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ABSTRACT
The local buckling of thin-walled fabricated steel cylinders
loaded in uniform axial compression or pure flexure ‘is
investigated. Existing design specifications give empirical

local buckling ultimate strength equations that make no

distinction between a flexural or compressive failure. These

equations are based on a small body of widely scattered test
resuits for fabricated steel tubes, none of which involve
flexurally loaded specimens. An experimental brogram was,
therefore, undertaken to examine the difference in behavior
between the two_load cases.

The testing program involved a preliminary series of
small-scale compressioh testé, and two large diameter series
of matched bending and compression tests. Relative buckling
strengths are compared and the effects of fabrication
inducéd imperfections on the proportional limit and ultimate

buckling strength are assessed. Test results obtained herein

are compared with the experimental results of others, and

with predicted results as determined from the available
design formulas.

On the basis of the limited amount of test evidence for

~flexurally loaded fabricated cylinders, the assumed

equivalence between the compressive and flexural buckling
strengths is justified. Evaluation of the existing data
indicates that design formulas are available which
édequately predict the behavior of fabricated cylinders

loaded in either compression or bending. An alternate local
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buckling ultimate strength equation is presented which
simplifies the design procedure, and is shown to normalize
the test results over a wider range of material yield
strengths when compared with existing formulas.

Further experimental study is required to establish
conclusively the flexural buckling strength of fabricated
steel tubes. Additional testing is also recommended to
determine the effects of welding induced imperfections on
the buckling strength of tubular members with wall

thicknesses less than about 6 mm,
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NOTATION

normalized imperfection amplitude
equivalent plaﬁe width

compression buckling coefficient for a thin-walled
cylinder

proposed compression buckling coefficient for a
thin-walled cylinder

maximum inside diameter of a thin-walled cylinder
minimum inside diameter of a thin-walled cylinder
elastic modulus

secant modulus.

tangent modulus

buckling coefficient for a flat plate

cylinder length

gage length for imperfection amplitude measurements
cylinder out-of-roundness

plate width coefficient

cylinder radius |

number of radii measurements per specimen
cylinder wall thickness or plate thickness
unevenness factor | |

general capacity reduction factor

capacity reduction factor for uniform axial
compression

capacity reduction factor for pure flexure

capacity reduction factor for uniform axial
compression and pure flexure
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1. INTRODUCTION

1.1 Thin-Walled Tubular Members

Thin-walled tubular members fabricated from steel plate
are usea extensively in civil engineering structures.
Columns, stacks, conveyor support systems, and other such
stuctures are often constructed of unstiffened panels or
discretely stiffened panels which behave in an essentially
unstiffened manner. |

This report deals, in part, with the lécal buckling
stfength of thin-walled unstiffened tubular members
subjected to flexural loads. Since the behavior of tubular
members subjected to uniform axial compressionbis closely
related to the behavior under flexural loads, the more
fundamental axial compression load case is also considered.

The experimental phase of the study will focus on the
type of tubular member.that is used extensively in the
materials-handling operations of industrial piants. These
are fabricated circular steel cylinders, typically 2.4 m to
4 m in diameter, with radius-to—thickness ratios in the
range of'150,to 400. They support and enclose conveyor
systems and cusﬁomarily span distances up fo'about 50 m.

| In the design of these long—span_tubular members,

moment capacity is usually found to govern the member
strength. The moment capacity is controlled by either

material yielding or local buckling of the cylinder wall.



Lateral torsional buckling of the member is unlikely because
of the inherently large torsional and lateral resistance
provided by the circular shape of the cross-section. Because
large radius-to-thickness ratios are employed, local
'budkling often precludes the attainment of the yield moment
and, depending on the stress level at tﬁe point of
instability, either elastic or inelastic buckling behavior
is possible.

' Although circumferential ring stiffeners are often
employed to maintain the circular shape of the member cross-
section during loading, the stiffener spacings commonly used
do not increase the l&cal buckling strength. As a result,
these members are considered to be unstiffened for purposes

of design.

1.2 Statement of Problem

Criteria for the design of thin-walled fabricated
structural‘members are presented in a variety of North
American specifications. For ﬁubular members, the design
recommendations are based'on'empirical local buckling
strength equations eétablished from tests on cylihders made
from sharp;yielding mild steels.

Current specifications do not distinguish between the
local buckling strength of cylindrical members subjected to
uniform’axial compression and Ehe flexural strength of these

members. This lack of distinction arises from an inadequate
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data base for flexurally loaded tubular steel members. Even

for the case of axial compression, test results show a large

amount of scatter and there is no unified theory to explain

the observed experimental behavior. Consequently, there

exists a large element of uncertainty in the prediction of

local buckling strengths for thin-walled tubular members

fabricated from mild steel plate.

1.3 Objectives

The objectives of this study are:

1.

To test, in both axial compression and pure flexure,l
large diameter fabricated steel cylinders with
radius-to-thickness ratios between the limits of 149

and 222,

ITo'compare test results with theoretically based

predictions and, where applicable, with previously
obtained test results on'similér specimens.

To establish the validity of presently available
design procedures as ;hey épply to axially
compressed and flexurally loaded fabricated
cylinders.

To develop an alternate local buckling ultimate
strength équation suitable for design applications.

To make recommendations for future testing.



2. REVIEW OF LOCAL BUCKLING BEHAVIOR

2.1 Introduction

In this chapter, the analytical solutions to the
problems of elastic and inelastic local buckling of axially
loaded and flexurally loaded cylinders are presented. First,
the classical linear solutions are given forlfhe casé of a
geometrically perfect cylinder, and the implications of the
more refined nonlinear analyses are discussed. Next, the
effects of both geometric and material imperfections on the
buckling capacity are considered. Finally, some of the
existing design specifications applicable to thin-walled

fabricated steel cylinders are reviewed,

2.2 Instability of Tubular Members

Buckling is a form of instability that can lead to
collapse of a structure under loads that are less than those
normally requ1red to cause materlal failure. Thin-walled
unstiffened tubular members, and other such shell-like
members, are susceptible to this type of failure. Depending
on the member geometry and loading conditions, instability
of only a portion of the cylinder wall may occur before the
member as a whole becomes.unstable. This form of instability
is referred to as local buckling.

To better understand the problems associated with a

local buckling stability analysis of bent and compressed
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cylinders, a brief description of the ways in which a member
becomes unstable is in order.
Irreépective of the mode of failure, in the early

stages of loading a geometrically perfect member is in a

prebuckled or fundamental state of equilibrium characterized

by a single primary path on a load-displacement plot (See

Fig. 2.1). As the load increases, it is possible that the

member will reach a critical state correspbnding to a
bifurcation point. At this point there exists more than one
phySically admissible equilibrium state. The primary path
continues‘beyond the bifurcation poiﬁt but equilibrium ié
unstable in this region. In a real structure, when thé
bifurcation or buckling load is reached, the member goes
into a buckled equilibrium configurétion represented by a
secondary path branching from the primary path (Fig. 2.1a).
Because of the relatively sméll deflections ‘involved, a
theory based on infinitesimal displacements is usually
adequate to predict the behévior up to and including the
bifurcation point. |

Should the primary equilibrium path reach a relative
maximum before a secondary path is intersected, this
relative maximum is known as a limit point, and the
corresponding load is known as the limit load (Fig. 2.1b).
In contrast to the infinitesimal displacements associated
with bifurcation, when the member buckles at the limit load
there is a sudden transition, involving finite

displacements, from an unstable to a stable configuration.



If the behavior of the member beyond the bifurcation
point or limit point is of interest, a postbuckling theory
based on finite displacements is required to trace the load-
displacement path. This is necessary because small-

~displacement theories do not provide any indication of the
behavior in the postbuckled region.

When the member under consideration contains
imperfections, theories based on the assumption of an
initially perfect configuration are no longer correct.
Specifically, for thin~walled cylinders, the unstable nature
of their initial buckled state makes them extremely
sensitive to disturbances which cause a premature transition
from the prebuckled to the postbuckled state. In real
structures, such disturbances are usually caused by initiai
geometric imperfections. Thin-walled cylindrical members are
therefore imperfection sensitive and theories that attempt
to predict their buckling strength should téke'into account

their imperfections.

2.3 Small-Displacement Theory

The simplest approach to the thin-walled cylinder
stability problem is to consider.a geometrically perféct
member, elastic material behavior, and linear relationships
between displacements, strains, and curvatures. This so-
called classical stability approach is based on the

assumption of infinitesimal displacements and therefore

[ESe—
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‘precludes consideration of finite initial geometric

imperfections. Because all nonlinear terms are excluded from

the derivation, the classical stability theory is often

‘referred to as a linear or small-displacement stability

theory.

2.3.1 Axial Compression

Thé cléssical approach‘to thé local buckling of
unstiffened cylindrical shells under the action of uniform
axial compression was first undertaken in an approximate
form by Lorenz (1) in 1908. In succeeding years the analysis
was generalized and refined by Timoshenko (2),

Southwell (3), Flugge (4), and Donnell (5), leading to a
unified solution fof both iocal and overall elastic buckling
of compressed cylinders.

‘As a result of the work cited above, the elastic
buckling loads, and the corresponding buckled shapes can be
shown to depend upon both dimensional parameters—Ilength(L),
radius(R), and thickness(t)-—and material
properties—modulus of elasticity(E) and Poisson's ratio(v).
Neglecting unimportant terms in the general solution, three
distinct regions of behavior can be distinguished:

1. Short cylinders (L/R < 1.72(t/R)"?); those which
buckle in a manner similar to that of axially
compressed flat plates (See Fig.2.2a).

2. Lbng cylinders (L/R > 2.85(R/t)"?): those which fail

as long columns through overall instability prior to



local buckling (Fig. 2.2b).

3. Moderate-length cylinders which fall between the
above slenderness limits, and which buckle locally
in either an axisymmetric mode (Fig. 2.2c) or an
asymmetric mode (Fig. 2.2d). The latter form grows
into the characteristic depressed-diamond shape
(Fig. 2.2e) under continued deformation in the
buckled state.

Of the three types of behavior described, only the local
buckling behavior of moderate—length'cylinders is dealt with
in this report.

| The critical axial stress for members of intermediate
slenderness is length independent and identical for boﬁh
local buckling modes. For a cylinder with simply supported

edges the classical buckling stress is (6)

ac.=CE% : (2.1)

"where

1

C =mw

= 0605 for v=0.3

In thé moderate-length to long cylinder transition
region, however, buckling mode interaction can have a
proncunced detrimental effect on the critical stress. Prior
to the transition from local to overall buckling which

occurs at L/R = 2.85(R/t)"Y?, there exists the possibility

[EV——




that the asymmetric local buckling mode will couple with the
overall column buckling mode resulting in,a'critical stress
as low as 60% of the classical value as determined from

Eq. 2.1. Esslinger et al. (7) have:suggeéted that for simply
suppdrtéd tubes this interaction is possible when

L/R > 0.95(R/t)*. Despite this observation, the transition
behavior is often ignored because there are othef factors
(to be discussed later) which have a greater influence on
actual performance and which often preclude this mode
interaction.

From the preceding discussion, it is impoftant to note
the limits of applicability of the theory‘of local buckling
for moderate-length cylinders. For cylinders of the type |
considered in this study (R/t & 200), the length-independent
local buckling mode governs for 0.122 < L/R < 40.3. The
comparatively great range of chinder'lengths encompassed by
this theofy make it applicable to a wide variety of civil

engineering structures.

2.3.2 Flexure

The classical solution for local buckling induced by
pure flexure is usually attributed to Fllgge (4). In 1932,
he performed an approximate caiculation using linear elastic
stability theory, and assuming a particular buckle
wavelength-to-radius rétio. His analysis showed a 30%

increase in bend buckling capacity over the classical axial

~ load value (Eg. 2.1). This calculation was cited by
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Timoshenko (8) without a qualifying statement as to assumed
buckle wavelength and has been used as.a generallpule ever
since. Flugge's calculations were supported by early
experimental evidence which showed an increase in buckling
capacity for flexure which often exceeded the assumed value
of 1.3 times thé compression value.

In 1961, Seide and Weingarten (9) performed a numerical
small-displacement analysis of the flexural case which
indicated that the critical wavelength assumed by Flugge was
incorrect. The results showed that the flexural buckling
stress is approximateiy equal to the cbmpressive buckling
stress. Thié removed small-displacement theory as a basis
for any difference between the critical bifurcation buckling
stress in bending and compression. |

Unlike uniformly compressed cylinders, however, there
exists a limit point buckling mode for flexurally loaded
tubes which is distinct from the bifurcation-type buckling
mode discussed in Section 2.3.1. This mode of failure was
first iﬁvestigated by Brazier (10) in 1927 ("The Braéier
Effect").

If a long_cylindrical tube is subjected to a bending
moment it will assume a curvature. Because of.thié bending
induced curvature, the longitudinal tension and compression
stresses will have components directed towards the mid-plane
of the tube. The effect of these components ié to squeeze
the tube. into an oval shape, thereby reducing its resistance

to bending. By applying a small-displacement theory to a
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tube of infinite length, Brazier determined the limit point
moment. If the longitudinal bending stress is based on the
geometry of the undeformed cross-section, this moment

corresponds to a maximum axial stress of

_2 2 1/2 t
"""3[(1—%‘)] ol (2.2)
=o.3295ﬁt for v =03

which ié approximately one-half the classical compression
buckling stress.

In addition, this tendencyAfor the cross—seétion 6f a
tube -in bending to become oval leads to the possibility that
bifurcation could occur at a reduced moment after
considerable ovaling has taken ?lace. The flatﬁening of the
cross-section would result in relatively larger streéses for
a given momeﬁt, and the critical bifurcation buckling stress
would bellower because of the increase in the local radius
of curvature at the point of maximum stress..
| This problem of bifurcation-type buckling from an
initially oval state was first considered by Aksel'rad (11)
in 1965, and his approximate results have been vefified by
Stephens et al. (12). Aksel'rad's analysis indicates that
the bucklingAStress for tubes of finite length varies from
the classical buckling stress of 0.605 Et/R for short.
cylinders, to slightly less than the Brazier stress,

0.295 Et/R, for long cylinders (L/R > 2.5(R/t) 7).,
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If a bent cyliﬁder is restréined against significant
ovaling by discrete bulkheads, or circumferential ring-
stiffenefs, then Brazier-type buckling will be prevented and
mode interaction between ovaling and bifurcation will have a
negligible effect.vTubular.members SO festrainéd can
therefore be analysed by considering only bifurcation-type

buckling of the undeformed circular cross-section.

2.3.3 Comments on Inelastic Material Behavior

When the buckling stress is below the proportional
limit of the material, the assumption of elastic material
behavior is valid. If the stresses are.above the
proportional limit, the modulus of the material becomes a
function of the stress level. In the inelastic range, the
material modulus decreases causing a decrease in the
sﬁiffneés df the member and a corresponding reduction in
buckling strength.

For ineiastic local buckling, the NASA shell stability
design guide (13) reéommenas that the elastic modulus, E, be
multiplied by a plasticity reduction factor, m, to reflect
the variation in material stiffness with the stress level,.

The recommended plasticity reduction factor is

n = {EsE) b

E (2.3)

where E, and E, are the secant and tangent modulii,

respectively.
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Equation 2.3 is a simplified form of the theoretical
plasticity reduction factor suggested by Gerard (14). It is
intended to apply to homogenecus materials with gradual-
yielding stress-strain curves. For cyliﬁders tabricated by |
welding from sharp-yielding steels, the previously defined
pPlasticity reduction factor is not directly applicable.
Residual stresses, iﬁtroduced during fabrication, result in
nonhomogeneous material behavior wherein localized regions
of5the cylinder deform plastically before the nominal member
stress reaches the yield point. Theoretically based
reduction factors do not account for this type of behavior.
Plasticity reduction factors for structural steels are,

therefore, usually determined empirically.

2.4 Large-Displacement Theory

2.4.1 Axial Compression

Experiments performed to verify the theoretical results
of the classical shell stability theory have shown that, in
contrast to experience gained with other slender structural
elements such as plates and columns, the actual buckling
loads of thin-walled cylinders are appreciably_différent
from the buckling loads predicted by linear theory. For the
case of axially loaded cylinders the difference is very
large; test results often average only about 1/2 to 1/3 of

the classical value. In addition to lack of agreement with
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predictioné, the test results show unusually large scatter.
In all cases the scatter exceeds by.far that associated with
tests on slender columns and plates.

Initially the discrepancy between theory and experiment
was attributed to test specimen end effects. ﬁefinement of
the linear shell buckling theories to account for these
effects (15,16) has shown, however, that bOundafy conditions
have relatively little effect on the buckling load of
moderate-iength cylinders with practical support conditions.

Important progress towards better understanding of the
buckling behavior of compressed cylinders was achieved in
1941 by von Karmén and Tsien (17). Their approximate
numerical analysis, based on the elastic nonlinear finite-
displacement theory developed by Donnell (5), enabled them
to show that the asymmetric or diamond-shaped buckling
configuration is unstable. Specifically, the results
indicate that equilibrium states involving large
displacements can be maintained by loads far less than the
critical bifurcation load obtained from classical small-
displacement theory.

This buckling instability accounts for the difference
between the behavior of compressed cylinders and that of
columns and edge-supported flat plates. Qualitatively, the
difference can be attributed to the nature of the transverse
membrane stresses that develop after buckling starts. A flat
plate develops significant transverse tension membrane

stresses after buckling because of restraint provided by
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support along the unloaded edges (Fig. 2.3a). These membrane
stresses act to restrain lateral motion and the plate can
therefore carry additional load after buckling. A column,
after buckling, develops no significant trahsverse membrane
stresses to restrain lateral motion and is free to deflect
laterally at the critical buckling load (Fig. 2.3b). During
the course of buckling, the load sustained by the column
does not drop off. For a thin cylinder, the.inward buckling
of the asymmetric diamond-shaped mode generates superimposed
transverse compression membrane stresses (Fig. 2.3c), and
the initial buckled form is thefefore unstable.
Consequently, buckling is coincident with failure and is
followed by a considerable drop in the load carrying
capacity of»the cylinder. The various types of postbuckling
behavior are illustrated in Fig, 2.4.

With the realization that cylindrical shells under
axial compression possess an initially unstable buckled
configuration, there was theoretical justification for the
experimentally observed tendency towards imperfection
sensitivity. In 1945, Koiter (18) incofporated finite
initial imperfections into his general nonlinear stability
theory. | |

Koiter's theory permits the determination of a maximum
load that can be maintained before buckling is triggered,
and rélates this load to the size of the imﬁérfection which
causes the premature buckling. In general, the larger the

initial imperfection the smaller the buckling load.
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The inclusion of initial imperfections, in addition to
providing a path for the transition from the unbuckled to
the buckled state at loads less than the classical value
(See Fig. 2.4), also helps to account for the large amount
of scatter observed in the test results. Because of the
statistically random nature of initial imperfection
amplitudes, some variation in buckling load would be
expected. Furthermore, recalling that two critical
bifurcation mode shapes are possible for local buckling
(Section 2.3.1), the sensitivity to imperfections inherent
in the unstable asymmetric buckling mode accounts for its
predominant occurrence in experiments. The stable, and
therefore relatively insensitive axisymmetric buckling mode,
can only be induced at or near the classiéal buckling
stress.,

In his derivation, Koiter initially assumed that the
imperfections were axisymmetric in shape. The basic
axisymmetric imperfection theory was subsequently modified
‘and extended by Almroth (19) and by Tennyson and
Muggeridge (20). In the.latter study, tests were‘performed
on cylinders with axisymmetric imperfections ca;efully
machined into the wall. Good correlation between theory and
-experiment was obtained. However, further investigation by
Koiter (21) into the effects-of imperfection shape on the
buckling load has shown that interaction between various
axisymmetric and asymmetric modes results in a more

pronounced reduction in strength.
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The effects on the buckling load, of Koiter's assumed
three-mode imperfection shape, and the earlier single mode
imperfection shape, are shown in Fig. 2.5 as a function of
imperfection amplitude. The nondimensional imperfection
amplitude, a,, is the absolute imperfection amplitude, o s
normalized with respect to the wall thickness; The reduction
in bﬁckling stress is expressed by a capacity reauction
factor, a, which is the actual buckling stress divided by
the classical buckling stress.

More recent study of the effects of imperfections on
the buckling strength, as discussed in review articles by
Arbbcz (22) and Babcock (23), involves the use of more
accurate numerical techniques applied to single and multiple
mode imperfection shapes and to statistically random
imperfection amplitudes. The analyses have progréssed to the
point where considerable success can be achieved in
predicting the elastic buckling loads of test specimens,
provided that the actual imperfection profiles are mapped
and used in the calculation.

With respect to fabricated cylinders made from sharp-
yielding steels, such analysis procedures are rendered less
reliable by the existence of residual stresses due to cold
forming and welding, and by inelastic material.behavior. |
Neither of these effects have been incorporated into the

numerical analysis procedures currently available.
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2.4.2 Flexure

The analysis of cylindrical shells in bending has not
advanced as far as has'the analysis for axially loaded
cylinders. Although classical small-displacement theory
gives approximately the same buckling stress for both
compression and bending, experimental results indicate a
higher buckling stress for flexurally loaded members. No
large-displacement bifurcation-type buckling ahalysis exists
to show whefher or not the increase in strength is an
inherent characteristic of cylinders in bending. In place of
theory there is conjecture as to the possible reasons for
the difference in behavior.

The experimental buckle patterns for cylinders in
bending are much like those obtained for axial compression.
It is therefore assumed that the theoretical buckling
behavior under both loading conditions is similar and that
imperfections are significant for both. The stress
distribution varies circumferentially in the case of
bending, however, so that the shell has a preferred region
of buckling. The lower pfobability of imperfections
occurring within this region could result, on average, in
higher buckling stresses in bending than in compression.
Still, it would be expected that some bend buckling stresses
would approach the corresponding compression values. As
1llustrated by Fig. 2.6, this has not been shown to be the
case. A pronounced increase in flexural buckling strength

relative to compression buckling strength is indicated and
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'is shown to be a function of R/t. This curve was established

using the lower bound best-fit curves through the available
test results as established by Weingarten et al. (24) in
their review of aerospace quality specimens that buckled
elastically. It is generally believed that the strain
gradient resulting from the circumferentially varying
bending stress‘is responsible for this increase in buckling

strength.

2.5 Design Procedures

2.5.1 Type of Member Considered

As discussed previously, the buckling behavior of thin-
walled cylinders is considerably affected by imperfections,
both in the material and in the geometry. It is therefore
convenient for design to classify steel tubes into groups
with similar imperfection levels and consequent buckling
behavior,

Tubes produced by a hot forming process in a plant
devoted specifically to the production of tubes are
classified as manufactured tubes. Cylinders made by cold
forming from steel plate, and joined by riveting, bolting,
or welding in an ordinary structural fabrication shop are
fabricated tubes.

Fabricated tubes have been distinguished from

manufactured tubes because test results indicate that their
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local buckling strength may be considerably below that of
manufactufed tubes. This is apparently the result of larger
geometric imperfections and the presence of residual
stresses introduced during cold forming and subseguent
welding.

This investigation deals specifically with the behavior
of fabricated tubular members. Emphasis is therefore placed
on design procedures that take into account the increased

levels of geometric and material imperfection.

2.5.2 Ultimate Strength Formulas

The Canadian Standards Association (CSA) presents
requirements for fabricated tubular members in CSA Standard
$136-1974, "Cold Formed Steel Structural Members" (25). This
Standard is based on the 1980 edition of the American Iron
and Steel Institute (AISI) light gage steel
specification (26). The latter specification presénts a
local buckling ultimate strength curve for axially loaded
cylinders made from sharp-yielding steels which
simultaneously accounts for nonhomogeneous inelastic
material behavior and initial imperfections. This empirical
equation and other similar eqguations are shown in Fig. 2.7
together with the test results obtained by Wilson (27) and
Wilson and Newmark (28) on fabricated tubes of moderate-
length (1.72(t/R)"*> < L/R < 2.85(R/t)"?). The following
discussion takes a form similar to that used by Johnston

(29).

' 4
Vel et

N
[RE—]

[ SN—



21

The empirical equations shown incorporate a
nondimensibnal relationship first reported by Plantema (30)
in 1946. In deriving an empirical formula for manufactured
tubes he found that the ratio between the ultimate buckling
stress and the yield stress ( oyo, ) depends on the buckling
parameter |

_ Et ,
P—&y—R (2.4)

which is a measure of the ratio between the classical
elastic buckling stress (Eg. 2.1) and the material yield

stress. The Plantema formula is

%~ 0.166p for p<5 (2.5a)
O'y .

Ju= 0.75 + 0.016p for 5<p<16 (2.5b)
U'y ) '

Tu_ 10 for p =16 (2.5¢) .
0'y . '

The transition between linear elastic behavior (Eqg. 2.5a),
and yielding (Eq. 2.5c), consists of a straight-line
approximation (Eg. 2.5b) which intersects the elastic curve
at a proportional limit of 83% of o, (Point A in-Fig. 2.7).

| The'Plantema formula was conservatively modified by the
AISI (26) on the basis of the test results shown in Fig. 2.7
to make it more applicable to fabricated tubes. This

involved reducing the predicted ultimate buckling strength
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in the inelastic region of behavior. The resulting AISI

formula is

-~ %u_ 0665 + 0.0187p  for 455 <p<17.9 (2.6a)
Ty
Ju- 10 . for p=17.9 (2.6b)
Oy

Equation 2.6a intersects Plantema's elastic buckling stength
equation at p = 4.55 (R/t = 44800/¢, ) which implies a
reduced proportional limit for fabricated tubes of 75% of oy
(Point B in Fig. 2.7). No recommendation is made for
cylinders with R/t > 44800/¢, on the basis that elastic
buckling involves geometries outside the range typically
encountered in fabricated steel tubes.

The American Water Works Association (AWWA) -
standard (31) gives a parabolic equation for the local
buckling strength that does not distinguish between elastic
and inelastic buckling and, unlike the AISI formula, applies
to cylinders in the so-called elastic region of behavior.

This strength formula

Ju - 0.138p — 0.00475p2 for p < 14.5 (2.7a)
O'y .

Ju- 10 ~ for p=145 (2.7b)
Oy

is based strictly on test results (27,28) and applies to

mild steels with o, 2 200 MPa and t 2 6,35 mm.
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On comparing these design equations it is apparent that
the varying interpretations of the widely scattered test
data leads to a substantial disagreement between the curves

shown. In an attempt to reduce the data scatter, Miller (32)

- considered a modified form of the nondimensional buckling

parameter proposed by Plantema. Miller's parameter is

- Et
A—amC;yﬁ (2.8)
where
om= — 0.041 — 0.473 log (-Utﬂ) _ (2.9)

The classical elastic buckling stress CEt/R is modified by a
capacity reduction factor, am, based on the approximatef—and
in places intuitively based—imperfection theory of Donnell
and Wan (33). Equation 2.9 is a semi-log approximation of
their theoretical nondimensional buckling strength curve
wherein a relationship between the capacity reduction factor
and R/t is defined in terms of an unevenness factor U. This
factor reflects the initial level of cylinder wall
imperfection (geometric and material); and is considered to
be a function of the method of construction. Evaluation of
the availabie test data led Miller to select an unevenness
factor of U = 0.0005 for fabricated cylinders.

With imperfections accounted for in this manner, a
lower bound curve through the data points répresents an
empirical equation for the plasticity reduction féctor, M,

applicable to nonhomogeneous, sharp-yielding mild steels.
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Miller's buckling strength formula is

% - po.C-EL (2.10)
o'y O'yR
= nA
where
n =10 for A < 0.55
n=2% 018 for 0.55 <A < 1.6
1.31 1
S A = 1.
"=GATisa A [ra=16

A modified form of Miller's formula was adopted by the
American Society of Mechanical Engineers (ASME) in 1980 for
their specification on "Metal Containmenf Shell Buckling
Design Methodsﬁ (34) which forms an appendix to the ASME

Boiler and Pressure Vessel Code. Equation 2.9 was modified

such that
am= 0.207 . for 600<$<1000 (2.11a)
ok
am=1.52-0.473 log { 2 (2.11b)
| ( t ) lesser tor '?_< 600
am = 3002 — 0.033 | (2.11¢)

E

The changes were made on a strictly empirical basis to
further improve the correlation between predicted and test

results. In addition, the ASME code restricts the
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~applicability of their formula (as defined by Egs. 2.10

and 2.11) to cylinders with wall thicknesses not less than
6.35 mm, |

The ASME fofmula, together with fhe test results used
to establish the curve (27,28,35,36) are shown in Fig. 2.8.
The data points.falliﬁg significantly below the curve are
considered suspect because of reported variations_in
compressive strain during loading, |

None of the buckling strength eguations, as presentéd,
take'info account the possibility of a reduced buckling load
due to coupling between local and overall column buckling
for moderately long cylinders. In allowing for this effect,
the method used in many steel column spec1f1cat10ns involves
an interaction approach which is equ1valent to substltutlng
the local buckling stress for the yield stress in the
appropriate column buckling equation. Using the Column
Research Council's column—stfength curve (37), and thé
experimental results obtained by Ross and Chen (36) and
Wilson and Newmark (28) for long tubular columns,
Miller (32) established a slenderness limit. He recommends
that cylinders in which

%sau(f)m o (2.12)

will.buckle locally at a load which is insensitive to column

length.
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In all of the above mentioned specifications, no
distinction is made between compressively-induced and
flexuraily-induced local buckling. The unanimous
recommendation is that the bend buckling capacity be taken
equal to the compression buckling capacity. Two factors
contribute to this lack of distinction. First, there is a
lack of test results for flexurally loaded fabricated tubes
which buckle below the yield stréss. Second, the results of
elastic buckling tests as reviewed by Weingarten ef al. (24)
indicate that the assumed equivalence between flexure and
compression . is a conSerQative approach.

The European Convention for Construction Steelwork
(ECCS) goes beyond this simplified approach, and in their
manual oh shell stability (38) permit higher buckling
stresses in bending than in compression. This
recommendation, though not yet substantiated by theory, is
none the less supported by a substantial data base for
small-scale cylinders failing elastically in either
compression or flexure (24).

The basis for the ECCS approach is the application of
an empirical capacity reduction factor to the classical
buckling stress, followed by a further empirically based
reduction to account for inelastic behavior and residual
stress effects should the elastic buckling stress exceed the

assumed proportional limit of 50% of o,.
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The cépacity reduction factors, o, f£6r compression,
and a, for bending, suggested by the ECCS are
083 R_ |
ao——“—mmwz for—t—> 212 ‘ (2.138)
3 0.70 R
% =jiTRqoo e O T 212 | (2.13b)
and
ap = 0.1887 + 0.81130, ’ - (2.13¢)

Both_factors are based oﬁ simplified forms of the lower
bound best-fit curves established by Weingarten et al. (24)
for aerospace applications.

The ECCS formula for the buckling capacity of

fabricated steel cylinders is

ou_as Bt t_oy |
= BCUR foraCERss2 (2.14a)
y y

vhere
=3

and
'E£=1._o41z3[__31_* ’° braCé12>E¥ (2.14b)
oy 7 L «CE(WR) R™ 2 B

In either equation a is taken as a, for cbmpressive
loading, ahd ap for flexural loading.

In qualifying the use of the above equations the ECCS
has recognized that, in general, results based on specimens

made to the close tolerances of the aerospace'industry could
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not be considefed difectly applicable to fabricated
structural steel cylinders. This reasoning led to the
inclusion of the B term in the elastic buckling eguation
v(Eq. 2.%4a) which reduces the expected stress to 75% of the
value predicted.fbr aerospace Qquality specimens.
Furthermore, there is a restriction on permissible geometric

imperfection size such that

(B_!) 1/2

5% (2.15)

(.l)os
measured from a straight rod of length | = 4(Rt)'"?. For
cylinders with imperfections twice this size the o term is
reduced by one-half and for imperfection amplitudes between
(Rt)v2/25 and the upper limit of 2(Rt)"?/25, linear

interpolation is permitted.

Because the above procedure is applicable only to local

buckling, a restriction on cylinder length is imposed beyond
which the member slenderness may undermine the buckling

strength. The length limitation is

%so,%(?)w (2.16)

This is based on the theoretical work of Esslinger

et al. (7) as discussed in Section 2.3.1.

-
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2.6 Summary

Axially loaded and flexurally loaded tubular members
have practically identical bifurcation buckling stresses
according to classical stability theory. Cylinders in
bending are, in addition, susceptible to a form of limit
point.buckling characterized by_flattening of the cross-
section. This type of instability, however, does not develop
in members which are restrained against significant ovaling
at discrete intervals by either rigid bulkheads or ring
stiffeners.

Inelastic material behavior can be accounted for by
incorporating a plasticity reduction factor to reflect the
material's reduction in stiffness with increasing stress
level. Homogeneous, gradual-yielding materiéls can be
handled by a theoretically based plasticity reduction
factor, whereas nonhomogeneous, sharp-yielding materials are
dealt with using empirical plasticity reduction factors.

In realistic cylindriéal structures, imperfection
sensitivity,.caused by an unstable buckled configuration,
results in an actual buckling stress considerably below the
classical buckling stress. Finite-displacement stability
theories are available which can accoﬁnt for the effects of
initial geometric imperfections. Numerical anaiysis
techniques, based on these theories, can accurately predict
the elastic buckling stress, provided that the imperfection
profiles of the cylinder in question are mapped and used in

the calculation.
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The requirement of complete mapping of each specimens
individual imperfection spectrum, and the inability of the
numerical procedures to account for nonhomogeneous inelastic
‘material behavior, lead to the conclusion that further
investigation is required before the results of this type of
analysis can be applied by the design engineer in a
practical sense. Aiternatively, empirical local buckling
ultimate strength eguations are available for cylinders
fabricated from mild structural steels. These equations
simultaneously account for imperfections and nonhomogeneous

inelastic material behavior.
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Figure 2.3

Transverse Membrane Stresses in Flat Plates,
Columns, and Thin-Walled Cylinders
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3. EXPERIMENTAL STUDY OF FABRICATED CYLINDERS

3.1 Introduction

As indicated in Chapter 1, the purpose of the
experimental program was to investigate the local buckling
behavior of large diameter thin-walled fabricated cylinders
loaded in either uniform axial compression or pure flexure.
The cylinders tested herein cover a range of R/t from 149 to
222. In Western Canada, the most common use of cylinders of
this geometry is for tubular conve?or galleries which range
in diameter from 2400 mm to 4000 mm and are fabricated from
steel plate ranging in thickﬁess from 5 mm to 8 mm
(150 < R/t < 400). In modelling these prototype structures
the test specimens were made to approximately one-half of
their full-scale diameter'énd plate thickness was adjusted
accordingly.

While the main thrust of the experimental program was
to obtain data for large diameter cylinders, the expense and
time required to test cylinders of this type permitted the
testing of only a few épecimens. To augment these results, a
preliminary_éeries of tests on small-scale cylinders was
carried out.

The preliminary series consisted of five small diameter
cylinders loaded in uniform axial compression. In addition
to supplementing the compression data base, these fests

served to establish the most practical and effective method
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of suppressing buckle formatioﬁ at the ends of the
specimens. This end effect results from stress
concentrations caused by uneven bearing and the indu@ement
of bending stresses in the cylinder wall. The bending
stresses are the result of radial restraint imposed on the
cylinder ends by the testing machine. Detrimental effects of
this sort were reported by Wilson and Newmark (28).

A stiffening element was therefore introduced to resist
the axisymmetric end buckling tendency'and to force the
buckle into the mid-height regioh. Cylinders were tested
with various end stiffening configurations until the
characteristic asymmetric buckle form was repeatedly
observed in the central portion of the specimens.

Tests on large diameter cylinders invplQed four
specimens, two loaded in pure compression and two loaded in
pure flexure. The compression specimens were stiffened
according to the guidelines established in the prelimihary
series. The compression series was significant in its own
right since few tests on large diameter cylinders have been
reported in the literature. It also served as a basis for
evaluating the flexural tests. Because the flexural series
iﬁvolved.the first such tests carried out on large diameter
fabricated cylinders, it was important that they be closely

linked to the more standard compression test.
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3.2 Preliminary Considerations

As previously described, the buckling behavior of
fabricated tubular members. is considerably affected by the
method of construction. In view of this, fabrication
techniques employed were typical of those used in a
structural fabrication shop. The large diameter specimens
were fabricated by the Dominion Bridge Company at their

- Edmonton Plant uéing structurél grade plate. The small
diameter cylinders were fabricated at the University of
Alberta. Betaﬁse of the small thickness, sheet steel had to
be used for these specimens rather than structural grade
plate.

Flat plate coupons were cut from the matefial prior to
rolling to permit the determination-of ihe elastic modulus
and the yield strength. The coupons were prepared in

"accordance with the abpropriate ASTM Standard (39). Céupons
were oriented so that material properties would be measured
parallel to what.would later be the longitudinal axis of the
specimens. In all cases the yield sfress measured was that

corresponding to a zero strain rate (static yield).

3.3 Initial Geometric Imperfections

The theoretical and experimental work discussed in
Chapter 2 indicates that initial geometric imperfections
have a pronounced detrimental effect Qh the buckling

strength of thin-walled cylinders. Consequently, the initial

)
[ —

——

[———



41

geometry of the large diameter specimens was carefully
measured tc permit the determination of imperfection levels

representative of those in fabricated cylinders.

3.3.1 Categorization of Imperfections

. Three forms of shape deviation were Considered. First,
the overall shape deviation of the crosé—section.wés
established by measuring the éylindér out-of-roundness, O,

defined as
Or = Dmax — Dmin (3.1)

where Dnax and D,, are the maximum and minimum mutually
perpendicular inside diameters of a particular cross-
section. Second, the local bulges and depressions in the
cylinder wall surface were measured with respect to
longitudinal reference lines. The surface imperfections

measured in this way were characterized by the deviation

amplitude, o), defined as the offset between points on the

wall surface and a best-fit straight line through those

~points over a given gage iength. Finally, the uniform

axisymmetric depressions that occurred at the
circumferential welds in the bending specimens due to weld

shrinkage were measured for amplitude (o).



42

3.3.2 Apparatus and Measuring Procedure

The device used to measure the imperfectiens is shown
in Fig;‘3.1. It permits the measurement (at discrete points
on the cyiinder wall) of specimen radii with reepect to an
assumed longitudinal axis. In measuring the large diameter
specimens, the vertical dial gage spacing and the arc length
.0of the circumferential interval were set at 230 mm and
305 mm, respectively. The gage length of the dial gage rack
was 1370 mm. As a resulf, 16 radii measurements were taken
at each of seven elevations, a total of 112 radii
measurements for each cylinder.

Despite the large number of measurements taken, only a
sampling of the local imperfection amplitudes was'obtained.
A complete mapping of the imperfection profiles would have
required substantially more readings and was considered
beyond the scope of this report. None the less, by combining
collinear radii and comparing the differences.in major and
minor diameters thus obtained, out-of-roundness measurements

were obtained with certainty.

3.4 Cylinders Subjected to Uniform Axial Compression

3.4.1 Specimen Description
The small diameter specimens in the preliminary
compression series were rolled from 0.9 mm thick steel

sheet. Longitudinal seams were joined with full-penetration
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groove welds made by the manual shielded metal arc process
using AWS E410xx electrodes. The diameter and length of all
specimens was approximately 380 mm. Exact dimensions are
givén in Table 3.1, v

The first specimen (SC1) was tested without end
stiffening e;ements to serve as a control. The second
specimen (SC2) wasvtested with longitudinal stiffening fins
pop—rivetéd at élose intervals around each end. The final
three specimens (SC3, SC4, and SC5) were tested with ring
stiffeners at each end. Seventy-five mm wide strips of
0.9 mm sheet metal were rolled and riveted to each cylinder
end to form éollars. Rivet spacing was increased towards the
centre of each cylinder in the hope of gradually reducing
the overall stiffening effect.

Specimen C1 in the large diameter compression series
was fabricated from 5 mm thick CSA G40.21 300W steel plate.
Specimen C2 was fabricated from 10 gage (3.5 mm) ASTM A36
steel plate. The material was cold formed in rdllers to the
desired curvature and joined with full-penetration groove
welded butt splices made by the automatic submerged arc
process using AWS E480xx electrodes. The diameter'and length
of specimen C1 was approximately 1525 mm whereas specimen C2
was 1525 mm in diameter and 1830 mm long. Exact dimensions
are given in Table 3.1. |

Stiffening collars for both specimens were rolled from
305 mm wide strips of 6 mm steel plate. They were attached

to the cylindér ends with 14 mm diameter A325 bolts in
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specimen C1 and plug welds in specimen C2. Stiffener
dimensions and bolt hole spacings were proportional to those
of the small diameter specimens. The bolting configuration

is shown in Fig. 4.3.

3.4.2 Test Set-Up and Instrumentation

All compression tests were performed in a 7000 kN
Material Testing System (MTS) hydraulic testing machine.

The small diameter specimens (SC series) were seated
directly on the hardened steel platens of the testing
machine. The lower platen was fixed and the upper platen was
suspended from a ball and socket connection. No attempt was
made to attach the specimens to the platens and therefore
the cylinders were simply supported along the reaction
surfaces but effectively restrained against radial movement
by friction under load.

The preliminary series of specimens were tested with
four equally spaced, longitudinally oriented electrical
resistance strain gages attached around each cylinder at
_ mid—height.'This permitted the direct measurement of
longitudinal strain and subsequent evaluation of load
uniformity.

To fest the large diameter specimens, a load-spreading
frame was built to transfer the load from the small upper
loading platen to the pefimeter of the test specimen
(Fig. 3.2). The base of the tube was seated on a'ring of

steel plates directly on the load bed. Reaction surfaces

[em——
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were simply supported. As in the preliminary series,
restraint against radial movement could be anticipated
.because of friction.

To measure longitudinal strain and load uniformity, two
circumferential bands of eight electrical resistance strain
gages were attached to the outer surface'of>the tube. Each
circumferential band was 450 mm from the speéimen mid-

height.

3.4.3 Testing Procedure

The fifst phase of each test was to align the specimen
in the testing machine. The small diameter specimens, which
fitted directly on the machined platens, were fabricated
with sufficient care that load uniformity was always
obtained by simply centering the specimen under the load
head. The large diameter specimen C1, however, required
extensive shimming. Alignment was considered adequate when
measured longitudinal strain increments were within 10% up
to a load of approximately 35% of the estimated-failure
load. Load uniformity for specimen C2 was obtained more
simply by grouting between the specimen and ;he end fixtures
with a high-strengfh Portland cement grout.

In .the testing of all compression specimens, finite
load increments were applied, decreasing in size as the
expected failure loads were approached. Strain éage and

piston stroke readings were taken after each load increment.
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3.5 CYlinders Subjected to Pure Flexure

3.5.1 Specimen Description

The two large diameter bending specimens were each
constructed from three subsections which were subsequently
welded together. All welds, both circumferential and
longitudinal, were full-penetration groove welded butt
splices. The automatic submerged arc process was employed
using AWS E480xx electrodes. A completed tube consisted of a
central test section 1525 mm in diameter énd 1830 mm long,
and two stiffer end sections each 1525 mm in diameter and
915 mm long. For specimen B1, the central section was
fabricated from 5 mm thick CSA G40.21 300W steel plate with
end sections of similar material 8 mm thick. Specimen B2 had
a central section fabricated from 10 gage (3.5 mm) ASTM A36
steel plate and end sections 6 mm thick. Exact dimensions
are listed in Table 3.1.

The end séctions were fabricated from thicker material
in order to provide a transition in cylinder wall stiffness
from the ends of the test specimen towards the center. As
with the stiffening collars used on the compression
specimens, it was hoped that the stiffer end sections would
restrict buckle formation to the thinner central section of

the tube thus avoiding possible end effects.




7

13

]

i

r

47

3.5.2 Test Set-Up and Instrumentation

The test set-up used for the bending tests is shown in
Fig. 3.3. External loads were applied to a compositebtest
beam consisting of two relatively rigid end frémes and a
central tubular test member (Fig. 3.4). With the beam |
supported at each end and subjected to two-point loading at
the frame-to-tube transitions, the central tubular member
was contaihed within é reéion of pure bending. |

In joining the tubular member to the ena frames, 25 mm
thick steel piates were first welded to each end of the
tube. These plates were then bolted to conhecting fixtures,
donsisting of a grillage of wide-flange and channel
sections, which were in turn bolted to the inner end of each
frame.

The load and reaction points were all simply supported
on steel rockers., One end of the system was free to
translate horizontally so as not to induce axial restraint.

Lateral support for the system was provided by bracing the

-end frames.

An Amsler loading system was used to apply the
concentrated forces. The system consists of two hydraulic
jacks acting in parallel from a common pump. Each jack has a
static load capacity of 1000 kN. This provided a maximum
moment capacify for the test set-up of 4420 kN-m.

As shown in Fig. 3.5, electrical resistance strain
gages were attached inxcircumferential'bands of 16 to the

outer surface of the central test section. The strain gages
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were oriented to measure longitudinal strain. Rotation
meters wefe attachedvat the neutral axis of the tube to
permit indirect measurement of the curvature during loading
(Specimen B1 only). Trénsducers were placed inside the
central test section to measure flattening of the cross-
section and dial gages were positioned at the level of the
neutral axis to measure vertical deflection at various

locations.

3.5.3 Testing Procedure

Alignment of the specimens was carried out by placing
shims between the end frames and the tube end-plates. These
vere required to minimize the strains that were locked in
upon bolting-up. Alignment was considered adeqguate when
variations in locked in longitudinal stress were measured to
be less than 10% of the estimated buckling stress. |

In testing the specimens, the system was subjected to
finite load increments which were decreased in size as the
expected failure load was approached. Strain gage and
transducer readings were taken after each load increment.

Rotation meter and dial gage readings were taken at greater

intervals.

-

[EEa—




49

aoejuns aippluw

40 snhipey |

pue yoee 3e (00°+) | (¥ Lby) (05°9) (vvis) | (e'e9r) " (spus)
SUOL3108S Je|ngn} pauaddtyl 00°'¢ zcee EV'E 8 8¢8l L 9L 9€vV [4:}
pus yoes 3ie (66°0) (s°96) (v6°L) (v vi6) (+°99L) " (spua)

SUO3109s JeLngnl pausxioiyy 66"} o-6vt (2 O -1 8°8Z8} S ¥9L Mooe 2] Buipuag
(PopLam Bnid) spus 3e sude||0) ov'e AN AAA EV'E 8 878} L 9L 9€EV [A6)

(P2310g) spus e suae||0) 66} o'ev} EL°S 0" vesl S VoL MOOE (%o} uot ssaudwo)
(P3313ALd) spua je sue||0) S0°¢C 9°'GiI¢ 980 08¢ 09814 " 50S
(p@i1aALd) spua je sue||0) G0'¢ 9°'GIT 98°'0 0" 18¢€ 0- 98} " oS
(P®38ALU) sSpud je suel{0) 00t E'VviC 68°0 0° i8¢ S 06} " EJS
(Pe13ALJ) sJduajjLls ‘Buon 00t e vie 68°0 o' ige 5064 N [4013

sa| Jdas

(uswioads [0J3uU0D) SJUR||0D ON 00'¢C e'vie 68°0 0°I8€ S 06} 19eys 1S Adeutwy | sud

ww ww ww
S WY 34/ 1/ ssauotyy yiybua (snipey Le)daiepn uauw | oadg [E-YNE-T
. suaw}oads 1s@) 40 Aujauwoan | g s8|qe]




50 'E

-1

s

'

——

Figure 3.1 Imperfection Measuring Apparatus
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Figure 3.2

Test Set-Up for Large
Specimens

Diameter

Compression
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Test Set-Up for Bending Specimens
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4. TEST RESULTS
In this chapter, the results of the experimental

program outlined in Chapter 3 are presented. -

4.1 Material Properties

Table.4.1 lists the values of the elastic modulus and
the static yield point as determined from tensile tests on
coupons taken from the material used in the test specimens.
In each case three coupon tests were performed and the
average value is reported.

All coupons exhibited sharp—yielding>behavior
characteristic of unworked mild steels. No proportional

limit was observed.

4.2 Imperfections in Large Diameter Specimens

The results of imperfection measurements for both the
bending and compression specimens are summarized in
Table 4.2,

The maximum value of the out-of-roundness, as
calculated by Eg. 3.1, is reported for each specimen. For
the compression specimens the maximum values were found to
occur in sections closest to the ends. Out-of-roundness of
the bending specimens was fairly uniform over the length of
the test sections. It was also observed for both compression
and bending specimens that the maximum and minimum diameters

were more or less perpendicular to one another, giving the
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specimens an oval or elliptical shape.

In calculating the deviation amplitudes, w;, no
distinction was made between inward and outward deviations.
Average and maximum values of the absclute values of the
deviations are tabulated. Also given is the root mean square

(rms) of the deviations, defined as
_ 2(0)0)2 1/2
rms—-[—j;~] (4.1)

where s is the number of readings. This value is considered
because Tennyson et al. (40) have found it to be the best
single measure of imperfection amplitude for cases where the
amplitude is a statistically random variable.

Finally, the average, rms, and maximum values are given
for the depression amplitudes, oy, measured at the

circumferential groove welds in the bending specimens.

4.3 Compression Test Results

4.3.1 General Observations

All specimens failed as a result of local buckling at a
longitudinal compressive stress level below the static yield
peint of the material,

In the preliminary series,.fhe unstiffened control
. specimen, SC1, failed when an axisymmetric ring-shaped

buckle formed at the bottom of the cylinder. Likewise, the
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fin-stiffened specimen, SC2, failed at the base in an
asymmetric mode. The end failure of both specimens is
indicative of the previously discussed detrimenﬁal effects
of edge restraint. Test results for cylinders SC1 and SC2
are therefore not included in this report.

The ring-stiffened specimens in the preliminary series
(sC3, SC4, and SC5) formed asymmetric depressed diamond-
shaped buckles in the unstiffened portion of the tube.
Specimen SC3 buckled at mid-height (Fig. 4.1a) whereas the
buckles in speciméns SC4 and SC5 formed closer to the
collars (Fig. 4.1b).

Both specimens in the large diameter series (C1 and C2)
collapsed into buckled forms similar to those observed in
the small diameter specimens SC4 and SC5 (Fig. 4.2).
Asymmetric buckles formed above the lower stiffening collar
in specimen C1 and below the upper collar in specimen C2.
The buckled shapes of the large diameter specimens are shown

in Figs. 4.3 and 4.4.

4.3.2 Behavior During Loading

As shown by the plots of axial load versus end
shortening in Figs. 4.5 and 4.6, all specimens exhibited
similar behavior priér to failure. During the initial
lcading stages, nonlinearity Qas observed due to seating of
the specimens. Following this, linear elastic behavior was
observed up to a proportional limit, as substantiated by

cyclic preliminary loading. Beyond this point there was a
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gradual reduction in axial stiffness. Failure resulted from
sudden buckle formation and immediate subsequent collapse.

The white-washing applied to specimens C1 and C2 to
give a visual indication of large surface strain indicated
that no lodal yiélding was observable prior to failure.

Specimens SC3, SC4, and SC5 failed at loads of 173 kN,
134 kN, and 127 kN respectively. Large diameter specimen C1
failed at 6917 kN and specimen C2 at a load of 4306 kN.

The average compressive stress at the proportional
limit and at failure are given for eachbspecimen in

Table 4.3. In all cases this average stress was determined

by dividing the external load by the cross-sectional area of

the specimen.

Fiexibility in the compression end fixtures used in
testing the large diameter specimens resulted in
longitudinal stress variations in excess of 10% of the
average values., Maximum deviations from the average values

are also presented in Table 4.3.
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4.4 Bending Test Results

4.4.1 General Observations

Specimens B1 and B2 failed by local buékling at loads
less than those required to produce the theoretical moment
at first yield. In both specimens, depressed diamond-shaped
buckles formed in the extreme compression region of the
central test section adjacent to the circumferential groove
welds that joined the test section to the thicker end
sections. The asymmetric buckling commenced with a single
depression centered on the extreme compression fiber at
about 150 mm from the circumferential weld. Buckling spread
symmetrically about the top fiber, and in its final form,
three distinct lobes were observed covering about 3/7 of the
circumference in both specimens. The buckled form of
specimen B1 is shown in Figs. 4.7 and 4.8. |

Specimen B2 was reteéted after longitudinal stiffeners
were welded to the tube in the region of the buckle. The
size énd distribution of the stiffeners, shown in Fig. 4.9,
was chosen so as to replace approximately 90% of the cross-.
sectional area of the cylinder in the buckled region. They
were of sufficient length to extend beyond the points where
the longitudinal buckle waves terminated.

The failure mode of the stiffened version was identical
to that of the unstiffened version. Depressed diamond-shaped
buckles formed near the center of the test section about

75 mm from the ends of the stiffening elements.
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4.4.2 Behavior During Loading

The behavior of bending specimen B1 is shown in
Fig. 4.10 where a plot of moment versus curvature of the
central test section is presented. The curvatures shown are
derived from strain gége readings, rotation meter ;eadings,
and deflection dial gage readings. Also shown is the
curvature expected if linear beam theory is assumed.

The curvature calculated from the longitudinal strain
'gage readings was the average curvature determined from the
difference in strain between the extreme compression and
tension regions. The strains used to calculate the curvature
were measured at 12 gage locations; three in compréssion and
three in tension, at each of two cross-sections.

The curvature based on rotation meter readings was
calculated from the change in slope between the meters
attached to each end of the central test section at the
neutral axis. The curvature shown is the average value.

Curvature calculated from the dial gage readings was
based on the averaged deflection of the assumed neutral
axis, at the center of the test section, relative to the
ends of the thickened sections. The curvature so calculated
was corrected for the effects of circumferential straining
of a tubular member loaded in pure flexure which causes
points originally at the assumed neutral axis to shift
downward along the arc of the tube. In correcting for this
Poisson effect, the cylinder wall was assumed to be in a

state of plane stress and Poisson's ratio was taken as 0.3.
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The assumption of plane stress implies that the welded
connections at the ends of the tube do not impose restraint
against circumferential straining at the mid-section. This
assumption was supported by circumferential stréin
measurements which indicated strains slightly in excess of
those expected for a tPngentially unrestrained tube. The
correction amounted to a 6% reduction in calculated
curvature. For comparison purposes, a cufﬁe showing
uncorrecfed curvature is also given in Fig. 4.10.

It can be seen from Fig. 4.10 that the specimen
behavior was practically linear up to a moment of 1770 kN-m.
The slight nonlinear behavior at lower loads was the result
of flexibility in the tension region of the tube-to-frame
connecting fixtures rather than inelastic behavior of the
test section. The nonlinear strain distribution, indqced in
fhe tubular member by this flexibility, spread through the
thickened end sections into the central test section under
increasing load. Deflection gage readings and rotation meter
readings reflected the effects of this disturbance. The
effect on strain gage readings, though not readily apparent
in Fig. 4.10, is shown‘clearly in Fig. 4.11 which gives the
average strain distribution in the test section at various
moment increments.

When the external moment exceeded 1770 kN'm,
sﬁbstantial nonlinear behavior was inaicated by the rotation
meters-and deflection gages. Shortly thereafter, local

yielding (as indicated by flaking of the white-wash) was
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observed near the circumferentiai groove vwelds between the
central and end sections. This occurred on the test section
side in the extreme compression zone and was first noted at
a moment of 1860 kN-m. The local yielding spread towards the
neutral axis at both ends of the test section as load was
increased.

Flattening of the cross-section, as detérmined by the
change in vertical diameter at three cross-sections, reached
a maximum of 1,52 mm prior to failure. This amount of
ovaling (0.20% of the initial radius) would have a
negligible effect on both the local radius of curvature and
the moment of inertia.

The buckling failure was sudden, and was followed by a
substantial drop in the load carrying capacity of the
member. The moment at failure was 2143 kN-m, This
corresponds to an extreme fiber stress of 228 MPa based on
linear beam theory. However, the nonlinear strain
distribution caused by flexibility of the connecting
fixtures resulted in tensile strains less than those
expected by beam theory. To maintain equilibrium, the
neutral axis of the specimen shifted upward and the
compressive stress in the extreme fiber region increased.
The maximum measured strain corresponded to a compressive
stress of 262 MPa. This is about 15% in excess of that
predicted by beam theory. Adding the measured initial
stresses resulting from welding, bolting, and specimen dead

load (Fig. 4.11), which in the extreme compression region
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averaged 34 MPa, the total compressive stress at failure was
296 MPa. The maximum effective compression stresses
corresponding to the proportional limit and the failure
momenf of specimen B1 are listed in Table 4.3.

Because of equipment difficulties which arose during.
the testing of specimen B2, only the moment at failure was

recorded. In the absence of strain gage readings it was

impossible to determine the maximum compression stress

directly. However, the linearity of behavior exhibited
during trial loadings of this specimen, and the minimal
amount of end fixture plate seperation observed during the
testing of specimen B1 at lower loads, supports the
hypothesis that strain distribution was in accordance with
elastic beam theory. The assumption of linear behavior
throughout the loading history is also supported by the
observation that no local yiélding occurred priorbto
failure. (In specimen B1, the onset of local yielding in the
area of the circumferential welds was synonymous with
nonlinear behavior.)

The failure moment of 1028 kN-m corresponds to a
theoretical extreme fibef stress of 164 MPa using beam
theory. Together with the initial stresses resulting from
welding, bolting, and dead load, the total extreme fiber
compression stress was 190 MPa.

The retesting of specimen B2, aftér the attacﬁment of

longitudinal stiffeners, was carried out in the same manner

as for specimen Bt. The stiffening of a discrete portion of
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the specimen altered the behavior of ﬁhe cylinder to a
certain extent. Conseqguently, the loading behavior of the
stiffened specimen is not presented since it is not
considered representative of the phenomenon under
investigation. Despite this, certain results are significant
and are presented for qualitative discussion.

Ovéiing of the cross-section was measured and found to
be negligible, amounting to 2.54 mm, or 0.33% of the initial
radius, prior fo failure.

The stiffened specimen sustained a slightly larger
moment than the unstiffened specimen. It failed at a moment
of 1140 kN'm with a corresponding maximum compressive stress
of 179 MPa. In an overall sense the stiffeners did not
significantly alter the strain distfibution during loading:
the maximum compressive stress at failure was only 1.5% less
than that predicted by beam theory.

Plastic deformations that occurred during the buckling
of the unstiffened tube left residual tensile sfresses in
‘the compression region of the stiffened version. These
tensile stresses were of sufficient magnitude to almost
exactly cancel the compressive stresses initially induced by
welding and dead load. Subsequently, the net compressive
stress at failure was 180 MPa, slightly less than the
failure stress for the unstiffened tube.

As with the unstiffened version, there was no
indication of local yielding along the circumferential welds

in the compressive zone, reinforcing the assumption that
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linear behavior was in effect until failure. The
proportional limit and the failure stress for specimen B2,
both in the unstiffened form, B2a, and stiffened form, B2b,

are givén in Table 4.3.
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Table 4.1 Material Properties
Series Specimen Material E Oys
MPa MPa
Preliminary SC1,8C2,8C3 Sheet 195 800 239
Compression ‘
SC4,8C5H Sheet 205 100 203
Compression Cc1 300w 202 000 376
C2 A36 204 000 306
Bending B1 300w 202 000 376
B2 A36 204 000 306

[r—
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(b) Specimen SC4

(a) Specimen SC3
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Buckled Shape of Compression Specimens in Prel

Figure 4.1



pos

70

e |

[

Figure 4.2 Comparison of Buckled Shapes Between Large and .
Small Diameter Compression Specimens
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Figure 4.3 Buckled Shape

of Compression Specimen C1
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Figure 4.4 Buckled Shape

of

Compression

Specimen C2

72

|




Axlal Load (kN)
60 80 100 120 140 160 180
mi T M =T mi Al T
|

4o
o

LEGEND
O——&  Specimen SC3
o——&  Specimen SC4-
4————A  Gnecimen SCS

P

20

0.0 0.1 0.2 0.3 o.u

Displacement (mm)

Figure 4.5 Load-Displacement Behavior of Preliminary
Compression Specimens



7000

Ll 1 T —l L
o
S+ =
w
L .
!
o | -
O
[¥p]
o
2 or 7
=5 s
3
1]
a - -
I
4 o
X 9t -
< m
4 1
o
o L -
(]
[4V]
o
o LEGEND T
! @——a  Specimen Ci
e—=&  Specimen C2
o 1 . 1 N
0 1 2 3

Displacement (mm)

Figure 4.6 Load-Displacement Behavior of Large Diameter
Compression Specimens




e

Figure 4.7

Buckled Shape
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of Bending Specimen BT
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Figure 4.8 Proximity of Buckles to Circumferential Weld in
Bending Specimen B1
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Figure 4.9 Stiffened

Configuration

of Bending Specimen B2



78

O
(=)
o~ M T T ! ! - '
[aV}
[
gl 4
Y -
- /I hd *
s. ./- P 1
(=] °
2t l
vt
! i
o
o i
Q
o | -
=
vt
-~ 8
g & ]
z -4
=
=
)y —
o
o 7
[+ o]
[o]
g | i
w
LEGEND
+—+  Elastic Beam Theory
&— —® Straln Gages
=4 © — —@ Rotation Meters .
= & — --a Deflection Gages (corrected)
ecoen ¢ Deflection Gages (uncorrected)
o
o 4
(oY)
o N 1 " 1 n 1 A 1 .
0 10 20 30 4o 50 60

Curvature (x10%)

Figure 4.10 Moment-Curvature Behavior of Bending Specimen B

[OT———

Seradear it



79

ig uawtdoads bBurpusg ul UOTINQTIISIQ SSd13§ Teurpnitbuor || danbtg

€L51 . ‘ ) . dd €.S1
802 _ 98’ (w - N> uswo peyddy . (w + NY) JuewWoW palddy cas _ va0z
_ | | | _ _ 1 ¥,
e 17
\ € (1 I/ \ \
Mew oL .
¥2) ov)

edIN ‘peo} pesp
pue ‘bBuiyjoq ‘Buip|am

(2€)
SIXY 01 anp @
[enneN LI sessa.S [eniu) sIXy
[eineN
(6-)
/onlv (2e-)
. (8e-) \ ya
| { ) l t | | i ] 1
00¢ 001 0 001— 00¢e— 00e— 00e—- 002—- O00L-— 0 (s]0] 8 002
- (edI) sseng [euipnyiBuo] (BdW) Sseng [euipniBuoT

Y
3
r 7Y
|
x
'
|



5. DISCUSSION OF TEST RESULTS

5.1 Introduction

In this chapter the test results are discussed within
the context of.the theoretical and empirical work set out in
Chapter 2. The measured levels of geometric imperfection are
compared with the limitations given by design
specifications, and an attempt is made to ascertain the
effect of various shape deviations on the local buckling
strength. The compression test results are discussed and
compared with the test results obtained by others, and the
relative merits of the available design equations are
examined. An alternate local buckling strength curve is
presented which is shown to give a good fit to the test data
for fabricated cylinders loaded in axial compression. The
bending test results are discussed and compared with the
compression test results to see if an increased flexural

buckling capacity is indicated.

5.2 Initial Imperfections

The measured maximum imperfection levels are given in
Table 5.1 along with the corresponding fabrication
tolerances provided by various design specifications. It is
seen that only some of the specifications give limitations
that relate directly to the type of shape deviations

measured herein. This can be attributed to the fact that the
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effects of deviations from an assumed perfect cylindrical

shape are not easily assessed from either a theoretical or

‘an experimental point of view. The limitations, where given,

are therefore based primarily on engineering judgement.

Considering first the specimen out?of—roundness, it was
found that all specimens ekcept compression specimen C2 were
within the allowable range (Table 5.1). Specimen C2 exceeded
the American Pétroleum Institute (API) tolerance for |
fabricated steel pipe (41) by 20%. However, the consequences
of exceeding the out-of-roundness limitations are not
severe. Unlike local wall imperfections, which are known to
significantly affect the buckling capacity, out-of-roundness
or ovaling simply alters the basic geometry of the cylinder.
Specifically, the effect is to change both the local radius
of curvatﬁre and the bending moment of inertia of the cross-
section. If the amount of ovaling is small, as it is in this
case, the effects cén be ignored.

For example, if the deformed shape of specimen C2 is
approximated by an ellipse, the maximum local R/t ratio is
only about 1.5% larger than for a circular shape. Similarly,
the moment of inertia for bending about the major axis is
reduced by only 1.25%. Since this is the worst case, it is
clear that the effects of specimen out-of-roundness are
negligible.-

Loéal wall imperfections were, in all cases, within the
specified fabrication tolerences. Previous investigations

have shown, however, that even small amplitude imperfections
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have a significant effect on buckling strength. Using the
semi-empirical eqguation developed by Miller for the ASME
Code (Eqg. 2.11b), the expected reduction in buckling stress
caused by imperfections can be calculated in the form of
representative capacity reduction factors. The factors so
deterﬁined are considered appropriate to the cylinder
imperfec;ions measured herein because of the acceptable
agreement between the actual buckling stress and the ASME
predicted buckling stress (to be discussed in detail later,
see Section 5.3.2.3). The capacity reduction factors
obtained using Eg. 2.11b are o, = 0.49 for specimens C1 and
B1, and an, = 0.41 for specimens C2 and B2. These values
imply that a 51% to 59% reduction in buckling stress (below
the classical value) can be attributed to local wall
imperfections alone. This does not include the additional
reduction in strength caused by inelastic material behavior.
Incorporating the calculated a, values into the
imperfection theory of Koiter using Fig. 2.5, imperfection
amplitudes can be determined. These are tabulated in
Table 4.2 as expected valﬁes. An assumption made to
facilitate comparison was that the random local wall
deviations, «,, can be thought of as multi-modal
imperfection.amplitudes, and the circumferential weld
depression amplitudes, !, as single mode axisymmetric
imperfection amplitudes. It should be noted that the
expected amplitudes are determined from capacity reduction

factors which are primarily intended to account for the
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effect of random surface imperfections characterized by wb.
The expected values for the axisymmetric imperfectiQns, 0y
are those that would produce an equivalent reduction in

~ buckling strength.

Correlation is seen to be acceptable between the
expected values and either the average or root mean square
(rms) of the measured values. The maximum measured values
were in all cases considérably larger than the éxpected
values. This indicates that a representative critical
imperfection amplitude is more closely approximated by an
average value rather than an extreme value. Best agreement
was obtained using the rms values whiéh, by definition, are
weighted slightly in favor of the larger values. in
comparing amplitudes, however, it must be realized that the
expected values are based on a lower bound approximation to
the widely scattered test data, and Koiter's assumed -

. imperfection mode shapes. This, together with the small
number of specimens measured, makes precise agréement,
between measured and expected values unlikely.

In comparing measured imperfection levels beﬁween
specimens, it is observed that the bending specimens exhibit
a higher ievel of random multi-modal imperfection than the
compression specimens, even though the corresponding
compression specimens were rolled from the same piece of
steel plate. Since the only difference in fabrication was
the presence of circumferential welds in the bending

specimens, it might be concluded that the effect of these
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transverse welds extends beyond the immediate weld
depression area. This in turn might imply that tests on
cylinders fabricated from single curved plates, without
transverse welds, are not necessarily representative of
members fabricated from many cylindrical segments.

Considering only the bending specimens, and comparing
the magnitudes of the random multi-modal and axisymmetric
weld imperfection amplitudes, a further observation can be
made. Whereas the multi-modal imperfections are dominant for
specimen B1, the axisymmetric weld depression in the thinner
specimen, B2, is the dominant imperfection. This follows
from the fact that the measured depression amplitude in
specimen B2 greatly excéeds the value required to produce a
detrimental effect equivalent to that of the random multi-
modal imperfections.

This observation leads to the hypothesis that
circumferential groove welds on tubes with wall thicknesses
approaching that of specimen B2 (t = 3.4 mm), result in
excessive initial axisymmetric imperfection levels which are
not representative of the levels typically encountered in
thicker tubes. This rationale is implied in both the AWWA
and ASME design specifications which restrict their
applicability to cylinders with wall thicknesses not less
than 6.35 mm, Their limiting wall thickness, however, seems
overly conservative in view of the fact that specimen B1,
with a wall thickness of 5.1 mm did not show signs of

excessive transverse weld depression. Again, these
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conclusions are limited by the small number of specimens

upon which observations were made.

5.3 Behavior of Cylinders in Compression and Bending

5.3.1 General Considerations

In evaluating the results of the buckling strength

‘tests performed in this study, and in comparing them with

the existing test data, it is convenient to deal with the

cylinder strength and geometry in nondimensional form.

'Proportlonal limits and buckllng stresses are

nondlmen51ona11zed using the yleld point of the materlal'
geometric variations are expressed using the buckling
parameter Et/o,R established by Plantema (30).

In order to compare results obtained by other
investigators, it is necessary to establish a relationship
between the dynamic yield point, oy, and the static yield
point, 6oy, of the material. Some experimenters report
statié yield values while others give dynamic values
measured at an unspecified strain rate.

On the basis of the empirical formulas developed by Rao
et al. (42), and by Ostapenko and Gunzelman (35), and
assuming a strain rate for dynamic yield measurements mid-
wéy between the maximum and minimum rates specified by the

ASTM (39), the following ratios were established:
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Syd _ 1,09 for low to intermediate strength carbon
Oys steels

%¥1=105 for quenched and tempered, high-strength
¥e steels.

5.3.2 Compression Tests

5.3.2.1 Proportional Limit

Table 4.3 shows that the proportional limit expressed
as a fraction of the yield point is remarkably consistent
within both the preliminary series and the large diameter
series. The ﬁeasured values differ by less than 5%. The
average proportional limit for the preliminary compression
series was 60% of the static yield point or 55% of the
dynamic yield point. For the large diameter compression
series, the average value was 59% of the static yield point
or 54% of the dynamic yield point. These values are in good
agreement with the proportional limits defined by the ASME
and ECCS design specifications as 55% and 50% of the dynamic
yield point. The proportional limit of 75% of the dynamic
yield level, indicated by the AISI specification, seems

unconservatively high.

5.3.2.2 Local Buckling Strength

As expected, all specimens in both the preliminary and
large diameter series failed at a small fraction of the
classical elastic buckling stress as calculated from
Eg. 2.1. This has been the case with all similar tests

performed to date. In comparing the results obtained herein
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with those obtained by others, it is important to restrict
consideration to tests on specimens in which local buckling
alone produced failure. Tests on specimens significantly
longer than Miller's limiting value for L/R (See Eq. 2.12),
were therefore excluded to ensure that the reported buckling
strengths were not reduced through interaction with overall
column bUCkling.‘In addition, selected tests in which
specimen damage occurred prior to testing, or in which
coﬁpressive strain uniformity during loading was suspect,
were ignored. To remove from consideration the effect of
excessive transverse weld depressions (Section 5.1)
circumferentially welded cylinders with wall thicknesses
less than 6 mm were also excluded.

Test data obtained by others that meet the above
requirements (27,28,35,43,44,45,46) are plotted in Fig. 5.1
together with the test results obtained in this study. For
uniformity, the dynamic yield point was used to
nondimensionalize the data since most of the pfevious
studies reported dynamic values. |

With reference to the preliminary series of compression
tests, it is significant that the results obtained are
contained within the established scatter band. Firstly, this
group of tests, on specimens nominally 0.8 mm thick, serves
to link the main body of data (p > 2.0) té the remaining
data points (p < 2.0). The latter consists solely of tests
on'cylinders which were fabricated from 0.8 mm material in a

manner similar to that reported herein. Until now, the
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degree to which the small-scale compression specimens model
the behavior of full-scale large diameter specimens was in
question. The results obtained in the present study tend to
indicate that the small-scale fabricated specimens do give a
valid representation of full-scale behavior. This,
therefore, gives added credibility to the test results for
very thin-walled cylinders (p < 2.0). Secondly, the
representative behavior of the preliminary series indicates
that the stiffening collars, subseguently used in the large
diameter series, did not significantly affect the local
buckling strength.

Considering the large diameter compression cylinders,
it is observed that specimen C1 buckled at a stress tending
towards the upper bound of the scatter band; and that
specimen C2 buckled at a .stress considerably higher than
might have been expected on the basis of the other test
results. This above average strength might indicate that the
welding residual stresses and/or the initial imperfection
levels in cylinders C1 énd C2 were less than is usually the
case for fabricated cylinders. The measured proportional
1imits‘and imperfection amplitudes do not, however, support
this conclusion. The high buckling stresses also indicate
that the circumferential variation in axial strain (caused
by end fixture flexibility and uneven bearing) did not have
a pronounced detrimental effect on buckling strength.

The higher capacity of specimen C2 relative to specimen

C1 is, to a limited extent, supported by the imperfection'
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measurements made on the two cylinders. Table 4.2 shows that

‘the imperfection amplitudes measured in specimen C2 were

- slightly smaller than those in specimen C1. This suggests

the probability of a slightly higher relative buckling
strength for specimen C2. | |

The expected trend towards a reduced buckling capaéity
with increased R/t ratio is not supported by the limited
number of tests performed in this study. This is not
surprising in view of the relatively narrow range of R/t
ratios considered and the wide scatter normally associated

with the compressive buckling capacity of cylinders.

5.3.2.3 Evaluation of Existing Design Specificétibns

Figufes 5.2 through 5.5 are presented to illustrate the
relative capability of the design equations reviewed in
Chapter 2 to predict the local buckling ultimate strength of
unifbrmly compressed cylinders. In comparing measUred and
predicted buckling stresses, the dynamic yield poiht was
used to nondimensionalize the data since the eQuations
considered were formulated on that basis.

The AISI formula (Eg. 2.6) applies to a limited range
of R/t ratios. Therefore, in Fig. 5.2 the behavior of
cylinders with R/t ratios e#ceeding the AISI limit of
44800/0yy are evaluated using the Plantema formula
(Eq. 2.5), on which the more conservative AISI approach is
based. Considerable scatter is observed, with the AISI

equation predicting both conservative and unconservative



90

results. The Plantema equation for elastic buckling is seen
to be unconservative for very thin-walled cylinders;
predicted buckling éﬁresses are in excess of 30% higher than
measured buckling stresses.

The AWWA formula (Eq. 2.7) is found to significantly
underestimate the buckling strength of cylinders with
150 < R/t < 600 (See Fig. 5.3). This is because the strength
equation was weighted downwards in the intermediate R/t
range to account for some low buckling stresses obtained in
investigations by Wilson (27) and Wilson and Newmark (28).
These uncharécﬁeristically low values (not plotted in
'Figs. 5.2-5.5) were the result of excessive specimen length
and excessive circumferential weld depressions in very thin-
walled tubes.

The more recent ASME approach (Egs. 2.10 and 2.11) is
shown in Fig. 5.4 to give a good lower bound to the test
data over the entire range of R/t.ratios considered. In
addition, the data points fall within a much narrower
scatter band. This reduction in scatter is achieved pértly
by the incorporation of thé'impréved nondimensional buckling
parameter, A, which accounts directly for the effects of
geometric imperfections and their variation in size with
R/t. For cylinders with low R/t ratios, a further
improvement in correlation is achieved by the strictly
empirical equation 2.11c whichvlimits the magnitude of the

elastic buckling capacity reduction factor an according to

Uyd .
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The ECCS approach (Egs. 2.13 and 2.14) also gives
aéceptable correlation. Fig. 5.5 shows that the results are
more uniformly conservative than the formulas incorporating
the Plantema buckling parameter (AISI and AWWA).VCompared to
the ASME formula, however, the scatter is greafer. In
addition, the ECCS formula is somewhat overly conservative
for éylinders with large R/t ratios.

It is important to note that the tests reported byb
Wilson (27) and Chen and Ross (43) were oﬁ cylinders which
exceeded the ECCS length limit of L/R < 0.95(Rt) V2
(Eg. 2.17). The fact that these data points plo£ above the
values predicted by the ECCS formula indicates that the
specified length limitation is too conservative. This

observation supports the use of the length limitation

"L/R < 0.47(E/0, ) 2 (Eg. 2.12) adopted herein which permits

the consideration of somewhat longer cylinders.

It can be concluded that the ASME design approach gives
the best approximation of the local buckling strength of
axially loaded fabricated cylinders, subject to the stated
restrictiéns on length and wall thickness. Pending further
investigation, the buckling strength of cylindrical.members
built up from welded segments, in which the wall thickness
is less than about 6 mm, is better approximated by the more
conservative AWWA formula. | A | |

Itjshould also be noted that none of the design»

equations discussed suitably describe the results obtained
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for the high-strength steels (o, = 650 MPa) tested by
Marzullo and Ostapenko (46). The tests which define the
principle scatter band involved steels with yield points
between 170 MPa and 410 MPa. It is appropriate, therefore,
to restrict the applicability of the preceeding design
formulas to cylinders fabricated from steels with yield

points within the above range.

5.3.2.4 Alternate Local Buckling Ultimate Strength Formula

The design equations that best predict the local
buckling capacity of compressed cylinders, namely, the ASME
and ECCS equations, are not in a form particularly suitable
for design. Various factors must be calculated and checked
against limiting values in order to determine the predicted
buckling stress. An attempt to simplify the procedure is
presented hérein.

As with the ASME formula, a buckling parameter is
chosen to nondimensionalize the data and a local buckling
ultimate strength curve is fitted through the principél band

of the data points. The proposed buckling parameter is

'y=(-o%)1/2(%)3/2 | . (5.1)

Equation 5.1 is based on the panel strip ﬁheory proposed by
Edlund (47) in 1977 to predict the local buckling strength

of compressed cylindrical members.

i E—,
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In the panel strip theory, Edlund considers the generai
case of an asymmetric imperfection represented by a local
dimple in the wall of an otherwise perfect cylinder. He
assumes that the local buckling strength of the cylinder
corresponds to the collapse load of an equivalent
cylindrical panel containing the flattened region, In
determining the collapse load of this flattened.panel strip,
it is assumed that, for.a sufficiently narrow panel, the
behavidr coincides with that of a rectangular plate of equal
thickness having a width, b, equal to the arc length of the
panel. This leads to the use of a modifiedAform of the
ultimate plate strength formula originally proposed by

von Karman (48):

1/2
Ju . ( Oel
a_y—( oy ) (5.2)
in which ¢ is the classical elastic buckling stress of a

plate element;
k'rrzE
% T 12(1-1?) ( )

and k is a constant that depends on the panel length and
boundry conditions,
In establishing an equivalent panel width Edlund

assumes that the ratio of the panel strip width to the
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cylinder radius is proportional to (R/t)"?, hence
_ R 1/2
b—qR(T) (5.3)
where q is a constant which depends on the level of
imperfection.
Substituting Eg. 5.3 into 5.2 gives
oy _ E "1/ t 3/2 (5 4
c—y“cv(o—y) (%) 4)

= Cyy
where

€y = % [ 12 (1k—v2) ]”2

Equation 5.4 indicates that for cylinders with similar
boundry conditions and imperfection levels, the buckling
stress, as a fraction of the yield point, varies linearly
with the buckling parameter «.

In restricting the applicability of this theory, Edlund
considers the procedure valid for calculating buckling
stresses less than 80% of the yield stress. Furthermore, the
assumption of elastic-plastic material behavior does not
bermit the consideration of residual stress effects which
:might be important in welded éylinders.

Edlund compared predictions using the panel strip
theory with the test results obtained by Weingarten

et al. (24) on aerospace quality specimens. AgreementAwas
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found to be excellent with both the test results and the
predictions based on Eq. 5.4 showing similar trends in their
dependence on R/t. This indicates that the assumed
relationship between panel strip width and cylinder geometry
is reasonable. .

In applying EQ. 5.4 to the test results on fabricated
cylinders, it was decided to first nondimensionalize the
results using the static.yield point in order to eliminate
the variability in measured dynamic yield point as a source
of scatter. Agreement between theory and the experimental
results obtained.by Wilson and Newmark (28) was found to be
good for cylinders that failed at less than 40% of the
static yield point as shown in Fig. 5.6. The équation of the

least squares best-fit line through the data points is

Ju — 1193 v, (5.5)

Uys
where

'ys=(:s)1/2(-|%)3/2

No data is available on cylinders that fail between 40%
and 60% of the yield pbint. Above 60% of oy, the measured
buckling stress falls increasingly below the value predicted
by‘Eq. 5.5. Whereas the theory is sﬁggested by Edlund to be
valid for buckling stresses up to 80% of the yield point,
the indicated reduction in the range of applicability is-
thought to be influenced by welding residual stresses. As

previously discussed, this nonhomogeneity was not accounted
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for in the derivation,

As an alternative to a linear best-fit, a curve was
fitted to the test results on cylinders fabricated from mild
steel plate (150 MPa < oys < 400 MPa) for which the
slenderness parameter, «,, was less than 0,10. Tests on
cylinders with 4y, > 0.10 were not considered because the
results consistently indicate that the yield stress is
reached before buckiing occurs.

As shown in Fig. 5.7, the data are closely grouped
around a straight line on a semi-log piot. The equation of

the least squares best-fit line through all the points is

;iy"-s= 1.625 + 0.489 log s (5.6)
Application of this eqguation is, however, restricted to a
reduced range of vy, values. For cylinders with v, less than
0.0036, Eq. 5.5 is a better estimate of the buckling Stress;
for ys greater than 0.0527, the buckling stress is limited
to the yield stress. The equations which therefore define

the proposed local buckling ultimate strength formula are:

%u'_ 119.3 v, for s < 0.0036 (5.5)

Oys :

(;'_“= 1.625 + 0.489logy,  for 0.0036 < v, < 0.0527 (5.6)
)

Su_ 40 for vs = 0.0527 (5.7)

Oys

[
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These equations are plotted in Fig. 5.8 together with the
available test results on fabricated steel cylinders loaded'
in axialtcompression._

In deriving Eq. 5.6, data points dutside the sﬁbsequent
range of applicétion (those for which 4, £ 0.0036, ahd
vs < 0;0527) were included in the best-fit evaluétion. This
was done to provide a more réalisticélly.gradual transition
between the three curves which_make up the ¢omposite
buckling curve shown in Fig. 5.8.

" To évaluate'the goodness of fit of the.proposed
buckling formula, and to permit comparison with other design
equations, the measured buckling stresses are normalized
wiﬁh‘respect to the predicted stress and plotted as a
function of R/t in Fig. 5.9. It is seen that déspite the
best-fitAnature of the equations involved, the formula
provides a feasonable lower bound to the test results. The
degree of scatter is found tQ be slightly greater than that
encountered using the ASME formula (Fig. 5.4), but less than
thatgasSociatéd with the ECCS formula (Fig. 5.5). A

Of significance-is the fact that the results obtained"
by Mafzullo andg Ostapenko‘(46) on high-strength steel tubes
are more closely predicted by the proposed’fo;mulé than by

any of the existing design formulas. This is primarily

attributed to the incorporation of (E/oy, )'* instead of

E/oys in the nondimensidnal buckling parameter «,.



98
Multiplying through by o, in Eg. 5.5 gives
1/2 3/2
oy = 119.3 (Eoye) (_Ft‘_) (5.8)

Eq. 5.8 shows that the buckling capacity of the tﬁbe depends
on the strengﬁh of the steel supporting the buckle, even in
the so-called elastic buckling stress range below the
.proportional limit. This sort of behavior, first noted by
von Kafman (48) in tests on thin plates, is indicated for
cylindrical members in an experimental investigation by

Sherman (49), and is supported by Allen (50).

5.3.3 Bending Tests

5.3.3.1 Proportional Limit

Figure 4.10 shows that the proportional limit in
specimen B1 occurred at a moment of 1770 kN'm and a measured
extreme fiber compressive stress equal to 61% of the static
yield point or 56% of the dynamic value. This limit agrees
identically with the proportional limit measured in both the
preliminary and large diametef series of compression tests.

Beyond the assumed proportional limit, hinging
mechanisms began to form in the region of the
circumferential welds_between the test section and the
thickened end sections. This hinging action was the result
of local yielding of the test section in the compression

zone. For a given external moment above 1770 kN-m, the

e et
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central test section translated downwards until, through the
progression of yielding, equilibrium was attained in the
region of the hinges. This accounts for the sharp increase
in‘the centre line deflection of the specimen as indicated
by the deflection based curvature in Fig. 4.10. Localized
behavior, resulting from this hinging action in the regions
surrounding the rotation meter attachment points is believed
to account for their apparent indication of a reduction in
curvature under increasing moment (Fig. 4.10).

In the testing of the unstiffened version of spécimen
B2, neither a proportional limit nor the associated hinging
mechanism were observed prior to failure. This elastic
behavior can be attributed to the low failure moment; it
corresponded to an extreme fiber compression stress of only

62% of the static yield point or 57% of the dynamic value.

5,3.3.2 Local Buckling Strength

The bending specimens failed at extreme fiber
compressive stresses well below the classical elastic
buckling stress as determined using Eq; 2.1, Failure was
precipitated by the circumferential welds which were a major
source of geometric imperfection and residual stress; both
have been shown to have a pronounced detrimental éffect. The
maximum compressive stresses are plotted as a fraction of

the dynamic yield point in Fig. 5.1.
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The tendency towards a reduction in buckling capacity
with increased R/t is supported by the tests with specimen
B2 (R/t = 222) failing at a smaller proportion of the yield
stress than specimen B1 (R/t = 149), Considering only
specimen B2, the slightly reduced buckling capacity of the
locally stiffened version, B2b, relative to the unstiffened
version, B2a, is attributed to weld shrinkage which occurred
during stiffener attachment. This weld shrinkage induced
additional geometric imperfections and residual stresses in
regions adjacent to the stiffeners where buckles
subsequently formed.

The degree to which the measured buckling strengths
constitute behavior representative of flexurally loaded
fabricated cylinders is uncertain. The results of only two
tests are reported in this study and, as yet, no other
similar tests have been performed on cylinders that buckle
at stress levels below the yield point. Consequently, the
only comparison that can be made is with the results for
axially compressed cylinders.

In comparing the measured buckling strengths of the
corresponding bending and cémpression specimens tested in
this study, no definite trend is indicated. Bending specimen
B1 buckled at an extreme fiber compressive stress 6% above
the buckling stress of compression specimen C1, whereas
~ specimen B2 buckled at a stress 28% below that of specimen
C2. This inconsistency is attributed primarily to the

uncharacteristically high buckling stress of compression




101

specimen C2. Contributing to a lesser extent were the
- circumferential welds in the bending specimens which had a
greater effect on the thinner-walled specimen, B2,

The circumferential welds, in conjunctioﬁ with the
small thicknesses of the bending specimens, create further
problems in comparing the résults obtained herein.to the
relatively large body of compression test results obtained
by others. The bending specimens were less than 6 mm thick,
whereas the majority of the compression specimens tested
were greater than 6 mm thick, if welded circumferehtially.
The only similar compression specimens were §usceptible to
cdlumn buckling because of excessive length.

It follows from above that a valid comparison between
bending and compression is not yet possible. It is, however,
significant that, in Fig. 5.10, both of the bending test
results are seen to plot above the best-fit curve for
compression developed in this study. Recaliing that welded
cylinders less than about 6 mm thick are expected to have a
reduced buckling strength, the indication is that the
buckling stress is slightly higher in flexure than in
compression. This supports the hypothesis that the stfain
gradient present in a flexurally loaded member permits a
higher maximum compressive stress than would be the case for
a uniformly compressed member (See Sectioﬁ 2.4.2). Whether
the increase is significant, however, remains to be

established.
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In view of the limited number of bending tests
performed, the only thing that can be said with certainty is
that the flexural buckling capacity of weld-fabricated
~cylinders can be approximated on the basis of the available
test results for axially compressed cylinders. While an
increased capacity in flexure is perhaps indicated, more
testing is required to establish the amount by which the

buckling stress is increased.

5.3.3.3 Comparison with Design Formulas

The flexural buckling stress for specimen B! and the
unstiffened version of specimen B2 are compared with the
predicted buckling stresses in Table 5.2.

Considering.only the ultimate strength formulas for
compression, best agreement between the measured and
predicted values is obtained using either the ASME approach
(Egs. 2.10 and 2.11) or the proposed approach (Egs. 5.5,
5.6, and 5.7). Both formulas predict almost identical
buckling strengths in the range of R/t which pertains to the
two cyliﬁders tested. ;

The ECCS approach (Egs. 2.13 and 2.14) permits an
increase in buckling strength for flexurally loaded members.
This flexural buckling formula is shown to correlate as well
“with the test results as do the ASME and proposed formulas
for compression. The ECCS formula for flexural buckling,
however, is not recommended. The increased flexural

capacity, which is assumed to be a function of R/t on the




103

basis of elastic buckling tests (24), has yet to be
substantiéted by flexural tests on fabricated mild steel

cylinders over a sufficiently wide range of R/t.
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Table 5.2 Comparison Between Measured and Predicted Buckling
: Stresses for Large Diameter Bending Specimens

' Measured / Predicted

Specification Specimen B1 Specimen B2
AISI-Plantema’ 1.33 1.25
AWWA' 1.79 1.65
ASME' 1.15 0.99
ECCS? 1.14 1.03
Proposed’ 1.13 1.05

.1 Predicted buckling stress determined from a compressive
buckling stress formula

2 Predicted buckling stress determined from a flexural
buckling stress formula
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6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 Summary and Conclusions

This study was undertaken to investigate the local
buckling behavior of thin-walled fabricated steel cylinders.
Specifically, stability failure caused by uniform axial
compression or by pure flexure at stress levels below the
yield point was considered. The experimental phase of the
study involved the testing of weld-fabricated tubes with
cross-sectional geometries representative of large diameter
tubular conveyor support systems.

Analysis of the test results obtained in this study
together with a critical evaluation of the results obtained
by others on fabricated cylinders has led to the following
conclusions:

1. Cold forming and welding‘producés significant
initial geometric imperfections. For the specimens
tested herein, rahdom loéal deviation amplitudes
averaged 4% to 9% of thé wall thickness;
circumferential weld depression amplitudes averaged
20% to 60% of the wall thickness. Maximum -
imperfection amplitudes approached but did not
exceed the cylinder wall thickness.

2. The observed effect of geometric imperfections on
the buckling strength can be approximated by the

imperfection theory of Koiter. Best agreement
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between theory and experiment is achieved by
assuminé an imperfection amplitude equal to either
the average or- the root mean square of the measured
values.,

Nonhomogeneous material behavior, caused primarily
by residual stresses, results in a proportional
limit of about 60% of the static yield point for
weld?fabricated, mild‘éteel chinders loaded in

compression or bending.

. The local buckling of fabricated steel tubes

subjected to uniform axial compression occurs at.a
stress which is considerably less than the classical
elastic buckling stress. For cylinders with wall.
thicknesses greater than approximately 6 mm, the

existing ASME formula most closely approximates the

actual buckling strength. Circumferential welds

generally have a more pronounced detrimental effect
on thinner-walled cylinders and, pending further
investigation, the buckling strength of cylinders

with wall thickness less than 6 mm is better

apprdximated by the more conservative AWWA formila.

The proposed local buckling ultimate strength
formula for compression is shown to accurately
predict specimen behavior (for t > 6 mm), and is in
a form particularly suited for design. In addition,

it normalizes the test results over a wider range of
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material yield strengths when compared with existing
formulas.

The tests performed herein do not support an
increased local buckling strength for flexurally

loaded members. It is therefore reasonable to assume

‘that the flexural buckling capacity of fabricated

steel cylinders can be approximated on the basis of
the test results for uniformly compressed cylinders.
The flexural buckling strength of large diameter
weld-fabricated tubular conveyor galleries is best
approximated by either the existing ASME formula or

the‘proposed formula for axial compression.

6.2 Recommendations

1.

Additional testing of fabricated tubular members
loaded in pure flexure is required over a wide range
of R/t ratios to conclusively establish the amount
of strength increase afforded by a bending induced
strain gradient.

Further experimental study is recommended to
establish the effects of welding induced |
imperfections on the compressive and flexural
buckling strength of cylinders with wall thicknesses

less than about 6 mm.
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