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SECTION I

INTRODUCTION AND OBJECTIVES

For design of damage tolerant aircraft, it is necessary to perform fatigue
crack-growth calculations of complex mechanically fastened structure containing
designated preexisting cracks. The initial crack conditions designated in
Reference 1 for cracks at fastener holes are a 1.3 mm (0.050 in.) fatigue-induced
quarter-circular corner crack at the edge of the most critical hole, in all
members joined by the common fastener, and 0.13 mm (0.005 in.) fatigue-induced
quarter-circular corner cracks (continuing damage flaws) at all other hole

locations.

A comprehensive experimental and analytical program was conducted to study
the effects of varying the multiplicity and location of these small initial
flaws in mechanically-fastened metallic structure. The crack path, growth
rates, arrest times, and failure sequence were observed as they varied with
initial crack condition. 7075-T6 Aluminum sheet, plate and extrusion were
used on all tests. A total of 68 precracked structural specimens were fatigue

tested to failure.

Crack growth predictions were made prior to testing these structural speci-
mens using specific baseline da/dN data and stress intensity factors estimated
from existing solutions by the method of compounding. Likewise the reinitiali-
zation time of a crack arrested at a fastener hole was predicted from fatigue
baseline data and stress severity factors (\) estimated by the compounding of

known stress concentration factor (kt) solutions.

This volume presents a summary of the overall test program and analysis

performed as well as significant results obtained from the program.



SECTION II

SUMMARY OF TESTS

The test program consisted of two phases. Each phase included baseline
testing, tests of precracked joints, and tests of precracked stringer-
reinforced structure. Joints representative of chordwise splices and
stiffened skins representative of wing structure were sufficiently diverse to
meet the overall program objectives. The baseline testing in each phase was
performed to support the analysis and testing methodology for the structural
tests. Phase I tests consisted of constant amplitude fatigue tests designed
to investigate the effect of the primary variables of interest: initial flaw
locations, initial flaw multiplicity, continuing damage assumptions, and struc-
tural arrangement. Phase II tests were used to answer questions raised by the
Phase I tests and to check that conclusions derived from the Phase I tests
were valid for spectrum loading and for configurations of increasing complexity.
All tests were used to assess the crack growth prediction methodology that would
be used to comply with Reference 1. A crack growth analysis was performed for

each Phase I test prior to the test results being available to the analyst.

1. PHASE I TESTS

Eighteen precracked chordwise splice specimens made from 7075-T6 Aluminum
were tested in Phase I. The specimen configurations, shown in Figures 1 and
2, include two double-lap shear joints of different thicknesses and a single-lap
shear joint. Steel Hi-lok fasteners with a large enough diameter to be bearing
critical were used. Protruding-head fasteners were selected for the double-lap
shear joints to simulate internal structure, whereas flush-head fasteners were
selected for the single-lap shear joints to simulate external structure. The

fastener spacing was 4 diameters, typifying standard design practice.
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This series of tests was conducted to demonstrate the difference in crack
growth life for four different initial damage conditions. These four condi-
tions, shown in Figures 1 and 2 are:

A. Multiple 0.050-inch quarter-circular corner cracks (one in each member)

at one fastener hole, simulated 0.005-inch continuing damage flaws at
other critical fastener holes, and all fasteners clearance fit (Cl)

with no beneficial clamp up (finger-tight). This simulates the require-
ments of Reference 1.

B. Same as A except no continuing damage flaws.

C. Same as B except for fastening method used in unflawed holes. Standard
fastener interference (Pl) and standard clamp-up are used in all
unflawed holes. The fastener at the precracked hole is Cl1 fit and
finger-tight.

D. Same as C except initial flaw is in one member only.

Note in Figures 1 and 2 that all initial flaws were induced at the faying sur-
faces rather than at the external surfaces, since peak stresses associated with

fastener load transfer tend to be highest at the faying surface.
The 0.050 inch initial flaws were made as follows:
e Drilled a small hole at the right of the 0.050-inch crack location
® Made a starter notch with a razor blade
® Cycled the specimen to produce a fatigue crack of the desired length

e Drilled the hole of the proper diameter to leave a 0.050-inch quarter-
circular flaw. The shape of the flaw made in this manner was fairly
close to quarter-circular.

The continuing damage flaws were made 0.020 inch long with a sharp razor

blade rather than fatigue induced 0.005 inch cracks. This was done because

it was not feasible to fatigue-induce a controlled precrack at more than one
fastener hole per structural member. Test results for various specimens and
loading conditions shown in Figure 3 demonstrate that the crack growth period
from a 0.020 inch razor flaw to failure is equivalent to the growth period from

a 0.005 inch fatigue crack to failure.

The tests in Phase I included three configurations of stringer-reinforced

test specimens. All the stringer-reinforced specimens tested were derived
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from the basic 18 inch-wide two-bay configuration which was tested in Phase II.
Photographs of the two-bay specimen are shown in Figure 4. For the edge-
stiffened specimen (Type 4.9), the center tee is not present. The tee-stiffened
specimens (Types 4.8-1 and 4.8-3) had no angles at the edges and the grip areas
tapered out to 24 inches. In specimen type 4.8-1 the skin under the tee was
continuous, whereas in the two-bay panels and specimen type 4.8-3 the skin under

the tee was split.

All stringer-reinforced test specimens had an overall nominal length of
44.5 or 47.5 inches and were 18 inches wide in the test section. Specimen
type 4.8-1 consisted of a 0.188 inch sheet with a central tee stringer. Speci-
men type 4.8-3 consisted of two 0.188-inch sheets spliced together longitudinally
across the base of a 0.188 inch-thick tee stringer. Specimen type 4.9 con-
sisted of a 0.188 inch sheet with a 0.25 inch-thick angle stringer on each
edge to simulate a spar cap on a wing, and a 3.25 inch-wide strip of 0.188 inch
sheet attached to the protruding leg of each angle to simulate a portion of the

shear web.

Twelve each of specimen types 4.8-1, 4.8-3, and 4.9 were tested in Phase I
for a total of 36 Phase I stringer-reinforced specimens. The Phase I test plan
for these specimens is summarized in Table 1. There are two basic flaw loca-
tions identified for each specimen configuration. The inside crack faces the
center of the panel; the outside crack faces the panel edge. There are three
levels of flaw multiplicity: single crack, double crack, and double crack
with continuing damage flaws. Note that there are two more single initial
crack cases for the edge-stringer specimens than for the tee-reinforced
specimens, and two fewer replications of double initial flaw cases. This
reflects a change made during the program because the single initial damage
cases were found to have provided some of the more interesting test data for
the center-stringer specimens. In addition, test scatter was low for
this type of specimen, limiting the need for replication. Fastener 1, in the
precracked hole, is always a clearance-fit, untorqued steel Hi-lok fastener,
and the remote fasteners in all other rows are standard rivets or interference-
fit Hi-loks. However, Fastener 2, in the hole adjacent to the initial crack,
is either like Fastener 1 (for double initial crack cases with or without con-
tinuing damage flaws) or like the remote fasteners (for single or double

initial crack cases without continuing damage flaws).
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Clearance-fit steel Hi-lok fasteners were used in the flawed holes.
Fasteners in the six rows nearest the center fo the specimens were selected
to be representative of standard design practice for each configuration. Thus
interference-fit steel flush-head fasteners were used where the specimen simu-
lates a skin-to-skin splice (Specimen type 4.8-3) or skin-to-web splice (Speci-
men type 4.9), whereas flush-head aluminum rivets were used where there was no
splice (4.8-1 type specimen). Protruding head fasteners were used at the
remaining locations between grips because these fasteners have good fatigue
characteristics, are easy to install and are sufficiently removed from the

test section so as not to influence the crack growth results.

Doublers were bonded to each end of the specimens to provide a gradual
transition from the test section to the end grips without introducing appreci-
able bending stresses. The specimens were also necked down so that the com—
bined bending and axial stresses in the transition sections were less than in
the test section. To further minimize the possibility of fatigue failures in
the grip area, clamp-type end attachments were used. The tee stringer was
tapered down in the grip area, so that only its base projected into the grip
area. This resulted in induced bending stresses. The edge stringers, being
of greater cross section, were directly picked up by the grips through pairs
of aluminum channels clamped to the protruding legs of the angles and the

simulated shear webs.

The 0.050 inch fatigue-induced flaws in the plate (skin) members were made
using the same procedure as for the joint specimens. For the extrusion members
fatigue cracks were induced using either tension loading (tee members) or pin
loading at the flaw location (angle members). It was not feasible to apply
bending stresses of the proper magnitude at the flaw location without inducing
compressive yielding at the top of the vertical leg of the angle or tee member.
The size of the initial flaw for both angles and tees was larger on the hole
surface than along the skin surface. Also, the crack surface was oriented at
a slight angle to the plane perpendicular to the longitudinal axis of the

specimen.

The Phase I specimens were fatigue tested in a 200-kip MTS machine with
a controlled laboratory air environment (69° - 75°F, 30 - 50% RH). Axial
loads were applied to pin end attachments bolted to the specimens. The speci-

mens were cyclically loaded until complete failure occurred. A maximum stress

10



of 17 ksi and a stress ratio of 0.1 was used in all cases. Intermittently,
blocks of marking cycles were applied to the first few joint specimens at

Smax = 17 ksi and R = 0.82. However, the marking cycles did not mark the
fracture surface successfully, and the process was abandoned for the remainder

of the joint tests.

Each of the two-bay and edge-stringer specimens was loaded by means of
steel plates that clamped to the skin, and pairs of aluminum channels that
clamped through the simulated shear web and oﬁtstanding leg of the angle. By
directly picking up the stringers in this manner, the out-of-plane bending was
somewhat alleviated. Two large beams spanning the columns of the MTS machine
were connected through flexures to a double rectangular frame which clamped
directly onto the specimen. According to the strain gage readings, little
transverse bending occurred in the Phase II two-bay specimens. Some bending
occurred in the edge stringer specimens; however, the distribution of stress
through the thickness was typical of the stress distribution in aircraft wing

structure.

2. PHASE II TESTS

The Phase II test program included fourteen flight simulation spectrum
tests as shown in Table 2. The purpose of the spectrum testing was to estab-
lish the extent to which structural effects and load history effects can be
considered independently in crack growth analysis of complex structure. In
addition to the baseline tests, there were duplicate tests for each of the

structural configurationms.

The test spectrum was 80-flight random cycle sequence that simulated the
lower wing surface loads in the spanwise direction, excluding compression, for
a typical fighter aircraft during a pilot training course. The largest load
factor, 7.2, which occurs in flight number 39, is the reference load factor
for the sequence. Most of the tests were conducted at a reference stress of
30 ksi, which is a typical design stress at limit load for 7000 series aluminum
alloys. The application of the reference load tended to visibly mark the
fracture surface, thus providing a history of the crack front shape and (by
the spacing of the marks) crack growth rate for cracks hidden within the

structure.

To clarify the role of fastener head type on the reinitiation time of a
crack arrested at a fully-torqued, interference-fit Hi-lok fastener, two of

11
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the single lap joint specimens (4.7-7 and 4.7-8, Table 2) were fabricated and
constant amplitude tested identically to Specimen 4.7-6 (Figure 2), except that
protruding head rather than flush head Hi-lok fasteners were used. For similar
reasons, two of the single lap joint specimens shown in Table 2 with flush head
and two with protruding head fasteners were spectrum tested using the 80-flight
spectrum discussed above. The two-bay tests included specimen geometries and
precrack geometries identical to two of the split-skin tee specimens tested
except for the addition of edge stiffeners and simulated shear web strips, and
geometries identical to two of the edge-stringer specimens except for the addi-
tion of a central tee stiffener and the split in the skin. As such, they are
excellent tests for evaluating the effects of increased structural complexity.
In addition, a lower stress level (12 ksi as opposed to 17 ksi) was used on
half of the two-bay tests to investigate the effect of stress level on the crack
growth behavior and to insure that multistringer interaction effects would be

present.

The Phase II tests were conducted as discussed above under Phase I tests.
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SECTION III

SUMMARY OF ANALYSIS

Fatigue crack growth analyses were performed for all the initially flawed
specimens prior to testing. The method of analysis consisted of the steps
shown in Figure 5. Baseline crack growth rate data (da/dN vs K) was obtained
from test data for the appropriate material, loading, and environment as shown
in Figure 6. The crack length and the stress intensity factor (K vs a) curve
for the geometry of the cracked structural member was obtained from available or
derived solutions. By combining these two and integrating dN/da, predictions
were made of the number of cycles required to reach a defined crack length "a."
A limitation on this analysis procedure is that inelastic deformations must be

limited to the immediate crack tip neighborhood (small-scale yielding).

In mechanically fastened structure the problem of crack growth prediction
requires additional considerations. As the crack grows, the fastener loads
will, in general, change. This change could be important since the fastener
load distribution affects the magnitude of the stress intensity factor.
Furthermore, the propagating crack may be arrested at a fastener hole or free
edge. If no flaw is present at the opposite side of the arresting hole, then

crack reinitiation time must be predicted.

The phenomenon of crack arrest and reinitiation was studied in Reference 2.
It was found that the reinitiation time of a crack arrested at an unflawed empty
hole can be estimated using fatigue data from center-notched (unflawed) coupons.
This begins by estimating the stress concentration factor kt for the long
notch created by the arrested crack. Then by matching both the peak elastic
stress (ktS) and the notch radius with those of the baseline fatigue coupon,
the crack initiation times also match. The results of the baseline fatigue

tests, plotted in Figure 7, show that the data fits a linear relationship
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between ktsmax and N in log-log space. This relationship was used for
predicting the crack reinitiation times at unflawed notches in the various

test specimens.

The stress severity factor (SSF) concept (Reference 3) was used to account
for the effect of fastener load transfer in predicting crack reinitiation at
fastener hole locations. The stress severity factor is equivalent to a kt value
which accounts for hole quality and hole size (@), fastener types and fastener
fit (B), and fastener rotation and deflection (6). The values of @ and B were
determined empirically using baseline fastener fatigue specimens. The values
of were derived from the results of finite element analyses. For prediction
of crack reinitiation times, the value of SSF replaces the value of kt in the

equation given on Figure 7.

Crack reinitiation times had to be predicted for cases where one end of
the crack was growing while the other end of the crack was arrested at a
fastener hole. In this case there is a continuous change in the stress
severity factor for the initiating crack. Therefore the damage rate at the

hole changes, and it was necessary to do a linear cumulative damage analysis.

The baseline fatigue data provided a relationship between damage rate
dD/dt (equal to inverse fatigue life, 1/N) and the stress severity factor.
Equations were derived to obtain the stress severity factors as a function of
crack length. The results of the crack growth computation for the growing
crack provided crack length as a function of time. Combining these three, the
damage rate was expressed as a function of time. Integration then resulted in
the required estimate of the number of load cycles Ni required to accumulate
sufficient damage Di on the uncracked side of the hole to form a fracture

mechanics crack; viz.,

1
dD _
[o -a-E dt = Di (1)
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A crack of about 0.050 inch was assumed to be a fracture mechanics crack
(i.e., one whose growth was estimated using linear elastic fracture mechanics
methods). The baseline data that formed a basis for estimating damage rate
was from coupons which cracked beyond 0.050-inch and failed completely when the
damage was 1.0. Back-calculating crack growth in some of these coupons showed
that typically a 0.050-inch crack is formed at about 85 percent of the observed
specimen failure life. Therefore a 0.050-inch crack is assumed to be initiated
when Di = 0.85. Thereafter a da/dN analysis was applied to the initiated crack,

using baseline da/dN data and the appropriate stress intensity equations.

Finite element analyses were used to determine the fastener loads in the
structural joint specimens. The fastener load at the flaw origin is of parti-
cular interest because it most strongly affects the early growth of the crack.
Regardless of crack length, this load is zero in the stringer-reinforced panels
because the crack plane is a plane of symmetry. However, it is nonzero in the

structural joint specimens, and can vary with crack size.

The distribution of fastener loads in a damaged joint is influenced by
the extent of damage and by transverse bending deformations of both the
fasteners and the joint. Since the cracking and the bending occur in different

planes, the structural analysis of such joints is a three-dimensional problem.

By the approach employed here, approximate solutions for the fastener
load distribution were obtained for various assumed damage conditions. Two

different types of two-dimensional finite element analysis were conducted.

In the first type of analysis the two-dimensional model corresponds to
a view of the joint, where the stretching and transverse bending of the joint
and all the deformations of the fasteners can be viewed. From this profile
view the widthwise details of the specimen, including the crack length itself,
cannot be modeled. However, the two-dimensional finite element model corres-
ponding to this profile view can be used to obtain effective fastener stiffnesses
for the second analysis model. Those effective stiffness values are intended

to account for the transverse deformations of the fastener and the joint itself.
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In the second type of analysis, the two-dimensional model corresponds to a
top view of the joint. From this view the (through-the-thickness) crack was
visible and all of the fasteners were modeled separately. Each fastener was
assigned an effective stiffness value as obtained from the first analysis.

The crack length was selected and the fastener loads were calculated using the
NASTRAN System.,
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SECTION IV

SUMMARY OF RESULTS

1s PHASE I RESULTS

Figure 8 shows the effect of continuing damage flaws on total life of the
Phase I specimens. The continuing damage site located in the same hole as the
primary 0.050-inch crack, but diametrically opposite, was the most critical
location for continuing damage. If continuing damage flaws are not placed
there, they will usually initiate there as an early step in the failure sequence.
The presence of continuing damage flaws had very little effect on the crack
growth lives of the double-lap joints, single-lap joints, or tee-reinforced
continuous-skin specimens with initial cracks located "inside" (see sketch in
figure). However, none of these had a continuing damage flaw at the most
critical location. Conversely, there were continuing damage flaws at this
critical location in the tee-reinforced, continuous-skin specimens with outside
cracks and in the spanwise splice specimens. The presence of these flaws led

to significantly shorter crack growth lives.

The effect of continuing damage flaws for the edge stiffened specimens in
Figure 8 does not appear to affect the crack growth life significantly. This
is understandable for Specimens 4.9-7 and 4.9-8 since the skin crack was the
critical location determining life. The continuing damage flaws in the angle
member affect the later growth rate of the angle flaw which in turn affected
the growth rate of the critical skin crack. However, the secondary effect on
the growth of the skin crack occurred near the end of the life so it had little
everall effect on total life.

The results of Specimen 4.9-2 seem to be contrary to the conclusion that
continuing damage flaws opposite the critical initial flaw location will signi-

ficantly shorten the crack growth life. For reasons that seem not to be
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relevant to the flaw locations, the main skin crack in Specimen 4.,9-2 grew
slowly and took about 3000 cycles longer to arrest at the edge as the first
step toward failure. This counterbalanced any effect of the continuing damage

flaws.

MIL-A-83444 requires that fasteners should be considered to be clearance-
fit and untorqued; that is, no benefits of clamp-up and interference can be
included in the crack growth analysis, either for the primary fastener (site

of the 0.050-inch cracks) or for the secondary fasteners.

Figure 9 compares crack growth lives for specimens with lightly torqued,
clearance-fit secondary fasteners and otherwise identical specimens with
secondary fasteners installed by standard methods. In the joints, the crack
growth lives were greatly enhanced when the standard interference fit and
torque were applied to all secondary fasteners. Crack growth rates were
slower, but more notably, the cracks were arrested for very long times at the
two fully torqued, interference fit fasteners on either side of the crack-
orgin fastener. The long arrest times were attributed primarily to fastener
torque, which created substantial frictional forces between the fastener head
or collar and the cracked piece. These friction forces reduced the amplitude
of the cyclic deformations in the neighborhood of the tip of the arrested

crack.

Conversely, in the tee-reinforced specimens the effect of fastener type
and/or installatio