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Strength of Stiffened 2024-T3 Aluminum
Panels with Multiple Site Damage
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Wichita State University, Wichita, Kansas 67260-0044

Two modified linkup models were developed for determining the critical stress based on linkup (ligament failure)
0f2024-T3aluminum panels with multiple site damage. These models were developed for use with standard Military
Handbook for Metallic Materials and Elements for Aerospace Vehicle Structures (MIL-HDBK-5G) yield strength
values. For this investigation, ligament failure stresses predicted by these models are compared with test stresses
determined from a variety of stiffened panels including single-bay panels with the lead crack centered between
stiffeners and two-bay panels with the lead crack centered beneath a severed stiffener. The stresses predicted by
the modified linkup models correlate well with the test data. The results of this investigation should add to the
understanding of the extent to which nonlinear behavior can be modeled with simplified engineering models.

Nomenclature

a = lead crack half-length

a, = nominal lead crack half-length

c = multiple site damage (MSD) crack length

D = hole diameter

F., = collapse stress

L = half-length for MSD crack and hole, ¢ + D/2

L = ligament length

t = panel thickness

tg = stiffener thickness

W = panel width

Wy = stiffener width

Ba = correction to stress intensity of the lead crack, Bw B,/ Bs

Baje = correctionto stress intensity of the lead crack for the
effect of the adjacent MSD crack

B, = correctionto stress intensity of the adjacent MSD crack
for the effect of an open hole

B, = correction to stress intensity of the adjacent MSD crack,
ﬁé/uﬂb\/(c/z)

Bija = correction to stress intensity of the adjacent MSD crack
for the effect of the lead crack

Bs = stiffener correction to stress intensity of the lead crack

Bw = finite width correction to the stress intensity of the lead
crack, «/[sec(ma /w)]

o. = critical stress for ligament failure based on modified
linkup

ow = critical stress for ligament failure based on linkup
(coalescence of plastic zones), oy +/[2L/(ap? + ¢B})]

Oyt = critical stress for ligament failure obtained from testing

oy, = yieldstrength

Introduction

ATIGUE damage in the form of small-scale cracking, com-

monly referred to as multiple site damage (MSD), accumulates
in aging aircraft. Skin panels with major (lead) cracks exhibit a
loss in strength. However, panels with MSD in addition to major
cracks may exhibit a further loss in strength, especially panels of
ductile materials such as 2024-T3 aluminum. Until recently the ad-
ditional loss in strength caused by MSD was often ignored. In an
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attempt to explain this phenomenon, Swift! described an analytical
model commonly referred to as the linkup model or plastic-zone-
touch model. Many analytical models describing phenomenonsuch
as this are unwieldy and impractical for engineering application.
However, the linkup model is simple to use and is practical for en-
gineering practice. The linkup model clearly shows an additional
loss of strength from MSD, but it does not accurately predict the
magnitude of the loss for many geometric configurations.

A schematic of a panel with multiple site damage is shown in
Fig. 1. It has a central lead crack of length 2a and collinear MSD
cracks emerging from the adjacent holes. Although this diagram
is of a flat unstiffened panel with open holes, the linkup model is
formulated so that it may be used for panels with more complex
configurations, as long as the stress intensities of the lead crack tip
and the adjacent MSD crack tip can be determined. According to
the linkup phenomenon, the ligament L is assumed to fail when the
plastic zone of the lead crack touches the plastic zone of the adjacent
MSD crack. A value of the remote stress ¢ that produces ligament
failure from linkup (coalescence of plastic zones), and subsequent
crack extension, is given as follows':

2L
Oy = Oyg, | ——
MY ap? + 62

where oy, is the yield strength of the panel material. Equation (1) is
based on the Irwin representation of plastic zone size.

Several modifications of the linkup model have been developed
and reported in the literature, one by Broek? and more recently
by Ingram et al.®> of Lockheed Martin Corporation (LMC). These
models are, respectively,
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The Broek model?> [Eq. (2)] was developed from an empirical
analysis based on the test data from 20-in.-wide panels tested at
Foster-Miller, Inc* The collapse stress F,, was determined by
Broek? as 37.5 ksi for 2024-T3 material. The Broek model is not
a direct function of yield strength. The test database for this model
included only clad material, a single panel thickness of 0.04 in., and
loading in the long transverse (LT) grain direction (load perpendic-
ular to grain). The LMC model [Eq. (3)] was developed from an
empirical analysis based on test data from the Foster-Miller panels,
from 90-in.-widepanels tested by the National Institute of Standards
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Fig. 1 Schematic diagram of panel with MSD.

and Technology (NIST),? and from 24-in.-wide panels tested at Wi-
chita State University (WSU).® The LMC model was also based on
yield strength values for the panelsreported by Foster-Miller, NIST,
and WSU, rather than Military Handbook for Metallic Materials and
Elements for Aerospace Vehicle Structures (MIL-HDBK-5G) val-
ues. In another investigation, Kuang and Chen’ presented an anal-
ysis of ligament failure from MSD based on coalescence of plastic
zones determined from the narrow-strip Dugdale model. In that in-
vestigation, cases were examined resulting in an average absolute
difference of 9.67% between analytical and measured stresses.

Two modified linkup models were developed by Smith et al.®
froman empirical analysisbased on test data from 40 differentpanel
configurations. These panels were flat, unstiffened panels without
fastener loads. At Foster-Miller (see Ref. 4) 9 were tested, at NIST
(see Ref. 5) 9 were tested, and at WSU (see Ref. 6) 22 were tested.
Excellent results were obtained from these two modified linkup
models. These models, referred to as WSU linkup models 2 and 3
(WSU2 and WSU3), are easy to use and still give accurate results
for a large range of parametersincluding panel thickness and width,
lead crack length, MSD crack length, grain direction, and ligament
length. WSU2 and WSU3 models are, respectively,

Oys 2L/(a/33 + Z'Béz) On

c = == 4
DI GED  CDl+ Gy P

oy 2L/ (aB? + (B7) o
5)

7T Cilt@/D)] + (Ca+ 1) Calla(@/L)] + (Cs + 1)

The basic difference between these two modified linkup models
is that Eq. (5) model is a nondimensionalizedversion of the Eq. (4)
model. Both were developed through a similar empirical analysis.
The stresses given by Eqgs. (1-5) are in kilopounds per square inch,
andthe ligamentlengthsand half-cracklengthsare ininches. The an-
alyticalmodels givenin Egs. (4) and (5) were developedfor use with
A-basis or B-basis yield strength values from MIL-HDBK-5G be-
cause these are the values of yield strength that practicingengineers
in the aerospaceindustry would most likely use. When A-basis yield
strength values are used in Eq. (4), the coefficients are C; = 0.3065
and C, =0.3123. For the B-basis yield strength values, the coeffi-
cients are C; =0.3054 and C, =0.3502. When A-basis values are
used in Eq. (5), the coefficients are C; = —0.1806 and C, = 0.4791,
and for the B-basis development, the coefficients are C; = —0.1813

and C,=0.5193. An earlier paper® had slightly different coeffi-
cients because of several incorrect values of yield strength taken
from MIL-HDBK-5G. The coefficients were corrected in Ref. 6 as
well as this paper even though the results are only slightly differ-
ent. The complete details of the development of Egs. (4) and (5)
are given in Ref. 6 and are not repeated here. Also, in Ref. 6, the
critical stresses were determined from Egs. (1-6) and compared for
40 different cases.

The primary purpose of the work described herein was to validate
the analytical models given in Eqgs. (4) and (5) with test data from
stiffened panels. Two different basic stiffened panel configurations
have been investigated. One configuration is a single-bay stiffened
panel with MSD at open holes in addition to a lead crack centered
between stiffeners (Fig. 2). The other configuration is a two-bay
stiffened panel with MSD at open holes in addition to a lead crack
centered below a simulated broken central stiffener (Fig. 3). The
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Fig. 3 Two-bay stiffened panel.
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results of this investigation should add to the understanding of the
extentto which nonlinearbehavior can be described through the use
of simplified engineering models.

Geometric Corrections to Stress Intensity

The corrections to stress intensity of the lead crack and the adja-
cent MSD crack are

Ba = BwBayeBs 6)
Be = BeraBoy/c/t (7

where 8,/ and B, represent the effects of collinear adjacent crack
tips on each other” and By is the finite width correction given by
the square root of sec(wra/w). The term B, accounts for the effect
of the hole on the MSD crack tip'® given by the following equation:

015 n 3.46 _ 4.47 3.52
14+2¢/D (1+42c/D)*> (1+42c/D)®> (1+2c/D)*
®)

The term By is the correction to the stress intensity of the lead crack
for the effect of stiffeners. For the case of the single-bay panel with
the lead crack centered between the two stiffenersas shownin Fig. 2,
the quantity S5 was determined from the work of Poe!! and verified
by the use of the FRANC2D/L software.'> The FRANC2D/L soft-
ware was also used to determine the effect of the stiffeners on the
adjacent MSD crack. However, it was found to have little effect on
the resulting linkup stress because the a(f,)? term is very dominant
over the £(B,)? term. Subsequently, the stiffenereffects on the adja-
cent MSD cracks were not included for either of the stiffened panel
models investigated. For the case of the two-bay panel with the sev-
ered stiffener shown in Fig. 3, Bs was determined from a special

By =1

Table 1 Panel configuration

computer program developed at Cessna Aircraft Corporation based
on the methodology and procedures developed by Swift.'?

Experimental Setup and Test Data

A servo-hydraulic testing machine was used to determine the
linkup stress for 21 single-bay panel configurations and for 15 two-
bay panel configurations. Figure 2 shows the plan view and cross-
sectional view of a single bay panel, whereas Fig. 3 shows the two-
bay panel. The lead crack in the single-baypanelis centered between
stiffeners, whereas the lead crack in the two-bay panels is centered
beneath a simulated severed stiffener. In both cases, MSD cracks
emerge from both sides of open holes adjacent to the lead crack.
All of the 2024-T3 clad panels are 24 in. wide, and all but one is
0.063 in. thick. The open holes along the crack line are 0.25 in. in
diameter with a pitch of 1.0 in.

The bay width in the single-bay panelsis 12 in. and it is 8 in. in
the two-bay panels. The stiffeners are rectangular in cross section
and are on both sides of the panel. Stiffeners are fastened to the
panels with 0.25-in.-diamsteel bolts with a pitch of 1.0 in. Midspan
fixtures, not shown in the figures, were used to prevent buckling
along the crack line, and heavy fixtures were used at each end to
help distribute the load evenly across the width. Panel and stiffener
details are given in Table 1, where the first 21 panels are the single-
bay panels and the last 15 (panel numbers 22-36) are the two-bay
panels. The remote stresses producing linkup, o, are given in
both Tables 2 and 3. These stresses may be converted into loads
by multiplying them by the appropriate gross cross-sectional areas
(total area of panel plus stiffeners). Stroke control was used at a rate
of 0.01 in./min.

The manufactured MSD cracks were produced either by
electrodischarge-machine (EDM) or by a jeweler’s saw. The EDM

Table2 Stresses based on A-basis yield strengths

Oys,
Panel Crack Ws, Load Panel A-basis, Owst, O, 0cwsu2 Ocwsuz Linkup WSU2 WSU3
no. t,in. type a,in. c¢,in. L,in. in. tg,in. direction no. ksi ksi  ksi ksi ksi % error % error % error
1 0.063 EDM 4.675 0.05 0.15 1.05 031 LT 1 40.0 10.60 7.91 10.82 9.22 2543 2.04 13.08
2 0.063 EDM 4.575 0.05 025 1.05 031 LT 2 40.0 12.61 11.18 12.60 11.72 11.33 0.08 7.07
3 0.063 EDM 4475 0.05 035 1.05 031 LT 3 40.0 1449 1391 14.05 13.66 4.00 3.08 5.78
4 0.063 EDM 4.275 0.15 045 1.05 031 LT 4 40.0 13.84 15.64 14.65 1458 1299 5.84 5.35
5 0.063 EDM 4.225 0.10 055 1.05 031 LT 5 40.0 16.05 18.14 16.06 16.33 13.02 0.10 1.74
6 0.063 EDM 4.175 0.05 0.65 1.05 031 LT 6 40.0 17.72 20.58 17.44 18.00 16.14 1.60 1.59
7 0.063 EDM 5.675 0.05 0.15 1.05 031 LT 7 40.0 10.83 8.02 10.97 9.75 2596 1.31 10.03
8 0.063 EDM 5575 0.05 025 1.05 031 LT 8 40.0 12.86 11.25 12.68 1225 1256 146 479
9 0.063 EDM 5475 0.05 035 1.05 031 LT 9 40.0 14.08 13.80 13.94 14.05 1.94 1.00 0.19
10 0.063 EDM 5.275 0.15 045 1.05 031 LT 10 40.0 13.96 15.06 14.11 14.56 7.90 1.07 4.30
11 0.063 EDM 5.225 0.10 055 1.05 031 LT 11 40.0 16.34 17.36 15.38  16.19 6.28 5.87 0.91
12 0.063 EDM 5.175 0.05 0.65 1.05 031 LT 12 40.0 18.54 19.64 16.64 17.78 592 1026 4.10
13 0.063 Saw 4.475 0.05 035 1.00 0.50 L 13 45.0 15.53 1597 16.12 15.67 2.83 3.81 0.93
14 0.063 Saw 4275 0.15 045 094 0.50 L 14 450 1575 17.84 16.71 16.63 13.28 6.11 5.62
15 0.063 Saw 4.225 0.10 0.55 094 0.50 L 15 45.0 17.39 20.70 18.33 18.63 19.02 5.41 7.14
16 0.063 Saw 4.175 0.05 0.65 0.94 0.50 L 16 45.0 18.97 23.53 1993 20.58 24.03 5.09 8.49
17 0.063 Saw 5.675 0.05 0.15 1.00 0.50 L 17 450 11.82 9.44 1292 1147 20.16 9.24 2.98
18 0.063 Saw 5275 0.15 045 094 0.0 L 18 450 16.54 17.36 1627 16.78 5.00 1.64 1.49
19 0.063 Saw 5.225 0.10 055 1.00 0.50 L 19 45.0 17.4520.09 17.79 18.73 15.11 1.95 7.32
20 0.063 Saw 5.175 0.05 065 1.00 0.50 L 20 45.0 2021 2271 19.24 20.56 1233 4.83 1.71
21 0.040 Saw 3225 0.10 055 1.05 0.31 L 21 45.0 18.96 23.08 20.44 1990 21.71 7.79 4.95
22 0.063 EDM 4.225 0.10 0.55 1.05 0.3l LT 22 40.0 11.68 13.89 12.30 12.51 1893 533 7.06
23 0.063 EDM 4.275 0.15 045 1.05 031 LT 23 40.0 10.28 12.10 11.33 11.28 17.74 10.29 9.78
24 0.063 EDM 4325 020 035 1.05 0.3l LT 24 40.0 8.51 10.14 10.24 9.89 1921 2035 16.30
25 0.063 EDM 5.225 0.10 055 1.05 031 LT 25 40.0 11.00 12.60 11.16 11.75 14.56 1.47 6.82
26 0.063 Saw 5275 0.15 045 1.05 0.31 LT 26 40.0 9.84 10.99 10.30 10.62 11.75 4.68 8.02
27 0.063 EDM 5325 020 035 1.05 031 LT 27 40.0 823 9.22 931 9.34 1208 13.15 13.50
28 0.063 EDM 6.225 0.10 055 1.05 031 LT 28 40.0 1048 11.58 10.26 11.13 10.53 2.10 6.19
29 0.063 EDM 6.275 0.15 045 1.05 031 LT 29 40.0 9.27 10.10 9.47 10.07 9.04 2.14 8.69
30 0.063 Saw 6.325 020 035 1.05 0.31 LT 30 40.0 7.94 8.48 8.56 8.87 6.89 791 11.77
31 0.063 EDM 7.225 0.10 055 1.05 031 LT 31 40.0 9.97 1096 9.70  10.81 9.90 2.66 8.38
32 0.063 EDM 7.275 0.15 045 1.05 031 LT 32 40.0 8.84 9.59 898 9.82 8.43 1.57 11.04
33 0.063 EDM 7325 020 035 1.05 031 LT 33 40.0 7.52 8.07 8.15 8.68 7.24 826 15.33
34 0.063 Saw 4.225 0.10 055 1.05 0.31 L 34 45.0 14.07 15.63 13.84 14.07 11.10 1.60 0.01
35 0.063 Saw 5.225 0.10 055 1.05 0.31 L 35 45.0 12.22 14.18 12.56 1322 16.08 2.81 8.23
36 0.063 Saw 6.225 0.10 055 1.05 0.31 L 36 450 1194 13.03 11.54 12.52 9.12 336 483




Table 3 Stresses based on B-basis yield strengths

SMITH ET AL.

Oys,
Panel B-basis, Otests  Olu, O¢,WSU2 O¢ WSU3 Lillkl]p WSU2 WwWSU3
no. ksi ksi ksi ksi ksi % error % error % error
1 42.0 10.60 8.30 10.77 9.27 21.70 1.58 12.59
2 42.0 12.61 11.74 12.67 11.83 6.90 0.45 6.17
3 42.0 14.49 14.61 14.19 13.82 0.80 2.10 4.66
4 42.0 13.84 1642 1484 14.78 18.64 7.24 6.78
5 42.0 16.05 19.04 16.31 16.57 18.67 1.63 3.22
6 42.0 17.72 21.61 17.73 18.28 2195 0.07 3.16
7 42.0 10.83 8.42 10.92 9.79 22.26 0.85 9.67
8 42.0 12.86 11.81 12.74 12.35 8.18 0.94 4.00
9 42.0 14.08 14.49 14.08 14.20 2.96 0.01 0.87
10 42.0 1396 15.81 1429 14.74 13.30 2.41 5.59
11 42.0 16.34 18.23 15.62 16.41 11.59 4.43 0.43
12 42.0 18.54 20.62 1692 18.04 11.21 8.74 2.71
13 47.0 15.53 16.67 1620 15.77 7.40 4.32 1.58
14 47.0 15.75 18.63 16.84 16.77 18.32 6.94 6.48
15 47.0 17.39 21.62 18.52 18.81 24.31 6.46 8.13
16 47.0 18.97 24.57 20.16 20.79 29.54 6.30 9.59
17 47.0 11.82 9.86 12.79 11.46 16.61 8.18 3.11
18 47.0 16.54 18.14 16.39 16.90 9.67 0.87 2.20
19 47.0 17.45 2098 1797 18.88 20.22 2.96 8.20
20 47.0 20.21 23.72 1946 20.75 17.32 3.73 2.63
21 47.0 18.96 24.11 20.64 20.11 27.12 8.87 6.05
22 42.0 11.68 1459 1249 12.69 24.88 6.95 8.62
23 42.0 10.28 12.70 1148 11.43 23.63 11.74 11.26
24 42.0 8.51 10.65 10.34 10.01 25.17 2158 17.70
25 42.0 11.00 13.24 11.34 1191 20.29 3.02 8.26
26 42.0 9.84 11.54 1043 10.76 17.34 6.06 9.36
27 42.0 8.23 9.68 9.40 9.44 17.68 14.30 14.73
28 42.0 1048 12.16 1042 11.27 16.06 0.60 7.52
29 42.0 9.27 10.61 9.59 10.19 14.49 3.49 9.92
30 42.0 7.94 891 8.65 8.96 12.24 9.01 12.85
31 42.0 997 11.50  9.85 10.93  15.39 1.17 9.65
32 42.0 8.84 10.07 9.10 9.92 13.85 291 12.20
33 42.0 7.52 847 823 8.75 12.60 937 16.33
34 47.0 14.07 16.32 1398 1420 16.03 0.62 0.93
35 47.0 12.22 14.81 12.68 13.33 21.24 3.83 9.11
36 47.0 1194 13.61 11.66 12.61 13.97 2.39 5.58

767

els of Egs. (4) and (5) are 4.65 and 6.54%, respectively. When using
B-basis values, the error for the linkup model of Eq. (1) is 16.49%,
whereas the errors for the WSU2 and WSU3 models are 4.89 and
7.27%, respectively.

Figures 4-9 provide graphic representations of these results.
Figures 4-9 compare the test stresses with the stresses predicted
by one of the analytical models. In Figs. 4-9, the ideal situation
would be for all of the points to fall on the 45-deg line. An x is
used for the one-bay stiffened panels and a circle is used for the
two-bay panels. It is apparent that the two modified linkup models
give significantly better results than the original linkup model. For
the configurations considered herein, given in Table 1, the critical

25

cracks were produced with a 0.004-in.-diam wire resulting in actual
crack widths of 0.005 in., whereas the cracks produced with the
jeweler’s saw were approximately 0.007 in. in width. When EDM
cracks were used, it was only necessary to test one panel per config-
uration because of the consistencyin results. However, when cracks
were produced by a jeweler’s saw, it was necessary to test several
panels per configuration because the results were not as consistent.
For those configurations where duplicate panels were tested, each
test value given in Tables 2 and 3 represents the average value.

Asnotedin Ref. 6, there was some concernabout the use of crack
tips produced by EDM or saw cut for obtaining reliable results for
residual strength tests, as compared with fatigue sharpened crack
tips. Dawicke et al.'* showed a significant difference in the results
between using these two types of crack tips. However, Heinimann!®
and Secton'® concluded that narrow EDM slots, such as those used
inthisinvestigation,provideda suitablemethodforresidualstrength
tests requiring consistent initial configurations.

Results

The remote stresses producing linkup determined from Egs. (1),
(4), and (5) and based on A-basis yield strength values are given
in Table 2. Table 3 has the corresponding stresses for B-basis yield
strength values. The first 21 panels are the one-bay panels with the
lead crack centered between stiffeners, as shown in Fig. 2. The last
15 panels are the two-bay panels with the lead crack centered under
a severed stiffener, as shown in Fig. 3. Tables 1 and 2 also give
the errors between the analytical models and the test values. Error
is defined as the absolute value of the percent difference between
the test value and the analytical model. When using A-basis yield
strength values, the average error between the stresses predicted by
the linkup model of Eq. (1) and the test values for the 36 stiffened
panelsis 12.76%, whereas the error for the WSU2 and WSU3 mod-
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stresses based on coalescence of plastic zones were lower than the
critical stresses corresponding to yielding of the net section.

Conclusions

Two modified linkup models have been developed from test data
for flat unstiffened open-hole panels. One of these is a nondimen-
sionalized version of the other. Both are functions of yield strength
and have been developed for use with A-basis or B-basis yield
strength values. The results of both models have been compared
with test data from 36 stiffened panels including 21 one-bay pan-
els with different crack configurations and 15 two-bay panels with
different crack configurations. Based on this comparison, the two

modified linkup models are significantly more accurate than the
original linkup model. All of the 36 panels have the same overall
dimensions, and all but one have the same thickness. However, lead
crack lengths and MSD crack lengths vary over a wide range, some
panels were loaded in the LT grain direction whereas others were
loadedin the L direction,and panels were obtained from several dif-
ferentlots. These modified models were developed from a database
containing both bare and clad 2024-T3 aluminum; however, the 36
stiffened panels tested in this project were clad.

The development of these modified linkup models was based on
test data for a simple configuration (flat, unstiffened,open-holepan-
els). However, the results presented herein support the idea that they
may be successfully used for panels with more complex configura-
tion provided that stress intensity factors for the lead crack and the
adjacent MSD crack can be determined. The results also indicate
some success in representing nonlinear behavior with simplified
engineering models.
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