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COLLAPSE TESTS OF PRESSURIZED 

MEMBRANE-LIKE CIRCULAR CYLINDERS FOR COMBINED 

COMPRESSION AND BENDING 

By Walter J. Leaumont, Jr. 
Langley Research Center 

SUMMARY 

'' jTSx Experimental collapse loads are presented for combined compression and 
bending of internally pressurized membrane-like cylinders with a length-radius 
ratio of three and with large values of radius-thickness ratio. The results 
show a linear relationship of compressive loads and bending moments for col- 
lapse of cylinders of length such that column-bending effects are negligible, j    / 

——J A £ 

INTRODUCTION 

A  
©stbuckling behavio^? offiinteraally pressurized cylinders subjected 

 Wioments and dompre^sive loads~~Kas"''been""viewed"from"a membrane-theory 
approach^ refs. 1 and 2)7|These studies indicated a need for experimental data 
for infernally pressurized cylinders subjected to combined bending and compres- 
sion and designed to be well into the range of membrane behavior. Accordingly, 
the data were obtained by testing cylinders made of thin polyester film and the 
results are presented herein. Cylinders with radius-thickness ratios of 3000, 
6000, and 12 000 were tested at internal pressures so that data well into the 
range of membrane behavior were obtained. I 

SYMBOLS 

The units used for the physical quantities defined in this section are 
given both in the U.S. Customary units and in the International System of Units 
(Si). Factors relating the two systems are given in reference 3- 

P       compressive load at collapse of cylinder, pounds (newtons) 

PQ      applied compressive load causing collapse in absence of bending 
loads, pounds (newtons) 

P'      theoretical collapse load, pjtr2 + 1.2«Et2, pounds (newtons) 



E       Young's modulus, pounds/inch2 (newtons/meter2) 

Z       length of cylinder between end plates, inches (meters) 

M       bending moment at collapse of cylinder, inch-pounds (meter-newtons) 

Mo      applied bending moment causing collapse in absence of compressive 
loads, inch-pounds (meter-newtons) 

MQ      theoretical collapse moment,  pitr^, inch-pounds (meter-newtons) 

r       radius of cylinder, inches (meters) 

p       internal hydrostatic pressure, pounds/inch2 (newtons/meter2) 

p*      pressure parameter (ref. l),  |l2(l - |i2)J   (-)(-) 

t       thickness of wall material, inch (meter) 

|i       Poisson's ratio 

TEST SPECIMENS AND PROCEDURES 

The general configuration and dimensions of the test cylinders are shown 
in figure 1 and table I. The radius-thickness ratios of the cylinders were 
3000, 6OOO, and 12 000; all cylinders had the same length-radius ratio, that 
is,  Z/r of 3.0. The cylinder walls of transparent plastic [polyethylene ter- 
ephthalate] film were fabricated with the rolled direction in the longitudinal 
direction. Two diametrically opposed, 0.5-inch (1.27-cm) lap seams, parallel 
to the longitudinal axis, were positioned along the neutral axis of each speci- 
men. After cutting the material for the proper circumferential dimension, the 
two seams were bonded. The cylindrical shape was then slipped over a long 
machine-finished mandrel for attachment of the split end rings.  (See fig. 1.) 
While the plastic film was on the mandrel, the split rings were positioned and 
bonded to the cylinder wall. Excess film was then trimmed from the ends 
leaving 0.5 inch (1.27 cm) of film to be notched, turned back, and bonded to 
the face of the rings. All bonds were made with a synthetic elastomeric adhe- 
sive. Finally, following removal of the mandrel, the end plates with attached 
gaskets were bolted to the end rings and thus sealed the pressure vessel. End 
plate details are shown in figure 1. 

The test setup is shown in figure 2. The suspension system was arranged 
to permit many degrees of freedom. Wherever rotations occurred, knife edges 
of hardened steel were used to minimize the effects of friction. Dead loads 
applied slowly provided all loading conditions.  Compressive loading was accom- 
plished by restraining, although not fixing, one end plate and pulling the 
opposite end plate toward the restrained end. The restrained end plate was 
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Figure 1. -   Details of plastic film cylinders. 

Figure 2. -  General view of test setup. L-63-1972.1 



free to rotate about the neutral axis but was not free to translate. Pure 
bending was introduced into the specimen by placing a load at a fixed eccen- 
tricity from the center of rotation of the end fixturej transverse shear forces 
due to the eccentric load were counteracted by the end suspension system. 
Hence, combined loadings were introduced into the cylinder wall by relative 
rotation and translation of the end plates. A detailed view of the suspension 
and load application systems is shown in figure 3. Prior to attaching the 
cylinder onto the end plates, all weights resulting from attached fixtures 
(loading bar, pressure lines, end plates) were counterbalanced to eliminate the 
introduction of extraneous bending loads. The specimens were pressurized by a 
constant slow rate of flow of air through the cylinder throughout the duration 
of the testing to permit small volume changes without a corresponding pressure 
change. Pressure was controlled by a conventional pressure regulator with fine 
adjustment valves and monitored with a water manometer. The internal pressure 
loaded the cylinder hydrostaticallyj that is, the pressure load on the ends of 
the cylinder was carried by the walls of the cylinder not by the test fixtures. 
The pressures were such that at least four discrete values of the parameter p 
were investigated within each of the three r/t groups. Experimental compres- 
sive strength P0 (zero bending moment), and experimental bending strength MQ 

(zero compressive load), were determined for these values of p*. In the 
combined-load tests a minimum of five values of axial compression were succes- 
sively applied. The axial compression ranged from 8 to 9**- percent of the 

Figure 3. -   Details of test setup. L-63-1971.1 



compressive load required to buckle the cylinder in the absence of bending 
moments. The test procedure consisted of subjecting the cylinder to a partic- 
ular pressure followed by the prescribed compressive load. Bending moments 
were then applied and were increased in small increments until the deflection 
would not stabilize but continued to grow without the application of an addi- 
tional bending moment. This point was defined as collapse. Collapse was never 
severe enough to cause rupture of the specimen. However, deformations observed 
as the specimen approached failure were excessive. Deep wrinkling encompassing 
approximately 75 percent of the circumference and center-line deflections 
approaching 1/2 inch (1.3 cm) were not uncommon. Particular care was taken to 
inspect the specimen after each test to determine the presence of damage to the 
bond and to the cylinder wall. After each run, at least two check tests were 
performed to determine the repeatability of experimental collapse loads. In 
all cases the reported collapse loads could be duplicated. The repeatability 
of results was taken to be an indication that the large deformations experi- 
enced by the cylinder had no deleterious effects on the test cylinders that 
would influence the next test. 

In an effort to reduce the variation of material properties with tempera- 
ture and humidity, all tests were performed in a controlled environment) room 
temperature was regulated between 70° F and 74° F (29I+0 K and 2960 K), and the 
relative humidity remained less than 50 percent. 

It was not the intent of the test program to conduct a detailed investiga- 
tion into the material properties of the plastic film. No measurements were 
made to accurately establish Poisson's ratio u, and thickness measurements 
were performed only to verify the nominal thickness of the material. These 
nominal thicknesses were used in reducing the data. The results of modulus 
tests are given in table II. Two types of tensile tests on strips of plastic 
film 1.0 inch (2.5^ cm) wide and one test on a cylinder were performed.  On the 
basis of these tests and on the basis of the results of reference k,  Young's 
modulus E was taken as 700 000 psi (^.82 GN/m2) and Poisson's ratio \i    was 
taken as 1/3. It should be noted that the combined-load data presented herein 
are rather insensitive to the exact values of E and [i    employed in reducing 
the data. The quantity Et2 appears in the expression for PQ and for p* 
but otherwise these values are not used. The term with Et2 in the expression 
for PÖ is small compared with the other term for cylinders with large radius- 
thickness ratios and internal pressures. The effect on the value of p* is 
more direct but small changes of p* in the region considered do not seriously 
affect the results. 

RESULTS AND DISCUSSION 

The combinations of compressive load P and bending moment M for col- 
lapse of the cylinders are given in table I. Each group of data in the table 
shows results obtained from one cylinder; the initial row of each group shows 
the collapse load for pure compression, subsequent rows show combinations of 
compression and bending, and the last row of each group, the collapse moment 
for pure bending. The pure loading tests were performed principally to obtain 



reference points for the combined-load data; however, some comments regarding 
the pure loading results follow. 

Pure Compression 

The experimental collapse loads for pure compression P0 were divided by 
the theoretical collapse load P0 where 

PQ = pjtr2 + ätrt Et 

*te(l - H2) 

The results are shown in the column P0/Po 
in "table I. The values of P0/Po 

are seen to be slightly above unity in most cases as might be expected for the 
following reasons: 

(a) The spliced material is not included in the theoretical calculations 

(b) The thickness of the material probably deviates from the nominal value 
used in the calculations. This deviation might be expected to be most notice- 
able for the thinnest gage material and this reasoning is consistent with the 
test results 

(c) The modulus of elasticity may differ from the value assumed and dis- 
cussed under Test Specimens and Procedures 

Although these shortcomings are worthy of mention, the validity of the test 
results for the pure-compressive loads is demonstrated by the reasonably good 
agreement with the theoretical values and the substantiation of the loads pro- 
vided by the duplicate tests. 

Pure Bending 

The experimental collapse moments for pure bending MQ were divided by 
the theoretical membrane-collapse moments Mo where 

M0 = pn:r3 

It should be noted that the reference moment MQ does not include the effect of 
wall stiffness of the cylinder as was the case for the reference load PQ shown 

in the previous section.  In the case of the moment loading, uncertainty exists 
as to the contribution of the wall stiffness.  (See refs. 1 and 2.) Conse- 
quently the membrane moment without any wall stiffness contribution was used 
as the reference moment herein. The results are shown in the column headed 
MQ/MQ    in table I. Whereas theoretical considerations indicate that the value 
of Mo/Mo should be greater than unity, the results are seen to be slightly 
below unity in most cases; the following causes may contribute to these low 
results: 



(a)  r/t = 3000. 

(b)  r/t = 6000. 

.2       .4       .6        .8        i .0 0       .2 
M 

6       .8        1.0 

(c)  r/t = 12 000. 

Figure 4. -  Combined compression and bending of pressurized cylinders. 



(a) The collapse of the cylinders at the lowest pressure (initial test in 
each case) may have minutely creased or weakened the material so that a pre- 
ferred buckling mode occurred when the cylinders were subsequently tested at 
higher pressures 

(b) Although deep wrinkling encompassed much of the periphery of the 
cylinder when each test was completed (see Test Specimens and Procedures), the 
complete periphery was not buckled as assumed by the limit theory result for MQ. 

Combined Compression and Bending 

The experimental combined load and moment for collapse were divided by 
the experimental pure load and moment, respectively, for each cylinder and the 
results are given under the columns P/Po and M/M0 in table I. These results 

are presented in figure kf  and are compared with a linear interaction curve 
given by 

?o  MQ 

The linear relationship is in good agreement with experimental data for all the 
cylinders tested and is presumed to be representative of cylinders with a 
length-radius ratio less than those tested (z/r = 3.0). The linear behavior 
would not be expected for cylinders much longer than those tested; column- 
bending effects for longer cylinders would be expected to produce deviations 
from the linear behavior found for the test cylinders.  (See ref. 5.) 

CONCLUDING REMARKS 

Combined-load tests of internally pressurized cylinders with a length- 
radius ratio of three and with large values of the radius-thickness ratio show 
a linear relationship of compressive loads and bending moments for collapse of 
the cylinders. Column-bending effects for longer cylinders would be expected 
to produce deviations from the linear behavior found for the test cylinders. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., March 3> 19^5. 



REFERENCES 

1. Zender, George W.: The Bending Strength of Pressurized Cylinders. J. 
Aerospace Sei. (Readers' Forum), vol. 29, no. 3, Mar. 1962, pp. 362-363. 

2. McComb, Harvey G., Jr.j~Zender, George W.j and Mikulas, Martin M., Jr.: The 
Membrane Approach to Bending Instability of Pressurized Cylindrical Shells. 
Collected Papers on Instability of Shell Structures - 1962, NASA TN D-1510, 
1962, pp. 229-238. 

3. Mechtly, E. A.: The International System of Units, Physical Constants and 
Conversion Factors. NASA SP-7012, 196^. 

k.  Seide, P.; Weingarten, V. I.j and Morgan, E. J.:  The Development of Design 
Criteria for Elastic Stability of Thin Shell Structures. 
STL/TR-6O-OOO-I9I4-25 (AFBMD/TR-61-7) Space Technol. Lab., Inc., 
Dec. 31, i960. 

5. Jahsman, W. E.:  Combined Bending and Compression of a Pressurized Circular 
Cylindrical Membrane Column. Paper No. 6k-  - WA/AV-2, Am. Soc. Mech. 
Engrs., 196*1-. 



TABLE I.- DIMENSIONS AND TEST RESULTS 

(a) Cylinder 1: t = O.OOl in. (25.1+ |im); r/t = 3000 

p M 
P M Po Mo 

lb N in-lb mN Po Mo PJ Mo 

P* = 16;  p = O.368 psi  (2537 N/m2 ) 

13.0 57-9 0 0 1.00 0 1.00 
9-7 I+3.2 9.00 1.02 • 75 .28 
7-7 3t-3 12.75 1.1+1+ • 59 .1+0 
5-7 25.4 18.00 2.03 .1+1+ .56 
h.7 20.9 20.25 2.29 • 36 .63 
3-7 16.5 21.75 2.1+6 .28 .68 
2.7 12.0 21+.00 2.71 .21 .71+ 
0 0 32.22 3-63 0 1.00 1.03 

p* = 25; p = 0.580 psi (3999 H/m2) 

19.7 87.7 0 0 1.00 0 1.03 
15.7 69.9 9-75 1.10 .80 .21 
13.7 6l.O 12.75 1.1+1+ .70 • 27 
10.7 14-7.6 21.75 2.1+5 ■5h .1+6 
8.7 38.7 25.50 2.88 .1+1+ .51+ 
6-7 29.8 30.00 3.39 • 31+ .61+ 
h.l 20.9 3!+. 50 3.90 .21+ • 73 
2.7 12.0 1+1.25 1+.65 .11+ .87 
0 0 1+7.22 5-31+ 0 1.00 O.96 

p* = 29;   p = 0.677 psi  (1+668 N/m2) 

22.0 97-7 0 0 1.00 0 1.01 
17.7 78.8 11.25 I.27 .81 .21 
15-7 69.9 15-75 I.78 .72 .29 
11.7 52.1 21+.75 2.80 • 53 .1+5 
8.7 38.7 31.50 3.56 .1+0 •58 
5-7 25.1* 39-00 l+.l+l .26 •71 
k.j 20.9 1+1.25 1+.66 .21 • 75 
3-7 I6.5 1+1+.25 5.00 • 17 .81 
2.7 12.0 1+8.00 5.1+2 .12 .88 
0 0 5>+. 72 6.18 0 1.00 0.95 

P* = 33;  P = O.77O psi  (5309 N/m2 ) 

25.2 112.1 0 0 1.00 0 1.03 
20.7 92.1 10.50 1.19 .82 .17 
18.7 83.2 15.75 I.78 • 71+ •25 
15-7 69.9 22.50 2.5I+ .62 -36 
12.7 56.5 29.25 3.31 •50 .1+7 
10.7 147.6 33.00 3.73 .1+2 • 53 
7-7 5^.3 1+0.50 1+.58 • 31 • 65 
5-7 25.4 145.00 5.09 • 23 • 72 
2.7 12.0 52.50 5-93 .11 .85 
0 0 62.10 7.02 0 1.00 O.95 

p   = 1+5;  p = I.O63 PSi (7329 N/m2 ) 

33.2 11+7.7 0 0 1.00 0 1.01 
25.7 ULl4-.ll- 18.00 2.03 • 77 • 23 
23.7 105.5 22.50 2.5!+ • 71 .29 
20.7 92.1 29.25 3.31 .62 •37 
15.7 69.9 1+0.50 1+.58 .1+7 • 52 
10.7 1+7.6 52.50 5.93 • 32 •67 
8.7 38.7 57-75 6.53 .26 • 73 
5-7 25.1+ 61+. 50 7.29 • 17 .82 
3-7 16.5 69.00 7.80 .11 .88 
0 0 78.60 8.80 0 1.00 0.87 

10 



TABLE I.- DIMENSIONS AND TEST RESULTS - Continued 

(b)  Cylinder 2:    t = 0.001 in.   (25.4 |om);   r/t = 3000 

p M 
P M Po Mo 

lb H in-lb mN Po MQ P1 j«S 

P* = 16;  p = O.368 psi  (2537 N/m2) 

12.7 56.5 0 0 1.00 0 0.97 

9-7 43.2 8.25 -93 .76 .26 

7-7 3^-3 12.75 1.44 .61 .4o 
5-7 25.4 17.25 1.95 •45 .54 

4.7 20.9 20.25 2.29 •37 .63 

3-7 16.5 22.50 2.54 .29 .70 

2.7 12.0 25.50 2.88 .21 • 79 
0 0 32.10 3.63 0 1.00 1.03 

P* = 25;  p = O.58O psi  (3999 N/m 2) 

19.2 85.lt 0 0 1.00 0 1.01 

15.7 69.9 9-75 1.10 .82 .21 

13-7 61.0 13.50 1.53 .71 .29 
10.7 47.6 21.00 2.37 .56 .45 

8.7 38.7 25.50 2.88 .45 •55 
6.7 29.8 30.00 3.39 •35 .65 

4.7 20.9 36.00 4.07 .24 .78 
2.7 12.0 40.50 4.58 .14 • 87 
0 0 46.35 5.24 0 1.00 0.94 

p* = = 29;  p = O.677 psi (4668 N/m 2) 

21.7 96.6 0 0 1.00 0 1.00 

17.7 78.8 11.25 1.27 .81 .21 

15-7 69.9 15-75 I.78 .72 .29 

11.7 52.1 25.50 2.88 .54 •47 
8.7 38.7 32.25 3-64 .4o •59 

5-7 25. 4 39-75 4.49 .26 •73 

4.7 20.9 42.00 4.75 .22 • 77 

3-7 16.5 44.25 5.00 .17 .81 

2.7 12.0 46.50 5.25 .12 .85 
0 0 54.60 6.17 0 1.00 0-95 

P* = 33; P = 0.770 psi (5309 N/n Is) 

24.7 109.9 0 0 1.00 0 1.01 

20.7 92.1 11.25 1.27 .84 .18 

18.7 83.2 15-75 1.78 -76 •25 

15.7 69.9 22.50 2.54 .64 .36 
12.7 56.5 30.00 3.39 •51 .48 

10.7 V7.6 34.50 3.90 .43 .55 
7-7 34-3 40.50 4.58 • 31 .64 

5-7 25.4 46.50 5-23 -23 .74 
2.7 12.0 53.25 6.02 .11 •85 
0 0 62.85 7.10 0 1.00 O.96 

P* = 45;   p = I.O63 psi  (7329 N/i a2) 

33.2 147-7 0 0 1.00 0 1.01 

25.7 111; A 18.00 2.03 • 77 .22 

23-7 105.5 24.00 2.71 -71 .30 

20.7 92.1 30.00 3-39 .62 •37 
15-7 69.9 42.00 4.75 M -52 
10.7 47.6 54.00 6.10 •32 .67 

8-7 38.7 60.00 6.78 .26 .74 

5-7 25 .4 66.00 7.46 •17 .81 

3-7 16.5 72.00 8.14 .11 -89 
0 0 81.00 9.15 0 1.00 0.90 

11 



TABLE I.- DIMENSIONS AND TEST RESULTS - Continued 

(c) Cylinder 3: t = O.00O5 in. (12.7 pia);   r/t = 6000 

p <4 
P M P0 

Mo 
lb N in-lb mN Po Mo K K 

p* = 32;  p = 0.191 psi (1317 N/m2) 

6.2 27.6 0 0 1.00 0 l.nt 
It.7 20.9 It.00 •*5 .76 •25 
It.2 I8.7 5.it9 .62 .68 .34 
3-7 I6.5 6. ait • 71 .60 •39 
3-2 lit. 2 7-7^ .87 •52 .lt8 
2.7 12.0 9.2lt l.cdt .Itlt .58 
1-7 7-6 11. ft 1.32 '        .27 • 73 
0 0 16.00 1.81 0 1.00 0.95 ■ 

P* = hO;  p = 0.236 psi (1627 H/n 2) 
7.2 32.0 0 0 1.00 0 0.98 
5-2 23.1 5.lt9 .62 •72 .28 
4.7 20.9 7.00 •79 .65 .36 
3-7 I6.5 9.30 1.05 .51 .48 
3-2 lit.2 10.71t 1.21 .Itlt •55 
2.7 12.0 12.24 I.38 .38 •63 
1.7 7.6 Ht.lt9 1.61t .24 .74 
0 0 19.50 2.20 0 1.00 0.98 

p* = 50;  p = 0.295 psi  (203lt N/m2) 

9.2 lt0.9 0 0 1.00 0 1.02 
5.7 25.lt 9.00 1.02 .62 •39 
it.7 20.9 12.00 1.36 •51 •52 
4.2 18.7 12.75 l.ltlt .it6 •55 
3-2 lit.2 15.00 1.70 •35 •65 
2.2 9.8 18.00 2.03 .2lt .78 
1.2 5-3 19.25 2.18 •13 •83 
0 0 23.10 2.6l 0 1.00 0.92 

p* = 65;  p = O.383 psi (261tl N/m 2) 
11.7 52.1 0 0 1.00 0 1.02 
8.7 38.7 7.50 .85 • 7lt •25 
7-7 3it.3 10.50 1.19 .66 .34 
5-7 25.it 15.00 1.70 M .it9 
4.7 20.9 18.00 2.03 .ItO •59 
3-7 16.5 21.00 2.37 •32 .69 
2.7 12.0 23.25 2.63 • 23 .76 
0 0 30.60 3.lt6 0 1.00 0.94 

P* = 80;  p = O.U72 psi  (325lt N/m 2) 
13.5 60.1 0 0 1.00 0 0.96 
9-7 43.2 10.50 1.19 .72 • 29 
8.7 38.7 13.50 1.53 .64 • 37 
7-7 3it.3 16.50 1.86 •57 .lt5 
5-7 25.it 21.00 2.37 .lt2 •57 
It.7 20.9 2lt.00 2.71 •35 .66 
3-7 16.5 27.00 3.05 .27 .Ik 
2.7 12.0 30.00 3-39 .20 .82 
0 0 36.60 It. Ht 0 1.00 0.92 

.12 



TABLE I— DIMENSIONS AND TEST RESULTS - Continued 

(d) Cylinder 4: t = 0.0005 in. (12.7 Mm); r/t = 6000 

p M 
P M ?o Mo 

lb N in-lb mN Po Mo Po MS 

p* = 32;  p = 0.191 psl (1317 N/m 3) 

6.2 27.6 0 0 1.00 0 1.14 
5.2 23.1 S.Ö4- .30 .84 •17 
4.7 20.9 It.00 • 45 • 76 •25 
4.2 I8.7 5.it9 .62 .68 ■34 
3-7 16.5 6.2lt • 71 .60 •39 
3-2 lit.2 7.7^ .87 •52 .48 
2.7 12.0 9.2lt 1.04 .44 • 58 
1-7 7.6 11.64 1.32 .27 • 73 
0 0 16.00 1.81 0 1.00 0.95 

p* = 40;  p = O.236 psi  (1627 N/m 2) 

7.2 32.0 0 0 1.00 0 O.98 
5-7 25.It It.00 .45 .79 .20 

5-2 23.1 5-^9 .62 .72 .28 
4.7 20.9 7.00 • 79 ■ 65 • 35 
3-7 16.5 10.00 1.13 .51 •51 
3-2 lit.2 10.74 1.21 .44 ■5h 
2.7 12.0 12.21t I.38 •38 .62 
1-7 7-6 15.21t 1.72 .24 • 77 
0 0 19.7lt 2.23 0 1.00 O.99 

p* = 50;  p = O.295 psi (2034 N/m 5) 

9.2 ito.9 0 0 1.00 0 1.02 

6.7 29.8 6.2lt • 71 • 73 .27 
5-7 25.it 9.2lt 1.04 .62 .41 
4-7 20.9 ll.lt9 1.30 •51 •51 
it.2 18.7 13.00 1.47 .46 • 57 
3-2 lit.2 15.2lt 1.72 • 35 •67 
2.2 9-8 17.49 1.98 .24 • 77 
1.2 5-3 19.7^ 2.23 • 13 • 87 
0 0 22.74 2.57 0 1.00 O.91 

P* = 65;  p = O.383 psi (2641 N/m 2) 

11.7 52.1 0 0 1.00 0 1.02 
9.2 ito.9 6.2lt • 71 • 79 .20 

8.7 38.7 7.7^ • 87 • 74 •25 
7-7 3it.3 10.00 1.13 .66 •32 
5-7 25.it 15.2lt 1.72 •49 ■ 49 
it.7 20.9 l8.2lt 2.06 .40 • 59 
3.7 16.5 20.1t9 2.32 •32 .66 
2.7 12.0 23.49 2.65 • 23 • 76 
0 0 31.00 3.50 0 1.00 O.96 

p* = 80;  p = 0.472 psi (3254 N/m 2) 

lit.2 63.2 0 0 1.00 0 1.01 

9-7 14-3.2 11.49 1.30 .68 .32 
8.7 38.7 14.49 1.64 .61 .40 
7-7 34-3 16.74 I.89 .54 .46 
5-7 25.lt 22.00 2.49 .40 .61 
4-7 20.9 25.00 2.83 • 33 ■ 69 
3-7 I6.5 27.24 3.O8 .26 • 75 
2.7 12.0 29.49 3-33 •19 .81 
0 0 36.24 4.10 0 1.00 O.91 

13 



TABLE I.- DIMENSIONS AND TEST RESULTS -  Continued 

(e)  Cylinder 5:    t = 0.00025 in.  (6.4 [m);   r/t = 12 000 

p M 
P M Po «0 

lb N in-lb mN Po Mo K j£ 
p* = < 56;  p = 0.10 psi (689 N/m2) 

3.25 14.5 0 0 1.00 0 1.08 
2.00 8.9 3.27 • 37 .62 .38 
1-75 7.8 4.00 .45 .54 M 
1.50 6.7 4.77 • 54 .46 •56 
1.25 5.6 5.52 .62 • 38 .65 
1.00 t-5 6.27 • 71 • 31 .74 

.50 2.2 7.02 • 79 .15 .82 
0 0 8.52 • 96 0 1.00 1.01 

P* = 79j  P = 0.12 psi  (827 N/m2) 

3.75 16.7 0 0 1.00 0 1.05 
2.50 11.1 3.27 • 37 .67 •35 
2.00 8.9 4.00 .45 •53 •43 
1.50 6.7 5-52 .62 .40 .60 
1.00 4.5 6.27 • 71 .27 .68 

• 75 3-3 7.02 • 79 .20 • 76 
•50 2.2 7-77 .88 • 13 .84 

0 0 9.27 I.05 0 1.00 0.92 

P* = 99}  p = 0.15 psl (1034 N/m2) 

4.50 20.0 0 0 1.00 0 1.02 
3.50 15.6 2.52 .28 • 78 .22 
3.00 13.It 3-27 •37 • 67 .28 
2.50 11.1 4.77 •54 •56 .41 
2.00 8.9 6.27 •71 .44 •54 
1.50 6.7 7.77 .88 • 33 • 67 
1.00 4-5 9.27 I.05 .22 .80 

.50 2.2 10.00 1.13 .11 .87 
0 0 11.52 1.30 0 1.00 0.91 

P* = I; 52;  p = 0.20 psi  (1379 N/m2) 

6.00 26.7 0 0 1.00 0 1.03 
4.50 20.0 4.00 .45 •75 .26 
It.00 17.8 4.77 •54 •67 •31 
3.50 15.6 6.27 • 71 •58 .41 
3.00 13. 4 7.02 • 79 .50 .46 
2.50 11.1 8.52 • 96 .42 •56 
1.50 6.7 10.77 1.22 ■25 • 71 
1.00 4-5 12.27 1.39 .17 .80 

.50 2.2 13-77 I.56 .08 • 90 
0 0 15.27 1.73 0 1.00 0.90 

.Ik 



TABLE I.- DIMENSIONS AND TEST RESULTS - Concluded 

(f) Cylinder 6: t = 0.00025 In. (6.U k™)j r/t = 12 000 

p M P M po Mo 

lb N in-lb mN Po Mo PÖ K 
p* = 66;  p = 0.10 psl  (689 N/m2) 

3.25 lit.5 0 0 1.00 0 1.08 
2.50 11.1 1.77 .20 .77 • 23 
2.00 8.9 3.27 •37 .62 .lt2 
1.50 6.7 it.00 M A6 •51 
1.00 ^•5 5.52 .62 • 31 •71 

.50 2.2 6.27 • 71 • 15 .81 
0 0 7.77 .88 0 1.00 0.92 

P* = 79; P = 0.12 psl (827 N/m2) 

3.50 15.6 0 0 1.00 0 0.98 
2.50 11.1 2.52 .28 • 71 .27 
2.00 8.9 It.00 M •57 M 
1.50 6.7 5.52 .62 A3 .60 
1.00 h.5 7.02 • 79 .29 .76 

• 75 3-3 7.77 .88 .21 .81t- 
.50 2.2 8.52 ■ 96 .lit •92 

0 0 9.27 I.05 0 1.00 0.91 

P* = 99}  P = 0.15 psi  (1034 N/m2) 

It. 25 18.9 0 0 1.00 0 0.97 
3.50 15.6 2.25 • 25 .82 .20 
3.00 13A It.00 M .71 •35 
2.50 11.1 5.52 .62 •59 .lt8 
2.00 8.9 7.02 • 79 M .61 
1.50 6.7 8.52 • 96 •35 •7^ 
1.00 *.5 9.27 1.05 .2lt .80 

.50 2.2 10.77 1.22 .12 • 93 
0 0 11.52 1.30 0 1.00 0.91 

p* = 13 2;  p = 0.20 psi (1379 N/™2) 

6.00 26.7 0 0 1.00 0 1.03 
It.50 20.0 it.00 A5 • 75 .26 
It.00 17.8 5-52 .62 .67 • 36 
3.50 15.6 7.02 • 79 .58 ,k6 
3.00 13A 7.77 .88 .50 •51 
2.50 11.1 9.27 I.05 .lt2 .61 
1.50 6.7 11.52 1.30 • 25 .75 
1.00 h.5 13.02 I.V7 •17 .85 

.50 2.2 lit. 52 l.6it .08 • 95 
0 0 15.27 1.72 0 1.00 0.90 
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