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SUMMARY

An experimental investigation of the general inetability of rein—
forced thin-walled metal cylinders was made at the Califiornia Institute
of Technology, and a summary of the pertinent design information that
was gathered during the course of the investigation is given in the
present report. As a result of thie investigation, parsmcters were
evolved which maske 1t possible to obtain an estimate of the stress at
which general instability will occur for any given stiffened metal struc—
ture of circular cross section. It is coneidersd that both the gecmetrical
quantitiee and secticnal properties of the structural members were varied
over a sufficient range to esteblish, in general, the validity of the

i paremeters. Because of the catastrophic nature of a general instability

failure it is recommended that ample margins of safety be allowed in an
airplene structure in which thie type of fallure might occur.

A theoretical treatment of the general—instability problem was not
given because of the nonlinearity of the buckling problem of stiffened
cylinders. The parameters presented for predicting the ultimate strength
of stiffened metal cylinders subjected to pure bending and pure torsion
were based on en analysis of the experimental resulte and on the exist—
ing theory of unstiffened metal cylinders. This method was preferred to *
that of & linearized theory which cannot correctly describe the behavior
of the structure. The results of a linear theory would have to be medi~-
fied and corrected to bring it into agreement with the experimental obser—
vations, and thus the theory would immediatély be rendered an empirical

method.
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INTRODUCTION

With the extensive use of thin metal sheet in aircraft fabrication
a number of nsw deeign problems were introduced. Of these problems, a
large number have either been solved or sufficient knowledge regarding
them exists to enable the engineer to design satisfactory airplane
structures. However, with the rapidly increasing size of modern air—
planes, a number of new structural problems arise, one of these being
the problem of determining the alloweble icads that can be carried by
stiffened cylinders of large radius. It is known that certain combi—
nations of longitudinel stiffeners, frames, and sheet will give a
cylinder that will fail in such a marinsr as to involve all three struc—
tural elements simultanenusly. This type of failure is referred to as
the general ingtability failure of a stiffened cylinder. The parameters
effecting the falling loed of such a structure are of primery importance
in the design of lerge airplanes. :

In view of the fact that acceptable methods were not availlable for
the design of large stiffened cylinders, the Civil Aeronautics Authority
started the sponsorship of a research program at the California Institute
of Technology. The investigation covering the failure of stiffened cyl-
inders subjected to pure bending was carried out under this sponsorship,
The investigation of stiffened cylinders subjected to combined locadings
and to pure torsion was carried out under the sponsorship and with the
financial assistance of the National Advisory Committee for Aeronautics.

In‘general, the purpose of the investigation was to determine two
things:

(a) A method of calculating the strength of cylindrical structures
falling into the general—instability classification

(b) The limits of the general—instability regime

The results of the investigation have ‘been presented in detail in refer—
ences 1 to 8, and the present report summarizes the pertinent design in-
formation gathered during the course of the investigation,

ANALYSIS OF PROBLEM AND BASIS CF THEORY

In order to clarify the meaning of general instability and why it
may be considered as being a problem peculiar to large airplanes, the
functions which the elements of a stiffened metal cylinder must perform
and the types of failure which may occur should be considered briefly.
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Stiffened shells as used in metal aircr&ft construction ccnsist pri-
marily of the following elements: i :

(a) The cheet-metal covering
(b) The longitudinal stiffening elements

(¢) The transverse gtiffening elements, generally referred to as
"ribs, bulkheads, or frames

The functicns of the sheet—metal covering are to provide an asrodynamical
surface upon which the air forces act (winge and control surfaces) and

to furnish a covering for the contents of the airplane. In addition to
these functions, the sheet covering ls so designed that it is a lcad4_
resisting element and as such can be coneidered as pert of the primary
structure. In general, part of the lcad acting on an airplane structure
will be ccmpressive in nature. Since thin sheet 1s wesk in ccmpression, -
1t is necessary to provide stiffening elements which will fulfill cne or '
both of two requirements; namely: !

(a) Add additional strength in resisting comrressive lcads.
(b) Maintain the aerocdynamic- shape of the airpiane.

In & fuselage, for example, the first is acccmplished by attaching stiff-—
ening members to the sheet parsliel to the axis of the cylinder; and the
second, by placing members of the proper shape perpendicular to the cyl—
inder axis. These perpsndicular members also act as supports for the
longitudinal members. In the fcllowing discussion the terms "longitudinal"
and "frame" will be used to denote these two classes of members, respec—
tively. :

If a cylindrical structure of this type is subjected to ccnmpressive
loads parallel to its axis, it may fail in one of four distinct ways.
The types of fallure may be conveniently classificd as material failure,
local instability, panel instability, and general instability. ;

In general, the bending-stress distribution is, for purposes of analy--
sis, assumed to be in accord with the elementary beam theory. When buck—
ling of the sheet occurs, appropriate modifications are made in calculating
section properties to allow for the reduction in the lecad—carrying ability
of the buckled sheet. The first type of failure therefore offers no diffi-—
culty to the designer, since it is necessary that only the ultimate strength
of the material be known in order to determine the strength of the structure
as a whole.

Local instability generally occurs in secfions having wide and thin
flanges and is characterized by an instability failure of scme small
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poftion of either a frame or longitudinsl. This collanse of part of the
stiffening member will precipitate its failure as a column and mey also
cause premature failure of the whole surrounding structure. The length
of the portion of the member involved in local buckling is of the same
order of magnitude as its cross—sectional dimensions, and the local
buckling stress is not, in general, a function of the total length of
the member. The buckling strees of such sections can be either calcu-
lated or determined experimentally.

A panel instability failure is defined as one which will occur over
a length of structure equal to one frame spacing and which is not caused
by local instability spreading to adjacent members. This type of failure
will occur in a structure having relatively heavy frames and -light longi-~
tudinals, the structure tending to act as & number of isolated, sxially
stiffened cylinders, each of which is one.frame spacing in length.
Failure will occur by some form of instability of the longitudinale, the
magnitude of the failure lcad being dependent upon the column :or torsicnal
strength of the longitudinals, modified by the effect of the attached
buckled sheet. The only function of the frames in this case will be to
determine the end fixity coefficient of the longitudinals. In the past,
the design of stiffened shell structures has been based almost entirely”
on faillures of the panel type. Although ah accurate theoretical treat-
ment cf the strength properties of curved stiffened panels is not yet
avallable, it has been possible by experimental methods to design struc—
tures in which failures tended to fall in the panel--instability classifi-
cation. 3 i

The general—instability type of failure will occur in a etructure
which has frames and longitudinels of such a size thet both will fail
simul taneously under the critical load, that is, collapse takes place
in such a manner as to destroy the lcad-carrying properties of all
three structural elements — sheet, frames, and longitudinals. The first
three types of failure may occur regerdless of the size of the airplane.
In smaller airplanes (gross weight of 25,000 1b or less) the frame sizes
are determined by considerations of local lcading conditions and practi—
cal manufacturing demands, rather than by requirements for stability.
These considerations lead to frames which ere sufficiently rigid to
preclude the possibility of general instability failuree. As airplane
sizes increesse, these consideraticng do not require a proportionate in-
crease in frame sizes; consequently, the relative dimensions. of the
three structural elements may be very small compared with the external
dimensions of the structure. Since general instability is a function
of the stiffness of the structure as a whole, its occurrence in large
airplanee is quite possible and should be investigated.

Although a ccmplete and exact theoretical treatment of the general
instability of stiffened cylinders is probably unattaineble, the validity
of the results obtained from a theoretical treatment of the problem will
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depend upon how closely the basic assumptions resemble the actual physical
conditione. It is therefore desirable to coneider the basic assumptions
underlying these treatments.

Of the two possible types of failure which fall into the class of
general instability, one occurs under bending loads and is characterized
by a general flattening of the cylinder. This type of failure was dis—
cussed by L. G. Brazier, for the case of the vnstiifened shell under
pure bending, and his resulte have been applied to the stiffened shell
problem by N. J. Hoff (reference 9). Both theory and experiment indicate
that for gensral flattening to occur, the length-diameter ratio of the
cylinder must be so large that it is ccmpletely out of the range of alr—
craft structures.

The second class of failure, for which two theoreticel treatments
are available, is that in which. the wave form of the buckle is multi-
lobed in nature end has, in general, a wave length lees than the total
length of the cylinder. This buckling form corresponds to the usual

"diamond-shaped" wave pattern which is observed in the failure of un—

stiffened cylinders under ccmpressive locads. One methcd of investl—

gation distributes the stiffnesses of the longitudinals and frames over |
the entirs cylinder, forming en unstiffened orthotropic cylinder, which |
is treated as a simple unstiffened cylindrical shell. The thickness

and stiffness of this shell in the longitudinal direction differs from i
that in the circumferential directicn by amounts depending upon the

areds and etiffnesses of the longitudinals and the frames, respectively.

This rearrenging of the original stiffened cylinder into an equivalent,
unstiffened orthotropic cylinder will be called the equivalent—shell

method. :

A second method that can be used is to consider the sheet, the
longitudinels, and frames as corpponents of a statically indeterminate
truss system. The longitudinals and frames, each with its proper
effective width of sheet acting, form the normal load-resisting members,
while 2 suitable amount of sheet in each panel acts as a tension diagonal
to transmit the sheesr forces. This method will be called the equivalent-
truss methed. .

Theoretical treatments of this problem have been given in references
9 to 12. In references 10 and 11, the equivalent—shell method has been
used, while in reference 9 only the longitudinals and not the stiffness
of the frames are distributed, the frames being used -as local elastic
supports for the longitudinal elements. of the shell. The results of
the pure-bending tests of reference 5 were later utilized by Hoff in
reference 12 to modify his original theory given in veference 9.

With the exception of one test (see reference 9) no experimental
data were available on the general instability failure. A gystematic
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experimental investigation appeared to be'naceeéary to check the validity
of the theoretical results and, if no agreement could be obtained with
these results, to determine a methed of estimating the general-instability
gtress.

Inesmuch as bending.is ¢ne of the critical loading conditions for
alrplane structurss and also.one of the simplest loading conditions to
deal with both experimentally and thecretically it was decided to in-—
vestigate first the failure of stiffened metal cylinders when subjected
to a pure bending mcment. It was realized that no airplame structure
is subjected to bending moments without a certain amount of attendant
direct shear. Howévér, it was felt that a study of the pure-bending
phencmenon would form a desirabls background for the more complicated
- problem of bending plus shear and for the mcre general ccmbined loading

conditions. ‘ ' '

Upon cempletion of the pure-bending investigation (reference 5,
the experimental work was extended to. cover the loading conditions of
combined bending and transverse shear (reference 6), combined bending
and torsion (reference 7), and pure torsion (reference 8).

Since & condition of a pure *orsional lcad seldom arises in the
design of fuselage or wing structures, the problem of pure torsion as
such might not warrant an investigation; however, under a combined load—
ing of bending plus torsicn (refsrence 7), the ultimete load of the stiff-
ened cylinder is dependent upon the ratic of the shearing stress at fail—
ure for combined loading to the shearing stress at failure for pure tor—
“sion. Hence, in order to predict the ultimate strength of a stiffened
metal cylinder subjected to combined bending and torsion, a knowledge of
the ultimate strength of the cylinder when subjected to a pure torsicn
loading is necessary. : '

SYMBOLS
‘M- . applied bending moment, inch-pounds
Mp oy &PPlied torsiomal moment at failure, inch*pounds
csi_ - ccmpressive stress In longitudinals, pounds per square inch
Onp compressive stress in loﬁgitudinals at failufe (when used in

conjuction with the sheet covering or an unstiffened cylinder
1t corresponds to a buckling stress), pounds per square inch

ih shearing stress in the sheet covering, poqqu pef;square inch
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Tmax shearing stress in the sheet coveripg at fallure, pounds per
square inch
Ter buckling shear stress of the sheet covering, pounds per square
inch
E Young's modulus, pounds per square inch
E? ‘afféctive modulus, pounds per square inch
Gg effective shear modulus, pounds per square inch
t thickness of sheet covering, inches
| area enclosed by sheét covering, sguare inches
radius of cylinder, inches
.length of cylinder, inches
b . spacing of longitudinals, inches
da spacing .of frames, inches
Px radius of gyration of a longitudinal and effective sheet, inches
Py radius of gyration of a frame and effective sheet, inches

TEST PROCEDURE

A description of the test articles and test methods has been given
in detail in references 1 to 8, and no further discussion will be given
here. For convenience, data pertaining to the various tests are given
in tables I to IV. Cross—sectional dimensions, areas, and mcmente of
inertia are given for all the stiffening elements in figure 1, Typical
curves of the longitudinal strains for the varicus loading conditions
have been included as follows:

(&) pure bending, figures 2 to 4
(b)- combinsd bending and transverse shear, figurss 5 to 7
(c) combined bending and torsion, figures 8 to 31

(d) pure torsion, figure 12

A number of photographs (figs. 13 to 16) showing the various types of
failure are also included.
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RESULTS AND DISCUSSION

Pure Bending

The results of a simplified thecretical treatment of the problem
(references 9 to 11) were checked experimentally (refenence 5) and it was
found that they do not give regsults sufficiently ‘accurate for design pur—
poses.

For a systematic experimental investigation 1t is necessary first
to ccngider the variables involved in the problem of generel instability,
These variasbles may be divided into two classes — those dealing with the
gecmetry of the structure and thcse which involve the sectional properties
of the stiffening elements as well as the sheet covering. The geometrical
variables are as follows: the longitudinal spacing b, the frame spacing
d, the diemeter, and length of the cylinder. The second group of vari-
ables includes the section properties of the longitudinals and frames,
and the thickness of the sheet covering.

By a systematic variation of these variables it is possible to
determine experimentally a suitable parameter for predicting the lcads
at which a stiffened cylindrical shell will fail by general instability.
Investigating first the gecmetrical variables, b and 4, it was found
that the reciprocel of the maximum compressive strain at fallure varied

as o/ bd. The next question wae in whet manner do the radius R and
the section parameters o, &and o influence the design parameter.

By analogy with the buckling of unstiffened cylinders it was expected
that for identical velues of b, d, 0oy, and Py the reciprocal of the

critical value of the strain would vary linearly with R, This assump—
tion was checked experimentally and found to be correct; hence, it was
concluded that the design parameter has the form

Wil

£(6ys py)

From dimensional reasoning, it follows that the' function f(px, py) nust

have the dimensions of the 3/2 power of a length. The simplest assumption
for the function which-determines the influence of the section paremeters,
Py &and Py is that it depends only on the gecmetrical mean value

Jﬁpx py.. Thus the design paremeter appears in the form
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or

Hence, the maximum strain at fallure 1s given by an equation of the
form

Gop -1 f 0x Oy /0y By (1)
e o / bd :

Concerning the wldth of sheet to be used with the longitudinals
and frames, it has been polnted out (refersnce 13) that the effective
width associated with buckling phencmena is not necessarily that based
on the locad—carrying abllity of the sheet, but is proportional to the
rate of increase of the apparent stress with the actual stress., If
it is assumed that for the present purpose the effective width as
given by K and Marguerre's equation is sufficiently accurate, then
the apparent stress o, is

-2 o 14
SOl 2
g 3 ( )

This equation gives an effective width which is two—thirds of that
based on the load—carrying ability of the sheet. However, the influence
on the numerical valus of py 1is quite small. For the specimens tested

it was found that the difference was of the order of 3 percent.
an effective width as given by equation (2) was used in the experimental

work, it is felt that either value 1s sufficiently accurate for all prec—

tical purposes.

Although
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The amount of sheet acting with the frames is difficult to evaluate
by analytical methods. Trial calculations indicated that the best results
were obtained if the total width of sheet between frames was used., For
this reason it is recommended that the entire width of sheet be used in
calculating py.

The results of the experiments are shown in figurel7 in which E%%

is plotted as a function of % V’px oy 'bbx py/bd. In the majority of

tests the fremes had a solid rectangular cross section (fig. 1) and were
therefore not subject to local instability. When frames, such as the
channel section, are subject to local instability, the failing lcad may

be as much as 60 percent lower than that given by the curve of figure 17
since the channel does not develop the strength corresponding to the cal—
culated value of Py This can be illustrated by considering the behavior
of an open—section column subjected to an axial loed. Since the initial
fallure of the frame occurs over a relatively short length, the discussion
will be confined to short columns. For columns having stable cross sec—
tions, that 1s, columns vhich are not subject to local instebility, the
critical buckling stress is given with reasonable accuracy by the Johnson
parebola, namely, €

2.2
bl ke 2 ittt SR
GB=0y l"’r"h
4Yn®CEP® |

It has been shown that for columné which fail by local instability
(reference 14) the buckling stress Oc ¢an be calculated by the equa—
tion '

OC = GCC i l gt '-:’ ()4')

If the crushing stress ogc 1is lower than the yield—point stress
the column will not develop the stress given by equation (3), but will
fail at some lower stress given by equation (4). For colummns which fail
by local instability a reduced effective radius of gyration Perf cCaN
be calculated in such a manner that if p e 1s substituted in equation

(&) the resulting stresses will correspond to the values given by equa-
tion (3). This requires that for any column length the value of O ff
be such that : i
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from which it follows that

[ 'Gyzzz o b
LnZCE
Og e = : ek (5)
Uy = Oge ¥ :x%ja,”‘;é

It is reasanable:to assume that the frame behaves in a similar man-
ner and that a reduced effective redius of gyration can be calculated.
In applying this method tc three specimens, in which general instability
failure was precipitated by local instability of the frames, the result— - .
ing values of ggep Were such as to bring thg experimental values in -

gocd. agreement with the curve of figure 17. The length 1 wae teken
a8 the distance between longitudinals.

The experimentally derived parameter R/Vﬁgffgf 3@575;”5; is the
ratio between the radius and a quantity having the dimensions of a length

defined by vﬁ; Py ﬁbx pv/ba. By analcgy with the buckling of unstiffened

cylinders, it appears that this length is propcrtional to some extent to an
equivalent thickness of the reinforced cylindrical structure.

The failing stress of an unstiffened cylindrical shell of radius R
is given by i
' o kt »
¥ LT o g A (6)
i SR S SR
Replacing the thickness t by the radius of gyration p . of a strip of
the shell of unit width, equation (6) can be written in the form

Ocr - k L2
ET“ = ""—MW‘R?—_"“ (7)

For comparison, ‘the failing stress of the stiffened cylinders can be
written in the form

Jer e D o W BB : !
TS o TV B Ny Y B Ry e

where k' 1is a numerical constant. -
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o e

By introducing the geocmetrical mean value ./ p 5; it cen be assumed

that the influence of the anisotropy of the structure is approximately
taken into account. Then by comparison of equations (7) and (8) an ef-
fective radius of gyration can be defined as.

_EY 4 By Py et :
v = B ooy = 9oy o
where ¢ = ) b V/—Ea—l can be con81der§d as a corréection factor to the

T - s ;
ratio‘/——éi—x. Now - b/p; 1is the slenderness ratio of the longitudinal

considered as a column between two frames, and similarly d/ox is the
slenderness ratio of the frame considered as a column between two longi—
tudinals. If the gecmetrical mean value of these two slenderness ratios
is defined by A, that is,

r

o Q/pxbpy

(10)

then the cocrrection factor‘cén be expressed as

L

Lt JE

It is evident that if the stiffened shell were to be considered as
an equivalent shell, in which all the materials are uniformly distributed,

o _ b o _
then the appropriate parameter to be ussd is v/—§§~l. The appropriate
parameters which enter into the problem of buckling of a truss are the
slendernsss ratics which appear in the quantity A = /~59~—.

that the experimentally derived relatien involves both parameters,
o/ PxP -
A- i SEVVEEW

either as an equivalent cylinder of uniform thickness or as a cylindrical
truss. i ] '

The fact

indicates that a stiffened cylinder cannot be troated

If it is assumed that k = 0.3, which is a reasonable average value

Q

for unstiffened cylinders in the range of -SX involved, and if the val—

ues obtained from the experiments are used for k'; then the numerical
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values of @ can be calculated. The average slenderness ratio A varies
from 280 to 26 and the values of @ = corresponding to these limiting cases
are @ = 0.259 and ¢ = 0.865, The lower limit is for & specimen with
10.12-inch longitudinal and lS—inch frame spacing, whereas the upper lim—
it corresponds to a specimen with 2.53-inch longitudinal and 2.C-—inch
frame spacing. These results indicate that for structures in which the
stiffening elements are widely spaced it is necessary that a multiplying

factor much smaller than unity be applied to the gquantity V/px Pys

whereas in close spacings the factor is of the order of 1.

If a reinforced cylinde¥ fails by panel instability, the buckling
gtress should always be lower than the strese necessary to cause a
general instability failure. This is cbvious because, in order for panel
instebility to occur, 1t is necessery that the frame be sufficiently
rigid to maintain closely the shape of the structure at the frame. iE i
the freme is not sufficiently rigid, the freme will fail before the panel
instability stress is reached, resulting in a general-instability type
of failure. The test results shown in figure 18 confirm this statement.

Length Effect

Tnasmuch as all the pure-bending epecimens had a length to diameter
ratio of 2.0, it was necessary to determine whether the failing lceds of
these specimens were influenced by length. The main purpose of this in—
vestigation, thersfore was to determine the length to diameter ratio
L/D at which the failing load beccmes independent of length.

Eight specimens having L/D ratios of 1.2, 1.6, 2.0, end 2.6 were
tested, four in which the freme spacing was 2.0 inchec and four in which
the spacing was 4.0 inches. The spacing of the longitudinals and the
diameter were the seme for all epecimens, 2.56 inches and 20 inches,
respectively.

The failing strain as a function cf the L/D ratio is shown in
figure 19. It is seen that the specimens having L/D ratios of 2 and
2.5 failed at approximately the same strain. As the L/D ratio de—
creases the failing strain increases somewhat and at an L/D ratic of
1.2 the increase is 12 and 23 percent for the 4— and 2-inch frame spac-
ings, respectively, From these test results 1t can be concluded that
the failing loads of the pure-bending specimens used in the previous ex—

periments were not influenced by length.
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Ccmbined Bending and Trsnsverse Shear

In the pure-bending tests, the problem of determining the maximum
strain assoclated with the falling load was relatively simple because
of ths uniform lcading over the length of the specimen. However, when
the test spocimen ie subjected to combined bending and transverse shear,
the bending mcment and the corresponding etraine very over the length
of the specimen. FHence, the method of measuring, cver the epecimen
length, a maximum mean strain at failure and assigning this meesured
gtrain to the failing load cen no longer be applied, The varlation
of strain and the end conditione of the epecimen make it particularly
difficult to associate a particular strain with the failing load. The
maximum mement occurs at the fixed end; however, thils maximum moment
and the corresponding strain cannot be considered as being a measure
of the ultimate strength of the cylinder because of the fixed—end
conditions. - :

__ There are two possible methods of presenting the test data. One
method would be to measure the strein at a number of points aleng the
length of the specimen, and then prezent these measurements as the ex—
isting strain condition along the length of the speclmen when fallure
occured. Ancther method would be to measure the falling strain at the
point at which the first buckle appears during the lcading process and.
to consider this to be indicative of the maximum strain to which the
specimen can be subjected before fallure occurs.

Both methods have certain disadvantages. The first dces not lend
itself readily to application in practical design.” It is custcmary, for
maximum structural efficiency, to design a reinforced cylindrical struc-
ture in such a manner as to keep the stress nearly constant evepn though
the bending moment is variable. This is usually acccmplished by taper
of the section &nd also of the effective bending material. TFrom this
point of view the second method is preferable. However, the main objsc—
tion to the second is that the validity cf asscclating the etraln con—
dition at a point with the failure of the cylinder may be questionable.

The second method has also one other advantage, nemely, for the
pure bending failurc a parameter has beon derived which appears to be
satisfactory. In determining the influence of the transverse sheer cn
the maximum strain at failure, it is convenient to have a single value
of the strain for ccmbined bending and shear tc compare with the strain
value for pure bending.

In view of these considerations, the following methcd of presentation
was adopted. It was found that the initial duckie or buckles appeared over
a relatively short range, being on the average about 14 inches from the
fixed end for the 32-inch-dismeter cylinders end 10 inches for the 20—
inch—diameter cylinders. For this reason the strain at fallure was con—
sidered to be the average of the strain measurements over a distance
extending frcm about 4 to 2k inches from the fixed end.

-
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The type of failure in combined bending and shear differs particu~-
larly in one respect from that cf the pure bending failure. For the
combined lcading the failure is, in many casés, gradual; that is,
the buckles, although extending over several frames and longitudi nals,
glowly increase in depth and size with increasing load until a sndden
collapse occurs with a marked increase in depth and size of the buckle
or buckles. In the case of the pure~bending specimens, the original
crogs—section shape 1s closely maintained until failure occurs., The
failure ie particularly violent and accompanisd by large and deep buckles
with as much as a two-thirds drop in the applied locad.

During the early part of the investigation, it appeared from a
visual observation that failure of a epecimen was either of the bending
or the shear type, that is, the beginning of a failure was confined to
either a region of maximum ccompression or-a region of maximum shear.

The rather definite separation of the regions of feilure indicated that
when a failure occurred in the compression region the failure was nearly
independent of the applied shear and depended primarily on the state of
compression strain; whereas, when failure occurred in the rogion of
maximum shear the failure wae independent of the state of uumpre"81on
strain and depended only on the applied shear.

These observations were borne out by the experimental results. In
figure 20 are plotted the ratice of the compressive strain c/% ag &

funetion of VR/M for a number of specimens of both 16—inch and 10-inch
radiue, where ¢ is the maximum compressive strain value (at the position
previcusly described) for the combined-loading condition, €, 1s the

Bame strain~value for pure bending, V is the applied shear, R 18 the
radius of the specimen, and M the bending moment. Since M = VL,
where L 1s the distance frcm the applied shear load to the point where
the strain is measured, it is seen that the ratio VR/M is equivalent
to R/L. This pres entat*on is merely to indicate that when the failure
occurg in the compression region the maximum compressive strain is in—
dependent of the applied shear. For these specimens the applied shear
load varied from 503 to 1450 pounds for the 16~inch—radius specimene,
and for the 10--inch epecimens from 710 to 2310 pounde. The minimum
moment arm L was limited by the length of the specimen.

In figure 21 are plotted ratios of e/eo ag a function of V,/VO
for one serles of tests, where YV, is the shear load which causes a

pure shear failure and V 3is the shear load corresponding to €. It is
geen from this figure that specimens 116 and 117 failed at the same shear
load but widely different values of ¢ (i.e., bending mcment), The
photographs (fige. 14 and 15) indicate that specimen 116 failed simultene—
ously by corbined bending and shear, whereas specimen 117 failed in shear.
It appears from these results that the interaction curve for this type

of loading consists eesentially of two perpendicular straight lines,
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The strains at failure, for the speclmens which failed by bending,
have been compared with the parameter obtaired for the pure—bending ;
failures and esre shown in figure 22. The test valuee follow the seame
trerd es-the curve for the pure-bending failures; however, the experi-
mental scatter is somewhat greater than fcr the purs-bending epscimens.
It ie felt that this scatter is primarily due to .the following: (&) the
accuracy of the strain measurements depends on: the reliebility of the
electric strain gages and an accuracy greater than 5.0 percent is not
to be expected, and (b) adopting a strain value at a constant distance
from the fixed end as being indicative of the strain at failure also
leads to scme inaccuraciles. e

Pure Torsicn

In determining a parameter for predicting the general instability
failure in torsion, the same general procedurs was followed as was used
in reference 5. The variables to be considered are the same ae those of
the pure-bending problem and can again be divided into two groups, namely,
those dealing with the gecmetry of the structurs end those .involving the
sectional propsrties of the stiffening elemente ae well as the sheset
covering. The geometrical veriables are the longitudinal &7 sacing b,
the freme .spacing d, = the diameter, and the length of the cylinder.

The sécond group of veriebles includes the gection properties of the

longitudinals and frames and the thickness of the sheet covering.

A number of specimens were tested in wkich the geometrical varilables
b and 4 wers systematically varied while R was kept ccnstant and
equal to 16 inches. The results of these teste Indicated that Tpax

varied as Jfbd. ‘For the éuckling of unstiffened cylinders sut jected to
pure torsion, the experimental results of reference 15 indicate that, for
yalues of L/R equel to and greater than 3.2, T o»/E - varies approxirate—

ly as l<§>3,% NfE/L.' Tt was therefors assumed that, for identical

values of b, d, py, and pi, the ocritical shearing stress for the

gsneral instability of a stiffened cyiinder would vary as the reciprocal

of ~/bd i In order to verify this aggumption, a number of tests
wereé conducted on 10—inch-radius specimens and verious values of b and
: e 4 .

d. A plot of Tpax @8 a function of J bd Rsl’ for the 10- ard 16—
inche. specimens is shown in figufe 23. These results indicated that
the assumption.was Justified and it was therefcre concluded that the

parameter for predicting generél instability in torsion is of the form
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o pa: R34
b e

rocm dimensicnal reasoning, it follows that the function f(px, ov) must

v

have the dimensions of the 7/4 power of a length. The simplest assumption -
for the function which determines the influence of the gection-parameters, .

px and Py s is that 1t depends on only the gecmetrical mean value

~' Px Py. The parameter therefore appears in the form

o - ( R \ 374

4 PEESR . R
/ /

'/px fy " of Op Py’

In chécking the validity of this parameter, it 1s'necessary.to evaluate
the amount of sheet acting with the frames and lengitudinals in order
to calculate Py &and Py It is quite difficult to evaluate by analytic

means the amount of sheet acting with the reinforcing members; trial
calculetions indicated that the best results were obtained if the total
width of cheet was used. For this reacon px &and py were calculated

with the entire width of sheet assumsed to be eft'sctive.

Specimens were 2180 tested in which both the sheet thickness and
sectional properties of the longitudinals were varied. The results of
all tests are shown plotted in figure 24. It is seen that up to values
of 10,C00 pounds per esquare inch all test values scatter closely about

a streight line. For highsr values of Tmax there ie a sudden shift

in the experimental values. Howsver, the majority of tests again follow
a straight line having the same clcpe as the 1line corresponding to the
lower values of T max+ Since the observed diagonal—tension field varied
between about 30° to 500, it can be shovm that for a shear stress of.
10,000 pounds per squere inch the correcponding tensile stress would be
between 20,000 and 23,00C pounde per square inch. It wes thought that
this tensile stress might be sufficiently close to the rroportional

limit of the sheet covering to explain the suddsn shift in the experi-—
mental velues. However, an examination of the stress—strain curves
Indicated that the tensile stress at a ghear stress of 10,000 pounds

Per square inch is well below the proporticnal limit,

A more desirable presentation of the test data would be to plot

A o 1 \374
Tmex/Cx  against /?dy<Jx;?} eince T _ /Gy corresponds
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to the shearing straln r. Such a presentation would be more general and
would allow for materlals of different physical properties or for changes
in the phyeicel properties above the proportional limit. It had not been
realized at the beginning of the test program that it would be desirebl
to obtain a measure of T/CE at failure., For this reason angular de-

formations were measured on only & number of specimens. Not enough
measuremsnts are avalliable to meke such a plot. A plot of ’Tmax/E as a

Rz 9y
function of 4. B

(A/Q%RQY>3/4 'is given in figure 25. The value

of E 1in this figure corresponds to that of the sheet covering and was
taken as 107 pounds per square inch, since this corresponded clossly to
the actual test values obtalned for the sheet.

Combined Bending and Torsion

For a ccmbined-loading condition it would be & difficult and lengthy
task to obtain experimentally a parameter describing the failure of a
gtiffened cylinder. For this reason the ultimate stresses at fallure
were presented in the form of interaction curves; that is, o/o, was
plotted ae a function of T /T,, where o is the normal ccmpression
stress at failure for combined lcading and 0, 1ie the same stress at

faillure for pure bending, and similarly, 7T and T, are the shear—

ing stresses at failure for combined lcading and pure torsion; respective—

ly. The shearing stresses were ccmputed by the equation
M
R 11)
2589 (
Two sets of date are shown. The first set (fig. 26) corresponds to

stresses as measured by the resistance strain gages and the second set

(fig. 27), tc the stresses as cobtained from the dial-gage measurements.
In either case & considerable amount of scatter is evident. The inter—
action equations of the form '

[al & ) y
Lo\ Jm G i
<~—> + (T— &l (12)
O’o C_/-
and
g 1'\?

(13)
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are compared with the experimental results. Figure 26 indicates that for
the resistance—strain—gage measurements about two—thirds of the test val-
ues lie fairly close to the curve of equation (13); whereas the majority

“of the dial-gage measurements scatter about the curve of equation (12).

SUMMARY OF DESIGN CURVES AND EQUATICNS

A summary of the design curves and equations for the: conditlons
studied 1s as follows: » '

(1) Pure bending

For the ultimate longitudinal strain at fallure it is reccmmended
that the lower curve of figure 18 be used, or be calculated frcm the
equation of this curve, which is

- Oop ky Py Py ; /Px Py
E? R Bl

where ki = 4.13. The strain values thue cbtained correspcnd to the
lower 1limit of the experimental straln values at fallure.

(2) Combined bending and transverse shear

For this loading two types of failure are possible — a bending
failure in the zone of maximum compression or a shear failure in the
zone of maximum shear. It is recommended that these failures be checked
in the following menner: :

(a) Bending failure.— The lower curve of figure 18 or the equation
of this curve as given above.

(b) Shear failure.— The possibility of a shear failure can be checked
by calculating the maximum sheer stress and comparing this shear stress
with the ultimate shear stress of figure 24. The four shear failures
listed in table II have been ccmpared with the curve of figure 24; three
are in fair agreement and one (specimen 117) failed at a shear strees of
approximately 25 percent less than that given by the curve of figure 2k,

(3) Combined bending and torsion
For this loading the equation
\2

(o j3ey A0 1
e E

is reccmmended.
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'CONCLUSIONS

As the result of an investigation of the general instability of stiff-
ened metal cylinders, paremeters were evolved which make 1t possible to
obtain an estimate of the stress at which general instability will occur
for any given stiffened metal structure of circular cross section. It 1is
felt that both the geometrical quantities and sectional properties of the
structural members were varied over a sufficient range to establish, in
general, the validity of the parameters. Because of the catastrophic
nature of a general instability failure it 1s recommended that ample
margins of safety be allowed in an airplane structure in which this type
of failure might occur.

No attempt was made to give a theoretical treatment of the general—
instability problem because of the nonlinearity of the buckling problem
of stiffened cylinders. The parameters presented for predicting the
ultimate strength of stiffened metal cylinders subjected to pure bend—
ing and pure torsion were based on an analysis of the experimental re—
sults and on the existing theory of unstiffened metal cylinders., This
method was preferred over that of a linearized theory which cannot
correctly describe the behavior of the structure. The results of a
linear theory would have to be modified and corrected to bring 1t into
agreement wilth the experimental observations, and thus the theory would
immediately be rendered an empirical method.

Guggenheim Aeronautics Laboratory,
California Institute of Technology,
Pasadena, Calif., August 1, 194k,
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Pure-Bending Tests

TABLE I

of Longitudinal = Frame Combinatimns

| : :
2 [A11 Logituaimals 5] | |
l{ bt i Sheet |Leng. L?ramo Mdtus | W, . ' P
| % miéko s"ﬁ"“"ﬁ e - | St Ysd Gt W’ = Type of Failure
{ (Gigl) | (%n.). f €anl)y "[{in.) : 5 ' _ :
 |p5 g |20 | 2.83 8 15.92 | .00170 | 2.120|.1168 |.02335|.01145/2822 |‘Gemeral Instability
26 2,63 . .00208 |1.785 |.1165 |.02677.01520 2150 g .
27 2,53 2 .00288 |1.500 |.11656 |.02836|.01580 1730 & "
28 2.5 - |16 .00130 | 2.520 [,1169 |.01875(.01010|3970 | Started by Panel Instability
Final Failure Gemeral Instability
29 5.06 |16 .00092 |2.998(,1160 |,01875 . 01025 4660 | Panel msabnﬁy
30 5.08 8 .00140 |2.520 |.1168 |.02336|.01190|3570 | General Instability
31 6.06 4 00190 |2.120 |.1169 |, 02677 |.01325 (28650 % g
o ls2 5.06 2 .00266 |1.783 |.1167 |.02835 |,01380 2060 . R
T 10.12 |16 .00088 | 3.560 1110 |.01875|,00075|5820 |Started by Panel Instability
[ x i Final Failure Gemeral Instability
35 10.12 8 .00120 | 2,998 |,1120 |.02355|,01160 (4120 | General Instability
- |se 1012 | 4 .00164 [2.520 [.1122 [.02677|.00280(m85 | * =
x 57 20.12 2 .00200 | 2.120 [.1317 |.0283¢|.01330(2540 | ® .
- |se 5.08 |1 .00283 | 1.500 [.1184 |.02801 |.01380|1755 . .
39 o0 |z.6s |1 .00326 |1.261 1170 |02801 |,01360(1478 | ° o NG
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TABLE I (CONTD)

Test| Frame|Sheet éong. Frame Radius | Max,

No. |Thick. p;omg. Sp;cing‘ Ishtd:m %;" (07( (O), 4 8)3@_ ST

(4n.)] (1n.) | (4n) | (4n)) 26

40 | Fg .015 2.53 16 15.92 | .00104 | 2,520|.1175 | .01723 ,00955| 4210 |Panel Instability
41 2,53 8 00182 | 2,120|,1180 | ,02176 .01140| 2960 [Gemeral Instability
42 2,53 4 .00215 | 1.783|.1184 | ,02608 .01310| 2168 s "
43 2,53 2 .00280 | 1,500 |.1184 | ,02879| .01410| 1698 % =
7 5.06 16 00066 | 2.998 |.1140 | .01723 .00935| 5110 |Panel Instability
45 5.06 8 00146 | 2.520(,1150 | ,0217¢ .01120{ 3580 [(General Instability
46 5.06 4 .00167 | 2.120|.1151 | ,02608 .01285| 2630 . =
47 5,06 2 .00249 | 1,783 (.1151 | .02879 .01380| 2060 » .
48 10,12 16 +00048 | 3.560(.104 | .01723 ,00870| 6520 |Panel Instability
49 10,12 8 .00128 | 2.998,1049 | ,0217 .01050] 4540 |General Instability
50 10.12 4 .00150 | 2,520(.1060 | .02608 .01195| 3360 X -
51 Fg .015 | 10.12 2 15.92 | ,00250 | 2,120|.1061 | .02879 .01300{ 2600 " G
52 F, .010 2,53 16 16.00 | .00180 | 2,520(.1168 | 0,1288 .0430 | 938 [Panel Instability
53 2,53 8 .00216 | 2,120(.1165 | 0.0811 .0303 | 1120 » "
54 2.53 4 .003732{ 1,783 |.1168 | 0,0982 .03 812 [General Instability
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TABLE I (GONCLUDED)

e

Test | Frame| Sheet | Long. Frame | Radius| Max,
No. |Thiek. Sp;oing, Sp:oing lslé::m 4bd (07( (C;, 4(&@ ég?i? = Sy
(HneniEnS). Gin ot e Cing ) 2

55 Fy .010 2,53 2 16 .004775(1,500(,1168| ,11000| ,0378 | 636 |[Gemeral Instability

56 5.06 16 .00090 | 2.998|,1150| ,08330 .0250 [1920 (Penel Instability

57 8 .00228 |2.520/.1150( ,08110( ,0300 (1345 |Panel Instability

58 4 .004350{ 2,120(,1160| ,09820| .0350 | 965 |General Instability

59 Fl 2 .006154| 1,783|.1165| ,11000{ ,0378 | 742 - 2

60 Fg 8 ,00243 | 2,520(.1270| .06340| ,0251 (1715 |Penel Instability

61 4 .004927| 2,120|.1270| ,06400| .0254 [1245 |General Instability

62 5,06 2 1.783 . 06180 Tension Failure

63 2,53 4 .004045| 1.783(,1278 | .06400{ .0255 |1045 |General Instability

64 F6 2.53 2 16 .005100{ 1,500|,1278{ .06180{ .0247 | 905 = "

65 10 2.61 4 10 .003150{ 1,798(.1163 | .02677| .0132 [1362 * b’

66 2,61 2 .004200{ 1.510|.1168| ,02836{ ,0138 | M98 2 s

67 5,22 4 .002950{ 2.175(.1165{ 02677 ,0132 |1650 . . ?3

68 5.22 2 .003750{ 1,798|.1166 | .02836] ,0138 |1300 = " ;

73 2,61 4 .003200( 1,798(,1162 | ,02677| .1032 |1365 n . =

74 Br .010 2.61 2 10 .004400{ 1,510|,1164 | .02836{.0138 |1095 E 2 H
2




all sheet = .010 in.

all longitudinals Sy
TABLE II
Test Is,ong gr&me ” Ulti.l:llnze Moment Str:in e
Spac- pac= | Radius |Applie arm - a <, Failure
%ng. zng. Shear toeiéxod Failure | VA A A %}J %@‘%}? @[ é‘
Gt e (int) (in.) (1b) (in.)
75 | 5.06 8 16 1057 128 .00161  [2.52  |1167 |[.02335 .0119 3390 | 2.95x10-4 |Gen. In=
» stebility
76 " " - 1050 116 .00153 * .1167 |[.02335 L0119 3390 | 2.85 * e
77 n n " 1450 92 ,001516 | *® .1167 |.02335 .0119 3390 | 2,95 "
78 . " 9 995 116 .00151 - .1167 |.02335 .0119 3390 | 2,95 *
79 n 2n 5 2000 128 .00270  [1.785 [.1172 | .028386 ,0138 2070 | 4.83 *
80 " " w 1850 107 .00211 . .1170 | .02836 .0138 2070 | 4.83 "
81 ) " " 2175 86 .00242 N .1170 |.02836 .0138 2070 | 4.83 "
82 " " s 2070 64 .00189 L .1170 |.02836 .0138 2070 | 4.83 *
83 |10.12 4 2 563 128 +00164  f2.52 |s2117 .[SO2677 .a128 3150 | 3.18 "™
84 " 2 G 825 128 .00212  |2.12 ,1129 | ,02836 0135 2510 | 3.98 "
85 » n 2 915 104 .00195 . .1127 | .02836 .0134 2530 | 3.95 *
86 " " i 915 80 .00218 g .1130 | .02836 .0135 2510 | 3.98 "
87 " L L 929 66.5 .00213 " .1130 | .02836 .0135 2510 | 3.98 "
88 5.06 4 3 2115 80 .00216 - .1170 | .02677 .0132 2570 | 3.89 "
29 » ¢ f 1910 66.5 .00187 " .1169 | .02677 .0132 2570 | 3.89 "
90 n " B 1212 128 .00209 . L1170 | .02677 .0132 2570 | 3.89 "
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all sheet = .010 in.
all longitudinals S1

TABLE II (CONT'D)

Test | Long | Frame Ultimate | Moment Strain s Type of
Spac-| Spac= Redius | Applied | arm = at 7/—‘ 4 74/ L4 Fadlure
ing, | ing, Sheer to fixed | Failure 57 | P & U s 6/’ /g%} }’27‘3-7“5%:
b d end
(in.) | (in.) (in.) (1v) (in.)
91 5,06 4 16 1331 116 .0019¢ |2,12 .1169 | 02877 .0132 2570 | 3,89x10-4 | Gen,In-
stability
92 " 8 2 503 194 . 00152 2,52 L1167 | 02335 .0119 3390 | 2,95 " "
93 e . L 1353 74 .00135 » .1166 % 0119 3390 2,96 " .
94 2,62 " 10" 960 114 . 00174 - - - - - - Panel ine
stability
95 n n n 1283 88,4 .00290 | 2.14 .1165 | ,02335 .0119 1800 5.55 " Gen,In=-
stabili
96 n " " 1711 65 .00265 " .1166 . .0119 1800 | 5.66 *
97 n u n 2900 40,5 .00207 - - - - - - Shear
98 " 4 2 1310 113 .00340 | 1.80 .1163 | .02677 L0132 1360 | 7.35 ° Gen, In=
stability
99 " g ® 1660 88.4 . 00330 - 1162 | Y .0132 1360 | 7.356 w
100 n - " 2250 65 .00270 - - - - - - Bending-
Shear
101 . " o 3300 40,5 .00280 - - - - - - Shear
102 2.53 2 16 2480 137 . 00282 1,50 L1160 | .02836 20137 1750 | 6.91 " Gen, In=
K stability
103 o 2 " 2860 112.4 .00277 o) .1160 47 20137 1750 o TS o
104 = n " 4200 89 .00343 » L1157 - L0137 1750 | s5.71 " -
105 . % % 4500 65.1 .00218 - - - - - - Shear
108 2.62 B 10 1490 113 .00396 1,51 .1161 | .02836 .0138 1090 | 9,17 " Gen . In-
stabilify
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all sheet = ,01C in.

2ll longitudinals Sl
TABLE II (CONT'D)
i fé‘”ﬁ. g"’:: Radi El tﬁZZ’ Mm‘ft s:? = g 4 % K| ¢ 3 ;Zgle i
pi: g, Eg A e S}I:zar ::;mﬁxed Failure @ A Py W}/, % @é— -~
"(in) (1n.) | (1n) 0d (1m)]
107 | 2.62 2 10 2760 65 .00450 | 1.51 |.1160 | .02836 0137 1100 | 9,10x10-4| Gen.In=-
stability
108 [ " » L 4270 40,5 .00398 . 5T i .0138 T TS T TR
109 | 5,24 8 - 450 113 .00186 | 2,54 |.,1162 | ,02335 L0119 2130 | 4.69 * "
o | * " . 1470 40.5 .00242 | 2,54 |.1166 | .02335 0119 2130 | 4.69 " .
111 = 4 " 660 113 .00251 2,14 <1170 | .02877 .0132 1620 6,17 "
112 " t " 1780 40.5 .00290 * .1169 . .0132 1620 817 % o
T S [ . ° 930 88.4 .00265 i «11804 " .0132 1620 | 6.17 " -
114 | 2.53 n 16" 1900 137 .00216 | 1.785 |.1162| ™ .0132 2160 | 4.83 ™ o
ne | " E = 2010 112.4 .00194 . s116s | * .0132 2160 | 4,63 * n
e { = " . 2400 89 .00217 n Jie2t * 0132 2160 | 4.63 * -
b § b B " N 2450 85.3 .00136 - - - - - - Shear
118 | 5.24 2 10 710 113 .00360 | 1.80 |.1170| ,02836 .0138 1300 | 7,69 " | Gen.In-
119 [ * " ' 950 88.2 . 00364 ol sl T 0138 W"W’“m
120 i 2 v 1460 65 . 00353 » .1169 2 .0138 1300 7.69 " -
121 * L » 2310 40.5 .00374 » <1170nE == .0138 1300 | 7.69 " "
122 | 2.62 1 & 1665 113 .00525 | 1.27 | .1159| .02801 .0136 930 | 10,76 " o
123 L » = 2140 88.4 .00492 " .1160 = .0136 930 | 10,76 " s
124 s » » 3220 65 .00481 " .1160 = .0186 930 | 10.76 * =
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[spec. 125, long. Sy
spec's 126 to 129 longitudinal Sp
all sheet = .010 in.]

TABLE II (CONCLUDED)

o é‘oni- §"’Zf Radius Hlﬁi’ii? 14::21; S:? . 2 4 oy Rl 4 m;:::
ig, Pi;g, S}Pi[ea.r to fixed | Failure w Ax @ 7/@’&)3 %} @T)}é
b1 d(im) (4n) | (1®) end (4n) 3
125 | 2.62 1 10 5280 40.5 .00479 | 1.27 | .1160 | 02801 .0156 930 | 10.75x10-4| Gen,In=-
126 | 5.06 4 16 1600 109 .00207 | 2,12 | .1150 | .02877 .0131 2590 | 3.86 i
127 " " i 1940 89 .00192 " »1150 o .0131 2690 | 3.86 " =
128 " o 2 1445 137 .00208 * <1360 " .0131 2590 | 3.88 " *
-7 " g 2340 65 .00205 & Jdiso | " .0131 2500 | 3.86 *® .
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! TABLE III
¥4 ‘Kz &
| e lg 05T B | o |y (oo BB L | | 2
149 SZ Fg 5.12 | 4 4,52 (16 | 8.0 36.1 .1061 | .0269 |,00594 16.45 .010 10,70 6600
162 S2 2.568 | 4 3.20(16 | 8.0 25.6 +1169 | ,0269 |,00648 25,3 .010 13,00 8100
171 31 2.56 | 4 3.20(16 | 8,0 25.6 .1145| ,0269 |,00636 24,82 .010 11.88 7380
175 Sl 2456108 4,52 36.1 .1145| ,0234 |.00583 15.6 .010 8,00 4970
176 Sl 2,56 | 2 2,26 18,076 .1145] ,0285 | ,00670 57.05 +010 15.80 9840
3y ¢ Sl 6.12 | 16 8.98 71.9 .0967 | ,01732| .00373 5.18 .016 5.00 2070
178 Sl 5.12 | 8 6.38 50,9 .0967 | ,0218 |.004556 8.94 0156 7.50 3110
179 S1 5.12 | 4 4,52 36.1 .0967 | ,0262 |.00536 14.8 .015 10.90 45610
180 Sl 612 2 3.20 25.6 .0967 | ,0289 | .00584 22,8 .0156 17.00 7040
181 Sl 5.12 | 16/ 8,98 71.9 .0915 | .01525| ,00318 4,42 020 7.30 2270
182 S1 Bl e li 8 6,36 80,9 .0915 | ,0202 (.00406 T.97 020 9.286 2890
183 Sl Selet|ra 4,52 36.1 .0915 | .0251 | .00491 13.6 020 13, 50 4190
184 81 Selonl2 3.20| ¢ v 25,6 .0915| ,0289 | ,00556 2157 020 23,35 7010
185 Sl 5.24 | 8 6.48(10 | 5,62 » 37.4 .0961 | ,0218 | ,00453 121 .015 3.80 4025
186 Sl 5.24 | 4 4,58(10] 5.62 2hed .0961 | ,0262 | ,00533 20,6 .015 6.30 6670
187 Sl 5.24 | 2 3.24|10| 5.62| 18.2 .0961 | ,0289 | ,00581 31.9 .015 8.90 9500
189 S1 P.O. 24 [ 32(18,1 (16| 8.0 | 144.9 .0895 | .0143 | ,00296 2,04 .010 1.30 810
190 81 A 10.24 (16 1é<8 16| 8.0 102.5 .0899 | ,0188 | ,00376 3.67 .010 2.50 1580
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TABLE III (CONCLUDED)

SPEC{ STIFF, murj % @i:“’g

I W - N L I o e W VO GO0l b fextd
191 |sy 5 [0.24(8 | 8,98(16 [8,0 | 71.9 .0899 | .0234 |.00455 6.33 «010 4.10 2550
192 S, 10.24 | 4 | 6.36|16 Is.o 50.9 .0899 |.0269 |.00514 10.1 .010 6.76 4210
193 |Sy 2.56 |8 | 4.52|16 IB.O 18,075 .1145 | .0285 |.0087 37.05 010 16.00 9940
194 s, 5.24 | 8 | 6,48[|10 [5.62 | 37.4 .0947 | .0228 |.00466 12.45 0115 2.90 4010
195 (s, 5.24 | 4 | 4.88 25.8 .0947 | .0266 [.00533 20,65 .0115 4,95 6780
196 |s, 5.24 | 2 | 3.24 18.2 .0947 | .0287 |.00571 31.30 0115 6.70 9270
197 [s, 2.62 |8 | 4,58 25,8 1166 | .0228 |,00558 21.60 <0115 5.10 7050
198 |S, 2.62 |4 | 3.24 18.2 .1166 | .0266 |.00641 55.20 +0115 7.40 | 10250
199 |s, 2.62 |2 | 2,29 12.85 .1166 | .0287 |.00683 63. 20 .0115 9.00 | 12450
200 |s, 2.62|2 | 2,29 12.85 1152 | .0285 |.00673 52,40 .010 7.90 | 12560
201 |s, 2,621 | 1,62 9.05 .1152 | .0281 |.00665 73. 50 +010 11.50 | 18290
202 |s, v |2.62]1] 1.62 9.05 .1152 | ,0281 |.006836 75.7 .020 23.00 | 19100
203 |8y Fq 2,628 | 4.58 25.8 .1136 | .0385 |,00866 33.6 0115 7.00 9690
204 |5 2.62 |4 | 3.24 18.2 .1136 | .0428 |.00950 52,2 20116 | 10.50 | 14540
205 |S, 2.62|2 | 2,29 12,85 1136 | .0436 |.0966 75.2 .0116 |[13.90 | 19200
206 |S; 2.62 |8 | 4.58 25.8 .1110 | .0316 |.00708 27.5 .0200 | 10.50 8350
207 8y 2.62 [4 | 3.24 18.2 1110 | .0415 |,0092 50. 5 +020 14.85 | 11820
208 S, v [2.62(2 [2.29| ¢ v |12.85 .1110 [ .0453 [.0097 75.5 .020 22,0 17500
209 s, 2.62 |3 | 2.8 15.72 .1110 | .0435 |.0965 61.5 2020 18.90 | 15000
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TABLE IV

COMBINED BENDING AND TORSION

Spee= | Sheet Stiffe-| Frame | Longitu=| Torsion Ultimate Ultimate Compressive | Shear
imen thick= ener spac= | dinal bending bending torsimal strain at stress at

ness Radius | Frame ing spacing mement moment failure failure

(in.) (in.) (in.) | (in.) (in.-1b) (in.=1v) (in./in.) (1b/sq in.)
149 .010 186 P, S, 4 6.08 Torsion 0 1070x10? 5. 60x10™4 6650
150 5/1 216x102 1080 7,64 6710
181 3N 287 860 7:12 5340
152 2/1 472 945 10.70 5870
1853 1/1 770 770 13.5 4780
154 1/1.5 900 600 14.6 3730
155 1/2 1000 500 18.6 3110
166 1/2.5 1175 470 18.05 2920
187 1/3 1150 385 16.2 2390
158 1/3.5 1210 355 16,7 2200
159 Bending [ 1400 0 16.0 o}
160 : 1.5 875 583 14.4 3620
161 5.08 1/5 1200 240 16.2 1490
162 2,63 Torsian 0 1300 £.12 8080
163 11 820 820 7.00 5100
164 A\ ¥ Y : { 2/ 575 1150 5.27 7150
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TABLE IV (CCHCLUDED)

Spec= | Sheet Stiff-| Frame | Longitu=| Torsion Ultimate Ultimate Compressive | Shear
imen thick=- ener spao=- | dinal bending bending . torsional strain at | stress at

ness Radius | Frame ing spacing momentx10] momentx10]  failurex10Y failure

(in.) (in.) (in.) | (in.) (in.=1b) (in.=1b) (in./in.) (1b/sq in.)
165 .010 16 Fg S 4 2,53 1/2 1390 695 10,95 4320
166 1/3 1800 633 14,00 3930
167 1/5 2540 508 17.6 - 3160
168 1/2 1600 800 12,5 4970
169 q 1/1 1050 1050 9.4 6520
170 S, 2/1 550 1100 5.25 6840
171 Sy Torsion 0 1185 1.85 7360
172 1/1 900 900 9.75 5590
173 1/2 1280 845 14,10 4010

1 Y ' ! |

174 .010 16 Fg 8, 4 2,563 1/4 1880 460 21,40 2860

ee
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Figure 14.- Combined bending and transverse shear. Failure

occurred in maximum compression zone.
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Figure 15.- Combined bending and transverse shear. Failure

occurred in maximum shear zone.
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FIGURE 25.- GENERAL INSTABILITY FAILURE; PURE TORSION.
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