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SYMBOLS

Ktz’ stress concentration factor based on gross section stress
K.n» Stress concentration factor based on net section stress
t, specimen thickness, in.

w, specimen width, in.

Agy, 8ross area

Apet, Net area

Snet, net section stress

Sgr, gross section stress

Pylce ultimate static strength, lbs,

Smax» maximum cyclic net section stress

Spin, winimum cyclic net section stress

Sps net section stress due to ripple loading

B, superposed cycle ratio, cycles per cycle

N, number of cycles to failure

sls, net section stress at n; = lg

Spp» net section stress at design limit load n, = 7.33g
a,, normal acceleration

L.L., limit load
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FOREWORD

This program was performed in the Structures Research and Development
Branch, Aero Structures Division, Aircraft and Crew Systems Technology
Directorate, of the Naval Air Development Center. Mr. M. S. Rosenfeld
was the project engineer. Mr. Rosenfeld and Mr, P. Kozel coauthored
the report. The contributions of Mr. R, Vining of NAVAIRDEVCEN, Mr.
C. Saff and N. Austin of McDonnell Douglas Corporation for the fatigue
analysis, and Mr. H. Slavin for assisting with the test program are
gratefully acknowledged.
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SUMMARY

This program was a systematic experimental investigation of the
effect of superposing ripple loads on large amplitude cycles typical of
aircraft maneuver loads. Since an adequate data base to define the
magnitude and frequency of occurrence of ripple loads in service was not
available, a range of values intended to represent a severe case was

selected.

From the results of this investigation, it was concluded that:

1. Ripple load superposition reduces the constant-amplitude
fatigue life of 7075-T6 aluminum but consistent, large life reductions
were not apparent until ripple load amplitude exceeded 15% of the
amplitude of the primary load cycles.

2. Similarly, superposition of ripple loading on the five highest
load levels in a typical fighter/attack fatigue spectrum also reduces
fatigue life, but the life reduction is more difficult to characterize
in general terms.

3. Current methods of fatigue analysis which employ a local strain
approach were able to predict the trends in fatigue life reduction caused
by ripple loads with reasonable accuracy considering the scatter in the

test data. However, they still had a tendency to underpredict the

magnitude of the ripple effect, particularly for ripples of low amplitude,
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INTRODUCTION

In-service load surveys of fighter/attack type aircraft show that
typical high amplitude maneuver loads are often modulated by smaller
amplitude loads which have a high frequency of occurrence (See Figure 1).
These small amplitude, "ripple" loads are not included in aircraft fatigue
test spectra and are not recorded by the current Navy fatigue life tracking
system., The effect, on fatigue life, of these superimposed ripple loads
in terms of their amplitude and frequency of occurrence is not well under-
stood and could be a significant factor in developing realistic fatigue i

test spectra and more accurate fatigue life tracking systems.

This program was a systematic experimental investigation of the
effect of ripple loads on fatigue life. A limited investigation of the
ability of current fatigue life analyses to predict these effects was

also performed.
TEST SPECIMENS

The test specimens used for this investigation are shown in Figure 2.
The specimens were made from 0.125 in. thick 7075-T6 aluminum alloy sheet.

Approximately 2.5 in. at each end of the specimen were used for gripping

in the test machine. ’ \
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2 and the nominal

The nominal gross area of the specimen 1is 0.246 in.
net section area is 0.215 in.2 From Figure 86, Page 150 of Peterson(z),

the stress concentration factor, Ktpn» based on net section stress is 2.67.

The static tensile strengths of the test specimens are given in

Table 1.

TEST PROGRAM

The constant-amplitude test matrix is outlined in Table 2. The
baseline test data were obtained for the trapezoidal loading cycles
depicted in Figure 3. The 0.25 second interval between trapezoidal
cycles was due to the program time limitations of the programmer.
Although the trapezoidal loading cycle is not entirely representative of
actual flight loading conditions, it was selected to simplify the analysis
for the superposed loading condition. Additional baseline tests for the
sinusoidal loading cycle shown in Figure 3(b) were performed to determine
1f the shape of the load cycle would influence the test results. As
shown {in Figure 4, the constant-amplitude lives for the sinusoidal and
trapezoidal cycle shapes are essentially identical. The shape of the
load waveform with ripple loads superposed upon the trapezoidal loading

is shown in Figures 3(c), (d), and (e).

The spectrum loading test matrix is shown in Table 3. The spectrum
used corresponds to the fighter spectrum A of MIL-A-8866 (ASG) with an

assumed limit load factor n, = 7.33g. Because of the capacity limitation

of the load programmer, the spectrum was limited to positive loads only

S ACPIIC Y NV S
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TABLE 1

SPECIMEN STATIC STRENGTH

SPEC. t W Agr Anet Pult Shet
NO. (in.) (in.) n.2) (in.2) (1bs.) (ksi)
s-2 .1258 1.9705 |.24789 .21644 18100 83.63
-3 .1256 1.9714 |.24761 .21621 17940 82.97
S-4 1255 | 1.9736 | .24769 .21631 18060 83.49
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and was applied in 50 hr. equivalent blocks as follows:

% L.L. 35 45 35 65 75 85 95 105 115 125
N 850 475 325 225 125 75 15 8 2 1
f(Hz) 5 5 5 4 4

Because of the capacity limitation of the load programmer, the super-
posed sinusoidal ripple loading was applied to the 85% and higher load
levels only. The lower load level for each cycle was zero rather than the
load corresponding to the level flight 1lg load to simplify the load cycle

and to make it compatible with the constant-amplitude cycling.

The baseline test data were obtained for the spectrum shown above
with the cycles between 35% and 75% limit load applied sinusoidally at
the frequencies noted. Cycles at 85% limit load and above were trapezoidal
so that sinusoidal ripple loading could be superposed as for the constant-
amplitude tests. The tests were performed for four different stress
levels, slg’ as shown in Table 3; the corresponding limit load stresses,

sLL’ are also shown.
TEST METHOD

All tests were performed in a 20 Kip closed-loop servohydraulic
test machine equipped with self-aligning hydraulic grips. The test
loads were monitored throughout by an amplitude measuring unit utilizing
both an oscilloscope and a peak reading digital voltmeter.

All test data is reported as life to failure and therefore includes

both the crack initiation and crack growth stage.
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TABLE 3
SPECTRUM LOADING TEST MATRIX

SPECTRUM STRESS LEVEL (KSI)

RIPPLE 4.0 4.4 4.8
STRESS ‘ 29.32 32.25 35.18
Sp(KSI)

BASELINE

SUPERPOSED
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TEST RESULTS AND DISCUSSION

Constant Amplitude Loading

The baseline (B = 0), constant amplitude date for a trapezoidal
and sinusoidal loading cycle are given in Table 4 and plotted in
Figure 4. 1t is apparent, from the latter, that cycle shape has no

effect.

Results for the constant amplitude ripple load test matrix are
presented in Tables 5 thru 7 and plotted in Figures 5 through 9.
While some trends can be perceived in this data (mean life curves are
shown), the data scatter and small sample size make conclusions
precarious, especially in interpreting the effect of the smallest,
i.e., 4 ksi ripples. In order to unify the results, the mean life
data for each ripple condition was normalized with respect to the mean
ripple-free (B = 0), life at each level of maximum stress. The
normalized results are given in Table 8. Again, it is apparent that
some of the results are anomalies. For example, the life ratio
for Sg = 4, B = 2 is higher than for Sy = 4, B= 1. However, ripple

loads above 8 ksi in amplitude produce a substantial reduction in life
with the greater reduction, as would be expected, evident at higher

amplitudes and higher ripple ratios,

Spectrum Loading

Spectrum test results are given in Table 9 and are plotted in

Figures 10 thru 13. These test results are normalized to the mean

11
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TABLE 4

LIFE TO FAILURE
CONSTANT AMPLITUDE LOADING

BASELINE DATA, B = O

LIFE, N - CYCLES LIFE, N - CYCLES
Smax Smax
(KSI1) TRAPEZOIDAL SINUSOIDAL (KSI) TRAPEZOIDAL SINUSOIDAL
4144 24885
48 3625 28 24169
3942 27627
3904 av. 25560 av.
6303 4573 37900 50874
44 5390 6174 24 52006 40805
5300 36817
5664 5376 42241 45840
265248(1)
8650 6126 65091
40 7909 9575 22 57983
8451 6863 79728
8337 7521 67601
12195 >573843
36 13092 20 D 542346
11247
12178
15667 20538 ‘
32 16810 14375 f
15090 'ﬂ
15856 17456 ‘
|
(1) Failed in grips - not included in average values.

12
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TABLE 5

LIFE TO FAILURE
CONSTANT AMPLITUDE LOADING

SUPERPOSED CYCLE RATIO, B =1

LIFE TO FAILURE, Ny - CYCLES
s
max
(ksi) Sgp = 4 ksi Sg ~ 8 ksi SR 12 ksi
3922 3444 3190 -
44 3937 3671 . 3750
3686 3656 3228
3848 av. : 3590 av. 3389 av-.
8633 8209 6581
36 9021 6915 6338
8321 7067 7458
8658 7397 6792
- 18731 : | 16820 13505
28 19126 17128 15211
17678 14578 20034
18512 16175 16250
. 53839 35611 39271
22 56368 35828 32786 i
58525 37485 24670 _
56264 36241 . 32242
© 4
. 1
135266 51860 84327 q
20 61808 . 44082 29872 _ |
86219 48520 43202 |
94431 . 48154 | 32467

14
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TABLE 6

LIFE TO FATLURE

CONSTANT AMPLITUDE LOADING

SUPERPOSED CYCLE RATIO, B = 2

LIFE TO FAILURE, Np - CYCLES
smax
(ksi) Sp = 4 ksi Sg = 8 ksi Sp = 12 ksi
4146 4196 4167
44 5894 .3813 4287
6134 4256 3658
5391 av. 4088 av. 4037 av.
.1 .
10611 8407 6829
36 12863 9533 7843
9927 7842 6282
11134 8594 6985
35788 23295 16282
28 22798 28928 8476
22656 27651 11268
27081 26625 12009
44582 29582
22 62759 31246
90394 24521
65912 28450
34941 34256
20 56654 32629
51853 26491
47816 31125
61665
16 46222
53363
53747

15

A " — —— g < - P e

LT S




NADC-81190-60

ey - —— - -

TABLE 7

—r
et

LIFE TO FAILURE
CONSTANT AMPLITUDE LOADING

SUPERPOSED CYCLE RATIO, B= 4

LIFE TO FAILURE, Ny - CYCLES
Smax ) -
(ksi) S = 4 Tesi sg = 8 ksi Sg = 12 ksi
3881 , 3619 2873
44 4190 3434 3331
4439 3186 3083
4170 av. 3346 av. 3096 av
6448 6828 5504 |
36 10647 7887 - 4785 3
9015 6513 5275
8703 7076 . 5188
18903 11606 8408
28 23562 13938 10698
: 16522 13492 9559
19662 13012 9555
36663 23548 21298
22 45944 28385 14912
64350¢1) 23175 27456
41304 25036 21222
269748 (1) 43619 16331
20 526745(1) 67820(1) 36214
- 48318 75375(1) 17007
57735
53026 43619 23184
(1) Specimen failed in grips; not used in determining average value. ’
16 :
L
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TABLE 8
LIFE RATIOS
CONSTANT AMPLITUDE LOADING WITH RIPPLES A
Sp Smax (ksi) g
B (ksi) 44 36 28 22 4
Baseline o 1.000 1.000 1.000 1.000
4 - 0.679 0.711 0.724 0.832
1 8 0.634 0.607 0.633 0.536
12 0.598 0.558 0.636 0.477

4 0.952 0.914 1.060 0.975
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TABLE 9 .

SPECTRUM LOADING TEST RESULTS "

LIFE TO FAILURE, Ng - 50 HR. BLOCKS ¢
B SR |5y =4.0 ksi | Syg =6.4 ksi | Sig =4.8 ksi | Spg =3.2 ksi 3
472 296 313 180 il
Baseline 0 360 247 197 138
416 av. 271.5 av. 255 av. 159 av.
523 277 196 7 4
4 481 251 219 168 3
502 264 207.5 169.5 I
382 324 193 s
8 446 297 219 171 g
1 414 310.5 206 16 ;
210 304 111 140 1
129 179 144 115
12 152
142
158.2 741.5 127.5 127.5
372 310 199 171
4 376 338 221 171
374 324 710 171
411 270 182 161
2 8 429 255 193 172
420 262.5 187.5 166.5
176 703 107 123
12 220 145 170 107
198 174 138.5 115
389 301 179 162
4 424 281 180 158
406.5 291 179.5 160
374 248 140 166
8 316 189 156 164
110 ‘
98
4 — m——— — —
345 218.5 148 134.5
95 137 81 60
92 104 72 41
12 73 140 88 89
101 100 108 102
90.2 120.2 "87.2 73
23
: 1
i :
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ripple-free (B = 0) life at each spectrum stress level in Table 10.
These results also show negligible life reduction caused by ripple loads
until the ripple amplitude exceeds 8 ksi. Under these test conditioms,
where spectrum design limit stress ranged from 29 ksi to 38 ksi, an

8 ksi ripple cycle is a relatively large percentage of limit stress

and a significant life reduction would be expected.
ANALYSIS RESULTS

Fatigue life tracking systems now being proposed for Navy aircraft
will measure and record stress ripples which exceed 15% of design limit
stress (see References 1 and 6). It therefore becomes an important
question whether the accompanying fatigue analysis can account for the

ripple effects.

Two types of analysis were applied to selected ripple test
conditions. The first was the Palmgren-Miner linear cumulative damage
approach, and the second was a typical sequence accountable method
which tracks the local stress/strain history by modelling the hysteresis
loops. The Palmgren-Miner analysis was applied using S vs. N data for
7075-T6 derived from MIL-HDBK-5C (See Figure 4). The seaquence accountable

method used existing stress/strain vs. life data for 7075-T6.

Total life predictions in general were poor, tending to be highly

conservative unless the predictions were matched, ex-post-facto, to the

ripple-free test data. Miner's analysis, however, was non-conservative for
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conditions of Sp,x = 28 ksi where large scatter is evident in the test

data. To display the sensitivity of the analysis methods to the ripple

effects, the predictions were normalized to the ripple-free life. Comparisons
between the test life ratio and predicted life ratio for selected constant
amplitude and spectrum conditions are presented in Tables 11 and 12. Figure 14
shows a graphical comparison of test life vs. predictions by a sequence account-
able analysis. The comparisons show that a simple Miner's analysis, in general,
underpredicted the ripple effect for both constant amplitude and spectrum
loading. The sequence accountable method was more sensitive to the ripple
effect and gave life ratios which were reasonable, considering the scatter and

sometimes inconsistent trends in the test data.
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TABLE 11

LIFE RATIOS, TEST/ANALYSIS COMPARISONS

CONSTANT AMPLITUDE LOADING

Sg Spax = 44 Smax = 36 Smax = 28 Spax = 22
TEST | p/M | TEST } P/M | TEST | P/M | TEST | P/M |SAA
0 1.00 | 1.00 | 1,00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00]1.00
4 .68 | 1.00 .71 | 1.00 .72 | 1.00 .83 | 1.00 | .98
8 63 | .9 61 | .99 .63 | 1.00 .56 | 1.00] .92
12 .60 | .89 .56 | .90 .66 | .96 .48 | 1.00 | .81
4 .95 | 1.00 .91 | 1.00 | 1.06 | 1.00 .98 | 1.00| .97
8 72 | .89 71 .98 | 1,04 | 1.00 42| 1.00( .85
12 71| .80 .57 | .82 47 | .93 - 99| .68
4 .74 | 1.00 .72 | 1.00 .77 | 1.00 .61 | 1.00| .9
8 .59 | .80 .58 | .96 .51 | 1.00 .37 1.00] .74
12 .55 | .67 43| .69 37 | .89 31| .98] .52

P/M = Palmgren/Miner Analysis

SAA = Sequence Accountable Analysis
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CONCLUSIONS

An experimental investigation was performed to determine the effect

on fatigue life of superposing small amplitude ripple load cycles on the
larger amplitude cycles characteristic of aircraft maneuver loads. Two
fatigue life prediction methods were also investigated to determine whether
they could predict ripple load effects. From the results of this program,
it is concluded that:

1. VWhile ripple load superposition reduces the constant amplitude
fatigue life of 7075-T6 aluminum, consistent large life reductions were
not apparent until the ripple load amplitude exceeded 15% of the amplitude
of the primary cycles and the number of ripples exceeded Z cycles per |
cycle.

2. Superposition of ripple loads on the five highest load levels :
of the MIL-A-8866 (ASC) fighter/attack spectrum also reduces fatigue
life, but the life reduction is more difficult to characterize in
general terms because of the complexity of the spectrum and the scatter
in the test data.

3. Miner's analysis, in general, underpredicted the life reductionms
produced by ripple loads for both constant amplitude and spectrum tests.
A sequence accountable fatigue life prediction which tracks the local
notch stress/strain history was more sensitive to the ripple effect
and gave reasonable predictions of the ripple-free to ripple-imposed :
l1ife ratios considering the small sample size and scatter of the test

data. However, the sequence sccountable analyses also tended to underpredict {

the magnitude of the life reductions produced by ripple loads.
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1 RECOMMENDATIONS

Results of this experimental study show that ripple loads can have a

significant effect on structural life; however, the amplitude and frequency-

of-occurrence of ripple cycles in this study were relatively severe and may
not be representative of the real service environment. It is recommended
;g that airloads data from existing sources, such as operational surveys and

b the Tactical Aircrew Combat Training System, be reviewed to determine actual

ripple load content and its effect on structural life.

Customary life prediction analyses tend to underpredict the actual effect
of low amplitude ripples. This inaccuracy may be of greater consequence in
predicting the life of transport/patrol type aircraft which experience num-
erous low-amplitude gust cycles. The introduction and decay of local residual
stress 1s an aspect of fatigue analysis which affects the accuracy of struc-
tural life predictions for this type of load spectra, but the phenomenon is
not well understood. Research into residual stress behavior, perhaps with
instrumented super-scale specimens, would improve the accuracy of fatigue
analysis for applications to gust loading and to other unusual spectra

such as those containing ripple loads.

Other research (Reference 7), has shown that ripple-type loading can
have a significant effect on the crack propagation stage of structural life.
. Since crack propagation analysis {s now commonly used to protect aircraft
safety during service life extensions, it should be determined whether the
combination of in-service data acquisition methods and related crack growth

! analysis adequately account for ripple-type loads encountered in service.
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