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SUMMARY

Twenty-five ring-stiffened circular cylinders were loaded to fail-
ure in bending. The results are presented in the form of design curves
which are applicable to cylinders with heavy rings that fail as a result
of local buckling.

INTRODUCTION

The ring-stiffened shell is efficient as an aircraft fuselage for
transmitting bending or shear loads if the loading is large. For smaller
loadings, a more efficient structure can be obtained by stabilizing the
shell in some manner such as by the addition of stringers to the shell
or by the use of waffle-like or sandwich-type plates for the shell. The
bending and shear strength of these types of construction are not known
to the desired degree of accuracy and the designer must usually supple-
ment his existing knowledge on the subject with tests simulating the
proposed design. Such a scheme rarely leads to the most efficient use
of material and evidently suggests that more design data on fuselage
construction are needed. In order to provide information on one phase
of this problem, a series of bending tests on ring-stiffened circular
cylinders was made at the Langley structures research laboratory. The
main structural parameters varied in the tests were the ratio of ring
spacing to radius and the radius-thickness ratio. The geometric size
of the cylinders was also varied because the size has been suggested as
& possible contributing factor in explaining the disparity between theory
and experiment or the discrepancy between two test series. The rings
used in the test series were heavy in order to eliminate general-
instability-type failures which involve simultaneous failure of the
cylinder wall and the rings.

The theoretical studies that have been made on the strength of the
ring-stiffened shell in either bending or compression do not adequately
predict its strength. Considerable progress has been made, however,
which has clarified the importance of the various factors (load-
shortening curve, initial eccentricities, and so forth) that are mainly
responsible for the poor predictions (see, for example, refs. 1 and 2).
Numerous experimental studies have been made, but, for the most part,
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the studies were made on compression cylinders with large radius-
thickness ratios and consequently are not in the range of loading where
the ring-stiffened shell is efficient. Furthermore, these studies were
made on one-bay cylinders clamped between heavy end fixtures. This type
of specimen may be an unrealistic counterpart to the case of interest,
the ring-stiffened shell.

SYMBOLS
1 ring spacing, in.
T radius of cylinder, in.
t thickness of cylinder wall, in.
E Young's modulus, ksi
Mer bending moment at cylinder buckling, in-kips
Me bending moment at cylinder failure, in-kips -
i Poisson's ratio
Oor cylinder buckling stress, ksi )

TEST SPECIMENS AND TEST PROCEDURES

Test Specimens

A photograph of one of the cylinders ready for testing is shown in
figure 1. The dimensions of the cylinders are given in table I. These
dimensions are nominal except for those dimensions given for the wall
thickness of the cylinders which represent the average of a large number
of micrometer measurements. Dimensions of the rings used to stiffen the
cylinders are given in figure 2. The location of the sheet splices on
the compression side of the cylinders is indicated schematically in
figure 3 where the upper half of the circle represents that part of the
cylinder in compression. The cylinders had radius-thickness ratios r/t
that varied from 120 to 750 and had ring-spacing—radius ratios 1/r
of 1/4, 1/2, and 1 for most of the tests. For one value of r/t
(r/t ~ 180), additional cylinders with values of 1/r of 2 and 4 were
also tested. ]
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The specimens were constructed of T7075-T6 aluminum alloy. Typical
material properties were used in reducing the data. Young's modulus E
was taken as 10,500 ksi and Poisson's ratio p was assumed to be 0.32.

Test Procedures

Photographs of typical test setups are shown in figures 1 and i
The loading frame in figure 1 was used when the expected failing moment
was less than 3,000 inch-kips; otherwise the loading frame in figure 4
was used. The weight of end fixtures and that part of the test rig
which would otherwise be supported by the test specimens was counter-
balanced by weights to eliminate stray loads in the test specimens. The
desired loads were applied to the loading frames by hydraulic jacks
which were accurate to about 1 percent of the applied load.

When loading frames such as those shown in figures 1 and 4 are used,
the load actually applied to the test specimen may be less than the
indicated load at the Jjack because of friction in the bearings of the
loading frame. In order to obtain a correction for this difference
between indicated load and applied load, strains at a few locations on
each of the cylinders were measured and compared with the strains expected
to result from the indicated load. For the frame shown in figure 1, the
mean error as measured by a large number of tests is 4 percent but the
error may be as low as 1 percent or as high as 7 percent. The test
results, as given later, have been corrected by 4 percent; therefore,
the error in the results as presented, due to friction in the loading
frame, may be as high as *3 percent. This method of adjusting the load
for friction was used rather than relying solely on the measured strains
because of the uncertainties that may beset any one test and cause local
changes in the strain distribution from the expected elementary value.
The number of tests made in the loading frame shown in figure 4 is much
smaller, and the error due to friction has not been established as accu-
rately as for the loading frame of figure 1. The few tests which have
been made indicate that the error is much smaller and the results
obtained by use of this frame have not been corrected for friction.

TEST RESULTS

Values of the bending moments sustained by the test cylinders at
buckling are given in table I. These moments represent the maximum
moment as well as the buckling moment for those cylinders for which the
bending moment at failure is not specifically tabulated. Values of the
buckling stresses for the cylinders are given in table I and in figure 5
on a plot which has as ordinate and abscissa the parameters obtained by
small-deflection theory (ref. 3). Also shown in figure 5 is a curve for
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the buckling stress of cylinders in compression as given by small-
deflection theory and several other curves which have been obtained by
fairing lower limit curves to the present test data while using the
theoretical curve as a guide.

On a plot such as used in figure 5, the theoretical curve has a
slope of unity for values of the abscissa greater than about 10 and is
given by the following familiar equation:

t
Oor = —2— ¢ L

V3(1 - u2) &

When data for a given radius-thickness ratio are parallel to this theo-
retical curve, the effect of ring spacing on the buckling stress is
negligible. A study of the data as plotted in figure 5, or as given in
table I, indicates that there is some gain in strength as the ring
spacing is decreased but the gain is negligible until a value of Z/r
of 1/2 has been reached.

In constructing the empirical curves of figure 5, the curves were
drawn parallel to the theoretical curve for values of the abscissa
greater than that value corresponding to a cylinder with a ring-spacing—
radius ratio of about 1/2. The location of curves in this range was
determined by plotting that part of the data from table I which was
obtained from cylinders with a ring-spacing—radius ratio greater than
about 1/2 on a logarithmic plot of ccr/E against r/t and then by

fitting a straight lower limit line to the data (see fig. 6). For
smaller values of the abscissa in figure 5, the curves are faired in to
meet the theoretical curve for a compression cylinder simply supported
at “he rings. The trend of the data suggests that a more appropriate
fairing of the empirical curves might be obtained by fairing into the
theoretical curve for cylinders clamped at the rings instead of the
curve for cylinders simply supported at the rings. However, the test
cylinders had heavier rings and therefore a greater clamping action at
the rings than is usually found in aircraft structures, and it 1is
believed that the test data in this range of figure 5 are influenced by
the clamping of the heavy rings.

A photograph of one of the cylinders after being tested to fallure
is shown in figure 7. The type of buckling exhibited is characteristic
of that expected for cylinders with small values of the parameter

2 2
1

— Vl - ug. For larger values of the parameter %E 1 - u2, the buckle

pattern for the test cylinders was the more familiar type of buckle char-
acterized by successive in-and-out buckles along and around the cylinder.
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DISCUSSION OF RESULTS

One of the factors often mentioned when discussing discrepancies
between test data from various investigators is the geometric size of
the specimens (see, for instance, refs. 4 and 5). In order to study
this effect, the geometric size was included as one of the variables in
the present test series. Most of the data presented in figure 5 were
obtained on cylinders with a diameter of about 30 inches (30-inch cylin-
ders), but a few tests were made on 19-inch, 48-inch, and 77-inch cylin-
ders as well. A comparison of the data from cylinders of various diam-
eters (fig. 5) indicates that any size effect that exists must be small
and is hidden because of the relatively large scatter in data from
bending tests on cylinders of the same diameter.

The factor usually cited as being mainly responsible for the large
disparity between theory and test for cylinders in compression or bending
is initial imperfections or eccentricities. No attempt was made to deter-
mine the extent of initial eccentricities in the present test series
except to lay a straight edge along the length of the cylinders in the
process of inspecting the cylinders prior to testing. The specimens
generally exhibited an appearance characteristic of good workmanship.
However, the sheet splices, which run lengthwise in the cylinders, usually
were bowed in slightly between rings. It is probable that this phenome-
non is a result of "pounding out" the sheet in the neighborhood of the
splice in the process of bucking the rivets, thereby creating an excess of
surface area in this vicinity. The effect was considerably more pro-
nounced on cylinders with thick skins and large ring spacings, and, on
cylinder 25, the sheet splice bowed in about 3/16 inch between rings.

When this cylinder was tested, the eccentricity grew slightly with load,
and, when the moment reached about 2,600 inch-kips, the wall of the cylin-
der at the eccentricity snapped gently inward to form a buckle. The load

wassrelleasediand. a1 X l% Pl P f% inch Z-section stringer was riveted

along each of the four sheet splices in order to pull the splices out
and remove the eccentricity. The cylinder was retested and, this time,
sustained a moment of 4,465 inch-kips before buckling. The four stringers

added about 1,500 inchesl+ to the moment of inertia of the cylinder (which
is less than 10 percent of the original moment of inertia) but were far
enough apart circumferentially to have a negligible effect on the local
buckling stress other than to remove the initial eccentricity. This type
of eccentricity can be eliminated in design without appreciable loss in
efficiency by the addition of stringers at sheet splices on the compres-
sion side of the fuselage or by eliminating sheet splices on the compres-
sion side of the fuselage. The latter can be accomplished for large
fuselages by using the with-grain direction of the sheet in the circum-
ferential direction of the fuselage.
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Experimentally determined curves similar to those given in figure D
have been published at various times summarizing available data for cyl-
inders tested in compression (see refs. 3, 4, and 5). The object of
such summaries is to provide design data for fuselages subjected to
bending loads, but data from bending tests are not used because not much
data of this type exist. A cylinder in bending can sustain an extreme
fiber stress which is somewhat greater than the average stress obtain-
able in a similar cylinder tested in compression. By using theoretical
considerations, Timoshenko (ref. 6) predicts a value of about 1.3 as the
ratio of the buckling stresses for the two loading cases. Ratios from 1.5
to 1.8 were obtained in reference 7 in an experimental investigation.

The curves of figure 5 give buckling stresses as much as two times the
buckling stresses given by the corresponding curves of references 5 LoE5
but were obtained from data on a different type of structure as well as
for a different loading condition. The test specimens in the present
investigation were ring-stiffened cylinders which had a short buffer

bay on either end of the test section to help distribute the load in

the neighborhood of the ends of the test section (see fig. 4). The one-
bay type of specimens used previously does not have this characteristic
and may have stress distributions in the neighborhood of the ends of the
cylinders which are rather irregular and which may cause premature local
buckling. The curves of figure 5 are believed, therefore, to be suitable
for the prediction of the bending strength of ring-stiffened circular
cylinders in which the rings are heavy enough so that general-instability-
type failures do not occur.

CONCLUDING REMARKS

Design curves for ring-stiffened circular cylinders subjected to
bending are given. The curves are based on test results from 25 cylin-
ders with heavy rings in which failure was by local instability (between
rings) rather than by general instability which involves simultaneous
failure of the cylinder wall and rings. The design curves generally
predict higher failing stresses than curves now in use which are based
on tests of one-bay compression cylinders.

Langley Aeronautical Iaboratory,
National Advisory Committee for Aeronautics,
langley Field, Va., April 26, 1956.
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TABLE T

DIMENSIONS AND TEST RESULTS OF CYLINDERS

Test length M Jers
Cylinder|2r, in.|t, in.|1, in. baysg i infiips kgi
it 19.16 10.0520| 2.38 6 aps52 | 27.4
2 19.16 | .0321} L.75 3 1558 L6 5
5 19076 .0332] 9.50 5 167 174
L 30.05 | -0518] 3.5 6 boo1 | 9.82
5 30.05 | -0516] T-50 3 202 | 9.05
6 20.05 | .0314}15.0 5 186 | 8.35
i 30.45 | .0512] 3.75 6 824 [22.2
8 30.05 | .0512] T7.50 5 645 [17.8
9 30.43 | .0522115.0 5 685 [18.0
10 30.46 | .083%0| 3.75 6 2,320 |k40.0
al 30.08 | .0837| 7.50 3 1,660, |-26.5
12 30.46 | .0830(15.0 & 1,850 |30.1
15 30.46 | .0825|30.0 5 1,820 |30.4
1k 30.46 | .0770]60.0 it 1,560 | 27.8
15 50.50 | L1278 .00 5 4,535 |49.2
16 5000 | 126 |15:0 3 I 515|470
17 48.41 | .0327| 6.00 6 C340 | 5.65
18 48.41 | .0324[12.0 5 392 | 6.55
19 48. 41 .0323|24.0 5 296 | 4.97
20 418.43 | .0520| 6.00 6 d1,030 |10.8
21 48.43 | .0520(12.0 3 1,030 [10.8
22 48.43 | .0525|2k4.0 3 1,010 [10.5
23 TT.2L | .0871] 9.50 6 6,255 | 1545
24 77.21 | .0901]19.0 o 4,965 |11.3
25 Tl .0900( 38.0 3 ey, h65 | 9.68
5 Mf = 25)4'.
b Mf — 288 .
¢ Mp = L55.

d Mp = 1,260.

€ Includes moment carried by four stringers. See
text for details.
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Test setup.

Figure 1.
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Figure 2.- Ring dimensions.

120°
180° </ \

o

180
N\

[9-inch-diameter

cylinders 30-inch-diameter

cylinders 48-inch-diameter
cylinders

77-inch-diameter

cylinders

Figure 3.- Sheet splices on test cylinders.
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Figure U4.- Test setup for bending tests of cylinders of higher strength.
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Figure 5.- Nondimensional plot of test data for cylinders in bending.

The theoretical curve applies to cylinders in axial compression.
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Figure 6.- Auxiliary plot of data from those cylinders with a ring-
spacing—radius ratio greater than about 1/2.
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Figure 7.- Failure of cylinder 10. 1~896L9 .
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