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TATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO, 637

PRELIMINARY FATIGUE STUDIES ON ALUMINUM
ALLOY AIRCRAFT GIRDERS*

By Goodyear—-Zeppelin Corporation
SUMMARY

Preliminary information on the complex sudbject of the
fatigue strength of fabricated structural members for air-
craft is presented in the test results obtained on several
different types of airship girders subjected to axial ten-
sion znd compression in a resonance fatigue machine. A
description of this machine as well as numerous photographs
of the fatigue failures are given. There is also present-
ed an extended bibliography on the subject of fatigue
strength.

GENERAL DISCUSSION OF PROBLEMS INVOLVED

It has been recognized for a great many years that
loads subject to numerous variations during the life of a
machine are more severe in their effect than constant
loads. Scientific research on this subject of fatigue has
been carried on for the last three-gquarters of a century,
and many general relations have been established and data
collected, which arc useful in our present study.

In certain respects, however, the problems of air-
craft design differ decidedly from those considered in
most previous investigations of this subject. These inves-
tizations have been largely concerned with the establish-
ment of endurance limits, or stress cycles of various
kinds which can be withstood an indefinite number of times.
Thig information is suitable for the design of parts whose
life history consists only of an enormous number of approx-
imately equal stress cycles. Many machine parts have such

*This technical note is based on an investigation of fa-
tigue of airship girders made for the Bureau of Aeronau-
tics, Navy Department, by the Goodyear-Zeppelin Corpora-
tions
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a life history. At the opposite extreme are parts sub-
jected to a constant load. Their design can-be based on
ordinary gtatie load testse

In most practical cases, however, the average life

istory falls somewhere betweem these extremes, and con~
Dists O urlous numbers of different kinds and intensi-~
ties of load cycles aDplleﬁ to the same member. In some
of thesge cases we can immediately simplify the problem,
and perhaps reclassify it in one of the above extremes, by
neglecting certain kinds of cycles: thus any numnber of any
kLind of cycles below the endurance limit or a small num-
ber of cycles below the yield point pnrobably can be neg-
lected. Howewer, there is mot at present any theory, or
sufficient data, for:the rational analysis of most casges
RIEERE R IS sSeT .

In nonaeronautical anplications this lack of knowl-
edge has not usually been considered very serious. Most
designs are frankly based on past experience with many
imilar designs rather than on theoretical considerations.
eights are usually not critical, so that one can be gafe

keeping the maximum stress cycles below the fatigue
il ven when this is not really necessary, or by using
rege etors of safetyes

In aeronautical applications most of the loads which
miust be considered in design are of this varying cyelical
type described. Rapid developments in design and the com-
paratively small number of units, ‘particularly in thescase
of airships, makes the information which can be gained
from past experience less complete than in other fields of
engincering. Moreover, past experience is a definite guide
only when failure takes place. ZFreedom from failure alone
does not reveal how close we may come to it, or how much
unnecessary weight may be wasted in oversize parts.
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norvear 1y unnecessary weight, it is evident that Work in'
developing more efficient methods of designing for these
complex conditions is important. Thers is, to be sure, no
evidence that past practice in aircraft design, which has
been based largely on the few cycles of the maximum load
to be expected during the life of a part, without much
consideration of lesser cycles, has been inadequate - that
is, that 1Ut1guc has been an appreciable factor in struc-
turnl failures which have oceurred in the past. It is en-
tirely vpossible that, if the whole truth were known, the
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digtribution in number and severity of the lesser stress
cycles would be found such as to be completely negligible
in " design. It is more likely, however, that some redis-
tribution in weight from parts unnecessarily strong to
parts closer to the border line would be found beneficial.
Moreover, until we know exactly how we stand on this ques-
tion, we must tread somewhat carefully in considering
changes in design - for instance, in taking full advantage
of improvements in the static strength of girders.

A rational study of this gquestion would involve two
parts. First, we must determine, or at least get some
idea as to the probable life history in respect to loads
and their variations of representative parts of an aircraft
in actual service. Second, we must study the effect of
such stress histories on the parts comcerned and, if fa-
tigue is found to be a critical condition, study possible
changes which may improve matters.

The first part, determining roughly the loads and
their variations which actually occur in an aircraft's
lifetime, is doubtless the most difficult, bdut none the
less necessary if we are to get very far with the problem.
Variations in the load on structural parts which run into
numbers having any importance in relation to fatigue, are
due principally to control maneuvers, engine and propeller
vibration, and aerodynamic forces, including vibrations
induced by the propeller slipstream or other unsteady air
flows

Engine and propeller vibration is usually local in
its effect and presents problems similar to those in other
types of power-plant mountings, with similar partial reme-
dies in flexible engine mounts, damping, avoidance of res-
onance, etc. Vibration induced by the propeller slipstream
is in a somevhat similar class. The probable number of
such vibrations can readily be figured and is so large that
it might as well be considered as infinite, but the range
of such vibrations (as distinct from the average stress,
which is determinable from statical considerations in the
usual manner) is almost impossible to estimate theoretic-
ally. In actual aircraft it can readily be measured by
short-time tests at different speeds with conventional vi-
brometers, and the readings translated approximately into
stress.

The stresses produced by control maneuvers can be and
have been studied by short-time, full-scale tests, using
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ordinary strain gages. However, this is probably not im-
portant from a fatigue standpoint, because maneuvers not
due to recovery from atmospheric disturbances probably do
not occur often enough in the life of long-distance air-
craft to be important in fatigue. . The effects of maneu-
vers cdué to atmospheric disturbances might as well be
lunped in with the effects of the disturbances themselves.

effect of atmospheric disturbances seems to be
uestion mark for aircraft decigners not only in
n to load variations on most of the structure, but
in relation to critical load conditiong as well. Theoret-
ical or wind-tunnel investigations of hypothetical gust
conditions give us a picture of the possible relative dis-~
tribution of load and the relative effects of size, shape,
speed, etc.,, but they cannot tell us much about the abso-—
lute nmagnitudes until we know more about the structures
and intengities of the ‘atmospheric disturbances likely to
be actually mebt during an aireraft's life. We can,iof
course, draw conclusiong about this from the history of
aircraft, although failures are frequently obscured by
lack of knowledge, or disagreement, as to the cause, while
freedom from failure gives only a one-sided indication,
as discussed before.

ol /]

It is our opinion that the only feasible way at this
stage of aircraft development, of getting more complete
information is by the installation of self-recording in-
struments in an airplane engaged in regular operation.
Such instruments should record with reasonable accuracy
all the information required for designing against either
static or fatigue failure. This information might include
the maximum and minimum stresses ever reached, and the num-
ber of cycles of several different ranges of stress, say
from 6,000 to 9,000 pounds per square inch range, 9,000 to
15,000 »ounds per square inch range, ete., all stress cy-—
cles being anproximately weightcd to allow for the known
effect of the different mecn stregsses correspoanding to
them. The instruments should be completely automatic and
not interfere with normal operation of the aircraft. They
should be connected all the time and not require attention
more than a fevw times a year, when they would, of course,
be read. They must, of course, be reasonably cheap, light,
and accesgible so that a number of them can be used with-
out excessive exvense. An instrument to answer these re-
guirements is under development at the present time.

Objections have been raised to such strain measurements,
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that they would be incomplete or useless unless coordinat—
ed in some way with each other and with manometer readings
showing the changes in aerodynamic forces which produce
the changes in the forces in the structure. However, the
taking and studying of such coordinated data would be an
enormously more expensive program than the one suggested.
In the last analysis the designer of an aircraft needs to
know the maximum forces and the force changes which will
be experienced by different parts, but he does not neces-
sarily need to know the combination of 01rcumstunces which
causes these forces.

To be gure, complete studies of completely coordinat-
ed data may be necessary before he can rabtiionally extrapo-

-late from data on certain parts of the aircraft to all

other varts, and from data on one type of aircraft to any
other type. 3But at the present moment the data from even
a dozen or so instruments such as proposed, placed at a
few strategically located points in typical alrcraft, and
read a few times over an interval of a year or two, would
represent o large advance in our information. Such data
would, of course, be used in conjunction with our present
aerodynamical and stress-analysis knowledge, which provide
a reasonable means for extrapolationm for the present.

More elaborate programs may be possible later but pro-
grams of the type proposed, using as many instruments as
seemipractical, should certainlv be ecarried out as soon as
possible. Without such information we may design very in-
efficiently as regards the effect of atmospheric disturb-
anceses

The effect of such disturbances is, of course, much
greater on some parts of an aircraft than on other parts.
It is therefore useful, both for determining the most
suitable pornbe " for attabhlng instruments in carrying out
the above program and for design or other purposes while
we are waiting for such a program, to roughly classify
different parts of the aircraft as to the importance of
this question.

As a result of our own contact with these problems,
we are inclined to classify the structural parts of a
rigid airship into seven groups as follows: :

1. Members whose strength is mainly determined by
consideration of a rare emergency, such as loss
of gas cells. The frequency of occurrence of
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such an emergency can probably be regarded as
Inigniififieant fdiag OTar as fatigue is concerned.

Members which are expcécted %o suffer occasional

high stresses duc to unfortunate coincidences
of unusual gusts with harsh maneuvers. The ap-
praisal of this contingency depends much on the
expected method of operation of the airship in
service.

mbers likely to be subjected to important
stresses Dy some temporary severe condition of
dyvraniemlastsonl inwsual ¢ brampser Loading, wor in
ground handling and mooring. Such stresses may
eoceursat inbterwals apd Iast for a ecertain whzle.

Members likely to bear the brunt of the forces

inedl dentiglsto F£lischts contreolsd *fhese forcesymtllh
occur essentially at the frequency of the ele=
vatoRiands rudderrecontrol s, They are greatly
enhanced in rough weather or by svecial maneu-
vieBiss whilew int shiragoht flisht throughiealn

weather this type of stress cycle is ingigniifi=-
icant, sometimeg for hours. Flying with dynam-
ic 1ift or out of trim may make the cycles due
to elevator movement unsyumetrical.

Members subjected to reveated loads by people

walking or climbing over them may suffer load
repetitiong which can be estimated from service
considerationse

liembers exposed to the gslipstream of propellers or

b

tio the wibrationsg transmitted.from partsiiof the
power plant and accessory machinery may suffer
stress repetitions rapidly growing into mil-
liens. It ig in thege members where true fa-
tigue considerations may be predominant. Here
thenlimitation -of  stress amplitudes is mathly'a
matter of avoiding resonance, as in nmost in-
stances it is relatively easy to keep nonreso-
nance stresses low.

e nerodynamic resonance

he wind has not yet been
ous troubles on airships.

ased, flutter problems

utter of self-gus
of nparts expose t
revorted - civitg ge
I f ada epeed sy otie dne
nay demand attention’ a

w
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The second part of any program for studying this
question, namely, the study of the effect on an aircraft!s
parts of the types of stress history they will actually
experience, and possible improvements which can be made,
should logically come after the first part, above. Until
the first part is at least partially completed, we do not
even know if fatigue is a critical condition which needs
to be considered at all at present. However, since it is
probable that fatigue is of some importance in at least
some parts, it is undoubtedly useful to study the general
faticue recistance of present types of construction which
are satisfactory statically, and means of improving the
fatigzue registance without undue sacrifice in other re-

ectg.

Since the Goodyear—Zeppelin Corporation has had no
opportunity to carry out a program of flight tests, it
tests as Well as the remaining vortion of this paper are
of necessity confined to studies of the fatigue resistance

D)

Sk
it airiship girderisi.

Since a laboratory fatigue test can only simulate ac-
tual conditions in an idealizing manner, it is necessary
in devising such tests to ascertain what factors may have
an influence upon the number of cycles of a stress below
the static strength a structure member can withstand.

Some of these factors are discussed below,

One fundamental factor is the material from which the
member is fabricated. A great deal of information 1is

"availeble on the fatigue strength of steel and strong alu-

minum 2lloys. The American strong aluminum alloy which is

of oprimary interest in the present investigation is 175~RT.

Fatigue curves showing the results of reversed bending
tests made by the Aluminum Company of America on s E  end
17S~RT sheet are reproduced here in figure 1.

In airchip construction, girders are usually designed
to transmit axial forces. Some of them may be called upon
to take some bending and shear. Torsion is usually insig-
nificant. To transmit compression effectively without
buckling at low stress, the boom members are generally
channeled. The fabrication of these channel bends or
grooves may have an influence on the fatigue strength.
This nroblem can probably be studied gsufficiently by tests
on booms. Since this manipulation redistributes the

stresses locked up by the last cold work done on the shect,

one may be led to assume that at convex regions where the
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naterial hag been stretched, the material would be more

‘susceptible to fatigue. However, it may be that such

stretching is inconsequential when it is at right angles
to the forces applied In an axial fatigue test.

In: booms of composite construction in which several
elements paralleling each othcr are joined together by
riveting or welding, the joining elements will carry part
of the load even though their main purposec is to support
the cdzes against crimping or to prevent the channels from
beconing unstable in torsion or bending between lattices.
These elements may.produce apporeciable stress concentra-
tions or nobteh effects. Their seriousaess must be expect~
ed to depend on the riveting or spot-welding technique and
on tihe rvivet pattern with resoect to the stress flow in
the gurrounding material. In many of the past tests of
such structures the initial fatigue cracks started from
rivet holes or weld spots or at least oavsed through such
vointge It dssobywiouvsly imppactical. to deslgn mosi stucs
turec without using some method of joining, such as rivets
or weldgse And if such joints are used the fatigue strength
of the joinits, rather than the fatigue strength of the ma-
terial in some ideal form, is evidently the upper limit,
or "100 vpercent" which good design may hope to achieve.

In latticed girders where the mutual support between
booms is concentrated in individual lattices which are usu-
ally shear carriers, a mere axial load on the girder will
cause gome axial stress in the lattice as well, but the
lattice (unless it be pin-jointed, which it usually is not)
is also ~ubjﬁcted to bending and shear and it in turn im-
parts secondary stresses to the booms. These may enhance

J

the effeect of uhe presence of the rivets or welds.

In girders having booms with perforations, lightening
holes, indentations, Vierendeel webbing or other regularly
renested variations of cross sections, there may be a com=
plex flow of stress saround such holes or recesses accompa-
nicd by stress concentrations at notch points. It has been

requently observed that the weakest point of a structure
in fatigue is not always the wcakest point in a. static

test to destruction by a single load surge. In general,
severe stress concentration points are more likely to Dbrove
points of weakness in fatigue than in static tests.

vere necessary to determine the fa-«
site girders under all possible
s would have to be made with ten-

Wi, Guumeliliszes Aot st
gue behavior of combo
es

s
loadingy conditdons, t
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.sion, compression, bending and shear (if not torsion), and

critical combinations of these. To cover this huge field
of varistions would be an extremely voluminous job. How-
ever,.it is contended by some that even a few systematic-
ally selected tests may teach lessons of fundamental sig=
nificance for rational design. It is from this standpoint
that the present investigation was mostly focused on ten-
sion-compression tests.

There are many other influences besides the design
that tear an influence on fatigue strength. Among these
the following deserve attention:

Surface condition in regard to gcratches and flaws,
especially at the rims or flanges of punched holes; also
corrosion by chemical or atmospheric agents. Many labora-
tory tests have shown that highly polished specimens have
fatigue strengths higher than similar specimens with im-
perfect surfaces, and that this difference in fatigue
strength is very marked, It is manifestly impossible to
obtain material on a production basis that is absolutely
free of 2ll surface imperfections, and it is equally ap-
parent that some additional flaws cannot be avoided in the
handling of the material necessary during fabrication.
While careful handling will, of course, keep such flaws to
a minimum, this cause alone would produce a substantial
lowering of the fatigue strength of the girder as compared
with that of the carefully seleccted sheet specimen.

Some investigators have endeavored to determine the
influence of speed or frequency upon the number of cycles
sustained. With plastic materials undoubtedly higher fre-
guency permits less flow per cycle and therefore longer
resigstance. Naturally, if a test speed were so high that
heating due to hysteresis would locally raise the tempera-
ture enough to affect the physical properties of the re-
gion surrounding the crack, such a test would be mislead-
ing.

It has been suggested that the repeated application
of load cycles at stresses below the ultimate fatigue
strength (of the critical stress concentration regions)
may improve the eandurance of the system against subsequent
cycles exceeding the ultimate fatigue strength. P thig
is a fact, then this phenomenon will undoubtedly work to
the benefit of airship structures in service where most
of the service load cycles are probably confined to moder=
ate stress amplitudes. The same, however, would apply in
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some mcasure to our resonance machine tests where some ad-
justments often had to be made at moderate stress until
obnoxious secondary resonances or beats were eliminated
and thed routine at the desired stress amplitude could be
btegun.

NEW AXIAL FATIGUE TESTS ON AIRSEIP GIRDERS

eseription of fatigue machingf~ Preliminary fatigue
of airship girders had led to the conclusion that
rreat deal of valuable information might be gained by
meking oxial tonsion-compreossion fatigue tests on girders
in a stress range where the endurance would be of the or-
der of 10% to 10, In order to complete such tests in a
reasonszble time per specimen, a resonance fatigue machine
developed and operated by the Goodyear-Zeppelin Corpora-
tion and suitable for frequencies between 20 and 100 cy-
cles per second had proven quite practical.

A1l girder specimens tested for the present report
were tested on this resonance fatigue machine, which is
shown in figure 2. In this machine the girder specimen
is subjected to alternating tension and compression cy-
cless The girder is fitted with terminal shoes to which
are fastened heavy masses so chosen that the natural vi-
bration frequency of one mass against the other is of the
desired order of magnitude. Tho whole system is suspended
horizontally from soft springs whose spring constant is so
small that the natural frequency of the whole weight sus-

pended is much slower than the frequency of one weight
ag ainst the other. Thus practically no encrgy is dissi-
pated through the suspension into the bdbuilding.

In order to set up stress vibrations in the girder
and maintain them at a given amplitude, an alternating
attraction and repulsion force itz produced between the

masses Thig force is controlled to alternate exactly
at the natural frequency of the girder—and-mass system.
The force required to sustain an elastic stress amplitude
is but a small fraction of the dynamic force exerted be-
tween the ogcillating masses and the girder, which is the
forece actually stressing the girder.

*

Subsoquont to the presentation of this report a descrip-
tion of tho Resonance Fatigue Machine was published 1in
the September 1937 issue of the Aero Digest.
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The machine is built for resonance control of frequen-
G, The pucn~wull oscillation is obtalned by means of a
reciprocabting solenoid mofor the motor consisting of a

steel encased direct-current magnet in whose steel circuit
there is a» annular air gap. A solenoidal armature is sus-
vended by means of guides to oscillate axially through the
radial masnetic field when energized by the alternating
current of controlled frequency. The magnet is part of the
mass at one.end of the girder-and the armature is fastened
to the mass at the other end.

The control of the frequency of the armature current
is obtained from & magnetic pick-up consisting of a simi-
lar but smaller system of magnet and armature in which a
slight electric alternating current is induced dy oscilla-
tion of the masses. The pick-up circuit 1s provided with
a phase control by means of which adjustment for stable
resonance is obtained. The alternating current for the ma-
chine ig produced by two mercury-vapor grid-glow tubes in
an. inverter cireult.

The stroke or amplitude of the machine is measured by
means of a small wedge-shnped target mounted on the drive
rod. The target image as viewed through a microscope
mounted on the other mass appears blurred during oscilla-
tion but its excursion amplitudes can be sharply made out.
Tho gstroke is read by gaging the location of the apparent
intersections of the penumbra contours against the trans-
verse scale. The amplitude is controlled by means of reg
ulating the direct current input of the inverter circuit.
Thig is accomplished by regulating either the input rheo-
stat, or the direct-current wvoltage, or both, so that the
stroke attains the desircd value as seen in the microscoDpe.

To kzecp accurate track of the number of cycles com-
pleted, a counter and a motor-driven log are provided.

spoccimens.- The girder ends of all
the tcst specimens were cut square and solidly fastened
into double-wall stecl shoes by means of Libowitz mectal to
e. depth of apnroximately 4-5/8 inches. A length of 49
incheg between faces of the end shoes was adopted as the
tandard lecngth for these tests, giving a distance of
37~3/4 inches between cast surfaces of the end shoes,

Mounting of test spce

The stress variation was computed from the measured
amplitude and the effective length of the specimen, the
modulus of clasticity being assumcd to be 10,300,000 pounds
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Desecrintion of tests.- The results obtained in this
present series of tests are given in table 1, and are pre-
sented graphically on the SN curve shown in figure 4. The
tects may be divided into the following general groups ac-
cording to the.types of girders tested:

1, BGF 3000907 - Speeimensg 1, 2, 7, 9, L1, 18, 16§* L7
2. @7 5%X382 - Specimens &, 5, 15%*
3. LZ-126 - Specimens 8, 10, 18
4, "henandoah"- Specimens 12, 14
5. Bureau of Standards (riveted) - Specimen 4
6. Bureau of Standards (Soot—wolded -~ Svpeccimen 6
*GZ 3000907 type gzirder was one of several types
used on thc "iacon™.

*%¥GZ SX®B82 is an cxperimental type girder, devel-
oped from a box-type girder by addition of
closing channels in all four corners.

A more detailed grouping of the various specimens is

e in order to illustrate the effect of certain

vari-

nossibl

ables uvon the fatigue limits of such structures:
In determining the effect of increasing the material

5
U’]
6]

thickncss of the girder, specimens 7 and 9, of 0.040 ga
may be comvared with specimens 11 and 13, of 0.023 gage

The effect of omitting the 1/4-inch diameter hole of

the 3000191 perforation is indicated by a comparison of,
specimens 1 and 2, without holes, and 11 and 13 with holes.,
These Four specimens are all of the sanme gage, namely 0.023.

perforations in the corner
comparison of specimens 3

The effect of omitting the
cloging channels is shown by a
and 15,

Some indication of the
welded and riveted connecti
and 6,

comparative strength of spot-
ons is furnished by specimens 4
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The nossible effect of gplicing a girder is indicated
by the two specimens 5 and 15, the former having a splice
in one boom while the latter did not. It should be noted,
howvever, that the splice in question was known to be in
Boor condition as the result of a previous static test, so
that the comparison is hardly fair.

The number of cycles to both the first observed crack
and to final failure of the specimens is given on the S-N
graph of figure 4., At the rather high frequency at which
these tests were run, it was, of course, impossible to de-
termine the exact number of cycles at which each crack
develcped, but the test specimens were observed very close-
ly throughout ecach test and the cracks were detected in
most caseg in their incipient stages.

In many of the tests, failures occurred with a dis-
tinctly audible cracking noise. In almost every case this
sound was associated with a crack finally breaking through
the edge of the material, completing the failure of a chan-
nielisNo'r | belom.

Following are some pertinent observations made on
each test. All tests were conducted in the Goodyear-
Zcppelin Research Laboratory between October 1 and Decem-
bloisills gy 19361

Specimen Ho. 1: Specimen No. 1 was a special
GZ 3000907-1 type girder, varying from the standard
3000907-1 girder only in that the small 1/4-inch diameter
holes at the cdges of the perforations were ecliminated in
both wedbing and channel. (Sce fig. 3.)

The first crack occurred at the equator of a large

n in the webbing, quickly followed by three addi-
cks, all at equators of large perforations in

the webdhing and all near the cnd shoes. (See fig. 5.)
Final failure of the girder took place through the large
pemforation oppogite one of the original cracks. The fail-

ure did not pass through a rivet hols.

perforati
tiilonaol rcr

~
I

o)
a

Specimen No, 2: Specimen No. 2 was identical to #pec—
imen No, 1. ©No preliminary cracks were observed, failure
of the webbing occurring with a snap through the webbing
at the firgt large perforation. The failure did not pass
through a rivet hole. The channels of the girder showed
mioMoubtward stensdof cracks abt this point, the test not be-
ing continued to complete failure of the girder,
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Svecimen No. 3: Girder specimen ¥o. 3 was a GZ SX382-2
type, with tubularicorner bheoms. Thig type girder is es-
sentially a refinement of the GZ 3000901 type, the addi-
tion of perforated closing channels in all four corners be-
ing the major mlteration. (Bee fig. 6.) This girder had
previously been given a static compression test in a length
of 55 inches, failing by buckling at a stress of 44,700
pounds ver square inch. The damaged section had been cut
away and the remainder of the girder was used for this
fatigue test.

The first crack originated in a perforation of the

clesing ch unnel and was followed quickly by numerous oth-
ers, Afte 9,000 additional cycles the machine was
stovped an tho girder closely examined. The four closing

ated at the perforations. No traces of cracks

7
d
stvinv were found to have a total of 27 cracks, all of
Tl el
found in the corner channels or webbings.

g B

could De

Fingl failure was in the form of a crack almost com-
pletely around the corner channel and the closing strip.
The crack was approximately 10 inches from the end shoe,
opposite a heart-shaved hole, 2nd pascsed through a clos-
ing strip perforation and a rlvet hole. Only cne webbiang
was cracked, this crack nassing through a heart-shaped
hole at the cracked corner.

Of the 40 cracks found in the closing strips after
completion of the test, 26 were found ovposite heart-shapved
holeg, the other 14 being scattered. Only nine of the 40
cracks nassed through rivet holes, the remaining showing
no inclination to progress through rivet holes, 8 in fact,

passing very near rivet holes without deviating to pass
through then,

Specimen No, 4 was an N.A.F. riveted
638502, « (Bee Fizey Fe)

irst crack occurred at the bend of the flanged
n, being at the equator of the first large hole.
8,) Additional cracks developecd in rapid order,
the bend of the flange. The cracks a2ll pro-
sed in both directions, to the perforstion and to the
edge of the webbing. There was always a distinet report
as the crack finally parted the material. Finally one
corner boom onposite the equator of the first perforation
from the end shoe cracked, the crack starting in the cor-
ner of the boom and progrcosing in both directions to the
edeges
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Specimen No. 5: Spvecimen No. 5 was a speciel GZ SX382-2

[
type girder, being the same as Specimen No, 3 except that
the perforations were omitted from the closing channels.
This specimen was cut from an 1l-foot girder previously

tested statically to destruction. One -corner channel of
the test specimen had a splice approximately 6 inches from
the end shoe. The girder was originally constructed with
perforated closing channels, having been disassembled and
Bebul Tt -with blank elosing channels for bLhisitesti

The first sign of failure was a crack which developed
a% the first rivet hole of the splice. This.crack contin-
ued to develop until the corner channel and closing chan-
nel werc completely severed.

The splice of the girder was of rather poor workman
ship, not being a particularly tight job. Shortly after
the test started, the splice angle was found to be notice-
ably warmer than the adjacent girder, and emitted a dis-
tinet vibrating noise, indicating the possidbility of a
Jlooge rivet or rivets.

An attempt was made to continue the test of the gird-
er to determine the number of cycles before failure of the
inder of the girder. Cracking of the webbing on both

of t‘he damaged channel soon followed, but no further
e develoved and the three remaining corners showed no
of failure after 1,170,000 cycles at approximately
same stress, namely, 7,900 pounds per square inch.

s
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Spnecimen Ne. 6: . Girder specimen No. 6 was an N.A.F.
girder, referred to as 6351-1B, being similar to Specimen
No. 4 except that it was of spot—wolded construction in-
stead of riveted. In order to afford a direct comparison
with the riveted girder No. 4, this girder was tested at
the same stress. Due to warping of the girder in its con-
struction, the girder could not be lined up as well in the
stress machine as the remainder of the girders in the test
program, but the very slight misalignment of the girder
was not thought to be sufficient to materially affect the
results,

The first erack was followed in rapid succession by
numerous others. It was not possible to determine defi-
nitely whether the first crack occurred in the center of
the girder or at onc end, but all of the numerous cracks
originated in the spot welds and progressed in both direc~
tions through both channcls and webbing. (See fig. 9.)
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No cracks originated at the flanges of the perforations as
was the case with Girder No. 4.

Svecimen No. 7: Girder No. 7 was a standard
GZ 3000907-6 type girder with 1/4—inch diameter perfora-
tiongs. The first crack was near the center of the girder
and originated at a l/4~inch diameter hole in the webbing.
A second crack occurred almost immediately, also in a 1/4-
inch perforation, but at one end of the girder. Approxi-
mately 3,500 cycles after the first crack, a third erack
was noticed in the opposite end of the girder from the
second crack, also through a 1/4-inch hole, dbut in the
channel. A fourth crack then originated in the webbing at
the large hole about 3/4~inch offset from the third crack.
This last crack then progressed through a rivet hole while
the crack in the channel simply progressed directly at the
edge of the channel, the corner being cracked completely.
(Ssentis, L0

Svecimen No. 8: Svecimen No. 8 was a "Los Angeles"
type longitudinal girder furnished by the Bureau of Stand-
ards. (See figs Lig)

Failtire occurred approximately 10 inches from the end
shoe, one corner cracking just outside the truss connec-
tion, the crack originating in that portion of the chan-
nel flange that is bent back for the truss,

The test of this girder as a whole was considered as
being very unsatisfactory. The girder vibrated consid-
érably transversely in the machine, weights having to be
attached to the central section of the girder to offset
this tendency. This transverse vibration was of suffi-
cient intensity to cause the result of the test insofar
as the number of vibrations to failure of the girder was
concerned to be doubted, but the test did indicate the
possible point of weakness of this type of girder in fa-=
tigue.

Snecimen No. 2: Specimen No. 9 was a standard GZ

type 3000907-6 girder, being identical to Specimen Nore ™ 74

The first crack occurred at a 1/4-inch hole in the
webbing approximately 6 inches from the end shoes. 2,00
cycles later a second crack was observed at the opposite
end of the girder, also at a 1/4~inch hole in the web-
bing and approximately 6 inches from the end shoe.
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In the final failure of the girder, the second crack
which had originated at a 1/4-inch hole in the webbing
progressed to the edge of the webbing, while a crack in
the channel developed at a point 1/2—inch offset from the
crack in the web. The failure of the channel was at a
heart-shaped hole and passed through a rivet hole.

Specimen No. 10: Specimen No. 10. was a "lLos Angeles™”
type girder furnished from the Burecau of Standards, being
gsimilar to Specimen No. 8, with the exception of a U-shaped
channel riveted along its apex. In order to reduce the
troublesome transverse vibrations which were believed to
have led to premature failure of Specimen No. 8, the end
weights of the resonance machine for this test were in-
creased sufficiently to materially reduce the frequcncy of
vibration, resulting in the tcst being run very smoothly
with very little transverse vibration of the girder.

The first crack occurred in the U channcl riveted
to the apex, approximately 12 inches from the cnd shoe.
A sccond crack, also in the U channel, originated 4,500
cycles later, 6 inches from the opposite end shoe. 25 ,400
cycles after the first observed crack, one of the bases
opposite the apex suddenly cracked completely through at a
truss conncction 8 inches from the end shoe. It was con-
sidered gquite possible that the first crack of the girder
originated at this voint but was undetected because of
being undcr the truss.

The failure did not occur at a point where the flange
of the channel is bent back for the truss connecction as
was the case with Specimen No. 8. It did pass through a
rivet, however, which had been drilled out and replaced by
the GZ shop in mounting the girder. The replaced rivet
was not in the proper heat-trcated condition and may have
been a contributing cause to the failure. In addition,
the flange of the channel at the point of failure had been
slightly damaged Both of these effects, however, are
thought to have been of minor significance insofar as the
total life of the girder was concerned inasmuch as cracks
had developed at other points of the girder.

Svecimen No, 1l1l: Girder specimen No., 1l was a stand-
ard GZ girder type 3000907-1, similar to Specimen No. 7,
but of lighter gage.

The first crack occurred at a 1/4-inch diameter per-
foration of the webbing 2 inches from the end shoe. 4,500
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cycles later a second crack occurred, followed shortly by =
numerous other cracks, all orig 1n°t1ng in the 1/4-inch

holess ¥Final fallure of the glrdvr came 2 inches from the

end shoe, passing through a /A—inch hole in the web and a
heart-sha Ued hole in the cha nnel the break of the chan-

nel and the webbing being c@pro:&lmz‘ltely 1/2-inch offset.

Svecimen No. 12: Specimen No. 12 was a "Shenandoah"
type girder furnished by the Bureau of Standards and re-
ferred to as 55B Special. The apex of the:girder failed
without any observed preliminary signs of failure. The
failure occurrcd 8 inches from the end shoe, passing
through a grommet hole. (Grommets of 1Dbrox1ﬁ%tely 1/4~
inch diameter were located in the apex channel at 1-5/8
inch spacing.) The crack was at the first truss connec-
tion from the cnd shoe, not passing through a rivet hole.,
(See fig. 12.) While oo crack passed through that sec-—
tion. of the flange which is bent back for the truss con-
nection, it ig not known whether it actually originated
there or in the grommet hole. Coangidering the very audi-
ble cracking noise with which the break oecurred, which
noige is usually associated with a crack finally breaking
completely through a channel or webbing, it secms most : .
probable that the crack originated in the grommet hole and
then traveled to the edge of the channel. ‘

Svecimen No, 13: Specimen No. 13 was a standard
GZ 3000907-1 type girder, being similar in every respect
to Specimen No, 1l.

The first crack occurred at a 1/4-inch hole in the
webbing 4 inches from the end shoe. 4,500 cycles were re-
quired for this crack to progress to the edge of the web-
bing with 3,500 additional cycles being required before
failure of the channel =at a point 1/2-inch offset from the
failure of the web. The crack in the channel passed
through a heart-shaped hole and a rivet hole. At comple-
tion of the test, only one crack other than that at the
point of failure could be found, this one originating at
the l/é~inch hole in the webbing at the opposite end of
the girder.

Snecimen No. 1i Sneciner No., 14 was a "Shenandoah!
triangular lattice-type girder similar to Specimen No. 12
but of lighter gagb. Thig girder had 1/4~1noh grommets
in the apex at 1-5/8 inch svacing as did the former "Shen- *

andoah™ airder,
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Although the girder was observed very closely through-
out the test, no preliminary signs of a crack or fgilure
could be found before total failure of the apex channel
occurred. As was the case with Specimen No. 12, the fail-
ure occurred at a grommet holt, approximately 12 inches
from the end shoe, but in this case did not pass through
a truss connection. Due to the suddenness of the failure,
it is impossible to say definitely where the crack origi=-
namedi byt @t dg thought to have had its origin in “the
grommet hole and thence progressed to the edge of the
channel

Spcecimen No. 15: Specimen No., 15 was a GZ SX382 type
girder, being -identical to Specimen-No., 5 except for the
omission of the splice and a difference in length. Like
Specimen Woe 5, this girder had no perforations in the
corner closing channels, the tecst being intended to serve
as & comparison with Specimens Nos. 3 and 5, the former
having perforations in the closing channels and the lat-
ter ‘a splice angle.

The first crack occurred at a small 1/4-inch hole in
the webbing, followed-quickly by numerous others. The
first ‘crack in the closing channel came 32,000 cycles
later, originating in the flange with an additional 39,000
cycles Dbeing required before a crack appeared in one of
the coraner channels. After still another 137,000 cycles
a second crack appcared in a channel flange, with final
failure of the channel coming 16,000 cycles later. This
final failurc was approximately 5 inches from one end
shoe. The crack in the corner channcl passed through
rivet holes, but the ecrack in the closing channel did not,
One of the side webbings failed at the diameter of the
large perforation, while the other webbing failed through
a swmall 1/4-inch hole.

Shecimen No, 16: Specimen No. 16 was a special type
girder closcly resembling the standard GZ 3000907 typec.
It was o rectangular box-type girder differing from the
907 girder only in the substitution of the 1000829 channel
for the 1000805 used in the 907 tyve. . The 1000829 channel
has a 3/4-inch flange while the 1000805 has a 9/16-inch,
the channels otherwise being identical. Since this slight
difference is thought to be of no consequence insofar as
the fatigue strength of the girder is concerned, this
specimen is congidered as a standard 907 type girder in-
sofar ss this report is concerned.
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The first crack occurred at a 1/4-inch hole in the
webolqy and was followed quickly by numerous other similar
¢cracks at 1/4-inch holes, all in the webbings. After
108,000 additional cycles the first crack in the webbing
had progressed. completely through to the edge of the web.
Four such cracks shortly progressed completely through the
webbing, but no signs of failure were observed in the
channels until final failure occurred with a break through
the channel corner 14 inches from the end shoe, passing
through l/4—inch diameter holes of the webbings and through
a rivet.

"he 1/4-inch diameter holes of this girder were very
deeply flanged for 0.045-inch materiel, with.the proba-
bility that fabrication cracks around the holes were prob-
ably re cnt before the fatigue test started. The early
anpe aranca of cracks in the course of the test is thought
to have becn caused by the further opening up and progress—
ing of these fabrication cracks, borne out by the fact
that final failure of the girder did not take place until
a very substantial number of cycleg later.

e

Specimen No, 17: Specimen No. 17 was a special GZ
3000907 type girder similar to Specimen No. 16. As it was
believed that the early cracks which appeared at the flanges
of the 1/4-inch holes of Specimen ¥No. 16 were the result of
fabrication cracks opening up after a comparatively few cy-
cles of stress applications, the 1/4-~inch holes of the
webbing of Specimen No. 17 were drilled out slightly. The
flanges of the holes were not entirely removed in this
process, it merely being intended to remove sufficient of
.the material to eliminate any fabrication cracks that
might have been present.

The £ t observed crack occurred at a 1/4—inch hole
of the webbing approximately 13 inches from the end shoe.
A sccond crack also at a 1/4~inch hole in the webbing,
came after Z2,000 additional cycles, followed by a third
similar erack 25,000 eyeciles Laber, Hinal fallure of Jone
corner of the E3115'(101' occurred 11 inches from the end shoe
through a rivet hole wherc by an oversight the rivet had
not been squeezed. The failure to squeceze the rivet was
thoug ut to have been a determining factor in the life of
the girder inasmuch as the failure passed through the
larao perforations of both webbings instead of the small
1/4~inch diameter hole ag usunal. Thie is also borme out
by the fact that the failure, did not occur at any of,the
carlicr cracked points of the webbings. Drilling out the
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flanges of the l/4—inch diameter holes of the webbing ap-—
parently had no noticcable effect on the fatigue life
ot tho girders.

Specimen No. 18: Spccimen Ho. 18 was a "Los Angeles"
triangular lattice-type girder similar to Specimen No. 10.
pOue slight slteration in the girder was necossary. The

0.089-inch U~ghaped channel riveted to the apex did not
extend entirely to the end of the girder, necessitating
its removal and replacement by a similar 0,040-inch chan=~
nels This operation is thought to have had no effect on
the test.

The first crack ocecurred 7 inches from the end shoe
and originated in one of the base channels where the
flange is bent back for the truss connection. Once the

rack cppeared, its progress was rapid, regquiring only
3,600 sdditional cycles to progress completely through the
base channol.

This spe

: cimen ran fairly smoothly in the recsonance
atigue machine -
L
D

that is, with little transverse wibra-
ional cracks coulé be found in the specci-
lction of the test,

im
c
Gl . No. addit
men after conm

DIGEST OF TEST RESULTS AND SURVEY OF RELATED LITERATURE

A survey of pertinent published and unpublished in-

vestigations dealing with the su2>jecct of fatigue strength
of compogite structures was made with special attention

to those that have reference to aircraft structures or to
the problems enumeratcd in the first vection. Reports of
casos of fracturcecs, due- to aceidental resonance of struc-
tirog. were not particularly emphasized in thlc study be-
cause they fail to give definite qualitative information
though thby arc intercsting inasmuch as they may reveal
wealk pointes in fabtigu

2

The necessity of limiting this discus
to generalities ond principles and of ref
merical. comparisons is apparent when the

tested is considered, for only one series
has been found or structures which closely rcseroled the
girder types tested at the Goodyear-Zeppelin Corporation.
These tests were conducted abroad and while the results

are not available. for publication, they are in excellent

rimarily
from nu«~
of s*“ucture
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agreement with the results obtained in our own laboratorye.
These tests abroad were conducted under alternating axial
compression and tension stresses, with tension peaks ranging
from 17,000 pounds per square inch to 23,000 pounds per
square inch stress at a frequency of 20 cycles per minute.
Failures in this series of tests occurred in similar re=-
gions as did the group of girders tested by the Goodyear-
Zeppelin Corporation with approximately the same spread
insofar as consistency of results is concerned.

That the physical characteristics of the material are
fundamental factors governing the endurance properties of
a structural element is agreed upon by all investigators.
Eowever, numerous tests have indicated that there is no
definite relationship between endurance limit and other
mechanical proverties (references 1 and 3) and in particu-
lar that tensile strength alone is not necessarily any
criterion of fatigue strength.

In figure 1 are reproduced curves of tke endurance
properties of the aluminum alloys 17ST and 17SRT. It is
readily seen from the figure that 17SRT does not show an
increased fatigue strength over that of 17ST commensurate
with its increased static strength. Similar rasults are
shown by fatigue tests conducted on seamless aluminum and

aluminum-alloy tubing (reference 2), in which tubes of
widely different tensile strengths (17ST and 51SW) have
been found to have practically the same endurance limit.

It is of interest to note the range of endurance ra-
tios (endurance limit to tensile strength) of the aluminum
alloys as found by the Aluminum Company of America in tests
conducted in their laboratories (reference 4). The higher
values of the ratio were found for the alloys of low alloy
content in the annealed, wrought condition. According to
Temnlin (reference 4), the endurance ratios of these low
alloy content alloys, in the properly annealed, wrought
condition would, under suitable testing conditions, be
found in the neighborhood of 0.5. With the higher alloy
content alloys, the tests revealed greater variations in
the endurance ratios. Heat treatment and cold working
improve both the fatigue properties and tensile strength
of the various alloys, causing changes in the endurance
ratios such that the ratio varies considerably for the
different alloys from avproximately 0,19 to 0.55. Inas-
much as the beneficial effect of heat treatment and cold
work is usually greater on the tensile strength than on
the fatigue properties of the alloys, a decrease of the
endurance ratio usually accompanies cither heat treatment
or cold working.
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Although girders of different aluminum alloys were
tested in the GZ fatigue tests, it is not possible to def-
initely establish that variations in the results were due
to differences of material. The "Shenandoah!" type girders
were fabricated of 17ST, the Goodyear—Zeppelin Corporation
girders were of 17SRT, while the material for the "Los
Angeles" girders was more similar to 17ST than to 17SRT.
Differences in girder types and possible corrosion are
thought to have been as important factors in the results
obtained with the "Los Angeles" and "Shenandoah" girders
as the effect of material differences.

The Aluminum .Company of America fatigue curves re-
ferred to above as figure 1 of this report, indicate an
improvement due to cold rolling in the fatigue strength of
the SRT alloys at high stresses, but this improvement
fades away as the longer endurances of low stress ampli-
tude are approached. Thig phenomenon of increased fatigue
strength due to cold working has been found by other in-
vestigators (reference 5).

Os. Jo Horger (reference 6), in an interesting series
of tests on stecl specimens, concluded that fatigue strength
could be increased by as much ag 32 percent in some cases
by cold rolling. According to Horger, his results indi-
cated that strain hardening (reference 7) in the absence
of residual stresses was directly responsible for the large
increase in fatigue strength. That the beneficial effect
of cold working is not so marked for aluminum alloys and
other nonferrous metals is generally agreed and is borne
out by the Aluminum Company tests. The present series of
GZ tests cannot be considered as giving any indication of
the beneficial effects of cold rolling of the material
inasmuch as all girders tested with the exception of the
"Shenandoah" girders were of cold-rolled material and no
comparative results were obtained.

Numerous attempts have been made by various investi-
gators to determine the effect of "coaxing" the material,
a process defined by Gillet (reference 8) and Mack as that
of gradually increasing the stress during the endurance
test. Most of these tests have shown that the effect is
beneficial, but the results have been widely scattered in-
sofar as the degree of this beneficial influence is con-
cerncd or the extent to which it can be carried before the
effect becomes harmful rather than helpful. A series of
tests conducted by Re R. Moore (refercnce 9) indicated
that understressing had a favorable influence on the en-
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durance properties of naval brass, magnesium, and a magne- -
sium~aluminum alloy, but showed no decided improvement

for aluminum, leading him to believe that im The case of
aluminum, if any benefiecial results are to be obtained,
the understressing must be done at lower stresses than
those with which he experimented, namely, 10,000 pounds
per square inch. Moore finally concluded from these tests
that the possibilities of improvement by understressing
are not as great for the light nonferrous alloys as with
the heavy nonferrous and ferrous alloys and that his tests
had not demonstrated that the value of the endurance limit
could actually be raised for the light nonferrous alloys,
as wos done on steels. He Fo Moore and T. M. Jasper (ref—
erence 10) have investig rated the effect of understressing
on various metals and foun that certain metals showed a
maorked increase in fatigue strength while others showed
comparatively little.

The GZ tests would seem to confirm the belief that
understressing has little effect'upon the fatigue proper-
ties of cluminum alloys. During the tests some of the
specimens were subjected to a number of cycles of stress

reversals at stresses below the desired and final stress -

at which the test was run, but the effect of this under-
stressing, which in most cases consisted of comparatively
few cycles, was not apnparent in the results.

A factor of importance in the endurance of. any struc-
tural element is the range of stress to which the element
is subjected.

Well known ig the fact, expressed by K. Schaechterle
(reference 11), that the strength under many repetitions
of loading of composite structures depends upon the range
of ‘stress = that, for exemple, if there is ‘no rewversgal 'ed
stress in a cycle and the minimum stress is zero, the
gstrength under this condition is greater than if the
stresses arc completely reversed each cycle at the same

3= o
peak stress.

In the GZ tests conducted on the resonance fatigue
machine, the stresses imposed upon the test specimen were
conpletely reversed, but in earlier tests conducted on
an Amsler Universal testing machine, stresses were not re-
versed, the range being from practically .zero to the de-

sired tension veak. Since no tests were run on the Amsler -

machine at reversed stress cycles, no very accurate com-
parisons can be drawn, but if the Amgler tests are com-
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pared with the resonance machine tests, the results are
seen to fall in nearly the same region for both types of
stresses, reversed and pulsating. The same is true if the
results of foreign tests previously mentioned, in which

the stresses were reversed at a frequency of 30 cycles per
minute, are compared with the GZ Amsler test results where
the frequency was approximately the same and the stresses
were not reversed., While it is admitted that accurate
comparisons of suech test results cannot be made unlegs all
test conditions are duplicated as nearly as possible,

these results would at least seem to indicate that for
girder typcs of the nature and materials tested the range
of stress is not as important as the results of most in-
vestigations would indicate, and that the maximum tension
gtrese is porhaps the most important criterion. It is,

of course, possible that differences in methods of stress
determination in the different types of tests and the wide-
ly different frequencies at which they were run might over-
shadow any possible variation due to differences of stress
HBian e

The effect of the frequency of stress cycles on the
endurance propertics of materials is a moot question.
Most investigators are inclined to the belief that for
"ordinary" speeds of stress reversals, the endurance lim-
it is independent of the frequency of vibration (refer-
enfeesr 11, 12, and 18 ). In c¢ontrast to this, however,
tests have been conducted by Graf (reference 14) on certain
supposedly identical riveted connections for the purpose
of determining the influence of load frequency on fatigue
strength which have indicated that the number of load rep-
etitions which the specimens could stand beforc failure
was larger for 350 load changes per minute than for 10 per
minute. These tests were not conclusive, however, inas-
much as comparatively few specimens were tested, the re-
sults were not consistent, and the difference in cycles
withstood before failure was logarithmically small,

Actually, no very convincing evidence has been found
of the effect of frequency of load applications at low cy-
cles on endurance properties of materials. C. F. Jenkins,
in o series of tests in 1924 (reference 15) found a slight
increase of fatigue strength at high frequencies - frequen-
egiles of hig tests varying from 50 cycles per second to
2,000, the largest increase of fatigue strength found be-
ing 15 percent at the latter frequency. In later tests
(reference 16), Jenking and Lehman continued thisg investi-
gation at still higher frequencies, up to 20,000 cycles
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per second, and recorded increascses of fatigue limits as ]
high as 60 percent with certain steels and 34 percent for

a rolled aluminum alloy. Jenking' tegts showed, however,

that for frequenciesg under 500 cyclos per second, changes

of frequency have practically no effect on the fatigue

i835m GeERe

The GZ resonance machine tests were conducted at fre-~
quencies of from 51 to 93 cycles per second, which is ad-
mittedly higher than frequencies which the girders might
be exvected to encounter in actual service, but in the
1L ol ety of commonly accepted thought on this subject by most
investigators, it is felt that this friequency Has not ob-—
scurcd the results:. At any rate, corresponding tests made
on the slow reversal axial stress machine at frequencies
of only /A cycle ver second are in sufficiently close
agrcenent to justify that belief.

Ewing (reference 12) has shown, and others are in ac~
cord with him, that the endurance limit is usually higher
if periods of rest occur between the loadings, a factor
which will favor the girder in actual service as compared
with the conditions of the test,. Y

Numerous corrosion fatigue tests have been made on
aluminum and other nonferrous metals as well as on the ;
ferrous metals (references 17, 18,.19, and 20 ). It has
been shown, and should bde embnusized, that the static ten-
sile strength may be unaffected by the corrosion, whereas
the resistance to repeated stresses is considerably af-
fected (reference 21)., Reductions of as much as 35 per=-
cent in the endurance limit of aluminum alloys due to cor-—
osion have been obtained with no reduction in tensile
strength of the material.

De Je lchdam (reference 22) in investigating the ef-
fect of corronion, also studied the corrosion-fatigue ef-

fect -~ that ig, the influence of simultaneous corrosion

anld fptimue He has shown that corrosion gsimultaneous

with fatigue has a much more severe effect on the endur-
be |

ance 1limit than does more cevere corroci@n prior to fa-

tigue., These tests reveal the corrosion-fatigue suscepti~

bility of aluminum alloys and emphasize tue usefulness of
protective coatings. The corrosion-fatigue limits for the
temvered and annealed duralumin have been shown to be prac-
tically the same, in this resvect being similar to steel, .

Of the girder specimens tested in our own laboratory,
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only the two "Shenandoah!" girders appeared to have had
their endurance properties affected to any extent by cor-
rosion. These two girders, fabricated about 1922, had no
protective coating and were ostensibly corroded. Their
low fatigue 1limits as compared with the remaining speci-
mens can be reasonably explained to be the result of this
corrosion, although stress concentrationg around the grom-
met holes might actually have been the determining fac~
tors. The "Los Angeles" girders, fabricated about 1924,
had a protective coating of varnish that 1s likely to have
retarded their corrosion materially. The inconsistency

of the results obtained with these "Los Angeles" girder
specimens, however, may in part be due to some corrosion,
although other factors affected the tests of this partic-
ular girder type as explained under Description of the
Tests.

Much thought has been given to the problem of gtress
concentrations accompanying any irregularities in the sur-
face of a structure. In the airship girders tested such
stress concentrations result from perforations, flanges,
indentations, rivets, etc.

The notch sensitivity of metals in fatigue has been
investigated in various tests (references 23, 24, 25, and
26), but worthwhile results of a nature to be of benefit
to the designer are still few. Points of stress concen-
tration are of particular importance in structural parts
subjected to reversals of stress, fatigue cracks general-
ly starting at such points (references 27, 28, and 29).
Tests have indicated, however, that while there is a de-
cided reduction in the fatigue strength due to stress
concentrations, this reduction is usually found to be
smaller than would be expected from the magnitude of the
calculated stress concentration (reference 30), This dis-
crepancy is usually explained as being the result of plas-
tic flow, the actual stress at the place of high stress
concentration being much smaller than the calculated
stress, this being particularly true for the more ductile
materials (reference 31), Moore (referecnce 9), however,
has arrived at the opinion that the property of ductility
alone as measured by elongation, while it may contribute
somewhat to the enhancement of the endurance properties
of a notch specimen, is not necessarily the controlling
factor.

Stress concentrations at holes have been studied bdy
numerous investigators (references 32, 33, 34, and 35).
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Their work throws much light on how the severity of stress
concentration at the edge of a hole depends upon the shape
of the hole, upon its orientation with regard to the di-
rection of stress, and upon the size of the’hole as com=-

pared to the width of the surrounding material, The effect.

of semicircular grooves has been studied by Preuss (refer-
ence 36), while McAdam (refercnce 37) has tested spccimens
with similar. triangular grooves. All of these tests hawve
indicated that the weakening effect of stress concentra=
tions in endurance tests varies greatly with the matorlal
and the actual chape and type of structural element bein

tested.

The Goodyear—Zeppelin tests have clearly pointed out
certain noints of maximum stress concentration in the gird-
rs tested. It would seem that the comparatively low fa-
tigue strength of girders as compared with the fatigue
strength of the material of which they are fabricated, is
primarily due to stress concentrations and to residual
fabrication stresses. The consistency with which the 907
type girders failed at the small punched and flanged hole
and the two failures at the flanges of the large hole when
the small holes were omitted on two specimens, apparently
indicates the vresence of high tensile hoop stresses at
these points. The presence of these residual hoop stresses
is borne out by the tendency of the flanged hole to crack
radially from the lip during fabrication. The small but
ceningly well established improvement in the fatigue prop-
erties of the 907 type girder found when the Qmall 5/16~
ineh diameter hole was reduced to 1/4-inch diameter, serves
to confirm the belief that the degree of stress concentra-
ilon affected by the size of the hole as compared with
the widbth of the material,

@
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The early failures of the SX 382 type girder with the
verforated closing strips also showed the effect of stress
concentrations at the holes. The many cracks which devels
oved in this specimen were all at the holes of the closing
strip and perpendicular to the direction of stress. That
the holes were a source of stress concentrations was indi-

cated by the longer life of the me girder type without

sa
perforations in the closing strips

'—Jo

While several girders failed at rivet holes, rivet
oles were not a predominant source of failure, indicating
hat though they are points of stress concentration, riv-—
ts are not necessarily the weakest vpoint of girders in

4}
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The many cracks which developed in the flanges of the
perforations on the N.A.F. girder of riveted construction
indicated the presence of high residual stresses for this

sty pel.of flange.

Surface finish has been shown to have a decided effect
on fatigue tests (references 38 and 39). For cxample, -
(reference 40), Moore has shown the following results for
various finishes on certain steel specimens, with 100 per-
cent being taken as the endurance limit for highly pol-
ished specimens: ground finigh 89, smooth turn finish 84,
rough turn finish 81. Comparative fatigue tests on 17S5T
sheet, plain and anodized with sulphuric-acid electrolyte,
have been made by the Aluminum Company of America, in
which the anodizing appeared to have been beneficial. No
comparative endurance tests on aluminum alloy specimens
anodized with chromic-acid electrolyte are known to the
authors.

Since the effect of surface finish is believed to de-
pend somewhat upon the thidtness of the material, the ef-
fect of material thickness on the fatigue properties of
composite structures such as airship girders was studied
in the Goodyear-Zeppelin tests. 4n increase in the gage
apparently increased the fatigue limit. The gages used in
the tests were 0.023 inch and 0.040 inch.

While in most cases girders of exactly the same kind
which were tested gave relatively consistent results, the
difference in results obtained with specimens 10 and 18
is a warning not to draw too definite conclusions from so
limited a program.

Few tests of a comparative nature which might indicate
the relative fatigue strengths of riveted and welded con-
nections of aluminum alloy structures have been mnade.
Stregs concentrations are, of course, known to exist at
both rivets and welds, these points being common points of
fatigue failures. The fatigue behavior of spot-welded alu-
minum connections has lonz been questioned due to the known
low endurance properties of the aluminum alloys in the an-
nealed condition. The fact that the annealed condition of
the material resulting around a2 spot weld is also a point
of high stress concentration accentuates the unfavorable
conditions insofar as fatigue strength is concerned (ref-
erence 41),

Fatiguc tests carried out by D.V.L. (reference 42) on
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spot~relded steel spars have indicated that it is in the
circle of annealed metal immediately surrounding the weld
thnt fatligie ePocksvoriginatie Father than in the wellll it=
self, Minute cracks in the weld itself, however, and es=
pecianlly at the edge of the weld, may lead to & low endur-
ance strength,

In the one spot-welded girder tested at the Goodyear-
Zepvelin Corporation, practically all of the many cracks
which developed, originated in the weld and not in the an-
nealed region immediately surrounding the weld.

CONCLUSIONS FROM TESTS

Numerous lessons can be learned concerning the fatigue
pronerties of composite structures in general and certailn

airship girder itypes in varticular as a result of the in=-
vestigation conducted at the Goodyear-Zeppelin Corporation.
A brief summary of these lessons follows:

I

’Jl

1. The encurance properties in reversed axial load
sts of such girders as were tested, %.e.,

GZ 3000907 oo*«tyoe Z SX382 truss—type,
"Log Angeles" truss-type. "Shenandoah" truss-
type, and N.A.F. box-type, arc considerably
lower than the endurance properties of sheect
svecimens of the material of which the girders
are fabricated as given by reverscd bend tests.
Vo definite factor has been established, bdut
in general the stresses withstood by the gird-
ers tested for a given number of rcversals,
were found to be approximately one-third of
the corresponding stresses for the sheet mate-
rial as determined by the Aluminum Company of
America in bending tests. No comparative val-
ues for the endurnnce of the sheet material
when subjected to reversal axizl load are avall-
sbdter ”ho rosults from tests of the GZ 3000907
type girders held fairly closely to the above
factor, while some of the remaining girders ex=
hibited fatigue propertieg congideradly lower,
due to the influence of wvarious factors previ-
usly diseussed.

Ul

2. Stress concentrations definitely affect the fa-
tigue limit of girders. The small diameter
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hole in the GZ 3000907 type girder is the weak-
est point of that particular girder type in
fatigue. Deccreasing the size of the small

hole from 5/16-inch diamcter to 1/4-inch diam-
eter and at the same time increaging its dis-
tance from the edge of the material slightly
gives an increase in the fatigue properties of
the girder. However, omission of the 1/4-

inch hole entirely indicated only a very slight
further improvement in the fatigue strength of
the girder.

3¢ The region surrounding rivets, though subject to
stress concentration and occasional failure
in fatigue, need not necessarily be the weak-
est point in fatigue of composite girders, .
failures in the girders tested showing no de=
cided tendency to pass through rivet holes.
However, girders which failed at rivets were
in general no better than those which failed
clsewhere, indicating that rivets affect the
fatigue strength about as much as other
sources of stress concentration in the gird-
ers tested.

4. Grommet holes are suspicious points. They and
any unfilled holes are more apt to be points
of origin of fatigue failures than rivet-
filled holes.

5« Corrosion apparently weakens such structures in
fatigue.

6+ An increase in fatigue resistance seems to accom-
pvany an increase in the thickness of the mate-
rdal.,

7« The single spot-welded girder tested indicates a
weakness in fatigue for this method of joining.,

8s The type of flange used at holes ic an important
factor in the fatigue properties of such struc-
tures, fatigue cracks generally originating at
these points. The type of flange used on the
special type of girder furnished by the Navy
Department apveared inferior in fatigue as com-
pared with the Goodyear—Zeppelin type of
flange.
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RECOMMENDATIONS FOR FUTURE LABORATORY TESTS

A continuation of the pregsent laboratory investiga=
tion of the fatigue properties of airship girders is rec-
ommended with the following suggestions offered as a2 pos-
sible guide to such future investigations:

1 In future fatigue tests on any one type of gird-
er, it would be desirable to investigate the
effects of the many variable factors entering
into its fatigue properties. Testing various
girder types gives interesting results but in
order to arrive at definite conclusions, it
would help if a gingle girder type is selected
as an example and many tests carried out on
this one type with 2 view to determining the
effect of variations in loading, stress range,
material differences, gage variations, varia-
tiong of the perforation pattern and method
of joining,

2. Little is known concerning the endurance strength 3
of the light alloys under other than flexural
stress reversals. It would seem desirable to
run systematic fatigue tests on aluminum-alloy >
thin-walled specimens under symmetric and un-
symmetric tension-compression cycles between
various maximum and minimum stress limits.
It is also highly desirable that such tests be
conducted on actual girder specimens.

o
L4
3
0
n

ts to investigate the shear fatigue of girders
would be of interest. To determine the fatigue
behavior of such structures under all possible
loading conditions is perhaps impractical, bdut
systematically selected tests of combinations
of tension, compression, bending, and shear
should reveal lessons of fundamental impor-
tance.

4, More systematic investigations could be made to
determine residual stresses and the degree of
stress concentrations existing around perfora-
tiong and at other irregularities of the gird-
er surface, with a view to reducing the sever- ]
ity of such concentrations wherever pogsibles
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Goodyear—-Zeppelin Corporation,
Akron, Ohio, September 1937.
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The effect of ovcecasional cycles of overstress on
the fatigue properties of girders should be
investigated.

More thorough comparative tests of spot-welded
and riveted girders should be made before any
definite conclusions can be drawn concerning
their comparative fatigue properties.

A systematic"series of corrosion fatigue tests on
girders would be of assistance in attempting
to determine the useful life of" such struc-

L
tures.

The fatigue properties of various types of girder
splices should be investigated.
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Figs. 6,7
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Figure 8.- Detail of perforation and origin of first
cracks in N,A.F. girder No. 6351-2
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Figure 9.

Figure 10,

Figs. 9,10
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Figure 11.

Figs, 11,12
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