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ABSTRACT: The possible collapse modes of ring-stiffened cylindrical shells under
external pressure are: local inter frame collapse of the shell between ring frames, which is
an interaction between elastic-plastic buckling and axisymmetric membrane shell yielding
at mid-bay; overall collapse of the shell-and-rings combination between rigid sections
such as flat heads. This mode is associated with ring frames which are weak to resist
either: out-of-circularity bending leading to premature yielding; sideways tripping of the
ring frames which may then precipitate the out-of-circularity bending.

The collapse pressures of these modes are sensitive to the so-called "imperfections”
related to the geometry of the structure, boundary conditions, materials and loads
(including residual stresses). For the overall modes of failure the collapse pressures are
rather sensitive to shape imperfections and so their prediction is less certain than for inter
frame collapse.

The presence of imperfections can cause the shell to reach yield and collapse at
pressure lower than for a geometrically perfect ring-stiffened cylinder.

In this paper we investigate the overall collapse of a imperfect ring-stiffened cylindrical
shell under external pressure using a combination of analytical and numerical methods
and considering the imperfections as a sinus lobe with the amplitude being a percentage
of the inner radius of the shell and a discrete number of waves in the axial and
circumferential directions of the shell.

1 INTRODUCTION

Ring-stiffened cylindrical shells under external hydrostatic pressure can have the
following principal failure modes: local inter frame collapse of the shell between ring
frames, and overall collapse of the shell-and-rings combination between rigid sections
such as flat heads.

The local inter frame collapse of the shell between ring frames is an interaction
between elastic-plastic buckling (called lobar buckling) and axisymmetric membrane shell
yielding at midbay.

Lobar buckling is an elastic-plastic instability of the shell between ring frames and is
characterized by inward and outward lobes, which may or may not develop around the
entire periphery of the cylindrical shell. The failure may occur in one or more ring spaces.
This mode of failure indicates that the rings have greater resistance to buckling than the
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shell between them.

Axisymmetric shell yielding is initiated by elastic yielding at the extreme fibers at both
the outer surface of the shell midway between ring frames and the inner surface of the
shell at the stiffeners. The yield leads to elastic-plastic collapse that is characterized by an
accordion type of pleat extending around the periphery of the cylinder. This failure may
occur in one or more spaces between the rings.

Overall collapse of the shell-and-rings combination occurs between rigid sections such
as flat heads or heavy stiffeners. It is associated with rings which are weak to resist
widely spaced hard sections and an out-of-circularity bending leading to premature
yielding. Sideways tripping of the rings, when precipitates out-of-circularity bending,
may cause overall collapse. This failure mode is also characterized by inward and
outward lobes, but the lobes are fewer (usually just two or three) than the number of
lobes in lobar buckling.

The collapse pressures of these modes are sensitive to the so-called "imperfections"
related to the geometry of the structure, boundary conditions, materials and loads
(including residual stresses). The presence of imperfections can cause the shell to reach
yield and collapse at pressure lower than for a geometrically perfect ring-stiffened
cylinder.

‘For the overall modes of failure the collapse pressures are rather sensitive to shape
imperfections and so their prediction is less certain than for inter frame collapse. It is
usual to design so that the collapse is precipitated by inter ring failure of the shell since
this mode is least affected by shape imperfections. The stiffening is usually designed so
that inter frame collapse leads to overall collapse if the pressure is maintained. This is
because ring frames have to be extremely heavy to maintain circularity after shell plating
has collapsed.

In the overall failure the buckling is initiated by ring yielding and the collapse pressures
are greatly reduced by out-of-circularities which create an eccentric load path for the
compressive hoop force producing bending moments in the ring.

In this paper we investigate the collapse of an imperfect ring-stiffened cylindrical shell
under external hydrostatic pressure using a combination of analytical and numerical
methods. Analytical formulae are used to predict the pressures that cause the yielding in
central frames that characterize the beginning of the overall collapse. Linear and
nonlinear finite element analyses (FEA) are used to predict the pressures that correspond
to the elastic instability, the yielding in central frames and the elastic-plastic collapse. It is
important to mention that in the elastic-plastic collapse evaluation it is also considered
the geometric nonlinearities.

2 THE RING-STIFFENED CYLINDRICAL SHELL UNDER ANALYSIS

The general dimensions of the ring-stiffened cylindrical shell under investigation in this
paper are shown in Figure 1, along with a typical model of half length.

This shell was designed, using analytical formulae, in such a way that the collapse
pressures corresponding to the three modes of failure have about the same value. It is
important to notice that the overall collapse is associated with an amplitude of the out-
of-circularity of 0,3% of the inner radius of the shell in the central ring, with a sinusoidal
shape having half wave and 3 waves in the axial and circumferential directions of the
shell, respectively.
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Figure 1: General dimensions and finite element model of the ring-stiffened cylindrical
shell

3 ANALYTICAL FORMULAE

The bending stress o, in the ring frame is given by

(1) o,=Exe

wl}ere E is the Young's modulus, x is the curvature and e is the distance from neutral
axis.

The relation between deflection and curvature is

w

(- 1)
R?
where w is the deflection, R, is the radius of the neutral axis of the bending cross section
of the ring and n is the number of waves over the circumference.
From Franitza (1988),

B)w=w,p/(p,-p)

where w, is the amplitude of the out-of-circularity, p is the applied hydrostatic pressure
and p, is a reference pressure given by

EtB* EI(m?-1)

@  p= +
(n?-1+P22)(m+B2D?R  R2I, (n2-1+B,2)

where §, =R /L, B, =7 R/, tis the shell thickness, R is the mean radius of the shell,
L is the distance between the hard sections, I is the moment of inertia of the rings
including the effective width of the shell, and 1, is the distance between the rings.

It is important to notice that the out-of-circularity is assumed as a sinusoidal lobe with
n waves over the circumference, half wave over the length (between rigid sections) and
an amplitude w,,.
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Considering that the beginning of the yielding in the most loaded ring frame
characterize the overall collapse, the corresponding pressure py, is obtained provided that
o, = O, in equation (1) (o, is the yielding stress of the material) and the adequate
substitutions in equations (2) and (3) be performed

(5) po=(Al(w,+A)p,
and
6) A=oc,R?/(Ee(n’- 1))

Using equation (5) it is possible to estimate the overall collapse pressure for different
values of out-of circularity.

4 FINITE ELEMENT ANALYSES

The shell and the ring frames are modeled using quadrilateral shell finite elements with 4
nodes and 6 degrees of freedom (dof's) per node. A typical model is shown in Figure 1.

The materal properties used in the finite element analyses were: 205000 MPa as the
Young's modulus, 0,3 as the Poisson's ratio, and the stress-strain data of Table 1. Three
geometries were investigated, with 2, 3, and 4 circumferential waves.

Table 1: Stress-strain data

Stress (MPa) | 254,20 | 321,77 | 34492 | 35630 | 399,86
Strain (%o) 124 2,70 470 8,50 46,50

From data of Table 1, the yielding stress is 337,30 MPa.

The analyses were performed with the finite element program ANSYS (SASI, 1992).
For each geometry, two approaches were used: elastic instability and elastic-plastic
collapse evaluations. Both were used to determine the collapse pressures and the failure
modes.

5 RESULTS

The collapse pressures and the failure modes of the structure were obtained using the
methodologies above described. The several configurations already mentioned, with the
same amplitude of the out-of-circularity (0,3 % of the inner radius of the shell) and
different number of circumferential waves, were analyzed. The results are shown in Table
2. The collapse pressures from finite elastic-plastic analyses correspond to failure of the
shell in the central position. This can be seen in Figure 2 for n = 3 waves and the same
occurs for n = 2 and 4 waves. If it is possible to maintain the applied hydrostatic
pressure, the shell failure precipitates the overall collapse with the yielding of the rings.
In Figure 2, it can be seen that the stresses in the central frames are near the yielding
stress of the material.
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Table 2: Collapse pressures (MPa)

n From equation (5)| From elastic-plastic From elastic
number of waves) FEA instability FEA

2 5,05 5,11 22,74

3 435 4,75 22,45

4 4,40 5,08 22,39
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Figure 2: Von Mises Stress Intensities (MPa)

d o4 / The tendency of the shell structural
(mm) behavior towards the overall collapse can
o be observed in Figures 2 and 3. Figure 3

shows the radial displacement versus
pressure of three nodes of the shell (in the
middle, in an intermediate position and
near the flat head). The chosen nodes
have the maximum out-of-circularity in
the sections they belong to. From Figure
SV N A N A S B 3, it can be seen that in the linear range

3 the displacements decrease and, where the

nonlinear behavior starts, the
pressure (MPa) displacements tend to increase
characterizing the large bending of the
ring frames.

o

Figure 3: Radial displacement (mm) X
pressure (MPa) of three nodes

If the overall collapse pressure is characterized by the beginning of yielding in the most
loaded ring, then one may say that the pressures corresponding to this failure mode are
slightly greater than the collapse pressures from the elastic-plastic finite element collapse
analyses.

It is important to mention that in the elastic-plastic finite element analyses it was
necessary to reinforce the shell near the flat head (rigid sections on extremes) in order to
force that the failure occurs in the center of the shell. Figure 4 shows the displacement
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field, just before the collapse, for the structure with n = 2 waves, without and with a
reinforcement of 25 % of the thickness of the shell over the extended 2 and a half ring
spaces from the discontinuity. In the first case the collapse occurs nedr the flat head at a
pressure of 4,82 MPa and, in the other, in the central position of the shell at a pressure of
5,11 MPa. With reinforcement, the overall collapse of the shell is almost characterized in
the elastic-plastic finite element analyses for the 3 cases studied in this paper (see Figure

4, with reinforcement).
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(b) with reinforcement

Figure 4: Displacements of the shell (n =2 waves)

6 CONCLUSIONS

For the shell under study, Table 2 shows that the analytical formulae from Franitza
(1988) results agree very well with those from elastic-plastic finite element analyses, and
that the first is conservative with respect to the latter.

The elastic instability finite element analyses results are much greater than the results

above cited, around 4 to 5 times.

From elastic-plastic finite element collapse analyses, the influence of the reinforcement

near the rigid sections is well characterized. If the shell is not reinforced, the weak point
is in the extremes and the collapse pressure is smaller than the one which causes the
failure in the central position of the shell.

Based on the results obtained one can say that the analytical formulae from Franitza

(1988) give a good estimate of the pressure for the overall collapse between rigid

sections of an imperfect equally spaced ring-stiffened cylindrical shell under hydrostatic
external pressure. Thus, the formulae can be used to check this failure mode in the first
design phase of this type of structure. Further studies, including elastic-plastic FEA, may
be necessary to conclude the design considering rings not equally spaced, the inclusion of

reinforcement near discontinuities and a more precise definition of imperfections.
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