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BENDING TESTS OF CIRCULAR CYLINDERS OF
CORRUGATED ALUMINUM-ALLOY SHEET

By Alfred S. Niles, John C., Buckwalter, and Warren D. Reed
SUMMARY

Bending tests were made of two circular cylinders of
corrugated aluminum-alloy sheet., In each test failure oc-
curred by bending of the corrugations in a plane normal to
the skines It was found, after analysis of the effect of
short end bays, that the computed stress on the extreme
fiber of a corrugated cylinder is in excess of that for a
flat panel of the same basic pattern and panel length
tested as a pin-ended column. It is concluded that this
increased strength was due to the effects of curvature of
the pitch line. It is also concluded from the tests that
light bulkheads closely spaced strengthen corrugated cyl-
inders very materially.

The section proverties of corrugated sheet are summa-
rized in an appendix.

INTRODUCTION

The earliest stressed-skin metal airplanes, those of
Dr, Junkers, were constructed with corrugated duralumin
covering, Some designers have followed Dr, Junkers' lead
in this respect, while others have used a smooth skin re-
inforced by various types of stiffeners. Although some
early studies of the problem of the design of stressed-
skin airplanes indicated that the highest strength-weight
ratios could be obtained by the use of corrugated cover-
ing, the value of these studies was largely vitiated by
lack of knowledge of the actual strength of either the
corrugated skin or the smooth skin with stiffeners. As a
consequence, numerous tests have been made to obtain the
experimental data needed as the foundation for satisfac-~
tory methods of designing both types of stressed skin.
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The great majority of tle test data that have so far
been generally available to designers have pertained to
the use of smooth skin, as the corrugated material lost
favor on account of the tailoring difficulties encountered
in its uses Recently a number of designers have shown a
renewed interest in the use of corrugated sheet, and it
appears desirable to make a study of thig material.

In reference 1 are published the results of an exten-
sive study of the compressive strength of flat panels of
corrugated sheet in which failure occurs by local buckling
of the corrugations. It is shown in reference 1 that when
local failure does not occur, the compressive strength of
a corrugated panel is given by the column curve for the
material. '

When corrugated sheet is used in stressed-skin struc-
tures for aircraft, the pitch line is usually curved. The
purpose of this report is to present the results of bend-
ing tests made of two corrugated cylinders at Stanford
University during the winter of 1930-3l. (A preliminary
report of these results is contained in a Stanford Univer=
slty thesis by Buckwalter and Reed entitled: "Bending Tests
on Corrugated Aluminum-Alloy Cylinders." These tests were
similer to those made by Mossman and Robinson on cylinders
with smooth skin (reference 2).

DESCRIPTION OF TEST CYLINDERS

The two cylinders, constructed of aluminum alloy
heat-treated to the specifications of the U. S. Army Air
Corns, were furnigshed by the Douglas Aircraft Company.

As originally furnished, they were identical in every re-
spect except in the number and spacing of the bulkhead
ringse The bulkhead rings were located so that in cylin-
der 1 the critical 'bay was 18 inches in length and in
cylinder 3 it was 9 inches. The length of each cylinder
was 46 inches, and the diameter of the pitch line of the
corrugated covering was the same. The covering consisted
of & corrugated sheet of a standard Douglas Company sec-
tion having a nominal pitch of 1.25 inches and a depth of
O«b0@sineh, with- g thlieknesg’'of 0.022 inchs Only - one lons
gitudinal seam was necessary in each smwecimen and it was
made by nesting corrugations and riveting along the node.
The bulkhead rings were of open "hat" section of the same
shape and size as those used in the smooth-skin cylinders
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tested By Mossman and Robinson and reported in reference
2« At each end of the cylinders an inner and an outer
angle ring was riveted to the inner and outer nodes of the
corrugations, respectively, and the outstanding legs of
these anglegs carried the bolts that attached the cylin-
ders to the parts of the test jig. These angles were
11/16 by 15/16 by 0.064 inch section. The general con-
struction of these specimens can be seen very well from
figures 1 to 4, which are photographs of them after fail-
ure.

In the design of the cylinders it was realized that
the restraint imposed on the sheet at the ends of the cyl-
inders by bolting the end rings to parts of a rigid test
Jig would be greater than that at the intermediate bulk-
headse If failure occurred in the bay adjacent to the end
mEnEssyy this westraint at one end of ‘the wcritdeal panel
would probably cause the stress at failure to be in.excess
of what might be expected for sheet in a continuous struc-
tures. Hence, it was desired that the failure in the spec—
imens would take place in a central panel where the end
restraint would not be such an important factor. In order
to accomplish this aim, cylinder 1 had a bulkhead ring lo-
cated 9 inches from each end, leaving an 18-inch bay in
the middle in which failure was almost certain to occur.
Cylinder 2 had three equally spaced bulkheads, which 4i-
vided the specimen into four 9-inch btays. The second bay
from one end was expected to be the critical one, and it
proved to be so.

Based on the nominal dimensions, the section ‘charac-
istics of the corrugated sheet were as follows:

Pitch/depth ratio, D/d = 1625/065 +eveeens 2,50

Ratio of the radius of cofrugations
to! sbhd clne s, ' /b = 03286 f 0028, jv vupets « e sl

Weight ratio for p/d of 2.50 (fig. A~1) .. 1,40

Radius of gyration, p (fig. A~1l) =
Oob MBS wds v @ sl e s o el iels B9 g s S e . O L7575

Experience has shown that commercial corrugated ma-
terial is seldom true to nominal dimensions, the allowable
manufacturing practices and tolerances permitting an ap-
preciable variation between nominal and actual dimensions.
After the bending tests had been completed, therefore, a
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sectipn was cut from each cylinder to permit more accurate -
determinations of thickness of material, equivalent thick-
ne'sls of (f£latl sheet), “radiug of gyration of ‘a cdrrugation,
and r/t 15 v (o) :

The actual thicknesg of the material used was deter-
mined by direct measurement with micremeter calipers with
small spherical-ended jaws. For the determination of the
equivalent thickness of flat sheet, the sections were
trimmed toc a rectangular shape with two sides along treaughs
of corrugations and at e distance from each other of about
six times the pitch. The c¢ther sides were normal to the
corrugations. These pieces were held by hand against a
flat surface and the projected area was measured. They
were then weighed.. The weights divided by the projected
area and the density of the material gave what were con-
sidered the more reliable values for the equivalent thick-
nesses., The radius of gyration of a corrugation and the
r/t ratie were obtained by direct measurement of the pitch
and depth of the corrugations, both with the sections
curved, as when first cu® from the cylinders, and while
pressed against a flat surface. Although it was difficult
to measure the pitch precisely, particularly with the pitch
line curved, it is Pelieved that. the error is less than the
noted variation between corrugations. The radius of gyra-
tion was computed from the pitch-depth ratio assuming the
secticn to be made up of perfectly circular arcs tangent
at the ‘piteh line, using for the purpose the curves of lap-
pendix I, The radius of curvature of a cerrugation r,
was alsc ccmputed from the pitch-depth ratie on the same
assumptien, using the formula derived in appendix I. Fi-
nally, the equivalent thickness was computed from the
measured thickness, the weight ratio for the observed pitch-
depth ratiec, and the curve of figure A-l. The equivalent
thicknesses obtained in this manner were smaller than those
obtained bty weighing and, as they were net considered as
reliable as the latter, were not used in the analysis of
the cylinder tests. ‘

The measurements and ce¢mputations made in this study
are recerded in table I,
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TABLE. I

DETERMINATION OF PROPERTIES OF CORRUGATED SHEET

ItEmA How obtained CYE?%der Syiigdgrs

1. Actual thickness, ihe Direct measurement| 0.0215 0.023
2. Length of section, in. Direct measurement| 5.83 3.98

ve Nidoh of secbion, ine Direct megsurement| 7.63 b

4. Projected area, sq.in. » (2) x (3) 44.5 B80.3

5. TWeight, g Direct measurement |57.6 41,5

6. Weight, g/sq.in. (5)/(4) 1,85 ; 138%

7. Weight, lb./sq.in.’ (6) % 0.00220 .00284) .00302
8. Equivalent thickness, in. (7)/0.1011 .0284 .0299
gis.  Piteh p5 ine Direct measurement| 1.28 B
% Depth 4, in. Direct measurement .41 .41
11. Ppitch/depth, p/d (9)/(10) 3.12 3.12
2. p/4d Figure A-1 . 359 .369
13, Radius of gyration p, in. (10) x (1;) « 147 oL L
14. Weight ratie Figure A-~1 1.26 1.26
15. Equivalent thickness, in. (1) x (14) .0271 .0290
16. Radius of corrugations r, in. Appendix I .349 <349
e o/t fip)/ (1) 16.2 15.2
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For the purmose of computing the stresses in bending

it was assumed that the actual cylinders would have the

same moments of inertia and.section moduli as cylinders of

86~inch diameter covered with smooth skin of thicknesses
equal to the equivalent thicknesses of line 8 in table I.
The properties of this equivalent cylinder and the slen-
derness ratios of a single corrugation in the eritical

panels were then computed as shown in table II.

TABLE II

COMPUTATION OF SECTION MODULI AND SLENDERNESS RATIOS

122.4

Ttem . Reference Cylinder Cylinders
i 28 5naNs
Equivalent thickness

t', in. L8 8 @ @ e srale e Table I, line 8 000284 000298
Digmetery , D, ini = 36 36
Moment of inertia, g, _

Bl oo v« Br % v 2 I = 05394 it'D0" | 521 546
Section modulus,

BT © 3 WE S e oe % I/R 29.0 30.5
Length of bay, in. = 18 9
Radius of gyration,

p, Iinl L A ) = 0147 ll4-'7
Slenderness ratio ... L/p 6l.2

DESCRIPTION OF TEST SET-UP

The test jig was arranged as shown in figures 5 to 8.
The main jig consisted of a backplate

bolted to two horizontal
braced to them by two pieces of conduit pipe

beam D

E gsupported the backplate end of the jigz and held the base

afrunetural

& (figas 5 and 8}

steel channelg B
65
was bolted to the base channels and rested on the
weighing table of a testing machine.

An H-

A wooden structure

and
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channels in a horizontal position. The tetrapod unit con-
sisted of a structural steel angle F bent into a ring

and welded at the joint, to which was bolted two steel-
strap tengion members G and two pieces of conduit pipe

H for compression members.. The tension and compression
members were welded at the apex I into a fitting to which
the load was applied from the head of the testing machine
through a link J.

Each specimen was bolted to the backplate and to the
tetrapod ring with 10-24 roundhead machine screws. These
screws were put through the outstanding legs of the angle
rings, a screw oppcsite each trough of the corrugation
over three-quarters of the circumference on the tension
side, and opposite every other trough on the compression
sides The longitudinal jeint in the corrugated sheet was
placed at the top of the cylinder where it would be in
tension and would be least apt to influence failure. Shims
of sheet iron were used where necessary between the speci-
men and the 'jig varts so that tightening o0f the machine
screws would not cause strain in the cylinder. --A Riehle
Bros. motor-driven testing machine of 30,000 pounds capac-
ity was used to supply the load.

As the testing-machine head moved down, a vertical
lcad was applied to the apex I and bending and shear
forces were set up in the test specimen. Since member D
was directly under the point of applieation of the load,
the latter could be measured directly on the scale beam of
the machine, the jig acting in the fashion of a nutcracker
with force and reaction applied at I and D, respec-
tively.

An attempt was made to measure the elongations and
compressionsg of the most stressed fibers of the cylinders
by the use of extensometers., The arrangement used, how-
ever, proved to be unsatisfactery because any slight bulg-
ing of the sheet caused an angular movement of the exten-—
someter mounting, which prevented the extensometer read-
ings frcm being true measures of the deformgtion of the
specimen,

Readings were also taken of the change in length of
the vertical diameter of a bulkhead ring using the same
instrument as had been employed fcr the purpose by Mossman
and Robingon (reference 2).
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TEST PROCEDURE

The procedure of testing consisted in the application
of- the load in desired increments to the apex of the tet-
rapod and the noting of certain obgservations for each load
increment. These observations are indicated by letter and
numeral in the log sheet of test 1. (See appendix II.)

For each load increment, measured on the scale of the test-
ing machine, readings were taen on the four extensometers
and:on the diameter gage, the beam deflections A and B
were measured, and the formation of bulges was observed at
points on the specimen indicated by the roman numerals.

The tetrapod unit, weighing 310 pounds, was the first
load tionbe applied to the! speeimen, Sinee its points of
application was at the center of gravity of the unit in-
stead of at the epex, the equivalent load at the apex was
- determined and is included in the log sheets. I Sla ey m=
ply a fictitious load giving the same moment at the crit-
ical section of the specimen as the 310-pound load of the
tetrapod. All subsequent load increments were applied
through the head of the testing machine to the apex. ' :

After the first maximum load was reached, the load
applied by the testing machine was entirely removed and
then- reapplied to-a second maximum value in order to deter=-
mine the strength of the specimen after failure had oc-=
curTied ,

RESULTS OF TESTS

A complete record of the first and third tests is con-
tained in appendix II; the important résults of all three
tests are summarized in table-III. A rough mental picture
of the progress of each test may be formed from the notes
in the last column of the log sheets.
|
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TABLE III
SUMMARY OF TEST RESULTS
Cyl- |Bulk- L/p |Sec-| Max- |[Max- Maximum
in- |head of tion imum |ipum
megt | der |ring Weight |crit— |mod- | moment |shear fy
spac-— 1eal julug
ing panel
in. b in.-1bs| 1b. [1b./sqeins |
i ik 18 1826 |122:4 12950 1626 ,52015 ;800 4 8 100
2 2 9 2040 6l.2|30.5 |828,630]7,910 27 ,. 450
oS 3 9 255 6132130,51866,11018,260 1,28 ,400

The results of test 2 are of no direct importance in
this investigation, since the cylinder failed by tearing
of the sheet from the rivets in the end rings on the ten~
sion side before definite failure occurred on the compres-
sion side. These rivets had imperfect heads adjacent to
the corrugated sheet, resulting from the difficulty of get-
ting a head-=forming tool between the two end rings during
fabrications The specimen wgs returned to the Douglas
Company where the weak section was reinforced. The re-
peired cylinder was designated cylinder 3. The eXcess
weight of cylinder 3 over cylinder 2 was due entirely to
the reinforcement of the latter, a measure that would have
been unnecessary had it been possible to form better riv-
etse Consequently, it seems only fair to assume that the
maximum stress found from test 3 could have been obtained

‘with a specimen weighing no more than cylinder 2, which is

the same as the weight of cylinder 1 plus the weight of an
additional bulkhead ring,

@ylinders L and 3, -after failure, are shown in fig-
ures 1 to 4, It is evident from these picturesg that the
corrugated sheet in the critical bays behaved in the man-
per of "gteolumns  Fingl Tailure occurted in the wieinipy

" of the first bulges to form, the bulges graduelly increas-

ing with load until the sheet buckled. In both specimens
this buckling at the middle of the panel was accompanied

by buckling or cracking of the sheet over the bulkheads at
each end of the critical bay. As shown in figure 4, cylin-
der 3 failed by buckling inward on one side of the verti-
cal axig of the specimen, and outward on the other, while
the corrugation at the axis remained practicglly straighte.
As noted in the log sheet, before any load was applied,
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very slight initial bulges in'the specimen, correspénding
in location and direction to the final ones, were obgerveds
and the peculiar pattern of feilure evidently resulted from
the gradual growth of these initial bulgese. They were no
more pronounced, however, than bulges which might be ex-
pected to appear in any practical gtrueture of the corru-
gated monocoque type. '

~ No consideration has been given %o the readings of
gages 1 to 4 tecause observation during test showed them
to be unreliable. They were omitted entirely in test 3.

Gage 5, indicating the change in length of the verti-
cal axis of the first bulkhead out from the backplate, gave
rather interesting results: For the first test it showed
g maximum inerease in the 'azxis &f 05028 inch, and for the
geecond, a.deeregse.0f 0.019 incha. The fact that in one
case the axis elongated while in the other it contracted
may possibly be explained by the presence, in the first,
of a tendeney of the sheet in the critical panel to bulge
outward at the TottAm, thus tending to stretch the verti-
cal axis, while in the second, the main bulging was inward,
tending to shorten the axis. Unfortunately, this gage was
not_used in the third test,. in which the bulges were,in
opposite directions on either side of the vertical axis.

In this. casey if the foregoing explanatlon ig ecorrecl,, ome
would expect no change in the length of the axis, but this
fact cannot be verified. The rigid backplate and tetrapod
ring undoubtedly played a. large part in maintaining the
original shape of the intermediate rings under load and
without this influence the deflections noted might have
been entirely different., Gage 5 therefore gives no indi-
cation of what deflections might Dbe expected in the bulk-
head rings of a monocoque structure with no solid bulkheads
but shows, merely, what occurred in these particular testse.

After complete failure of cylinders 1 and 3, the load
was entirely removed, except for the weight of the tetra-—
pod, and then reapplied to determine the strength after
failures -As noted in the logs, cylinder 1 carried 67 per=
cent of the original load and cylinder 3 carried 77.2 per-
cente

~ As it seemed desirable to determine the compressive
strength for lacal failure of the corrugated section used,
small panels were cut from each cylinder and tested in
compressicn, Two such panels were cut from cylinder 1,
each with a length parallel to the corrugations of approx-
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imately 2.8 inches, and one with a length of approximately
%e6 inches from cylinder 3, All three panels had a width
of six complete corrugations. The free edges of these
panels were reinforced by bending them about a small radi-
us. The panels were then tested in compressicon with flat
ends, In spite of the fact that the . reinforcement of the
free edges was not sufficient.  to prevent failure starting
at those locations, and that the tests were not made with
any great care, both panels from cylinder 1 showed ulti-
mate strengths of 34,000 pounds per square inch or more.
That from cylinder 3 did not have failure start at the
fixee edges and did not fail until -the stress was 88,000
pounds per square inch. :

DISCUSSION OF TEST RESULTS

A corrugated sheet under compression will fail either
by bending normal to the mnlane of the sheet or by local
buckling of the corrugations, depending upon which gives
the lower strength, In the vanel tests mentioned in the
preceding paragraph it was found that the strength for lo-
cal failure was in excess of 34,000 pounds per square inch.
As the cylinders failed at computed stresses of 28,400
pounds per square inch and less (table III), it is conclud«é
ed that failure in the cylinders occurred by bending of
the corrugations normal to the skin. This conclusion is
also vegified by the observed types of failure. (See figse
1 ibion 4

It would be desirable to compare the strengths devel-
oped in the cylinder tests with those develoved in tests
of .small vanels with curved pitch line but no adequate
vanel data are available, because of the great difficulty
of obtaining proper end conditions for bending failure of

the corrugations in a panel with curved pitch line. If,

bhowever, the cylinder test data be compared with the data
on compressive tests of corrugated panels with straight-
pitch lines, some very interesting relationships are to be
found.,
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DETERMINATION OF INDICATED RESTRAINT COEFEICIENTS

FROM TESTS

Since the failures were due to bending rather .than to
locel: ingtabillity of the corrligations, the first step in
comparing the results of the cylinder tests with thnse to
be expected from compression tests of flat panels is t»n
plot the computed stresses at failure against the ratins
of the length of the eritieal bay to the radius of gyra-
tien of a single corrugation. Such a method was used to
obtain figure 9. For convenience, the column curves for
aluminum alley for ¢ =1, ¢ =2, and ¢ = 3 are also
shown in the figure,

The ultimate stresses in beth tests fall within the
range of the Johnson straight-line formula

P - 48,000 - 400 L
A J_E P
Using the values of L/p from table III and subsgti-
tuting in this formula to compute an indicated restraint
coefficient w©y we. find thaty e = 2,68 <or the eylindep
with: the' 1B~inch bay, and o= 1:56! for the ecylinder with
all bays 9 inches in length.

Owing to the continuity of the corrugated sheet across
the intermediate bulkhead rings and the rigidity of the con-
nections to the stiff backplate and tetrapod, it was to be
expected that the strength of the cylinder covering would
exceed that of a straight pitch-line panel of length equal
to the bulkhead spacing tested between pin ends. In other
words, 1t was to be expected that the indicated regtraint
coefficients computed as just indicated would exceed 1400
Such a great difference as that focund between the indicat-
ed restraint coefficients was not expected when the cylin-
ders were designed, though studies made after the tests
show that it could have been predicted from the differ-
ences in the relative lengths of the bays in the two spec-
imense.
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THEORETICAL DETERMINATION COF INDICATED

RESTRAINT COEFFICIENTS

In both cylinders the failure wgs due to the insta-
bility of a corrugation due to the compression resulting
from the bending load on the whole svecimen. This corru-
gation may well be thought of as a continuous beam-column
supported laterally at the end rings and intermediate
bulkhead rings, and also continuously along its length by
the adjoining corrugations. . The external loading consists
of a uniformly varying axial load proportional to the dis~
tance from the point of lcad application en the tetrapod
and such transverse loads as were brought into action by
the deformation of the specimen and accidental eccentric-
itiess Too many uncertainties are involved to permit an
exact analysis to determine theoretically the load at
which the corrugations in the test specimens should have
failed but, by the employment of certain simplifications
and assumptions, some results of value have been obtained.
The method of attack used was that partly developed by
Buckwalter in his original study of the cylinder tests.

The first simplification of the problem was to neg-
lect the vossible supporting effect of the adjacent cor-
rugations. This supvort might have been manifested in two
wayse The adjoining corrugations, being subjected to lower
stresses, might have carried some of the load when the most
stressed corrugation began to buckle. Secondly, when the
most stressed corrugation began to deflect, circumstantial
stresses may have been set up in the cylinder that would
have provided it with transverse support. Although such
neglect of the vossible supporting effect of the adjoining
corrugations is practically equivalent to assuming that
the curvature of the pitch line has no direct effect on the
elastic stability of the compression side of the cylinder,
no alternative course appeared practicable.

The second simplification was to assume the axial
load to be a constant for theentire length of the corru-
gation. Any attempt to assume the axial load to vary be-
tween supports would have resulted in unmanageable mathe-
matics. Even though the axial load in each span had been
assumed a constant proportional to the distance of the
center of the span from the noint of load application, the
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extra labor of computation would have been excessive for
the small resultant gain in accuracy. The qualitative ef-—
fect of this assumption will be discussed later.

As the intermediate tulkhead rings are light and con-
nected to the corrugations in a manner not well suited to
transmit a couple, the cocrrugations were assumed simply
supported. at their locations. At the ends of the cylin-
ders, the corrugations were connected to the relatively
very stiff backplate and tetraped ring by fairly rigid
connections. The actual degree of restraint at these
points could cnly be estimated. Parallel analyses were
therefore made, one set in which the ends were assumed
fixed and another in which they were assumed pinned. The
true conditiong would lie between these two assumptions.
In the ordinary fuselage the pin-ended assumption probably
is cloger to the actual conditions as the bulkheads would-
not be relatively as stiff ag the backplate and tetrapod
ring of the tesgt jig. In the test specimeng, however: the
fixed end conditions are probably the more nearly applica-
ble,

The: «t nansivierse loads acting on  the corrugation idue it
deformation of the specimen and eccentricities were as-
sumed to be symmetrical in the following analyses, but
their magnitude and distributicn were left undetermined.
This methed is allowatle as the magnitude and distribution
oiff ‘trangvierse leoad thas ne sinfluencie ‘on sthie 'idegl ‘eriticall
load of a beam-column. The assumption of symmettry greatly
reduced the extent of the required computaticns without
affecting the criterions determined for ideal critieal
loadss This result was checked by independent analyses in
which the assumption was not made; this material is omit-
ted from the subject report to conserve space.

It was assumed that all the supports remained on a
straight line and, in the caseswith fixed ends, that the
tangents to the elastic curve at both ends of the corru-
gation formed a single straight line. In the tests, how-
ever, the cylinders ag a whole were bent, so that the
vodnbisiwel ssuppert Eetually fell on a curnved Line, and thie
end tangents to the elastic curve were at an angle to each
other and to the axial load. These actual deflections and
rotaticns could have been allowed for in the analyses to
determine ideal critical values of L/j by the addition
cf appropriate terms to the three-moment equations. Such
terms, however, would have had no effect on the values of
L/j found critical for the various cases. The situation
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is exactly analogous to that of transverse load. Although
a change in transverse load will make a cdorresponding
change in the bending moments and deflections for any

given valne of L/j below the cecritical, it will not change
the critviesld walue lof L/j. The same applies to deflec-
tions of the supports and rotation of the fixed suppnrris.

Finally, it was assumed that the geometric properties
of the corrugation as listed in table I'were correct.
This assumption had ne influence on the computed values of
erivieagl L/j but idid affect the waluecstused for ' I “and
P, and thusg the eritical stress correspending te any given
value of L/j as well as the wvalue of L/p for each  bays

After the foregoing assumptions were made, the beam—
column representative of the most stressed corrugation of
cylinder 1 could be represented diagrammatically as in fig-
ure 10. When writing the three—moment equations for this
and other cases with fixed ends, the effect of the end con-
ditions was allowed for by assuming extra end bays of zero
length and including terms with apprepriate subscripts for
thease bays. The generalized three—-moment equations for
the beam—cclumn of figure 10 can be written (reference 3,
che XI) as follows:

(Mg = Mz on account of symmetry)
M Giga, + 2MyL B+ 2N L, 8, +odglya, = & (5)
MLy # 2Mpl. B, + 2Mply By + Myl = kg (6)

ky and kz are terms that are dependent on the side
Toad' W," and " need not be evaluateds Simee® Lyt 05 the

first two terms in equation (5) are zero, and the equa-
tions may be rewritten

(2L, B, )M, + (Lyay )Mz = k, (7)
s Gl My o (235 Bs . F 20 Beu s Bty e, = ke (8)

Equations (7) and (8) are of the form

By, E.ch bg ¥

|
C
=

a5 X dh i ey = ey
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and may be expressed in determinant form as follows:

a; by c;, by
X = y
ag ba ' cz bg
a; by 81 &y
y =
2z Pg a8z Ca
Then
c, bl
%4 Cy Py 8:1bz ~ biecs
a; b, a; by ~ Dyap
ag bg
8y 5
an Cg a1 Cg — 2ap Cy
y = e T e e e
a; by ajby - Prap
aa Ta.

It is evident that =x and y correspend te¢e M; and
My, Trespectively, in equatiens (7) and (8), and a and Db,
to the constants in these equatiens.

The critical load for an ideal beam~column is that
axial lead which prrduces infinite bending mements some-
where slong its length; consegquently, if the moments over
the supports are infinite, it follecws that the critical
load must have been reached. It is obvious from an in-
spection of the foregoing expressions that both x and ¥
will be infinite if the deneminators of the right-hand
terms are gzero, provided, of course, that the numeraters
are not simultaneously equal to zero. This result is not
likely and, in fact, may be checked for the conditien of
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end load which gives .a value of zero to the denominator.
TEl 3 and.' ca, which correspond te k3 ‘and kp, are

zero, the numerators are always zero, regardless of the
valnes of the . and, b .. termss Thererfore both kj -and

ks will be zero unless a side load is assumed to act on

the beam—column, but with side load acting, regardless cf
its magnitude, the numerators will bte finite unless the

a and b terms make them otherwise. Hence it is seen
that the gquantity of the side lead need not be known, but
its presence must be assumed.

Equating the denominators to zere, then

Substitutien of the correspending values from equations
(7) and (8) gives '

?‘Llsl Lla;l
Lyay (2LyB; + 2Lgfs + Lgag)
Dividing through dby L, and expanding
2 " 2
4(By) + 4ByBaLa/L; + 203B;Lg/L; ~ (@) =0
2
B4R, *LaB s/ | v d Sy Tagllle)e, =gl 0 (9)

The quantities o and P are tabulated for various

values of L/j on nage 212 of reference 3, and the value
ef L/j that gives values of a and B which satisfy
equation (9) will be the critical one.

The determinatien of the critical wvalue of L/j i olii;
the beam—column of figure 10 may be carried out by trial.
18 thls case Lg = 8L,,  Lifdd = Bl Adiiel snd equabion 40§

becomes
o 2
B,(4B, + 8Bg + 4ap) = (oy)

(o)1 55
@ Sl = (a'l)a
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where A = (4B, + 8By + 4ag)

Solving this equation by trial shows that as Ll/jl

increases from 1.00, the left-hand side goes to positive
infinity, changes sign, and increases from negative infin-
ity, becoming practically equal to the right-hand side
when Ll/j1 = 2.47. For this case, then, the end load
will e critical when La/ja = 4,94,

" In a similar case with three bays of equal length,
Lg.= Ly, and since IL)/j: = La/jaz, @, = apz and By = Ba,
equation (9) reduces to

B(8F + 2a) = af

Solving this expression by trial shows that, as L/j
increases from 1,00, both sides of equation (9) increase
to pvositive infinity and decrease again with positive
sign, always with the left-hand side greater in magnitude
than the right until L/j reaches 3.86 when the two sides
are practically equal. When L/j = m, both terms become
infinite, but the solution for the moments yields the in-
determinate form owfs. For values of L/j greater than
m, the moment equgtions still give consistent values for
the moments until L/j = %.86. Hence it appears that 3.86
is the critical value of L/j for this second case.

It is of interest to compare the eritical loads for
these two cases, as the ratio indicates a theoretical in-
crease in strength due to using end bays only half as long
as the critical bay instead of having all bays of the same
length, The numerical values of the critical end loads
for the two cases are not necessary for this study; only
the ratio between them is required, and it may be deter-
mined from the critical L/j's. Let subscripts a and Db
designate gquantities for the first and second cases, re-
svectively, and consider only the critical quantities for®
the central 18-inch spans of the columns. The ratio of
the L/j's may be written

L,/ J
Ratdls = =Sl . SB
Lp/ v Ja
since L, = Lyp. The modulus of elasticity . E, and the mo-
ment of inertia I, are the same for both column sections

and, sinee j® = BI/P,
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TSR 14 ¢ TR &
- EI/P, 2

Th e uriost Lok i0:fs sbihe: ser ibid cals iend Joadie; b 1Bi.g o tlemns.. smay
be expressed as

3 a2
a-ta (10)

Thewratieveof, the ‘critical end logdg for the, two: cagss
is then found, by substituting in equation (10) the criti-
eal values of L/j, to be

(Y

il A
SRR il = gl
3,86

r-Jl to
o' @

According to this ratio, the eylinder of the first
case, which corresvonds exactly to cylinder 1, would be
expected to carry 64 percent mecre stress in the compression
fiber than the cylinder of the second case. It appears,
therefore, that the maximum stress found from test 1 sheuld
be reduced in the ratic of 1,00/1.64 to represent fairly
the strength of a cylinder with uniform 18-inch bulkhead
Spacings

Similar ealculations for beam—ecolumns of 1, 2, 1and 4
equal spansg with fixed ends have been made and the criti-
gal values of 1J/j 1listed in table IV,

The importance nf the end conditions may be found by
comparing these values with similarly computed values of
critical L/j for pin-ended beam-columns with the same
arrangements of suppnrts. BSuch values are alsc listed in
table IV, It will be noted that for all cases of bays rf
equal length and pin_ends, the critical value of L/j is
T, For some cases, notably that of twe equal bays, the
method of computation previously outlined results in com-
puted values of critical L/j in excess of m but, as
igs explained nn page 223 of reference 3, such results pre-
suppose a perfect symmetry of the structure and loading
that is never obtained in practice.

In addition to the critieal values of L/j, table IV
shows the corresvending raties of critical load P,, to
blie Buler losd, Ps; at which L/J ='Te JFor the ddesl
conditions assumed for this analysis, the Euler formula
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P, = cm2EI/L®, applies, so it may be said that the value
of Po/Pe is the ideal value of restraint coefficient ¢,

which should be indicated by plotting the stress at fail=
ure against slenderness ratio, as was done in figure 9.

TABLE IV

IDEAL CRITICAL LOADS

Condition Eritiesl L/3° PofBs
Three spans, A - 2A - A, fixed ends 4,94 2.47
A i 4 pinned " 4,49 2.02
n equal spans, pinned ends 2.14 1,00
fne span, fixed ends 6.28 4,00
Two equal spans,  fixed ends 4,49 2% 02
Three equal spans, fixed ends - 3.86 1R 5
Four equal spans, i i 3.59 < S

COMPARISCH OF INDICATED RESTRAINT COEFFICIENTS

If it is assumed that the values of PC/Pe of table

IV do represent the values of ¢ that should have been
indicated by the test results, the following comparison is
obtained. '

TAELE V

INDICATED RESTRAINT COEFFICIENTS

Condition Cxlinder 1 Cylinder 3
Actuat tesgt 2.68 1.56
Fixed ends ST 1l

Pinned ends " 2402 , 190
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A high degree of precision must not be claimed for any
of the values of indicated restraint coefficient listed in
table V. Those computed from the test data depend on cal-
culated values of stress and slenderness ratio, neither of
whichk are very precisel on account, primarily, of the rela-
tively law precision of the measured dimensions of the
corrugations and the lack of uniformity between the corru-

gations. ° The probable error due to lack of precision in

measuring the pitch and depth of a corrugation could be
computed, but it would be of little value as the computed
radius of gyration dépends nn the assumption that the cor-
rugated section is made up of a number of true circular
arcs tangent to each other at the pitch line., That this
assumption 1s of doubtful validity is indicated by the dis-—
crepancy tetween the equivalent thicknesses computed from
the weights of pieces of the material, and those ccmputed
from the p/d ratio. Furthermore, the stress values as-
sumed to have been realized in the tests reflect any error
in the determination of the equivalent thicknesses. If
those ccmputed from the ©p/d ratin had teen used in com-
puting the section mnduli, the computed stresses, and
therefore the indicated restraint coefficients, would have
been higher than those listed in tables III and V. Origi-
nally it was hoped to obtain mnre precise values of the
actual stresses develoved ty taking extensometer measure-
ments during the tests. It was found, however, that these
readings were unreliable as the slightest buckling of the
material made them meaningless. The values of restraint
colefifiedent listed in table ¥ as having teen indicated by
the tests must therefore te rated as only approximate.

Similarly the procedure for determining the theoret-
ical values of restraint crefficient that should have been
indicated by the test results was such that the resulting
figures cannot te considered very precise. Probably the
most important source of error was the neglect of the cur-
vature of the pitch line. As previcusly stated this cur-
vature should increase the strength of the most heavily
loaded cqorrugation, and the tégsts indicate clearly that it
does so, tut the data are inadequate in both quantity and
quality to provide a quantitative measure of this action.

While the neglect of pitch-line curvature tended to

reduce the computed values for indicated restraint coeffi-
cient,  some of the other assumptions tended to increase
them, Most important of these was the assumption of an
ddeal mgterigl with an infinite proportional 1imits AlL

e
practical materials have finite proportional limits above
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which the slope of the stress-strain curve diminishes. As
a el 4 iher practical erdbiical. Leadisnat whieh! e ilure
actually takes place are always less than the ideal criti-
cal loads obtained from analyses like that carried out in
the foregoing sections. For members cof high slenderness
ratios, with negligible transverse loads and deflections
of intermediate supports, the difference between the ideal
and practical critical loads is so small that it may be
neglected, but when these conditions are not present the
difference may be very large. In the cases under consid-
eration, the fact that the stresses at failure came within
the range of the straight-line formula shows that the dif-
ferences between the two critical loads would be apprecia-
tles The bending of the cylinder causing the supports of
ar corrugation te fall on alfeurwed linedands the ends te Bo-
tate with respect to each other would make this difference
greater than would be the case if the actual conditions of
support had been the same as those assumed for the analy-
S1lSae

The assumption of a constant axial load also would tend
to increase the theoretical values of indicated c¢. In
reference 4, James shows that the stiffness of a beam-col-
umn decreases at an accelerating rate as L/j increases.
Thus the decrease in stiffness, and hence the restraint on
the critical bay due to the greater lcad on the adjacent
inboard panel, is greater than the increase due to the
smaller loads on the outboard panels., Therefore the crit-
ical values of L/j in table V are somewhat larger than
those which would have been obtained from analyses in which
the variation in axial load was taken into account.

The primary objective of the foregoing analysis to de-
termine the critical locad of a corrugation was to deter-
mine how closely the effect of variations in the lengths
of bays on the general instability stress of the cylinder
covering could be predicted. Owing to the causes mentioned,
the valties listed in table V are not sufficiently precise
to permit precise gquantitative conclusions on this point.
It is believed, however, that they Jjustify the statement
that valuable qualitative conclusions as to the effect of
varying the lengths of bays can be obtained from analyses
of this type.

In the application of the results of the cylinder
tests to practical fuselage design, it should be remem=
bered that the end rings to which the cylinders were at-
tached were relatively much stiffer than the bulkhead rings
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or frames likely to be used in an airplane. Until further
tests justify a less conservative procedure, it is recom~—_
mended that where the bulkhead rings or frames are equally
spaced, the design be made on the assumption that the most
stressed corrugation is a pin-ended column with a length
equal to that between frames. For the present, therefore,
the type of critical load analysis just illustrated is of
more value for the interpretation of tests than for com-
puting stregsses to Pe allowed in design.

Attention should be directed to the necessity of know-
ing the actual dimensions of any corrugated sheet used in
the primary structure of an airplane. Thie [ fiir gt ¥stuwdy Sof
the cylinder tests was made on the assumption .that the
nominal dimensions of the corrugations were correct. The
result was that the indicated values of restraint coeffi-
Slent: were onlyp g = 11.69 + for cylinder.d jand o Lg02
for cylinder 3. Both of these values are considerably be~
lew the figures for fixed-end conditions listed in table
V. The value for cylinder 1 is even below that for the
pin-ended conditien, while that for eylinder 3 is not sig-
nificantly above that for the pin-ended condition. In the
foregoing analysis for the determination of critical loads,
it was found that, theoretically, cylinder 1 should carry
l.64 times as much as g similar cylinder with three 18- ’
inch bayse On this basis it appeared that test 1 indicat-
ed the restraint coefficient for a cylinder with three 18-
inch bays would have been only 1.69/1.64 = 1.03, or prac-
tically the same as for cylinder 3., As these results sug-
gested that neither the restraint at the ends of the cyl-
inders nor the pitch-line curvature increased the general
instability stress of the corrugated cylinder covering,
the tests were considered of little practical value. The
later study based on the corrected values for the corruga-
tion dimensions was needed to demonstrate their real worth.
It is true that the design recommendations of the preced-
ing paragraph are practically the same as those drawn from
the earlier study of the data, but they are now made with
the knowledge that they are conservative and subject to
liberalization as more test data is accumulated; whereas
they were hardly justified on the basis of the earlier
study.

REMARKS ON BULKHEAD RINGS

One of the most important vroblems of fuselage design
is the determinagtion of the stiffness and strength required
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in the bulkhead rings to permit them to act as effeetive
supports to the corrugationsg of the skin. In some earlier
editiong of Department of Commerce Bulletin 7-A the rule
was laid down that egch bulkhead ring should be designed

to carry as a column a load equal to the shear on the -secw-
tion, the unsupported length being assumed as not less

than ‘half sthe thedight of the ipimg.  Thesnings wsged in the
test cylinders under discussion were of the same size as
thédse in the cylinder tests reported by Mossman and Robin-
son 1in reference 2. In that report the gtrength cf a ring
computed according to the Department of Commerce rule was
orly 696 pounds. In the tests under discussion the maxi-
mum shear of 8,260 pounds caused no noticeable distortion
of the rings. This result shows the excessive severity of
the earlier Department of Cemmerce rule, which has now
properly been abandoned. Unfortunately, the tests give no
indication as to how much lighter the rings might have been
without losing their effectiveness as supports to the skin,

Although the tests under consideration fail to show
how light the bulkhead rings may be made, they indicate
clearly the advantage of using a large number of light
rings closely spaced, instead of a small number of rela-
tively heavy rings. If it is assumed, as suggested, that
cylinder 2 would have carried the same load as cylinder 3
if the rivets had been perfect, it is seen that the mere
addition of a light bulkhead ring in the middle of the 18-
inch panel of cylinder 1 resulted in an increase of stress
from 18,100 to 28,400 pounds per square inch. Thus a 75-
percent increase in weight of specimen gave a 57-percent
increase in stress at failure, and 46-percent improvement
in strength-weight ratin.

CONCLUSINNS

The fcllowing conclusions may reasonably be drawn from
the cylinder tests under consideration:

le¢  When failuresoccurs by bending of the corruga=-
tions normal to the skin, the computed stress on the ex-
treme fiber of a corrugated cylinder is in excess of that
for a flat panel of the same basic pattern and panel length
tested as a pin-ended cnlumn.

2e¢ The added strength is due to the effects of curva-
buzier woif Fhllmevipiiftich 1 niess
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?e¢ There is, as yet, insufficient data to determine
quantitatively the increase in strength resulting from
pitch-line curvature,

; 4, The effect of varying the distance between trans-
verse supperts (bulkhead rings or frames) can be deter-—
mined qualltatlvely by analyses of the type illustrated in
the digcussion.,

5S¢ Devigtiong of the actual dlmens1ons from the nom-
inal in ccmmercial corrugated material are likely to be of
appreciable magnitude, and in design it is advisable to

determine with care the actual dimensions of the material

to be used.

bis L oln . practiecal design it ig degimable tonegilect
the strengthening effect of pitch-line curvature and re-
straint at heavy bulkheads until mnre test data indicates
the extent to which these factors can be relied upon.

7« Where bulkheads and frames are light and equally
svaced it is advisable to assume the length equal to the
bulkhead spacing and the restraint coefficient equal to
unity.

8¢ A large number cf light bulkhead frames will be
more efficient than a smell number of relatively heavy
ones. The heavy bulkheads shnauld be used only where the
structure is subjected to heavy concentrated loads, as at
the wing reactions.

9. More test data is needed on the problem of the
stiffness required in the bulkheads.

10, More test data is desirable to determine qualita-

tively the strengthening effect of pitch-line curvature,

Guggenheim Aercnautic Laboratory,
Stanford Univergity, California,
January 20, 1937,
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APPENDIX I

DERIVATION OF EQUATIONS FOR THE PROPERTIES

OF CORRUGATED SHEET

The properties for which formulas are now derived are
those of & series of tangent circular arcs, each multiplied
by 2 thicknesgs . b Though the results are not strictly
applicable to sections of corrugated sheet, the resulting
error is much less than that due to the variation of com-
mercial sheet from its theoretical dimensions. The nomen=
clature and dimensions used are indicated in figure A-1l.

1% Area of one sgre:

A= [t ds = 2 f6 t r da = 2.7 6 (A1)
0

2e Moment of® inemtia "eflone ar¢c about bthe pitch laiues

: é 9 2
d a \
I=f<§~y)ta,s:2fo(\§~y/trda

&
2 f [(r - r cos 8) - (r - r cos a)]g § ¥ da
o

b
= 2% o° F sleee.ac STcan b)a da
o
= 2t r3 J° (cos® a - 2 cos a cos B + cos? §) da
0
G
= 2% re {% Tt % sin 2o - 2 sin o cos 6 + a cos® 6}
L 0
I = 2% r3 [b (% + cos@ b) - g gin 2 GW (a2)
’ J

3. Radius of gyration of one arc about the pitch line.

o
/Et.r3 ib L 4 cosliir) g sin 2 81
L

=V/ ‘ 2t et

=
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4, Included angle of one-half of an arc in terms of
pitech and radiug of ecorrugaticn.

By inspection

—— B 1 D
i
n

R e (a4)
_ 4r

5« Radius of corrugation in terms of pitch and depth.

By inspection .r (1 - cos 6) = d/2

r (1 - V/l - gin® 6) = a/2

~ 2
w1 a2 Y] - 4
4r J z

L
8 d
T 4 _p__> ghted
4r 20
2 . " d
1672 4r® r
p2 = 16r 4 - 442
pa 1
= [—:—g + —J d (A5)
l6d 4
6. Moment of inertia per inch of pitch line,

I per idinch of pitech line =

7. Ratio of weight of corrugated sheet to weight of flat
sheet of same thickness and projected area.

D= e s (-A-6)
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8. Summary of formulas.

The foregoing formulas may be written:

#om ey B (A7) |
0 1 & |
where ky;, = — {— <E\ o l} (A7a)
4 pdsgd b
p o= &k 4 (A8)
/1 & sin 28
where B = My 5+ cos® 6§ - Z 5 (A8a)
a3 ; :
I =k, t * per inch of pitech line (A9)
o
where kg = 4k Ib (0.5 + cosg? 6)-§ sin 261 (A92)
L 4
5 4k, b
= 4k, d = = === (A10)

Values of k,;, ka, ks, and ® are- ligted in table A-1

and are plotted against p/d in figures A-1 and A-2.

TABLE A-1

COEZFXFICIENTS FOR PROPERTIES OF CORRUGATED SHEET

v/ad k) ko ks P 6

20 055000 Qs 5D 86 0.3927 1Ls5708 1.5708
255 . 6406 « 5568 .4401 le.3832 11,3495
L5) 2 a5y « 2589 4922 1.2740 11760
G5 L0156 « 3603 5476 12052 1,0383
4.0 152500 o613 2 6085 L5895 29275
4,5 15156 G620 6647 11269 . 8364
550 1aB8125 .« 0026 . 7254 1w 1055 s 6 LQ
6.0 25000 e 3633 « 84295 L3507 28 .6435
a0 Sia bl 25 ¢ 56358 29760 1. 0636 v 9966
840 4,2500 3641 1,1042 -l.0412 .4900
e 0 D¢ d1l25 . 3643 l,23835 150326 04373




103.5"
F———a45.38" ——

- |
|| o,

I b Tetrapod .
| ‘ I 310 1b
L | M B % 5 L
: "=l l

i
I 0 ]

% Arm to section where failure o

ccured.

310 x 45.38

+ T03.5 = 137 1b. equiv. load at apex.

All differences with (+) sign are elongatione, (-) signs, contractions.

Equiv | Extensometer readings Diameter Beam deflection
load
Arm of| Mo- at gage 5 [ Distance A[Distance B
Load load ment Total| Total apex No. 1 Dif-|No. 3 Dif-(No. 3 Dif-(No. 4 Dif
Run| incre-| incre-| incre- || shear(moment | to fer- fer- fer- fer- dif-| dif- dif- Remarks
ment ment ment give ence) ence ence ence fer- fer- fer-
total ence ence ence
moment|
1b. in. in.-1b.| 1b. |in.-1b.| 1lb. in. in in in in. in in
*
1 310 45.38 14080| 310 14080 |t137 1492 10 .0216 -10 1565 03 .0097 ~08 0280 05 14.80 0 21.85 03
2 | 255 |102.5 26150| 565 | 40230 392 1482 .0226 .1562 .0105 0295 14.80 21.82
3 | 260 26650( 825 | 66880 | 652 [ .1469( 12 (o239( 13 (I1s57( 92 |lo11s5| 19 (loze7| 02 [14.g0| O [21.75| 97
4| 225 2305011050 | 89930 | 877 | .1456| 13 | lo2s9| 19 | 1s523| 32 | o125 19 | ozes =02 |24-80| 3, |31i70| 38
5 270 27650[1320 |117580 | 1147 1443 08 0262 1 .1548 05 .0137 17 0318 a7 14.77 02 21.65 08 Very slight bulging outward at IV.
6 240 24600 15! 1387 .1435 20 .02373 15 L1541 06 (0)}.2'47 13 8333 15 %2;75 0 Zl.gz 06 No change.
v 255 26150 1815 (168330 | 1642 1415 .0288 1535 . 3 .75 21. 0 change.
8 | 245 25100| 2060 (193430 |1887 | .1401| 14 | .0302| 14 |.1529 ge .0187| 29 | l0390| 20 |14.73| 03 |21]46| 05 | S1ight increasein bulge at IV. Faint bulge at III.
9 | 250 25600 2310 | 219030 | 2137 | .1387| % |.oz16| 14 | 1522 o7 | -0208| 19 | 0490 100 J1a.73| 91 |21i40 98 | No change.
10 | 215 251001 3555 | 244130 | 2882 | .1375| ;2 | .0332| 1§ |.1516] 3% |.0219| 13 [ 0430 80 (24-72| 9, [21.35| 92 |No change.
11 | 260 o 42 1374 22 .0350 13 1511 02 .0237 10 .0490 0 14,71 o1 21.29 04 Slight increase in bulge at III. No change elsewhere.
12 195 20000| 3010 | 290780 | 2837 1351 0 .0363 12 1509 05 .0247 10 .04380 0 14.70 0 21.235 05 x . i X ¥ A s an L
13 200 20500( 3210 (311280 | 3037 1351 10 0375 18 1504 06 .0357 20 .0490 20 14.70 03 21.20 09 " . 1 " L) o o 8 ",
14 305 31250| 3515 | 342530 | 3342 1341 22 .0393 09 1498 04 .0377 10 0510 10 14.87 0 21.11 05 No change.
15 195 20000 3710 | 362530 | 3537 1319 9 .0402 13 1494 03 .0287 18 0520 10 14.87 01 21.08 05 No change.
16 200 20500( 3910 3030 | 3737 1310 1 L0415 14 L1491 04 .0305 13 0530 20 14.66 o1 21.01 07 No change.
17 | 220 22550)4130 | 405580 | 3957 1299 | o5 | .0429 1z |-14871 5, |.0318 15 {-0550 20 [ 14-85 o1 20.94( no | Slight increase in bulge at IIZ1. Faint bulge at V.
18 185 18970(4315 | 424550 | 4142 1293 09 .0442 13 .1483 03 0333 15 0570 20 14.84 o1 20.88 o4 No change '
ég }gg fggl?’g igég ;434558 isg; .123; oL oigg 17 izgg 0z gggg 15 3568 :10 ﬁ.ss oL 20.83 05 | Slight increase in bulges at III, IV, and V.
352! 5 .12 .0 . 551 .82 20.7 Slight increase at III, IV, V. Notice scale beam
13 30 04 -39 -30 01 o7 d%ops 10" 1b. during reading. |”
21 205 21000( 4900 | 484520 | 4727 1270 .0502 L1473 0406 0520 14.61 20.72 07 Rather rapid increase in bulge at V.
22 200 20500|( 5100 | 505020 | 4927 I J 20.65 Bulges between III and V were about.25 in. deep.
23 | 200 20500 5300 | 535520 | 5127 | gages removed l SMaximum load. Gradual increase in bulges around bottom
14 a1 .and up both sides. Scale beam dropped 60 1b.
24 11320 |102.5 |-135300] 3980 | 390220 | 3807 14,47 19.84 Nodes of corrugations at IV start to crumple. Maximum
depth of bulge is 1.87 in.

With all variable load off, specimen sprarg back to a position such that distance B = 21.35" or

Second maximum equivalent load at apex = 3,477 1b.

Percentage of first maximum load = (;—%—g—,z,)x 100 = €7.8 percent.

Distance

B = 19.47 in. Total deflection at
Log sheet of test 1 - cylinder with18-inch ring spacing.

60" less than original position.
B.= 21.85.- 19.47 = 2.38 1

n.

II XIANZdAY

GBS "ON 930N TBOTUUORL ‘V'O'Y'N



107" >
" > ,]

49.88 'l H
mh— ! |

I
3 i c-8.
Tetrapod
310 1b.

B (see log sheet 1)

Sec. X

I

1 Sec;Y
VII l

[

i

L] I
A L.
T 36!1
% Arm to section where failure occured. + S_M)_:;);&B_g 145 1b. equiv. load at apex.
All differences with (+) signs are elongations,(—) signs contractions.
El.'quiv. Extensometer readings Diameter Beam deflection
< oad
Arm of| Mo- at gage 5 |Distance A|Distance B
Load load ment Totall Total apex No. 1 Dif-(No. 3 Dif-|No. 3 Dif- No. 4 Dif:
Run| incre~| incre-| incre- | shear| moment to fer- fer~ fer- fer-| aif- dif- dif- Remarks
ment | ment ment give ence ence ence ence| fer— fer- fer-
total ence ence ence
moment
1b. in. in.-lb. 1b. | in.-1lb.| 1b. in. in. in. in. in. in. in.
4-)ge R L X 5 Faint initial bulges, in at III and out at V.
1 310 .88 546 31 3 |t 145 14.8i 22.10
2| 560 |107 59920 | 870 | 75380 | 805 14:85| 3% [21.86| 2%
3| 475 50825 | 1345 | 126205 | 1180 14.81 02 21.90 05
4 | 485 51895 | 1830 | 178100 | 1665 14.79 o1 |21.85| 15
5 480 51360 | 2310 | 229460 | 2145 14.78 02 21.70 11
g | 480 51360 | 2790 | 280820 | 2625 | 14.76| o5 [21.59] 35
T 545 58315 | 3335 | 339135 | 3170 14.74 03 21.43 10
8 480 51360 | 3815 | 390485 | 3650 14.71 02 21.33 08
9 4390 523430 | 4305 | 4439235 | 4140 14 .69 02 21.25 12
10 525 56175 | 4830 | 499100 | 4865 14.87 02 21.13 14 Slight bulge out at III and in at V (sec. X)
TEIERE 1103 & [fo73] 89 [ Potee rerpared Sy s Lo aepea
13 | 520 55640 | 6310 | 657460 | 6145 14.59( 0% 130.75( 1° " " " R "
14 520 55640 | 6830 | 713100 | 6865 14,57 02 20.70 0 & i 2 N . L
15 | 450 48150 | 7280 | 761250 | 7115 14.55( 02 2 " " " ) "
16 510 54570 | 7790 | 815820 | 7635 14.51 g 20.40 10 ;] W o N " "
}g 4?2 4?282 gggg gggigg gggg 14.48| 03 |20.20| 2 ?a.i%:dbulges at same points. Load dropped to 8,140 1b
a .
1(9) 6410 | 668163 | 6245 Load be}d after break.
2 14.77 Load off.
21 10 6410 | 668163 | 6245 T Load applied after first load had been taken off.

Second maximum equivalent load at apex = 6,245 1b.
.
Percentage of first meaximum load = (£845) 100 = 72.2 percent.

8095

Total deflection at B = 22.10 - 20.20 = 1.90 in.

Log sheet of test 3 - cylinder with 9-inch ring spacing.

(Penutquoo)
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Fig.1

N.A.C.A, Technical Note No., 595

Pigure 1.~ Cylinder 1 after failure,



Fig.2

595

N.A.C.A., Technical Note No.

(v)

(c)

Figure 2.~ Cylinder 3 after failure.



N.A.C.A. Technical Note No, 595 Figs.3,4,8

Figure 3.~ Failure of cylinder 1. Figure 8.~ Backplate of testing jig.

Figure 4.- Failure of cylinder 3.




A, 5/8 in. boiler plate stiffened with

Bsihn . L. 5 1b.
B, 12 1in,
Orreiin. condult pipe.
E, 4 by 4 in. pine.

7 by 3Y/5 by 5/8 in. 21.0 1b. unequal angle.
3 by 1/2 in. flat steel bar.

21/2 in. conduit pipe.

Milled steel coupling.

channels.
channels.

22.8 1b. H-beam.

Figure 5.- Diagram of test set-up.
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N.A.C.A. Technical Note No., 595

Figs.6,7

Figure 7.- Cylinder 1 in jig ready for test.
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Wil .6, A, Technical Note No. 595
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Figure 9.- Relation between column curve and observed stresses at failure.
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