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1. INTRODUCTION

After the fourteenth meeting of the ICAF, for the
purpose of co-ordinating to the ICAF activity in
Japan, the 129th Committee on Strength, Fracture
and Fatigue (The chairman; T. Yokobori) of the
Japan Society for Promotion of Science has reorgan-
ized the members of this Sixth Sub-Committee on
Aeronautical Fatigue as follows:

The chairman of sub-committee: T. Kamiyama

The secretary of sub-committee: K. Takeuchi
and the other eighteen members consist of professors
in universities, researchers in government laboratories,
airplane manufactuers, airline operators and others
who are working on the aeronautical fatigue problems.
The sub-committee has agreed to collect the Japanese
author’s papers concerning aeronautical fatigue and
distribute to the ICAF member countries from
National Aerospace Laboratory, The Science and
Technology Agency, Japan.

* Received June 24, 1977.
++ The Aircraft Accident Investigation
Commission

*++ First Airframe Division
*xx* Second Airframe Division
Presented at the 15th Meeting of the International
Committee on Aeronautical Fatigue, held on May
9 —May 13,1977 at Darmstadt, Germany.

Nineteen papers written in English, most of which
were concerning the basic fatigue problems studied
in universities, have already been distributed to ICAF
member countries. The titles of those ICAF Docu-
ments presented by Japanese authors are listed in the
reference at the end of this review.

The Model 700, a twin engine general usage air-
plane has been developed by Fuji Aircraft Division
and General Aviation Division of Rockwell Interna-
tional. The full scale fatigue test of this prototype is
now underway at the Fuji Heavy Industries, Ltd., in
Utsunomiya, Japan. The full scale fatigue test of
Shinmeiwa PS-1 flying boat was conducted in 1975
and the fatigue test of landing gear of Shinmeiwa
US-1 that is the amphibious version of the PS-1 was
conducted in 1976 at The Third Research Center,
T.R.D.1., Japan Defence Agency.

In Japanese civil aviation, there were forty three
accidents in 1975 and fifty six accidents in 1976.
The analyses of those accidents identified that the
main causes of four accidents in 1975 and two ac-
cidents in 1976 were due to the fatigue.

This paper is the review of the investigation on
aeronautical fatigue problems in National Aerospace
Laboratory, The Third Research Center and three
representative airplane manufactures, Fuji, Mitsubishi
and Kawasaki.
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2. NATIONAL AEROSPACE LABORATORY,
THE SCIENCE AND TECHNOLOGY
AGENCY, JAPAN

2.1 On the Data Collection of Gust Loads
1) Background

Gust load collections in Japan were conducted
twice in the past, in response to the request of ICAQ
Airworthiness Committee. In both studies, scratch-
type flight recorders for accident investigation were
used to obtain the flight data. The former study was
conducted around 1960, collecting the gust loads
encountered by DC-4 transports in domestic sched-
uled flights and the frequencies of derived gust veloci-
ties were obtained. The latter study was continued
from Sept. 1973 to Aug. 1975 and six extreme events
were collected encountering severe turbulences by
transports in scheduled flights. The result of the
analysis was reported to ICAO Airworthiness Com
mittee in 1976 (NAL TM-319T, 11/1976). The
typical records of discrete and continuous turbulence
among them are shown in Fig. 1 and Fig. 2, respec-
tively.

On the other hand, current large jet-transports
have been equipped with the DFDR (Digital Flight
Data Recorder). Although the installation of the
DFDR is originally obligated by airworthiness regula-
tions for accident investigation, the records of the
DFDR’s in daily operations contain the useful infor-
mation on flight loads, and can also be available to
obtain those statistical data with the aid of high
speed digital computers.

National Aerospace Laboratory, therefore, has
started to collect the gust data in domestic scheduled
flights by the DFDR’s which are equipped on Lock-
heed L-1011 transports of All Nippon Airways. In
the following sections, the method of processing
data and some results are presented.

2) Computer Processing of DFDR Data

First, the records of the DFDR are reproduced and
searched to find the regions of gust encounters (the
patches of turbulence). When a patch of turbulence
is identified, the informations on the turbulence
patch like mean altitude and airspeed, level crossing
frequencies of vertical accelerations, patch length,
etc. are output on card together with the flight
identification data and the information of flight time
at each altitude band.

Finally, when sufficient data are stored, the statis-
tical gust data are summarized in the form of frequen-
cies per hour of vertical accelerations and derived gust
velocities, values of Py, P2, by and bz in the gust PSD
method, variations of those values with altitudes,
seasons and routes, correlations between vertical and
lateral accelerations and between gust encounters and
the variation of air temperature, etc.

The patch of turbulence is identified out of the
whole records by the computer, monitoring the time
history of vertical accelerations with the following
steps:

i) The upper and lower threshold levels (UTL and
LTL) and preset above and below the mean level
(1g level flight), respectively.

ii) The records are searched to find the region where
the vertical accelerations cross the UTL and LTL
continuously. If the vertical accelerations stop
crossing the thresholds more than 30 seconds,
then it is regarded as the end of the turbulence
patch.

iii) If the vertical accelerations stay above the UTL or
below the LTL more than 10 seconds, that por-
tion is not regarded as the patch of turbulence in
order to exclude the pilot maneuvering.

iv) The beginning and ending of the turbulence patch
thus found is finally modified by the points
where the vertical accelerations cross 1g mean
level just before and after the first and the last
crossing of the threshold, respectively.

In this study, the values of the threshold levels are
programmed to be variable from 1g + 0.08g to g
+0.2g. The levels at every 0.05g are used to count
the level crossing frequencies of vertical accelerations
in the turbulence patch.

3) Results of Analysis
In order to check the validity of the computer

software for data processing and to investigate the
effect of the threshold levels on the turbulence identi-
fication, the DFDR records of 300 flight hours were
processed by the method explained in the previous
section. The data contained 201 flights which were
equivalent to the flight distance of 225,600 kilo-
meters. The maximum and minimum vertical accele-
rations in the whole records were 1.61g and 0.21g,
respectively.

The cumulative frequencies of derived gust veloci-
ties at an altitude band from 3,000 to 6,000 meters
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are shown in Fig. 3. The vertical lines represent the
ranges of variation of the frequencies of derived
gust velocities when the values of the threshold
levels are changed from 1g+ 0.08g to 1g+0.2g.

As a reference, the value adopted in MIL specifica-
tions in U.S.A. is shown by the solid curve. It is
noted from Fig. 3 that the frequencies over 5m/sec
(15ft/sec) does not depend on the value of the
threshold levels. The same results of the effect of
the thresholds on the derived gust frequencies have
been obtained for other altitude bands of 300~
3,000, 6,000 ~ 10,000 and 10,000 ~ 13,000 meters.

Fig. 4 shows the percentage of the flight time in
the patch of turbulence explained in the previous
section to the total flight time. The horizontal lines
indicate the ranges of variation of the percentage
when the values of thresholds are changed from 1g
+0.08g to 1g10.2g. As a reference, the value of P,
(percentage of flight time in non-storm turbulence)
adopted in U.S.A. MIL specification is shown by the
solid curve. As shown in the figure, the percentage of
the flight time in the turbulence patch is highly
dependent on the values of threshold.

4) Concluding Remarks

The DFDR records of 300 flight hours were ana-
lysed to obtain the gust statistical data from the ex-
perience of transports in daily operations. The results
have clarified the availability of the DFDR for gust
data collection by computer processing. It has also
been noted that the frequencies of derived gust velo-
cities over Sm/fsec does not depend on the value of
the threshold levels used for the turbulence patch
identification, whereas the percentage of the flight
time in the turbulence patch to the total flight time
is highly dependent on it.

It is expected from the present study that the
DFDR will also be available to obtain other airplane
airworthiness data, i.e., maneuvering and landing
loads, wind shear, statistical distributions of airplane
speeds in operation against the target speeds, etc.

2.2 Preliminary Studies on Fatigue Load
and Test Method
For the purpose of estimating fatigue life of air-
plane structure under more realistic fatigue test load,
NAL makes an effort to develop the system which
can generate flight-by-flight load and perform fatigue
test with a minicomputer control. As the test has just

started, in this section, the procedure of determina-
tion of light load, the simulation technique and the
test apparatus are described.

Recently, The Standardized Load Program was
proposed by LBF and NLR (LBF-BERICHT FB-106
and NLR TR 73029U, 3/1973). This program is
based on many calculated and measured data, and
the results which were investigated over the last de-
cades are contained in this program. The peak distri-
bution of this program is refered when the following
program is studied.

Considering the lower skin of wing root which is
thought to be the critical component of airplane
structures, the representative fatigue loads are gust
loads and ground-air-ground loads. The gust process
is generally modeled as a composite Gaussian process
(MIL-A-008861A (USAF), 3/1971). In detail, the
continuous turbulence consists of a series of gust
patches and each patch is a stationary Gaussian ran-
dom process. If the standard deviation stands for the
intensity of patch, the distribution is shown by add-
ing half Gaussian probability density functions with
the parameters Ci, C2, o0x1 and ox2. Cy and C2 -
represent the fractions of non-storm and storm re-
spectively with the intensities gx1 and ox2. When
only the term T that an airplane encounters air turbu-
lence is taken into consideration, the sum of Cy and
C2 becomes unity. If the response of airplane struc-
ture is assumed to be linear, ox1 and Ox2 can be
replaced by 0yy and 0Oy2 which are the intensities of
response of critical component due to non-storm and
storm. On the other hand, the Gaussian random pro-
cess y(t) with mean zero and its power spectral
density Sy (w) can be simulated by way of the sum of
cosine functions.

In order to simulate the process, the parameters
Ci, C2, 0y1 and oy2 must be determined. Essential-
ly, these values can be established by the mission
analysis of the airplane. However, in the present test,
investigating many references and also considering
The Standardized Load Program, the values listed
below are adopted.

Ci1 =0.995, C2 =0.005, oy1 =0.126g, ay2 =0.324g
The intensity distribution is divided into 30 segments
of 10y =0.009g, 20y =0.027g, .....,, 300y =0.531¢g
with Aoy =0.018g. The lower four segments from
10y to 40y are omitted because of the less contribu-
tion to fatigue life and the shortening of test period.
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The stress of 1g level flight is 7 kg/mm? and the
ground load is —0.5 times of 1g flight load. It is
assumed that T is 300 sec which corresponds to 8.3%
of one hour flight, i.e., short range operation. For the
sake of generation of random process, the bending
moment spectral density of C-5A at the wing root
presented by R.L. McDougal (Meeting of Aircraft
Response to Turbulence, NASA Langley Research
Center, 9/1968) is utilized (Fig. 5). Investigating
this spectrum, the frequency resolution (Af) and the
number of division (n) are taken as 0.01 Hz and 256
- respectively. Therefore, the simulation period is
100 sec.

The test apparatus mainly consists of MTS closed
loop servo-hydraulic fatigue machine and HP-2100
Digital Minicomputer which is microprogramable.
The arrangement of these apparatus, 12 bits Digital-
Analogue Converter and the softwares which are
used for the test are developed by NAL. It should
be notes that the grips and anti-buckling guides re-
commended by Schijve (NLR TR 68117U, 12/1968)
are adopted. The computer unit with 16K memory
of 16 bits word has Time Base Generator, PTR, TTY,
ADC, DAC (2 channels of 8 bits), Relay Register,
Writable Control Store (RAM) and Programable ROM
Writer. The calculation is carried out by integer, and
all data which are previously stored in the memory
are called by the addressing technique. Applying the
microprogram in order to generate pseudo ramdom
numbers and random processes, the test time be-
comes a quarter of the real time. Fig. 6 shows the
example of flight-by-flight loads. The distribution of
maxima and mean cross peak which are correspond-
ing to 2,000 flights are given in Fig. 7.

According to the results, the numbers of peaks in
the middle level are larger than those of The Stand-
ardized Load Program. It is possible to bring the
former distribution close to the latter by altering the
parameters Cy, C2, 0Oy and Oy2, and the higher and
lower truncation level of intensity distribution. Al-
though, at present, the fatigue test is performed in
order to investigate the fatigue process on crack
initiation and propagation, it is necessary to find the
reasonable parameters and truncation level mentioned
above and compare the test results with those ob-
tained by The Standardized Load Program.

2.3 Relation between Scatter of Fatigue Life
and S-N Curve

The equivalent stress is defined as the sum of the
applied stress and the error in applied stress. This
concept is applied to the results of series of fatigue
tests on 2024-T4 aluminium alloy specimens with a
circularhole (Kt = 2.54) and a sharp notch (Kt = 8.25)
at constant temperature and humidity. Fig. 8 and
Fig. 9 show the fatigue life distribution for K¢ = 2.54
and 8.25 respectively. The interrelation between the
scatter of the equivalent stress, the S-N curve, where
N is the median fatigue life, and the scattering of
fatigue life is discussed.

The main results of this study are:
(1) The fatigue crack initiation period of the speci-

men with a circular hole is about 2% of fatigue
life at the applied stress 26kg/mm?. When an
applied stress is lowered, it becomes longer. It is
about 76% of fatigue life at the applied stress
12.5kg/mm?.

On the other hand, the microscopical observa-
tions indicate the fatigue crack grown throughout
most of the whole life of a specimen with a sharp
notch, when an applied stress is higher than or
equal to 8kg/mm?. When an applied stress is not
higher than 7kg/mm?, the fatigue life is covered
by the two periods of fatigue nucleation and
propagation.

(2) In the stress range where the shape and slope: of
the S-N curve are almost identical, shown in Fig.
10, the distribution shape and scatter of fatigue
life obtained from experiment are similar regard-
less of stress level and notch configuration. The
gentler the slope of the S-N curve, the larger the
scatter of fatigue life becomes.

(3) The equivalent stress is distributed almost in a
normal distribution, and its standard deviation is
nearly constant ranging from 0.25 to 0.38kg/mm?
regardless of stress level and the ratio of crack
nitiation period to fatigue life.

(4) In the stress range where the S-N curve on a semi-
logarithmic scale is nearly straight, the fatigue
life is distributed in a log-normal distribution,
which agrees with the results for unnotched spe-
cimen reported in ICAF Doc. No. 800.
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2.4 Parameter Estimation of Weibull Distribution
using Test Results obtained in Japan

As is well known, the log-normal and Weibull dis-
tribution can empirically define the distribution of
fatigue life and both are utilized to the design and
reliability analysis of airplane structures.

In Japan, the scatter factors of transport airplane
structures have been determined by the log-normal
distribution. The standard deviation of aluminium
alloy structure was recently estimated to be 0.154
from 62 groups of fatigue tests with 95% confidence
level.

It should be noted that the significant difference
between those distributions in the lower tails has an
important influence to the result of reliability analysis.

Although the Weibull distribution, in general, has
three parameters which are shape (a), scale (8) and
location parameter (8), the location parameter (mini-
mum life) is usually taken as zero. On the other hand,
it is pointed out that the long life transport has a
minimum life, and introducing this minimum life
value, the scatter factor becomes smaller. In case of
the parameter estimation of two-parameter Weibull
distribution, it is shown that the first two ordered
statistic estimation method (FTOSE) proposed by
N.R. Mann (Technometrics, Vol. 10, 5/1968) and
applied by 1.C. Whittaker, et al. (AFML-TR-69-65,
3/1969) is more effective than the maximum likeli-
hood estimation. However, it is thought that there
is no suitable method to estimate three parameters
of Weibull distribution. Therefore, it is tried to
apply the extended FTOSE and Bayesian method for
the parameter estimation.

In order to derive the probability density function
of Z = (second failure) / (first failure), a new assump-
tion must be introduced. In this case, it is assumed
that the parameter € = §/8 as well as shape parameter
a are constant.

For the estimation of « and ¢ of aluminium alloy
structural components, the case of sample size n = 3
is taken, because this group is the largest which is
equal to 41. The fatigue test results are listed in
Table 1 with the fatigue lives of first and second fail-
ure and Z. The distribution of Z is plotted in Fig. 11.
Although the relation between « and e is represented
in Fig. 12, unfortunately the most probable value
cannot be determined by this method.

Table 2 shows the safe and reasonable values of a

and € of each material which are recommended by
A.M. Freudenthal (AFML-TR-74-198, 4/1975). In
this table, the short life and the long life are corres-
ponding to fighter and transport respectively.

As the method mentioned above introduces the
uncertain values of a and e, it is tried to make use of
the Bayesian method for the sake of finding more re-
liable values. If the values for long life listed in
Table 2 are reasonable, it is expected that they will
become the mode of posterior probability density
function.

Considering a prior probability for this analysis,
there is no information about & and e which are mu-
tually independent. Therefore, it-is assumed that its
density function is constant over the range of amin<
a<omax and 0 < e < emax. These ranges must be
sufficiently chosen by investigating the results of
posterior probability density. On the other hand, the
likelihood function is derived with the assumption
that the samples Zy, Za, ...., Zn are mutually inde-
pendent. , '

In case that the same data which are utilized
in the former analysis are taken and each value in the
calculation is gven as follows;
amin=0.5, amax=5.0, Aa=0.1, emax=0.4, Ae=0.01
the posterior probability distribution is shown in Fig.
13, and its mode is @ = 3.6 and € = 0.02 which means
that the minimum life is 2% of the scale parameter.
These are almost the same as the values recommended
by Freudenthal. The relation of & and € in Fig. 12 is
approximately corresponding to the ridge of this
distribution. Although the group size is very small
and only the sample size n=3 is examined, the
Bayesian method is applicable to estimate the para-
meters of Weibull distribution.

2.5 Plane Bending Fatigue Strength of CFRP
Aluminum Honeycomb Sandwich

The experimental investigation on the plane bend-
ing fatigue strength of a honeycomb sandwich beam
consisting of an aluminum honeycomb core and
carbon fiber reinforced plastics facing was conducted.
Fig. 14 shows the S-N curve for CFRP aluminum
honeycomb sandwich.

It was found that the aluminum honeycomb sand-
wich beam with CFRP facing has a considerably higher
strength in plane bending fatigue than FRP honey-
comb sandwich specimen with GFRP (glass fiber re-
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inforced plastics) facing, and that the plane bending
fatigue strength of the honeycomb sandwich beam
depends deeply on the properties of the facing
materials.

2.6 Studies on Acoustic Fatigue

Experimental study of acoustic fatigue on bond-
riveted panel specimen of 2024-T3 aluminum alloy
under narrow band random acoustic loading, have
been conducted at NAL, and data of rms stress vs.
number of cycles to failure were obtained. Fig. 15
shows estimated acoustic S-N curve and the experi-
mental results. In this figure, the results for bond-
riveted panel lie on the same S-N curve as riveted
panel, which was reported in ICAF Doc. No. 800.

Also, a program of work on acoustic fatigue of
fiber reinforced plastics panel specimen is now in
progress at NAL.

3. THE THIRD RESEARCH CENTER,
T.R.D.1.¥, JAPAN DEFENCE AGENCY

3.1 Full Scale Fatigue Test of the C-1
Twin-Turbofan Military Transport

The full scale fatigue test of the C-1 transport was
finished at the end of November 1974.

The number of the total damages, which included
unimportant damages such as cupping of rivets and
loosing of screws, was 462 as shown in Fig. 16. Most
of the damages were initiated and propagated by the
cabin pressure loads, the landing loads such as spin-up
and spring-back, and taxiing loads such as braking,
turning and pivoting.

The most important damage which determined the
service life of the C-1 airplane was discovered on the
trunnion fitting of the left main landing grear at
53,853 flights. The location and the detail of this
damage are shown in Fig. 17 and Fig. 18. According
to the fractography of the fracture surface, it is
concluded that this damage is initiated at A and B
shown in Fig. 18, in which the cracks meet at almost
right angles.

Since cracks are initiated and propagated in the
normal direction of the principal stresses, it is thought
that the cracks were caused by two different principal
stresses which arose from the cyclic shear loads.
These -alternative shear loads were brought by the
alternative longitudinal forces which acted on the

outer lag of this trunnion fitting and twisted the
I-section of this fitting.

The comer radius of this I-section turned out to be
too small compared with the flange thickness. There-
fore, the corner radius of S mm as shown in Fig. 18,
section A-A, was changed to 15 mm for the produc-
tion airplane. Accordingly the stress concentration
factor of 8.75 was reduced to 3.60.

All other damaged  parts, except items which
would not have influence on the service life of the
C-1 transport airplane, were modified. (*T.R.D.L;
the Technical Research and Development Institute)

3.2 Full Scale Fatigue Test of the PS-1
4-Turboprop STOL Flying Boat

STOL flying boat PS-1 was developed as an ASW*
seaplane possessing dunking sonar and a capability to
operate in rough sea.

PS-1 has been delivered to MSDF** since 1968
and is now under production.

The full scale fatigue test of PS-1 STOL flying
boat was conducted from July to December in 1975
by random repeated loads corresponding to more
than 20,000 take off and landings on the water, at
the Third Research Center. :

The arrangement of 122 -hydraulic actuators for
external loads is shown in Fig. 19(a).

In addition to the flight loads of conventional air-
plane, the hull structure of the seaplane was repeated-
ly loaded corresponding to take off and landings on
the water by the specially constructed loading cradle
with hydraulic actuators connected to loading pads
on the hull bottom as shown in Fig. 19(b). The load
spectrum was decided according to the U.S.A.
military specification. The programmed load spec-
trum was designed by flight-by-flight loads with the
random external loads.

Besides, two kinds of hull bottom panels represent-
ing the keel area and chain area near the step of PS-1,
were tested by air pressure simulating random water
loads according to MIL-A-8867. The illustration of
this test is shown in Fig. 20.

(*ASW; Anti-Submarine Warfare, **MSDF; Maritime

Self Defence Force)

3.3 Landing Gear Fatigue Test of the US-1 '
4 -Turboprop STOL Amhibious Flying Boat

US-1 is an amhibious version of the PS-1 STOL
flying boat which is now under production.
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The fatigue test of main landing gears and their
fittings of US-1 amphibious seaplane was conducted
from December in 1975 to January in 1976 by
random repeated loads comesponding to about
20,000 take off and landings at the Third Research
Center.

The frequencies of the loads were decided accord-
ing to the U.S. A. military specification.

4. FUJI HEAVY INDUSTRIES, LTD.,
AIRCRAFT DIVISION

4.1 Full Scale Safe Life Test of the Model 700

Full scale safe life testing of the Model 700 is un-
derway at the Fuji Aircraft Division in Utsunomiya,
Japan. The Model 700, which is being developed by
Fuji and The General Aviation Division of Rockwell
International, is a pressurized, twin engine general
usage airplane, designed for certification under the N
category of JCAB airworthiness regulation and FAR
Part 23.

The fatigue test article consists of both left and
right wing structures, the fuselage structure and the
tail structure without control surfaces, as shown in
Fig. 21. The test article is free floated and loaded
with twelve hydraulic jacks and one pressurization air
source. Flight-by-flight load sequence with five types
of programmed flight cycles, as shown in Fig. 22, was
adopted in order to account for the combined effects
of pressurization load, flight load and ground load.

To assure full cabin pressure load, the cabin com-
partment is pressurized using air pressure to the max-
imum cabin pressure setting plus the average external
aerodynamic suction. The windshield is loaded, in
addition to the air pressure mentioned above, with a
whiffle system to account for the local peak of the
aerodynamic suction.

Flight load and ground load spectra specified by
FAA (AFS-120-73-2) were applied to determine the
test load spectrum. A combined gust and maneuver
load spectrum was designed by six load steps. As the
calculated damage due to landing and taxiing load
spectra themselves are negligibly smaller than the
damage due to flight load spectrum, a taxiing load of
1.33g is applied once per flight in order to account
for the gound-air-ground effect.

Fig. 22 shows the loading pattern of cabin pressure
load, flight load and ground load. One flight cycle is

represented as 1.1 flight hours and five patterns of
programmed load are adopted for flight load. The se-
verest pattern of flight load (- 0.64g to 3.0g) appears
once every 240 flights, and, as a convenience, a set of
240 flight cycles (264 flight hours) is called one
“block™.

The test setup is shown in Fig. 21 schematically.
The flight load and inertia load during taxiing are
distributed over the wing, including the leading edge
section, using tension pads and whiffle systems. The
engine inertia load and the main landing gear load are
applied by hydraulic jacks through dummy engines
and dummy landing gears. The horizontal tail load,
which is offset from the center line to introduce
rolling moment in the inclined gust -condition, is
applied by a hydraulic jack and batter boards. The
fuselage loads were determined mainly so as to bal-
ance with the wing and horizontal tail loads, which
resulted to cover the critical fuselage bending mo-
ment in the symmetrical gust condition.

The testing time for one flight cycle is about 100
seconds which is carefully determined so that the
oscillatory acceleration of the dead weights of the
test setup would not affect the test load. The scatter
factor to determine safe life from the tested life is
4.0 according to AFS-120-73-2.

5. MITSUBISHI HEAVY INDUSTRIES, LTD.,
AIRCRAFT WORKS

5.1 Fatigue Life Estimation

Though Miner’s rule is widely used in the calcula-
tion of the fatigue life of airplane structures, there
are many problems in its applicability. In the portion
of stress concentration, the residual stress that is in-
duced by large stress and partial yielding, affects its
fatigue life significantly. So, it is necessary'to take
into account the residual stress, and methods for this
purpose are proposed, for example, Smith’s method
and Impellizzeri’s method.

- We studied these methods fer improving its accu-
racy and extending its usability, following two modi-
fications for Impellizzeri’s method were made.

(1) The stress in the area of stress concentration
which was used in calculating the fatigue life was
accounted from the residual stress predetermined
by measuring on test pieces with various stress
concentrations.
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(2) The fatigue life was determined by using con-
stant life fatigue diagrams, provided that the
residual stress has equal effect to average stress
on fatigue life.

By above mentioned modifications of the method, we
obtained high accuracy and wider usefulness on fa-
tigue life estimation.

5.2 Evaluation of Defects of Airplane Forging
Materials

Evaluation of forging defects of Ti-6A1-4V and
aluminum alloys by using the linear fracture me-
chanics were studied. Provided that forging defects
were equivalent to cracks, for the purpose of estimat-
ing the fatigue life of defected parts, number of stress
cycles accumulated before the crack attained to criti-
cal size which depends on the fracture toughness
value, was calculated using the rate of fatigue crack
propagation of the material. And also stress deter-
mined from threshold stress intensity and defects
size was calculated as the fatigue limit of the defected
part. These values agreed fairly well with experi-
mentally determined fatigue life and fatigue limit of
parts.

It was also found that the part through slit pro-
duced by electron-discharge machining simulates
well real forging defects.

5.3 Quantitative Evaluation of Electron-
Fractography of Fatigue Fracture Surface

For a quantitative evaluation of the fatigue fracture
surface by electron fractography were performed on
aluminum alloys. The spacing of striation which is
characteristic pattern of fatigue fracture surface is
linearly related to crack tip stress intensity factors
(AK). But another parameter R, stress ratio, also
affects the spacing of striation, so we cannot deter-
mine the stress condition definitely by measurement
of spacing, namely striation spacing P is P = f (AK, R).
To determine AK and R simultaneously, another para-
meter which is quantitatively related with AK and R
is needed.

We, noting the depth of plastically deformed layer
developing along surface of fatigue fracture, tried to
estimate the stress condition by measuring the depth
of this layer by means of X-ray diffraction method.
Depth of this layer § was determined experimentally,
as 8 = g (AK, R). So, by measuring P and 6, AK and R

were estimated as the intersect of function f (AK, R)
=Pand g (AK, R) = 5. ‘

5. 4 Crack Propagation and Non-Propagating Limit
Crack propagation in structural part -under the
condition of its practical use is different from crack
propagation subjected to constant repeated stress.
Generally, crack -propagation rate after larger stress
decreases from its original rate of propagation, and
non-propagating limit increases from its crack propa-
gating threshold stress intensity value. - .
Therefore, to calculate the crack propagation
under practical condition, it is fundamentally neces-
sary to know about the crack propagation characteris-
tics under two step stress condition. We studied this
problems and the following results were obtained.
Under two step repeated stress, when the second
stress level is higher than the first one, crack propaga-
tion rate does not change essentially from its original
one. On the other hand, when the second stress level
is lower than the first one, crack propagation rate is
significantly retarded and this retardation is approxi-

mately explained by Wheeler’s model which proposes
to apply the retardation effect of single overload.

Next, non-propagating limit -AKe, represented by
stress intensity range, is also linearly related to the
first step condition AKi, represented by stress
intensity.

Using above mentioned results, we can estimate the
crack propagation under practical stress conditions.

5.5 Fatigue Strength of Structural Elements -+ -
Fatigue tests-were performed on various structurat
elements for obtaining the design data and improving
the fatigue property. These were fatigue tests of lugs
loaded sidely and various types of mechanical joints,
for example, joints with bonded doublers, CFRP
joints and joints of honeycomb sandwich structures.

5.6 Effects of Plating on Fatigue Strength of Low .
Alloy Ultra-High Strength Steels for Airplane -
Landing Equipments ;

Effects of Cr, Ni and Ti-Cd plating on fatigue
strength of low alloy steel (tensile strength 200kg/:
mm?) were studied. Fatigue limits decrease by plat-
ing, for example, to 30% of original material in Cr
plating to 40% in Ni plating, and to 95%.in Ti-Cd
plating. By applying the shot peenings before plating,
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fatigue strength recovers completely.

5.7 Fatigue Strength of Electron Beam Welded and
Diffusion Bonded Aluminum Alloy -and Titani-
um Alloy Parts :

To evaluate strength of large fittings produced by
electron beam welding and diffusion bonding, fatigue
tests were made for 7075-T6 and Ti-6A1-4V alloys.

In the case of electron beam welded 7075-T6
alloys, same fatigue strength to its original alloys was
obtained, provided that solution treatment and aging
were performed again after welding. o

For Ti-6A1-4V alloys, eleciron beam welded and
diffusion bonded areas have equal or better fatigue
properties than its original material’s properties.

6. KAWASAKI HEAVY INDUSTRIES, LTD.,
AIRCRAFT GROUP

6. 1 Fatigue Evaluation of Glass Fiber Reinforced
Plastics

For the purpose of obtaining the basic design data
for helicopter components, a fatigue evaluation was
conducted on GFRP specimens that were fabricated
by Kawasaki Heavy Industries.

Materials were Asahi Kasei PPG 1062 glass roving
(13um diameter fiber), Asahi Kasei PPG 713 glass
roving (9um diameter fiber) and Shell Epicote 827
epoxy. Each specimen was fabricated with 0° fiber
orientation and its minimum cross section was
3mm X 2mm or 4mm X 3mm. Fatigue tests were
conducted at a frequency of either 10 Hz or-33 Hz
using two types of testing machines under .the stress
ratio of R = 0 at room temperature.

Fatigue tests under two kinds of two-stress-level
loading sequence were also conducted which were
considered to simulate the operating loads of heli-
copter rotor. These two kinds of loading sequence
were (A) o1 =74kg/mm? 500 cycles, 02 = 64kg/mm?
6,000 cycles and (B) o1 = 74kg/mm? 500 cycles,
03 = 55kg/mm? 32,000 cycles. Test results are shown
in Fig. 23, where Nr is the arithmetic mean of the
number of cycles to failure at each stress level (01, 02
and o3) for all lots. N is the arithmetic mean of the
number of cycles to failure at each stress level for
each lot.

The results of this evaluation program are as
follows;

(1) Static shear strength and fatigue tensile strength
have an obvious correlation with V¢ (fiber vol-
ume fraction)

(2) The fatigue strength of the specimen with 9um
diameter fiber is higher than that of the specimen
with 13um diameter fiber for up to 10% cycles of
loading, but both of the specimens have a com-
parative fatigue strength for 106 ~ 107 cycles.

(3) Loading frequencies of 10 Hz and 33 Hz have no
influence on fatigue strength.

(4) The test specimen with 0° fiber orientation did
not undergo any decrease in its modulus of elas-
ticity during the tension-tension fatigue test.

(5) The cumulative linear damage theory is reasonab-
ly valid under two-stress-level loading for those
GFRP specimens.

6.2 The Effect of Pre-Load for Pressurized Cabin

According to MIL-A-8867A and BCAR D-3, the
pre-load épplied prior to pressurized flight is specified
as the 1.33 times maximum operating pressure. How-
ever, it is well known that the fatigue life of pressur-
ized cabin structure is increased by this load. In order
to obtain the qualitative and quantitative data on the
effect of pre-load, the test and analysis are carried
out, changing the value of pre-load, the interval of
periodic pr‘e-load in cyclic load and the cyclic load
level.

Two types of 2024C-T3 aluminum alloy speci-
mens (Fig. 24) which are the typical fuselage skin
spIices are used in this test. As three specimens are
tested for one item, their geometric mean is taken as
the test result. From the static test of Type 1, it is found
out that the ultimate strength is about 38kg/mm?2.
Fig. 25 shows the relationship between the fatigue life
ratio Np/No = (fatigue life with pre-load) / (fatigue
life without pre-load) and the pre-load ratio Ppre/
Pratigue = (pre-load) / (cyclic load). On the other
hand, the effect of periodic pre-load is shown in Fig.
26 in which Nan is the fatigue life for the interval An
of periodic pre-load. From these test results, it is
pointed out that there are the most effective value of
pre-load and the optimal interval of periodic pre-load.
In detail, the most effective value of Type 1 is about
80% of ultimate strength without being affected by
the cyclic load level, and also it is clear that the pre-
load which is the 1.33 times maximum operating
pressure increases the fatigue life. The maximum
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value Np/No of Type 1 is larger than that of Type 2.
The reason why such result is obtained is regarded
that the stress concentration of the latter is more
remarkable than that of the former. As to the effect
of periodic pre-load, it is shown that the optimal
interval is about one third of No. As there is no
adequate method to estimate the fatigue life consider-
ing the effect of excessive tensile load, the modified
Impellizzeri’s method which takes account. of. the
Bauschinger effect is utilized. Although the estimated
lives are shown in Fig. 25, these are generally less
than the test results. In other words, it should be
noted that the effect of pre-load is more significant
than the calculation in this test.
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Table 1 Fatigue Test Results of 41 Groups (n = 3)
Group Load Failure 7
Number Sequence First Second Third
1 A L6800 L7800 87100 1.02
2 A 38400 39390 43100 1.03
3 B 333600 342000 460700 1.03-
N B 46100 | L7900 49000 1.04
5 B 203400 215000 229000 1.06
6 A 70400 7600 | 108600 1.06
7 B 224100 240600 269200 1.07
8 A 220300 236100 245500 1.07
9 A 2L000 25800 29000 1.08
10 B 479200 530100 630800 1.11
11 B 196820 219410 234320 1.11
12 A 143900 164000 223100 1.1k
13 B 107530 127320 | 1hThk10 1.18
1k B 79800 97500 173600 1.22
15 B 23700 29000 29200 1.22
16 B 274600 335710 566430 1.22
17 A 239600 294300 330800 1.23
18 B 59800 74100 75200 1.24
19 B 221700 275600 | 362000 1.24
20 B 193000 245700 315800 |  1.27"
21 B 102900 135200 305200 1.31
22 A 22400 29400 51500 1.31
23 A 66100 86600 95000 1.31
ol B 788110 | 1043470 | 1432420 1.32
25 A 33200 L4800 | . 61600 1.35
26 A L6100 62400 66500 1.35
27 B 16500 22600 24500 1.37
28 B 132900 182100 328000 1.37
29 A 126300 177000 | 232000 1.L0
30 B 258510 372200 591110 1.4
31 B 272720 415200 455000 1.52
32 A 13500 22200 23400 1.6L
33 B 193600 322500 368500 1.67
34 B 553000 985760 985760 1.78
35 A 35600 66800 74600 1.88
36 A 228200 452400 656500 1.98
37 A 85800 170300 248400 1.98
38 A 59400 119400 157000 2.01
39 B 82100 207400 246300 |  2.53
40 B 154300 391800 487100 2.54
L1 B 84100 353000 369500 L.20

Load Sequence A:Const.Amp.,Zero-Ten.
B:Const.Amp. ,Ten.-Ten.

Table 2 Values of a and e for Each Material

(Freudenthal)
. Q €
Material Short Life | Long Life
Al Alloy 4.5 3.5 0.01
Ti Alloy 3.0 2.5 0.05
ksi
Steel 100-200ks 3.5 3.0 0.10
200-300 2.5 2.0
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Fig. 19 Actuator Arrangement and Hull Loading Cradle
of PS-1 Full Scale Fatigue Test

This document is provided by JAXA.



TECHNICAL MEMORANDUM OF NATIONAL AEROSPACE LABORATORY TM-333T

28

wopog (Y [-Sd JO 191 andueq au jo uonensnyy 0T 3y

2INOII) TOJIRUO) IATBA PTOUITOS

3INDITYH II33UNOYH

0P Oe

1INOIT) TOJIFUO) UDJITAG 9INsSIIJ
(39T3N0) 3ATBA PTOUSTOS

(39TUT) SAT®BA PTOUSTOS

YO3TMS danssaad

¥ TouBg 389% W0330d TLUH

2INIXTI -

Tausg 1S9 wo33od TTNH

sanssoxg ITY
possadoy wopusy Po3BINUIS @

This document is provided by JAXA.



29

- Review of Aeronautical Fatigue Investigation in Japan 1975-1977

() 3o TrE38Q

(Auumq)
183 JUuIpuBl UTBY

/

=

N’

dnjag 159, 9Jr aJeS aeos [nd

3onQq ATy

1T "34

}SBTTRY :
1120 PBOT :

OB OTITNBIPAH

Z
®

)

This document is provided by JAXA.



30 TECHNICAL MEMORANDUM OF NATIONAL AEROSPACE LABORATORY TM-333T

Pattern | Freq./240f1t
A 160
B 70
C 8
D 1
E 1
et E >
e D
< C >
> B -
d A S
LI
a 5
¥
Flight Load I P
(Five Patterns) - ‘
2 les/flt ~>
3 cyce / 5 | o
1;_
l-—l

Taxiing Load

| o (1.33%)
Ground _]\ '
Load N

5.9]_:>si

Cabin
Pressure

One Flight Cycle = 1.1 hours

Fig. 22 Loading Pattern of Full Scale Safe Life Test
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Fig. 25 Relation between Fatigue Life Ratio (Np/No)

and PreJoad Ratio (Ppre/Pratigue)
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