/—
A A ™ (1

Here, da/dN is the crack growth rate associated with the small-
est crack, and the value A employed in Eq. (1) was taken as
0.1% of the length of the smallest crack. Next, the correspond-
ing crack growth increment Aa at all other crack tips is cal-
culated from Eq. (2):

da
Aa = AN <d7\’> 2

Now da/dN is the value associated with the particular crack
tip of interest. These steps are iterated until the panel fails by
one of several criteria. The following subsections describe the
stress intensity factor solutions developed for the MSD con-
figurations, the failure criteria employed to specify final life,
and the crack initiation concepts used to analyze holes without
pre-existent cracks.

While the crack growth model described assumes through-
the-thickness MSD cracks, as employed in the tests conducted
here, the procedure is readily adapted to consider part-through
surface or corner cracks that might be encountered in thicker
structural components. In that case, one would replace the
through-thickness stress intensity factors described in the next
section with the appropriate part-through crack solutions.
While the authors have not considered part-through cracks at
multiple holes, multiple part-through cracks at a single hole
were successfully analyzed by a similar procedure.'*"

Stress Intensity Factors

A compounding method was used to determine stress inten-
sity factors for the MSD specimens. As shown in Figs. 6a and
6b, the through-thickness cracks are treated as either edge
cracks, radial hole cracks, or as center cracks (when the radial
cracks are large relative to the hole diameters). Linked cracks
are considered as either center or edge cracks (the holes are
ignored). Once the crack type is designated, an initial solution
for AK is calculated and a correction factor is applied to ac-
count for the influence of adjacent cracks.
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Table 2 Inmitial crack lengths for type A MSD specimens (measured from the hole edge and

including the starter notch length)

Crack length a, in.

Hole Crack MSD MSD MSD MSD MSD MSD
no. tip 02 03 04 04b 09 10

1 a, 0.094 0.046 0.117 0.080 0.068 0.083
1 ag 0.128 0.046 0.103 0.107 0.088 0.092
2 a 0.126 0.042 0.083 0.077 0.091 0.071
2 axg 0.136 0.062 0.086 0.061 0.089 0.086
3 a, 0.149 0.066 0.065 0.077 0.142 0.079
3 ag 0.143 0.079 0.080 0.082 0.136 0.082
4 a, 0.057 0.065 0.117 0.073 0.077 0.069
4 ag 0.061 0.083 0.134 0.076 0.060 0.077
5 a, 0.126 0.114 0.090 0.083 0.097 0.074
5 ax 0.127 0.085 0.075 0.076 0.093 0.076
6 a 0.095 0.067 0.102 0.091 0.103 0.061
6 ax 0.120 0.068 0.106 0.085 0.058 0.055
7 a, 0.000 0.082 0.100 0.085 0.106 0.064
7 ag 0.029 0.079 0.100 0.095 0.082 0.089
8 a. 0.108 0.071 0.070 0.061 0.090 0.080
8 ag 0.054 0.062 0.086 0.057 0.099 0.074
9 a e —— e e 0.054 0.091
9 ag — e e — 0.091 0.094
10 a, — R e —_— 0.066 0.091
10 ag e R —_— e 0.082 0.113
11 a; —_ —_— e i 0.111
11 ag e e e —_ e 0.086
Average MSD 0.097 0.070 0.095 0.079 0.089 0.082

crack
Table 3 Initial crack lengths for type B MSD specimens (measured from the hole edge and
including the starter notch length)
Crack length a, in.

Hole Crack MSD MSD MSD MSD MSD MSD
no. tip 05 05b 06 07b 08 11

1 ax 0.140 0.120 0.087 0.000 0.152 0.000
i ag 0.150 0.092 0.087 0.000 0.158 0.000
2 a; 0.104 0.064 0.104 0.066 0.000 0.000
2 ag 0.103 0.124 0.111 0.083 0.000 0.000
3 a, 0.108 0.077 0.125 0.000 0.000 0.000
3 g 0.069 0.097 0.421 0.000 0.000 0.000
4 a, 0.067 0.110 0.421 0.092 0.070 0.134
4 ag 0.421 0.420 0421 0.423 0.421 0.419
5 a, 0.421 0.420 0.421 0.423 0.421 0.419
5 ag 0.064 0.107 0.419 0.068 0.055 0.081
6 a, 0.050 0.130 0.419 0.000 0.000 0.000
6 ag 0.053 0.157 0.115 0.000 0.000 0.000
7 a, 0.064 0.210 0.107 0.055 0.000 0.000
7 ag 0.076 0.192 0.072 0.093 0.000 0.000
8 a, 0.000 0.190 0.130 0.000 0.104 0.000
8 az 0.000 0.201 0.115 0.000 0.134 0.000
9 a; —_ —_ —— — —_ _—
9 g —_— e —— —_— B —e
10 a, _ _ B —_— B —_—
10 ag —— R R R R e
11 a; e e _— — E— e
11 ag — e e —_— e e
Average MSD 0.076 0.138 0.102 0.074 0.137 0.000

crack

If a crack extends to the edge of the panel as shown in Fig.
6a, then the edge crack solution'” given in Egs. (3) and (4) is
used to compute the initial K:

K=o\ map, 3)
where

B. = 1.12 — 0.231(a/W) + 10.55(a/W)* — 21.72(a/W)’
+ 30.39(a/W)* “®

In Egs. (3) and (4) o is the remotely applied stress, a is the
edge crack length, and W is the panel width. If the crack does
not reach a free edge, the Dowling transition crack length a,
(Ref. 13) given in Eq. (5) is used to determine whether to treat
the crack as a radial cracked hole or as a center crack:

r

T 112 X Ky — 1]

&)

a;

Here, r is the hole radius and K, is the stress concentration
factor for the notch geometry. If the crack length is less than
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Table 4 Summary of hole sizes, lead crack lengths, remotely applied stress, and fatigue lives
for MSD . specimens

Hole Fatigue
Specimen Number Average hole spacing, Lead crack T naxs Cimins Stress life
1D of holes diameter, in. in. length, 2a ksi ksi range cycling

Type A specimens”
MSD02 8 0.150 1.00 None 10.82 0.13 10.69 22,410
MSDO03 8 0.150 1.00 None 10.82 0.13 10.69 33,310
MSD04 8 0.158 1.00 None 12.04 0.15 11.89 20,451
MSD04b 8 0.164 1.00 None 11.96 0.15 11.81 23,990
MSD09 10 0.162 0.75 None 8.64 0.11 8.53 38,871
MSD10 11 0.162 0.75 None 8.63 0.11 8.52 36,020

Type B specimens®
MSDO05 8 0.160 1.00 1.29 6.02 0.07 5.95 109,230
MSDO05b 8 0.161 1.00 1.38 5.99 0.07 5.92 65,450
MSD06 8 0.160 1.00 3.40 6.02 0.07 5.95 16,853
MSDQ7 8 0.162 1.00 1.33 6.01 0.07 5.94 179,635
MSDO08 8 0.162 1.00 1.29 6.00 0.07 5.93 205,930
MSD11 8 0.166 1.00 1.34 6.00 0.07 5.93 215,680

“Those with no lead cracks. "Those with central lead cracks.
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Fig. 6 Schematic representation of various crack configurations

modeled in MSD crack analysis: a) edge crack configuration, b)
radially cracked hole configuration, and c) adjacent hole cracks
prior to coalescence.

a,, Eq. (6) is used for K, and if it is larger than this size, the
well-known center cracked K solution given by Eq. (7) is em-
ployed."

Ifa<a,:

K = oV maB, (6)
Here, crack length a is measured from the edge of the hole as

shown in Fig. 6b for crack lengths a, and ax. The dimension-
less factor By for a radially cracked hole' with radius r, is

given by Eq. (8):
F,
=|~——+F 7
b= (s 1) &

For holes with cracks emanating from both sides, F, = 0.6865,
F, = 0.2772, and F; = 0.9439. For holes with only one side
cracked, F, = 0.8733, F, = 0.3245, and F; = 0.6762.

If a = a,, the cracked holes are treated as center cracks with
Eq. (8):

K = oV maB, ®)

Here, B, is the stress intensity factor coefficient' for a center
crack of length 2a in a plate of width W [the hole diameter is
included in the total crack length 2a given by Eq. (9)]:

B, = \V/sec(malW) ©)

Once the initial cyclic K is computed, a crack interaction
factor is applied to account for the presence of adjacent cracks.
The crack interaction factor was based on the Kamei and Yo-
kobori K solution'® for two interacting cracks shown in Fig.
6¢. For the configuration shown in Fig. 6¢, this solution gives
the following stress intensity factors K, at crack tip A and K,
at tip B. (This solution ignores the influence of the hole, as-
suming the crack lengths are large relative to the hole radius.)

_ - @ _ t K(k) — E(k)
K, =0V mb 1+ ; {1 <1 + 2b) [——-———K(k) :l}

(10)
B 2b _ t K(k) — E(k)
Ky = o/ ma 1+ ; {1 (1 + 2a> [——————K(k) :I}
11

Here, K(k) and E(k) are the complete elliptic integrals of the
first and second kind, respectively, a and b are the crack
lengths, and ¢ is the crack separation distance shown in Fig.
6¢c. The kernel & for the elliptic integrals is given by Eq. (12):

k=2Vabl{(2a + H2b + 1) (12)

It was later found experimentally that the Kamei and Yo-
kobori interaction factor consistently underestimated the crack
interaction in the MSD specimens considered here. To match
the measured crack growth lives, the Kamei and Yokobori in-
teraction factor was empirically modified by replacing the
crack tip spacing 7 in Egs. (10) and (11) with an effective crack
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tip spacing t., = 0.41. When ¢.; was used in place of r to com-
pute the Kamei and Yokobori interaction factors, close corre-
lation was achieved between the predicted and experimental
lives for all of the different types of interacting cracks in the
MSD specimens. Thus, 7. is used to calculate interaction fac-
tors in all crack growth and fatigue life predictions made in
this analysis.

There are several possible reasons why the original Kamei
and Yokobori crack tip interaction factor needed to be empir-
ically modified for the present experiments. The basic accuracy
of the linear elastic Yokobori and Kamei stress intensity factor
solutions may be in question, and they could, perhaps, be stud-
ied by other numerical analyses of the crack interaction prob-
lem. Another obvious explanation may be because of the viola-
tion of linear elastic fracture mechanics (LEFM) assumptions
in the large crack tip plastic zones formed by the interacting
fatigue cracks in the ductile 2024-T3 test material. Such plas-
ticity effects would certainly be dependent on the type of ma-
terial and specimen thickness. A detailed analysis of the crack
interaction problem was, however, beyond the scope of this
article. While the empirical 0.4s effective crack spacing cor-
rection worked well for the current experiments, it should re-
ceive further evaluation before being applied to other materials
or specimen thicknesses.

Failure Criteria

Once MSD has formed in a panel, the individual cracks
continue to grow until they link-up or until the panel fails.
Different criteria may be chosen during the analysis to deter-
mine when failure will occur as described in Refs. 6 and 7.
For the current analysis, the net section yield method was used
to predict failure of type A specimens, and a ligament yield
criterion proposed by Swift® was used for predicting failure in
type B specimens. The net section yield method assumed the
panel fails when the net section stress exceeds the tensile yield
stress found from the stress—strain tests. Swift’s ligament yield
RS criterion states that a large lead crack will cause panel
failure when its crack tip plastic zone touches that of an ad-
jacent flaw (MSD crack). Further details of these criteria and
separate RS tests conducted to verify them for the types of
panels studied here, are described in Refs. 6 and 7.

Crack Formation Concepts

The type B specimens shown in Fig. 5 contained some holes
that were not initially cracked. Although these holes act as
crack arresters when a crack grows into them from a neigh-
boring hole, eventually a crack develops on the opposite side
and begins to propagate outward. Thus, crack formation cal-
culations are also required to compute the total fatigue lives
for these specimens. There are two basic notch geometries
where cracks may initiate in the type B specimens: 1) geom-
etry I: a circular hole with no cracks at either side and 2)
geometry II: a circular hole that has been penetrated at one
side by a propagating crack.

The number of cycles required to initiate new cracks at these
configurations were estimated from the following well-known
strain-life equations.'®

Cyclic Strain-Life

Agl2 = [(0y — o )EJ2N)® + g-(2N)" (13)
Here, oy is the fatigue strength coefficient, o, is the mean
remotely applied stress, 2N is the number of reversals to crack
initiation (two reversals = one cycle), Ae is the strain range at
the notch root, g, is the fatigue ductility coefficient, b is the
fatigue strength exponent, and c is the fatigue ductility exponent.

Cyclic Stress-Strain Curve

Ae/2 = (Ao2E) + (Ag/2K)" (14)

In Eq. (14) X’ is the cyclic strength coefficient for the material,
n' is the cyclic strain hardening exponent, E is Young’s mod-
ulus, and Ag is the stress range at the notch root.

Neuber’s Rule
(KAS.)VE = (Ac)(Ae) (15)

In Eq. (15) AS,., is the net section stress range (the remote
load divided by the net cross-sectional area at the notch) and
K, is the fatigue concentration factor.

The material constants oy, &, b, K', and n’ were taken from
published values given in Ref. 16 for 2024-T3 aluminum, and
the elastic modulus E was obtained from the stress—strain tests
described earlier. The fatigue concentration factor K, can be
related to the elastic stress concentration factor K, for the notch
from the following expression'®:

Kr=1+ [(K. — Dyq] (16)

The fatigue notch sensitivity factor g can be approximated
by the following empirically derived relationship'®:

g=1Q1 + \Vpln a7

Here, p is a material constant called the Neuber equivalent
grain half-length, and r is the notch root radius. The value for
p was again taken from data given by Bannantine et al.'® for
2024-T3 aluminum,

Equations (13-17) are solved simultaneously for the initi-
ation life 2N; (measured in reversals) using an iterative tech-
nique. Because the damage during each cycle varies, as the
net section stress increases because of crack growth from ad-
jacent holes, a method must be chosen to determine when the
accumulated damage is sufficient to cause crack initiation. Mi-
ner’s linear cumulative damage rule'® was used for this pur-
pose, and assumes a crack has formed when

> @n2Ny = 1 (18)

In Eq. (18), 2n; are the number of applied reversals at the given
load, and 2N, is the fatigue life that would occur if only the
2n; loads were applied.

Because the damage for each cycle is computed using cur-
rent crack lengths and configurations, the use of Miner’s rule
accounts for changes in the net section stress as the cracks at
other holes or notches propagate during the fatigue life of a
panel. When the Miner’s rule sum reaches a value of 1, the
initiation life is considered complete, and crack propagation
begins at the location of interest. The initial crack size assumed
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Fig. 7 Average crack length a as a function of elapsed cycles for
specimen MSD02.
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after the initiation process is complete was based on Dowling’s
transition crack length g, (Ref. 13) given previously in Eq. (5).

In summary, when a type B panel with uncracked holes is
analyzed, strain-life concepts along with Miner’s rule are used
to estimate crack initiation at the holes. When this occurs, a
crack equal to the Dowling transition crack length q, is placed
at the location of interest, and then the algorithm continues to
propagate that crack, as it does for all other cracks, until link-
up or panel failure occurs.
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Discussion of Results

This section describes typical fatigue crack growth results
from the MSD fatigue tests, and compares the measured data
with calculations obtained by the numerical analysis described
in the preceding section. Additional details and resuits are
given in Ref. 7. In that report, crack growth curves for all of
the experiments and predictions are given in the following for-
mats.
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1) Average crack length curves: The average crack length a
for all MSD cracks in a typical panel is plotted as a function
of elapsed cycles as shown in Fig. 7. The actual crack length
measurements are compared with two predictions shown for
each test: one that includes crack interaction effects and one
that omits them. The average crack length predictions dem-
onstrate the program’s ability to analyze the fatigue lives of
the panels, and clearly show the effects of crack interaction on
crack growth rates.
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2) Crack propagation diagrams: The position of each crack
tip is also plotted as a function of elapsed cycles as shown in
Fig. 8. The crack tip locations are plotted to scale, with large
black circles along the x axis representing the location and size
of each hole in the test panel. Hole identification numbers are
also given along the top of each diagram. Both predicted and
measured crack tip positions are plotted, with the experimental
data represented by open circles and the predictions shown by
solid lines. These diagrams show the individual crack growth
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curves and graphically demonstrate the effects cracks have on
each other. They also show when link-up occurred between
cracks, and when rapid growth rates began for individual
cracks. Since these latter curves yield more information than
the average crack growth curves, this format will be used for
the remainder of this article.

Figures 8 and 9 compare measured and predicted fatigue
crack growth curves for two of the type A specimens (those
with small MSD cracks at each open hole). These specimens
were similar in design except for a difference in the number
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of holes and hole spacing. Note that the numerical algorithm
tracks individual cracks quite well and gives a good estimate
for the total fatigue life.

Figures 10—13 show typical results for the type B speci-
mens, which contained large lead cracks along with various
numbers of small MSD cracks at the other holes. Figure 10
presents a lead crack case where all of the holes contained
MSD, and again, the analysis predicts growth of individual
cracks and total fatigue life quite well. Figures 11 and 12 are
lead crack cases where only two holes contained MSD (hole
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Fig. 12 Fatigue crack propagation diagram for type B specimen MSDO08. Note that holes 2, 3, 6, and 7 were not cracked initially.
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Fig. 15 Comparison of measured fatigue lives for similar type B
specimens showing reduction in fatigue life caused by degree of
MSD in holes adjacent to lead crack.

numbers 2 and 7 in Fig. 11, and holes 1 and 8 in Fig. 12).
Figure 13 presents the one test without MSD (only a lead crack
was present), and provides a convenient reference with which
to compare the effect of MSD. In Figs. 11-13, the crack ini-
tiation calculations described previously were employed to re-
start cracking once a lead crack grew into an uncracked hole.
Note that, in general, the strain-life approach to crack initiation
gives a good estimate of the life required for cracking to re-
sume at the unflawed side of a hole.

The measured and predicted fatigue lives for all 12 speci-
mens are compared in Fig. 14 and are recorded in Figs. 8—13.
The case A specimens (MSD cracking only) are represented
by circles in Fig. 14, and the case B cases (lead cracks with
full or partial MSD at the remaining holes) are given by dia-
monds. The solid symbols represent calculations that employed
the modified Kamei and Yokobori'® crack tip interaction factor
in the stress intensity factor analysis, while the open symbols
represent calculations that ignored crack tip interaction. Note
that the crack tip interaction calculations agree well with the
test results for all 12 cases examined, including both the com-
plete MSD cases (type A) as well as the lead crack plus full
or partial MSD specimens (type B). Ignoring crack tip inter-
action (open symbols), however, yields an unconservative cal-
culation for total specimen life in both cases.

Finally, Fig. 15 shows the degree to which MSD can reduce
the fatigue life for specimens that contain lead cracks (type
B). Here five specimens with similar lead crack sizes (2a =
3.3 cm = 1.3 in.) were subjected to the same cyclic stress (0,..x
= 4] MPa = 6 ksi). Specimen MSD11 only contained a lead

crack, with the remaining holes initially uncracked, and as ex-
pected gave the longest fatigue life. The remaining specimens
had full or partial MSD cracks at adjacent holes (average
length a = 2.5 mm = 0.1 in.). Specimens MSDO07 and MSDOS§
each contained pairs of precracked holes remote from the lead
crack. As shown in Figs. 11 and 12, these MSD holes were
separated by at least one uncracked hole between the lead
crack and the MSD location. The lives for these specimens
were reduced, but not substantially in comparison to the spec-
imen without multisite damage (MSD11). The other two tests
(MSD05 and MSD05b) contained initial MSD at all holes, and
have substantially shorter lives than the specimen without
MSD. Thus, extensive MSD can significantly lower fatigue
life, and the effect is the greatest when adjacent holes are
cracked.

Finally, it should be noted that this article has employed
linear elastic fracture mechanics concepts to analyze MSD
panels subjected to constant amplitude loading. In this regard,
it is assumed that crack tip plasticity is small, and fatigue crack
growth is controlled by the cyclic siress intensity factor as
shown in Fig. 2. While LEFM conditions are certainly violated
when the crack tips approach each other, resulting in large
plastic zones prior to crack coalescence, this occurs late in life,
when the cracks are growing rapidly, and has a relatively mi-
nor effect on total life. (Various techniques for analyzing the
large scale plasticity that occurs at fracture are discussed in
Ref. 7.) Another aspect of crack tip plasticity that could be
important in structural applications deals with variable ampli-
tude loading. If, for example, peak tensile overloads were ap-
plied, it is possible to obtain a delay in crack growth. While
many numerical models have been developed to analyze this
crack retardation phenomenon, it is not known how crack re-
tardation would be influenced by the presence of adjacent
(MSD) crack tips. Since the current work was restricted to
constant amplitude loading, variable amplitude considerations
are left to future research.

Summary and Conclusions

An experimental and numerical study has been conducted
on panels that contain a row of open holes subjected to various
degrees of multisite cracking. The following conclusions can
be drawn from the results and discussions of this investigation.
(Additional conclusions regarding the RS of MSD panels are
given in Refs. 6 and 7.)

1) The interaction of cracks significantly increases the rate
of crack growth and reduces the overall fatigue lives of panels
with extensive MSD, even when the MSD cracks are initially
small in length (approximately 1.2—2.5 mm = 0.05-0.10 in.).

2) The simplifying assumptions described here for the de-
terministic MSD analysis produce good estimates for crack
interaction, crack propagation, and the overall fatigue lives for
unstiffened, flat panels with MSD subjected to constant am-
plitude cyclic loading.

3) The strain-life analysis using Neuber’s and Miner’s rules
provides a good estimate of the initiation time required after
a crack has arrested at a hole in a panel with MSD subjected
to constant amplitude cyclic loading.

4) The Kamei and Yokobori AK solution for two coalescing
cracks' underestimates the effect of crack interaction in the
MSD fatigue testing of the type conducted in this research.
The empirically modified crack interaction correction factor
used in this analysis produces more accurate and acceptable
results for all configurations tested.
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