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NOTATIONS

Cutout Area

Effective Area of Reinforcement
Modulus of Elasticity of the Material
Unsupported Length of Cylirder
Failure Load

P = Classical Buckling Load, 0.605E(t/R) 2WRt
| J = Failure Load for Cylinder Without Cutout
R = Centerline Radius of Cylinder

r = Cutout Radius

r = Centerline Radius of Nozzle

t = Cylinder Wall Thickness

t = Reinforcing Pad Thickness
-

= Nozzle Wall Thickness
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EXPERIMENTAL PROGRAM

The experimental work was conducted on a cylinder made from
mylar, This material wae selected because the test cylinder could
be buckled many times without permanent damage and still provide
reproducible results., The stress~strain curve remains linear for
stresses well above the buckling stresses of the test cylinders.

The loading considered in these tests was uniform axial compression.

The test shell was constructed from a flat sheet of mylar cut
to the appropriate size., The ends were secured in steel clamping
rings used on previous tests on steel cylinders (10).

The test shell was fitted into the bottom clamping ring. The
upper clamping ring was then installed and aligned to make the two
clamping rings parallel. After alignment, the mylar sheet was se-
cured to the clamping rings. The use of clamping rings resulted in
a cylinder with larger imperfections than was found on similar shells
with the ends secured to the end plates with a low melting tempera-
ture alloy. The buckling capacity of the shell is, however, more
representative of a fabricated shell. The cylinder was completed
by making a butt joint with both sides reinforced by 1.0 in. wide
mylar strips attached with Scotch brand double stick tape. The re-
sulting cylinder was 15.0 in, inside diamter, 0.0132 in. wall thick~-
ness, and 15.0 in. clear span between clamping rings, The modulus
of elasticity was determined in accordance with ASTM D88L~-75b and
found to be 650,000 psi. The stress~-strain curve is shown in Fig. 1.
Poisson's ratio was assumed to be equal to 0.3.

The cylinder was tested on a 120,000 1lb. Tinius-Olsen "Electro-
matic Universal Testing Machine”. The machine is equipped with a
swivel head attachment that allows the load to be applied without
any eccentricity. A 16 inch diameter steel block was attached to the
swivel head which transmits the load to the upper clamping ring.

The test apparatus can be seen in the various figures of the failed
test cylinder.

The cylinder was first tested without any cutout. A 4 in, diaem-
eter cutout was then made and the cylinfer re-tested. Successive
tests were made by attaching 0.25 in. wide x 0.0132 thickness reir-
forcing pads around the cutout with Scotch prand double stick tape






EXPERIMENTAL RESULTS

The }esults of the present tests are given in Table 1. Tests
by others (3, 6, 8) show that the buckling capacity of a cylindrical
shell with an unreinforced cutout is a function of the parameter
vy = r//RE, A plot of this data is shown in Fig. 4. Tests 1A where
y = 0 and 1B where y = 6.36 are also shown in Fig, 4,

Test 1A failed at 29% of the classical buckling value compared
to a range of 60 - 97% for other investigators. The lower buckling
value of 1A is due to larger initial imperfections and different
end restraint conditions. The proposed ASME Appendix for design of
containment vesselg (l1) gives a value of P/PCL = 0,22 for a fabri-
cated steel shell.

The tests by Starnes (6, 7) show that P/PCL falls in a range of
0.20 - 0,30 for v = 6.36. Test 1B failed at P/PCL = 0,22 which i.
within the range of the tests by Starnes.

The effect of replacing the cutout area is demonstrated in Fig.
5 whore P/Po is plotted vs. AI/A. It is interesting to note that
adding reinforcement to the cylinder wall was more efficient than
adding it to the penetration wall., A value of P/P° = 0.9 was obtained
at a value of A /A = 0.4 for either type of reinforcement. There
was no appreciable increase in the buckling load for values of A /A =
0.40 - 0.77 when added to the penetration wall. When additionnl
area was added to the cylinder wall che buckling capacity centinued
to increase until P/P° = 1.0 at a value of Ar/A = 0,86, Tests by
Babcock (3), who used a rigid plug which more than replaced the cutout
area, showed a maximum value of P/Po = 0.95. The tests on cylinders
with rectangular openings (2) compare favorably with those on cylin-
ders with circular openings.

Several photographs of buckled cylinders are shown in Fig. 6,
The failure patterns were very nearly the same for all tests. Away

from the opening the buckling pattern was identical to that of the
shell without a cutout.



CONCLUSIONS

If a tutout in a cylinder loaded bty axial compression is small
enough initial imperfections and end restraint conditions will govern
the buckling load. As the cutout size increases, the effects of the
cutout become greater than that of the initial imperfections and end
restraint conditions., Tests by Starnes (6, 7) show that the buck~
1ing load of the cylinder is reduced when y » 0.5,

Only a value of vy = 6,36 was investigated in the present study.
The buckling value of the unreinforced opening was 22% of the clas~
sical buckling load. This value is within the scatter hand of tests
by Starnes.

The buckling capacity of a cylinder with a cutout can be in~-
creased by adding reinforcement. By replacing 40% of the cutout
area the buckling capacity was increased to 90% of the value of the
¢ylinder without a cutout. By adding 868 of the cutout area to the
cylinder wall the buckling capacity was equal to that of the cylin-
der without a cutout. There was no appreciable increase in the buck-
ling capacity for values of Ar/A » 0.4 when the reinforcement was
added to the penetration wall,

The penetration wall was attached with material having greater
flexibility than the penetration and shell material. Poussibly the
effective penetration area was not fully developed.

The buckling patterns of the cylinders away from the opening
were the same for all tests and corresponded to that of the cylinder
without an opening.

— ey, el TSN NNISROTNANRTERNL N SRR NN PRI ISS2 = B A

p—



et

LR N e

REFERENCES

1.

9.

10.

Almroth, B.O., Brogran, F.A,, and Morlowe, M.B., “"Stability
Analysis of Cylinders with Circular Cutouts,” AIAA J., 11:11,
November, 1973, pp. 1582-1584.

Almroth, B.0, and Holmes, A.M.C.,, "Buckling of Shells with Cut~
outs, Experiment and Analysis," Intern. J. Solids Structures,
Vol. 8, 1972, pp. 1057-1071.

Seide, P., Weingarten, V.I., and Masri, S§.F., "Buckling Criteria
and Application of Criteria to Design of a Steel Containment
fhell," Intevsnational Structural Engineers, Glendale, Calif.,
March 1979, Appendix A.

Brogan, F.A. and Almroth, B.O., "Buckling of Cylinder with
Cutouts,” AIAA J., 8:2, February 1970, pp. 236-240,

Palazotte, A.N,, "Bifurcation and Collapse Analysis of Stringer
and Ring-Stringer Stiffened Cylindrica) Shells with Cutouts,"
Computers & Structures, Vol. 7, 1977, pp. 47-58.

Starnes, J.H., "The Effects of Cutouts in the Buckling of Thin
Shells," in Thin-Shell Structures, Theory, Experiment and Design,
edited by Y.C. Fung and E.E. Sechler, Prentice~Hall, Inc.,
Englewood Cliffs, N.J., 1974, pp. 289-304.

Starnes, J.H., "Effect of a Circular Hole on the Buckling of
Cylindrical Shells Loaded by Axial Compression," AIAA J,., 10:11,
November 1972, pp. 1466~-1472,

Tennyson, R.C., "The Effect of Unreinforced Circular Cutouts
on the Buckling of Circular Cylindrical Shells under Axial
Compression," J. Eng. Ind., Vol. 90, 1968, pp. 541-546.

ASME Boiler and Pressure Vessel Code, Section 1II, "Nuclear
Power Plant Compongnts,' Divigion 1, Subsection NE, Class MC

-

Components , NE=SYS rz:z Edition, ppre8ws ™

Miller, ¢£¢.D., "Bu g S s,for Axially Compressed Cylin-
ders," Mm , ' ASCE Seswer—emgT TERT
Mad Lsomr—wieew August—dd—36y—185€

vel, 193, NI acek. 1977,

o 655 %/
7



11. "Metal Containment Shell Buckling Design Methods," peepeved
MWM “5&5 Boiler and Pregoure Vessel Coded

a‘*o:; Iéxg'q, E : ,L’:,.J 3 T Naocloa lods Goas Bk, 1130,



R —. —— e e S L e —-—_-—-an--—_1

TABLE 1 - SUMMARY OF TEST RESULTS

TEST £ - AN | B/pg P/P,

1A NO HOLE - ,292 1.000

18 0 0 0 .223 . 764

1c . 0134 0 125 .252 ,863 |
1D 0267 0 . 250 .258 884 |

1E . 0400 0 3 . 264 . 904 |

1F L0533 0 499 273 . 935

16 L0663 0 620 ,275 .942

11 0794 0 743 . 284 973

11 0926 1 0 LB66 . 300 1.027

13 .1059 0 . 990 . 301 1,031 u} |

1K .0134 0 125 .237 .812 Vj |
1L=A 0134 | .0125 | .208 .223 . 764 ]‘}’ ol |
1M-A 0134 | .0253 | .350 (259 887 |
IN=-A 0134 | .0377 | .530 . 264 .904 .

1¢ 0134 | .0502 | .742 . 264 .904 ;

R = 7.507 in. t = ,0132 in. L = 15.0 in, E = 650,000 ps:
re=2,0 in.
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