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SUMMARY

Full-scale flight-by-flight fatigue tests on Mirage 11 fighter aircraft wings carried out
at the Australian Aeronautical Research Laboratories (ARL) and the Swiss Eidgenéssisches
Flugzeugwerk (F+ W) indicated much greater differences in the flights to failure than were
expected. This problem has been investigated by conducting fatigue tests on specimens
representing the major failure locations in the test wings — a blind anchor-nut hole in
the Australian case and an interference-fit bolt hole in the Swiss case — under flight-
by-flight loading sequences corresponding to those used in the full-scale tests. Constant-
amplitude fatigue tests were wso carried out on the blind-hole specimens to provide infor-
mation for life estimation purposes, and fractographic crack propagation studies were
conducted on selected blind-hole specimens.

The experimentally determined lives of both types of specimen were greater under the
Australian than the Swiss stress spectrum. Depending on the stress scaling factor con-
sidered the life ratio (Australian/Swiss flights) obtained by grouping together the two
stress spectra and the two types of specimens were between about 3 and 4- 2. This compares
with a ratio of 4-6 obtained for the respective Sull-scale wing fatigue tests.

For the blind anchor-nut hole specimens the predicted fatigue lives were less than those
obtained experimentally at high stress scaling factors, but at low stress scaling factors the
contverse was the case. The ratios of the predicted lives 10 failure ( Australian/Swiss) were
much greater than those found experimentally.

Under both the Australian and Swiss stress spectra, the lives of front-flange bolt hole
specimens incorporating interference-fit bolts were between 3 and 4 times greater than
those with clearance-fit bolts.
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1. INTRODUCTION

During 1974 the Aeronautical Research Laboratories (ARL) carried out a full-scale flight-
by-flight fatigue test on the starboard wing of a Mirage 1110 aircraft under a loading spectrum
based on the then current usage of the aircraft by the Royal Australian Air Force (RAAF).
In this test the wing was mounted on a dummy fuselage which was designed to produce the correct
flexibilities and reactions at the attachment points. It terminated with the catastrophic failure
of the main spar after a life of 32,372 simulated flights. Details of the test and of the failures
which occurred in the wing are given in References 1 to 3.

Although considerable fatigue cracking was found at different locations in the structure,
the failure which led to its eventual collapse originated at a small drilling “dimple” at the bottom
of a blind hole in the lower (tension) spar cap. A press-fitted and adhesively-bonded anchor nut
had been inserted in this hole to form part of the wing fixed fairing attachment system. Figure 1
shows the general location of the failure in the wing spar. while Figure 2(a) details the particular
section. The extent of the fatigue cracking in relation to the fastener hole is shown in Figure 2(b).
This clearly indicates the dimple at the bottom of the hole where the crack initiated. The results
of a fractographic analysis of the spar fracture surface are contained in Reference 4, and the
significance on the fatigue life of a “*dimpled hole™ compared with a hole having a true spherical
bottom has been discussed in Reference 5.

Subsequent to the ARL test a full-scale fatigue test on a complete Mirage IS structure
was carried out by the Eidgendssisches Flugzeugwerk (F +W). Emmen, Switzerland using a
spectrum based on Swiss Air Force (SAF) Mirage operations. The test terminated at 7,248 flights
when a catastrophic failure of the port wing occurred from a crack which had initiated at a 5 mm
diameter bolt hole (hole no. 12) on the forward flange (Figures 1 and 3). The particular boit
was part of the system for attaching the skin of the wheel well to the spar flange and was nominally
an interference-fit fastener. Details of this fracture in the Swiss port wing are given in Reference 6.

Although the Swiss fatigue test on the Mirage was carried out under a generally more severe
loading spectrum than the ARL test, the difference in lives to failure were much greater (by a
factor of 3) than predicted on the basis of a simple comparison of stresses in the failure regions
under the two test spectra. An important implication of this analysis was that, unless this
difference in lives could be satisfactorily explained, previous estimates of the safe-life of the
Mirage wing structure might have been unconservative. As a consequence ARL undertook
several theoretical and experimental studies (Refs 7-9) in an attempt to resoive the problem.
The present report covers an experimental investigation to compare the fatigue lives of specimens
representing the two major failure locations in the Mirage wing main spar during the ARL
and F+ W fuli-scale tests, when tested under both the Australian and Swiss load spectra.

2. FATIGUE TEST SPECTRA

Figure 4 indicates the load spectra used for the ARL (Reference 10) and F + W (Reference 11)
full-scale Mirage structural fatigue tests.

The development of the test loading spectrum/sequence for the ARL wing test 1s summarised
in References | and 2 and fully described in Reference 10. It was derived from the averaged
fatigue meter data obtained during RAAF squadron usage of the Mirage {10 in the 1971-72
period, and extensive flight trials using specially instrumented aircraft to determine strains and
strain-time sequences under particular types of operational missions. A 500-flight flight-by-flight
sequence was adopted (each flight representing an average of about one service hour) which
provided the cotrect mix of the variety of mission types experienced by the aircraft in service.
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It consisted of 55 mission types, 137 load cases, seven pilot skilljaircraft handling multiplying
factors and optional gust loading, and resulted in the selection of about 400 different types of
flight. Some flights were repeated to provide the balance up to 500. Each flight included between
35 and 629 individual load excursions and, within each flight, the load sequence was designed
to be representative of the sequence of occurrence of manoeuvre loads, gust loads, ground
loads and fuel tank pressurization loads. The ARL wing fatigue test was controlled and moni-
tored through a PDP-11 computer, the control magnetic tape providing one application of the
maximum positive load of the sequence (+7-8 g) during Flight 65, and six applications of the
greatest negative load ( —1-0 g) during each 500-flight sequence. In addition, (during the full-
scale wing test only) a single “rarely occurring” high positive load (of +8-5g) was applied
manually at about 5000-flight intervals.*

The Swiss test load spectrum was derived from fatigue meter records taken between 1972
and 1974 from the average of the six most severely loaded aircraft in the Swiss Mirage fleet,
supplemented by strain data obtained from the test flying of a more fully instrumented aircraft
(Reference 11). Typical missions were defined and identified by 24 “typical” flights (each repre-
senting an average duration in service of about 40 minutes) which were then combined in their
correct statistical distribution to provide a test sequence containing 200 flights. Table | (Reference
6) gives the order of occurrence of the 24 distinct flights in the 200-flight sequence. Each typical
flight consisted of three of four segments (representing, for example, take off, combat, landing).
the actual foad sequence in each being appropriate to the particular segment. The maximum
load of the sequence (+7-5 g) occurred twice in each sequence of 200 flights — in flights 48
and 150. In the Swiss test the negative side of the spectrum was much more severe than in the
ARL test, with the greatest negative load (—2-5 g) being applied twice in every 200-flight block.
Further details relating to the Swiss test may be found in References 9 and 12.

3. TEST SPECIMENS AND MATERIALS

The main spar of the Mirage 11l is a large forging in aluminium alloy to the French Speci-
fication A-U4SG (equivalent to the American alloy 2014 which is covered by Specification
QQ-A-255a). As inadequate quantities of A-U4SG were available at the time, the test specimens
used in this investigation were made from two similar (but not identical) British alloys, namely
B.S. 2L65S and B.S. L168 supplied originaily in the form of extruded bars.

3.1 Blind anchor-nut hole specimens

The type of specimen adopted is shown in Figure 5. 1t incorporated a feature which repre-
sented the blind anchor-nut fastener hole in the spar at which the ARL 1est wing failed and three
different types of detail.

(i) Type ‘A’— a hole with a spherical bottom (a. specified on the spar manufactunng
drawing).
(i) Tvpe '‘B’'~ a spherical-bottom hole with a superposed drill point or “dimple” {similar
to the actual anchor-nut holes in Australian wings).
(iii) Type ‘C'— Types ‘A" or ‘B’ but with a threaded-hole interference-fitted steel bush
representing the anchor nut. The bush was not adhesively-bonded into the hole. 1n
case surplus adhesive at the bottom of the hole masked the observation of cracks.

Al of the blind-hole specimens were manufactured from the grip portions of broken fatigue
specimens of 2L65 aluminium alloy tested in a previous investigation (Reference {3), which

* Because of its association with particular loading cases this load produced strains in the spar
which were less than those resulting from the applications of the more frequent + 7-8 g load.
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involved two batches of extruded material designated BJ and CL. The general plan form of the
original specimens, together with the locations from which the smaller specimens were taken,
is shown in Figure 6. The relevant Specification requirements for A-U4SG and 2L65 are given
in Table 2, together with the tensile and fracture toughness properties of the BJ batch of 2165
material which was used for this part of the investigation.

3.2 Front flange specimens

The front flange specimens (Figure 7) represented the detail at the 12th to 16th bolt holes
along the front flange of the spar, the thickness of the test section (28 mm) corresponding to
the nominal thickness of the flange at the 12th bolt hole. These specimens were machined from
63:5mmx31-75 mm extruded bars of B.S.L168 aluminium alloy (laboratory code GR)
with their longitudinal axes parallel to the direction of extrusion. They were identical to the
general type of specimen used for a previous ARL investigation relating to the refurbishment
of the Mirage spar (Reference 14), but for the current investigation the specimens incorporated
only clearance-fit or interference-fit 5 mm diameter bolts. In the latter the bolt holes were reamed
to very close tolerances to accept bolts with nominally 0-4°, to 0-89% interference. However.
because of practical difficulties associated with compressive bulging of the bolts during instal-
lation which prevented those providing the higher interference from being fully inserted in the
holes, the maximum value was maintained at about 0-4; by careful hole sizing and selection of
bolts of the appropriate diameter.*

Tensile test specimens were taken from broken fatigue specimens. Compact tension fracture
toughness specimens (thickness 25 mm and 19 mm) were taken from offcuts of the extrusion
at the positions shown in Figure 8. Specification values covering the tensile properties and
chemical composition for the alloys A-U4SG and 1168 together with those derived from tests
on the particular batch of material used and the fracture toughness values, are also given in
Table 2.

4. FATIGUE TESTING PROGRAM

During the Australian full-scale Mirage wing test the strains at various posttions in the
structure were recorded at every load turning point, and the load sequence which was applied
to both the blind hole and front flange specimens was derived from the strains recorded at 4 strain
gauge (position |-4T which was located near hole no. 12) during one 500-flight block. Similarly,
for tests under the Swiss sequence, the strain sequence corresponded to that at hole no. 12 in
the Swiss full-scale wing test. The actual strains were determined during the strain survey detailed
in Appendix 1.

All fatigue tests were carried out in axial foading using a 600 kN capacity MTS electro-
hydraulic fatigue testing system, under computer control and with the Australian and Swiss
test strain sequences stored on magnetic tapes. The resulting load sequences experienced by the
specimens were of quasi-sinusoidal wave form.

4.1 Derivation of test stress levels

For both the blind hole specimens and the front flange specimens the test stresses were
selected (in the first instance) to nominally correspond to those which occurred at the features
which they represented in the respective full-scale wing tests. In the case of the blind hole speci-
mens the nett area was used to calculate the applied loads. Although the test loads for the front

* The specific bolt hole identification system, (1) to (5). adopted in this investigation is indicated
on Figure 7.
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flange specimens were calculated using the gross area. they were such as to give the same nett-area

stresses in an interference-fit bolt specimen as those which occurred in the respective full-scale .
wing tests. This procedure was considered to provide a better comparison for specimens of

different nett area, i.e. with clearance-fit rather than interference-fit boits.

Tests were also carried out on both types of specimen and under each of the two sequences
in which the stresses were increased by various ‘scaling factors’ to cover a situation where the
actual stress in the spar may have been greater than the reference stress originally assumed.
The “scaling factor™ was defined as in Figure 9, the reference stresses derived from the fuli-
scale tests being regarded as corresponding to scaling factors of unity.

As the chordwise locations in the spar of neither the blind hole nor the bolt hole no. 12
corresponded exactly to that of strain gauge 1 -4T. multiplying factors were developed to deter-
mine the stresses at these two positions of interest. The stresses were:

At the blind hole, | - 14 x stress indicated at gauge 1-4T.

At hole no. 12, - 20 x stress indicated at gauge | -4T.
Under the Australian sequence the specimen stresses corresponding to the maximum positive
peak load of the sequence (+ 78 g) at a scaling factor of unity were:

Blind hole: Nett-arca stress 155 MPa

Gross-area stress 133 MPa

No. 12 bolt hole: Nett-arca stress 163 MPa

Gross-area stress 146 M

A small offset was accidently introduced into the Australian sequence apphied to these specimens.
This had its maximum effect at the greatest negative turning point when the magnitude of the
stress was reduced by approximately 20”0 The offset was sero at the greatest positive turning
point, and was proportional 1n between these limits.

Under the Swiss sequence the maximum stresses (correspondimg to « 7-5 g) for each type
of specimen at a scaling factor of unity were:

Blind hole: Nett-area stress 223 MPa

Gross-area stress (91 MPa

Bolt hole no. 12:  Nett-arca stress 235 MPa

Gross-area stress 211 MPa

It should be noted that, for the Swiss sequence, stress and g were lincarly related. Because
of different loading cases within individual flights (associated. for example, with fuel usage,
clevon operation, the use of air brakes) there was not a unique stress’'g relationship for every
value of “g”. On the other hand. for the Australian sequence. the stress.g relationship was bi-
linear (Reference 9) and. depending on the particular flight parameters being represented (e.g.
altitude or airspeed, stores configuration, fucl usage) the stresses at the higher values of “g”
exceceding 4 g to Sg - were considerably less than would be predicted by a linear stress.g
relationship at tower values of g™ (References 10 and 12).

4.2 Blind anchor-nut hole specimens

This mvestigation included a total of 27 constant-amplitude fatigue tests under sine-wave
loading on bushed and non-bushed hole specimens of the two Types "A™ and "B at a mean ’
stress on nett area of 47-8 MPa (gross-area stress 41-4 MPa) and cyclic frequency of 6 Hz,
the object of which was to provide more specific background fatigue data on this type of detail ‘
4
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for life-estimation purposes. A total of 36 tests was carned owl on bushed-hole speamens
(of Types “A™ and "B™), 21 under the Australian Mirage flight-by-flight loading sequence and
15 under the Swiss flight-by-flight sequence to compare the two loading sequences

Figure 10 indicates the cumulative frequency stress spectra for both the Swiss und Austratie
sequences at a scaling factor of unity. Figures 4 and 10 clearly lustrate the diflerences betwed
the cumulative frequency stress spectra and load spectra for the two sequences, v particulac
the significance of the bi-linear stress/g relationship in the Australian case at "g7 values excevding
about 4. Figure 10 also shows that the Australian sequence incorporates a much greater number
of low-amplitude stresses than does the Swiss.

Stress scaling factors of up to 26 were used with the Austraban sequs ree, and to 2 2 for
the Swiss sequence. The stresses corresponding to the maximum “g" loads at diferent walbing
factors are given in Table 3. It should be noted that for a scaling fucte - of 22 1n the Swiss
sequence the nominal nett-area stress at +7-5g is 490 MPa, which s onhy about 5°  less
than the ultimate static strength of the 2L635 test material.

The computer programs used for these tests generated a load command signal for which
the time between turning points depended upon the amplitude of the excursion. Most of the tests
under the Australian sequence were carried out with effective frequencies of indnidual load
excursions that varied from about 1-4 to 18 Hz. with an average over 500 flights of 4 6 Hz
At this average cychic frequency. a 500-flight block (which consisted of about 50,000 cycles)
took about three hours to complete. Some of the carly tests under the Australian sequence were.
however, carried out (as noted in Table 5) at average cyclic frequencies of either 11 or -3 Hz.
All of the tests under the Swiss sequence were at an average frequency of 9-3 Hz. und 1 200-
flight block (of about 20,000 cycles) took about 36 minutes to complete.

4.3 Front flange specimens

A total of 27 specimens of this type were fatigue tested. They included 14 under the Australian
sequence (six interference-fit bolts and eight clearance-fit bolts), and 13 under the Swiss sequence
{six interference-fit bolts and seven clearance-fit bolts).

Fatigue tests were carried out using stress scaling factors of from |12 to 1:67 for the Swiss
sequence, and | 34 to 2-23 for the Australian sequence. For the maximum scaling factors the
respective nett-area stresses at the maximum “g” values were 393 MPa and 364 MPa.

Fatigue tests under the Swiss sequence were carried out at an average cyclic frequency of
9-3 Hz, while those under the Australian sequence were at 4-6 Hz. A trace of the stress sequence
under the Swiss s;ectrum around flights 48 and 150 is shown i Figure 11. while that for the
Australian sequence around flight 65 is shown in Figure 12.

S. TEST RESULTS

5.1 Blind anchor-nut hole specimens

5.1.1 Constant-amplitude tests

The results of the constant-amplitude fatigue tests on the three different types of deta)
are listed in Table 4 and shown in Figures 13 and 14. A second order polynomial was found
to provide the best-fit S/N curve for the bushed dimpled specimen data shown in Figure 14,
In only two cascs (indicated by aster xs on Figure 13) did the fatigue crack originate at the
bottom of the hole; both were dimpled non-bushed specimens and had lives of 7.644,000
(BJIBE2) and 9,425,500 cycles (BJIOF) respectively In all other non-bushed specimens the
cracks initiated at or close to the bottom edge of the chamfer at the top of the hole and propagated
outwards and towards the bottom of the hole. This region was also a major initiation site in
bushed-hole specimens but, in addition, cracks initiated as the result of fretting between the hoic
and the bush. Three exceptions were specimens in which the main onigins were at the sphencal
surface of the hnle. but not at the bottom.
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The *“‘run-out’” specimen shown on Figure 14 was tested statically and failed at 4 nett-section
stress of 527-5 MPa. This compares with an average UTS for this batch of material of 510 MPa.
No fatigue cracks were detected on the fracture surfaces of this specimen.

5.1.2 Flight-by-flight tests

All of the tests under the Australian and Swiss flight-by-flight sequences are listed in Table §
and plotted on Figure 15. With the exception of the three specimens tested at a scaling factor
of 1-4 (BJ7F, BJ12D and BJ11JB) all of the failures in the dimpled hole specimens tested under
the Australian sequence originated at the dimple and were generally similar in appearance to
that which occurred 1n the ARL test wing - see for example Figure 16(a). specimen BJI3D.
In the cases of specimens BJ7F and BJ11JB two major cracks developed, one from the dimple
and the other from fretting adjacent to the botiom of the bush: whereas in specimen BJI2D
the failure initiated solely from fretting adjacent to the botiom of the bush. For the spherical-
bottom hole specimens a failure originating at the bottom of the hole occurred in only one case,
namely specimen BJISEI tested at a stress scaling factor of 2-2, but nevertheless secondary
cracks had developed from the bottom corner of the chamfer. The other fractures in spherical-
bottom specimens were characterised (Fipure 16(h)  specimen BJSH) by multiple crack
inittation sites at the hottom corner of the chamfer. by fretting between the bush and the hole,
and around the radius at the bottom of the hole.

Under the Swins sequence the primary cracking in dimpled-hole « pecimens developed from
the dimple in all but two cases — these being two very short life specimens (BJ1OIB and Bj152B)
tested at a scaling factor of’ 2+ 2 where there were multiple initiation sites froin the bottom of the
chamfer. down the hole and at the dimple. However. in all specimens, there was some evidence
of secondary crack initiation at these other sites -- see for example Figure 16(c). specimen
BJ6HB. Although only three spherical-bottom bushed specimens were tested under the Swiss
sequence all indicated multiplicity of crack iitiation at the various sites already referred to, e.g.
sp-vimen BJI2F  Figure 16(d).

5.2 Front flange specimens

Individual fatigue test results for the front flange specimens tested under the Australian
and Swiss sequences are given in Table 6 and shown on Figure 17. Specimen No. GR24A,
which was unbroken after 102,656 flights of the Swiss sequence. was tested statically and failed
through holes 4 and 5 at a nett-section stress of 476 MPa (gross-section stress 427 MPa).
Small fatigue cracks were present at hole no. 4.

Three specimens (il of the interference-fit bolt type) failed in the grips. The fracture surfaces
of all of the other front-flange specimens broken m the investigation are shown diagramaucally
in Figure 18, and photographs of representative fractures are illustrated in Figure {9, These
show that holes no. 2 and no. 4 predominated as the holes from which the major fatigue crack
development occurred, and that in only two specimens (both interference-tit bolt) of the 23
which failed in the test section did the cracks develop from other holes, i.e. no. | and no. S
However. the actual fracture paths in cleven of the specimens (mainly those with clearance-fit
bolts) passed through an adjacent bolt hole and about half of these provided evidence of fatigue
cracking at these holes. With one exception (specimen GR25C — Swiss. clearance-fit) the
fatigue cracking at the second hole was rclatively minor  With the exception of five of the
interference-fit bolt specimens. the primary fatigue crack development was from multiple initiation
along the bore of the bolt hole, leading to a final crack shape approximating (in some cases)
to u through crack. In the five interference-fit bolt specimens the crack development was con-
centrated at one end of the hole (1n four cases at the nut end) leading to the development of a
crack shape approximating to a double-corner crack. These cracking characteristics are similar
to those reported previously (Reference 14) for the same types of specimens.

6
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6. FATIGUE CRACK PROPAGATION

Fractographic crack propagation studies were made on a number of blind anchor-nut hole
specimens which incorporated the drilling dimple and the steel bushes. These ncluded two
specimens (BJ9GB and BJ10JA) which had been tested under the Australian sequence and seven
specimens under the Swiss sequence -- BJ7IB. BJ6HB, BJ7C. BJ4GB, BJ6JB. BJ4JB and
BJ6C. The fractographic techniques employed included the use of macrophotographs, an optical
stereo microscope and a metallurgical microscope at up to x 500 (References 16 and 17). Incre-
mental crack growth measurements were made in a direction backwards from the maximum
boundary of the fatigue crack towards the bottom of the dimple along a line approximately
coincident with the axis of the hole.

In the case of the Swiss sequence the fracture surface features used as a reference for crack
growth measurements were those associated with the flights containing the maximum load of
+7-5 g (1.e. flights 48 and 150) and adjoining flights. These features had been used previously
to determinc the crack propagation characteristics of the first spar which failed during the F + W
full-scale test (Reference 6). For all but one of the seven specimens tested under the Swiss
sequence, measuremenis were made from crack depths of less than | mm. the smailest being
0-47 mm (BI7IB). At smaller crack depths the features could not be identified. Figure 20
shows the basic crack depth flights relationships for these specimens. The very good linear
correlation between log. flights and fog. crack depth which was reported in Reference 16 is also
evident in Figure 20{¢).

Unfortunately. no characteristic repeating pattern on the fracture surfaces could be identified
for specimens tested under the Australian sequence, and this precluded crack growth measure-
ments being made for this sequence using fractographic techniques.

No crack propagation studies were made on any of the front-flange specimens tested during
this investigation. although such studics had been made previously (Reference 14) on this type
of specimen tested under a simplified flight-by-flight loading sequence.

7. LIFE PREDICTIONS (Blind anchor-nut hole specimens)

The constant-amplitude fatigue tests on blind anchor-nut hole specimens (Figures {3 and [4)
provided the basis for a set of S; N curves, the derivation of which is fully described in Appendix 2.
These curves were used to predict the fatigue Jives of such specimens under both the Australian
and Swiss stress spectra at the various stress scaling factors. In every case a linear accumulation
of fatigue damage was assumed.

Fatigue “cycles” within the Australian and Swiss sequences were derived from the occurrences
of peaks and troughs using three different procedures.

(A) A onc-pass range-mean-pair method (Reference [8) in which cach range-mean-pair
tas it was 1dentified in the sequence) was used to directly calculate damage. {n this
case the load cycles were defined by the actual turping point values. An essential
requirement for this procedure is the actual strain sequence.

(B) A range-mean-pair table (Table 7) generated stmultapeously with the method used in

(A) in which range-pairs, grouped into stress levels of equal intervals, formed an array

, of cells. Although many combinations of range-mean-pair stresses were counted within

! the boundaries of a particular cell, the individual stress vatues were not used for damage

calculations: rather the stress values chosen were the average of the levels bounding
the cell.

(c

-

A simulated Fatigue Meter count was produced from the range-mean-pair table, and
fatigue damage calculated by successively combining the maximum peaks and minimum
= troughs in the stress sequence into groups of ¢ycles with the same mean and alternating
; stresses.  This method has been previously referred 1o as the " H, cumulative damage
s hypothesis™ (References 19 and 20).




Table ¥ indicates the fatigue lives calculated using the above procedures (A) to (C) for both
the Australian and Swiss sequences and a range of stress scaling factors.

8. DISCUSSION

The long fatigue lives (and corresponding testing times) associated with specimens tested
under the Australian sequence at low values of stress scaling factor, and the incidence of failures
in the gripping areas of the specimens in such cases, precluded the direct comparison of experi-
mental data under the Australian and Swiss sequences at stress scaling factors of less than 1-4
and less than | -67 for the blind anchor-nut hole and front flange specimens respectively.

Tables 9 and 10 provide a comparison of the fatigue lives (at common stress scaling factors)
for the dimpled bushed blind hole and front flange specimens under both the Australian and
Swiss test sequences. For the blind hole specimens the ratio of Australian; Swiss experimentally
determined lives is about two, while for the front flange specimens the ratio is greater. being in
excess of 3-5 in the case of the interference-fit bolt specimens and almost five for the clearance-fit
bolt specimens at a scaling factor of 1:67. It would thus appear that the relative effects of the
two sequences on fatigue iife are dependent on the “inherent”™ fatigue properties of the
particular structural detail under consideration (in this case a “simple”™ geometric stress concen-
trator on the one hand, and a filled hole on the other where fretting could influence crack initia-
tion) and the contributions of particular load levels in the two spectra to the total fatigue damage
ti.e. the damage distribution) in each case.

On the assumption that the materials used for the two types of specimen have similar fatigue
characteristics (although their values of fracture toughness — see Table 2(¢) — are significantly
different). the lives of these specimens under their respective spectra (i.e. Australian and Swiss)
at a common scaling factor should provide an indication of the relative fatigue performance of
each spectrum type;design detail combination. At a stress scaling factor of 1-67 the life of the
dimpled blind hole specimen under the Australian spectrum is 20,000 flights (by interpolation
from Figure 15)*, whereas for the front flange specimens under the Swiss spectrum the lives are
4,760 and 1.210 flights for the interference-fit and clearance-fit bolt types respectively. The
numerical order of these lives 1s consistent with those from the full-scale wing tests at ARL and
F + W (Reference 8) where the life at the blind hole under the Australian sequence was 33,667
flights: this being considerably greater than that at the no. 12 bolt hole under the Swiss sequence,
i.c. 7.248 flights - a ratio (Australian;Swiss) of 4-6. For these tests on small specimens the ratios
are 42 (for the interference-fit bolt case) and 163 (for the clearance-fit bolt case) respectively
at a stress scaling factor of 1-67. At a scaling factor of -3 {which represents a limit for
reasonable extrapolation of the curves in Figures 15 and 17) the ratio of Australian and Swiss
{clearance-fit) lives is about three.

The relative severities of the two spectra can also be assessed by considering the fatigue life
data in terms of the masimum stress in the sequences at various scaling factors. Figure 21 was
denved from the data in Tables 3, 5 and 6. At high values of maximum stress similar specimens
tested under the two spectra indicate only small differences in life, but at lower stresses there is
a consistent trend for specimens tested under the Swiss spectrum to have longer lives than those
tested under the Australian spectrum. This result is not surprising when the speetra are compared
on the basis of common values of stress at 7-8gand - 7-5g  Figure 22,

Table & indivates. for the particular type of spectmen and stress spectra used in this investi-
gation, that the lives predicted by each of the three procedures considered are not significantly
different.  These predicted by Procedure (A) are plotted on Figure 15, The fatigue lives are
underestimated at high stress scaling factors and overestimated at low stress scaling factors —
by factors of up to ahout two in each case. Furthermore. as indicated in Table 9. the predictions
suggest greater ratios (Australian Swiss) in the fives to failure under the two spectra (i.e. from
about 3 to $) than those found experimentally (i.c. about 2). The lower ratios found experi-
mentally may reflect a greater crack growth retardation effect under the maximum stress in the

* At this scaling factor the life of the spherical hole specimen is (hy extrapolation) about
48.000 flights.
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Australian sequence. Crack retardation effects were not incorporated in evaluating the pre-
dicted lives. These ratios of predicted lives are also greater than those presented in Reference 9
where, on a flights basis at the ARL-test spar failure location, they ranged betwcen about 2 and
3 depending on the life prediction method adopted and the basic S/N data used. However, as
indicated in Reference 8, the predicted lives are sensitive to the shapes of the S;N curves used
for fatigue damage assessment. Whereas, in the present investigation these curves were derived
from constant-amplitude tests on the actual detail under consideration, those used for the damage
calculations in Reference 9 were based firstly on a functional representation of data from fatigue
tests on full-scale aluminium alloy structures and, secondly, from fatigue tests on smalf circum-
ferentially notched specimens of K; = 2-8.

It is of interest to note that the current fatigue tests under the flight-by-flight sequences
support the findings of previous investigations regarding:

(i) the detrimental effects on fatigue life of a dimple in an otherwise spherical-base blind
hole (Reference 5) and.

(i1) the advantages of using interference-fit compared with clearance-fit fasteners (Ref. 14).
At a stress scaling factor of 1-67 the life ratios (interference;clearance tit bolt) under the
Australian and Swiss spectra are about 3-0 and 39 respectively.

9. CONCLUSIONS

1. At stress levels equivalent to those in the Australian and Swiss full-scale fatigue tests the
fatigue lives of specimens representing the types of structural details at which the failures
occurred (blind anchor nut hole — Australian, and front flange bolt hole — Swiss) are
greater under the Australian stress spectrum than under the Swiss stress spectrum.

2. Under both the Australian and Swiss stress spectra, the lives of front-flange bolt hole speci-
mens incorporating interference-tit bolts were between 3 and 4 times greater than those with
clearance-fit bolts.

3. At a common stress scaling factor the grouping together of the two different stress spectra
and the two different types of specimens indicates a life ratio (Australian:Swiss flights) of
between 4-2 and 16-5, depending on whether the front flange specimens were fitted with
interference-fit or clearance-fit bolts.

4. The life ratios of 4-2 and 16-5 compare with a ratio of 4-6 which resulted from a comparison
of the Mirage full-scale wing fatigue tests at ARL and F+W.

5. For the blind anchor-nut hole specimens the predicted fatigue lives were less than those
obtained experimentally at high stress scaling factors. but at low stress scaling factors the
converse was the case. :

6. Again for the blind anchor-nut hole specimens, the ratios of the predicted lives to failure
(Australian'Swiss) were greater than those found experimentally
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APPENDIX 1
Derivation of test stresses for front flange specimens

The stress at 7-5 g was derived from strains measured at gauge 1-4T during the 1979 strain
survey of the left-hand Swiss Mirage test wing. This gauge was located at the inner surface of
the lower front flange of the main spar between bolt hole no. 14 and the spar web, and a multi-
plying factor of 1-2 was used to estimate the strain at the Swiss failure location (hole no. 12).
Two different methods were used to estimate the strain at 7-5g, and the value of 235 MPa
adopted for this investigation was an average of the two. The first was determined directly
from the actual numerical value of strain at 5 g using the ratio 7-5(g)/5 (g) and resulted in a
strain of 3240 microstrain (stress 237 MPa). The second method was based on the average
microstrain per g from the 1 g to 5 g increment (Ref. 15) and resulted in a strain of 3201 micro-
strain (stress 234 MPa).




APPENDIX 2
Development of a family of S;N curves for fatigue life estimates

A basic requirememt for estimating fatigue lives under the different loading conditions
used in this investigation was § N data under various combinations of alternating stress (Sa)
and mean stress (Sm). However, as no comprehensive fatigue data for a detail representing the
blind anchor nut were avaiiable, the following procedure was used to generate a data bank for
life estimation purposes.

The constant-amplitude data for bushed dimpled hole (BDH) specimens at Sy, - 48 MPa
(6-95 ksi¢) listed in Table 4 and shown on Figure 14 was adopted as the primary base for the
development of a family of SN curves. These data were supplemented by similar data from tests
on blind hole Chobert Rivet {CR) joint specimens at mean stresses of 35 MPa (5-1 ksi) and
87 MPa (12-6 ksi) taken from Reference 13. Both the BDH and the CR specimens were from
the same batch of 2L.65 test materia). These three sets of data are shown plotted (using log-log
scales) on Figure 23, together with the best fit $ ¥ straight lines in each case - lines X, Y and Z.
For simplicity in subsequent analysis, a very minor correction was made to these lines to ensure
that all three intersected at the point Sy = 228 MPa (33-1 ksi), ¥ 3892 cycles.

On the assumption that, at constant lives between mean stresses of S-1 and 12-6 ksi, the
alternating and mean stresses were hnearly related. a simple process of interpolation provided a
line representing the CR S'A curve at a mean stress of 6-95 ksi. Having the § N tines of both
the BDH and CR specimens at Sy, 695 ksi, the S N lines for the BDH specimens at mean
stresses of 5-1 and 12-6 ksi were determined (at constant Sg) by multiplying the log lives of the
CR specimens a1 5-1 and 12-6 ksi by the ratio:

log hfe {BDH) at 6-95 ks
fog life (CR) at 6-95ksi’

The six SN lines. three experimental and three derived, are shown on Figure 23, and the
appropriate equations tor the BDH specimens are as follows:*

For
Swm - 5 Ksi,
log life - 28-4675 5-5040 (log Sa) 1)
For
Sm = 6-95ksi,
log life - 26-7715 51288 (log Sa) (2)
For
Sm - 12-6ksi,
log life — 21-7615 4-0203 (iog Sa) (3)

@ For this analysis all stress values were in ksi units. T ksi 6-8948 MPa.

* The numbers of decimal places in the equations which follow are not indicative of the precision
of the fitted lines.
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A partial Sa/Sm diagram was then constructed for mean stresses of between 5+ 1 and 126 ksi
and lives of from 10* to 107 cycles. The slopes of the various life lines in this interval of mean
stress were matched against those for notched specimens of Kt = 1-6 in Reference 21, and the
lines of constant life on this diagram extrapolated to mean stresses of —14 MPa (--2-0 ksi)
in one direction and about + 172 MPa ( + 25 ksi) in the other direction. From this S, Sm diagram
further S/N curves were derived for the corresponding range of mean stresses,

As stated in Appendix | to Reference 22 the relationship between Sa. Sm and N for a series
of straight lines radiating from a point can be expressed in the form:

log Sao - log Sa

4
log Sao - log (f(Sm)) @

log N - log No+(log N1 log Ny)

Where:
Sao. No correspond to the intersection point of the various lines (in this case 228 MPa
(33-1 ksi) and 3892 cycles respectively), and Ny = a reference life used for the derivation of

S (Sw) (in this case taken as 105 ¢ycles).

£ {(Sw) was obtained by cross plotting values of Sa at 10 cycles against log (Sm + C') and adjust-
ing the constant “C" unti) the best fit straight line relationship between these two parameters was
obtained. The resulting equation (C = 22) was:

f(Sm)  66-2674-33-4236 log (Sm + 22) (5)

Substitution of (5) into (4) and providing numerical values for S and N, resulted in the
required formulation:

(6)

5198 log S,
log N '3-5902+|~4098[ 13198 log Sa ]

1-S19%  fog (66-2674 33-4236 tog (Sm + 22}

A test for the validity of this equation is its ability to reproduce the $ N line for the BDH
specimens at a mean stress of 6-95 ksi.  The values of life at alternating stresses of 33-1 and
6-0 ksi from equations (2) and (6) arc as follows:

Cycles {N)
Satksi) Equation (2) Equation (6) Equation (7)
331 3892 3892 3892
6-0 24,779.926 21,820,638 24.744,605

Although the difference in calculated lives 1s relatively small at the alternating stress of
60 ksi. it can be made negligible by a minor correction to the numerical value of the constant
*C7in equation (6). i.c. by substituting 21-68 instead of 22. Equation (6) then becomes:

a0 L. 1-5198 log Sa
log ¥ -+ 3:3902+1 4098[1 'S198 - log (662674 33-4236 log (S +21 ~68))] o
The lives for alternating stresses of 33- 1 and 6-0 ksi and mean stress of 69 ksi calculated using
equation (7) are also given above.

Equation (7) was then used to generite a complete set of S/A curves covering the mean
stresses of interest for lives exceeding 3892 cycles, and representative lines are shown on Figure 24.
For lives of less than 3892 cycles the assumption was made that the effects of mean stress were
negligible and. thus. a common relationship existed between life and alternating stress having
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as its upper limit the co-ordinates UTS = 510 MPa (74-0 ksi). N == 0-5 cycles. The equation
for this part of the diagram is:

log life = 53-9261 —11-1367 (log Sa) (8)

Finally, equation (7) was used to generate an Sa/Sm diagram for bushed dimpled-hole
specimens at various lives, part of which is reproduced in Figure 25.
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TABLE 1
Sequence of the 24 “typical” flights (TF) in F + W 200-flight test loading sequence (Reference 6)
Flights
1to 40 41 to 80 81 to 120 121 to 160 161 to 200
1 TF14 41 TFI14 81 TF14 121 TF9 161 TF22
2 TFI0 42 TF12 82 TF10 122 TFS 162 TF4
3 TF6 43 TF21 83 TFIS 123 TFS 163 TF12
4 TFI1 44 TF6 84 TF23 124 TF16 164 TF11
5 TF1S 45 TF17 85 TF24 125 TF13 165 TF3
6 TF16 46 TF13 86 TF21 126 TF17 166 TF14
7 TF17 47 TF10 87 TFi2 127 TF2! 167 TFiI
8 TF2} {48 TF2] 88 TF17 128 TF22 168 TF9
9 TF23 49 TF 1L 89 TF19 129 TF15 169 TF11
10 TF13 50 TF21 90 TF16 130 TFi7 170 TF1
1 TFI 51 TF13 91 TF6 131 TF2) 171 TF14
12 TF22 52 TF13 92 TFIj 132 TFI12 172 TF4
13 TF24 53 TF23 93 TF13 133 TF24 173 TF2)
14 TF5 54 TF15 94 TF1| 134 TF14 174 TF10
15 TFi2 55 TF3 95 TF20 135 TF13 175 TF13
16 TFi8 56 TFI9 96 TF14 136 TF24 176 TF15
17 TF14 57 TE14 97 TF7 137 TF7 177 TF21
1% TFS 5% TF7 98 TF23 138 TF23 178 TF17
19 TF23 59 TK15 99 TF4 139 TF16 179 TF23
20 TFL3 60 TF)2 100 TF7 140 TF22 180 TF13
21 TF3 6l TF24 101 TF5 141 TF14 181 TF6
22 TFY 62 TF23 102 TF20 142 TF10 182 TF24
23 TE2) 63 TFI6 103 TFI 143 TF2) 183 TF11
24 TFIT 64 TE21 104 TFI17 144 TF4 184 TF17
25 TE 65 TH22 105 TFi8 145 TF1S 185 TF24
26 TFI3 66 TF19 106 TFS 146 TF5 186 TF4
27 TFIS 67 TF13 107 TF10 147 TFI(3 187 TF2
28 TH24 68 TF22 168 TF13 148 TF24 188 TF12
29 TF2! 69 TE2) 109 TF4 149 TFI2 189 TF20
30 TFI) 70 TF& 110 TF12 [150 TF2} 190 TF10
3N T3 71 TF24 1 TF22 151 TF11 191 TF16
2 TF22 72 TF17 112TF13 152 TF23 192 TF5
33 TF7 73 TF10 113 TF23 153 TF8 193 TF14
34 TFiL 74 TF9 114 TF1§ 154 TF11 194 TF23
35S TE 75 TF15 115 TFI9 HSTE23 195 TF13
36 TF6 76 TF13 116 TF10 156 TF13 196 TF23
37 TFI0 77 TFl6 N7 TF1S 157 TF9 197 TF17
3 TF14 7% TF12 HRTFI 158 TF22 198 TF15S
39 TFI6 79 TF14 119 TF9 159 TF17 199 TF {4
40 TF§ %0 TF21 120 TF1! 160 TF8 200 TF16
The flights containing normal accelerations of 6-5 g and greater are underlined and the
maximum values applied in such flights are listed below.
T TF2 TE3 TF4 TFS
6-S¢g 7S¢ 6-5g 70g 6:5g
- — S -
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TABLE 2
Properties of test materials
(a) Chemical composition (%)
Element 1Specification British Standard British Standard Test matenial
A7-U4SG (2214) 2L.65: 1959 L168: 1978 GR
Cu 3-9-5-0 3-8-4-8 3-9-5-0 4-29
Mg 0-2-0-8 0-55-0-85 0-2-0-8 0-43
Mn 0-4-1-2 0:4-1-2 0-4-1-2 0-76
Fe 0-30 max. 1 -0 max. 0-50 max 0-23
Si 0-5-1-2 0-6-0-9 0-5-0-9 0-74
Ti 015 max. 0-3 max 015 max not analyzed
Cr 0-10 max. max. 010 max 0-01
Zn 0-25 max. 0-2 max. 0-25 max. <0-20
(b) Static tensile
Property +Specification British Test British Test
AT-U4SG (22i4)| Standard material Standard material
21.65: 1959 B L168: 1978 GR
0-1°9, proof stress — 432 457 - 466
(MPa) (sd 12) (sd 10)
0-29, proof stress 390 - 463 440 474
(MPa) (sd 13) (sd 12)
Ultimate tensile stress 450 494 S10 490 524
(MPa) (sd 10) (sd 12)
Elongation (*) S 8 -5 7 H
(sd ) (sd 2)
0-1°, PS Ul - 0-90 - 0-89
sd -- standard deviation.
(c) Fracture toughness
Fracture toughness, Ky¢ (MPa.m!)
Test material BJ Test material GR
(specimen
thickness 25 mm) Specimen thickness Specimen thickness
25 mm 19 mm
25-9¢ 345 32-0t
¢ Average of seven specimens from four bars.
* Average of two specimens from one bar.
t Average of five specimens from five bars.
1 Conditions de controle des produits lamines en alliages d'aluminium utilises
dans les constructions aerospatiales. Ministere de la Defense, Direction
Technique des Construction Aeronautiques AIR 9048, Edition No. I,
26 December, 1978, p. 91. [Specification A7-U4SG superseded A-U4SG.
the material from which the spars were manufactured].
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TABLE 3

Stresses at maximum ‘g’ loads of sequences for various stress scaling factors

Stress Australian (+7-8 g) Swiss (+7-5g)

scaling

factor Gross area | Nett area { Gross area | Nett area

(MPa) (MPa) (MPa) (MPa)
Blind anchor-nut hole specimens
2:6 346 403 - -
2-4 319 3712 -
22 293 41 420 490
20 266 310 382 445
18 239 279 34 401
-5 200 233 287 334
1-4 186 217 267 3t
1-0 133 155 191 223
Front flunge bolt hole specimens
2-23 326 364 — —
1-67 245 273 352 393
1-34 195 218 282 315
1-23 179 200 258 288
1-12 163 182 235 262
10 146 163 21 235
}
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TABLE 4

Blind anchor-nut hole specimens — Constant-amplitude fatigue lives
(S = 48 MPa; 6-95ksi)

Specimen number Alternating stress range Cycles
(Bl) ({MPa; ksi)
Unbushed spherical hole (10)
20D 259; 37-5 36,400
6F 259; 37-5 35,700
5C 259; 37-5 46,200
4H 222; 32-23 112,200
201 222; 32-23 146,600
12G 222, 32-23 196,200
13D 207, 30-0 110,800
15H 207; 30-0 863,100
8l 203; 29-39 1,918,300
14F 203; 29-39 2,199,100
Unbushed dimpled hole (6)
9H 259; 37-5 82,300
171 222; 32-23 259.000
15H 207: 30-0 68.000
14G2 190: 27-5 428,100
18E2 190: 27-5 7.644.000
10F 190; 27-5 9,425,000
Bushed dimpled hole (1)
8 259: 37-5 88,700
1D 222, 32-23 256,000
11 207, 30-0 140,700
13C 190: 27-5 247,800
14B 172: 25-0 922.800
151 155: 22-5 683,600
17) 155: 22-5 2.929.900
19C 121: 17-5 7.962,200
20F 121: 17-5 1,603,600
18H 121: 17-5 4,599.000
2 97. 14-0 19,767,000 UB
i
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TABLE 5

——

Blind anchor-nut bushed hole specimens — fatigue lives under Australias and Swiss sequences

Specimen Stress | Average cychic | Lafe to [og average sd oof
e e - ———— scaling frequency | failure fe log
Number | Type factor (Hz) L thghts) tthghty) Iife
BJ !
Australan sequence
16D b SH 26 4-6 2040
. . LR
9 COSH o261 13 Lsed | A "R
10G s o2e 13 f.564
201 SH o 22 16 Y. 6y . .
INEI 1 SH 1202 |3 eS| .70 von
1 |
13F 'OSH . 2w 46 IR
3 3
14G11 SH 1 bw 11 RERMA' 0 v oL
13 SH [ 4 6 22993 ‘
sH . SH I X 46 4,932 36 0123
tokl | SH bx 46 Wy |
sDB | DH 1o 46 4990
0B [ DH 22 46 7.990 '
16E2 DR 22 11 B X0 = T N 8910 0-079
13D DH 22, a6 o9 |
12G H 20 ' [ r 12,564
B | DH bxo | 4.6 | 2eh
98B DH 1xo 46 L2070 13.990 0-075
10JA DH I8 46 | 17.064 f
TF DH -4 4-6 29,185 ‘
12D DH 1-4 4-6 §2.292 43,230 0-148
11JB DH i 4:6 52953 l
Swiss sequence
19E ' SH 22 93 847
IF SH 1-8 9-3 8,949 |
' -057
12F SH 1-8 9-3 10.752 § 9.810 0-0
10IB DH 22 9-3 647
15JB DH 2:2 9-3 749 } 700 0-044
10EB* DH 1-8 93 5.847
n8 DH I-¥ 9-3 6.749
y -08
6HB DH I8 9.3 7.047 } 7.160 0-087
7C DH 1-8 9-3 9,447
7HB DH 1-4 9-3 19,749 ]
INB DH 1-4 9-3 21,749 21.220 0-027
4GB DH -4 9-3 22,247 ’
6JB DH 10 9-3 55,247 l
4)B DH 1-0 9-3 65,78S 63.860 0-058
6C DH 1-0 9-3 71,647 J
SH . spherical hole: DH - dimpled hole.

* High compressive load applied at 5.370 flights: not included in analysis.
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TABLE 6
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Front flange bolt hole specimens — fatigue lives under Australian and Swiss sequences

Specimen Stress Average Life to Failure |Log. average| s.d. of
scaling cyclic failure hole life log.
Number Type factor | frequency | (flights) no. (flights) life
GR (Hz)
Australian sequence
15A 1 2:23 4:6 4,631 4
21A | 2-23 4:6 7,765 4 6,000 0-159
26A | 2-23 4-6 8.800 Grip*
t8A 1 1-67 4-6 14,438 S l
25A I 1-67 46 21,202 Grip* 17,560 0-120
1A I 167 4-6 21,368 2 1
ISE C 2-23 4:6 1.378 2 \
i .
(8C c 223 4.6 1631 g 1500 0:052
12C C )67 4-6 5.373 4
26C C 107 4-6 5.773 2 5.810 0-035
14C C 1-67 46 6,307 2
24C C 1-34 4-6 12,300 4
16C C I-34 4-6 13,932 2 13,670 0-042
20C C 1-34 4-6 14.894 2
Swiss sequence
12A 1 167 9-3 3,149 2 l
19A 1 167 9-3 3821 2 a
23A I 1-67 9-3 4.549 4 , 4.760 0206
14A ] 1-67 9-3 9.351 {
20A 1 34 9-3 67.549 Grip*
4A i 1-23 9-3 102,656 | unbroken
21C ¢ {-67 9-3 851 4
23C¢ C 1-67 9-3 1.447 2 1.210 0-133
220 C 1-67 9-3 1,448 4
25C C 1-23 93 5,750 4
: . 03
13 C 1-23 9-3 6.350 4 ’ 6.040 0-030
3A C 112 93 13.349 2 )
-05
48 C 112 93 15.817 4 14.530 0-052

( Clearance-fit bolt: 1

* Not included i analysis.

tnterference-fit bolt.
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TABLE 7(a)

Range-mean-pair table for Australian Mirage speetrum. Stresses at front flange bolt hole number 12

| | | S B R R
Stress | ) : : : . k ‘
(MPa) -~ Level 1 2 3 4 5 4 7 . 9 10 1120 13 14 1S 16 1T 008 119020 3122 232418
B ‘ . - R U P S
SI-¥ (o i
4320 2 0 o | ‘
W3 0.0 0 ‘
wel 4w w0 0 0 ‘ :
1730 s o0 0 0w : , '
-6 6 O 0 0 V] ) «‘
0 7.0 U 4 0 U T T ! : ! Pl
K6 8 0 00 0. 0 K 0 0 ‘ : ! |
17-3 9 0O 0 0 o0,V N0 0 0 | P
259 10 00,0 0 0 o' 42 431 12 G P
M50 1 0 00 00, it 50 RAST I AR i 1] ' |
32012 0 0§ 0 1 3T 43 1TeuT % 123 Sq0 o | ol
SIKD 03 00 0 1 481019 3R 3 1T w3 3 2 0 Lo
60-5 14 000 CTTONe SN ST Y TRl 3T Tk 2 o o I !
69-0. 15 00 0 6 S5 W BN AT 6T U e MY 20 6 0 1‘ Lo
779 i6 ! -0 TN 8O 9 358 AT RS K T Iak SR X B T N A 0 0 : | J
8620 17 L0 0 0. 20 6 2 el 2 dex 141 132 233 110 290 0 0 ] ;
9521 1% lotor1 7ic a2z aee o w0 18 6t ax e w2t o0 L |
1034, 19 lojo.2 1,1 2 i6 253 R4 W6 127 s 1Rtz 9l el ! |
(12-4 ‘ 00072 203 IS 4 A e e 12 Y e 32 9 Mok 3o } 0 ‘ !
120-7 21 | 0100, 0, 0 10 7 18323 0oL 24 ed 7T 62 1 T6 12201210106 0
12061 22 (0107 9. 25 2 A8 20 105 1120 0 40 1 5 | 44 ) 161 0
137-9 23 (o34l 7020 20 x99 a7 0] 0 10 AT R 0! 1, S| 5| 4] 3|20
1469 24 [0|5le| 0& & 6. 0 el of of of o 0 0| 0*0‘ ol 1] ofo] s{tio
|55-xl 25 |0 110 0.0| o| oi o' 0] o 0| 0' 0! Ol 0~ 0.0/ ol o0jo0| 0 000{0
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TABLE 7(b)

Range-mean-pair table for F+W spectrum. Stresses at front flange bolt hole number 12

Stress
(MPa) | Level [ 112|314 5|6] 7 8 9 L 10 [ 1112|1314} 15(16]17|18|19(20]21
96-3 o
807 2 jofo
64-3 3 0i0| ©
483 4 jojojojoO
32-1 5 0o/of{ 0y 0} O
16-1 6 |0jo| 0] 0] 0l0
0 7 0{0| O| 0] 0[O0 446
16-1 8 0[O} Of O 00| 4177 | 4458
321 9 |olol 0] 0] o]0 4301573 356
4831 10 |0|lo| O] O] 0|O0] 298| 765|349 ©
64-3 11 olo| of 0 410} 126 822393 0| O
80-7 12 olo] 0y 0} 210 230} 358 236 |146) 5| O
965 13 0j0} 0| O 5[0 147 275[124{230[ 1020} O
112-4 14 olo| ol ol o{O| 158 330| 29| 50|30 0]19{0
128-9 15 0[O0 Of Of 2(0( 177 116 38| 57{52{20{21{0|20
144 -8 16 ojlo} 0} 0|52]0 72 57 0 1} 0 0/ 0}j0| O]0
160-7 17 0t0} 111413810 28 6| 18 6| 0| 0] 0|{0; OO0
177-2 18 0(0f Of O]1410 0 0 0 ol 0 0| OO0} O|O0[O0}O
193-1 19 0({3(10f 0f{ 10 I 3 0 of 0/ 0 010 00000
208-9 20 |12l 3]0l 0{0] O o| o/l o|{ 0| O[] O|lO(O0OjO[0jO|O0]O
224-% 20 |1]1] 0] O] OO 0 ol of ol o0o| 0l 0olO| OflO|0OjO|0O}0OO
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TABLE 8

Blind anchor-nut, dimpled bushed hole specimens — comparison of experimental and predicted lives

Stress Experimental Predicted life by procedures:
scaling life
factor (flights) (A) (B) ()
Flights Life Flights Life Flights Life
ratio ratio ratio
Australian sequence
2-6 4.990* 2,390 2-09 2,380 2-10 2.940 1-70
2:2 8.907¢ 5,190 1-72 5,160 1-73 6,170 [-44
2:0 12.564* 8,330 1-51 8,290 1-52 9,730 1-29
1-8 13,994+ 14,500 0-97 14,500 0-97 16,600 0-84
1-4 43.234¢ 62,700 0-70 62,300 0-69 68.600 0-63
1-0 No tests 595,000 — 588,000 - 617,000
Swiss sequence
2-2% 6981 1.240 0-56 1.230 0-57 1,160 0-60
20 No tests 2,520 2,480 2,390 i
1-8 TAS9# 4,980 i-44 4.840 P-4x 4,690 )53
1-4 21.220¢ 18,700 113 18,200 [7 17.700 1-20
1-0 63,857° 128,000 0-50 126,000 0-51, 121,000 0-53

* One result.

+ Average of 2 tests.

“ Average of 3 tests.

# Average of 4 tests.

1 Not considered in analysis because of unrealistically high +7-5g stress.

Experimental life

Life ratio -
: e rano Predicted life
l'
R ek - -
- — eyl

oy S

~ emm. T



TABLE 9

T

Blind anchor-nut, dimpled bushed hole specimens — ratios of lives under Australian (Au) and

Swiss (Sw) sequences

Stress Au/Sw Au/Sw (predicted from Table 8)
scaling factor (experimental)
Procedure Procedure Procedure
(A) (B) (©)
2-2¢ 12:76 419 4-20 5-32
1-8 1-96 2-91 3-00 3-54
1-67 2:0* — —
1-4 2:04 3:35 3-42 3-88
1-0 — 4-65 4-67 5-10

* Lives interpolated from Figure 5.
* Not considered in analysis because of unrealistically high +7-5 g stress in Swiss sequence.

TABLE 10

Front flange bolt hole specimens — ratios
of lives under Australian (Au) and Swiss

(Sw) sequences

Stress
scaling factor

Au/Sw
(experiniental)

1-67

Interference-fit bolts

Clearance-fit bolts

4-79

[-4¢ 34

3-69

¢ Lives interpolated from Figure 17.

Ll
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Specimen no.:
GR18A

Scaling factor:
1.67

Flights: 14,438

Specimen no.:
GR11A

Scaling factor:
1.67

Flights: 21,368

Nut face

Nut face

s St o it Ty,
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FI1G. 18 (3) FRACTURE SURFACES, FRONT FLANGE SPECIMENS,

AUSTRALIAN SEQUENCE, INTERFERENCE-FIT BOLTS
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Nut face

Specimen no.:
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Scaling factor:
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Flights: 4,631

1 Nut face

Specimen no.:
GR21A /

Scaling factor: \\
2.23
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{The full lines indicate the approximate extent of fatigue cracking before final failure,
while the dashed lines represent the approximate boundaries of the ‘flat’ area of the
major crack before the development of shear lips at an advanced stage of the crack
propagation. The dot-dash lines represent the approximate boundaries of the shear lips
at final fracture.)

FIG. 18(a) FRACTURE SURFACES, FRONT FLANGE SPECIMENS,
AUSTRALIAN SEQUENCE, INTERFERENCE-FIT BOLTS
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Specimen no.:
GR12A

Scaling factor:
1.67

Flights: 3,149

Specimen no.:
GR19A

Scaling factor:
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FIG. 18(c)
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Specimen no.:
GR14A

Scaling factor:
1.67
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Specimen no.:
GR21C
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FIG. 18(d) FRACTURE SURFACES, FRONT FLANGE SPECIMENS,
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Specimen no.:
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Scaling factor:
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{i) GR21A, interference-fit bolts

{ii) GR14C, clearance-fit bolts

F1G. 19(a) FRACTURE SURFACES, FRONT FLANGE SPECIMENS,
AUSTRALIAN SEQUENCE
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(i) GR14A, interference-fit bolts

{ii} GR25C, clearance-fit bolts

FI1G. 19(b} FRACTURE SURFACES, FRONT FLANGE SPECIMENS,
SWISS SEQUENCE
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e R e aen =

R

|

-y




6)7
10.0 T
2 |
1
5.0 [
1 BJ7IB ’
2 BJ6HB
3.0 — 3 BJ7C
4 BJAGB
T 5 BJBJB
£ 6 BJ4JB
= 7 BJBC l
§20
F
3]
1.0
L /
! [
/ ]l
= [.8 1.4 1.0
0.5 i
[Stress scaling factor) !
‘ 0.4 L i 1 1
{
| 1 2 5 10 20 50 100
’ Flights {x 1000}
l FIG. 20{c) BLIND HOLE SPECIMENS, FATIGUE CRACK
. PROPAGATION UNDER THE SWISS SEQUENCE
i, L Y
- ar o




o -
£
o

600ﬁﬁTr[ T T T T ™7 T T

500t~ 4 4 -
T~ e e AaaxtH .
= 00 4 A
= =
£ x +
E o A :
5 o0 -~
£
8 ++
g 000 X wt
£ 200~ —
[
g Blind hole Front flange hole no. 12
& . Interfer. fit Clearance fit
2 Aust, | Swiss

Aust. | Swiss )} Aust. | Swiss
x + A [ (o} [
ol al S U N N W | ORI W S W A 1S I 8
5 6789443 2 3 4 5 6789k 2 3 4 5 678945
Flights

! FIG. 21 COMPARISON OF FATIGUE LIVES BASED ON STRESSES AT
MAXIMUM ‘g’ FOR DIFFERENT SCALING FACTORS




- .
100 Y= 6 T T
80 - _
2 60 - —
o
&
o 40
E O——0  F+W sequence x\\*
g 20 x===x  ARL sequence r -
g X
)
b
-20 —
-40 b— T
A 1 l A1 M | L L 1 l 1 1 j L - |
0o° 2 5 o 2 5 42 2 5 103 2 5 4 2 5 405
Positive slope level crossings per 500 flights
FIG. 22 EXCEEDANCES VERSUS NORMALISED STRESSES FOR
ARL AND F+W TEST SPECTRA
i Al A P S ot Bt o “* -

-~

'
-




70
60
50

40
30

20

Alternating stress — S (ksi)
w BNV, ] GM

RN

|

}

] |

Blind hole S, = 12.6 ksi

Blind hole S, = 6.95 ksi
Blind hole S, = 5.1ksi |

Chobert rivet 5, = 12.6 ksi X
Chobert rivet S = 6.95 ksi
Chobert rivet S = 5.1 ksi a0
Y

N
A TR T ST O R 4|

1
51032 5101.2 51052 51062 -] 1072 5108
Cycles — N

x Blindhole S = 6.95ksi
O Chobert rivet Sy = 126 ksi
@ Chobert rivet Sm = 6.1 ksi
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FIG. 24 FAMILY OF S/N CURVES FOR BUSHED DIMPLED-HOLE SPECIMENS
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16. Abstract (Contd)

types of specimens were between abour 3 and 4-2. This compares with a ratio of 4-6 obtained
Sfor the respective full-wing scale wing fatigue tests.

For the blind anchor-nut hole specimens the predicted fatigue lives were less than those
obtained experimentally at high stress scaling factors, but at low stress scaling factors the con-
verse was the case. The ratios of the predicted lives to failun',(AusiralianfSwissb were much
greater than those found experimenially.

Under both the-Australian and-Swisy stress spectra, the lives of front-flange bolt hole speci-
mens incorporating interference-fit bolts were between 3 and 4 times greater than those with

clearance-fit bolts. o,
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16. Abstract

“Full-scale flight-by-flight fatigue tests on Mirage Il fighter aircraft wings ,carried out at the
Swiss E

Australian Aerongutical Research Laboratories (ARL) and The idgendssisches Flug-
zeugwerk (F+ WYindicated much greater differences in the flights to failure than were expected.
This problem has been investigated by conducting fatigue tests on specimens representing the
major failure locations in the test wings — a blind anchor-nut hole i f and an
interference-fit bolt hole i : g — under flight-by-flight loading sequences corre-
sponding to thase used in the full-scale tests. Constant-amplitude fatigue tests were also carried
out on the blind-hole specimens 1o provide information for life estimation purposes, and fracto-
graphic crack propagation studies were conducted on selected blind-hole specimens.
The experimentally determined lives of both types of specimen were greater under the
tos, stress spectrum. Depending on the stress scaling factor considered the life

ratio Wblained by grouping together the two stress spectra and the two
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