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SUMMARY 

Nine 24-ST Alclad cylinaers of 2O-tnch diameter, 39-inch to 
9O-inch length, and O.Ol2-inch wall thickness, re1n:rorced with 24-ST 
aluminuzn.-e.lloy stringers and rings, were tested in pure bending. On one 
side of the cylinder, situated symmetrically with respect to its hori­
zontal plane of symmetry, there was a cutout extending over 12.9 inches 
or 19.3 inches in the 10ngitud1nal. direction and. over an angle of 450, 
900

, or 1350 in the circumferential direction. The strain in the 
stringers and. in the sheet covering was measured with metalectrlc strain 
gages. 

The stress distribution on the complete side of the cylinders 
deviated little from the linear law valid for cylinders without a cutout. 
On the cutout Bide, however, the stresses vere considerably reduced in 
the stringers over the middle portion of which the cutout extended. In 
the edge stringers, that is, stringers bordering the cutouts, the stress 
increased in the middle of the cylinder. The maximum. value of the stress 
was about 10 percent higher than the value calculated from the conven­
tional bending formula 1flc/I when I was taken as the moment of inertia of 
the cross section of the portion of the cylinder where the cutout was 
situated. The only exception was the maximum stress in one cylinder 
with a large cutout, which stress amounted to 195 percent of that 
given by the formula McII when the load was 80 percent of the buckling 
load. In the calculation of the moment of inertia, the effective 
width of sheet was used. 

All the nine cylinders tested failed in general instability. The 
crest of the main bulge was located at the edge stringer on the com­
pression side and seco~dary bulges appeare~ usually near the lowermost 
stringer in the cylinder. The buckling loads of the cylinders having 
cuto~ts extending over 45P, 900 , and 1350 were 80.5, 59.7,and 58.7 
(68.6, 65.5, and 60.8) percent, respectively, of the buckling load of 
the cylinder without- a cutout. The values in parentheses refer to 
cylinders having 8 stringers, the other values to cylinders having 
16 stringers. 
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The cylinder s ca rried large loa ds even after buckli ng. In general 
the size of the bulge and the number of t he bulge s increased when the 
loading was cont inued aft er t he firs t buckli ng . 

INI'ROD1rn'ION 

The problems of the distribution of t he s t resses i n and t he general 
i nstability of r e inforced monocoque cylinders having cut out s were dis­
cussed in t hree earlie r r eports (reference s 1 t o 3). The se investigat ions 
dealt wi t h cylinders in which the cut out was sit uat ed on t he compression 
side . In t he pr e sent r eport, result s of experimen t s are pre sent ed t hat 
wer e ob t ained with cylinders in which ther e was on one side of t he 
cy l inder a cutout symmetric t o the neut ral axis of the cylinder. 

Two maj or effects of cutouts in monocoques are to be noted. One is 
the redistribution of stress near the opening. The present report gives 
results of strain measuremmts which were obtained at the Polytechnic 
Institute of ~rooklyn Aeronautical Laboratories with nine circular 
cylinders tested in pure bending. A later report will contain theoretical 
calculations and a comparison of the theory with experilllent. It may be 
mentioned here, however, that good agreement has 'been obtained between 
the theoretical and the exper1mental axial stresses. The second item 
investigated 1s the effect of the cutout on the failure of the cylinder. 
This effect is included in the one first mmtioned if failure occurs in 
the form. of material faUure, local buckling of a thin--walled element, 
or buckling of a stringer between two adjacent fr8IOOS. 

An entirely new problem arises, however, when failure is caused by 
general instability. General instability is defined as the simultaneous 
buckling of the longitudinal and circumferential reinforcing elements of 
a monocoque cylinder together with the sheet attached to them. This typE> 
of buckling of reinforced circular monocoque cylinders, each having a 
symmetric cutout and subjected to pure bending, was recently investigated 
at Polytechnic Institute of Brooklyn Aeronautical Laboratories and is 
described in references 1 and. 3. An e:x:per1mental report of the general 
instability of reinforced monocoque cylinders having no cutout is avail­
able in reference 4. It is rather obvious that a cutout in a monocoque 
cylinder makes general instabUity possible under a load smaller than 
the buckling load of a complete cylinder. 

The second purpose of the investigations described in the present 
report was to collect data regarding the buckled shape and the buckling 
load of cylinders having side cutouts of different sizes. In a later 
report an attempt will be made to develop a stra~nergy theory of the 
general instability of reinforced monocoque cylinders with side cutout. 

,. 

• t , 
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distance from neutral axis 

stringer spaoing measured along oircumferenoe 

Young' 8 modulus 

moment of inertia of oylinder crOBS seotion with respect 
to neutral axis 

3 

moment of 1.nertia with respeot to neutral axis of crOBS 
section of portion of oylinder where cutout is situated 

M 

Yc 
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E calc 

€ curved 

E' exp 

E'flat 

€ 
str 

applied bending mo:ment 

cri tical bending moment (at general instability) 

distance from neutral axis of cylinder cross section with 
cutout 

effective width of flat panel 

effective width of curved panel 

shear strain 

normal strain in sheet in circumferential direction 

calculated normal strain in axial direction 

buckling strain of nonreinforced circular cylinder under 
uniform axial compression 

experimental normal strain in axial direction 

buckling strain of flat panel under unifonn compression 

axial strain in stringer 

normal strain in sheet covering in axial direction 
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TEST SPECIMENS, RIG, AND PROCEDURE 

The test cylinders are shown in the schematic drawings of 
figures l(a) and l(b). They vere numbered consecutively from 35 to 43. 
They consist of a 24-ST Alclad sheet covering of 0.012-inch thickness, 

3 
eight or sixteen 24-ST aluminum-alloy stringers of--inch square section, 

1 8 3 
and a. number of 24-ST aluminum-alloy rings of '8- PY -a-inch rectangular 

section. The diameter of the cylinders is 20 inches and their length 
varies from 39 to 90 inches. Except for the length of the c~linder and 
the location of the cutout, the cylinders vere constructed in exactly the 
same manner as those described in reference 1. In the test series of the 
present report, each cylinder had a cutout on one side extending over two 
or three ring fields and one to six stringer fields. 

The test ri~ and the attachment of the cylinders to the ri~ vere 
very much the same as those used in the tests described in reference 1. 
Figure 2 is a photograph of the test setup and figure 3 a. close-up of the 
swiveling parallel-linkage mecha.ni~ inserted between the loading head 
and the loading arm. The upper joint of this mecha.ni~ is attached to 
the loading head by means of ball thrust bearings, while at the lover 
joint a ball bearing constitutes a roller which can transmit to the 
loadin~ head compressive forces only. The rest of the mechani~ is a 
simple parallel linkage. ' The swiveling arrangement was provided in order 
to permi t twisting of the monocoque cylinder at buckling. In the 
experiments, however, no such tv1sting could be observed. 

As in the ,earlier tests, the load vas a'P'Plied by means of a mechan­
ical jack and its ma~itude vas measured by 'Baldv1n-Southwark SR-4 
metalectric strain ~es type A-I cemented to a calibrated load. link. 
The strain in the te-at cylinders vas measured in every stringer in tvo 

end bands 5; inches from the edge of the end rings, except in Cylinder 41 
in which the end band was ~ inches from the end rings. The strain vas 

aleo measured in the middle band in the plane of symmetry of the cylinder 
end vi th some cylinders in as lII8.IlJ' as three additional bands between the 
ends and the middle of the cylinder. The measurements vere made with 
pairs of SR-4 type A-l strain gages cemented to opposite aides of the 
stringer and connected in series, in order to obtain the average normal 
strain in the stringer. In Cylinder 40 the axial strain V'iS measured alSJ 
in the sheet coverln~ on the tension side around the cutout in the middle 
of eight panels by pairs of SR-4 type R-4 equilateral strain rosettes 
cemented to each side of the sheet covering. In addition, the rosette 
readings were used to determine the shear strain in these panels. 

In reference I it was mentioned that a ~stematic decrease in the 
normal strain vas observed from the loading head in the direction of the 
end stand. Since the observation vas made in the evaluat ion stage of the 
work after completion o~ all the experiments, the reason for this 
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increase could not be investigated at that time. At the beginning of the 
present test series, an investigation disclosed that the load in the cable 
that had one end attacheo_ to the loading head and the other to the counte~ 
weight varied during the loading. The variations were attributed to 
friction in the sheaves, particularly when the direction of the cable 
became inclined because of the deformations of the test specimen. For 
this reason, for Cylinders 36 to 43 e.ll the erpariments were carried out 
with a calibrated load link inserted in the cable between the loading head 
and the first sheave, and the force in the cable was measured at the 
beginning of each stage of loading. If this force o..eviated from the known 
weight of the loading head, weights were added or taken off until the 
required load reading was obtained. In this ma.nner the systematic error 
discussed in reference 1 vas el1m1nated. The accuracy of the measurements 
was the same as in the experiments described in reference j. The maximum 
error of the strain measurements was fO\IDd to be ±1.0 X 10 inch per inch. 
The applied load was meas\U'ed with an error of less than ±~O pounds. 

ANALYSIS AND DISCUSSION 

Presentation of Teat Results 

Results of the strain measurements in the stringers are presented 
for one or both end bands, for the middle band, and in some cases for 
intermediate bands of the cylinders. The presentation ia in the form of 
diagrams in which the strain is plotted against the distance of the 
stringer from the horizontal diameter of the cylinder. These basic data 
are contained in figures 4 to 30. The shear strain measured in the panels 
of Cylinder 40 is indicated in figure 31. 

The effect of the size of the cutout upon the strain is shown in 
figures 32 to 42. Figures 32 to 35 contain comparisons of the strain 
diagrams corresponding to cutouts of small, medium., and large size in the 
circumferential direction. Figures 36 to 39 present the variation of the 
a.x1al strain along the edge str1n8er end the stringer next to the edge at 
different values of the applied bending moment. Figures 40 to 42 are 
strain trajectories. 

The variation of the strain with applied bending moment is plotted 
in figures 43 to 46 for a few stringers of three representative cylinders. 

The final results of the experimental investigation are presented in 
figures 47 to 49. Figures 47 and 48 show the strain factors for various 
percentages of the buckling load. The strain factor is defined as the 
maximum. strain measured in the cylinder at a given load divided by the 
maximum. strain corresponding to the same load as calculated from the 
formula Me/lc in which Ic is the effective moment of inertia of the 
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cross section (calculated with consideration of the effective width of 
sheet) of the cylinder at the location of the cutout. The value of the 
bending moment at buckling is shown in figure 49 as a function of the 
size of the cutout and the number of stringers contained in the cylinder. 

Some of the experirental data are contained in the two tables. In 
table I the applied bending moments are compared with those calculated 
from the strain values measured in the various bands. In table II data 
related to the buckling of the cylinder are given. The buckled shape of 
the cylinder can be seen from the photographs presented as figures 50 
and 51. 

Nonlinearity of Normal Strain Distribution 

It is customary in airplane stress analyais, and entirely justified, 
to assume that the normal streBs is distributed according to a linear 
law and that the neutral axis is the horizontal di8lOOter of the cylinder, 
when a pure bending moment is applied in a vertical plane to a reinforced 
monocoqU9 cylinder. The linearity of the stress distribution is a conse­
quence of the assutnption that plane sections perpendicular to the axis of 
the unloaded cylinder remain plane and perpendicular to the axis when the 
cylinder is distorted by the applied moment. The stress distribution 
remain a linear even when the sheet covering buckles on the compression 
side of the cylinder but the neutral axis shifts tovrard the tension side. 
The normal stress can stUl be calcula.ted by the simple formula MclI 
provided that in all those panels where the sheet is in a buckled sta.te 
the effective width of the sheet rather than the total width Is considered 
when the centroid and the moment of inertia of the section are determined. 
These conclusions were borne out by the experiments described in 
reference 4. 

The situation is entirely different, however, when there is a cutout 
in the monocoque cylinder. stringers from which portions have been cut 
out offer little resistance to axial displacement, so that the stress 
distribution in the cylinder is not linear when the end sections of the 
cylinder remain plane during the distortions. Conversely, if the stress 
is applied to the end sections of the cylinder corresponding to the 
linear pattern assumed in bending theory, then during the ensuing dis­
tortions of the cylinder the end sections do not remain plane. 

In the exper11llents presented herein as well aa in those of 
references 1 and 4 the end sections of the cylinder were forced to remain 
plane during the tests. In the tests of reference 4 some shimming was 
necessary in order to achieve linearity of the displacements, and this 
linearity could be checked with the aid of the strain-gage readings . 
In the present tests, as well as in those of reference 1, no direct 
check of the linearity of the displacements was possible, since a plane 
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end section did not correspond to a linear strain distribution_ Neverthe­
less the rigidity of the end rings and loading head is believed to have 
been sufficient to keep the end sections plane, because these elements 
were materially heavier than those used in the testa described in 
reference 4 whereas the maximum applied moments were smaller. 

An indirect proof of the plane distortion pattern at the end rings 
was obtained analytically. The stresses in the strLTlgera were calculated 
on the basis of the assumption that the end rings remain plane, and the 
strain distribution obtained was in good agreement vlth that measured. 
Details of these calculations and comparisons are given in Part V of 
the present investigation (reference 5). 

If there is a cutout in a reinforced monocoque cylinder, at some 
distance from the cutout in the axial direction both the displacements 
and the stresses will be distributed linearly within the accuracy required 
in engineering calcula.tions. It appears, however, that this distance is 
considerable. Deviations from the linear law for the stress distribution 
were observed on the cutout side of each cylinder in the end bands, except 
in Cylinder 43, which was 90 inches long and had a cutout extending over 
900 

in the circumferential direction and 12.86 inches in the axial 
direction. Figures 29, 28, and 30 corresponding to the middle band, the 
intermediate band, and the end band, respectively, of Cylinder 43 show 
how the deviations from linearity decrease with distance from the cutout. 
Bands G and H are in the middle of the cylinder, band D at a distance 
equal to 80 percent of the diameter from the edge of the cutout, and 
band N at a distance equal to 166 percent of the diameter from the edge of 
the cutout. 

In the present tests linearity of the displacements was enforced at 
the end sections since this condition is considered to be in -better agree­
ment with reality than linearity of the stress distribution_ Moreover, 
this end condition is more convenient for experlIoontal work. 

As in references 1 and 4, the fund.a.mental strain data obtained in 
the tests are presented in a number of diagrams. In figures 4 to 30 the 
ordinate is the distance of any individual stringer from the horizontal 
diameter of the cylinder, and the abscissa is the strain reasured in the 
stringer. An individual curve is drawn for each stage of loading, and 
three individual dia.grruns, related to either the middle band and the two 
end bands, or to the middle band, one end bend, I3.Ild one intermediate band, 
are presented for each test cylinder. The following observations may be 
made in connection with these diagrams: 

1. The stress distribution is sensibly linear on the side 
opposite to the cutout. 

2. In the intermediate and end bands on the cutout side of 
the cylinder the stresses are considerably reduced in the stringers 
having the middle portions cut out.. 
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3. The deviations from linearity in the intermediate and end 
bands on the cutout side of the cylinder are slight in the case of 
the 450 cuto~, greater in the case of the 900 cutout, and very 
large in the case of the 1350 cutout. The effect of the circum­
ferential size of the cutout upon the linearity of the stress die­
tribution in the end band can be best seen in figures 32 and 33 in 
which strain diagrams are presented for the cutouts of different 
sizes corresponding to the same applied bending moment. 

4. In the middle of the cylinder on the cutout side there are 
in general slight or no deviations from linearity in the case of 
the 450 cutout. The deviations become more and more noticeable when 
the size of the cutout is increased to 900 and 1350 • In most cases 
there is an increase in the stress in the edge stringer. In some 
cases there is also a marked increase in the stress in the stringer 
adjacent to the edge stringer. A comparison of the strain diagrams 
of the middle bands of cylinders having different-eize cutouts is 
presented in figures 34 and 35. 

5. The slight effect of a ema.ll-eize cutout upon the stress 
distribution is in contrast with the comparatively large effect 
observed in the tests described in reference 1. This difference 
is easily understandable, however, if it is re~mbered that in the 
earlier tests the sroall-eize cutout caused a discontinuity in the 
originally most highly stressed stringer, whereas in the present 
case the small cutout disturbs at most the stringer that is located 
at the orig1na.l neutral axis of the cylinder and carries no load. 

6. In the case of Cylinder 43 one stringer located at the 
neutral axis was removed over a length corresponding to two ring 
fields. The effect of this very slight disturbance became 
negligible only at a distance of 166 percent of the diameter from 
the edge of the cutout. The strain diagrams presented in 
figures 4 to 30 indicate that the effect of cutouts involving a 
greater number of stringers extends over far greater distances. 

7. The agreement was found to be ,good between strain values 
measured in strain gages located symmetrically with respect to the 
vertical plane of symmetry of the cylinder. 

strain in Sheet Covering 

The strains calculated from the rosette readings are recorded in 
figure 31 for four applied bending mOlMnts. The axial strains were used 
when plotting the strain trajectories of figure 42. They were found to 
be in good agreement with the strains measured in the stringers. 

---'---. __ J 
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The circumferential strain was compressive in the panels where the 
axial strain vas tensile. Its magnitude vas betll&en approximately 
one-third. and. one-fourth of that of the axial strain. 

In the absence of an applied shear force the shear-strain distri­
bution should be antisynmJetric with respect to the vertical plane of 
symmetry of the cylinder. Consequently, shear strains located symmet­
rically to the middle of band. E in figure 31 should be equal in magnitude 
and opposed in sign. In reality, the axis of antisymmetry appears to be 
shifted slightly to the left in this figure. The magnitude of the shear 
strain is between approximately one-eeventh and one-ninth of the axial 
strain. 

Equilibrium of Forces and Moments 

The resultant force and. the resultant moment were calculated from 
the strain measm-ements in each band. They are listed in table I 
together with the values of the applied moment. In the calculation it 
vas assumed that on the tension side the entire sheet was fully carrying, 
whereas on the compression side the effective width of sheet was deter­
mined with the aid of the formulas 

2w' ;:: 2w + (e- If!) (d - 2w) 
curved! str. 

2v = [€ flaJ (e- str - € curveJ Jl/3 d 

The critical values of the strain were takBn as 

€flat = 0.5 X 10-4 

Eflat = 0.174 X 10-4 

e = 3 x 10-4 
curved 

(16 strln8ers) 

(8 str~rs) 

(1) 

The agreement between the moments applied end those calculated was 
found to be reasonably good. The axial force resultant was also small 
as compared with the total tensile force on the tension side and the 
total compressive force on the compression side of the cylinder, the 
difference of which is the force resultant. In general the bending 
moment calculated from the strain readings in the end band was found to 
be greater than that in the middle band. The reason for this phenomenon 
is the fact that in the end bands the sheet carried little stress because 
it was not attached to the end rings. On the other hand, in the middle 
of the cylinder the sheet is fully carrying on the tension side since 
the stress distribution there corresponds closely to that obtainable in 
an infinitely long cylinder. Because in the calculation of the effective 
width no distinction was made between middle band and end bands, the same 
r~les being used for all bands, exaggerated values were obtained for the 
bending-moment resultant at the end of the cylinder. 
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Strain Variation along strinsars 

The variation of the strain in the edge stringers of Cylinders 41, 
42, and 43 and the variation of the strain along the stringer next to 
the edge stringer in Cylinder 42 are presented in figures 36 to 39. At 
each stage of loading the stress in the middle of the stringer is 
higher than in any other place along the stringer. Since in these 
cylinders only the stringer at the neutral axis is discontinuous because 
of the cutout, the increase in the strain in the middle of the stringer 
is probably due to the fact that the edge stringer has to carry the load 
that would be carried in a complete cylinder by the sheet if it had not 
been removed. In SOIW of the figures there is a slight increase in 
stringer strain at the ends of the cylinder. This may be attributed to 
the fact that the stringer has to carry the load that the sheet cannot 
carry because it is not attached to the end rings. 

strain Trajectories 

Figure s 40, 41, and 42 present the strain trajectories of 
Cylinders 35, 38, and 40, respectively. The cylinder is imagined to be 
cut along a str insar and developed into the plane of the drawing. The 
location of the stringers and the rings is shown. Points on the developed 
surface subjected -to the same strain are connected with lines denoted as 
trajectories. Since each trajectory represents a constant value of 
strain, the trajectories had to be constructed by :m9ans of interpolation 
between the IOOasured values of the strain . 

The trajectories may be visualized as the contour lines of a 
topographic map of the strain surface. The characteristic feature of all 
the contour diagrams corresponding to the present series of tests as 
distinct from those of the diagrams corresponding to the symmetric cut­
out series described in reference 1 is the prevalence of almost hori­
zontal straight lines. This shows that the presence of a cutout near 
the neutral axis disturbs the strain distribution in the complete 
cylinder much les8 than does a cutout on the compression side. 

Systematic deviations from the straight lines can be observed only 
near the cutout. They indicate an increase in the atrain in the edge 
stringer in the middle of the cutout and a decrea se in the strain near 
the cutout in the stringers that a.."l"'6 interrupted by the cutout. In most 
figures this latter deviation could not be determined accurately because 
of the small number of strain readings. The curves are indicated, there­
fore, by dashed lines. 

Variation of Strain with Applied Moment 

In figures 43 to 46 the strain is plotted against the applied 
mOIOOnt for a number of stripgers. The curves are for Cylinders 35, 36, 
and 38. Similar curves were drawn for all the other cylinders of "the 
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test aeries also, since they were needed in determining by extrapolation 
the strain at the moment of buckling. Figures 43 to 46 represent, there­
fore, typical examples of different series of curves. 

All the curves begin as straight lines in good approximation. Near 
the buckling load aome of them increase more rapidly, but the rate of 
increase of others becomes smaller or even negative. For instance, for 
the end band of Cylinder 35 (fig. 43) the slope of the strain curve of one 
of the edge stringers increases, but that of the other remains unchanged. 
A similar situation exists in the stringers adjacent to the edge stringer 
in which the absolute value of the strain is higher than that in the edge 
stringer. In the end bonds of the edge stringers of Cylinder 36 (fig. 44) 
the strain becomes practically constant when the buckling load is approacmd. 
This condition is probably due to the fact that the edge stringers ware 
bent considerably in the last stages of loading before buckling occurred. 
In the stringers next to the edge of this B~ cylinder the rate of in­
crease of the strain becomes slightly greater in the last stages of loading, 
so that the maximum. value of the strain in the stringer next to the edge 
is considerably higher than that in the edge stringer when buckling occurs. 
In the end bands of Cylinder 38 (fig. 45) the strain in the edge stringer 
increases slightly, that in the stringer next to the edge somewhat more 
rapidly, and that in the second stringer from the edge more and more slowly 
as the buckling load is approached. Thus at buckling the rn.e.xtmum strain 
is reached in the stringer next to the edge, but during the earlier stages 
of loading the second stringer from the edge carries the highest loads. 
The situation is shown to be quite similar in figure 46, which represents 
the strain in the middle band of Cylinder 38. 

strain Factors 

The most important results of the strain measurements are presented 
in figures 47 and 48 in the form of strain factors. A strain factor is 
the ratio of the maximum value of the normal strain measured in the 
cylinder to the maximum theoretical strain calculated at the same load 
from the formula Me/lc ' The value of Ic is calculated for the middle 

section of the cylinder where the cutout is located. The strain factors 
are given for each 10 percent of the moment measured at buckling in 
figure 47 and for each 20 percent in figure 48. Figure 47 presents the 
strain factors for the cylinders having 8 stringers, figure 48 for those 
having 16 stringers. The ordinate is the strain factor and the abscissa 
the circumferential length of the cutout in degrees. 

The value of the strain factor does not differ materially from unity 
except for Cylinder 36, which had 16 stringers and a cutout extending 
over 1350 • It appears, therefore, that the marlmum strain, and conse­
quently the maximum stress, can be calculated with reasonable accuracy 
from the formula He/lc when cylinders of a construction similar to that 
of the test specimens are subjected to pure bending. The maximum 
stresses may be considerably higher, however, when the cutout is very 
large (near 135°). 

~--------.~-- -- - -- ---
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General Instability 

All nine cylinders tested failed in ~eneral instability. In all the 
tests the edge stringer on the compression side showed large deflections 
before buckling occurred. At the moment of buckling the edge stringer 
and one or two ad~acent stringers, as well as the sheet covering between 
them, were suddenly displaced and this displacement was always accom­
panied by a sudden, though often not very large, decrease in the applied 
load. In a number of tests the loading was continued after buckling. In 
these cases it was always possible to increase the value of the load 
prevailing after the drop, but the load prevailing just before buckling 
was never again reached. After a steady increase in the load, a second 
sudden drop occurred at the moment when one or more additional stringers 
buckled. In such a manner three consecutive buckling loads were obtained 
with some cylinders. Of the three loads the first one was always the 
highest. The buckled shapes of the cylinders at the different stages of 
loading are shown in figures 50 and 51. 

It was noticed that the tension side of the cylinder did not distort 
at all and the loading head was not rotated. Consequently, the use of 
the swiveling parallel linkage in place of the ordinary parallel linkage 
proved to be an unnecessary measure of precaution. In some cases the 
edge stringer buckled in the inward direction, in others in the outward 
direction. It was not possible to establish any systematic preference 
for the direction of buckling. 

The buckling load decreased with increasing size of the cutout. 
The buckling loads are plotted in figure 49 against the size of the cut­
out. Cyltnders 38, 35, and 36, having 450 , 900

, and 1350 cutout, 
respectively, and 16 stringers show a comparatively rapid increase in the 
buckling load as the circumferential size of the cutout decreases. For 
comparison, the buckling load of Cylinder 11 1s also plotted. This 
cylinder was tested in the series of complete cylinders described in 
reference 4. The dashed portion of the curve shows a sudden increment 
in the buckling load at 00 • The jump corresponds to the difference 
between the buckling load of a cylinder which is slotted along a 
generator (corresponding to a 00 cutout) and that of a complete cylinder. 

Cylinders 39, 37, and 40 had eight stringers and cutouts of 450
, 9O~ 

and 1350 , respectively. The calculated buckling load of a complete 
cylinder having eight stringers is also shown in figure 49 for comparison. 
It was calculated by the method presented in reference 6. 

The buckling loads of Cylinders 41, 42, and 43 constitute the third 
group of points in figure 49. These three cylinders had eight stringers 
each and a cutout extending over 900 in the circumferential directi on. 
The length of the cutout in the axial direction was 12.9 inches, corre­
sponding to two ring fields. The buckling loads of these t hree cylindere 
were very much alike and slightly higher than the buckling load of 
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Cylinder 37. Cylinder 37 differed from Cylinders 41 to 43 inasmuch as 
its cutout extended over three stringer fields. I~ne purpose in testing 
Cylinders 41, 42, and 43 ;res to investigate the effect of the length of 
the cylinder upon the buckling load. The leN;ths of Cylinders 41, 42, 
and 4, were 39, 64, and 90 inches, respectively. Tile differences in the 
buckling load were small and they were not systematic. 

Table II gives the maximum moments carried by the various cylinders 
together with data concerning the behavior of each cylinder after buck­
ling. The average drop immediately after collapse was 11.6 percent of 
the original buckling load. Each cylinder was tested again after the 
final load had been left on overnight. The average rnax:l.1num bending 
moment reached on the second. day of loading of the cylinders was 
83.8 percent of the original buckling load. After this new maximum was 
reached, the load "Was entirely removed and then the cylinders were loaded. 
once again. The average IDB.P.mum load reached in this last test was 
78.2 percent of the original buckling load. 

CONCLUSIONS 

The following conclusions can be drawn on the basis of testing nine 
reinforced monocoque cylinders with side cutout in pure bending: 

1. On the complete side of the cylinder the stress distribution is 
linear in very good approximation, both at the ends of the cylinder and 
in the middle 'where the cutout is located. 

20 On the cutout eide the strese is usually higher in the middle of 
the edge stringer than in the stringer located in a corresponding position 
on the complete side of the cylinder. In cylinders having large cutouts 
this stress is often the maximum stress in the entire cylinder. The 
stress in the cut stringers is always less than in corresponding 
stringers on the complete side of the cvlinder. 

3. The maximum. value of the stress can be calculated in first 
approximation by means of the conventional bending formula MclI in Which 
I is determined on the basis of the section of the cvlinder in which the 
cutout is located. When calculating this moment of inertia, the 
effective width of sheet should be used. Deviations of the actual 
maximum stress from the values calculated can be estimated with the aid 
of the strain factors presented. 

4. The buckling load of the cylinder decreases as the size of the 
cutout increases. In cylinders constructed similarly to those tested, 
values of the bending moment at buckling can be estimated with the aid of 
the data presented on the effect of size of cutout on critical moment. 
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5. The cyUnders can carry large loads even after buckling. In 
general, the size of the bulge and. the number of the bulges increase 
wen the loa.d:tng is continued after the first buckling. 

Polytechnic Institute of Brooklyn 
Brooklyn, N. Y., February 6, 1946 
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TABLE 1.- FORCF. AND MOMJ!:lf.[' EQUILIBRIlJol: 

Load 

Cylinder Condition Firat Second 

Moment Force Moment Force 
(in .-lb) (lb) (in .-l:b) (lb) 

35 App11ed 36,200 0 64,800 0 
Band A 33,600 -37 55,800 -124-
Band E 33,800 -71 56,100 -16 
Band I 34 ,PoO 5'5 61,600 -179 

36 AppUed 27,200 0 42,200 0-
Band A 23,600 36 37,300 -32 
Band E 24,600 -133 38,700 -102 
Band I 24,'500 81 40,200 -128 

37 Applied 11,300 0 20,600 0 
Band, A 10,400 25 19,800 10 
Band E 9,100 3 17,800 17 
Band I 10,900 10 21,400 3 

38 Applied 11j:,300 0 33,900 0 
Band A 14,800 61 31,400 2 
Band E 13,900 -8 30,700 -49 
Band I 14,700 -37 32,600 -32 

39 Applied 12,100 0 29,500 0 
Band A 11,600 -3 30,100 0 
BandE 10,200 -12 26,100 ~ 
Band G 11,000 10 27,800 22 
Band I 12,800 20 32,000 32 

40 Applied 11,300 0 22,100 0 
Band A 12,400 4-7 25,300 79 
Band C 11,300 25 22,800 32 
Band E 10,700 0 21,600 -10 
Band I 12,700 -49 27,900 -3.31 

41 Applied 13,400 0 29,300 0 
BandB 14,100 165 29,700 -81 
Band C 14,100 25 30,300 -86 
Band F 15,200 37 31,402 -25 

18~000 
• 

42 Applied 0 30,100 0 
Band A 18,000 -116 31,000 -257 
Band C :t~,600 -91 27,950 -180 
Band F 16,700 -59 30,400 -180 
Band G 18,300 -264 29,900 -353 

43 Applied 16,500 0 29,300 0 
Band A 13, eoo -44 27,500 -He 
Band D 13,700 -138 26,400 -242 

Bands G and H 14,600 -42 27,700 -81 
Band I 14,600 -64 27,600 -109 
BandL 14,700 -69 27,400 -123 
Band N 17,000 -200 31,200 -84 



Percent of 
Cut out Number of Maximum lIIaX1mum 

Deflection 
Cylinder (deg) stringers moment moment for of compressive 

(1n. -1b) 00 cutout 
edge stringet" 

35 90 16 .1.12,600 59.7 Out 

36 135 16 169, 900 58.1 Out 

31 90 8 101 , 900 65.5 In 

38 45 16 232, 500 80.5 Out 

39 45 8 113,000 68 .6 Out 

40 135 • 8 100 , 000 60 . 8 Out 

41 90 9 126,300 16.9 In 

42 90 8 115 ,100 10·3 In 

43 90 8 120, 600 13 ·3 In 

b11 0 16 289,000 100 .0 

c 0 8 164, 400 100 .0 --

aAverage per oent ages. 
brh1s cyl i nder is desoribed in r eferenoe 4. 
~mum moment oalculated aooording to reference 6 . 

TABIE II . - BUCKLING DATA 

Behavior aft er oollApse 

MaxiIlD.ta soment after overnight rest 
IJIIlIl9diat.~ After overn1ght 

after oollapse rest Bef ore deorease After deor ease 
t o zero to zero 

Moment 
Per cent of Moment 

Per cent of Moment 
Percent of Moment Percent of 

maximum max111lU111 max1l11Ul11 .marl1llUlll 
in . -1b) moment (1n.-1b) moment (1n.-1b) moment. (1n.-1b) moment 

- -----. ---- ------. -- ------- -_ .. - 164,100 95 .4 

161 ,100 95 .2 126,300 14.5 146,300 86.4 118,500 69 .8 

95,800 88 . 8 81 ,200 80 .9 91,300 84 .5 82,500 16.5 

213,100 91.8 ------- ---- 211,100 93 ·3 ------- - ---

105, 200 93 .1 96 , 900 85.1 105,700 93.4 99, 500 88 .0 

81,000 81.0 11,200 11.2 16,100 16.1 15, 300 15·3 

121,600 96 .2 101, 800 80.5 105 ,200 83:3 100, 500 19.Q 

95 , 900 82.9 ---- -.-- ---- 81, 200 15 .4 81,300 10. 3 

94 , 600 18. 5 88,200 13 .2 94, 400 78 .3 85 , 600 11.0 

a88 •4 al1 •1 a83•8 a18•2 

~ 

I 

f-> 
m 

~ 
o 
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f-3 
Z 
Z o 

f-> 
I:\:) 
m 
~ 
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(a) Side view of cylinder 35. 

Figure 50. - Photographs taken after loading had been continued after buckling. 
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(a) Side viP-V! of cylinder 39. 

Figure 51. - Photograph taken immediately after buckling. 
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• 

(c) Inside view of cylinder 40. 

Figure 51. - Continued. 
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