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ABSTRACT

Results from experimental measurements of buckling thresh-
old and postbuckling characteristics of thin-wall aluminum-alloy
circular cylinders loaded at various fixed ratios of axial com-
pressive load to applied bending moment are reported. Buckling
modes, both symmetric and antisymmetric, with respect to the
plane of loading occurred and are presented. Typical results
are shown. Postbuckling measurements of load-~deflection char-
acteristics are extended to very large deflections, and include
a number of measurements during unioading and reversed loading.
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SECTION I
INTRODUCTION

Under sufficiently intense blast loading, slender shell
structures can undergo buckling and large postbuckling deforma-
tions. Depending upon the structural parameters involved, as
well as the (asymmetric) distribution and time history of the
blast loading, a 'bending-type' buckling pattern may occur at
one or more axial stations of the structure with the region of
severe buckling remaining essentially at a fixed axial station(s)
as the postbuckling deformation increases. For other structural
parameter and loading conditions, peripheral buckling modes may
occur. In the present study, attention is confined to the for-
mer type of failure and postfailure behavior.

One of the items of information necessary to permit pre-
dicting the postbuckling dynamic and 'postblast" final deforma-
tion of such structures is the postbuckling load-carrying ability
of the structure at the '"buckled station' expressed in terms of
moment-carrying ability as a function of some characteristic
deformation parameter(s). Also, of course, knowledge of the
transient blast forces and proper inclusion of the elastic-
plastic and inertial forces present are also essential for such
predictions. The present report, however, is concerned mainly
with the matter of static buckling and postbuckling character-
istics for simple shell structures; implicit in this is the
intention of employing this static postfailure information &s a
first approximation in a dynamic structural-response analysis.

Much experimental data have been obtained to define static
incipient elastic and/or plastic bucklinz of unstiffened cylin-
ders as well as for cylinders whirh are stiffened axially and/or
circumferentially [1-6, for example]. However, very little



experimental data exist on the postbuckling load-deformation
characteristics of such cylindrical shells [7, 8]; on the other
hand, rather detailed experimental postfailure strxuctural char-
acteristics data for complex built-up lifting-surface structures
nave been obtained [9-13]. The present experiments, therefore,
were consider 4 to be necessary tc contribute to remedying this
information deficiency for cylindrical shells.#*

Of the numerous conceivable combinations of loading to
which typical slender shells might be subjected, it is believed
that combined axial loading and bending of the structure is a
typical combination and represents one of perhaps greatest prac-
tical interest. Furthermore, simple unstiffened cylindrical
shells were chosen for testing as being both typical and free
from the additional and, for present purposes, unnecessary com-
plicating factors that the presence of discrete or core stiff-
eners would entail.

Specifically, the present experimental studies were desigr.ed
and conducted to provide the following information on simple
thin-wall cylindrical shells with R/t values ranging from about
50 to 100:

(1) Incipient buckling loads* for specimens subjectzd to
(a) pure bending moment, and
(b) combined oending and axial compressive loads.

(2) Postbuckling load-deflection characteristics of cylin-
drical shells including those under unloading and re-
versed loading.

al.

»*  Published incipient buckling data for unstiffened cylinders
under these conditions do not include the present R/t range
of interest; published data include only R/t >> 100.



(3) Detailed information on buckling modes and post-
buckling geometry to provide guidamce for the (later)
development of theoretical predictions of postbuckling
lcad-deflection characteristics possibly along lines
similar to those of References 10 and 11 for lifting-
surface structures.

A description of the cylindrical test specimens employed
and of limited measurements made of the stress-strain properties
of thess specimens is given in Section II. The buckling and
postbuckling experiments performed and the testing procedure em-
ployed sre discussed in Section III. Section IV is devoted to a
discussion of the test results for the cylindrical specimens.



SECTION II

DESCRIPTION OF CYLINDRICAL
TEST SPECIMENS AND
STRESS-STRAIN MEASUREMENTS

2.1 Cylindrical Test Specimens

Since it was believed that tests of cylindrical test
specimens with radius-to-thickness ratios, R/t, ranging from
about 50 tc 100 would reveal those buckling and postbuckling
features of primery interest for typical ielated structures, test
specimens with nominal R/t's of 50, 75, and 100, and a nominal
length of 8 inches, were prepared from 0.065-inch wali by 2-inch
0.D. stock €061-T6 aluminum alloy tubing by chemical milling to
achieve the required wall thicknesses 0.020, 0.013, and 0.010
inch, respectively. Since the chemical milling process dnes not
diminish significantly any thickness imperfections which may
exist in the original drawn tubing in some cases there were
wall-thickness variations which were appreciable fractions of the
mean wall thickness; the achieved mean wall thicknesses and the
associated wall-thickness variations are listed in Table 1 for
the 35 specimens whose failure and/or postfailure characteristics
are included in this report. A "map" of the wall-thickness dis-
tribution for a typical test specimen is given in Fig. 2.

2.2 Material Stress-Strain Measurements and Results

To serve as a check on the stress-strain properties of the
present materials, tensile stress-strain measurements were made
using test coupons cut from each of several wall-thickness cylin-
ders. Since selected cylinder radius-to-thickness ratios were
achieved by reducing the wall thickness cof the stock 6061-T6
aluminum alloy tubing by chemical milling, coupons were taken



both from the original stock and from some typical chemically-
milled specimens. Tensile stress-strain properties for these
cpecimens were measured by standard tensile tests, with strains
being measured by wire-resistance strain gages.

Typical stress-strain results from these tests are shown
in Fig. 1, where, as expected, the properties of the virgin
material and of the chem-milled material are indistinguishable.
In this figure, the tensile and compressive stress-strain dia-
grams for 6061-T6 tubes given in the MIL-Handbook [14] are also
plotted for comparison.



SECTION III
TESTS AND PROCEDURE

In the present study, it was desired to determine the
buckling and postbuckling characteristics of unstiffened cylin-
drical shells of various radius~to-thickness ratios under pure
bending. pure axial compression, and combined bending and axial
compression. To accomplish this, one test arrangement was em-
ployed for the pure bending experiments, and a second arrange-
ment for the latter two conditions. A description of these
aspects of the present test program follows,

3.1 Cylinders in Pure Bending

A schematic of the loading arrangement for testing the
cylindrical specimens is shown in part (a) of Fig. 3. The
actual test specimen occupies only a portion of the span between
the support points, A and B, with '"rigid' loading arms extending
from the ends of the cylindrical model to the load-application
points; the ends of the cylindrical specimen are attached to the
rigid loading arms in a '"fully-clamped' manner. The actual
loading arrangement is shown in Fig. 4. Note that rigid ref-
erence arms were provided at each end of, and perpendicular to,
the axis of the test cylinder; dial gages were positioned at the
four locations shown in Fig. 4 in order to measure the total
rotation between the ends of the loaded cylinder. Since the
normals to these reference planes during buckling and postbuck-
ling deformation of the cylindrical specimen de not necessarily
lie in the plane of loadirg (that is, in the plane containing
the two P loads and the axis of the undeformed cylinder), two
additional dial gages were positioned diagonally to define
uniquely the relative orientations of these reference planes,
with a seventh dial gage measurement included to serve as an



independent check measurement. This dial-gaze arrangement is
shown in Figs. 4, 5, and 6.

Typically, a pure-bending test proceeded by the applica-
tion of small increments of deflection-conrtrolled loading; the
use of a very stiff loading apparatus permits a careful determina-
tion of the load-deflection characteristics of the specimen, thus
avoiding a large data gap immediately following buckliing from
which the dead-weight testing method suffers. The applied bending
moment, M, and the associated dial-gage readings were recoxded.
After buckling of the test spezimen occurred, tne deflection was
increased in small increments and the associated equilibrium
bending moment was measured. In some cases the postbuckling
load-deflection measurements were carried out wifth monotopically
increasing deflections; in other cases, the load-deflection meas-
urements were made during unloading to zero bending moment and
subsequent re-loading at various points along the postfailure
load-deflection curve; in still other cases, the unloading from
the postfailure regime was carried beyond zero bending moment
and reversec moment applied, with subsequent re-loading to
larger of deformation values. Typical results from these tests
are described in Section IV,

3.2 Cylinders under Combined Axial and Bending Loads

This loading condition is indicated schematically in part
(b) of Fig. 3. The actual loading arrangement is shown in Fig. 5
with an unbuckled test specimen; this same arrangement is shown
in Fig. 6 after buckling has occurred. For this type of loading,
an eccentric axial compressive load was applied to the cylin-
drical specimen through spherical bearings using a "stiff" screw-
type testing machine for fine-deflection (and load) control, in



order to investigate both incipient buckling and postbuckling
behavier undexr various ~atios of combired compressive axial load
and bending moment. The distance between the bearings was de-
creased, and thus the load was increased, in small increments;
hence, while the deflecticns of the cylindrical specimen remained
small, the ratio of axial load tc bending moment remained fixed.
This ratio was changed in succeeding testec by varvinz the initial
eccentricity e = eO/L (see Fig. 3 and Table 1). Following in-
cipieant buckling, the axial shortening was increased in small

' load-deflection

increments in order to determine the ''postfailure’
characteristics under the present loading; the associated equi-
librium load was measured at each step, and the deflcciions were
measured by means of seven dial gages as described previously.
These tests were usually continued to very large angular deforma-
tions of the buckled cylinder. In some cases, unloading and re-
loading at various stages in the postbuckling regime were carried

out, with reversed loading and re-loading in a few instances.

In summary, measured in each test were the applied external
loads, applied moments, the angle between the reference planes
which are located at the end of the cylinder (and which are per-
pendicular to the axis of the undeformed cylinder), and the
angle between the plane of load:ng and the plane of hending.

The plane of bending was determined by the pivots on the end
plates of the testing machine and the geomefric center of the
unbuckled shell or the center of the buckled portion in the
postfailure region.



SECTION IV
TEST RESULTS AMD DISCUSSION

Thirty-five cylindrical specimens were tested; each of
six combinations of compressive axial lcad and bending moment
was employed with each nominal R/t shell, 50, 75, and 100.
Table 1 summarizes the model characteristics and loading con-
ditions as well as buckling load and buckling-mode data for
these 35 specimens. In the following subsections, the buckling-
mode features, incipient buckling conditions, and the post-
buckling load-deflection characteristics of these shells are
discussed.

4.1 Buck:ing-Mode Features

Figures 7 thrcugh 10 include photographs of 31 of the 35
specimens tested (specimens I-2, II-4, V-3, V-4, and VIII-2 are
not shown). Figure 7 shows the buckled configurations of
specimens subjected to pure bending. The buckled configurations
of specimens with nominal R/t = 50, 75, and 1C0 subjected to
combined axial compressive load and bending moment are shown in
Figs. 8, 9, and 10, respectively.

Observe that an arrow is shown near an end of most of the
specimens; this arrow identifies the plane of loading. An ex-
amination of the buckle patterns discloses that 30 of these
specimens have symmetric and 5 have antisymmetric buckle patterns
with respect to the piane of loading. The distincitive features

of these two types of patterns are shown in Fig. 1l. Also, it
was observed that the buckle pattern consists of an interleaved
2-row pattern with a total numbexr of peripheral half-wave-
lengths at incipient buckling ranging from 4 to l4; this number
tended to increase slightly as the specimen was forced to undergo



larger and larger postfailure deformations. The character of
the buckling pattern, symmetric (S) or antisymmetric (A), and
the number of peripheral half-wave-lzngths at incipient buckling
and at the end of the postbuckling test of each specimen are
given in the next-~to-the last column of Table 1.

A more detailed view of a typical symmetric buckle pattern
is given in Figs. 12 and 13, and a typical antisymmetric buckle
pattern is shown in Fig. 14.

4,2 Incipient-Buckling Results

The applied loads, pure moment or combined axial compres-
sive load and bending moment, observed at incipient buckling are
listed in Table 1 for each specimen; shown also is the maximum
fiber compressive stress at .ncipient buckling, computed from

M.,V
g = LL "MaX £6r pure moment
cr I
or
Mcr Ymax Pcr
Oy = — + 5 for combined loading

Referring to the stress-strain data of Fig. 1, the 0.2 percent
offser yield stress is seen to be about 40,000 psi; however, the
stress-strain curve is linear up to a stress of about 32,000 psi.
Examining the - data listed in Table 1, it is seen that in-
cipient buckling occurred in the plastic range for all nine pure-
bending~moment specimens which included R/t = 50, 75, and 100.
For the combined-loading tests, Fig. 15 shows the computed Oy
ac a function of loading eccentricity for eaca nominal value of

R/t; for these cases, it is seen that plastic buckling occurred

10



in nearly zll of the cases; (linear) elastic buckling occurred

in only one case.

An extensive series of tests to determine the buckling
thresholds of thin-walled cylinders under combined loading has
been conducted by Bruhn 12], which comprises the only large body
nf data on shells with R/t values as low as 200; there are re-
sults elsewhere in the literature but again pertain to R/t's
larger than the range of interest in this report. Bruhn con-
ducted 78 tests of cylinders in combined compression and pure
bending for cylinders with R/t values ranging from 230 o 800
and L/D values from 0.5 to 2.0. Figure 16 presents a summary
of Bruhn's data for convenient comparisoa with the results cof
the present report.

Bruhn concluded that the R/t ratio appeared to have no
significant influence on the shape of the interaction curve; the
results of the present study are shown in Figs. 17, 18, and 19
and are in accord with that conclusion.

In Figs. 17, 18, and 19 the present incipient-buckling data
for R/t = 50, 75, and 100, respectively, are shown in terms of
stress ratios as is common practice (see Refs. 2, 14, 15); that
is, the incipient-buckling threshold is shown as a function of
R, = P/Po and Rb = M/Mo for each R/t, where P, is the incipient-
buckling moment for pure bending. Such displays are sometimes
referred to as combined-loading buckling-threshold interactions
curves. It is usual to express this interaction curve in the
form [14, 15]

R§+RZ=1

11
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where the exponents x and y are determined experimentally for
the particular compressive-member geometry and material proper-
ties involved. Shown as a dashed line in each of Figs. 17, 18,
and 19 for convenient comparison is the zbove stress-ratio
equation where both x and y are taken as unity; the present data
are too sparse to permit determing a valid interaction equation
of the type discussed above. For convenient reference, the data
points on Figs. 17, 18, and 19 are each accompanied by a number
in brackets, which represents the total number of peripheral
half-wave lengths of the buckle pattern at incipient buckling.

From Figs. 7 through 10 it is seen that in several tests
the buckling pattern occurred near the end of a specimen; how-
ever, in attempted repetitions of such tests, the buckling
pattern occurred well away from the end of the specimen. The
incipient buckling load for such cases, as shown in Table 1,
was nearly identical. Also, for specimens of given nominal wall
thickness, it was found that the wall-thickness variations in
the present specimens did not affect significantly either the
incipient~buckling load or the features of the buckling mode.
Furthermore, the occurrence of an antisymmetric rather than a
symmetric buckling pattern for a given R/t and loading con-
dition did not affect the critical buckling load significantly;
this can Le seen, for example, by comparing the results of
tests 5, 6, and 7 or of test 14 with 16 in Table 1.

4.3  Postbuckling Load-Deflection Characteristics

Both the prebuckling and the postbuckling load-deflection
characteristics of the present cylindrical shells, in the case
of pure bending, may be described conveniently in terms of the
measured bending moment, M, as a function of the argle, 8,

12



between the refernce planes positioned at the ends of and per-
pendicular to the axis of the undeformed cylinder. As depicted
in Fig. 20, this total angle of rotatiom 4 consists of elastic
contributions (62 and 93) from the unbuckled portion of the
specimen plus a (usually much larger) contribution 91 from the
spanwise region bounding the buckled portion. It is this con-
tribution {91) which is of primary interest for postbuckling
dynamic response analysis purposes.

For the cylinders under combined loading, the applied
axial load P and the associated axial shortening b-c due to
buckling (of the buckled length) are parameters of interest in
additicn to the M-9 behavior. 1In the postfazilure range, the
contribution of elastic shortening of the unbuckled portion is
small, and the effect is, qualitatively, the same as the elastic
contribution to the bending angle in the pure-moment case dis-
cussed above.

The remaining measured quantity of interest is the angle
between the plane of loading and the plane of bending. Al-
though the cylinders were loaded in a consistent fashion, the
plane about which buckling (either symmetric or antisymmetric)
occurred did not coincide, in general, with the loading plane.
The plane defined by the center of the buckled portion of the
shell, and the loading points of the test machine is defined as
the 'plane of bending'; whereas the plane defined by points A,
B, and C of Fig. 20 is defined as the 'plane of lioading". An
assessment of the measurements from the present experiments
shows this angle to be small -~ not exceeding 10 degrees, and
being generally less than 4 degrees. In view of these small
values, the effect of this angular "error'" results in negligible
changes to the "uncorrected" load-deflection characteristics of
the present test specimens.



Typical locad-deflection characteristics of the present
specimens for both the elzstic and the postbuckling regime are
illustrated im Fig. 21. It is seen that a near-linear load-
deflection curve is obtaired until buckling occurs. Following
buckling, the load-carrying ability (either M or P) of the struc-
ture drops sharply. As the defiection is increased monotonically,
M or P decreases morotonically until the deformation becomes so
large that binding or mutual-support between adjacent elements
in the buckled portion occurs; at this point, the load-supporting
ability of the structure increases with increasing deflection.
Note also that if the structure is unloaded from some condition

"mseudo-

in the postbuckling range, the associated so-called
elastic' load-deflection path is nearly linear but has a slope
somewhat less than that for the prebuckled structure; upon re-
loading, the load-deflection path becomes slightly steeper than
that for unloading and then rejoins the '"main postbuckling curve",
exhibiting a small hysteresis loop. Unloading from a larger
postbuckling value of deflection leads to pseudo-elastic paths

of smaller slope.

From the standpoint of postbuckling dynamic-response analy-
sis, the structural characteristics of primary utility and interest
are moment-angle and/or the axial lo. as a function of the axial
shortening relation for the buckled portion of the span or length

of the structure; these characteristics are termed herin M-Ql
and P- 81.re1ations, respectively. Note that in the present
experiments, the overdll angular deflection A and the overall
axial shortening & for the entire test specimen of length L
were measured, whereas the corresponding values for the buckled
portion, b, of the specimen are of ultimate concern.

14



An inspection of part (a) of each of Figs. 20 and 21 shows
that at any given point Q in the postbuckling range, the moment-
carrying ability of the buckled section is MQ, and the associated
angular rotation el,Q of the buckled porticn of the test specimen
is given, to a good approximation, by

where 6 is the total relative angular end-plane rotation of

the ent?ég specimen in the prebuckling region at an applied bend-
ing moment MQ. Thus, with the overall M-6 characteristics and
the buckle-zone length b (see Table 1) given, the desired M-64
data can be determined readily. Figures 22 and 23 illustrate
typical M-6 and M-8, characteristics for specimens with R/t
values of 50 and 75, respectively, and which were subjected to
pure-moment loading. For specimens with R/t values of 100, the
postbuckling M-6 characteristics are not available since buckling
occurred near the end of the shell, and bending with the shell

mounting began immediately upon further loading.

Referring to part (b) of each of Figs. 20 and 21, it is
seen that, for the case of combined loading, similar remarks
to the preceding also apply with respect to the associated M-8
characteristics and the P-éScharacteristics, with the following
modifications. First, for small deflections of an eccentrically-
lcaded specimen, the bending moment at the critical station is
given by P.e; however, as the structural deflection increases,
the moment arm to the critical station increases and the correct
bending moment at that station is given by P-el. Again, the
effective relative end rotations 61 for the buckled-length
portion b of the specimen can be obtained from the measured

L5



overall relative-end-rotation for the entire test specimen.
Similarly, the relation between the axial compressive lrad P
and the axial shortening 8]-for the buckled portion, b, of
the specimen can be found from the measurements made directly
for P and the overall axial shortening & of the entire test
specimen. For example, 551 associated with any point V on the

main postbuckling curve is given, to a good approximation, by

6.y = &, - 2§

1.,V v L e,V

where :Se v is the total axial shortening of the entire cylin-
b4

drical test specimen in the prebuckling region under an applied

axial compressive load PV.

Postfailure load-deflection data including M-Gl, P- & s
and P- Sil are given in Fig. 25 for a typical specimen with an
R, = 50 and a nominal loading eccentricity* e = eO/L = 0.016;
similar data are shown in Fig. 26 for a specimen with R/t = 50
and e = 2.0. Similar typica®’ data are shown in Figs. 27, 28,
29 and 30 for {R/t, e) pairs, (75, 0.125), (75, 0.25), and
(100, 0.25), respectively.

Postbuckling data for (R/t, e) pairs (50, 0), (75, 0), and
(100, 0) were not found, since for these combinatiomns, buckling
occurred near the end of the shell and binding with the shell
mounting began immediately.

% These eccentricities could be considered in dimensionless
form ir desired.

16



The load-carrying capacity for pure bending is defined
by the M-8 and the M»Gl curve. Whereas, for combined bending
and axial loading, both load-shortening and moment-rotation must
be considered together. Examination of the loads carxied by
the shells under combined loading shows that in no case do these
loads exceed maximum loads defined for that shell. Thus, thsg
jump after buckling to a "higher' moment-carrying level in
Figs. 24 and 26 is not surprising, and the rise is attributable
to the sudden increase in the distance of the buckle center from
the line of action of the load.

Comparing the M-Gl results of Fig. 22 with those of Figs,
25 and 26 all of which pertain to specimens with R/t = 50, it
is seen that axial-loading effects upon the M-al behavior are
not significant. A similar observation holds for the specimens
with R/t = 75 and 100.

It is believed that the typical failure and postfailure
data included provide sufficient detail so that meaningful com-
parisons can be made witl: theoretical methods which may be
developed in the future to predict the postfailure character-
istics of these structures.
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TABLE 1

Summary of Test Data

Cylinder Dimensious Loading
Wall Thickness ) Zotimated
Tast Specinen Nowminal Vartation " Pure e B '“ "" :‘:.Ml::“:l: Buckling 5“22
Tumber r | (ineh)  (percent)  Mominal  Actusl | Momenc| %o (1%} o [ (ibe.)  (in.-1bs.) | CTcrlkst) s z:"me‘.“t':“n)
1 1.1 .020 16.4 S0 49.7 x - - - 2879 3.2 3-8.5 1.50
2 1.2 .00 17.0 50 49.6 x - - - 2815 50.1 3-8-5% 1.%
3 11-1 .020 9.3 30 49.3 x - - - 2815 50.1 3-5-% 1.30
4 113 .020 7.0 S0 30.0 x - - - 2800 49.8 3-3-5 1.13
3 1.3 .01) 21.0 73 76.3 1 - - . 1643 43.6 5-8-7 1.13
L} 1-4 .013 29.0 7% r4.6 x - - - 1630 48.7 bLeA-? .13
? 1-6 .013 23.0 75 76.9 = - - - 1643 45.6 S-A-S 1.06
L] -2 .010 1.6 100 97.1 x - - - 118% 42.6 3-8-9% 1.28
L] -4 .010 2.0 100 101.1 " - - - 1183 42.6 3-8-3 1.19
10 w-2 .020 6.9 0 49.0 - 0 0 980 & 1.1 5+5- .
113 vi-2 .020 8.8 s0 49.3 - 0 5080 6 41.8 5-A-6 1.4b
12 vit-1 .020 6.9 30 48.5 - o 4980 6 431 8- -
13 YIilI-1 .020 3.0 30 49.5 - .125 .016 4180 536 43.9 3.8-4 1.3
18 v-9 .020 4.0 30 30.0 - .3 <041 3o 1074 45.2 +§-3 -
13 vIil-4 .020 6.9 30 49.3 - .33 J041 3403 1149 (L% 487 1.1
16 V-4 .20 7.5 30 49.2 - ] 041 3190 1080 45.4 ~A-7 .13
17 vi-} .020 (9% ] 30 49.5 - .75 .09% 2320 1767 50.3 ~S- -
18 vii-3 .00 6.0 30 9.8 - .73 <094 2230 1699 48.86 3-8-7 .n
19 1v-1 .020 7.8 30 48.8 - 2.00 .23 1123 229) 50.1 3-8-% 1.2%
20 vl .020 a.6 50 49.3 - 2.00 .23 1033 2110 46.1 3.8.5 1.2%
21 v-2 -020 3.0 30 30.0 - 2.00 25 1085 2208 %8.2 3-8-7 1.19
Y23 vi.y .03 8.3 75 76.9 - ] ] 2900 L} 36.9 16-5~ 0.81
23 vi.7 .01) 13.7 75 5.7 - 128 .016 2460 315 40.0 9.5 0.8%
24 viI-s .01} 12.2 73 76.3 - .128 .016 2623 336 42.5 8.3-8 1.06
13 V-6 .01 10.2 7 76.9 - .125 .016 2470 b4} 40.1 7.8- 94
2% vit-2 .01} 7.6 7 75.2 - .33 .06k 2030 186 b7 6-5. 1.00
27 vIt-é .013 9.9 75 76.3 - .73 .09 2 937 Al.6 $-8.7 1.13
2 vIri-2 .o013 8.6 7 76.3 - .73 .09 1180 896 39.6 5-S5-7 1.38
29 V.3 .013 6.9 75 76.9 - 2.00 .25 635 1286 3.7 $-8-7 1.50
b ] v.s .010 .9 100 9.6 - 0 0 1830 10 3o.8 lben- 0.73
n vi-10 .010 14.? 100 9.3 - L1258 .06 1800 230 37.9 12-8- 0.73
32 vii.7 .010 16.8 100 9.7 - .33 .04l 1375 462 39.2 7-5-8 0.82
b3 ] vi-3 .010 12.7 100 99.0 - .73 .09 900 692 39.5 8-5-9 1.00
3 V-3 .010 12.0 100 100.0 - 2.00 .25 419 843 37.7 ~5.9 1.00
33 vy 010 i1.0 100 1€0.0 - 2.00 .25 406 L1%4 36.0 7-8- 1.00
Explonstion of Colwm Heedinge
Spec. Wo.: All rast specimens with same Roman | S Crivical buckling load in pounds
suceral vere tsken from the same cr
tubular stock P.'“: Critical buckling moment in inch-pcunds
VYeriation of L Maximum seress st buckliing in pol.

Thickneos:

Losding:

Maximum percentage veristlor, of
shell thickness in tegion of
buckling, measured with raspect
to the nominal thickness

Type of loading: M < pure
woment; otherwis eccentric’cy
of losd ls given iar combined~
loading cases

cr

Buckling Mode: Piret Mo.(X):

Numbar of clreumferential halfl

wavelenyths at inttial deformstion

Lecter(Y):

S = Symmetric buckling mod:
A = Antisymmetric buctl

ing mode

Second No,(Z):Maber of zircumferential hal(
wavelsngths at completion of test
(See Fig. 11)

A blank at sny place in the sequence indicates

that information {» mot available,
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Distribution for a Specimen with R/t = 100
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TEST SPECIMEN ARM

(b) Combined Axial Load and Bending

Fig. 3 Loading Schematics and Nomenclature.
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¢ CONVEX REGION
X CONCAVE REGION

l LOADING PLANE
(ALSO~BENDING PLANE)
e

(a) SYMMETRIC BUCKLE

/ HALF WAVELENGTH

=

(b) ANTISYMMETRIC BUCKLE

Fig. 11 TIllustration and Nomenclature for Symmetric
and Antisymmetric Buckle Patterns
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Fig. 13 Sectioned View of a Symmetric Buckle,
Specimen V-3
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BUCKLING STRESS, o, (KSI)

55.0 7 ‘ I I ] ] | I I T
50.0 - ° o
O (o] o
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a50 . 8§ A
g 2 A
400 & 4 A
(8] o O
FAY
35.0 .
300 %
25.0 |-
20.0
15.0 |- o R/1= 50
A R/t= 75
10.0 — a R/t=100
5.0 -
0.0 3 | 1 | 1 l ] i i i
0] 0.05 0.10 a.15 0.20 0.25

NOMINAL LOADING ECCENTRICITY, e=e,/L

Fig. 15 Incipient-Buckling Stress as a Function of
R/t and Loading Eccentricity
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TEST
SPECIMEN RIGID LOADING
ARM

A S .

[ | 7%? v
e b >

! l—BUCKLED PORTION
¢ wal

(a) Pure Bending

LOCAL NEUTRAL
AXIS

(b) Combined Axial Load and Bending

Flg. 20 Geometry and Nomenclature fcr a Buckled
Specimen
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4

|
. 3+— BUCKLING
|

START OF BUCKLED
PORTION BINDING

—

ad /

(a) Moment - Deflection

START OF BUCKLED-
PORTION BINDING

o ¥

(b) Axial Loaa, Axial Shortening

Fig. 21 Nomenclature and Typical Load-Deflection Character-
istics of a Loaded Specimen in Both the Prebuckling
and the Postbuckling Regime
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RELATIVE ROTATION, 8 (DEG)
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Data for a

Fig. 23 Typical Prebuckling and Pestbuckling Moment-Rotation
R/t =75



AXIAL LOAD, P (LBS)

4400 7= 3
—3 [- poer pospe SRPes prpepy fyors Lo ble
gl PP sdiane apde
3. e [t taptn T pie
? ——— LSS SRS Sunperd P Sl ut Sy Swpes au 3
by g Sl b SED00 SUPN Shaws -
e phatin Pt JUU Sy i Srpdetup Sy Spauin 9
o4 g o 115 Yy Pl i Sititeg DRI Syl gty sharatl bed
4000 2ES S B R S
P
= $: COMBINED LOADING
- e hvhd pod
3 o apose oY jeioii Sib s
SRS SpECIMEN WM -1 EEES
3600 S
e PO ol svd -
oo poroing Sl Souid SRaH R/f - 50
pe SPAED S Idg Spd S iinkgu btvs Qi = =
79 TRI77 QPPHE PRINpItgs SUSS SPSNY SPPRS SHPSS SIhay Sy e pEoes snjred
- pipd boy bl Pty
S Qe Sasnit - joguiit sopas
3200 o e=0.016
TEVDY DOPRE SPSED I S SEBED SOIR GPIED Surbgey futipy . [peses vopes
+ Pige Mt Sl b " s S S propas sepan
ou i poous Soised Sl S odigen Suptude — it Mg Sield pate
ot Sbdee Sige - ool O P 8 oacs Sedes
Y ppoee JRDS PRUDE SO St Duvied -
Js PR So0ns Sunps PR $008 tguny obod hud
poots hagge PISA% Shbied i albiie
280 poes by 1 St pbanie o Sp387 2008 FE02 STSQENORIY, P, P_ 8
Pr P apoey OLDIP S MAMED gt s ]
+ 4- Bt Lo R B g LR R S b ns LR FY R T Bt
3 bodng s
+ .-
Pt 02440 Sogos Sebnd pyee
iy pooS Sapipd e
phes sdane
2400 E : :
- * - e
123 Sedey
foe - JPAne PUSLYRDIRS SPON +§ st o
_ [t gy sosdd
}o-ove pibeed sovute o $o o Y
200 O b - 1297 2ESYP 20091 $I0O el ~
bk Sibivd SR S0das SORRL ot
- >e s =t +
ety
pow NS Sy PRae S99 v e vd >
fosespennt . obag oben $hdes griddbe TR
] eoo PES £o008 has ST MRS S e o0e ¥
=~ 2 Seots Fikes Soell fowas o8] Qeaes ve [RR] S o02] et baoe] 5ol oot oteiideer 3 ot
[ TPt o Sopds padal Saede & s R The SR >: CRase se: 3
3 SRR 2300 Doy IR IR S et S fryrAfeceafies + y++1+
f-o-ov + - . - . R TS X - .. PR EERERS s gs + + i 4
b by $ood : " R S99 pod P S (53 (5404 DYOSS SO0 Shage poods i ":’; b b0 29
[eget 3 20y Sihd hogdn borie RIge s 04 phple
1 200 ot 3 joes S0t st PR INNY Lt S FOgRd o4 FO9e SANDY Salye [RS8 58 8od e towes
! 3 R EoSTt Sk b It Pt S P} oted o s 3T + t:
- . . PR Satend + 3 3 3
Yoo oot peege ey joogs ey < I3 531 3 i pesaes +
it poes PPPRE nURias CTEnt Soote hares Dasde ases pas 4+ ooa o
pooy PR e *""E“ - 10 SPAUE SQigs FRsed ueed 043 2500
Dy s gmrn o} Sxrduenc . PO Soas - (4 + 3 4+
800 2 (000 SES00 Sotne St P SRUIN o8 - o Aw, PE 24006 DRSS SPI04 bhibd jooRaggas henyt b IOOS S 0
Yot
eyt o [OOSS SGbas SORng Mo PPim BOPUL DOSny Reumpe fN"' e 4+ tt
gad foded oot veq TR ?:I 3%
t* ot +
e
Tt + 1 <+
oo ] 3 roo! boe ¢
400 T LI o 38 FoEhy $5o2¢ thof: -y o aae:
sod ppe ”e DEOUY SPP P REGR FOT ROY +4
3 bo%s 335 FETas Saves 33353503 5 2 [y, .
++ Pt [ e 1 +
4 > D oEI SRS oyaay + 1 o
+ 190U 2049 PR 97 o | : :
sovat vase hadd he g see o “.1» 3 >
O 8224 22 oot Senes ISdhs 09349 Shant ¥ ¢ ] 1 "
: sefesre e :
SIS 25504 S4pbe SO Jf.y“u.p».{:’: ¢ 33T e T
[2234 20904 SEDRS Rl pORSE o0 S POSNH M 4. 1 < T
¢ Seas iv ROERY 294 v { M *
e pUpee IRE2S S9¢ 98 Doy - 44 +
334 S Spe 994 s3e84 M 3 reey so0q e Y
004 20564 00T SE) 28988 2435t 981 g Hi3 -4 3 19288
ol P e T e ..é -t 14 O
-4uU >
7 9 U pe o4 229y " +4  prope
+ oy Vi . + 104 PSR X
It 194 : : ros 3
[233 2oO0e OO it N 1 1 o¢ 1
pe : el
: 3583 E3: +1 piaas ’t[ + T
t povos oo 3 be 90
800 g : = ‘ T i
- - . e .
ha 598 b¢ e DONe 4 137 be
: 3 133 15t :
+- e 4 bol 1 1
' - PN Jose 4
T M oo by be
3 ek saesd satetas: : Lt
1200 2 : B i
- T T e sy * T
riigees: beesass pat begee sl 1433 3
e 14 3 e Ve te 4
: Iar sprpistsTegasee ety Ssiftfessaatenicasaypante poate tanas iz tattinnsg) THIRT t
- -~ e - » §Y PRy 4 .
+] yoebe SE3ses :’ " :;» 1 e 11 . g . ? .
podd Tedtied pes M he 99800
]600 133 }Cﬁfww»»' e joees heds LL»IH Jees Seat ]
- { T et T 98 vpons suse ’ H
oy rpe pge 0o s p
T T0] 6a828 SoET SETES SETaq SxTee BIEES FL20E 11 83e Fedie S b Saaky I8 due RaEst SHTHE] 1
+ L3S B e St s SRRl SRR b r ity st es o aree Phocl Setae odes bERRS FEARS Do TRt 81 R ¥
ot nodbs Roade -4 16 B SES LSS R otos Rghud b % » - 11—1 -4 14 % 1; + ! 4 +-
Tz [T PO SOUDE DERPS 54 9ad PP LN S PO = +
b o 94 oBos: bohp peds T ’,}‘ 88 ool hibes Hog » 1
e i SO St Bt torst BEse Kat3a §ich: stestbpns s Ry SRAEE 1iCM siset jedBtntsat dotitatotestss 2y
ik Trrfeingdis i de e rearfrrafrreaf i bas IS s bereedeiddii Y s 3 ¥ L T {

0

Fig., 24

0.2 0.4 0.6 0.8 1.0 1.2

AXIAL SHORTENING (IN)
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and Load-Shortening Data, R/t = 75, e = 0.016
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Fig. 28 Typical Prebuckling and Postbuckling
Moment-Rotation and Load-Shortening Data,
R/t = 100, e = 0,25
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Fig. 28 Concluded



