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BUCKLING AND POSTBUCKLING TESTS O F  

RING-STIFFENED CIRCULAR CYJ2NDEBS MADEB 

By Donaldson A. Dow 
Langley Research Center 

SUMMARY 

Ekperimental r e s u l t s  a r e  presented f o r  t e s t s  of 10 r ing-st i f fened cylin- 
ders loaded t o  f a i l u r e  by uniform external  a i r  pressure. The proportions of 
t he  aluminum-alloy cylinders were such t h a t  l o c a l  buckling ( i n s t a b i l i t y  between 
r ings)  occurred before general i n s t a b i l i t y  ( i n s t a b i l i t y  of t he  rings and skin 
a s  a composite w a l l ) .  
3/4 atmosphere (76 kN/m2) f o r  t he  weakest cylinder t o  3 atmospheres (304 kN/m2) 
f o r  t he  strongest.  

Fai lure  by general i n s t a b i l i t y  occurred between about 

T e s t  r e s u l t s  f o r  l o c a l  buckling are compared with r e su l t s  from previous 
t e s t s  and with theo re t i ca l  r e su l t s .  
somewhat higher pressures than those of a previous tes t  program but a t  lower 
pressures than predicted by c l a s s i c a l  theory. The r e su l t  of changes i n  cylin- 
der geometry on s t r u c t u r a l  eff ic iency (high-strength, low-mass charac te r i s t ics )  
w a s  assessed f o r  t h e  collapse s t rengths  of t he  cylinders. The study indicated 
tha t  e f f i c i en t  cylinders have t h i n  skins with many closely spaced low-mass 
s t i f f en ing  rings.  

The tes t  cylinders buckled loca l ly  a t  

INTRODUCTION 

The r ing-st i f fened cylinder i s  w e l l  su i ted  f o r  supporting external  pres- 
How- sure loads and i s  used extensively f o r  this purpose i n  submarine hul l s .  

ever, l i t t l e  information i s  avai lable  on cylinders designed t o  carry the  low 
values of pressure of i n t e r e s t  i n  aerospace applications - f o r  exanrple, exter-  
n a l  pressures on a spacecraft  i n  an abort s i tua t ion .  The present report  pre- 
sen ts  t he  r e su l t s  of an experimental study of t he  e f f ec t  of changes i n  cylinder 
geometry on the  buckling and f a i l i n g  s t rength of cylinders which f a i l  a t  mi- 
formly d is t r ibu ted  external  d i f f e r e n t i a l  pressures of between 3/4 and 3 atmos- 
pheres (76 kN/m2 and 304 kN/n?). A s e r i e s  of 10 cylinders w a s  t e s t ed  i n  which 
t h e  dimensions of t h e  cylinders were systematically varied. D a t a  are provided 
on the  l o c a l  buckling and general  i n s t a b i l i t y  loads f o r  cylinders of geometries 
where very few tes t  r e s u l t s  have been available.  
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SYMBOLS 

The units used for the physical quantities defined in this paper are given 

The appendix presents factors relating these two systems of units. 
both in U.S. Customary units and in the International System of Units (SI). 
(See ref. 1.) 

bS 

cp 

D 

E 

L 

ncr,nth 

P 

pc r 

p f 

r 

tS 

tW 
- 
t 

Z 

E 

IJ 

2 

ring spacing, inches 

hydrostatic-pressure 

(centimeters ) 

buckling coefficient, Pcrrbs2 
m2 

ms3 plate flexural stiffness per unit length, 
- P2> 

Young's modulus, pounds per square inch (kilonewtons per square 
meter) 

.length of cylinder, Pnches (centimeters) 

number of circumferential full waves at buckling, experimental and 
theoretical, respectively 

pressure, pounds per square inch (kilonewtons per square meter) 

pressure at local buckling, pounds per square inch (kilonewtons per 
square meter) 

collapse pressure, pounds per square inch (kilonewtons per square 
meter) 

radius of cylinder to skin midplane, inches (centimeters) 

thickness of cylinder skin, inches (centimeters) 

thickness of ring material, inches (centimeters) 

longitudinal cross-sectional area of composite shell per unit length 
expressed as an equivalent thickness, inches (centimeters) 

cylinder bay curvature parameter, %/- 
rtS 

strain 

Poisson's ratio 



TEST SPECIMENS 

Dimensions of t he  t e s t  cylinders a re  given i n  figure 1 and t ab le  I. Fig- 
ure 1 gives the  dimensions t h a t  w e r e  held constant, and t a b l e  I l ists  the  
dimensions tha t  were varied. '-The thicknesses given i n  t a b l e  I a r e  averages of 
several  micrometer readings. 

The cylinders were constructed of bare 2024-T3 aluminum a l loy  with a com- 
pressive y i e ld  s t r e s s  of about 42 k s i  (290 MIV/m21 and with a proportional l i m i t  
of about 29 ks i  (200 MN/m2). The cylinder skin was fabricated from an aluminum 
sheet with a s ingle  l ap  jo in t  i n  t h e  a x i a l  direction. The jo in t  w a s  bonded 
with a seal ing compound t o  make it a i r t i g h t  and then riveted.  
r ings were fabricated by spin-forming f l a t  disks onto a machined mandrel; they 
were l a t e r  attached t o  t h e  cylinder w a l l  by spotwelding. 
ders were closed by th ick  a l d n u m  bulkheads. (See f ig .  1.) 

The Z-section 

The ends of t he  cylin- 

TEST APPARATUS 

The tes t  apparatus includes equipment f o r  applying pressure t o  the  cylin- 
ders and f o r  measuring and recording s t r a ins ,  deflections,  and pressures. For 
t he  purposes of applying pressure,  t h e  test  cylinders w e r e  placed i n  a large 
heavy s t e e l  tank ( f ig .  2 ) .  The tank was then sealed, bolted, and connected t o  
an a i r  pressure supply l i ne .  
slowly increased; thus a uniform pressure w a s  exerted on the  cylinder w a l l  and 
ends. Atmospheric pressure w a s  maintained inside the  t e s t  cylinder throughout 
t h e  t e s t  by means of a vent tube. I n  the  case of cylinder 7, however, t he  d i f -  
f e r e n t i a l  pressure needed t o  f a i l  t h e  cylinder w a s  obtained by connecting the  
vent tube of t h i s  specimen t o  an a i r  e jector ,  which lowered the  pressure inside 
t h e  tes t  cylinder t o  about 4 p s i a  (27.6 kN/m2). 

During the  t e s t ,  t he  a i r  pressure i n  the  tank w a s  

The s t e e l  tank had a la rge  plexiglass  window. The window provided a means 
t o  v isua l ly  observe and photograph the  formation of t he  buckles, t he  changes i n  
the  buckle pat tern,  and collapse o f  t he  cylinder. 

Before a cylinder w a s  placed i n  the  tank, it w a s  instrumented with wire 
res is tance s t r a i n  gages. (See f i g .  3.) The gages helped ind ica te  the  pres- 
sures a t  which l o c a l  buckling and general i n s t a b i l i t y  occurred. 
vided load-strain curves which helped t o  show t h e  behavior of the  cylinder i n  
both the  prebuckled and the  buckled state. I n  addition t o  t h e  s t r a i n  gages, 
several  of the  cylinders had instrumentation which measured t h e  a x i a l  short- 
ening of t he  cylinder between the  two end rings. 

They a l so  pro- 

The d i f f e r e n t i a l  pressure applied t o  the  cylinders w a s  measured throughout 
t he  loading period by means of an e l e c t r i c a l  d i f f e r e n t i a l  pressure transducing 
c e l l  mounted on the  test cylinder bulkhead. The data from t h e  instrumentation 
were recorded on the  Langley cen t r a l  d i g i t a l  data recording system. 
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TEST RESULTS AND DISCUSSION 

U c a l  Buckling 

b c a l  buckling w a s  characterized by buckling of the  skin between s t i f f -  
ening rings.  
Table I1 gives t h e  l o c a l  buckling pressure 
curves f o r  each cylinder. 
p lo t t ed  i n  figure 5(a) on a norfdimensional buckling chart .  
data from references 2 and 3 and a theo re t i ca l  curve from reference 4 a r e  
shown f o r  comparison. 

Buckling normally occurred suddenly with an audible noise. 

per obtained from load-strain 
(See f ig .  4 f o r  a t yp ica l  example.) Results are 

I n  addition, t he  

The data of t he  present t e s t s  f a l l  i n  t h e  " t rans i t ion  range" (10 < Z < 100). 
I n  t h i s  range, both t h e  present data and t h e  data of reference 3 are  generally 
w e l l  below t h e  theo re t i ca l  solution; t he  present r e su l t s  averaging approximately 
12 percent low and the  r e s u l t s  of reference 3 averaging approximately 27 percent 
low. The tes t  r e s u l t s  from reference 3 were f o r  s t e e l  cylinders and may be 
influenced by p l a s t i c i t y .  The s t r e s s  l eve l s  a t  buckling i n  these cylinders 
were considerably higher with respect t o  the  y i e l d  stress than those of t he  
present t e s t s .  It i s  qui te  unlikely t h a t  p l a s t i c i t y  influenced the  present 
t e s t  results; cylinder had the  highest average prebuckling circumferential  
s t resses  which were approximately 9.75 k s i  (67.2 MN/m2), well  below the  propor- 
t i o n a l  l i m i t  of 29 k s i  (200 MN/m2) f o r  t he  cylinder material. 

The low buckling loads m y  be t h e  r e s u l t  of t he  a x i a l  s t r e s s  component of 
t h e  applied pressure which i s  shown i n  reference 4 t o  have a l a rge r  influence 
on buckling a t  s m a l l  values of Z than a t  la rge  values of Z. Buckling loads 
of cylinders i n  pure axial compression a re  of ten wel l  below the  values given by 
c l a s s i ca l  theory. 
normally taken t o  be a function of r/ts. (See, f o r  example, r e f .  5 . )  The 
discrepancy increases as r/ts increases. A study of t he  present tes t  data i n  
f igure  5(b)  suggests t h a t  a s imilar  e f f ec t  of  
sure loading. 
show any consistent r/ts ef fec t ;  perhaps due t o  p l a s t i c i t y  e f fec ts .  

The discrepancy f o r  cylinders i n  pure a x i a l  compression is  

r/ts ex i s t s  f o r  external  pres- 
The data of reference 3 (shown i n  f ig.  5(a)) ,  however, did not 

The data of references 2 and 3 a re  i n  close agreement with the  theore t ica l  
curve f o r  Z grea te r  than 100 ( f ig .  5(a)) .  I n  t h i s  range, t h e  ax ia l  component 
of the  applied pressure i s  l e s s  i n f l u e n t i a l  than a t  lower values of Z. I n  
addition, t h e  r e s u l t s  are not believed t o  be a f fec ted  by p l a s t i c i t y .  

The buckling load f o r  a cylinder with a given w a l l  geometry and r ing  
spacing w a s  increased by increasing the  thickness of the  reinforcing rings.  
Compare, f o r  example, t he  r e su l t s  f o r  cylinder 9 with those f o r  cylinder 2, 
and the  results f o r  cylinder 10 with those f o r  cylinder 3, as given i n  f ig -  
ure 5(b) .  The heavier r ings provide more r a d i a l  and ro t a t iona l  r e s t r a i n t  t o  
the  cylinder than the  l i g h t e r  r ings and carry a grea te r  portion of  t he  pres- 
sure load. 
pressure. 

These f ac to r s  presumably account f o r  t h e  increase i n  buckling 
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The number of f u l l  waves ne, i n to  which each cylinder buckled, i s  given 
i n  t a b l e  11. A l s o  given i s  the  theo re t i ca l  number of waves nth from refer-  
ence 4. The cylinders always buckled in to  l e s s  waves than predicted, but t h e  
difference between tes t  and predict ion i s  generally s m a l l .  
ncr w a s  determined by measuring the  wavelength from t h e  photographs of t he  
buckled cylinders. (See f i g .  6 . )  Figure 6(a) i s  a photograph of cylinder 10 
i n  t h e  unbuckled s t a t e .  Note t h a t  t h e  two l i n e s  of l i g h t  a re  s t r a igh t  and ver- 
t i c a l .  
of l i g h t  t o  t h e  r igh t  of t he  cylinder center i s  curved. 
cylinder formed on one s ide  of t h e  cylinder before t h e  other side; t he  r e s t  of 
t h e  cylinders experienced buckling a l l  around simultaneously. From photographs 
such as these,  t he  wavelength and the  number of waves can be approximated. 

The number of waves 

The appearance of t h e  buckles can be seen i n  f igure  6 (b ) ,  where the  l i n e  
The buckles i n  t h i s  

General I n s t a b i l i t y  

All t he  cylinders t e s t e d  i n  t h i s  program had collapse pressures substan- 
t i a l ly  greater  than l o c a l  buckling pressures; thus,  a f t e r  l oca l  buckling, t h e  
cylinders s t i l l  had a load-carrying capabi l i ty .  A s  t h e  pressure load increased, 
t he  buckling deformations increased ( f ig .  6 ( c ) ) .  Many of t he  cylinders experi- 
enced a change i n  t h e  number of”buck1es; some experienced more than one change. 
The number of buckles always appeared t o  decrease ra ther  than increase. 
change w a s  both heard and seen, and the  new buckle pa t te rn  w a s  then photographed. 
By comparing the  photographs of f igures  6 (c )  and 6 (d ) ,  f o r  instance, the  change 
i n  the  buckle pa t te rn  of cylinder 10 can be noted. 
of t he  cylinders, t h e  buckles w e r e  extremely deep as can be seen f rom 
f igure  6(e) .  

This 

Just p r i o r  t o  the  collapse 

I n  the  unbuckled state, t he  axial shortening of t he  cylinders w a s  very 
s m a l l .  A t  buckling, however, t he  shortening immediately increased t o  about 
10 t i m e s  the  prebuckled value and then increased nearly l i nea r ly  with applied 
pressure u n t i l  shor t ly  before collapse; a t  this time there  was an increase i n  
the  r a t e  of shortening with applied pressure. Figure 7 shows a typ ica l  
pressure-axial-shortening curve. The t o t a l  shortening j u s t  p r io r  t o  collapse 
w a s  qu i te  large,  of ten about 1 percent of t h e  length of t he  cylinder. Buckling 
deformations were a l so  large.  

The cylinders continued t o  take addi t ional  pressure u n t i l  general ins ta -  
b i l i t y  load or collapse load w a s  reached. 
f a i l e d  as a composite she l l .  Figure 6 ( f )  shows cylinder 10 shor t ly  after 
collapse. The f a i l i n g  pressure pf and t h e  r a t i o  of  t he  f a i l i n g  pressure t o  

t h e  l o c a l  buckling pressure pf/pcr f o r  each cylinder i s  shown i n  t a b l e  11. 

The collapse pressures a r e  p lo t t ed  on a s t r u c t u r a l  efficiency p lo t  i n  f i g -  
ure 8. The m a s s  index t‘/r of each cylinder i s  p lo t t ed  against  the  s t r u c t u r a l  

A t  t h i s  t i m e  t he  rings and skin 

index pf/E. A comparison of d i f fe ren t  
with many rings are more e f f i c i e n t  than 
note t h a t  the  t e s t  points  f o r  cylinders 
above the  curves f o r  cylinders with t h e  

r/ts curves indicates  t ha t  t h i n  skins 
th ick  skins with f e w  rings. I n  addition, 
9 and 10 (t,/ts = 0.8) a re  s l i g h t l y  
l i g h t e r  r ings (tw/ts = 0.5).  Thus, it 
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appears t ha t  cylinder efficiency-may a lso  be improved by using rings of a thin-  
ner  material. Hence, it would appear t h a t  the  most e f f i c i en t  cylinders would 
have t h i n  skins with many closely spaced low-mass s t i f f en ing  rings.  

CONCLUDING REMARKS 

The results of tests on 10 r ing-st i f fened cylinders,  loaded t o  f a i l u r e  by 
external  pressure, have been presented and discussed. The t e s t  cylinders were 
designed such t h a t  l o c a l  buckling would occur a t  pressures lower than collapse 
pressures. A comparison of l o c a l  buckling pressures,  with other  t e s t  data  and 
with theory, showed that the  tes t  cylinders buckled a t  pressures higher than 
those of a previous t e s t  program but lower than t h e  r e s u l t s  predicted by c l a s s i -  
c a l  theory. The tests a l so  showed t h a t  a highly buckled cylinder loaded by 
external  pressure could carry a pressure subs tan t ia l ly  above the loca l  buckling 
pressure. A study of t he  s t ruc tu ra l  eff ic iency of t h e  cylinders indicates  t ha t  
e f f i c i en t  cylinders have t h i n  skins with many closely spaced low-mass s t i f f en ing  
rings.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Hampton, V a . ,  September 3 ,  1965. 
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APPENDIX 

U. S. Customary 
Unit 

i n .  

k s i  = kips/in2 

ps i  = lb f / in2  

CONVERSION OF U.S.CUSTOMARY UNITS TO SI  UNITS 

SI  u n i t  Conversion 
f ac to r  
(4 

0.0254 meters (m) 

6.895 X 10 6 newtons per  square m e t e r  (N/m2) 

6.895 X 103 newtons per square m e t e r  (N/m2) 

The In te rna t iona l  System of Units (SI) w a s  adopted by the  Eleventh General 
Conference on Weights and Measures, Paris,  October 1960, i n  Resolution No. 12 
(ref. 1). Conversion f ac to r s  f o r  t h e  u n i t s  used herein are given i n  the  f o l -  
lowing t ab le  : 

Physical Quantity 

Length . . . . . 
Stress  . . . . . 

p e s s u r e  . . . . 
%ult ip ly  value given i n  U.S. Customary Unit by conversion f ac to r  t o  

obtain equivalent value i n  S I  uni t .  

Prefixes t o  ind ica te  multiple of un i t s  are as follows: 

I Pref ix  I Multiple I 
I I I 
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WIA3 I. - DlMENSIONS OF TEST CnINDERS 

:ylinder 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

ling spacing, 
bS 

in. 

2.50 

3.75 

5.00 

2.50 

3.75 

5.00 

3.75 

5.00 

3.75 

3.75 

cm 

6.35 

9.53 

12.70 

6 *  35 

9.53 

12.70 

9.53 

12.70 

9.53 

9.53 

Skin thickness, 
t S 

in. 

0.0332 

* 0332 

- 0335 
.Ob05 

.Ob02 

.0404 

0534 

-0530 

- 0334 
.0407 

cm 

3.0843 

.0843 

.0851 

.io29 

.lo21 

.io26 

1356 

.1346 

.0848 

.lo34 

Xing thickness, 
t w  

in. 

0.0151 

.0152 

.0148 

.0212 

.o208 

.0203 

.0258 

.Os149 

,0263 

- 0332 

cm 

1.0384 

.03% 

- 0376 
' 0538 

.0528 

.0516 

- 0655 
.0632 

.0668 

.0843 

421 

421 

418 

346 

348 

347 

26 2 

264 

419 

344 
~ 

75.3 

113.0 

149.3 

61.7 

93.3 

123.8 

70.2 

94.3 

112.3 

92.1 

1.455 

.45e 

.442 

.524 

517 

' 50: 

.48$ 

.47c 

787 

.816 

€/tS 

1.258 

1.173 

1.126 

1.294 

1.195 

1.142 

1.180 

1.132 

1.29: 

1.301 
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TABU 11.- TEST RESULTS 

______. . . 

Pressure at 
local buckling, 

Pcr 

ps i  

13.8 

8.66 

7.17 

27.0 

15.9 

12.4 

37.2 

24.5 

9.62 

17.5 
~ 

95.1 

59.7 

49.4 

186 

110 

85.5 

256 

169 

66.3 

121  

____.____ -- 

Collapse 
pres sure, 

pf 

p s i  

21.5 

14.3 

12.9 

32.8 

21.8 

18.5 

45.9 

28.6 

20.0 

29.8 

148 

99 

89 

226 

150 

128 

316 

197 

138 

205 

Pf/Pcr 

_I____ 

1.56 

1.65 

1.80 

1 . 2 1  

1.37 

1.49 

1.23 

1.17 

2.08 

1.70 
- 

ncr 

_ _  . 

20 

16 

16 

20 

18 

17 

17 

12 

2 1  

19 

%h 

. --I 

25 

21 

19 

23 

20 

18 

19 

17 

21 

20 
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r =14.0 
(35.56)- 

Sp l i ce  d e t a i l  

n 

I 
S e c t i o n  A - A  

L - ,064x.75x.75 
( . I  6 4 x I .9 X I  .9) 

R i v e t s  
-I k 3 7 ( . 9 5 )  

E n d  r i n g  d e t a i l  
P la te  

1 x 3 0  d i a . ( 2 . 5 ~ 7 6 )  

.6 5 (  I .6 5 )  

S p o t  w e l d s  

.2 .5( I. 2 7 )  

S e c t i o n  B - B  
S t i f f e n i n g  r i n g  d e t a i l  

Figure 1.- Dimensions of cylinders. A l l  dimensions are in inches (centimeters). 
(See table I.) 



I 

2 
r =14.0 
(35,56)% 

Sp l i ce  d e t a i l  

S e c t i o n  A - A  

I 4 

L -.064~.75~.75 
.3 7(.9 5) (.I 64 x I .9 x1.9) 

--I 1-.37(.95) 

E n d  r i n g  d e t a i l  

S p o t  w e l d s  
a t  .62( 1.6) 

.$ .!1(1.27) .i (.51) 

S t i f f e n i n g  r i n g  d e t a i l  
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Figure 1.- Dimensions of cylinders. A l l  dimensions are in inches (centimeters). 
(See table I.) 
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L-64 - 3159 Figure 2.- General view of  t e s t  setup showing a cyl inder  i n  the pressurizing tank. 



L-63-7903 
Figure 3.- View of fully instrumented cylinder (number 9) through window 

of pressurizing tank. 
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Figure 4. - Load-strain curve showing local buckling pressure of cylinder 10. 
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(a) 1 5 Z 5 103; test data from present investigation and references 2 and 3. 

Figure 5.- Comparison of experimental and theoretical results f o r  local buckling under external pressure. 
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(b) 10 5 Z 5 100; present data showing the effect of r/ts on the buckling coefficient; numbers beside test points denote cylinder number; symbols with ticks indicate tw/t, = 0.8. 

Figure 5.- Concluded. 
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(a) Cylinder i n  unbuckled s t a t e .  (Note s t r a i g h t  l i n e s  of l i g h t . )  Pressure, 0 p s i  (0 kN/m2). 

(b)  Cylinder immediately a f t e r  f i r s t  buckling. (Note one l i n e  of l i g h t  i s  curved.) 
Pressure, 17.6 p s i  (121 "/E?). 

Figure 6.- Photographs of cylinder 10 a t  various stages of buckling. 
L-65-7904 



( e )  Cylinder with buckles a l l  around. Pressure, 19.0 psi (131 kl t /m2) .  
I 

(d) Change in buckle pattern. (Compare with fig. 5(c).) Pressure, 22.3 psi (154 kN/m2). 

Figure 6.- Continued. L- 65-7905 
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(e) Cylinder with very deep buckles. Pressure, 29.6 psi  (204 kN/m2).  

(f) Collapse. Pressure immediately before collapse, 29.8 psi (206 kN/m2) .  

L- 65 - 7906 Figure 6.- Concluded. 
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Figure 7.- Curve showing a x i a l  shortening with pressure for one of the  a x i a l  shortening 
devices on cylinder 10. 
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Figure 8.- Structural efficiency plot of collapse pressures of cylinders. L / r  = 1.214; L = 17.0 in. (43.2 cm); 
numbers beside test points are cylinder numbers. 
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