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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL MEMORANDUM 1397

INTERIM REPORT ON FATIGUE CHARACTERISTICS

OF A TYPICAL METAL WINGl

By J. L. Kepert and A. O. Payne

SUMMARY

The results of fatigue tests on seventy-two P51D "Mustang" main-
planes are reported. The object of the programme is to investigate
the fatigue characteristics of a riveted wing structure under all
practical combinations of alternating load and mean load.

Tests were made on a number of specimens at each of a series of
load ranges and on many of these specimens the stress distribution was
determined during the test by electric resistance strain gauges. A
series of tests was also done on specimens subjected to pre-loads of up
to 95 percent of the ultimate failing load. Tests at relatively high
load ranges were done in an hydraulic loading rig while the tests at
lower loads with consequent longer life were done in a more rapid reso-
nant vibration rig.

From the test data at present available the following conclusions
may be drawn:

(a) The frequency of occurrence of any one type of failure appears
to be related to the load range.

(b) The rate of propagation of visible cracks is approximately con-
stant for a large part of the life,

(c) The fatigue strength of the structure is similar to that of the
notched material for an appropriate theoretical stress concentration fac-
tor which is greater than 3.0.

(d) The frequency distribution of fatigue life is approximately
logarithmic normal.

i
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(e) The relative increase in fatigue life for a given Pre-load is g
function of the maximum load of the loading cycle only. The optimum value

of pre-load for this structure is approximately 85 percent of the ultimate
failing load.

(f) In determining the fatigue strength of a critical component in
a redundant structure, the local stress level cannot be obtained with
sufficient accuracy using the normal design procedure.

1. INTRODUCTION

The present programme of tests on Mustang wings was undertaken as a
continuation of the investigation on the fatigue strength of metal wing
structures begun on "Boomerang" CA-12 wings in 1948.

The aims of the programme are:

(a) To observe the behaviour of a typical wing structure sub jected
to repeated loading and, following the earlier works, to obtain infor-
mation on some aspects of fatigue failure including, the dependence of
the type of failure on the load range, the rate of crack propagation and
the nature of the stress distribution in the critical areas.

(b) To determine the complete alternating load-mean load diagram
for a full scale wing of typical riveted construction.

(c) To correlate the fatigue strength of a complete structure to
notched fatigue data on the component material.

(d) To examine the form of the frequency distribution of fatigue
life and obtain the fatigue life for given probability levels.

(e) To investigate the effect of pre-loading on the fatigue charac-
teristics of the structure.

Ninety-one "Mustang" wings, declared surplus following World War II
were procured for this programme and in pursuance of the above objectives
these specimens are tested to destruction without modification. Initial
results have already been reported in reference 1 but all results on the
seventy-two wings tested up to the present date are included here.

2. DESCRIPTION OF TEST SPECIMENS

The wing is of stressed skin construction, fabricated mainly from
24 ST alclad sheet and 24 ST extruded sections. Tt consists of two
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tapered panels having a main and rear spar. (See figs. 2, 3, and 5.) Out-
board of station 145 the torsion box is formed by the upper and lower sur-
faces and the rear spar. Between stations 145 and 75 the torsion box is
formed by the leading edge and main spar and between stations 75 and 0

by the wing surfaces and the front and rear spars. The two wing panels

are joined at the centre by internal bolting angles on the upper surface
and external bolting angles on the lower surface. This structure is
regarded as a typical example of the sheet and stringer construction

being used in aircraft structures at the present time.

While none of the wings tested was virgin, only nine had seen much
service, The remainder had experienced very little flying and this con-
sisted mostly of acceptance tests and ferrying flights. The average flying
time of these specimens was 65 hours, varying from 13 to 365 hours. The
remaining nine wings had seen operational service in Korea and each had
experienced over 500 hours flying. (Their flying time is noted in table I.)
As mentioned in section 8 it is proposed to investigate the effect of pre-
vious flying time on the fatigue life.

3. METHOD OF TESTING

3.1 Loading Condition

The test loads represented the low angle of attack case and were
derived from reference 2. The shear and torsion diagrams are shown
IhiEigmret il .

The ultimate load factor used in design was 12 for an aircraft
weight of 8,000 1b. However the test loads are expressed as a percentage
of the ultimate failing load (U.F.L. = 89,600 1b) which was determined
as reported in reference 3.

3.2 Hydraulic Loading Method

The tests at high load and relatively short life (less than about
30,000 cycles) were done in an hydraulic loading rig (ref. 4). In tests
where the mean load was relatively low the minimum load of the cycle was r
a download. For these tests weights were stacked upon the upper surface
of the wing and distributed in such a manner that the required bending
moment and shear force distribution were obtained.

When using this method screw jacks were used to tension the holding
down straps and support the dead weight load as shown in figure 7. At
the normal rate of cycling of 10 c.p.m the weights showed no slip during
the test. A specimen loaded with weights for testing in this manner is
shown in figure 6.
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3.3 Vibration Loading Method

The tests at low load range were done in a vibration loading rig,
a general view of which is shown in figures 8 and 9. This method was a
development of that originally used in the fatigue testing of CA-12 wings
(ref. 15). Fixed suspension was used thus obtaining the correct losding
throughout the span. This proved an essential requirement as major
failures were obtained in the neighbourhood of the fuselage connections.
The method of testing consisted of modifying the structure by attaching
masses, or springs of suitable stiffness, so that when the structure was
vibrated at its natural frequency the required shear load distribution
was applied. The vibration was excited on the port side by a stroking

machine driving through a spring, the load being controlled by a deflection
indicator at the starboard tip.

A detailed description of the test rig together with the method of
calculating the vibration mode is given in appendices I and IT. The
accuracy of loading has been checked by numerous electric resistance
strain gauge readings and also by deflections measured during the test.
From this investigation which is described in appendix II it sppears
that the applied load is accurately known to within FHepercent. = To
improve on this estimate more accurate methods of measuring the relatively
small strains and deflections would have to be developed.

The test data shows that at these low load ranges a variation of
5 percent in the alternating load results in a variation of approx.
+25 percent in the mean life. This is relatively small compared to
the total variation in life about the mean value which at these load

ranges gives a value of about 6%:1 for the ratio of the lives to fail-
ure at probability levels of 0.99 and 0.01.

4, DESCRIPTION OF TESTS

Tests in the hydraulic loading rig were continued until final failure
occurred and in the vibration loading rig until it was observed to be
imminent.

No modifications or repairs were made to the structure either before
or during testing but bolts and screws that failed during a test were
replaced wherever possible.

For each specimen the life of both port and starboard halves has to
oe determined either by testing the unbroken half with a mating half from
another wing (a composite specimen) or by estimating the remaining life
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from the results of other similar tests. All loads have been expressed
as percentages of the ultimate failing load as determined in reference 3.

4.1 The Alternating Load - Mean Load Diagram

To determine the alternating load - mean load diagram tests at a
series of different alternating loads were carried out at mean loads of
6 percent, 27 percent, 37 percent, 47 percent, and 68 percent. The tests
at 6 percent mean load were done in the Vibration Loading Rig except for
the high alternating load tests at 3 + 35 percent U.F.L. The Hydraulic
Rig was used for all the other tests.

.2 The Effect of Pre-Load

The effect of a pre-load on the fatigue life has been investigated
by varying the following parameters:

(a) Magnitude of the pre-load. Specimens were subjected to pre-
loads of 70 percent, 85 percent, 90 percent, and 95 percent U.F.L. In
each case the effect of the pre-load on the fatigue life was then deter-
mined by testing two wings at a given load range namely 6 + 28 percent.

(b) Values of the load range. The effect on the fatigue life of a
given pre-load (95 percent U.F.L.) has been determined for different
alternating loads namely 11 percent and 28 percent at a constant mean
load of 6 percent.

Similarly, the effect at different mean loads has been determined
by testing specimens pre-loaded to 85 percent at mean loads of 6 percent
and 37 percent and constant alternating load of 28 percent.

Two specimens pre-loaded to 85 percent have been tested at an inter-
mediate load range of 27 # 16 percent. Details of these tests are shown

in table II.

4.3 Investigation of the Strain Distribution

Flectric resistance strain gauges were attached to a number of
specimens in areas which experience has shown contained the major failures,
in order to determine the local stress and the manner in which it varied
as failure progressed. The strain readings were taken on a Miller Oscil-
lograph for wings tested in the Vibration Rig and on a Tinsley Recorder
for tests in the Hydraulic Rig.
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Also the wings tested in the Vibration Rig were first loaded in the
Hydraulic Rig and the strain gauges calibrated in terms of load using the
Miller Oscillograph so that a direct comparison between the loads applied
in the two test rigs was obtained. Tests are in progress to determine the
strain distribution in critical areas before and after pre-loading, by
applying pre-loads of successively increasing magnitude.

5. TEST RESULTS

The port and starboard sides of the wing are structurally identical
except for minor differences which did not affect the fatigue failures,
and each half wing has therefore been regarded as a test specimen. This
gives double the number of test results but it is essential to determine
a life for each half so that the strongest are not excluded.

For specimens tested up to the present time the average life of
port mainplanes is 13 percent grester than that of starboard. Although
a preliminary examination indicates that there is statistical signif-
icance at the 5 percent level the difference is regarded as negligible
for practical purposes.

A summary of the test data for all specimens is shown in table I.
The alternating load-mean losad diagram (A-M diagram) of figure 24 hag
been obtained from S—N curves plotted for a series of mean loads between O
and 70 percent U,F.L. The cycles to failure at each load range has been
taken to be the mean life, determined on a logarithmic basis, for the
specimens tested. This method is used because, as is shown later
(appendix IV), the distribution of the log of the life in the neighbour-
hood of the mean is a very good approximation to the normal distribution.
The tests, particularly at 16 percent mean load, are not yet complete

and the shapes of the constant life lines in figure 24k are therefore not
fiinal o

Six distinct types of failure have been observed at positions indi-
cated in figure 5, These can be summarised as:

I. Failure initiating in the skin at station 80 from the leading edge
of the ammunition chute.

IT. Failure in the region of station 21, originating from the junction
of the wheel-well panel with the front spar.

ITI. Failure in the region of station 28 originating from the front
spar flange where the spar doubler ends.

IV. Failure in the region of station 6 originating from holes required
for the bolts attaching the joint cap at the centre joint,
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V. Failure initiating similarly to III in the region of station 35.

VI. In pre-loaded wings only; failure in the upper flange of the front
spar at station T7, leading to failure in the lower flange and then for-
ward into the skin from the front outboard corner of the tank-bay. The
failures are described in detail in appendix III.

The results on the effect of pre-loading are shown in table II.
Graphs of the relative increase in fatigue life as a function of the
magnitude of the pre-load and as a function of the maximum load of the
loading eycle are shown in figures 27 and 28 respectively. The points
plotted represent the results of pre-load tests on two wings in each
case, except for the 85 percent pre-load at a test load of 6 % 11 percent
where only one starboard specimen was tested.

The strain distribution in the critical area of the tank-bay is shown
in figure 33. These readings were taken in the region of the front spar
between stations 15 and 40 where the failures II, III, and V develop.

6. DISCUSSION OF RESULTS

Referring to the A-M diagram of figure 2&, the lines of constant
life are of similar shape to those for notched specimens of 24 ST
aluminium alloy derived from references 6 and 7. Unfortunately very
little data are available on notched 24 ST alclad which is the main
material used in the tension surface. However in Appendix V a comparison
has been made between the fatigue strength of the Mustang specimens
and that of the clad material for load range ratio R = 0. This compari-
son. indicates that although the location of the failure varies with the
load range, the life to final failure alwavs corresponds to a value of the
theoretical stress concentration factor (Kﬁ) of approximately 3.6.

In appendix VI it is shown that the fatigue life of a large riveted
structure, when compared with that of the notched material at the same
nominagl stress, would be expected to show a value of KT greater than 3.0.
The results on Mustang specimens, for R = O at least, support this con-
clusion for independent failures in quite different areas. If a value
of KT gregter than 3.0 always applies for the life to complete collapse,

as suggested, the fatigue strength of this type of construction will
always be limited considerably by that of the component material.

The statistical distribution of fatigue life has been investigated
in appendix IV. At each point on the A-M diagram the logarithms of the
lives have been taken and standardised to correspond to a population with
zero mean and unit standard deviation, the resulting cumulative distri-
bution being shown in figure 32, In the neighbourhood of the mean




8 NACA ™ 1397

value the results show good agreement with the straight line representing
the normal variable although extreme values diverge from it. In appendix IV
it is shown that the method used by A. M. Freudenthal (ref. 5) to explain
this behaviour on theoretical grounds for plain material specimens may also
be applied to final failure in the Mustang wings. This together with the
fact that the results include failures in quite different areas of the

wing, indicates that the logarithmic normal should be a good approximation
to the distribution of fatigue life for riveted structures in general.

Using the cumulative frequency distribution plotted in figure 32
constant life lines for probabilities of failure P, of 0.0l and 0.99,
have been drawn on the A-M diagram in figure 25. These data are best
applied to an individual case by drawing S-N curves for the appropriate
mean load for probabilities of failure of 0.01 and 0.99, using figure 25.
This has been done for mean loads of O percent, 15 percent, 30 percent,
and 45 percent as shown in figure 26.

The ratio of the lives corresponding to probabilities of failure of
0.99 and 0.01 varies with the load range but the average value is approxi-
mejpbely o5l

It should be noted that these diagrams of life to failure refer to
a half mainplane and at the same probability level do not give the life
for a P51D wing which would have a lower value since failure of either
half constitutes failure of the complete specimen. As the port and star-
board halves are considered identical this can be regarded purely as a
size effect and the theory due to Weibull applied (ref. 10). On that
basis if P, 1s the probability of failure of the complete wing and P

1
that of either port or starboard half:

2
VAT NP R N

2

Data can therefore be obtained for a complete wing at a probability

level P2 by using a value of Pl ==t = Vl - P2. Thus for the life lines

of figure 2k, Pl = 0.5, and these are hence life lines of P, =0.75

for the complete wing. To obtain the mean life lines (P2 = 0.5), lines

corresponding to a value of Pl e S
V

sults given in appendix IV shows

influenced by the magnitude of the

At the present time the data indicates

mum load both have g significant effect

but it is hoped to clarify this when the tests

would be taken from the data.

A statistical analysis of the re
that the type of failure is not
alternating load of the cycle,
that the mean load and the maxi
on the type of failure,
are completed.
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There is an optimum value of pre-load giving a maximum relative
increase in fatigue life, as shown in figure 27, for the load range
of 6 + 28 percent. At-this load range the optimum value of pre-load
is 83 percent. Heavily pre-loaded specimens tested at low mean loads
have developed major fatigue failures in the upper surface as shown in
the long life tests at 6 + 10.6 percent where all the pre-loaded speci-
mens showed fatigue cracks passing through the upper flanges of both
front and rear spars from the corners of the gunbay opening (the first
stage of failure type VI). This is caused by the unfavourable stress
redistribution .induced in the upper surface, (normally in compression)
which in low mean load tests is subjected to relatively high alternating
tension,

Referring to figure 28 the relative increase in fatigue life for a
given pre-load, when plotted against the maximum load of the cycle gives
a smooth curve. This applies for both pre-load values of 85 percent and
95 percent for each of which tests have been done at three different load
ranges. No such relationship is found between the relative increase in
life and the other parameters of the load range, which indicates that the
relative increase in life at a given pre-load is a function of the maxi-
mum load of the loading cycle only. These curves have been used there-
fore to show the behaviour of the pre-loaded structure at all load ranges
and are referred to simply as the pre-load curves. Since the beneficial
effect of pre-loading approaches zero as the maximum load of the cycle
approaches the pre-load, the pre-load curves have been drawn tangent to
the axis of load at a point corresponding to the pre-load for which
they apply. The shape of the curves then shows that the optimum value
of pre-load is practically the same for all load ranges. Also as the
maximum load of the cycle is decreased the relative increase in fatigue
life increases steadily and, for pre-loads near the optimum, becomes
very great. This results in the fatigue failure being transferred to the
upper surface (the surface in compression under the pre-load) as already
explained. To further investigate these effects tests are in progress
to determine the local stress distribution and force redistribution that
occurs in the critical members as the magnitude of the pre-load is
increased.

The strain distribution along the front spar between station 15 and
station 42 is shown in figure 33. These results have been obtained from
electric resistance strain gauges attached to the main spar flange, the
tank-bay door, and the skin panel attached to the front spar flange rear
of the'wheel well. This is the region 1n which failure types II, III,
and V originate.

Peak stresses® occur in the spar flange at station 28 where the spar
doubler ends and near station 21 where the wheel well panel ends. Corre-
sponding peak stresses occur in the tank-bay door. The heavy doubling
plate on the wheel well skin panel ends at station 37 and between this

2NACA reviewer observes that these peak stresses would correspond
with the strains of figure 3%3.
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point and station 20, the stress carried in the skin panel falls off con-

siderably causing a corresponding rise in the stress in the main spar flange.

These results show that the major fatigue failures occur at points where
there is a peak in the local stress level.

The design stress, based on simple engineering bending theory, is
shown in figure 33 for comparison. The stresses in the three members,
main spar flange, tank-bay door and skin panel are all equal and local
stress variation is simply proportional to the local change in section
modulus. It is apparent that the errors in the actual local stress
distribution are so marked that the normal design stress cannot be used
successfully in the determination of the fatigue strength of the structure.

The rates of crack propagation at the major failures are shown in
figure 14 and 15 from which it will be observed as noted in reference 1
that crack propagation rate (measured as the percentage of initial tension
area failing per cycle) is constant for a large part of the total life.

T. CONCLUSIONS

From the present data the following conclusions concerning Mustang
wing structures may be drawn:

(a) There are six distinct types of failure leading to final collapse.
Failure type I occurs at station 80 in the tension skin, being initiated
from an ammunition ejector chute cut-out. Failure types II to V all occur
in the region of the tank-bay between stations 6 and station 33 and are
propagated through the tank-bay door. Failure type VI occurs only in pre-
loaded specimens and is initiated by a failure in the upper surface from
the corners of the gun-bay near station 80.

(b) The relative frequency of occurrence of the gun-bay failure
(type I) and the tank-bay failures (types II, III, and V) varies with the
load range but is independent of the magnitude of the alternating load.

(c) The rate of crack propagation at the major failures (percentage
of initial tension area failing per cycle) is approximately constant for
a large part of the life (figs. 14 and 15).

(d) Lines of constant life drawn on the alternating load-mean load
diagram are of the same general shape as those obtained for notched alu-

minium alloy specimens (fig. 2k).

(e) When compared at the same nominal stress and load range ratio
R = 0, the fatigue life to final failure corresponds to that of notched
specimens of 24 ST alclad (the main material of construction) with a
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theoretical stress concentration factor (KT) of approximately 3.6.

For riveted structures of sheet and stringer ‘construction, correspondence
with the notched material can be expected at a value of the theoretical
stress concentration factor greater than 3%.0.

(f) The frequency distribution of fatigue life is approximately loga-
rithmic normal. There is evidence to show that this is true in general
for structures of this type (appendix IV).

(g) For a given value of pre~load the relative increase in fatigue
life is a function of the maximum load of the cycle only (fig. 28) and
progressively increases as the maximum load is decreased until finally
the life is prolonged until failure is initiated in the upper surface.

(h) There is an optimum value of pre-load which causes a maximum
relative increase in life for all load ranges. This optimum pre-load is
approximately 85 percent U.F.L. and results in a relative increase in
life of over 300 percent when the maximum load of the cycle is below
30 percent U.F.L.

(3) In determining the fatigue strength of the critical component
of a redundant structure, the local stress is affected by the force dis-

tribution between adjoining members, and the usual design methods do not
allow for this refinement.

8. FUTURE WORK

Additional investigations proposed in the current programme are:

(a) Correlation between the fatigue characteristics of Mustang wings
and notched specimens of 24 ST and 24 ST alclad.

(b) Determination of the reduction in fatigue life of Mustang wings
that have seen long service.

(c) Investigation of load redistribution in the critical areas under
various values of pre-load.

Investigations proposed following the present programme are:

(a) Cumulative damage tests on Mustang wings under various types of
load sequence and application of a proposed Airworthiness Fatigue Test.

(b) Determination of the fatigue characteristics of an araldite bonded
structure and comparison with an identical structure of riveted construc-
tion.

(c) Correlation between fatigue data of complex structures and notched
test specimens (ref. 16).
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(d) Correlation between laboratory tests such as reported gbove and
actual service conditions (ref. 17).
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APPENDIX I
VIBRATION LOADING TEST METHOD

This method is a development of that used in the series of tests on
CA-12 wings described in reference 15.

As shown in the general view of figure 8 the wing is inverted and
attached at the fuselage connections to rolled steel joist supporting
beams which span between reinforced concrete columns from which the whole
assembly is suspended on spring steel strips.

The present series of tests at a mean load of 6 percent ultimate
failing load require no externally applied steady load and therefore no
loading frames are attached to the wing except at station 145 where the
exciting force of the vibration is applied on the port side.

The method of fixed suspension is used to provide correct loading
throughout the span. In this method the nodal points of the vibration
are positioned by fixing the wing at the fuselage connections thus intro-
ducing the required alternating reactions at these points.

However the flexibility of the supporting beams has been designed to
allow a bodily oscillation of the wing such that the resultant deflections
of the structure produce the required shear loading without the addition
- of any large masses to the structure.

This bodily oscillation is practically in phase with the wing vibra-
tion exciting it since it is a forced vibration of the wing on its mount-
ings, and the natural frequency of this system has been made relatively
high. To apply the torsional moment distribution additional alternating
forces are necessary and to avoid loading frames, aileron and flagp hinges
on the trailing edge of the wing have been selected as suitable attachment

points.

A mass or a spring of suitable stiffness is attached according to the
sign of the torsional moment to be applied. Shear and torsion diagrams for
the applied loading are shown in figure 16 and a brief description of the
method of calculation is given in appendix IT.

The wing is excited on one side only which necessitates minimum bending
restraint at the supporting points to obtain sympathetic vibration of the
other side. This is obtained by suspending the supporting rolled steel
joists on flexible steel strips maintained in tension by hydraulic Jjacks
applying a steady downward load, which exceeds the maximum alternating
load. To ensure equality of loading on all of the four steel strips the
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front and rear pairs are each connected by a short beam pivoted at the
centre on the main supporting columns.

Rolling of the wing about these pivots at low frequency during
starting is restrained by rubber damping blocks. A view of the arrange -
ment can be seen in figure 10 which shows the rear support assembly.

The tensioning jacks for the steel strips are supplied with oil at
constant pressure from an hydraulic pump. This also supplies through a
pressure regulator, a series of tension jacks which apply a constant load
to the springs attached to the trailing edge of the wing in order to
correct the torsional moment as described above.

The vibration is excited by a mechanical stroking machine driving the
wing through a pair of stiff springs at station 145 on the port side. To
provide a counter balance for the mean spring tension of the exciter
springs a similar spring system is connected at s corresponding position
on the starboard side.

The magnitude of the driving force is adjusted by altering the throw
of the stroking machine, while speed control is obtained by using a D. C.
motor drive powered by a 10 H.P. Ward Leonard set. After the throw of the
stroking machine is set, according to the degree of excitation required,
the D. C. Motor is started and the speed increased until a vibration is
maintained just below the resonant frequency. The power input to the
driving motor is then adjusted to obtain the desired amplitude of vibra-
tion as shown by a deflection indicator similar in principle to that
described in reference 15 except that the body of the instrument is left
free to "float" to the mean position of vibration. This is necessary since
the wing is able to roll about the central supporting pivots.

A sketch of the device is shown in figure 11. It consists of an oil
dash pot containing two pistons, one being fixed in space and the other
being contacted by an upper striker attached to the wing. The cylinder of
the dash pot is free to move on the fixed piston and is contacted by a
lower striker on the wing. The oscillating strikers are thus continually
holding piston and cylinder together against the pressure of a light
spring. The cylinder carries a moveable contact between upper and lower
fixed contacts and in the correct running position the moveable piston
maintains the centre contact midway between the fixed contacts. Any
change in amplitude causes the centre contact to close with the lower or
the upper contact. This operates pilot lamps on the control desk and
relays may be set if desired to switch off the generator set automati-
cally. However after being initially set the vibration remains constant
over long periods without further attention.

The accuracy of loading has been checked using electric resistance
strain gauges and by measuring deflections at various points along the
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span. These show that the maximum error in stress between any station
from O to 100 does not exceed *5 percent. (It is believed that the actual
error is somewhat less than 45 percent as this figure includes instru-
ment errors.)

Investigation is proceeding into the effect of variation in load as
the main failure develops but initial tests indicate that it does not
cause a significant error in life. Specimens are run in the rig until
failure is imminent. A number of such specimens have been loaded to final
collapse in the hydraulic lcading rig and have failed at practically the
maximum load of the cycle.
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APPENDIX II

CALCULATION AND VERIFICATION OF THE VIBRATION MODE

Consider each half of the wing to be divided into n segments and
adopt the following notation.

My the mass of the rth segment from the wing tip.

Ir moment of inertia of the rth segment about its C.G.

s T co—ordinates of the C.G. of the rth segment relative to
axes perpendicular and parallel to the span.

Zp amplitude of vibration of the C.G. of the roh segment.,

Oy amplitude of rotation of the rth segment about its C.G.

[vith respect to the y axis.]

W frequency in rads/sec.

Fu. amplitude of shear force due to my.

Ty amplitude of torsional moment exerted by the rth segment

about the y axis.

f. == shear coefficient.
TP
ty, = Iy torque coefficient.

2
If the wing is in steady vibration at a frequency w, then
Fr = erﬁDE

and if the natural frequency in torsion is high relative to w

2
Tr = <?rzrxr - Ire;>w

For a resonant vibration in the prescribed mode the deflections Zy

and 6, must correspond to the deflected curve under the required loading
and F,. and T, are given by the shear and torsion diagrams.

Therefore to satisfy (1) and (2) for all values of r +the mass dis-
tribution of the wing must in general be modified by attaching masses in
a given position. The disadvantage with this procedure is that near the
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fuselage connections the deflections 2z, are very small and the masses
my have to be correspondingly large involving the clamping of heavy
weights to the structure.

To overcome this a method has been evolved in which a free bending
vibration of the wing is excited but the forces at the fuselage connec-
tions, reacting the vibration, are allowed to force a vertical oscillation
of the structure on its mountings. If the natural frequency of this mode
is relatively high the oscillation will be practically in phase with the
vibration producing it. This requirement obviously limits maximum ampli-
tude of oscillation that can be permitted.

Let zy and 6p be the amplitudes of vertical oscillation and
pitch of the whole structure on its mountings.

The resultant vibration of the rth segment is then

zp' = 2Zp + Zp + Xp0p (3)
Nt e : (4)

This provides finite deflections in the neighbourhood of the fuse-
lage connections and is the mode of vibration used in the present series
of tests.

Each side of the wing was cut into 10 segments and the mass, moment
of inertia about the y axis and position of the center of gravity were
determined for each segment. The values of 2z, and 6r were obtained
from a calibration in the hydraulic loading rig and the shear and torsion
increments required at each segment were obtained from figure 164

The shear coefficients are given by5
Ty = mpzy + mp2g + MpXpBg

)
= mTZI' + Z0 G’nr + MpXy Eg—> (5)

3NACA reviewer notes that table III, column (9), suggests an alter-
nate equality, as follows:

£, = 0.2, + mrzo<} + a xr\,where a = 99
T ) 20
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The value of gg is fixed by the position of the wing on its mounting |
0
beams. It is not feasible to alter this appreciably. =

The shear coefficients were obtained from (5) and by suitably selec-
ting the value of =z it was possible to approximate the form of the shear ‘
diagram closely without the addition of any masses. (see Pig. 16.)

The value of w was then obtained from the relationship

2
w =

© \

'-b'H'TJ

2}

The torsional increments due to each segment were then obtained as
follows - ‘

These were plotted on the torsion diagram (see fig. 16) giving a nose

down torsional moment generally in excess of that required. Correcting

torques were therefore introduced at suitable stations. The aileron and

flap hinges were selected as convenient attachment points and masses or . ’
springs of suitable stiffness as shown in Table IV were attached according

to the sign of the torsional correction required.

T, = (rnrxr [zr + 20 + xreé] + Irer)we (7) ’

These forces, of course affected the shear diagram but as they were
relatively small a reiteration process using a modified value of zg Was

not necessary. The frame at station 145 enables a mass to be attached to
effect any minor correction. The calculation of the shear and torsion coef-
ficients is shown for the wing segments in table IIT and for the forces
introduced to correct the torsion in table IV. The resulting shear and
torsion diagrams are shown in figure 16 for the calculated value of fre-
quency (o = 13.4 c.p.s.).

A number of checks of the accuracy of loading have been made using
electric resistance strain gauges attached to the spars. Deflection meas-
urements have also been obtained by clamping pencils to the structure at
various points and drawing a board past them while the wing is vibrating.
The small deflections being forced at the fuselage connections have been
measured with a Vibrograph.

The results of the most comprehensive of these tests are shown in
detail in tables V and VI and indicate that at any point on the span the )
error in applied load is less than *2 percent of the ultimate failing
load. This is within the accuracy of measurement of the methods used to
determine the strains and the deflections. -
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All the available strain gauge readings from a number of specimens
have been used to provide a more reliable estimate. For each strain
gauge reading the ratia

load corresponding to indicated strain
average load for the specimen

has been determined and plotted against spanwise location as shown

in figure 12. The values are distributed in a random manner about a
straight line through the value 1.0, indicating again that the accuracy
of loading is well within the accuracy of measurement.

The accuracy of load control by the deflection indicator (described
in appendix I) has been determined from strain gauge readings and deflec-
tion measurements taken on specimens during test. In figure 13 the
applied load obtained from such readings has been plotted for a number
of specimens against the load setting of the deflection indicator.

From the above results it is concluded that between station O and
station 100 in. at least, the required stress distribution is obtained
with an accuracy of +5 percent or less.
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APPENDIX III

DESCRIPTION OF MAJOR FAILURES

Type I - Failure at Station 80 Through the Ammunition Chute
Cut-Out (Figures 5, 17, and 18)

This failure is initiated from a stress concentration at the corner
of the ammunition chute cut-out in the neighbourhood of a drastic change
in section of the tension skin., The tank-bay door load is taken out into
a heavy doubling plate connected to the rib at station 75. This doubling
plate extends out to station 80 (see figs. 5 and 18) surrounding the
inboard half of the cut-out. The initigtion of the failure is from the
last rivet hole attaching stringer and skin to the doubling plate. The
stress in the skin obviously rises steeply at this point where the dou-
bling plate ends and this, combined with the stress round the hole near
the edge of the cut-out, causes early appearance of a crack from the
rivet hole to the cut-out. This crack then extends forward in the skin
towards the front spar. A crack is also initiated at a later stage from
the rear of the cut-out at a corresponding rivet hole or sometimes from
the outboard corner of the cut-out since the hole is further from the
edge of the cut-out in this case.

The stringer in front of the cut-out then fails either at the last
rivet hole attaching it to the doubling plate or at the joggle at the
outboard edge of the plate where there is considerable bending load in
the stringer. The rear stringer then fails in a corresponding position
(see fig. 18). Both these cracks are propagated across the tension skin
through the outboard row of holes in the doubling plate causing progres-
sive failures of stringers. The crack from the front of the cut-out reaches
the front spar and is then propagated into the spar flange. This continues
until failure occurs under maximum load of the cycle.

Type IT - Failure at Station 21 Through the Tank Bay Door

Subsidiary cracks may appear from screw holes in the leading edge
of the tank bay door where it is screwed to the front spar flange. These
screw holes often coincide with spot welds (which attach the leading edge
stringer to the door), and these are usually the sources of such subsid-
iary cracks.

A triangular panel forming the skin, rear of the wheel well (see
figs. 4 and 5) is attached to the forward edge of the front spar by a
row of rivets ending in 7 screws as the panel tapers out at station 21.
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This panel transmits considerable tension load to the front spar
flange, and the change in section where it ends at station 21 makes
this area critical.

Failure is initiated from one of the subsidiary cracks occurring in
the neighbourhood and is propagated into the front spar flange at an
ad jacent screw hole. This in turn increases the tension load in the
tank bay door and the subsidiary crack extends rearward through the door
while the crack in the spar flange progresses and extends down the web.
(See fig. 19.) This leads to final collapse.

Type III - Failure at Station 28 Through the Tank Bay Door (Fig. 19)

In some cases the screws attaching the triangular skin panel to
the front spar fail. If this happens all the load from the panel is
transmitted to the front spar through the rivets further outboard. The
stress round the end rivets in this region is therefore considerably
increased and there is also a sudden change in section of the front spar
flange where a doubler ends at station 28. This produces a major stress
concentration and a failure develops combining with one of the subsidiarv

failures in the tank bay door referred to in type II.

The failure extends rearward through the tank bay door and also
through the spar, as in type II, leading to final failure.

Type IV - Failure at Station 6 Through the Tank Bay Door (Fig. 20)

The joint cap covering the centre joint in the lower surface of the
wing is attached to the tank bay door on each side by a line of anchor
nuts 4 in. from the wing centre-line at approximately 6 in. pitch. No
load is applied through these bolts holes but together with the two
adjacent rivet holes attaching the anchor nut they cause a severe stress
concentration. The tension load in the tank bay door causes a crack to
appear between these holes. The failure then spreads fairly rapidly from
each of the end holes and is propagated across the tank bay door. As the
failure spreads (see fig. 20) the centre joint becomes ineffective and
the tension load is redistributed into the front spar flange, the load
being carried across the centre by the heavy fish plate joining the port
and starboard spar flanges at the centre line. As the front spar now
carries almost the entire tension load, failure develops rapidly either
at station 21 where the spar doubler ends or near station 4 through
the fish plate joint.

This type of failure has only been observed at low alternating loads
(ill percent U.F.L.) where the number of cycles is very great.
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Type V - Failure in Region of Station 37 Through the Tank Bay Door

The triangular skin panel rear of the wheel well is joined to the
forward edge of the front spar flange and has a heavy reinforcing plate
attached where it tapers down between station 37 and station 21
(see fig. 4). A large part of the load in the skin panel is transferred
to the main spar through this doubling plate. If no failure occurs in
the spar this results in the rivets and screws between station 21 and
station 37 failing successively. The stress concentration at station 21
is therefore transferred to the neighbourhood of station 37, particularly
as the last rivets to fail in this area are transferring an increasing
high local load to the spar.

The result is a failure in the spar flange very often through the
last rivet attaching the reinforcing plate and the skin panel. This
usually combines with one of the subsidiary cracks in the spot welds and
the failure extends through the tank bay door and the front spar flange
causing final collapse.

Type VI - Failure Introduced in Upper Surface at Station 77

This type of failure occurs only in pre-loaded specimen subjected
to fluctuating loads the mean value of which is low (6 percent U.F.L. in
specimens tested), and is due to the unfavourable stress distribution
induced in the upper surface near the corners of the gun-bay. The rib
at station 75 between the tank-bay and gun-bay is fitted with a heavy
rib cap which interrupts the main spar flange between station T7 and
station 73 in both the upper and lower surfaces of the wing.

A crack first appears in the skin at the forward inboard corner of
the gun-bay at station 77, and then extends into the spar flange where
it is cut out for the rib cap. This leads to a crack in the spar doubler
also and the failure spreads down the web of both until it is arrested by
a screw hole. The flange reinforcing plate fails and load is redistrib-
uted into the rear spar. In conjunction with the unfavourable stress
distribution due to pre-loading this causes a failure in the upper spar
flange of the rear spar at the outboard corner of the gun-bay. This
failure extends both into the upper skin and down the spar web.
(see fig. 21.)

The next stage is the development of a failure in the lower surface at
station 73 at the interruption in the lower flange of the main-spar due to
the rib at station 75 as explained above. The crack spreads into the spar
doubler and down the web of each, until it reaches an inspection hole. The
flange reinforcing plate fails in fatigue leaving the tension load to be
carried by the tank-bay door and the skin panel covering the wheel well
forward of the front spar.
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Failure develops rapidly in the skin panel immediately inboard of the
crack in the spar. There is a heavy reinforcing plate attached to the skin
panel in this area and as the first crack spreads across the skin a second
crack develops parallel to it along the inboard edge of the reinforcing
plate as shown in figure 22,

The tank-bay door now carries all the load in this area and a crack
develops rearward along the line of screws attaching it to the rib cap
at station 75. This is followed by general failure of the tension skin
through the inboard ammunition chute cut-out (fig. 23).
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APPENDIX IV

STATTSTICAL ANALYSTS OF THE DATA

1. Statistical Destribution of the Life to Final Failure

The data on pre-loaded specimens have been rejected as they are not
necessarily representative of the population and also the result from
specimen 20, which provides only one value at the particular load range.
All other tests results have been included. The frequency distribution
of fatigue life has been compared with the log normal distribution, fol-
lowing results obtained on simple specimens (refs. 5 and 12).

Let
n = Number of specimens tested at a given load range
N = Number of cycles to final failure of any specimen
X ="leog N
10

= 22vid
X = — the mean value of x at a given load range

n
2 2 Z log N
Ni = antilog x = antilog ey the mean life at a given load range,

established on a logarithmic basis.

a2
(x = %)
5= ——_——-ET—_- the standard deviation of the n values of x.
B =

The standardised variate & = 25 has been calculated for every
S

specimen at each load range. The value of X has been obtained from the
constant 1ife lines of figure 24 which are drawn for N the logarithmic
mean of the life. The value of S at any load range has been similarly
determined from an alternating load - mean load dlagram showing lines of
constant standard deviation. The reason for this procedure was to reduce
the error involved in estimating the mean and particularly the standard
deviation from the small number of results available at each load range.
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The cumulative distribution of © 1s plotted in figure 32 and,
except at extreme values, shows good agreement with the straight line
representing the standardised normal variable. This shows that the
logarithm of the fatigue life to final failure is approximately normally
distributed.

By purely theoretical reasoning Freudenthal has shown (ref. 5) that
for simple specimens a logarithmic normal distribution can be expected
to give a good approximation to the distribution of the fatigue life at
any particular stress level. He considers an applied alternating stress

of constant amplitude to result in randomly varying stresses Sq
So « « . Sy at any point in the material, the variation in the local

stress being due to "density fluctuations and place changes of particles"
resulting from the continual atomic and sub-atomic movement within the
material.

Under any stress Syy1 the increase in the area of disruption Ay

is regarded as being proportional to the stress cycle and to some func-
tion f(Ak) of the disrupted area, which represents the effect due to
progressive damage.

Thus
(Ak+l = Ak> = Sy (Ay) (1)
ol TR
S e
f(Ax)
and hence
n n—l{‘/Ak_l_l = Ak\ An_1 aA
2(8) = 5 (—m—m—— z_/ — (2)
6 & A el by Hm)

Freudenthal proposes the simple approximation:

£h) = CAy C = a constant
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Then

N A
(8y) = o log !
0] C

s

(3)

He then shows that, using the Central Limit Theorem, the L.H.S. [left hand-
side] of (3) tends to a normal distribution and that this leads to a log \
normal distribution for the cycles to failure N.

In the life to final failure of a large structure there is a long
period of crack progagation as will be seen from figures 14 and 15.
During this period conditions ahead of the crack may be represented by ’

. Freudenthal's model if the function f(Ak) includes all effects that

occur in the structure such as load redistribution and progressive
increase in the nominal stress. The assumption, that f(Ay) = CAx under \

these conditions, has been tested from observed crack propagation rates
in the Mustang wing.

Considering the progress of damage over a large number of cycles
from Ny to N,

Nk
LSk = (Mg - NSy () ]
No

SNk being the mean value of the random variables SO’ S1e 'SK'

Ny

For any given value of Ny (provided Ny - Ny is large) £ Sk and

N
0
hence (Ng - Ny) Sy, 1is normally distributed about a mean value

(Nk - Né)uk' Therefore 1f corresponding to given N and Ng, average
values of Syy, ANk, and ANO are taken over a number of specimens we

may take the mean value of éNk as an estimate of px.

Then from (3) and (4)

ilOg:Ailli = (M - No)Sy, = (Mg - Njy) by .
C AN 0 k O
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Therefore
Ay
k
(Nx - Ng) = Constant x log {——
s

Values of ANO, Ay - ANy have been obtained from the length of the

visible crack as failure progresses the damaged area ahead of the crack
being assumed substantially constant. Since Ny eand Ay, are constant

log Ayy has been plotted against Nk/Nf (where Ny is the life to

final failure). This has been done for four types of failure and in each
case the agreement with a straight line is reasonably good. The results

are the average of four specimens and the intervals Ap - A, A3 = Apye &

are all fairly large including at least several hundred cycles.

This investigation shows that the rate of increase of the area of
disruption is approximately proportional to the extent of the disrupted
area, even during the propagaticn of a fatigue crack through a complex
wing structure. This result can also be applied to the period of crack
initiation, as Freudenthal has shown that it applies to simple specimens.
Therefore Freudenthal's theoretical approach can be applied for final
failure in a large structure and this further supports the log normal
distribution as a useful approximation to the distribution of fatigue
life.

2. Determination of an Alternating Load - Mean Load Diagram

for Extreme Probabilities of Failure

From the frequency distribution of figure 32 the values of &, for
probabilities of failure P of 0.01 and 0.99, have been determined and
used in conjunction with the A-M diagram of figure 24 and the A-M dia-
gram of standard deviation, referred to above, to determine values of x
and hence N corresponding to probabilities of failure of 0.01 and 0.99.
This has enabled lines of failure for fairly extreme values of probability
to be drawn as shown in figure 25. The procedure is given in detail in
reference 11.
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5. Dependence of Type of Faillure on the Load Range

In unpreloaded specimens five distinct types of major failure have
been observed and it is a matter of great interest to know whether the
frequency of occurrence of the type of failure is significantly dependent
on the load range. A preliminary investigation has been made using the
present test data on unpreloaded specimens as shown in table VII.

Due to the relatively small number of occurrences of the failures it

- has been necessary to group some of them together to form a reliable basis

for statistical analysis. Types II, III, and V have been considered as
one type since their methods of initiation and propagation are similar.
As there are only two failures of type IV in the present data it has been
excluded from this investigation.

The effect on the type of failure of mean load, alternating load and
maximum load of the cycle has been considered. The corresponding null
hypotheses are designated Hy, Hp, Hz, and are as follows.

Hl The frequencies of occurrence (ref. table VII) of failure LypeErE

and failure types II, III, and V are not significantly dependent
on the mean load of the cycle.

Ho The frequencies of occurrence of failure type I and failure types II,
III, and V are not significantly dependent on the alternating load
of the cycle.

Hz The frequencies of occurrence of failure type I and failure types 1II,
IIT, and V are not significantly dependent on the maximum load of
Ghe eyeile.

Consider first hypothesis H;. The data has been rearranged into a series
of classes, each class containing data for locad ranges, of substantially
the same mean load as shown in table VIII. The expected frequencies are
then obtained, by dividing the total occurrences for each class between
each type of failure, in the ratio of their total number of occurrences
for all the classes, as shown in columns 5 and 6. The X2 +test is then
applied to determine the probability that the observed values accord with
the expected values as calculated on the assumption that H; holds. The

same procedure is then applied for Hp and H§ by selecting classes of

the same alternating load and the same maximum load respectively. The
values of X2 and the corresponding significance levels are shown in
columns 9 and 10 of table VIII.

The results indicate a highly significant value of X2 for Hy

and H;. For Hp the class intervals of high alternating load neces-
sarily tend to include load ranges with high maximum load and in view
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of the result of the test on Hj 1t is to be expected that this factor
will influence the X° test on H,. Since this has shown that Hp 1is
discordant with the data at the 5 percent significance level only, it

appears safe to accept Hp. This is borne out by the similar results
for the X2 tests on Hy and H3 which would show some difference if

there was any marked influence of alternating load.

It is therefore concluded that the relative frequency of occurrences
of the two kinds of fallure is dependent on some parameter of the load
range, other than the magnitude of the alternating load. The data at
present available is not sufficient to yield any more definite conclusion.
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APPENDIX V

RELATION BETWEEN THE FATIGUE STRENGTH OF P51-D MATINPLANES
AND NOTCHED 24ST ALCLAD

In the tension surface of the wing the main spar doubling plate,
rear spar and skin are of 2L4ST alclad so that the life to final failure
is mainly dependent on the fatigue properties of this material. Unfor-
tunately few data are available on notched 24ST alclad but SN curves
for R=0 at Kp values of 1.0, 2.0, and 5.0 (refs. 8 and 9) are

shown in figure 29 and curves for any other Kp value can be obtained
by interpolation.h

An alternating load - N curve for R = O has been obtained for
the mainplanes, from figure 24 and plotted as an S-N curve in figure 30
(curve (a)) on the basis of the nominal stress in the tank bay as mea-
sured by strain gauges. A similar curve has been drawn (curve (b) in
fig. 30) based on the nominal stress in the gun bay area.

At high mean loads (and therefore, since R = 0, high alternating
loads) failure occurs in the gun bay area (type I), but at lower loads

1t occurs in the tank bay (types II, III, and V) as represented by the
shaded areas in figure 50

Using figure 29[br 3@ an S-N curve for 24ST alclad of appropriate KT

value has been plotted and this gives good agreement with the life of
the wing for failures in both areas.

Therefore, although the area where final failure occurs is deter-
mined by the load range, it has been shown that, for R =0 at least,
the life of the wing is similar to that for 24ST alclad of an appropriate
KT value provided the comparison is based on the nominal stress in the
area where failure occurs. An explanation for this result is suggested

in appendix VI. where the general mechanism of final fatigue failure is
discussed.

1+NACA reviewer suggests that figure 34 may be used for this purpose.
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APPENDIX VI
DESCRIPTION OF THE MECHANISM OF FATIGUE FAILURE

- All specimens that were not pre-loaded followed a characteristic
pattern in their life to final failure. As can be seen in figures 14
and 15 this failure occurs in 3 distinct stages:

(a) The stage leading to propagation of a visible crack which
occupies from 20 percent to 50 percent of the total life.

(b) The period of practically constant rate of crack propagation,
occupying from 20 percent to 30 percent of the life.

(c) The final stage in which the rate of propagation progressively
increases. This stage occupies 20 percent to 40 percent of the total 1life
and is characterised by a marked increase in the nominal stress and appre-
ciable load redistribution in the structure.

In stage (a) the time for first appearance of a crack is dependent
on the severity of the local stress concentration but the initial crack
is usually arrested by a nearby rivet hole and stage (a) is regarded as
being complete when the crack begins to progress. In all cases the initial
crack starts from the outside edge of a hole near the edge of a relatively
rigid member, usually where there is some other contributing cause, such
as load diffusion round the ejector chute cut-out or spot welds in the tank-
bay door. Stage (a) is therefore associated with a stress concentration
similar to that at the outside edge of a hole near the edge of an infinite
sheet. When the crack breaks through to the edge, the stress concentrator
becomes a key-hole slot or, to a first approximation, a "U" notch. In
either event the theoretical stress concentration factor is in excess of
3,0 (refs. 13 and 14) even assuming no effect from a bolt or rivet.

In stage (b) the failure is propagated through the main body of the
structure. As the crack travels across the surface, load 1s redistributed
into the stringer or stiffener immediately ahead of it through the neigh-
bourhood rivets, and so the failure is led into the nearest rivet hole and
progresses across the surface in this manner, spreading from one rivet hole
to the next.

The theoretical stress concentration factor round each hole in the
path of the failure will initially be approximately 5.0, since it corre-
sponds to a hole remote from the edge of a semi-infinite sheet, (ref. 13)
but after the crack enters it the stress concentration will rise consid-
erably and propagate the crack. Therefore as long as the nominal stress
in the tension surface is substantially constant the rate of progress can
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be expected to be fairly uniform and correspond to fatigue failure in the
notched material at a theoretical stress concentration factor above 3.0.
This has been investigated using constant rates of crack propagation "r"
determined from figures 14 and 15. A life of Ne = % has been obtained

corresponding to failure of the whole tension area at the constant rate r.
This can be regarded as the life of a notched specimen having a stress
concentration factor equivalent to that which produces the constant rate
of failure r in the wing, under the nominal alternating stress Te
of the load range.
To enable the notched 24ST alclad data of figure 29 to be applied,
the A-M diagram of figure 24 has been used to give for the life Ny an
alternating stress f; at R = 0, corresponding to the alternating stress
fa at the test load. Using the f, and N, so obtained the correspond-
ing value of KT is determined from figure 34. The results for speci-~
mens 31-32, T1l-72, and 90 are shown in table IX, these being the only
specimens available that were tested near R = 0. All the results are
reasonably close to Kp = 3.0,

During the final stage (c) the effect of increase in nominal stress,
and load redistribution in the structure, accelerates the rate of failure,
in addition to the fact that the material has already suffered consider-
able fatigue damage. Eventually, force redistribution in the structure
outweights all other factors until static failure occurs under the maxi-
mum load of the cycle. The equivalent stress concentration factor re-
lated to the original value of the nominal stress becomes very high.

This does not claim to be more than a general picture of the mech-
anism of final fatigue failure, but it suggests that in a structure of
this type (riveted sheet and stringer construction) fatigue failure
develops under conditions corresponding to a theoretical stress concen-
tration factor of 3.0 or more. 1In appendix V the life to final failure
of Mustange wings at load range ratio R = 0 (including failure types
I, II, ITI and V) has been found to approximate that of 24ST alclad for
a theoretical stress concentration factor of 3.6.
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TABLE I

FATIGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MAINPLANE

[All specimens other than those mentioned have a
service life less than 500 hours. O0dd specimen
nos. - port halves. Even specimen nos. - star-
board halvesJ

Load range Cycles to failure
Spec. Type of Test
no. l{f?n L ﬁt, . fedTore | Inttiel| Bluai. + leas | 1iensTe
U.F.L. | U.F.L. TRAIREG e (2)
A3 1y (2) (3) (4) (5) (6) (7) (8)
71 6 10.6 v 990,600 | 1,807,200 | V
T2 B 3 III 748,600 | 1,605,100 | V
81 . 3 v 680,000 | 970,000 | V
82 " . I 638,000 | 1,231,000 | V
83 1 a v 350,000 | ;345,000 | 'V
8l 4 . I 550,300 | 1,395,000 | V
87 i ¢ v 110,000 | 1,295,000 | V
88 # e v 50,000 | 1,401,000 [ V
89 o 5 I 169,300 | 1,098,100 | V
0 g A 1T 169,300 | 796,700 | V
127 i i v 51,100 | 4,448,000 | V |Pre-load 95%
Service life
1,061 hours
128 P u v 51,100 | 5,219,000 | V  |Pre-load 9%
Service life
1,061 hours
137 5 & IIT  |141,300 | 4,016,000 | V |Pre-load 944
: Service life
615 hours
140 S . VI 141,300 | 4,769,000 | V  |Pre-load 85%
63 6 16,6 3 49,100 216,000 | V
an ¥ = i 82,000 174,000 | V
67 i s IT 35, 800 106,000 | V
68 n i T 25, 800 178,000 | V
75 o i III 29,100 193,000 | V
76 " i T 185,000 550, G001

v Denotes tested in vibration rig.
H Denotes tested in hydraulic rig.
* Denotes specimen retained for further testing.
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TABLE I.- Continued

FATIGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MAINPLANE

[All specimens other than those mentioned have a
service life less than 500 hours. 044 specimen
nos. - port halves. Even specimen nos. - star-
board halves.]

Load range Cycles to failure
Spec. Mean AT Type of Test
no. 4., %|1d., % failure | Initial | Final elg, Remgris
(TN T | S0 Ty failure | failure (a)
(1) (2) (3) (%) (5) (6) (1M (8)
85 6 16.6 *
86 ¥ % v 84,100 | 301,600 | V
93 " 27.5 *
9k i i i 6,400 | 24,700 v
99 g " TEE 1,80 | 12,200 v
100 i " I 1,800 | 15,600 | V
117 " " *
Pre-load 85%
Service life
539 hours
118 5 . v 5,000 | 72,100 V | Pre-load 85%
Service life
539 hours
119 n n *
Pre-load 8%
Service life
873 hours
120 b i it 0 | 85,300 V | Pre-load 85%
Service life
873 hours
91 % . *Pre-load 90%
92 I K i 6,600 | 58,600 V | Pre-load 90%
15 4 o II1 10,000 | 68,600 | V |Pre-load 90%
il y i i 29,600 | 75,400 V | Pre-load 90%
105 n " ) *

Pre-load 95%
104 b N I 4,000 | 21,500 V. |Pre-load 95%
115 " n *

Pre-load 95%
114 2 5 e 20,000 | 66,200 | V  |Pre-load 95%
111-3 n n *

Pre-load T0%
1hh N ¥ I 47,100 | 68,100 V  |Pre-load T0%
145 " " ¥*

Pre-load T0%
146 3 i IIT 10,000 | 11,500 V  |Pre-load T0%

v Denotes tested in vibration rig.
H Denotes tested in hydraulic rig.
* Denotes specimen retained for further testing.




NACA ™ 1397

TABLE I.- Continued

FATIGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MATNPLANE

{All specimens other than those mentioned have a
service life less than 500 hours.
nos. - port halves.

board halves.|

0dd specimen
Even specimen nos. - star-

Load range Cycles to failure
- B TR gyfe gt 75t | Remarks
e % e, | TS| thated | Ragas i e,
WeraTs | UsF.L. failure | failure (a)
(1) (2) (3) (4) (5) (6) (1) (8)
129 2 33 IIT 2,500 8,100 H
130 % y AR 500 5,948 H
151 " . T 1,070 5,250 H
132 III 686 3,914 H
105 16 2& I 2,160 | 22,000 H
106 ; 3 v 4,090 |17,859 H
107 9 e I 3,550 [E1T5 006 H
108 ' 1 2,04k | 15,699 H
115 . v I 1,595 181 28 560 H | Service life
547 hours
116 ! ¢ ata 1,220 8,576 H | Service life
” ] * 51+7 RadRs
155
Service life
1,064 hours
134 . % i 0 | 1k4,609 H | Service life
1,064 hours
l)-l-l " n *
Service life
1,071 hours
142 fi i IR 6,470 | 19,241 H | Service life
1,071 hours
lh»7 " " *
Service life
I 1,025 hours
148 " X IIT 7,030 |10,914 H | Service life
1 k ] 1,025 hours
153 |
| Service life
1,073 hours
154 A i I 0 | 21,914 H | Service life
1,073 hours
95 16 35 2 Y15 | 2,829 H
96 " i i 107 2,950 H
o] i IT 1,758 3,506 H
98 > III 5 2,267 H
Ay Denotes tested in wibration rig.
H Denotes tested in hydraulic rig.
* Denotes specimen retained for further testing.
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TABLE I.- Continued

FATIGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MAINPLANE

[}ll specimens other than those mentioned have a
service life less than 500 hours. 0dd specimen
nos. - port halves. Even specimen nos. - star-
board halves ]

Load range Cycles to failure
Spec. | Mean A1t. | Type of Test
mo. |14., ¢|14., g|feilure | Initial | Fine) | rig.| ToUerES
Ueh. B iU, failure | failure (a)
(1) (2) (3) (%) (5) (6) (7) (8)
101 16 35 v 1,530 3,514 H
102 g - v 1,530 2,858 H

27 2 15.4 II L ok | 5k4,307 H

28 i ¥ I 11,354 | 61,000 H

31 i 1 I 2,019 | 42,000 H

32 3 p I 2,21k [ 32,116 H

39 seluil | Sl T 0| 70,406 H

Lo : & i 13,300 | 87,900 H

43 N 4 n 11,630 | 77,400 H

Lk ; ! I 7,790 | 68,273 H

9 SERCRSEI6T I 3,221 | 28,187 H

10 o i i L77h | 29,400 H

11 s 5 III 20,092 | 35,785 H

1z % P! IIT 17,615 |. 31,084 H

i & s I 3,205 | 47,249 H

18 u ff III 4,200 | 17,115 H

29 Y " IIT 0| 62,494 H | Pre-load 85.6%

30 5 i v 3,675 | 82,000 H | Pre-locad 85.6%

)+7 " n *

Pre-load 85.6%

48 2 N LT 20,750 | 44,973 H | Pre-load 85.6%

121 Y = v 1,970 | 65,320 H | Pre-load 95%
122 3 ) III 18,550 | 52,990 H | Pre-load 95%
123 o i v 20,800 | 53,930 H | Pre-load 95%
1214. " n *

Pre-load 95%

19 mo(e |4 alisials) *

20 H S THILL 3,590 135,118 H

65 32 4o I 20 T H

66 " 4 v 617 766 H

69 1" 1" *

70 ] E v 550 550 H |Initial fail-
ure not
observed

& Y  Denotes tested in vibration rig.
H Denotes tested in hydraulic rig.
%

Denotes specimen retained for further testing.
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[hll specimens other than those mentioned have a
service life less than 500 hours.

TABLE I.- Continued

nos. - port halves.
board halvesﬂ

FATIGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MAINPLANE

0dd specimen

Even specimen nos. - star-

Load range Cycles to failure
Spec. Type of Test Rt
no. Mean Alt. failure rig,
3., $l1a., % Initial | Final
eI | 0.7.1 failure | failure (a)
(1) (2) (3) (4) (5) (6) (7) (8)
5 32.3 21.5 v 2,824 8,693 H
6 ’ H IEX 2,824 4,936 H
13 . i IL 4,748 | 10,379 H
14 i e III 2,165 7,812 H
L e : III 3,755 | 12,971 H | Pre-load 103%
B 37 | 6.9 3 670 | 3,300 H
16 i = T 670 2,441 H
21 = " ¥ 150 5,400 H
22 o i I i, 16 4,926 H
33 i § I 257 | 5,200 H | Pre-load 85.5%
3l I g TiEE 15786 4 895 H | Pre-load 85.5%
% L " I Lol 5,000 H | Pre-load 85.5%
36 . ) i3 728 4,799 H | Pre-load 85.5%
125 5 s I 1,034 | 4,k%00 H.
126 * = v 1,435 4,362 H
AT 45.2 19.4 E 2,275 | Ih,56k H
38 i i 1 2,396 | 14,900 H
41 iy ¥ I 2,230 | 12,400 H
4o ' ¥ I 1,600 | 1t,115 H
59 i 1 I 20 | 15,100 H
60 5 i IT 5,060 | 10,619 H
22 b 11 IT 45,210 | 56,745 H
56 n " *
57 = » II 47,082 | 65,091 H
58 n " *
61 il v I 5,664 |100,000 H
62 i g 35T 77,515 | 98,066 H
7 i - I 12,775 | 83,500 H
78 ¥ ! : 12,75 | 76,012 H
79 n n *
80 N 4 I 4,672 | 56,873 H
28y 2notes tested in vibration rig.
H Denotes tested in hydraulic rig.
* Denotes specimen retained for further testing.
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FATIGUE TEST RESULTS ON P-51 D "MUSTANG" SEMI-MAINPLANE

[All specimens other than those mentioned have a
service life less than 500 hours.
nos.

- port halves.
board halves{]

0dd specimen

Even specimen nos. - star-

Load range Cycles to failure

P e Of B Remarks
no. Mean alt. | failure | Initial | Final rig.

e, ¢ 3., ¥ failure |failure

LIS Breolic | Al s B . (a)
(1) (2) (3) (%) (5) (6) (7 (8)
5 0 g 2l I 860 4,550 H
52 § a3 II 460 | L4,L4h3 H
55 s £ I 310 | 4,560 H
5)+ " 1" I )-l—96 4,391 H
73 § ¢ I 394 | 5,000 H
T i ¢ K i 3,965 | li,q80 H
23 48. 4 37.6 *
ol " " I 213 435 H
25 n 1" I 59 63J+ H
26 % £ 3 243 660 H
45 68.25 | 12.1 : 4,650 | 34,000 H
46 b s 3 4,650 |26,229 H
)+9 " " *
50 i i T 2,095 |24,648 H

ik Denotes tested in vibration rig.
H Denotes tested in hydraulic rig.
*

Denotes specimen retained for further testing.
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TABLE IT
EFFECT OF PRE-LOADING ON FATIGUE LIFE
Mean life
Magnitude Relative|Failure Failure
of Load Virgin |Pre-loaded|increase| type type
pre-load, range, specimen, | specimen, |in 1life,| virgin |pre-loaded
% U.F.L. | % U.F.L. cycles cycles specimen| specimen
85 6 + 10.6 |1,238,000|4,769,000 | 285 J VI
A
95 y 4,561,000 | 268 L 1
70 6 t 28 17,500 68,100 | 289 { ;2
85 H 78,700 | 350 l III
10
90 - 67,500 | 286 i I
95 " 43,800 | 150 L I
85 26.9 + 16.1 31,460 63,820 | 103 I1I
Ty GLT
95 i 57410 82.5 III
103 BoLs i 21.5 7,950 12,971 63 3 III
i T 22649 4,139 4,975 20.2 I I, 1L




TABLE IIT

SHEAR AND TORSION COEFFICIENTS VIBRATION LOADING RIG

Mass distribution Deflections at Torque
of segment C.G. RENAT agerl. Ip coeff. +tpr
S %

e, (& (3 1wl (s (6) (7) (8) (9) (10) (11)
Jrs| Xr, |Mp, Iy, Zpy Or, MpZp, mrzo(l + axr),| Total fr, ﬁr;
jn.| in. |ib.| 1b.in.2 |.in. rad. 1b.in 1b.in. 1b.1in. 1b.in.2

1 |eiyl -8.81 T 1.2x 10°/0.97| W.Bx 107 5.8 0.33 58 -63
2 08| <67 9 1.7 86 | 19.4 i 43 8.2 -56
3 176|-10.6| 40| 9.6 67| 35.2 26.8 1.9 £8.7 -305
4 143]-11.1| 46|12.9 45 [-29.8 20.7 2.14 22.8 -253
5 125|-10.2] 22|.5.9 .3l | =25.0 2.5 .49 BT -89
6 10T} -8.2] 52{13.1 26 | 34.9 13.5 2.46 16.0 -132
0 88| -4.0( 52|10.7 .19 | 64.0 9.9 2.65 12.6 -60
8 69| -3.5|180(32.0 vl | TR0 21.6 8.81 30.4 -109
9 43 (-12.7| 52|22.0 055| 35.0 2.9 2.38 5.3 -68
10 16 [-17.8[124|58.0 0 0 0 5.51 5.5 -99
zg= 0.051 in. o= 2 - 0.006 in.” calculated value of = 13.4 c.p.s.
Z0
Fp = 19.6 fp. Tp=19.6 t..

an

L6ST WL YOWN
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TABLE IV

b3

SHEAR AND TORSION COEFFICIENTS DUE TO APPLIED

FORCES VIBRATION RIG

Torgue
v, | x, |z, |Mass,| Spring |Shear coeff.,|coeff.,
in.] dn. |in 1b. |[stiffness, ;8 t, Remarks
1b.in. 1b.in. 1b.in.2
(W) (@ [(3) | (B) (5) (6) (7) (8)
166|-35.2(0.65 97 L L 4111 |Spring at aileron
hinge bracket
1451 -16.710.53] 18 +9.55 -159 |Exciter frame
~45.0]0.51 185 .75 +189 |Spring at rear of
frame
126]-37.0|0.40 150 -3.0 +111 |Spring at flap
hinge bracket
76{-435.5{0.15{ 21 +3.2 -139 |Mass at flap
hinge bracket
(6) = (%) x (3) w= 13.4 c.p.s.
g “H5) x {3)

e
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TABLE V i
STRATN GAUGE READINGS - VIBRATION LOADING RIG
Specimen No. 63/6k
Load Ranges: 6 * 16.6% U.F.L.
Measured = 12.6 c.p.s.
Typer of Gauge Indicated Deviation from
s strain station load mean value
(L) (2) (3) (4) (5)
Starboard Compression 21 %, P IT . L. 0.6 % U, F.5L.
Front spar | Tension 19 16.6 0.1
Compression 65 16.5 0.0
Tension 65 18.5 2.0 g
Compression 97 16.5 0RO
Tension 143 17.6 i 0 K
Starboard Tension 25 16.0 -0.5
Rear spar Tension 64 18: 7 e
Tension 97 154, by (0.2
Compression | 132 15.4 — il
Avg. 16.6
Port Tension 200 5 15388 e
Front spar
Port Compression 63 15.9 0.6
Rear spar Tension 63 17.5 1.0
Compression 2l Bl 0.6
Tension 2l 15.8 <OwT
Avg. 16.3
Mean value of all readings = 16.5% U.F.L.

(5) = (&) - 16.5%




TABLE VI

DEFLECTION READINGS AT 25 PERCENT CHORD LINE

VIBRATION LOADING RIG

Specimen No. 63/64
Load Range: 3 t 16.6% U.F.L.

Measured o= 12.6 c.p.s.

Deflection e el Corresponding [Deviation from
Station | for 10% U.F.L. Jeflection dlt. load, mean value,
from calibration % U:F.L: % U.F.L.
(1) (2) (3) (%) (5)
gl o 0.0 ink. 0.46 in. 15.3% -1%
145 0.445 Q.15 16.9 40.9
216 0.915 HiE 167 40.7

Mean value = 16.3%.
(2). From deflection test in hydraulic loading rig.
(3). Deflection (referred to 25 percent chord line) as measured

in vibration rig.

(4). = ﬁél-x 10.
{2)
(5)-

(0F) -~ 116:5%.
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TABLE VIT

DISTRIBUTION OF FATIGUE FATILURE TYPES

Failure type
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TABLE VIII

STATISTICAL ANALYSIS OF FAILURES

Frequency of

occurrence of failure

Cla Degress -
Hypothesis interiil Observed Expected of x2 Sigﬁlfigance
of loads Total| freedom £
ool R g 23 1K, I, ¥
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Hy 6-26.9 |13 26 20.42 18.58 39
Bffect of. | 29.6-3F.7 111 7 9.43 8.57 18 2 11.24 1%
Mean load | 45.2-68.3 | 19 6 13.10 11.90 25
43 39 82
Hp 10.6-13.4 | 14 10 12,58.0° 11 42 2L
Effect of | 16.1-18.8| 3 10 6.82 6.18 13 2 5.08 10%
Alt. load |19.4-L40.4 | 26 19 23.60 21.. 40 45
43 39 82
Hxz 1E66-41.61 9 18 k.15 12,85 27
Effect of [41.0-58.0 | 13 15 14.69 13.31 28 2 10.76 1%
Max. load | 65.0-80.0 |21 6 k.05 12.85 i
43 39 82

LE6ST WL VOVN
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TABLE IX

NACA TM 1397

EQUIVALENT Kp DURING PERIOD OF CRACK PROPAGATTION

Spec. no | Load range | fa r x 100 Ne = % o i
51/32 | 24 + 13.4 | 8,000 | 1,300 77,000 7,500 | 3.6
71/72 6.0 + 10.6 | 4,750 9.4 | 10.65x 106 | 3,750 | 2.8

90 6.0 + 10.6 | 4,750 15.6 6.42 x 100 | 4,100 | 2.9
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Detail of main spar tension flange station 18 to station 38.
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Figure 5.- View of wing lower surface showing position of major failures.
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Figure 6.- Hydraulic loading rig with superimposed dead weight loading.
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Figure 7. -

Centre section support in hydraulic rig for superimposed
dead weight loading.
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Figure 8.- General view of vibration loading rig.
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Figure 9.- Side view of vibration loading rig showing deflection

indicator in foreground.
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Figure 10, -

Vibration loading rig rear support assembly.
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Figure 11.- Deflection indicator for vibration loading rig.
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Figure 12.- Spanwise strain distribution from E.R.S.G. readings.
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Figure 13.- Graph of strain gauge reading versus load.
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SPRINGS :-No. I.IA = 150 LB./IN.

No.2K= 185 LB./IN.
/ No.3.K = 100 LB./IN
2 3
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SHEAR LOAD APPLIED

SHEAR LOAD WITH RIGID
SUPPORTS

4

% 20

§
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TEST PS5 I1D WING
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SPEC NO 7

CASE LAA FATIGUE
RUN NO 28187
BoATE 15959

Figure 17.- Failure at station 80 - type I

Outer surface.
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Figure 18.-

Failure at station 80 - type L.
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Inner surface.
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§SPEC_NO 6. PORT
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Figure 19.- Failure at station 28 - type III. (Similar failures occur
at station 21 - type II, and at station 30 - type V.)
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Figure 20.-

Failure at station 6 - type IV.
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Figure 21, -

Failure in compression skin at station 100.
failure, type VI.)

(Initiation of
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Figure 22.-

Failures in tension skin at station 75.
failure, type VI.)

(Second stage of
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Figure 23.-

Failure in tension skin rearward at station 80.
stage of failure, type VI.)

(F'inal
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Figure 27.- Effect of pre-load on increase in life.
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Figure 29.- SN curves (R = 0) for alclad 24ST at various K
(refs. 8 and 9).
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Figure 30.- Comparison of P51D mainplane with 24ST alclad. R =0.
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