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ABSTRACT

An experimental investigation is carried out to study the effects of nonproportional
loading in the plastic range on the buckling load. The discrepancy between experimental
and theoretical results points to some principal shortcoming in the analysis. The problem
has been simplified by applying axial tensile load and external pressure to a simple
cylindrical shell specimen and observing the buckling load for various nonproportional
load-paths. Results are compared to numerical predictions (BOSORS), using classical type
plasticity models such as J, deformation and J, incremental theory. Significant
discrepancy was found and attributed to inadequate modeling of the nonlinear material
behavior. The effects of geometrical imperfections and large deflections were found to be
insignificant, thereby leading to an idea how much of the discrepancy between test and
theory is due to the use of an inadequate plastic model. The introduction of the Southwell
plot into the plastic shell buckling problem reduced the already minor effects of geometric
imperfections.

The Christoffersen-Hutchinson corner theory model was introduced into BOSORS in
its simplest form as presented by Poh-Sang Lam. Results obtained with this model, which
allows corners to form on an initially smooth yield surface, displayed better agreement
with experimental data. However, increased computational time and problems related to

abrupt changes in load-path at the corner are a major concern at the present time.
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1.0 INTRODUCTION
1.1 GENERAL

The goal of this research is to understand the influence of plasticity on the collapse of
engineering structures and, in particular, of shells. Collapse of shells in the plastic range is
not a new subject, but it has been treated in a rather ad hoc manner for many years.
Reference [1] briefly reviews the field and lists references to the many works on the
subject. The real stumbling block to a satisfactory resolution of the problem is the
definition of the plastic constitutive relation. Itis well known that details of the plasticity
model can have radical effects on the collapse load calculations. This is particularly true
for shell structures. In this research, collapse occurs as a result of bifurcation into a
nonsymmetric postbuckling state from a symmetric prebuckling state.

The approach taken in this work is not to devélop a full-fledged theory of plasticity
constitutive behavior but to study the effects of certain aspects of the plasticity model on
the collapse behavior of a simple shell structure. The structure selected for the study is a
cylindrical shell, which is subjected to biaxial loading. The loading is combined external
pressure and axial tension, which is applied in a rather simple nonproportional manner. As
mentioned before, for this problem the prebuckling problem is axisymmetric and buckling
is by bifurcation (for the perfect structure) into a mode containing several circumferential
waves.

The number of circumferential waves and the stresses at bifurcation are controlled by
changing the length of the test specimen. A suitable shell length is chosen, such that the
shell is loading in the plastic range during prebuckling, and bifurcation also occurs in the
nonlinear range. Four or more waves around the circumference are observed for those
shells with buckling stresses well into the plastic range (Table 3.2). These particular shells
buckle therefore in modes that are substantially different from the largest initial
imperfection modes (2 or 3 circumferential waves), resulting in accurate observation of the

buckling phenomenon.
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Numerical predictions of the collapse or bifurcation load are carried out using a
number of standard plasticity models. Bushnell's "BOSORS" shell-code is used as a
"predictive tool" [Ref. 23]. BOSORS incorporates standard J, plasticity theory with
istropic hardening, using either incremental or deformation theory in the bifurcation
analysis. Some references that provide a general background and overview of the subject
of plastic buckling are listed in the back of this thesis [Refs. 37,50,66].

Part of this research included the introduction of a corner theory, developed by
Christoffersen and Hutchinson (CH)[Ref. 53], into the existing numerical analysis. In
this type of analysis, an initially smooth yield surface can develop a corner at the loading
point with the associated consequences for the constitutive relations. The idea behind the
corner theory is to maintain incremental principles such as a yield surface, convexity and
normality of the yield surface, while providing some additional freedom in picking
parameters (often based on physical principles) that determine stress-strain constitutive
behavior. The formation of a corner results in a region instead of a single normal of
possible plastic strains, while the normality condition of incremental theory is still
maintained. Proper identification of the plastic strain is dependent upon the correct
definition of the corner and the associated parameters.

Tvergaard [Ref. 57,74] has applied the CH comer theory, as described in Reference
[53], to axially compressed cylindrical shells. A more suitable form of the theory (for
introduction into BOSORS) can be found in Lam [Ref. 56]. It is in this form that the CH
corner theory is introduced in the BOSORS shell-code, and is used in the prebuckling and
bifurcation analysis. Needleman and Tvergaard [Ref. 73] have also applied this particular
theory to elastic-plastic fracture mechanics problems and found agreement with existing
theory under certain conditions.

The origins of this research can be found in the treatment of plastically deforming
shells subjected to nonproportional loading. In particular papers by Bushnell and Galletly

[Ref. 2] and Bushnell [Ref. 3] discuss the problem of internally pressurized torispherical
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vessel heads that experience nonproportional loading in the knuckle region after the
material has yielded. Comparison of test and theory indicates that constitutive modeling is
not correct in the plastic domain and needs to be further investigated. This led to the much
simplified cylindrical shell problem, which is used to identify the effects of load biaxiality
on the buckling problem.

An interesting point in this biaxial loading problem is that the external pressure in this
research induces compressive hoop stresses that are structurally destabilizing because of
the possibility of buckling (structural instability), while the axial tension is structurally
stabilizing through stiffening of the shell against buckling and through the observed
reduction of initial imperfections. However, axial tension is also materially destabilizing
since it moves the material farther into the plastic region and reduces the stiffness of the
structure (material instability). It is therefore possible to observe buckling of the test shell
under constant external pressure with increasing axial tension, when the shell is loaded in

the plastic region.

1.2 INTERNALLY PRESSURIZED VESSEL HEAD

In the paper by Bushnell and Galletly [Ref. 2], it is mentioned that interest in internally
pressurized torispherical vessel heads was stimulated by the failure of a large fluid vessel
(coker) undergoing a hydrostatic proof test at Avon, California, in 1956. Galletly [Refs.
4,5] determined from an elastic, small deflection analysis that the stresses exceeded the
yield point of the material by considerable margins over substantial portions of the vessel.
Various other elastic-plastic analyses of torispherical shells were published and are listed
by Bushnell and Galletly [Ref. 2]. Recent work by Galletly on this problem is shown in
Reference [69].

In "Plastic Buckling" by Bushnell [Ref. 6], several papers dealing with this type of
nonsymmetric buckling of elastic-plastic pressure vessel heads are mentioned. The

"Plastic Buckling" paper by Bushnell is the basic reference from which considerable
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information was extracted to guide the work in this research, and will therefore be referred
to quite often in this thesis. Brown and Kraus [Ref. 7] calculated critical pressures for
internally pressurized ellipsoidal heads with the use of small deflection theory. Bushnell
and Galletly [Ref. 8] found buckling loads for externally pressurized torispherical heads
pierced by nozzles and for conical heads using large deflection theory in the prebuckling
analysis. Bushnell and Galletly [Ref. 2], Lagae and Bushnell [Ref. 10], and Galletly [Ref.
10, 11] used the BOSORS computer program, to compare theoretical predictions with tests
by Kirk and Gill [Ref. 12], Patel and Gill [Ref. 13] and Galletly [Ref. 10, 11] for buckling
of internally pressurized torispherical and ellipsoidal heads. Figure 1.1 shows the
configuration of Kirk and Gill's [Ref. 12] and Patel and Gill's [Ref. 13] torispherical
specimens. In Figure 1.2 Galletly's specimen is shown with a deformed meridian at the
bifurcation buckling pressure.

Figure 1.3 depicts the torispherical specimens after buckling with the lobes that are due
to buckling visible along the upper rim of the shell. This figure is taken from Patel and
Gill [Ref. 13]. The actual loading that induces buckling are the circumferential (hoop)
compressive stresses, which develop as the internal pressure tries to deform the relatively
flat shell end into a hemisphere. Compressive stresses are observed whenever the radius
(r) of the torispherical vessel in the knuckle region is diminished from that in the
undeformed state, and it is this hoop compression that causes nonsymmetric bifurcation
buckling.

For monotonically increasing internal pressure above the yield pressure (pressure that
causes initial yield in the material), the circumferential and meridional stresses in the
knuckle region do not increase proportionallly. However, during the initial elastic loading
these stresses increase proportionally,as is shown in Figure 1.4. The curvature of a path
in stress space (after initial yield) followed by a given point in the knuckle region, depends
very strongly on the amount of post-yield hardening exhibited by the material from which

the vessel head is fabricated. Figure 1.4 shows the stress-path for the membrane stress in
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the knuckle region for torispherical shells subjected to internal pressure. The less strain
hardening in the material behavior, the more this path is curved, as can be observed in
Figure 1.4.

The predicted internal buckling pressure obtained with elastic-plastic analysis is less
than the pressure obtained with pure elastic analysis. This is due to a slower increase of
hoop compression when the material is deforming nonlinearly. When the material is
deforming within the plastic range, the shell with the least strain hardening will have the
lowest increase in hoop compression and consequently requires a higher internal pressure
to cause buckling, unless, the shell fails axially before buckling.

When plasticity is introduced in the analysis, the buckling pressure becomes
model-dependent and the use of deformation theory rather than flow theory in the stability
analysis leads to lower predicted buckling pressures. How much of the discrepancy
between test results and theory is due to initial nonaxisymmetric imperfections in these
torispherical specimens, and how much is due to the inability of the analytical model to
predict accurately biaxial flow in situations when the material is loaded nonproportionally,
remain to be resolved.

The object of this research is to determine whether, through the use of simple shells
subjected to non-proportional load-paths, more specific information can be obtained to
evaluate classical plasticity models and their performance. The type of loading applied in
these experiments reduces the nonaxisymmetric imperfections, such that results will not be
dominated by these effects. Simple nonproportional loading is applied beyond the
proportional limit of the material, and the buckling behavior is observed either visually or
with a probe.

Other issues such as isotropy and buckling detection will also be addressed, since they
influence the prediction of the buckling load. However, the main point is to try to
determine how much of the discrepancy between test and theory is due to use of an

inadequate model for nonlinear material behavior.



2.0 EXPERIMENTAL SET-UP
2.1 GENERAL DESCRIPTION

In order to make some headway in this problem, it was necessary to carry out a large
number of experiments. The initial phase of the work concentrated on the development of
a low-cost experimental set-up, which could use simple and inexpensive test specimens. A
prototype test device was developed, which could subject cylindrical specimens to external
pressure while allowing the buckling phenomenon to be viewed through the end plugs.
This prototype test device was pressurized with a manually operated pump.

Various modifications of the protoype test device were carried out so that the test
set-up could be placed in a displacement-controlled loading machine (INSTRON). As a
result of these modifications, the test specimen could now be subjected to biaxial loading
(axial tension and external pressure). During these new buckling experiments with large
axial loads, the bifurcation point became increasingly difficult to detect and observe. A
detection system was developed, which improved repeatability of the experimental work
and the accuracy with which the buckling point could be determined.

Because of material creep problems in the displacement-controlled loading machine,
the set-up was adapted for use in a load-controlled machine (MTS). Manual operation of
the external pressure and axial load was considered inaccurate, and the system was
changed to include a function-controlled load-path. The complete system now includes:
computer data acquisition, function-controlled loading, displacement sensing of shell wall
deformation, and feedback sensing of loads for accurate load control. A system to protect
the probe during buckling was also incorporated, when the buckling deformation that was
due to constant loads threatened to damage the sensitive system.

Another important aspect of this work was the determination of the test specimen
material properties. Past practice in the laboratory had been to mount strain gages on the
tensile specimen and manually load and record data. In order to speed up this procedure an

existing digital acquisition system (RIMS) was set up to carry out this type of testin a



routine manner. To obtain uniaxial test specimens of constant width, a method was
devised to machine strips from the original cylindrical tube (from which the specimens
were cut). Circumferential stress-strain curves were obtained by internally pressurizing

individual tube sections.

22 THE TEST CHAMBER (PRESSURE SLEEVE)

The objectives of this research program required the construction of a chamber capable
of subjecting a cylindrical test specimen to combined lateral pressure and axial load. It was
important that the hydrostatic pressure in the chamber not result in any axial load's being
applied to the test specimen. This condition required special attention to the mating of the
specimen to its support fixtures. A similar design condition was that specimen
displacement be unconstrained in the axial direction, whether or not the specimen was
subjected to axial loads.

A feature that had to be incorporated into the design at a later stage was the capability
to observe the buckling process. The prebuckling, buckling and postbuckling
deformations had to be measured if the buckling point was to be determined accurately. It
was decided that a small internal noncontacting probe would best suit the size and accuracy
requirements, without making the assembly and disassembly unduly complicated.

Since critical pressures or buckling pressures depend on geometric variables such as
length, diameter and thickness, it was necessary to be able to change these variables so that
buckling could be obtained under various critical stress states for similar load-paths.
Therefore, accommodation of these different geometries into the test chamber had to be
rather simple. This resulted in a design where the ends of the pressure chamber could be
changed without modification of the pressure containment sleeve.

The final design for the test chamber is shown in Figure 2.1 and is representative of
the existing pressure chamber. This design meets all of the above criteria, allowing for

efficient testing, and is simple and inexpensive to build. Figure 2.1 illustrates the basic



features of the test chamber with the test shell, end plugs and end plates in place. The test
specimen or test shell is enclosed within a thick-walled cylinder, which has two round
removable end plates. The steel tubes extending from the test chamber are not part of the
test specimen, but are end plugs that support the test shell and transmit axial loads to the
specimen. Epoxy is used both to provide a watertight seal between the end plugs and the
specimen, and also to hold the specimen firmly in place during external pressure testing.
Pressurization of the test chamber is accomplished by pumping a hydraulic fluid into the
test chamber, and axial tension is achieved through some external loading device in which

this experimental set-up is mounted.

2.2.1 END PLUGS AND END PLATES

End plugs are designed to hold the specimen in place and to provide a means of
transmitting the axial force to the specimen. An exploded view of the end plug and test
specimen section is shown in Figure 2.2. Shoulders are cut into the end plugs so that the
rim of the test specimen will not be exposed to the axial component of the hydrostatic
pressure. Axial loads that are due to pressurization will be prevented or minimized with
this procedure. Axial displacements, which may occur during loading or buckling of the
test shell, will not be restrained since the end plugs are free to move axially within the end
plates. Observation of the buckling phenomenon is also possible, since the end plugs
extend from the test chamber and allow for viewing of the test shell's internal surface.

During the initial phase of the research, this inspection was performed with a
flashlight. Observing the surface deformation visually was possible only when no axial
loads were applied. However, a more sophisticated displacement sensing device was
designed for more accurate observation of the shell-wall deformation. The installation of
this device called for changes in the end plug configuration, such that this device could be
attached to the end plug without disturbing the axial load transmission. A change in wall

thickness of the steel end plugs was also necessary, since the original thinner end plugs



tended to deform at the ends when the specimen buckled. A numerical study was
undertaken to design for optimum end plug thickness so that test specimen buckling would
not cause the end plugs to deform.

Figure 2.3 shows the model and results obtained using the BOSORS shell-code. As
the end plug thickness is increased, the buckling pressure of the complete structure
increases until buckling is no longer affected by a change in wall thickness of the end plug.
When the wall thickness of the end plug is very thin, the buckling analysis is not affected
by the presence of the end plug and buckling is in the approximate form of an ovalization
(n=2). When the thickness of the end plug increases, the problem starts to resemble a shell
with ring stiffeners at both ends. Eventually, the problem approaches the condition where
the endplugs act as rigid rings, and the resulting buckling mode consists of multiple
circumferential waves (n=5) as shown in Figure 2.3. When the buckling pressure
becomes independent of end plug thickness, the test shell buckles without affecting the end
plug. It is clear from Figure 2.3 that if the end plug is five or more times as thick as the
test shell, the end plug will not be affected. The actual end plug is much thicker since the
scanning probe turned out not to require much space after assembly.

The end plates that cover both sides of the test section are 1" thick steel plates with
1.5" circular cut-outs through which the end plugs fit to support the test shell. A tight seal
is provided by a number of O-rings that have been positioned in several locations in the
end plate. A single O-ring is used at the interface between the end plates and the test
chamber, and a set of double O-rings is used at the interface between the end plugs and the
end plates. These O-rings are also shown in Figure 2.1. The O-rings provide tight seals
between moving sections and prevent hydraulic fluid loss und<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>