Int. J. Solids Structures, 1969, Vol. 5, pp. 573 to 586. Pergamon Press. Printed in Great Britain

STRESSES IN A PERFORATED RIBBED CYLINDRICAL
SHELL SUBJECTED TO INTERNAL PRESSURE

A.J. DUrReLLL* V. J. ParksT and Han-Craow Les
The Catholic University of America, Washington, D.C.

Abstract—This paper deals with an experimental determination of stresses in a perforated ribbed cylindrical
shell subjected to internal pressure. Brittle coating, electrical strain gages, photoelgsticity, and micrometers were
used for the analysis. The results obtained were compared with a theoretical solution.
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INTRODUCTION

THE problem of the stress distribution in a cylindrical shell stiffened by interior or exterior
ribs subjected to various loadings has been studied theoretically and experimentally by
several investigators [1-3]. In practical applications, particularly in the field of aircraft,
ships and submarine structures, the shells are often perforated with a single hole or multiple
holes. A survey of the papers on the use of various methods employed in studying stress
concentrations near holes in shells may be found in a paper by Savin [4]. Recently Eringen
and his associates [5] also made a theoretical analysis of a stiffened cylindrical shell with a
circular hole under hydrostatic pressure.

The present work deals with the determination of stresses in a perforated ribbed
cylindrical shell subjected to internal pressure. For the determination use is made of
several experimental methods such as brittle coatings, strain gages and photoelasticity,
which had already been employed in a previous study of a pressurized cylinder with a
hote [6].
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Both ends of the shell are capped and the internal pressure includes an axial component.
Of primary interest in this investigation are the stresses around the hole, and the extent of
the influence of the hole on the stresses in the shell. The results obtained are compared
with a theoretical solution.

GEOMETRY AND LOADING

An epoxy cylindrical shell was machined from a 2 in. thick wall hollow cylinder cast
using Hysol 4290. The geometry of the shell is indicated in Fig. 1. The plates at the end of
the shell were made from an aluminum sheet.
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F1G. 1. Geometry of the epoxy perforated ribbed cylinder.

The dimensionless quantities defining the geometry are: L/R = 290, ¢/R = 0-51.
t/R = 00425, t4/R = 0-0532, t5/R = 0-0638, D/2R = 0-128,#/R = 0-787 and /R = 0-0106,
where R is the radius of the middle surface of the cylindrical shell, r is the inner radius of the
ribs, 2L is the length of the cylindrical shell, ¢ is the spacing between the ribs, ¢ is the thick-
ness of the cylindrical shell wall, 1, 1s the thickness of all the ribs, except the two end ribs,
fo is the thickness of the end ribs, D is the diameter of the hole, and [ is the fillet radius
between shell and rib.

The load applied to the ribbed cylindrical shell is uniform internal pressure. In order
to contain the pressure a plug made of silicone rubber was attached as shown in Fig. 1.
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The dimensions corresponding to the plug are shown in Fig. 2. It was kept in place by the

pressure. . .
Two levels of internal pressure were used, 12 psi for the electrical strain gage test and

1-5 psi for the photoelasticity test.
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FIG. 2. Detail of the plug cast using silicone rubber.

NORMALIZATION OF DATA

In order to conveniently generalize the results it is customary to normalize the stresses
by dividing them by some measure of the load which has the same units as the stresses.
The simplest normalizing factor would be the pressure associated with the particular
stress. However, in cases where a discontinuity such as the hole is introduced in an other-
wise uniform field (the plain cylinder) it is customary to normalize stresses in terms of one
of the stresses present in the uniform portion of the shell. This gives an indication of the
factor by which the hole increases the stress.

In the geometry analyzed here there is no “‘uniform” stress region in the shell because
of the presence of the ribs. However, the stresses throughout the shell are still highly
dependent on the same geometric values (shell radius and shell wall thickness) that would
determine the stress if there were no hole and no ribs. The average longitudinal stress
between the ribs and away from the hole must still satisfy equilibrium and is ¢.,,),, = pR/2t.
Except for the restraint of the ribs, the average hoop stress away from the hole would be
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Ogp)ay = PR/t. It was decided to normalize all the results on the factor pR/t to emphasize
the effect of ribs and hole, and to be compatible with the previous work [6] in which the
stresses were normalized with respect to o4, in a uniform section.

EXPERIMENTAL WORK AND ANALYSIS

Brittle coating

The brittle coating method uses a thin layer of a brittle varnish-like material sprayed
on a specimen where surface stresses are to be determined. The strains occurring on the
surface of the specimen, due to loading, are transmitted to the coating. When these strains
produce stresses in the coating larger than its ultimate strength, the coating fails by cracking.
The cracks are perpendicular to the tensile stress producing failure, therefore they coincide
with the isostatics or principal stress trajectories and give the direction of the principal
stresses directly. To determine the value of stresses the cracking failure of the coating is
associated with the strain sensitivity of the coating obtained by calibration following a
procedure developed elsewhere [7] and described below.

The coating was sprayed on the surface of the shell in a number of passes, with several
minutes between each pass. Stresscoat coating No. ST-1207 was used. The shell was pre-
pared for pressurizing immediately after spraying and the coating cured in place. The test
was conducted about 20 hours after spraying.

The brittle coating under load relaxes its stress making it necessary to apply the load
to the specimen sufficiently fast in order to crack the coating. It is also necessary to remove
the load after a short time to prevent “relaxation” cracking and to wait several minutes
between loadings to allow the coating to return to the no-load state.

Loads were applied to the shell with a column of mercury (similar to that shown in
Fig. 4), in from 60 to 90 sec, held for 15 sec, and reduced to zero in approximately the same
time it took to apply the load. After each load application, the entire coating surface was
carefully examined for cracks (isostatics). The load level was increased by steps until the
first cracks appeared in the coating. The cracks were encircled by a line made with a soft
marking pencil and the line assigned a code number corresponding to the value of load at
which the cracks appeared. With each subsequent load, the growth of the isostatic pattern
was again bounded and numbered, so that a series of contour lines resulted. The contour
lines are known as isoentatics. An isoentatic (locus of the crack ends) represents a line of
constant “apparent” stress. The stress is called “apparent” in that it neglects the influence
of the secondary stresses, gradient of stress, etc. on the failure of the coating. As a first
approximation, this “apparent” stress can be taken as the maximum stress at the point.

Upon completion of the test, the isoentatics and code numbers were marked over with a
fine steel scribe. The coating was then treated with red dye etchant which colors the iso-
statics and isoentatics and contrasts them with the yellow coating. Photographs of the
pattern were taken to establish permanent records of the tests. The photograph shown in
Fig. 3 was obtained by attaching a large sheet of negative film to the outer surface of the
shell, in the neighborhood of the hole, with the sensitive side in contact with the brittle
coating. A white-light source was put on the opposite side of the shell with respect to the
hole. The shell itself acted as a diffuser.

In Fig. 3 the location of the isotropic points for the outer surface of the shell are shown
(points at which equal tensile stresses are present in all directions on the surface). The crack
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F1G. 4. Method of applying internal pressure to perforated ribbed cylinder.

pattern as shown in Fig, 3 was extended beyond the last isoentatics (No. 7) by using the
refrigeration technique as explained elsewhere [7] to obtain isostatics over the whole
surface. A fairly regular pattern has been obtained in the region away from the discon-
tinuity except for the presence of some irregular cracks, which were produced by local
lack of uniformity of temperature when the coating was refrigerated.

The normalized apparent stresses are obtained from

o _Esi n
P-R%i‘ER’ '

where ¢ is the apparent stress at isoentatic i when a p; pressure is applied to the shell,
which produced failure (cracking) of the coating up to isoentatic i, ¢ is the strain sensitivity
of the coating obtained from the calibration strips and E is Young’s modulus of the shell
material.

If the coating failed at a specific tensile stress and if the Poisson’s ratio of coating and
shell were the same then this relation would give the maximum principal stress ¢, in the
shell regardless of the biaxial conditions of the specimen. It is known that the coating does
fail at a somewhat lower load if the specimen is in a state of biaxial tension. The coating
failure is also influenced to some degree by the stress gradient in the shell and to a lesser
degree by change in coating thickness. Because of these influences the value obtained for
stress is specified as “‘apparent” and is estimated to vary some 415 per cent from the
true stress.

Electrical strain gages

At two points away from the hole, midway between two ribs, sets of four electrical
strain gages (Metafilm Strain Gages C6-111 and C6-121) were mounted {two on the
inner surface and two on the outer surface in the principal directions). A set of two gages
were also mounted on the outer surface directly over a rib and one gage was mounted
circumferentially on the inner radius of the rib. A pressure of 12 psi was applied. The
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electrical strain gages were used mainly to obtain precise strain readings in the regions of
fow strain and to check data given by the other procedures.

The directions of all seven gages coincided with the lines of symmetry of the cylinder.
The stresses were computed from these strain measurements using Hooke's law

Oz = —“:"-ui(“zz + Vg 2)

1

Ggg = ‘I‘“‘_?;jg(gfm* VE). {
where ¢, is the longitudinal stress on the surface, gy 1s the hoop stress on the surface, «.,
is the longitudinal strain on the surface, £y, 1S the hoop strain on the surface, and v is Poisson’s
ratio (a value of 0-36 was used in this strain gage evaluation),

In the case of the single gage on the inner radius of the rib, the relation reduces to
o4 = Eegy. Stress values obtained were again normalized with pR/t.

Photoelasticity

The *“freezing” method was used. The shell was put inside an oven and the temperature
was raised up to 270°F at a rate of 1°F/hr. The temperature was kept constant at 270°F for
about 8 hr. One hour after reaching this state a pressure of 1-0 psi was applied, and 3 hr later
the pressure was increased to 1'S pst. (The device used to apply the load and to measure and
maintain it is shown in Fig. 4.) The temperature was brought down to 200°F at a rate of
1°F /hr. The rate was increased to 1-5°F /hr untit reaching room temperature. The shell was
unloaded and a total of 25 slices and sub-slices were removed. The thickness of the slices
and their location are indicated in Fig. 5. Isochromatic patterns are shown in Figs. 6 and 7.
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F16. 5. Plan of the slices and sub-slices removed from the frozen epoxy perforated ribbed cylinder
subjected to internal pressure.
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F1G. 3. Isostatics on the outer surface of the perforated ribbed cylinder subjected to internal pressure, in the nei ghborhood
of the hole, obtained by means of a brittle coating.



FiG. 6. Isochromatic pattern for a perforated ribbed cylinder subjected to internal pressure.



FiG. 7. Isochromatics around the hole in a ribbed cylinder subjected to internal pressure (+ = 0-250 in.).
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FiG. 11. Isochromatics in slice No. 25 (¢ = 0-250 in.).
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The over-all isochromatic pattern seen through the shell is shown in Fig. 6 {dark field).
This pattern although indicating the general response is difficult to analyze in a quantitative
manner, a light-field detail of the same pattern is shown in Fig. 7. Typical isochromatics of
the slices used for analysis are shown in Figs. 8, 9 and 10. Most of the photoelastic analysis
was done by photographing the slices in the polariscope and compensating to obtain
fractional fringe orders using Tardy’s method. Figure 11 is an isochromatic pattern, away
from the hole, shown to indicate the regularity of the distribution from bay to bay.

Slices and sub-slices removed from the shell along two axes of symmetry near the hole
were analyzed to obtain two principal stress components, namely, the hoop-stress and the
longitudinal stress. These axes are: one parallel to the axis of the cylindrical shell (axis of
slice No. 1), and the other perpendicular to it through the center of the hole (axis of slice
No. 2). The tangential stresses along the boundary of the hole was also analyzed. The
photoelastic analysis gives for points on the outer surface of slices or sub-slices:

Tgg = ana"

0, = 2nF,_,

and for points on the inner surface of slices or sub-slices :

Ggp = ana"“p,

Oz = 2nFn”p’

(4)
5

(6)
(N

where n is the observed fringe order at points corresponding to evaluated stress components
on the surface of slices, for ¢ = jin. (thickness of slice), F, is the material fringe value
corresponding to a thickness ¢ = % in. (A value of 2:65 psi per fringe was obtained from a
calibration disk), and p is the applied internal pressure.

The normalized stresses are obtained by dividing equations (4) through (7) by the factor
pR/t
(X7 . n

pR/t 68 (®)

T 9
pR/t 68 ®)

for the outer surface, and

T _ " .
pR/t~6'8 0-04, (10)

%=~ 004
PRIt 68 0% (1D

for the inner surface.
For points along the edge of the hole a similar photoelastic analysis gives

Gran = 2nF (12)
for the outer boundary, and

Gian = anu"‘p’ (13)
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for the inner boundary, where o,,,, is the tangential stress along the edge of the hole. Stress
values obtained here were again normalized dividing by pR/t.

Telescoping gage and micrometer

The change in diameter of the middle surface of the boundary of the hole was obtained
by a series of readings made with a telescoping gage and micrometer. The change in diameter
of the shell in uniform regions midway between the ribs and over the ribs was also measured
with a large micrometer. All these readings were obtained to within 0-001 in. before and
after loading the shell in the oven.

The change in diameter of the outer surface AD/D was 0-00602 on the rib and 0-00811
on the center between the ribs.

RESULTS

An approximate field of g, on the outer surface around the hole is given directly by the
brittle coating shown in Fig. 3. Normalized stresses for points on the outer and inner sur-
faces of the shell, along the two lines of symmetry (obtained using brittle coating, strain
gages and photoelasticity) are given in Figs. 12 to 15. The distribution of the membrane
stresses at the boundary of the hole (from the photoelasticity pattern in Fig. 7) is shown in
Fig. 16. The projection of the middle surface of the boundary of the hole, before and after
deformation, on a plane perpendicular to a radial line through the center of the hole
{obtained from the telescope gage and micrometer)is also given in Fig. 16. The distribution

%9 | %9 | _ — -
P PR gk I
P » Lo
| I vim ) b ;
60125 % . ;03 R S
l\\ ! ) ] ® “{?"j"zz;j —
o il N ] B
ood i logg g
507 I
20 I t H_._ il ,‘_;' s Al
| PHOTOELASTICITY
40- !
5 | e e BRITTLE COATING
! o] STRAIN GAGE
30~ | —— —m = THEORY
| AC THEORY FOR INNER SURFACE
-0 i INNER SURFACE 1§ WITHOUT HOLE
20 | SRS =g INNER
| SURFACE
o5 ! OUTER SURFACE
o ’ P N
| RIB—— | | |=—RB
0 | | l It ! H L L i ! :
0.5 1.0 15 20 25 3.0 35 40 /D

FiG. 12. Hoop stresses along the longitudinal axis of the perforated ribbed cylinder subjected to internal
pressure.
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FiG. 13. Longitudinal stresses along the longitudinal axis of the perforated ribbed cylinder subjected
to internal pressure.
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F1G. 14. Hoop stresses along the transverse axis of the perforated ribbed cylinder subjected to internal
pressure.
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Fi1G. 15. Longitudinal stresses along the transverse axis of the perforated cylinder subjected to internal
pressure.
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FiG. 16. Normalized membrane stresses and deformation at the edge of the hole in the ribbed cylinder
subjected to internal pressure.



Stresses in a perforated ribbed cylindrical shell subjected to internal pressure 583

of the stresses at the inner and outer surfaces along the boundary of the hole (from photo-
elasticity and brittle coating) are shown in Fig. 17. The distribution of the tangential stresses
at the corner between cylinder wall and rib and the hoop stress along the rib (from photo-
elasticity) are plotted in Fig. 18.

The distribution of stresses in a ribbed cylindrical shell without any perforations sub-
jected to internal pressure may also be of interest. Both the hoop stresses and the longitudinal
stresses at points away from the hole along the longitudinal axis obtained in the analysis
give the solution to this problem. These stress distributions can be found in Figs. 12 and 13
beyond the second rib away from the center of the hole (i.e. 3-0 < z/D < 4-0). The influence
of the hole in this region is negligible. The stresses are symmetrical with respect to the
center line between two adjacent ribs.
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F1G. 17. Normalized stresses (bending + membrane) at the outer and inner surfaces at the boundary of
the hole in the ribbed cylinder subjected to internal pressure.
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F1G. 18. Normalized tangential stresses at the corner between cylinder wall and rib, and hoop stresses
along the rib in the perforated ribbed cylinder subjected to internal pressure.

The stress distributions obtained in this analysis may be compared with a theoretical
solution given by A. C. Eringen [5] for the case of a cylindrical shell stiffened with two ribs
on each side of the hole.* Curves obtained using this theoretical solution are shown in Figs.
12 to 15 and 17. General agreement was obtained except in the neighborhood of the ribs,
and at the edge of the hole where the deviation between the results obtained by the experi-
ment and the theoretical solution was found to be appreciable. It shouid be noted that the
case analyzed experimentally is not identical to the case considered in the theory. In
the theoretical solution, the boundary of the hole is subjected to shear load, while in the
experiment there are normal forces applied along the contour of the hole at the inner surface
of the shell. In the theoretical solution, the shell is stiffened with two ribs only, while in the
experiment the shell is stiffened with five ribs on each side of the hole. The discrepancies
between the experimental result and the theoretical solution seem to be more likely due to
the difference in the boundary conditions of the hole rather than in the number of ribs.

For the region 3:0 < z/D < 4-0 as mentioned above the influence of the hole is negligible,
therefore, the results obtained here may be compared with another theoretical solution [§]
for the case of a ribbed cylindrical shell with no hole, as also shown in Figs. 12 and 13. The
comparison with the experimental results is satisfactory.

The results obtained from brittle coating and photoelasticity show that there are some
discrepancies between the two methods in particular along the boundary of the hole (Fig. 17).

* This solution was evaluated for the particular parameters of this investigation by Oles Lomacky of the
Naval Ship Research and Development Center using a computer.
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The ratio of moduli of elasticity of epoxy and plug varies greatly between room temperature
(E,/E, = 500) and *‘freezing” temperature (E,/E, = 2). This may influence the distribution
of load between the plug and the model and so account for the discrepancies that were
noted.

The photoelastic results at the point midway between two ribs in the second bay from
the hole along the longitudinal axis and at the point at 90° circumferentially from the hole
along the transverse axis checked with those obtained from strain gage measurements.
Another check in the photoelastic analysis can be also obtained by comparing the dif-
ference of average principal stresses obtained directly from the over-all isochromatics
before slicing (Fig. 6) and the difference of the same stress from the axial slice and transverse
sub-slices. Both checks have been applied to the same points. Good agreement has been
obtained.

The accuracy of the photoelastic determinations was evaluated from several points of
view. Besides the slices mentioned above, other longitudinal slices were removed from the
shell and the results obtained from spans located in similar positions with respect to the end
and the hole, were compared. The results obtained from points which ideally should have
the same value of stress show no more than 4 per cent discrepancy from their average.
Other sources of error like the ones associated with the machining of the specimen have also
been considered, hence the parasitic edge effects. Using previous experience with these
experimental observations it is believed that the true values will fall within a range deter-
mined by the given values +6 per cent.

DISCUSSION

The most striking feature of the analysis seems to be the localized influence of the hole.
This influence is confined almost completely to the bay in which the hole is located. Both the
brittle coating results (Fig. 3) and the photoelastic results (Fig. 6) show clearly this localiza-
tion which has been also found theoretically [5]. The quantitative analysis confirms that
the influence of the hole on the stresses in the adjacent two bays is small. The influence of
the hole on the stresses along the circumferential direction of the shell is about the same
as that found in the shell with no ribs [6].
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AGcTpakT—PaboTa 3auuMaeTcs 3KCIEPUMEHTANIbHBIM OINpPEeACIEHHEM HAMPAKEHUH B NepPopupoBaHHOM
peBpUCTOit LMIIMHAPUYECKOH 000104Ke, NIOABEPKEHHON BHYTPEHHEMY naBiieHuro. Jlns ananusa obonoyku
UCHIONB3YHOTCSH XPYITKOE IOKPBITHE, WEKTPHYECKHE HaTYUKH aedopmanuii, GoToynpyrocts K MUHKPOMETPSI,
[TonyueHnbie pe3yabTaThl CPABHUBAIOTCA C TEOPETHYECKHUM PELLICHHEM.



