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: An experimental study of the buckling of closely spaced integrally
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stringer-stiffened cylindrical shells under axial compression was carriea

= out to determine the influence of shell and stifferer geometry on the
\
E applicability »f linear shell theory. 38 specimens fabricated from

7075-T6 aluminum alloy with different geometries were tested. Most
test specimens were designed to fail in general instability and undex

low critical stresses to assure elastic buckling.

Agreement of experiments with linear theory was found to be

governed primarily by the stringer area parameter, (Allbh) and the

S ‘:' !", A Y i3 TR "'«4‘,;" TR 5

shell geometry parameter, Z. Values of linearity, p, (ratio of

Iy
2

experimental buckling lcad to the predicted one) higher than 80% were
obtained in the ranges 2 > 1000 and (Al/bh) > 0.5 and 2 clear trend :
‘ towards p = 1 was observed with increasing values of these parameters. i
f Correlation with lineary theory was alsc found to be influenced by panel
’: unstable postbuckling behavior. Ho significant effect of other shell andé
*’ stiffener parameters on the correlation with linear theory could be
: discerned for the shelis tested.
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cross sectional area of stringers .

distance between stringers for a cylindrical shell {see Fig.l).
the width and height of stringers (see Fig. 1).

En/12(1 - V).

eccentricity of stringers (see Fig. 1).

modulus of elasticity.

shear modulus.

thickness of shell.

moment of inertia of stringer cross-section about its centroidal
axis.

torsional constant of stiffener cross section.

material constants.

length of shell between bulkheads.

moment resultant acting on element.

membrane force resultants acting on elemeht.

rumber of half axial waves in cylindrical shell.

classical buckling load for isotropic cylinder for "classical"
simple supports (SS3)

linear theory general instability for stiffened cylinder with
"smeared™ stiffeners.

experimental buckling lcad

critical buckling load computed by "Southwell Siope" method.
radius of cylindrical shell, (see Fig. 1)

number of circumferential waves.
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cr
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cr’n.p.

{(c )

cr c.c.

Ss3

S54

c4

enerimental number of circumferential waves
non-dimensional displacements,

u= (W/R), V= (V/R), w=(w/R) (See Fig. 1).

arial coordinate along a generator, radial and circumferential
coordinztes (see Fig. 1).

v2)1/2

= {1 - (L/R)Z(R/h) Batdorf shell parameter.

middle surface strains
Glltl/bD
structural efficiency

7 -
=[12(1 - vzj‘/‘[b/ZH(Rh)l/z]Koiter's measure of total curvature.
= (PR/7D) axial compression parameter for cylindrical shell,

Poisson's ratio

linearity" = Pexp/Pcr

stress at 0.1% of strain.

critical stress

critical stress for a narrow panel Eq. (1a)

critical stress for a complete unstiffened cylinder with “"classical"

simple supports SS3

simple supports v = Nx =w= Mx =0

simple supports u=v=ws= Mx =0

clarped ends B=v=w=w = o
’
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1. INTRODUCTION

In references [1] and [2] the buckling under axial compression of

close’y spaced integrally stringer-stiffened circular cylindrical shells,

was studied experimentally. In these test programs the influence of

stiffener and shell yeometry on the applicability of linear theory was

investigated, as well as the effects of the mechanical properties of shell

material., Tre shells of [1] were fabricated from two different kinds of

steel alloys with completely different mechanical propesties and those of

[2]from 7075-T6 Aluminum alloy. The results of [1] and [2] were correlated

with the predicted "classical” linear buckling loads, corresponding to SS3
(Nx = v = 0) boundary conditions an< with the results of other investigators

(for a more complete bibliography sze [1] and [2] ).

It was shown there that correlation with linear theory predictions was
primarily affected by the stringer area-parameter, (Al/bh), and by shell
geometry represented by the Batdorf parameter, Z . For (Al/bh) > 0.4

values of “linearity" (ratio of experimental buckling load to the predicted

one) considerably above 60 percents were achieved. similar results were

obtained for 2 > 1000. For the shorter shells, pre-buckling effects, which

are not included in the linear analysis, may be partly responsible for the

low buckling loads.

It was also ohserved in [1] and [2] that the obtained “linearity"

was influenced by the stress-~strain behavior, cr material inelastic
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behavior of the shell material as pointed ocut from theoretical considerations
in [3). Lower values of "linearity" were achieved for shells fabricated
from steel with "poor" mechanical properties, that could, however, be corrected

if the predicted buckling load was adjusted for the non-linearity of the stress-

strain-~curve.

The present tests with 7075-T6 stringer-stiffened shells are a con-
tinuation of the tests of [1] and {2] for further study of the influence of
stiffener anc shell-geometry on the adequacv of linear theory predictions.
Because of the high yield stress, or rather high ration of (0-. ./E), of
7075-T6 and the corresponding low buckling stresses of the present test
specimens, "inelastic" effects, such as pointed out in [3] should be

ner igible.

As in the earlier tests, care was taken to load the shells through
their mid skin in order to avoid the effect of load eccentricity that can be

fairly large (see [4] to [8] ).

Local buckling or unstable postbuckling behavior of the cylindrical
panels between stringers may also induce low values of "linearity™. Koiter's

211/4[(b/2v)(nh)'1/2], drived in

total curvature parameter 9 = [12(1-v
[9] presents a useful criterion for stable postbuckling behavior. For
simply supported panels, © should be less than 0.64 for stable behavior.
For stiffer boundaries a slightly larger © should still be satisfactory.

8 can also be taken as a measure of narrowness of the panel which determines

the stiffening, within the framework of linear theory, of the panel as com-

pared to a complete cylinder (see [10] ).
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The local buckling load of the narrow panel should exceed the general
instability load to avoid local failure. As an upper bound, the panels may
be considered as clamped. HKence, with the aid of approximate methods like
[10] and [117 an upper bouna for local buckling may be estimated. There-
fore, av~iding local buckling and insuring stable postbuckling behavior
of the panels is primarily dependent upon proper spacing of the stringers.
In [1] the values of 6 did rot exceed 0 64, but for some of the shells local
buckling of the panels (under assumption of simple supports) was predicted.
No definite influence on the "linearity"™ for these shells could however be
discerned in the tests. Some of the specimens cf [2] were intertionally
designed with 6 > 0.64. Local buckling predicted for these specimens could

not be detected in the experiments. In the present test program additional

shells were designed for furthkar studies of the influence of these factors

on the "linearity".

The general instability of the stiffened shells was again calculated
with the "smeared" stiffener theory of [12] , which does not consider
discretness of the stiffeners, an effect found earlier to be usuall:
negligible for closely spaced ring and stringer-stiffened cylinders (see
[13] to [15]). The test results in the present program were compared with

"classical"™ SS3 critical loads, as well as loads calculated for the SS4

{u = v = 0) bocundary conditions.

The "Linearity” of the tested shells depends upon the influence of the
initial imperfections. In [1] and [2] correlation of the resu.ts with pre-

dictions of earlier imperfection sensitivity studies ( [7] and [16]) was
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attempted. It should be noticed that these investigations are not con-
sistent since [1€¢] predicts extreme sensitivity for externally stringer-
stiffened shells in a range of low values of Batdorf geometry parameter,

_ 2.1/2 2 .
Z= (1-v (L/R) “(R/h), whereas [7] predicts a much less pronounced
sensitivity for the same kind of stiffened shells and in a different range
of Z. 1In the tests of [1] and [2] a special effort was made to examine
this effect, but it could not be discerned in the experiments. The

present test program includes also a further special study of shells in
these 2 ranges.

Hence the praimary purpose of the present tést program is a study of
the effect of the combined interaction .f shell and stiffeners geometry
on the adequacy of "linear" theory in predicting the critical loads for
axially compressed stringer-stiffened cylinders and correlation with the

results of [1] and [2] and other investigators ([17] to[23]). ..

The present test results iike the earlier ones ({1] and [2] ) indicate
that the dominating stiffener-parameter is the area-p4rameter,(A1/bh).
For most of the shells with values of (Al/bh) > 0.4 buckling loads of 80

percent and above those predicted by "ciassical®™ linear theory were achieved.
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2. TEST SET-UP AND PROCEDURE

The test set--up for the present test program :Is shown in Fig. 2.
It is similar to the frame of [1], but smaller in its dimensions and
less rigid, because the predicted buckling loads for the present test
specimens, which were made of Aluminum alloy, were only about a third
of those obtained for the steel specimens of [1] and [2]. Loading
manner and procedure as well as specimen mounting is the same as

discussed in [1] (for details see Section 4 and Fig. 4 of [1] ).

as in [1] aud [2] the specimens: are not clamped to the supporting
discs. They are just located between the lower disc and a similar top
disc. The stringers are cut away at both ends of the specimens to ensure
that the load is applied at the shell mid-surface and hence to avoid end
moments discussed in [4] to {sl ¢ (for details see again Section 4 and also
Fig. 4 of {1]). The present test boundary conditions are therefore between

the SS2 and $S4 bcandary conditions (simply supported,

w=M =0
x
N = = 0 for SS3
x
and u =v =0 for SS4) and probably nearer to SS4. The

restraint to rotation is very small.

About 48 gages were banded to the surface of each specimen, except
for the short shells where a smaller number of gages was used. At least

half of the gages were located as close as possible to the edges of the

shell. The remaining ones were almost equally distributed over the shell
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surface in a manner which enabled correlation of the measurements recorded
from these gages, away from the ends of the specimens, and the records

from the corresponding gages at the edges. The purpose of the gages at the
ends was to study the growth of displacements at the edges in comparison
with those away from the edges and hence to obtain information about local
effects at the edges and their influence on the experimental critical load.
& cypical map of gage location is given in Fig. 3, which represents the

developed surface of shell AS - 20 #b.

As in [1] and [2],part of the gages were attached axially and the
remaining ones circumferentially. The axial gages assisted in confirming elastic
behavior up to buckling and adjustments for an even distribution of the
applied load, and the circumferential ones were used to detect local bending.
All the gages assisted in detection of incipient buckling. Strain-gage
readings were recorded on a B & F multichannel strain plotter, and as in
[1]1,[2],[10],[24] to [26] an attempt was made to obtain Southwell plots
from the strain records. For this purpose the circumferential gages are

more effective (see [1] and [2]).

The specimens were measured carefully at 200-500 points prior to each
test. The measuring devices described in [1] and [2] were also used in the

present program.
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3. TEST SPECIMENS

38 integrally stringer-stiffened shells were tested in the present
program. The geometry of the shells is defined in Fig. 1 and their
dimensions are presented in Table 1. Some typical specimens are shown

in Fig.4-.

Most of the specimens were designed to ensure predomination of
general instability and elastic buckling. Some were however intensional-
lv designed for unstable postbuckling behavior of the panels between the
stringers (see Section 1) in order to verify Koiter's analysis [9] and also
study the influence of panel instability on the achieved "linearity". For
some of the shells the predicted local buckling predominates and the
effect of stiffening on the postbuckling benavior of the panel is studied

to obtain a reduced "effective™ thickness of a stringer-stiffened shell.

The specimens were machined from 7075-T€ Aluminum alloy tubes (10" in
diameter and 1/2" wall thickness) with mechanical properties, that may be

approximated by a Ramberg-Osgood stress-strain relation [27]

(c/E) + K(o/li:)n

€ =
for which
7
E= 0.75 x 10% (kg/m?) =1.06 x 10 psi
K= 2.40 x 10°°
n= 28
G .. = 54 (Kg/mm>) = 76700 :
oly g = psi

LTI, Mgl Il B0 i a7 g S




The mechanical properties were obtained from specimens cut from the tubes

30T

in the axial and circumferential directions and tested in a 20000 lbs.

TV RO
™

Instron testing machine. The stress-strain curve obtained for these

£ RN

R

specimens is shown in Fig. 5. g

"

The machining process is similar to that described in [1] and [2],
- except for mouting of the blank on the mandrel and removing of the finished
stiffened shell from it. Here, instead of using the "cooled" mandrel of [1],
E the blank is carefully heated in a temperature controlled oil bath (Fig. 6)
to about 100°C and then mounted on a steel mandrel very similar in its
details to the earlier "cooled" mandrel (see Fig. 6). After the cutting

. process has been completed, the mandrel is located on a special platform

Yo

within the oil bath, the 0il is heated again to 100°c by an electrical

T
YA

iy

E: heating element within a tube to which the platform is attached. The

A

’ heated specimen is then released from the mandrel with the aid of a special X

AN

cylinder which pushes it into the lower part of the oil container (Fig. 6).

The bottom of the o0il ressrvoir is padded with rubber to avoid damage of the

i

e

specimen wher it is released from the mandrel. The mandrel is then taken

oy

out from the bath and the shell is picked up from “he bottom of the con-

?

tainer.

The precision of the 7075-T6 specimens did not diifer from that obtained

.

L FLAG Y

for the steel ones of [1] and [2], though they were manufactured from a

7

softer material than the steel alloys used in [1] and [2]. The machining

.
sy o

procedure of the present specimens involved the same methods of cutting and
& measuring and hence the accumulated errors of [1] and [2] were also intro-

duced in the present shells. For the present specimens the worst deviation
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in shell thickness for a few shells was wpto 10% of the minimum skin thick- 1

. k)

f 3

: ness. The usual deviation was however within 5% of the minimum thickness. b

; ;

' In order to obtain different values of stringer-dictribution, (b/h), ;,
% =
X 3
¥ stringer-area2, (Al/bh) and Koiter's curvature parameter, 6 , special 3
: "sorm Cutters", were ordered as in [1] and [2]. Four types of cutters ?
: ! ;Lc.l
: Zz
g are used in the present program: with a cutting surface width of Smm, 8mm, %f
10mm, and 12mm. By use of these different cutters together with various §
E: division discs, the above mentiorned parameters are separately or simulta- g
Y neously altered. g
4 :
The aim of the present test program is the study of the effect of shell %
§ 3
> and stiffener geometry on the obtained "linearity". Hence, the shell para- %
3

34 neters (R/h), (L/R) and Z, as well as the stiffener geometry (ellh) ,(A]_/bh) . o
P 3 . - . . S
e (Ill/bh ) and © were varied. Many shell configurations were calculated 7
x é
E: prior to the manufacturing of a specimen to predict the stress levels. To §
E assure elastic buckling the specimens were designed to fail at stresses less §
i than half of the yield strength, (c!o 1%) of the material. §
$ - K
3
= As in [1] and [2], "twin" shells were also manufactured in order to %
: study the length effect on imperfection sensitivity found in [7] and [16]. ;
5 2
g

: 3
;
% A
5 g
a3 K
3 ;
b
; i

R i
3 3
55.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental buckling loads and stresses are given in Table 2.
These loads are correllated with the critical loads compared for the
SS3 and SS4 boundary corditiors, which are also presented in Table 2, to
obtain the "linearity" op = (Pexp/Pcr)' The correlation of experimental
results with linear theory for the "classical" SS3 boundary conditions, is
presented in Figs. 7 and 8 versus the Batdorf shell parameter 2. In Fig.
14 these results are also compared with those obtained for the SS4 boundary
conditions. 1In Figs. 15 and 16 they are plotted versus the area parameter
(Al/bh), in Figs. 20 and 21 versus the combination Z(Al/bh), in Fig. 28
versus the stringer distribution ‘(b/h) and in Fig. 29 versus the com-

bination (b/h)/[1 + (Al/bh)]. The different plots represent attempts

to identify the dominant geometrical parameters or combination cf para-

neters.

Fig. 7 indicates that the Batdorf shell parameter 2 has a considerable
influence on the "linearity" obtained, and sscws a clear trend towards
p = 1 with increasing values of Z. There is a noticeable scatter of
the experimental results, but it can, however, be diminished if Koiter's
prediction for unstable panel postbuckling behavior, 6 > 0.64 , discussed
in Section 1 and Appendix A, is considered. Fig. 8 accounts for this
behavior,and the shells for which 6 > 0.64 are separately identified

there. If the experimental results of these shells are excluded, then the

effect of Batdorf shell parameter 2, is very pronounced, expecially in the

range Z > 1000, where the values of "linearity" vary between about 90% and
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115%.

In Fig. 9 the results of Figs. 7 and 8 were compared with those of
[1] and [2] and other investigations [17] to [23]. It is observed that
all the present test results fall within the scatter band of these studies

at the corresponding values of 2.

It should be mentioned here that the results of [1] and [2] were too
conservative, since upper bound values were taken for the torsional rigidity
Ny of the stringers. In [12] it was pointed out that the critical loads
of stringer-stiffened shells are affected by the torsicnal rigidity. This
influence is found to be very significant in the range of shell geometry
and stiffeners of the present test specimens (100 < 2 < 4000). Fig. 10
represents this effect for a stringer-configuration, which approximately
represents the average of the present specimens. The results of [1] and

[2] were corrected by using the exact values of n (see[2:]) .

t1
In Fig.1ll the present experimental results are compared with those of

[1] and [2] disregarding the results corresponding to the steel specimens,

R = 125, for which inelastic effects could be expected. 1In Fig. 123 the results

of the present specimens for which may be suspect of unstable panel postbuckling

behaviog since 6 > 0.64, were also omitted and the remaining results of Fig.
1l were compared with those of other investigators, except those of [20] and
[21]. 1t can be observed that for high values of 2(Z > 500) the 7075-T6
specimens yield higher values of "linearity" and less scatter. However, it

should be pointed out that the results of [19], [22] and [23] are correlated

with clamped boundary conditions, and hence are represented more conservatively

than the present results. In Fig. 13 the results of [1] for the larger shells

It aae AW 2N D
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R = 175, and those of the present program for which 6 < 0.64 (stable
panel behavior) are replotted. The trend towards p = 1 is very clear

there for large values of 2 (2 > 1000).

In Fig. 14 the experimental results$ are correlated with the critical
load predictions for the SS4 boundary conditions. In the same figure the
linearity values for the "classical” S$S3 bourdary conditions {shown
earlier in Fig.7 ) are also reproduced. The influence of 2 is observed
here to be similar to that obtained in Fig. 7, but the SS4 boundary conditions
though probably more appropriate to the test conditions, yield lower values

B of "linearity" which do not approach p = 1 with increasing values of 2.

Fig. 15 represents the effect of stringer area parameter, (Al/bh), on
the "linearity". 2as in Fig., 7, scatter of experimental results is quite
large, but may be reduced as in Fig. 8, if unstable panel postbuckling
behavior is taken into account (see Fig. 16). If the results of Fig. 16
for which 6 > 0.64 are excluded, it is found that the values of "linearity"
2 are indeed affected by the stringer area parameter, (Al/bh). For low values
of (Allbh) there is still considerable scatter but it diminishes with in-

creasing values of the stringer area parametex and the expected trend to

LY KPR eI

p = 1 with high (Al/bh) can be discerned.

Sy

In Fig. 17 the present results are compared with thes "corrected" ones

of [1] and [2] and with those of other studies, [17] to [23]. It appears :

B g oo
e

’ 14,#’1

from this figure that the scatter of the present experimental results is

"m»«-
VT,
e

similar to that of other investigations, but the present tests yield higher f

values of "linearity”, p . Neverthesless, even with the scatter, a clear
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trend towards p = 1 with increasing values of (Al/bh) is apparent. 1In Figq.

18 the small steel specimens, R = 125 of [1](which is affected by material

non-linear behavior) were omitted and the scatter was reduced. In Fig. 19,

as in Fig. 13,the present results for which 6 > 0.64 were also disregarded

and the results were compared with the other investigations mentioned above,

e . Ya——

except [20]. This figure, like Fig. 13, resutlted in less scatter and a
3 clearer trend to approach o = 1 with increasing values of (A1/bh). Beyond

\ Al/bh > 0.5 the values of "linearity" are all above 70%. It appears from

Gk pyals £ 39 A7 VI 4 s e s sV D et s s

this fugure that the experimental resuls of {1], [2] and the present tests

y yielded higher values of "linearity" than other studies did, but the remark

about conservative representation made in regard to Fig. 12 applies also here.

The above discussion indicates that the shell geometry parameter 2Z and

E

? the stringer area parameter (Allbh) influence the "linearity", but the scatter
L=

P of experimental results is considerable. In order to diminish this scatter

3 observed in Figs. 7 and 15 combination of thcse two parameters was attempted.

The "linearity" is therefore plotted versus the combination Z(Al/bh) in Figs.

20 and 2k. In Fig. 21 unstablc panel postbuckling behavior was again taken

into account. 1f the shells for which 6 > 0.64 are exclude2 from this

E: figure the scatter of results is noticeably reduced, compared to Fig. 20 and

the trend towards p = 1 is even clearer than that in Fig. 8.

Another attempt to reduce the scatter of the results is made in Figs.
22 and 23, where the “'linearity" is represented versus the'weighted shell

geometry parameter" Z[1 + (Al/bh)]. The scatter in Fig. 22 is stili con-

% siderable and similar to that in Fig. 20, but can again be diminished notice-

ably by taking unstable panel postbuckling behavior into account, as in

-t
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Fig. 23. The representation of Fig. 23 is very similar to that of Fig. 21
and hence the scatter band of experimental results is also similar. A
clear trend towards p = 1 with increasing values of z[1 + (Al/bh)], can

however be seen here, as in Fig. 2l.

In Figs. 24 and 25 the "weighted linearity" p__./[1 + (Al/bh)] is plotted

Ss3
versus Z. Scatter of results is still appreciable in Fig. 24, but is again
diminished in Fig. 25 where unstable panel postbuckling behavior is taken into
account and clear trend of increasing “weighted linearity"” with increasing
values of 2 1is revealed. In Figs. 26 and 27 the "weighted linearity" is
presented for the SS4 boundary conditions. The results of Figs. 26 and 27
are similar to those of Figs. 24 and 25, but with less scatter. Note, that

in Figs. 26 and 27 the "weighted linearity" correlated with predictions for

SS4 boundary conditions appears to be independent of 32!

In Fig. 28 the influence of stringer-distribution, (b/h), on the
"linearity" is studied, but no clear trend is apparent. Similar conclusions

were drawin in [1] and [2].

No trend can also be discerned if instead versus ‘{b/h), the "linearity”
is plotted versus the comibination (b/h)/[1 + Al/bh)], as in Fig. 23. In Fig.
30 the structural efficiency n was computed with Eq. (4) of [1]. It is
observed that all the stiffened shells tested are more efficient than the
"equivalent weight" isotropic shells. Similar results were obtained in [1]
and {2} . Hence, in the range of stiffeners of the present investigation

the superiority of stiffened shells is clearly verified.
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Fig. 31 shows an attempt to evaluate experimentally the results of im-

perfection sensitivity studies.

In these studies, [7] and [16] , the im-

perfection sensitivity was predicted to be strongly dependent upon the Batdorf

parameter 2 of the shell. Neither the prediction of [7] or [16] were con-

firmed. However, the trend towards higher value of p with increasing values

of Z, appears again. This trend may be due to larger imperfection sensitivity

of short shells (or rather shells with low Z), or due to the effect of pre-
buckling deformations which may be large for short shells (see for example [29] ).

To clarify this point a non-linear analysis (as in [4] to [8], {14] and [16] )

will be applied at a later date.

A typical circumferential distribution of the axial applied load for

various stages of loading is shown in Fig. 32 for shell No. AS-14M. The

variation in load distributiorn is similar to that discussed in [1] and [2]

and of the same ozder (about * 10%) of the average. Mcst of this non-

uniformity is attributed to local thickness variatious.

In Figs. 33 to 35 some typical postbuckling patterns are shown for shells

oi various lengths. As can be seen from these figures the patterns are

characterized by two or more tiers of diamonds. However, in the cases of

the longest shells tested (Fig. 35), a non-uniform pattern was obtained in

some of the shells, like in shells AS-3L or AS-9L, probably due to variations

in shell thickness or a non-uniform load distribution. In the other specimens,

the patterns show evenly distributed diamonds in the circumferential and axial

directions.
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The attempt to apply the modified Southwell method of [24] did not

yield any better results than in the earlier work([1] and [2] ). The critical

loads obtained varied between values which were lower than the experimental

ones and higher than the ones predictsd for the perfect shell. Hence, the

scatter of results was found to be even more pronounced for the present

specimens than for those of [1] and [2] and the method was again found to
be unreliabia.
in Table 2 the calculated critical stresses are also given. It can be

seen from this Table that these stresses are very low compared with oo 1%

of the shell material. Table 2 also includes the critical local stresses

discussed in Section 1 and 2ppendix A. These calculations indicate that

most of the shells failed in a general instability mode. Only for five shells

a likelihood of local buckling was identified and the local buckling predictions

for these shells are underlined in Table 2. It should however be noticed that

the local buckling predictions are calculated for the clamped C4 boundary
conditions (see [11])and so they have to be compared with the predicted in-
stability stresses corresponding to the SS4 boundary conditions. Such a com-

parison is also given in Table 2 and it can be seen there that local buckling

is then predicted for ten of the tested shells. It should be remembered that

local buckling predictions were approximated by Eq. (1A) of Appendix A to
account for strengthening of the panel due to its narrowness and by [11]. If
Erg. (1a) of Appendix A and the results of [30] a:e compared, it is found that
the results of [30] are higher than those obtained by Eq.(1A). On the other
hand the results of [11] and [30] coincides. Hence, if local buckling is

estimated by [30], which is a more accurate prediction rather than by Eq. (1a),
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local buckling is found only for 4 shells (20Ma, 20Mb, 21S and 25S). These
results are also given in Table 2.

In [1] it was reasoned that the low values of "linearity" obtained for
some of the steel shells with R = 5" were probably due to inelastic effects.
This influence was studied by Wesenberg and Mayers for a few shells of [1] and

was indeed found to be significant. The inelastic effect "correction" is

shown in Table 3.
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E APPENDIX A - THEORETICAL CONSIDERATIONS

Failure of stringer-stiffened shells may occur either by general

instability of the stiffened shell ~5 a whole or by lecal buckling

(SRR RS

of the panels between the stringers. General instability im an axi-
symmetric buckling mode will occur only for short shells. Therefore,

this mode of failuie has to be considered only for short stringer stiffen-
ed shells or for shells stiffened also with strong rings. The calculations
and most of the experimental results of [1] and [2] indicated that the
"longitudinal" n = 1 asymmetric buckling mode, pointed out in [20],

usually dominates,as it also did in the present test series.

vy T S —
KL R R A0 5 e T3 AT T B XRNCS

."’f#‘

The stringers will appreciably affect the local buckling by their

AN

A3

torsional and lateval restraints and there will be an interaction between

local and gerccal instability. In an elementary analysis, however, local

T
o4

buckling and general instability are considered separately.

2458

(A A

The general instability of stiffened cylindrical shells under axial

" ™~
QiEstare

compression was analysed in [12]. The analysis considers the stiffeners

E . as being "smeared" over the entire length of the shell in a manner which

Sty

accounts for their eccentricity, (e/h). Ref. [12] is only a solution for

R
i

the "classical" simply supported SS3 boundary conditions: w = Mx =v = Nx =0

TR T Tas 3 T
Sread

24

and clamped RF2 boundary conditions: w = w,, = v = N, = 0. An improved

analysis which considers all possible combinations of simply supported

RVTUALIPwAPOl & F Ammacn  yomss Bwy —vvm

stringer-stiffened shells is given in [2] and the present test results are

i LA AR o

L0l

correlated with the results of {2Z]and [12] .
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Koiter, in [9], studied the buckling and initial post-buckling behavior
of cylindrical panels for stringers imposing no rotational restraint on the
panel. The influence of stiffening of the panel due to its narrowness was

also shown in [10] to be

(ocr)n.p.

[(c_ ) ]

cr c.c. unstiff.

= (172 (/8% + 621 1a)

where € is defined by

1/2]

8= (/2m2a ~ vV 1M o/ &)

Koiter [9] found that transition from “"stable plate type" behavior to
6

L4

"unstable cylindrical shell type" occurs at 6 % 0.64. This value of
is however, conservative as the analysis of [9] neglects the torsional con-
straint. Eq. (1A) is also conservative, since the stringers at the boundaries
of the panels impose elastic restraints, which in many cases are close to
clamping. Hence, an upper bound for local buckling may be estimated if, for

example, Eq. (1A) is corrected by a factor taken from Fig. 1 of [11], which

considers complete clamping
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TJARLL 2 - Buckling of Stringer-Stiffencd shell. - l\-p.cr-imut:xl Pesulte and Comparteon with Lincar Ticery
. er | Fer Per o /0 loap s o Odnp.fo _peafe S| _Jral o Oer
E» Shell ('lu'o) (n¥‘0) ¢ (n :0) t chp tem (ne‘gﬂ)cr ’ (:W:uc)r (KR/ZZ) @-‘:—‘-‘ EL)% ("::])v;.c. (o::-))c.c ‘"c.r,“c "’c:!?‘c' Pso"nhcff'i‘c.-
3 «p | ('3} (Kg) [(30) tss 8, o UM T11) Jurmgn) 301 [S | S8 g [ ieny
k5
& A3-15 2550 2900 l15| 320 16| 2000 |12 69 623 12.1 24 [153 | 3.2z 1.40 1157 {200 |1.54
: B-un 2250 2570 (9|33 13 2210 |8 SBT 747 9.51 |2.24 |154 | 3.45 1.5 | 138 {2470 |1.59
i B-2 2200 lewo {8]200 || 2030 |7 67 698 319 1223 1154 | 3.43 .02 | 1.30 1.44
} AS-3L 2290 260 fv:i2990 [12] 220 |7 | 1.03 ;) 9.01 |23 [1.53 | 3.6 .979] 1.24 1.51
A3 -43 4650 5550 he 5750 14| 520 10 946 912 8.1 (237 | 153 | 3.63 1.86 | 1.93 2.23
7 AS-4L 2690 3270 |ofano [13] 30 1.00 .696 0.7 233 |153 | 3.5 1.12 | 1.61 144
’. -5l 60 o {s|am 2] 2w 112 Ny 9.64 }2.27 |1.54 3.47 1.04 | 1.50 | 3240 {1.46
2 AS-6L 210 3030 |7]4%0 o] 210 |6 95 677 9.59 f2.42 |155 | 3.7 .96 |1.39 1.19
- S8-73 |70 |9 J14| w0 |15 2100 107 574 11.69 | 176 {146 | 2.4 1.19 | 1.47 1.38
E: S8-70 (D2 a0 {93200 |13] 2620 {1 1.08 .818 9.57 |1.64 [1.45 | 2.38 99 j LR 289 |1.77
k= S-81 jo0 |70 |8| 2920 |13 40 [ 7 | 107 870 8.76 | 1.60 |1.a5 | 2.32 .94 | 1.26 {2760 [1.81
A Sy 2340 fae00 | 7|29 {32] 220 w0 546 758 9.30 | 1.67 |1.46 | 2.4 .95 |1.19 | 2340 |1.46
$ Mo |ue {60 7] Jio] 20 |6 | 110 750 9.32 | 161 j145 | 2.33 .97 {1.42 | 350 j1.38 1
’? A3 -113 [4360 5250 |14 | 5600 (.4 | 4740 {10 <904 U6 17.53 | 1.67 | 1.47 2.45 1.78 | 1.0 |5030 |2.14 :
" AS-1L |38% 3180 | 94620 [13] 30 1.5 724 10.7 1.64 |1.42 | o3 1.11 | 1.61 1.54
k2 312 |20 |2w20 [8|a60 l12| 3200 1.16 T3 2.69 1w {139 | 2.2 1.04 [ 1.55 {3330 |1.58
' AS-1m |80 %10 [11)459 |12] 3310 |8 | 1.00 766 12.2 156 {139 | 2.7 1.36 | 1.78 1.72 i
A3 -1 (3280 360 11| 4630 (12} 320 |9 M7 672 12.1 1.58 [ 146 | 2.3 L3 | .75 1.64
3 A3 -158 (2680 3100 [15{36% Jis] 30 12 767 655 12.3 1.22 |16 | 1 1.3¢ | 157 1.62 J
B2 AS-15L 2120 j220 [ a{3090 J1i3f 2100 |9 | 1n A12 9.12 {12 |L& 1.73 1.02 | 1.39 1.76 3
; . AS -16Me 3080 |4100 [12] 4760 13| 2v0 [n 703 605 14.5 107 {14 166 | 2.02 | 1.68 }(1.95) 1.48
; AS -16Mb 13240 4220 {12 ) 490 (13| 30 |10 2129 .619 11.2 .20} 1.44 1.73 | 1.94 { 1.61 {(1.90) 1.47
f A3 -1Ta**3320 4030 J13] 470 13] 2470 |m 513 52 138 f2a0 lise | o3y 1.55 | 1.2 1.18 Q
: A8 .m0 40 (134190 i3] 2200 {13 532 458 11,6 239 154 3.37 1.57 | w82 1.03 f
: AS -1 3400 |40 |11 ] 5170 [22] STIO |12 6 nz 13.4 27 |us3 | o33 | 151 ] 184 1.47 2
: A 1> 3460 J4a2m0 1| suo 12| 36 |6 .19 627 154|222 156 | 3.0 1.49 | 1.89 1.32 %
B A3 -1Ma® | 3590 4460 112} 5510 (12| 24 |10 543 439 14.1 1.64 | 1.45 2.38 1.45 | .79 1.57 i
% : As -1 {3270 |40 |11 smo 12| M |9 M2 .669 132 | 156 | 142 | 2.22 1.40 | 106 1.49
g i AS -20me {3180 |4460 |21 5370 f12] 390 | 9 N T 1.9 |15 12 | 16 | 165°7 173 J(2.00) 1.68 3
2 H A3 20> {3170 | a0 5%0 (12| 290 |10 667 593 w7 |1as pra |oaae | 108" |za) 1.29 j
ES i A3-215 (4170 [s550 f14] 570 [14) evo |12 Jup .3 w9 |19 113 | g7 | 0.887] 2.3 [(2.22) 2.23
% H as-aL 2650 30 {9)aso |13 N2 |8 | .93 53 | 109 o [un | s | e |2 [(5.79) 1.45 )
.;: L A2 2350 | 20 @20 12| 0 7 a2 640 9.6 |18 | 1.27 1.50 {179 | 1.10 [(1.67) 1.33
, AS =231 j1980 | 2090 2u0 J13| 10 | 6 JTIR 5 nSs f1a9 fm 1.56 a6 113 1.10
S 1 AS -4 |20 | 2810 Jisf 3200 {26 1910 |22 .60 597 12.0 LI | .27 | 1.45 | 1e2 ¢ 1.6 [(1.66) 1.56 !
2 3 as-24 f190 [190 | 7] 2e0 |3 1m0 | e 678 511 a3y e e | oLe IR 1.03
, 83-55 |aso |sse0 jra] sem [14] 0 {n 519 604 9.7 [ 1e [z | nas | el 2.0 [(2.40) 1.80
‘ AS-25L |22010 2420 |8|3mw |9| 2% |7 .21 ST e L1y Lz f oL | 1w (1.74) 1.20
: ;
A
: S ¢ local buckling observed in test - not included in diccuc<ion
*¢ incorrect cxperimcntal load records -_not included 1n diccuc<ion
*** local buckling predictions (oo I . (“(r)"“_ -
i (v __)c.c. {~_ _Jc.c. .
’; cr Jiocal [30] ©r <taff. ] H
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TABLE 3: Influence of Inelastic Behavior of
2 Shell Material on the "Linearity"

«. inelastic ‘
2 - correction

She11* P = Pop/Per o

ss3 [1] & [2] [3]

,~ ; SZ - 3 %% 0.672 0.789

T~ L ** 0.699 C.855

13 - L *** 0.901 0.901

: 24 - L *xx 0.756 0.756

%
TR MY A ek LA S A e T

* Steel alloy stringer-stiffened shells of [1] & [2].
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FIG. 4. TYPICAL STRINGER-STIFFENED SPECIMENS
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FIG. 34. POSTBUCKLING PATTERNS OF "LONG" SPECIME
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FIG.35. POSTRUCKLING PATTERNS OF "VERY LONG" SPECIMENS
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