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ECENICAL NOTE NO. 800

ZESTS ON STIFFENED CIRCULAR CYLINDERS

By Marshall Holt
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INTRODUCTTION :

in lichtweight construetion, especially in aircraft
andumarine structures, it is quite common to use a stiff
framework covered by a thrin metallic sheet. TUnder gervice
illogids the thin sheet and the frame act as a unit. The
condition of the design mav require either that the sheet
retain its original curvature or r:3°~>”I'ef3 ofl initial flabt—
ness or that the sheet be allowed to develop elastic
wrinlcles thus throwing nost of the load onto the frame, or
at least caus igtriovution of ‘stregs. Several
artieles in the literature give analyses of the action of
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semimonocogue structures under certain loading conditions.

(See references 1 to 10.)

Inasnuch as a stiffened cylinder is stati

cally inde=-

terminate to a high degree under certain conditions, aay

analytical study should be checked bv tests of representa

tive structures using the loading conditions treated in

the analysis. As part of a program of study of the strength

and the stavility of thin-sheet construction,

tests were

undertaken by the Aluminum Research Labvoratories For the
study! of the distrdibuti on pf. streeg in thin-pall'struc=

tures. tiffened flat she et ag wellias sti
cylinders were subjected to various loading co
The results of bending tests on stiffened flat

discussed in reference 11,

ffened circular

s nherein were
diameter by
of Alcoa alloy

curved to

longitudinal welds
kness wage 0.062 inch

0,028 lachi
figures. 1
allioy

n 474116 of the
a bty spot weld-

nch apart ir the
T

ere subjected to test
cation. Por example,

nade after the next

The specimens used in the tests discussed
stiffened cylindrical shells, 16 inches in
inches in length. The shells were forned
53S-T sheet (Yavy Dept. Svecification 474l2a)
the proper radius and welded with one
In one set of specimens, the wall thic
and, in a similar gset., the wall thickness was
The specimens are shown in the photographs of
and 2. The stiffeners were formed from Alcoa
525-1/2H sheet (Wavyr Deut. Specificatio
same thickness as the shell wall and attached
ing. The spots were spaced adout 3/4 i
0.062~inch shell and.about 1/2 inch apar
inch shell, This close spacing was used to i
probability of failures by tearing the spobs.
sections of the stiffeners and tae secti
shown in figure 3,

The tensile properties of tae materials 3
table I are in accord with the Specifications
materials,

The specimens with stiffeners w
at a number of stages in their fabri
specimen G, shown in figure 1 with eight longitudinal
gbilf foners, was Sirpst tested withl only Sour stiffeners
spaced 90° apart. The second test was
get of four stiffeners had béen anttached, reducing ths

24
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spacing fo 459 (6.28 in., = 0,785R). The schedule of tests
for all the specimens i shown in table II and a2 descrip=-
tiiony of the specimens is given in %able IilI. A plain
cylinder of each thickness of sheet was included for comr
Parisons

Ao

+

ese tests the specimens were.carefully centered
esting machine, and measurements for strain were

a number of points spaced 3 inches apart orn sev-=

ngitudinal elements of the shells and on the stiff-

The end gage lines were l; incaes from tde endssor
m by a combina-
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ends of the specirens were carefully machined Tl

and perpendicular to the axis of the
ens on a special expansion

parellel ,
by turning the specin
a lathe.

AND DISCUSSION

nt of extensometer data
the icad—-stress. curves
are:i.congidered Typ-
Mens.

for gase lines on two diamet-
specinen P with eight
igure Two straight lines are
data for each gZage line. The solid line
drawn to represent the data and the dash. line
drawn to revresent the averaze computed stress
ing the sametorigin  as the selid line! In Zens
agreement between the two lines is very good,
um variation for the load of 14,000 pounds. being
per square inch, or about 11 percent.
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In the case 'of -specimeans F and N, which had no s
failure was bpreceded by the Tormation and 3Irowth
buekle in or mdjacent to the longitudihal weld.  Since
the longitudinal elements containing the .welds were not
exgetly sbralght, such & fallure is not surprising, The
fallure of specimen K (fig. 1) is rather 1Lterest1ng al il
hat-no diamond-shape duckles were formed dbut only a cir-
cular bulge at the middle stiffener :

f the buckles in the

From a conparison of the 0

t' the spacings of the
g
r

si
viarilolus specimens, it appears th
stifferers were not such ags to charge naterially the size
of the wave; the natural wave pattern, however, ig slight-
ly changed in some cases. Since the duckle. vcttefn ig ‘nob
changed very nuch by the stiffeners, only a little increase
in the eritical duckling stresgs of the shell wall would De
expected. In other words, the portions of the shell wall
between the stiffeners could deform into buckles of the
sane size and at about the same unit stress as thousgh
there were no stiffeners at all.

+

he paxinum compressive loads supported by the soeci~

nens and the averaZe stregsses based on the total cros
seetional area are shown in table IV. The ultimate
stren3ths of the crlinders with 0.062«inch walls are great-
e®" thar the proport¢onn1 1init of the material in the
stiffeners but less than taat of the material in the shell
walle The ultimnate strengths of the cylinders with 0,028-
ineh wallg are all 1 the rance of elastic stresses. 4
conpariigentof the unit stresses at failure of the stiffened
and unstiffened cvlinders indicates that the lonsitudianl
stiffeners aloane orouzht about an increase in stronﬁt”
(P/A stress) from 17 to 27 percent over the unstiffencd
cylinder. The effoctivencss of the circunferential st
erl 18 not definite. In the cage of the eylinders with
Q.06 2=inch walls, the circumferential stiffeners =zlone pro-
duced an increase in strength from 5 to 15 percent over
the strength of the unstiffened cylinder and, when used
in conjunction with the longitudinal stiffeners, there was

no increase in strength over that of the cylinders with
only IOqutudlﬂﬂl gstiffeners. In the case of bthe Cylins
ders with 0,028-~inch wa 115 the reverse is truey the cir-
cunferential stiffeners nlone produced in
conjjunetion with the 1o“,luualnwl stif
snsinerease in strength from 12 to 19
for thelongitudinal stiffensrs alonc. Conparisons of
the load-weizhit ratios (maximum load divided by the weight
of the specimen) give this same con—u"ed picture of the
benefit of circular stiffeners, Undoudtedly, the relative
pProportions of the cvlinders and the stiffeners are factors
influencing this comparison.
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In refercnce 9 it ig stated "IF

the !'coefficient!

d/r > 350, +the load can be resisted by the plating alone

and the strinvorﬂ discarded (and put
2ho ternm vd ssignifles the conpressi

Into the platineg)®
ve load in pounds p

(¢]

r

Lmeht of Derlﬁeter anid e @e thel radiuvg ofthe eylinder

in inches. The foregoing condition
considering the total load P inste
ds then it becones

¥\

P > 350 (2mr?)

Pl 2800 pa

For these eylinders with » rndius of
value of P'. 1e 141,900 pounds. - Thi
according to reference 9, these svec
ed to be stronger with stiffeners (a

nstiffened cylinders of tae sane ra
cremooa wall thickness).

This statement will be investig
manner. The equation of the theoret
for buckling strengths of circular e

£ooxpl
A r
in which
P/A average compressive s
of vghell iwally poun
X coefficient depending

o brlc“tla, cvlinde

can be transformed DY
ad of the unit load

8 inches the limiting

s value indicates that,

imecns would be expect—
s~built) than similar
dius and weight (in

ated in the following
1eally correct form
ylinders is:

—
-
~

trness at buckldang
ds per square iach:

on the accuracy of
rs and on testing

E nodulus of. elasticity, pounds per sqguare
inch

it thickness 'of shell wall, inches

15 radius of curvature of the shell wall,
inches

The curve 'shown in fizure 6 was

drawn in accordance

with thls equation with X chosen to approximate the

test results Trom specimens F and
forsals curwe was ‘found to be 0.3,

Ne  PBhervalueiof K
Nowr, an upstifrfensd
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cylinder of the same materianl and with the same radius

and weigat as specimen H would have a wall thickness
oqual to 00,0975 inch and a ratio of radius to wall thick=
ness equal to 82. The cross—sectional areas would be the
sane and the corresponding maximum load on the unstiffened
c¢ylinder would be about 156,000 pounds., From this result
it appears that a plain ceyliander stronger than specimen H
could be made by increasing the wall thickness by an amount
such that the weights of the two specimens were equal,

This is contrary to the conclusion quoted from reference 9.

Since the stiffeners on specimen H are relatively
heavy, it may be possidble to nake o stronsger specimen by
using twice as nany stiffeners, each one~half the size of
those on specimen E, Whether the strength of such a
specimen would exceed 156,000 pounds could be determined
only by a test on sueh a specinen. This same logic ap-
plicd to gpeeimen @ indicates that & plain cylinder of
the same weight would have an ultinate strength of about
27,600 pounds. This value represents an increase of about
12 percent over the strength of specimen Q. The general
rule quoted from reference 9 is not in agreement with these
test results, It seems quite apparent that greater
shrengsthe could be pbbtained 3#f the material in the circun=
forentinl stiffoners were redistributed so as to make the
wall thicker.

The greatest load-weight ratios were obtained from
the cylinders with only longitudinal stiffeners, but it
appears that even aigher raotios could be obtained dy re-
distributing the material in the stiffeners, JFor naxinun
strength-weight ratios, these few test results do not an~
swer the question as to whether the material in the stif-
feners can best be used in o larger number of smaller
stiffeners or in increasing the wall thickness.

Reference 4 describes tests on specimens made of
curved sheets with ratios of radius of curvature to thick-
ness of sheet (r/t) ranging from 430 to 4060. In the
discussion orf the test results it is pointed out that the
specimens with small values of r/t failed suddenly with
practically no indication of elastie buckling, Just ag did
the specimens described in this report. The specimens with
the larger values of r/t indicated elastic bduckling and
values of effective width of sheet were determined. The
following equation is ziven for determining the critieal
buckling stress:




Equation (2) for critical stress
ungtiffeoned cylinders and a term involv~
ffe <)
3]

wation (1)
i,

O
oty B o
JR
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fo

%

e

r

he gpacing of longitudinal sti
g oriiindertwith  #n = leonedtudianl’
t

1l

, = 5B (\%f + 0,3E @) )

jtical buckling stress, pounds per
square inch

is o combination of

-ro.* For tho cose
feners cach of the

w. = %2 - kr (3)

for critical stress can be written as:
o

51 ———EE——M~> 4ip,90 & (2a)
2mr - nkr 15

0.3% & Ll + 1618% <§ ~~~~~~ > (2b)
v ¢ £ ™ -

It can be scen from equation (2b) that the increase in
critical stress
greic s function of the watio of the wall thicknoss to

the "radils

yer
Y

hich might be exvected from the stiffen-

and of the number of stiffencrs, that is, the

spacing. In the case of the cylinders with 0,.,028-inch
walls and eight stiffeners tais equation reduces to

+
Og = 088 (heilnd ) (2¢)

*
The use of
poe

2 B

5

P He

o m
By e

the

value of 0.8 for K in_ eguation (l) and the

earance of the term 0.2 t/r in equation (2) is a co-
cidénce resulting from the fact that many investigators
ave found thaat this value represents the strength of un-
iffened cylinders as determined by the careful testing
well-fabricated specimens.
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. Thus, one saould expect the bvuckling strength of speci-
n that

|

| "
mens - P and Q to be about 1}3 percent sreater .tha

\ of specimen N. Tho ultimate strengths of specimens P

’ and Q, which may or may not be a good indication of the
buckling strongths for specimens of thesc proportions, are

\ IkBvande 2l poreent. srenter than: that of spoeimeni N.

\ . ;

-the! strengths of unstiffenéed cylin-

‘ The curve givin
% 6 and approximating the test ro-—

‘ deérs as shown Ian.fi o
sults from spoecimeng F o2nd N is just abvout ‘one-half
‘ as high aog the curve obtained from the classieal bduckling
theory of thin ecylinders. Thig theory is represented by
\ the equation for criticnl buckling stress (sce reference

terms have been previously definod.

12}t
- o =
\ Oay = %f ~——~l—«§— = ) "; (4)
| 3(1 - w?)
\ 4 where Lo s Pol gsonts rabio, btaken ag 1/3, and the other

he large-deflection theory for the duckling strength
a cylinders developed by L. E. Donnell in referonce
ds to the cquation

0.6
(5)

+ |8 e

|

| where Y 1s the yicld strength of the materinl in pounds
| per sguare inch,

‘ The strengths of specimens F and N are computed

by equation (5) to be 21,400 and 9,500 pounds per square

inch, respectively, The strengths developed in the tests
are 22,140 and 10,830 pounds per square inch or 3 and 15

percent sreater than computed. values.

CONCLUSIONS

From the test data and discussion presented in this
report, the following conclugiong have dbeen drown?
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1, The spacing of the circumierential stiffeners
(0.67 times radius) was too great to obtain any appreci-
able strengthening of the shell wall when subjected to
axial compressive loads.

2. 4&lthough the specimens with longitudinal stiffen-
ers developed a Sreater compressive strensth than the sim-
ilar unstiffened shells, a consideration of the relation
between the strength and the proportions of the shell in-
dicates that -a still greater strength could be obtained by
redistributing the mgterial in the stiffeners so as to in-=
crease the thickness of the shell wall. Itids neot DPeosgsrs
ble to determine the optimum stiffener size and spacing
from these fow tests.

2w Therea wras no indication of buckling of the shell
wall prior to collapse of the stiffened specimens under
axial compressive load. '

n@ti‘fbnbd

4, The compressive strengths of the two
hose predicte
shs
m

cylinders were just about half as great as
by the classical bucklin? theory of cylinde In other
werds, it apnears that the strength of well-made z2nd care-
fully tested thin-wall cylinders may be calculated by the
formula

tl
15

o) = ©.5 -‘E

ke

where :

&4

nodulus of elastieity, pounds per square
inch

5 thickness of shell wall, iInches

I dpgiddtuls ‘et sevlinder, inches

n theory €iven by Donnell

5 Mhe larce~deflectio
ngths slisgshtly lower than these test

g8ives computed stre
results

Aluminum Research Laboratories,
Aluninum Company of America,
New Kensington, Pa.., December 4, 1940.
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TABLE I. TENSILE PROPERTIES OF MATERIALS USED IN STIFFENED CYLINDERS

Standard half-inch wide tensile specimen used®
Stress-strain relations determined with:

2-inch Martens extensometer on C.028-inch sheet; 2-inch Ewing extensometer on 0.062-inch sheet

Thick—-|With grain, W Tensile } Yield Propor- Elonga~-
ness or strength ] strength tional tion
Material Alloy across grain, X '(offset 0.2] 1limit im 2
% percent) ! p| inches
(i5.) (1b/sq ind (lb/sq in.)|(1b/sq in.) |(percent)
Shell of specimens Cszs-r  l0.0e2 i 39,560 ' 35,300 28,000 13.0
F to M X 39,440 34,500 28,000 1:2(0)
Stiffeners of specimens d"ES 1/2H| .0& X 36,990 28, 600 i 18,000 12.0
F toM |
i !
Shell of specimens : °535-T .0273 w | 38,250 | 34,500 22,000 10.5
NtoU ‘ X | 38,180 33,900 22,000 10.0
; |
Stiffeners of speciwensldDBS 1/25| .0272 X 36,900 28,200 20,000 ! 10.0
_Ntovu 4 B | l

aStandard tension-test specimens for sheet metals as shown oy figure < of "Tentative Methods of Ten—
sion Testing of Metallic Materials (E€-40T)," Supp. to A.S.T.M. Standards, Part 1 19401

®Determined by method explained by L. B. Tuckerman in discussion of R. L. Ts emplin's paper on "The
Determination and Signiricance of the Proportional Limit in the Testlnb of Metals," Proceedings
£.8.T.%., Part I1, 1929.

®Nominel composition: 0.7 percent Si, 1.3 percent Mg, 0.25 perceat €r, remainder Al. Navy Dept.
Specification 47A12a.

Nominal composition: 2.5 percent Mg, 0.25 percent Cr, remainder Al. Navy Dept. Specification
47Al11D.
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TABLE II. SCHEDULE OF TESTS ON STIFFENED CYLINDERS
(Tests made at various stages of completion)
25 AR T s e s ST e A (TN PN
Specimen First test { Second test Third test
F No stiffeners ! ~~~~~~~ e
|
G end H 4 longitudinal | & longitudigal | = cosmm—-o2
stiffeners | stiffeners
I
J and X 1 circumferential | 3 circumferential 5 circumferentisl
stiffener stiffeners stiffeners
I
L and M 1l circumferential 3 circurferantial S5 circumferential
and and and
4 longitudinal 4 longitudinel g longitudinal
stiffeners stiffeners stiffeners
N No stiffeners e (e
P and Q 4 longitudinal Bl iom sl g Ema il S e s
stiffeners ! stiffeners
I
R and S 1l circumferential 3 circumferential £ circumferential
stiffener stiffeners stiffeners
T and U 1 circumferential & circumferentiel 5 circumferential
and and and
4 longitudinal 4 longitudinal " 8 longitudinal
stiffeners stiffeners stiffeners
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‘ PABLE: TIT DEE;CRII”PION' OF STIFFENED CYLINDERS
(Outside diameter of shell, 16 in.; lensth, 24 in,)
Thick- Firég_;;st Secornd test ﬂThirdﬁ;;;;M‘——
ness  J—_ L e
Spec- | of Weight | Cross- [Weight | Cross- |Weight | Cross-
imen’ | shell sectional sectional sectional
wall, area area area

(in.) (1b) | (sq in.) | (1b) |(sq in.) | (1b) |(sq in.)

F 006315 7.325i:'3.153 ———— ] e ———— |

G 0620 | 9.448 | 4.058 [11.61 A T (R

| H <0615 9.412 | 4.054 i11.55 4.985 ———— | em————
J 0620 8.505 | &.150 :11.06 G 110 13.61 &.150
3 X .0618 8.410 3.180 10.64 S 150 12.84 IR I510]
L SOIGILR 10.520 4.056 12972 4.056 1708 4,997
M .0620 10.435 : 4.056 12.99 4.056 17.62 4.997
N 0279 3.322 R R P e T PSS (R
i .0285 3.978 L 7B 4.535 1.958 |-==--= | ====-
Q .0280 3.922 % 1.689 4.480 1.0%32 |-==-= | —e-=-
R .0285 & 7 1.425 4.240 1.425 4.925 1.425
s | .0285 |@3.698| 1.425 | 4.280 | 1.425 | 4.900 | 1.425
T 0277 4.169 I 1.702 ! 4.760 1.702 Siciehets 1.945
U .0285 4,250 | 1.702 4.862 1. 702 6,010 1.945

g
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TABLE IV. RESULTS OF COMPRESSIVE TESTS OX
STIFFENED CYLINDERS
(Load avplied axially)
1 LT " 5 e B TR
_______ B e e o e e el el
Length Thick- | Weight Area, A | Maximum Ultimate
S?;g; . ness : - load, P strength, P/A
{in.) {im. ) (1b) (sq in.) (1b) (1b/sq in.)
Thickness of shell wall; 0.062 inch
P 23-31/32 | 0.0615 7.33 3;155 oegéoo 22,140
G 23-15/16 .0620 | 11.61 5.000 12¢,800 25,960
H 23-7/e 0615 | 11.55 4.985 139,200 28,000
23-13/16 .0620 | 13.61 3.150 80,100 25,460
K 23-7/8 .0618 | 12.84 3.150 72,200 22,200
i 23-3/4 ‘.0617 17.03 4,997 132,500 26,600
M 23-27/32 0620 | 17.62 4,997 130,000 26,000
Thickness of shell wall, 0.028 inch
N 33-21/32 | 0.0279 3.32 §.253 | 15,500 10, 830
P 23-7/8 .0285 4.54 1.958 25,750 13,150
Q 23-29/22 .0280 | 4.48 1.922 24,675 18,770
R 23-13/16 .0285 4.93 1.425 14,950 10,450
S 23-13/16 .0285 4.90 1.425 13,850 9,700
T 23-7/8 .0277 5.96 1.945 2e, 600 14,700
U 23-7/8 .0285 | 6.01 1.945 29,600 15,200
I




SPECIMEN G SPECIMEN H SPECIMEN SPECIMEN K e
SPecHEN, e THICHIESS Q062N THICKNESS  0.062IN THICKNESS 0062 ik CHNESS 0082 T co6z
WEIGHT 73318, Ll 5 WRIGHT - 3 73200 WEIGHT &

MAX. LOAD  69800LB .
AVE. STRESS 22140 %" LOAD/WT. 11150

LOAD/JWT. 9520 LOAD/WT. 12040 LOAD/WT. 5880

Figure 1.- Stiffened cylinders after failure under compressive load. Length of

specimens, 24 inches; diameter of shell, 16 inches; thickness of shell
wall, 0.062 inch.

SPECIMEN N SPECIMEN P SPECIMEN Q i SPECIMEN

2 s e A FrICKNESS 0088 I
weigny > 32 THCESS GDog i WEIGHT . g a : oWt ageas WEIGHT ~ 801 LB.
4. .

u NAxLoap 246731 - 30 LB MAX. LOAD 28600LB el
AL £S5 13150 o" 12770 z AVE. STRESS 14700%:
: :_mos}nv;tr. 5670 LoAD/WT 5510 : . LOAD/WT. 4800 LOAD/WT. 4920

Figure 2.- Stiffened cylinders after failure under compressive load. Length of
B specimens, 24 inches; diameter of shell, 16 inches; thickness of shell
wall, 0.028 inch.
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R e A

~1/ Z'T——l-l/ 2 "—=t‘l/ 2"7

Stiffener Cl X L
w2 . L % zt __jT et
:%‘_,0.062"

e s e e T

Area, sq in. 0.246 0.247
Weight, 1b /ft 0.284 0.286
¥, in. , 0.418 0.426
xx® 0. 0.023 0.020

~1/2" -—(31/_2: —-1-1/2":‘

Stiffener D

0.028"

RS 0 S0 5 0 W S G W O S S 0 SESEaExINsEs - 2 2 2 . =
| Nominal T Measured

1n. 0.070 0.060

Welght lb Thar 0. (1380 0.072

ey e
I 54 0:0087 | 07003

EIGURE 3.=
DIMENSIONS AND SECTION ELEMENTS OF STIFFENERS .

Stiffeners Formed from Sheet.

Figure 4.- Setup for test with axial compressive load on

stiffened ¢cylinder.

" spherical seats shown) .

(Heads with ball-bearing
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Figure 5.- Load-stress curves of compression test on stiffened cylinder P,
53S-T shell with light 525-1/2H longitudinal stiffeners.
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Figure 6.- Compressive strength of unstiffened cylinders of 53S-T aluminum alloy. ‘
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