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ABSTRACT

This dissertation presents a study of the axial load behavior
of long fabricated tubular columns of the type commonly used in
offshore 0il drilling structures. Short lengths of such columns
are formed by cold-rolling sheets of originally flat steel plate
into cylindrical forms which are then welded longitudinally to
produce closed cylindrical shapes, usually up to about 3 m (10 ft)
long. A long fabricated tubular column is produced by welding short
sections together, end-to-end, witﬁ circumfefentiél, or girth welds.
The completed column is thus highly discontinuous and may have
material and behavior properties which vary in an essentially random

manner along the column length.

An experimental program involving stub column specimens and

ten long coluﬁn specimens [of up t6 11 m (36 ft) in leﬁgth and 0.56 m
(22 in) in diameter] is reported as conducted in Fritz iaboratory.
The long column tests, on columns manufactured in the same manner as
érototype columns, were tested in axial compression and under essen-
tially pinned-end conditions. These tests provided a éubstantial
addition to the available éest data. Residual stresses in a Fabri-
cated tubular column were also measured in two perpendicular direc-

tions (longitudinal and circumferential).

As a prelude to a long column analysis, an analysis is presented
of é‘tubulaq section using the tangent stiffness method to produce

moment-axial load-curvature (M-P-3) curves. It is shown that in



order to accurately derive the M-P-% curves it is necessary to
include accurate estimates of residual stresses in two perpendicular
directions. A Tresca yield criterion is used to consider the inter-

action between stresses in two perpendicular directions.

‘The strength and behavior of a long fabricated tubular column
is considered to be adequately modelled by use of a second-order
Newton-Raphson iterative technique. The method-is formulated with
the capacity to consider the behavior of discrete locations at any
point along a column length, and af each location the material and
behavior characteristics of the section may be specified indepen- -

dently.

The analysis is verified by modelling of available long column
test data, and a new column buckling curve for fabricated tubular
columns is produced comprising an upper and a lower bound, dependent
on the circumferential location of longitudinal welds. A §tudy of
the effect of initial out-of-straightness of a fabricated tubular
column leads to the recommendation that current manufacturing
tolerances be maintained, and a result of a study of the practice
of “staggering" of longitudinal welds along a column length is that
the strength of a typical column is expected to be between the upper

and lower bounds predicted.



1. INTRODUCTION

During.recent years there has been an increasing trend toward
the use of fabricated tubular columns in the construction of offshore
oil drilling structures. Since such columns may havg substantial
lengths in order to transfer loads from a platform above sea level
to the ocean floor, it is entirely appropriate to require consid-
erable care in the design of such members. This dissertation
attempts to analyze some of the hitherto unanswered questions about
the strength and behavior of such iong fabr{catedvtubular columns.
It is noted at the outset, however, that this work is concerned
only with the overall buckling behavior of long columns, and is not
concerned with local buckling effects, which has been the subject

of an entirely separate investigation.

Before cémmencing a discussion of the areas of investigatién
covered by this dissertation, it is important to adequahély define
a long fabricated tubular column. First, a brief summary is given
bf the method of manufacture of such columns as this has a substan-

tial effect on the subsequent probiems of analysis.

Fabricated tubular columns of the.type considered in this
dissertation are typically cold-rolled from originally flat plate.
Before any rolling is undertaken, however, the plates must be cut so
tﬁat one dimension of the rectangular plate is equal to the circum-
ference of the completed column. After bevelling of the other edges, .

and perhaps a slight prebending to ensure subsequent matching of the



edges, the plate is cold-rolled to form a tubular section which is
still open, in that two edges of the plate are facing each other but
not joined. These two edges are now welded together, usually in a
multi-pass operatipn, using a submerged arc welding process, and
usually involving welding from both inside and outside of the sec-
tion. The result is that a short tubular column has now been formed.
The diameter of this column has been determined by the size of plate
rolled, as haé the height of the column. The height of the column is
further limited by the capacity of the machine on which the tube was
rolled, with the result that a typical short column is of the order

of 3 m (10 ft) tall, and is commonly called a “can".

Cléarly, a column of only three meters tall has very limited
usefulness in the construction of offshore oil drilling structures,
and, therefore, a number of such short columns must be joined to-
gether end-to-end to form a column of the desired length. Once
again this joining of the cans is done with a welding process, after
appropriate end preparation ;f the short columns. Specifications
usually require that the longitudinal welds be staggered around the
colu@n diameter, that is, that the lbngitudinal welds in individual

"cans" do not end up on one line along the column.

IfAis now possible to consider in more detail the basic problems
associated with the axial load behavior of fabricated tubular steel
columns, and to highlight the comparisons with columns of other cross
sections. The residual stresses induced during fabrication are the |

first focus of this discussion. During the cold-rolling process by

4



which a flat steel sheet becomes an open cylinder, circumferential
residual stresses are induced which vary through the thickness of the
wall of the tubular column. These stresses are circumferential in
direction, despite their "thréugh-the-thickness” variation. It might
well be expected that the longitudinal welding of the seams, by which
process the closed section of the individual cans are formed, would
induce longitudinal residual stresses in the column~wa11, that is,

in a direction parallel to the direction of the axial stress which
will resist axial loads on the completed column. Thus, even in a
short column, there are stresses in two perpendicular directions,
and, of course, these stresses will interact during column loading.
(It is also trqe that the circumferential welding process by which
the cans are joined together end-to-end induces residhal stresses
probably localized near the ends of each can, but in order to make

the problem of manageable proportions, these stresses have been

ignored in this investigation.)

In most previous investiéations of column buckling strength,
residual stresses have been assumed to be.significant only parallel
to the direction of loading, but here is a situation in which this
assumption cannot automatically be made. One important facet of this
work, therefore, is a determination of whether or not this inter-
action between perpendicular stresses is an important parameter of

‘

column performance.

The fabrication process described above also produces another

factor of unknown importance in long column behavior. Clearly, a
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completed long column is very variable in its section properties,
since it is a collection of individual, identifiable sections.
Because of the varying orientation of the longitudinal welded seams
with respect to each other along the column length, it would be
expected that sections taken through the column in one can would
behave differently to sections in deighboring cans. This is parti-
cularly so when the sections are in a state of biaxial bending, as
they would be when a column is considered to be initially imperfect-
ly straight. Furthermore, there is a strong likelihood that material
properties of the steel will vary between "cans" used in the assembly
of a long column. For example, it is known that there can be sig-
nificant variations in steel yield strength merely because it was

rolled from steel of a different heat lot.

The above factors imply that it is inappropriate to assume
uniform properties of all sections along a long fabricated tubular
column. This fact is a result of the fabrication process, while for
many other types of section which have been studied previously, the
assumption of uniform section properties is entirely reasonable. An
impoftant goal of this work was, therefore, to enable conclusions to
be drawn about the relative importance of a number of the complica-
ting factors discussed above, and indeed, if necessary, suggest other

fgctors which should be more carefully examined.

. With this brief introduction to the problems and complexities
which are an integral part of an investigation of long fabricated

tubular columns, the approaches to possible solutions are now
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outlined. This dissertation covered both experimental and theore-

tical investigations, both of which are introduced here.

The experimental phase of this work involved the testing ip
Frité iaboratory of ten prototype long column specimens, manufactured
in a manner resembling as closely as possible the fabrication process
for columns used in the construction of offshore oil drilling plat-
forms. Columns of varying diameter and length were tested with a
view to considering a wide but practical range of column slenderness
ratios. The columns ranged from 5.5 m (18 ft) to-ll m (36 £t) in
length and were of either 0.38 m (15 in) or 0.56 m (22 in) in dia-
meter. Steel from two different heat lots was included in each
column specimen, and the columns, each madé up of a number of short

“cans", had the longitudinal welds staggered between cans.

The theofetical phase was itself divided into two major com-
ponents. By considering essentially a column section, br a column
of unit height, the section deformation relationships could be
derived as the section was subjected to axial load and biaxial bend-
ing. At this stage both longitudinal and circumferential residual
stresses could be considered, as well as the interaction between
them. The longitudinal residual stress distribution is caused by the
longitudinal welding process, which thus becomes an important factor
as bending moments are applied to the section with‘various orienta-

tions with respect to the longitudinal weld.



" This column analysis prévides an opportunity for several areas
of contribution of this work. First of all, the derivation of
section performance under axial load and biaxial bending has not
previously been attempted for a tubular cross section, with residual
stresses of the type considered here included. Not only is it a
recent development that an accurate assessment of 1;ngitudinal
residual stresses and their distribution has been made, but the same
applied also for the circumferential residual stresses. Since
longitudinal residual stresses are both relatively localized and
considerably varying around a tubular column circumference, the
contribution made by consideration of this alone is significant. The
other significant addition is the permitting of an analysis involving
sfresses mutually interacting in two perpendicular diréctions. To
date, any interaction between stresses in two perpendicular direc-
tions had not been a consideration, for most sections are adequately
analyzed assuming only residual stresses in a direction parallel to
the direction of stresses induced by column loading, an assumption

which could not be automatically made for fabricated tubular columns.

The second component of the theoretical investigation was the
derivation of a method of analyzing a long fabricated tubular column
with the inclusion of as many as possible of its highly variable
section propefties along the column 1ength. It was considered most
practicable to consider discrete sections along a particular column,
at éﬁch of which the section properties could be uniquely defined.

If such a discrete section could be considered to have properties



repfesentative of other sections close to it along the column length,
then the overall column behavior could be derived by considering a
series of such discrete sections, each behaving independently, but
linked to neighboring discrete sections by the conditions of
continuity. Each section is thus considered to exh;bit behavior
representative of a short column (and it is desirable that the sec-
tion be near the mid-height of that short column) and the linking

.of these short columns together ensures harmonious, connected column

behavior.

Not only has such a detailed attembt to modél the behavior of a
fabricated tubular column not been reported hitherto, but neither has
it been considered necessary previously to consider a cOlumﬁ to have
such widely differing properties - both material properties and sec-
tion properties - along its length. Not only are the capabilities of
two-dimensional stress analysis retained from the short column analy-
sis, but also the theory used has been modified to allow considera-
tion of discrete stations at any intervals along a column length.

The interstation distances may or may not be constant along a column,

so that any desired degree of accuracy in modelling may be achieved.

It remains now to indicaie the setting-out of the subsequent
chapters of this dissertation. Chapter 2 indicates the scope of
work previously attempted which has direct bearing on the research
reported herein. Although dealing with a number of different toéics,
the previous work has been treated as a harmonious unit because of

the considerable overlap and interrelation of the components. In

9



Chapter 3 the details of the experimental testing program are given.
The several phases of the program are outlined, togethexr with trends

shown in the results. ;

fhé theoretical analysis begins with a short column analysis, a
topic treated by Chapter 4 of this work. This chapter briefly but-
lines the theory and gives some results of the study undertaken. At
the end of this chapter it is also p;ssible to make some conclusions
about the relative importance of some of the factors considered, and
in particular, their effects upon ;ection beﬁaviof. In Chapter 5
the long column analysis is introduced. A discussion of the theory
involved, with emphasis on the modifications to existing theory
required forAthis purpose, is followed by a‘parametric study of some

of the variables inherent in the study.

Chapter 6 is an attempt-to reconcile the theory developed and
the experiﬁental results available. By means of such a'comparison,
conclusions are possible about the adequacy of the theory, and also
the need for further experimental data. Chapters 7 and 8 provide
opportunities respectively for suggestion of areas in thch future
research might be fruitful, and dissertation conclusions (an impor-

tant part of which is design recommendations).

In references to the available literature, the particular work
being referenced has been given a number in parentheses, which
refers to the work listed by that number in the list of references

contained.in this dissertation. The references are listed in order

of appearance in the dissertation.
‘ 10



2. PREVIOUS WORK

2.1 Introduction

The problgm of overall column buckling has been recognized for
a long time, and hiséory records many attempts to solve this problem
both experimentally and analytically. There is, therefore, an ex-
tensive body of literature with some reference to the subject of this
dissertation. The problem is further compounded by the fact that
the scope of this work includes theoretical and experimental inves-
tigation into a number of topics related to the axial load behavior
of columns. In restricting the scope of this literature survey it
has been necessary to include important historical references, for
these have a major role in determining the explicif and implicit
assumptions behind methodg of approach to the problem of the axial
ioad behavior of fabricated tubular columns. For example, many of
the techniques utilized, both theoretical and experimental, have
been used elsewhere for otheprurposes, and it is necessary to have
some appreciation of those previous conclusions in order to begin a

re-evaluation of the techniques as applied to the problem at hand.

In arranging this survey of previous work, an attempt has been
made to group the subject matter such that it corresponds to the work

to be presented and discussed in subsequent chapters of this disser-

tation.

A\
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2.2 Short Column Analyses

As discussed in Chapter 1, a typical, long, fabricated tubular
column is highly discontinuous{in that its behavior and properties
are substantially different at different locations along its length.
Thus, it was considered that an essential prerequisige to any analy-
sis of the behavior of such a coluﬁn was an investigation of the par-
ticular properties which characterize the behavior of a particular
croés section of the column. Not only would such a short-column
analysis become a building block in a long column analysis, but it
was anticipated that the short column analysis would be able to
indicate the relative importance of some of the factors contributing

to column performance.

In‘a short column, or column of unit length, it is possible to
consider the influence of residual stresses on section behavior. The
changes induced by these stresses on section behavior aré observed
by derivation of the nonlinear moment-axial load-curvature (M-P-3)
éurves for various combinations of axial load and biaxial bending
moment applied to the section. The technique used for'this investi-
gation was the tangent stiffnesé method. Santathadaporn and Chen (1)
reported use of this method for analyzing I-sections, noting that the
method has also been used by Gurfinkel (2) and Harstead et al. (3) in

other specific instances.

“ Santathadaporn and Chen (1) also reported that residual stress-
es, inherent in member manufacture, had been included in section

analysis. However, these residual stresses were considered to be

12



present in only one direction, that is, the longitudinal column
direction, whereas a fabricated tubular column was thought to have
significant residual stresses present in at least two perpendicular
directions. The tangent stiffness method ;s previously reported
had, therefore, to be extensively modified in order to include

stresses in two perpendicular directions, as well as the_ interaction

between perpendicular stresses.

Another approach to the derivation of M-P-§ curves for tubular
sections has been reported by Wagner et al. (4,5). This method is
based on a similar open-form solution technique, but, once again,
residua; stresses have been included only in a direction parallel
to that in which a column is»loaded,.that is, the longitidunal column

direction.

’

At this point it is also appropriate to note that there have -
been other attempts to derive M-P-& curves of tubuiar sections
analytically, as these provide useful checks for parts of the M-P-3
curves derived in this investigation. One such method is that by
Ellis (6), although this work suffers along with other such attempts
from its inability to include the effects of residual stresses. From
a different approach, Chen and Atsuta (7) presented a method by
which interaction curves for various doubly-symmetric sections -
including hollow tubes - could be calculated using both lower bound
and wpper bound theories. This method could predict only the ulti-
mate strength of perfect cross sections. Since it was confidently

expected that ultimate section strength would not be affected by

13



the presence of residual stresses, the ultimate strength values
derived in this reference were used to check "plateau" values of
derived M-P-3 curves. [Chen and Atsuta (8) subsequently modified
ﬁhis.method to allow.predictions to be made for nonsymmetrical

sections composed of rectangular elements. ]

2,3 Tubular Column Buckling, Manufacturing and Design Specifications

Before considering the biaxial buckling of tubular columns, it
is necessary to briefly trace the development of a simple buckling
theory, and note the specific applications to fabricated tubular

columns,

During the twentieth century tﬁe derivation of column buckling
curves hinged on the development of a buckling theory for columns in
the inelastic buckling range. In 1947, Shanley (9) introduced the
tangent modulus buckling concept, but from the late 1940's it became
apparent that the inclusion of residual stresses was essenGial‘for
the accurate prediction of buckling loads. Many experimental programs
were'conducted, including many at Lehigh University (for example, 10
and 11), and there followed development of empirical or semi-empiri-

cal relationships to define a column buckling curve based on the

available set of experimental test data.

In 1976 edition of the Structural Stability Research Council
(SSRC) Guide (12) contains a good coverage of developments in column
buckling design, clearly illustrating the reasons why there has been

a change from the use of one column buckling curve in the 1966
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edition of the same guide to the concept of multiple column bucklingv
curves. Reference is made to work done at Lehigh University (13) and
work of the European Convention for Constructional Steelworks (14,
15).- Curves are suggested for tubular columns, but with little
experimental evidence to support them. It is clear fhat for some
time (16) concern over the lack of'available exper%mental data for
the proposed curves has been expressed, Oil industry design codes
(17;18) rightly put more emphasis on the local buckling problem of

cylinders than on the overall buckling problenm.,

Manufacturing imperfections are known to be significant in
determining the buckling loads of cylindrical shells. Thus the
American Petroleum Institute (API) specifies (19) tolerances for

out-of-straightness and out-of-roundness of prototype columns.

2.4 long Column Analysis

The problem of inelastic beam-column behavior of long columns
has also been studied extensively both analytically and experimen-
tally. Many researchers have made contributions to both experi-
mental and computational afeas of investigation. Thus some work
mentioned in this discussion also has relevance to experimental

investigations discussed in Section 2.6.

The phenomenon of inelastic lateral torsional buckling of beam
columns, particularly wide flange sections, prompted Fukumoto and
Galambos (20) to attempt solutions to lateral torsional buckling

equations using finite difference techniques. They were primarily
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conéerned with the reduction in predicted buckling strength caused
when lateral torsional buckling initiates premature failure. By

1971 Chen (21,22) had made considerable progress towards the inelas-
tic buckling predictioﬁ of laterally loaded columns. It is fortunate
indeed that the closed section used in tubular columns has such high
torsional rigidity that lateral torsional buckling is not considered

a problem,

Chen and Atsuta (23) reported in 1972 that the general response
of elastic-plastic beam-columns could be obtained with relative
ease using an equivalent column concepf and colﬂmn curvature curves,
Previously, most solutions had been obtained by numerical computa-
tions (24). Santathadaporn and Chen (25) then used the concepts of
tangent stiffness to produce load-displacement curves for steel H-
columns. Consideration was given to both proportional and non-
proportional loading, and for these sections, torsion is an impor-
tant consideration. To clarify” the necessity for three-dimensional
analyses of doubly symmetric, open sections, Tebedge et al. (26)
compared an experimental test result to a two-dimensional in-plane
tangent modulus prediction of column strength and a three-dimension-
al load-deflection approach. They showed that tﬁe two-dimensional
analysis gave adequate predictions of maximum column load for such
sections, but.that, because of residual stresses and yield strength.
variations, a three-dimensional analysis was required to adequately
pregict load-deflection behavior. With this established, Tebedge

‘and Chen (27) and Ross and Chen (28) extended the derivations using
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the tangent stiffness technique to provide design criteria for H-

columns and I-columns, respectively, under biaxial loadings. These

are currently included in design recommendations (29,12).

.While these developments were taking place, finite element
methods were being used to determine stability of beam columns (for
example, 30), and the literature was being searched for available

relevant experimental data (for example, 31).

In'Switzerland, Vinnakota and associates (32,33) developed
finite difference techniques for determining stability of beam-

columns and deriving maximum strength interaction curves.

It is noted that in all the foregoing, the analyses have been
undertaken for open cross sections in which residual stresses, if
included, have been in the longitudinal column direction. Further-
more, column properties have either been constant or varying in a
linear manner (34) along a column length. Thus a fabricated tubula;
column, with properties which-m;y vary in a highly irregular manner
along its length, may not necessarily be adequately modelled by such

analyses.

As has been noted, the closed section provided by tubular
columns enables the torsion problem to be neglected. Thus the
behavior of long fabricated tubular columns is considered to be
adequately modelled using an iterative technique, such as the
Newton-Raphson iterative technique, provided that nonlinear material

properties may be considered. This method was used successfully by
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Virdi and Dowling (35) on a member of constant section properties
along its entire length, and would therefore require modification
before being applicable to the problem of manufactured tubular

columns.

Another method which has been applied to long tubular beam-
columns in order to predict load carrying capaéity (4) is Matlock's
recursive solution technique (36). While this application allows
gradual plastification of sections along a column length, it has not
yet been applied t& columns in which section properties vary along

the column length.

2.5 Residual Stress Measurement

The existence of residual stresses in steel sections due to
their manufacture has been known for a long time, and much effort
has been expended measuring these stresses, It is beyond the scope
of this discussion to attempt a comprehensive listing 3%”f§5§§:§f
residual stress measuring apparatus used, or even of all the used to
which these have béen put. Rather, a brief survey is given of
representative types and occasions of use, with rather more attention
concentrated on thé types of residual sﬁress measuring technique

used in this work.

The principle of measuring residual stresses by hole-drilling
was ‘suggested by Mathar in 1934 (37), who recognized that the release.
of strain at a surface could be some measure of residual strain

release at the bottom of a hole. At first, there were difficulties
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in ﬁeasuring this strain release at the surface, as Mathar used
mechanical extensometers for this work. During the 1940s the method
was developed qualitatively rather than quantitatively, by watching
crack patterns in a brittle lacquer painted on the steel surface

as they developed around a gradually deepening bored holé (38), but
by 1950 the concept of using electric resistance Strain gages was
established (39). By 1955, some theoretical basis for the method
had appeared (40), although it is perhaps significant that, in
measuring residual stresses caused by autofrettage in gun bores in
1963, Davidson et al. (41) used a technique of gradual destruction
in which they gradually turned the bore on a lathe. They were,
however, still measuring strain release on a surface due to residual

strain release at the bottom of the ciit.

Nonetheless, the method of hole drilling was fully established
theoretically for isotropic plates by 1966 (42) and for orthotropic
materials by 1970 (43), with proprietary apparatus marketed before
1972 (44,45). The principal advantages of the method are its semi-
destructive nature; and its ability to measure stresses in two per-
pendicular directions, enabling derivation of principal stress
directions. The method is, however, limited in its ability to
accurately measure residual stress very near the surface of the
plate. Since'the method had proved capable of determining residual
stresses on a porcupine shaft (46), it was decided to attempt its use

on the fabricated tubular columns under study. The method proved

very suitable for measuring circumferential residual stresses in
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such a column, particularly as these'stresses have significant

variation through the thickness of the wall,

In 1888 Kalakoutsky (47) reported on a method of determining
longitudinal stresses in bars by slitting strips from the bar and
measﬁring their change in length. From this has develoPed the sec-
tioning technique for determining residual stresses in which a short
length of section is physically dissected slowly, and differences
in strain are noted from readings taken before and after dissection.
A good summary and explanation of the method is given by Tebedge
et al. (48) as a result of work at Lehigh University. 1In fact,
while acknowledging the fact that it is a destructive method of
measurement, the report concludes that the method is both more
accurate and more foolproof than a number of other methods, and is
adequate, accurate and economical when longitudinal'residual stresses
only in structural members are important. The method has been used
successfully on I- and H-sections by Tebedge et al. (26), on welded
box shapes by Tall (10), and in thin cold-formed rectangular sections

by Sherman (49).

For a more complete e#amination of possible'methods of residual
stress determination the reader is referred to Tebedge et al. (50).
It is also noted that not all residual stress determinations are
made on completed members, as Ostapenko and Gunzelman (51) reported
derivation of such stresses in tubular columns by taking strain
measurements induced during fabrication from measurements before and

after such fabrication.
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2.6 Previous Experimental Research on the Buckling of Fabricated
Tubular Columns

While axial testing of coiumhs has been undertaken for many
years, building a substantial body of experimental data on overall
coiumn buckling beﬁavior, such tests have rarely been conducted on
fabricated tubular steel columns. As is explained below, there are
inherent difficulties of scale in the testing of such calumns, which
have only been partially solved in the experimental investigation

described in this work.

During the 1930s, the University of Illinois was interested
in both the local buckling (52) and, as an accompanying concern,
the overall buckling Qf fabricated tubular columns (53). This
interest appears to have arisen as a result of a trend toward the
use of fabricated tubular columns as supports for elevated storage
tanks. The results reported in at least one of the references cited
may have some direct comparison with the results reported in this

work.,

_A number of column buckling tests have been reported on small-
scale tubular specimens, ihcluding some in aluminum (54) and some in
steel (55). Such tests typically use specimens up to about 2.5 m
(8 ft) in length and about 0.15 m (6 in) in outside diameter, to
provide specimens of relatively large slenderness ratio. However,
ﬁhegg are several problems when the results of such tests are extra-
polated to provide design data for large-scale, fabricated tubular

columns such as are commonly used in offshore oil drilling structures.
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Some such small-scale testing has been conducted on seamless speci-
mens, thus ignoring the longitudinal residual stress effects thought
to Be a significant parameter in prototype column buckling. Further-
more, such specimens are coﬁmonly manufactured by an extrusion
process, which avoids the incidence of discontinﬁous'section proper-
ties along a column length. On the other hand, other test specimens
have been manufactured.with wall thicknesses so small that circum-
ferential residual stress patterns have probably been lost, and the
use of such thin walls would have uhknown effects on the longitu-

dinal residual stress pattern.

One test sequence which has avoided some of these problems
was that of Bouwkamp (56) who_tested speciﬁens up to, 9 m (30 £ft) in
length and 6.2 m (8 in) in diameter. Even here, however, it does not
seem to have been possible to consider the effects of staggered
longitudinal welds, nor any other factors, such as yield strength
variations, which lead to varying section properties along the

length of a columnm.

There have been several good "state-of-the-art" pépers
published on overall buckling, local buckling and the interaction
of these phenomena (57,58,59). Recently there has also been interest
in the investigation (60) into the feasibility of spirally-wound

tubular column manufacture.

Y

" Since overall column buckling will involve column bending, it

is appropriate to note that experimental investigations into bending
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of fabricated tubular columns have béen continuing (61) with varying
geometric constraints being attempted. Furthermore, it is certain
that the investigation reported herein has been enriched by a
parallel investigation conducted concurrently at Lehigh University

into the local buckling behavior of fabricated tubular steel columns

(62,63).
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3. EXPERIMENTAL INVESTIGATION

3.1 Introduction

.This chapter outlines the experimental program undertaken as
part of this investigation. The object of the program was to obtain
reliable estimétes of residual stresées present in fabricated
tubular columns and data relevant to the strength and beﬁavior of

typical, full-sized, fabricated tubular columns.

Included among preliminary teéts were those on stub columns for
measuring residual stresses. Ten full-sized column specimens were
tested in axial compression under essentially pinned-end conditions.
These célumns had nomgnal slenderness ratios ranging from 39 to 83.
Preliminary tests have been reported in detail (64,65) as have column
test results (66,67,68,69). This chaptér therefore is concerned
primarily with collating results in a form useful for the subse-
quent theoretical studies, an& explaining the origin of experimen-

tal data used in subsequent theoretical modelling..

.After outlining the scope of the testiné program, this chapter
considers supplementary testg as a unit, before considering residual
stress measurements and long column testing, with particular
emphasis on initial imperfections of columns, experimental technique,

and results obtained.
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3.2A Scope of Test Program

As expiained in Chapter 1, the cold-rolling process by which
short columns or "cans" are formed introduces circumferential
residual stresses which vary through the thickness of the wall of
the tubular section, while the longitudinal welding process intro-
duces longitudinal residual stresses. These stresses maintain their
importance in prototype columns for such columns are typically used
witﬁout any form of stress relief. In preliminary testing,
particular attention was focussed on the magnitudes and distribu-
tions of these residual stresses, on the premise that accurate
values were essential to the adequate derivation of moment-axial
load-curvature (M-P-3) curves (see Chapter 4). These measurements

were undertaken on a short column of ébout 1.2 m (45 in) in length.

Three stub column tests were undertaken on short "cans" of the
same diameter and wall thickness as prototype columns-in order to
allow prediction of buckling loads for long columns. Each stub
columﬁ test yielded a separate column buckling strength curve.
Further supplementary tests, in the form of yield strength tests
‘on flat tensile coupons were also conducted. The importance of
determining yield strengths of steel used in the columns is under-
scored by the.dependence of yield strength values obtained on the

method of testing.

* The ten full-sized column specimens tested varied in length
from 5.5 m (18 £t) to 11.0 m (36 £t) and had outside diameters of

either 0.38 m (15 in) or 0.56 m (22 in). The nominal wall thickness
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for all specimens was 8 mm (5/16 in). This combination of sizes
resulted in columns having a nominal slenderness ratio in the range
from 39 to 83 (at diameter-to-thickness ratios of 48 and 70). All
stub_cqlumns and long columﬁs were tested in the 5,000,000 pound

universal testing machine in Fritz Laboratory.

3.3 Supplementary Tests

' The purpose of this section is to discuss the common supple-
mentary tests conducted as part of this investigation, and these
include stub column tests and tensile coupon tests. The residual
stress measurements are to be presented and discussed under a

subsequent heading.

When the tubular columns were manufactured, four "cans', or
short specimens, were set aside for stub column tests. These were
two 0.38 m (15 in) diameter specimens each about 1 m (40'in) long
and two 0.56 m (22 in) diameter specimens about 1.2 m (45 in) long;
Since steel from two heat 1ots was used in the manufacture of the
long column specimens, this allowed one stub column specimen from
each heat lot in each diameter considered. However, one specimgn
was diverted to residual stress measurement and three stub column
specimens were tested. The experimental method used for stub

column testing is given in references 70 and 71.

- The stub columns were all tested in the 5,000,000 pound
universal testing machine in Fritz Laboratory, Lehigh University.

Figure 3.1 indicates the positions of measuring apparatus in a
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typical sétup. Basically, five elecfric resistance strain gages
were mounted on each specimen at mid-~height, each oriented to measure
axial strain. These were placed at 45°, 135°, 180°, 225° and 315°
from the longitudinal weld in the can. Other instrumentation
included two 254 mm (10 in) Whittemore gages to measure mid-height
axiai strains (both on, and diametrically opposite to, the longi-
tudinal weld), and four diél gages meaéuring the relative movement

between the machine heads (total overall axial compressive mbvement);

A qualitative series of results is shown in the photographs
and diagrams of Figs. 3.2 through 3.6. There were noticeable
differences in failure mode between specimens. Figures 3.2 and 3.3
show progressive yielding of Specimen 1 [0.38 m (15 in) diameter
and 0.91 m (36 in) long]. These show first a diagonal shaped
yielding pattern progressing to a primary buckle 50 mm to'75 mm
(that is, 2 to 3 in) from the base of the specimen with a series of
smaller buckles (up to 7) extending along the length of the specimen,
with approximately even spacing. Specimen 2 [0.38 m (15 in) dia-
meter and 0.91 m (36 in) long], shown in Fig. 3.4, had a similar
failﬁre sequence but showed a much reduced tendency to form second-

ary buckles along the can length.

The unusual feature of Specimen 3 [0.56 m (22 in) diameter and
1.17 m (45 in) long], shown in Figs. 3.5 and 3.6, is that the fipal
buckle formed at a distance from one end of the specimen. A slight
upturn in the buckle at the circumferential location of the longi-

tudinal weld was also visible.
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Despite the differences in failure mode, all three specimens
gave remarkably similar prediction of column buckling strength
(Fig. 3.7).  (The critical load Ps is defined in Fig. 3.18.) Table
3.1 gives the essential stub column performance data. Column
buckling curves were derived from a static stub column stress-
strain curve using the tangent modulus technique, in which the column
critical buckling stress, 6cr’ is given by
™ E
Ucr'=<__l_<__132— ‘ (3.1)
r
where -

Et = tangent modulus of elasticity

%% = column effective slenderness ratio

A series of typical tensile coupon tests was also conducted
to determine steel tensile properties. Two heat lots of.steel were
used in column manufacture, and thus Table 3.2 records material
tensile properties as recorded by various testing procedures; The
" mill report furnished by the steel manufacturers gives relatively
high values of yield strength because of the typically high strain
rates used in testing of coupons. The "étatic" laboratory tests
were conducted using a common laboratory procedure (72,73), while
the commercial laboratory tests used ahcommon industrial procedure.
The major difference between the "static" and "commercial" test
procedures was that the latter used a higher maximum strain rate.
The use of a higher strain rate produced slightly higher values of

dynamic yield strength and elastic modulus of elasticity, E, but
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these two tests have identical values of static yield strength. In
Table 3.2 the dynamic and static yield strength values derived

experimentally are given as G&d and oys’ respectively.

3.4 Residual Stresses

Measurements were made of residual stresses in both. longitu-
dinal and circumferential directions. Many different methods of
measuring these have been attempted, with varying degrees of success.

The history of methods used here is described in Section 2.5.

The longitudinal residual stress determination was made by a
destruc;ive relaxation method, a slicing technique in which the
central portion of a stub column Spécimen was dissected into bars.
Measuring the distance between two points in each bar, both before
and after dissection, enabled the strain release during dissection
to be computed at that location. Figure 3.8 shows the dissection
of the specimen and Fig. 3.9 shows representative selections of
dissected pieces. Basically, the outside surface of the column at
mid-height was marked out in '"bars" of 12 mm (0.5 in) width and
280 mm (11 in) length. A Whittemore strain gage of nominal 254 mm
(10 in) gage length was then used to measure the strain release as
the bar Qas cut from the column specimen. Because of thc expense of
the total dissection of all 144 possible bars, incomplete dissection
was performed. After dissection, no significant "bowing" of the dis-
sec;;d strips was observed, Some twisting of the strips very near

the weld location was observed, but this was assumed to have a negli-

gible effect on the longitudinal strain readings.
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- The method adopted here for presentation of the measured
longitudinal residual stress distribution is shown in Fig. 3.10.
For presentation purposes it is assumed, as shown in Fig. 3.10(a),
that the specimen is cut diametrically opposite the weld and folded
out to give the flat surface given in Fig. 3.10(b). éymmetry of the
residual stresé distribution about the weld location is assumed.
Thus, only half of the surface of Fig. 3.10(b) is required and the
results are presented on a surface shown in Fig. 3.10(c). Measure-
ments were, however, taken from points all around the specimen

circumference.

The longitudinal residual stress distribution obtained using
the sliéing method is presented in Fig. 3.1l. The curved solid line
is a good fit to the experimental results (shown dotted), and it also
has the form predicted by Marshall (16). [Marshall predicted that
the longitudinal residual stress distribution would be chgracterized
by a region of high tensile stress (probably of material yield
strength or greater) near the weld, and area of alternating com-
pressive and tensile stress as one moved away from the weld around
the éolumn circumference. He further predicted that the magnitudes

of stress peaks would decrease as one moved away from the weld.]

The dashed lines are a straight-line approximation suggested
as a simplified alternative (and used in subsequent theoretical
analyses - see Chapters 4 and 5). If Xa is the distance from the
weld (measured aréund the tube circumference), R is the mean radius

of the tubular section, oy, is the longitudinal residual stress at
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a point on the circumference, and cy'is the material yield strength,
then the following values may be adopted as the base values in a

straight-line approximation:

C.
= 1.0 at =0
y
(o} ] X
Le0o  a 2=o1s
y
o X
Lo.03 at Lwos
c : R
y
(3.2)
(o X
L£a 0 a 2=10
y
o} X
=E=01 a 2=1.2
y
c. X
EL”O at —2=2.0
y
oy, '
In Eq. 3.2 the ratio P is positive for longitudinal residual stress-
y

es in tension, and negative for residual stresses in compression.
Reference 74 suggests that the approximation may be adequate for
coluﬁn radii up to a maximum of about 380 mm (15 in); that is, for
radii in excess of this value, R should be taken as 380 mm (15 in)

in Eq. 3.2. This seems reasonable when it is considered that a
finite amount of heat is added to a "can" in the longitudinal welding
process. Thus the residual stresses would, for greater than a
cergain column radius, have a finite range of influence, or, in

other words, would induce residual stresses only up to a certain
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distance from the longitudinal weld. Reference 74 also suggests
c
that there may be a minor dependence of the<;L ratio on the yield

strength of the material and the welding procedure used,

~

Circumferential residual stresses were measured by a hole-
drilling technique (44,45) in which surface measurements were taken
of the strain release due to drilling at the base of a small dia-
meter hole in the tubular wall. These tests, essentially non-
destructive in nature, were conducted on the some stub column speci-
ment as was subsequently dissected for longitudiﬁal residual stress
measurements. Figure 3.12 gives the results obtained from these
tests. No significant variation in circumferential residual stress-
es was found at different locations on the cross section. Figure
3.12(b) indicates typical experimental results. The testing
technique was known to have a limited range of validity such that
results near the surface as well as those taken ﬁear the centerline
of the tube were thought to contain possible inaccuracies. Thus
the straight-line approximation is shown dotted in these areas.

The hole-drilling experiment was conducted on both inside and
outside surfaces of the tubular column specimen. Figure 3.12(c)
shows the average circumferential residual stress pattern obtained,

and it is compared with a simple assumption in Chapter 4.

3.5 Long Column Testing: General

e

In the long column testing program, ten long column specimens

were tested. It was considered important that the columns be
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fabficated using a method resembling as closely as possible that used
to fabricate prototype columns for use in real structures. The
maximum nominal length of the columns was restricted by the height
capacity of the 5,000,000 pound universal testing machine in Fritz
Engineering Laboratory (about 12 m, or 40 ft), and ghe minimum column
diameter was controlled by the minimum diameters which could be
rolled using the manufacturer's rolling machines. Thus the column
speéimens tested varied in length from 5.5 m (18 ft) to 11.0 m

(36 ft) and in diameter from 0.38 m (15 in) to 0.56 m (22 in).

Table 3.3 gives a detailed list of'specimené supplied for
tesfing. The wall thicﬁness of all specimens was 7.9 mm (5/16 in).
Given the nominal column length and the outside diameter of each
séecimen, the nominal slenderness ratio (L/r) can be computed,

along with the diameter-to-thickness ratio (DO/t).

The specimens were fabricated in accordance with the require-
ments of the American Petroleum Institute Specifications (19). The
sections used to form the columns were rolled from ASTM A36 steel
plate in which the.original milling direction was perpendicular to
the longitudinal axis of tﬁe finished columns. Two heat lots of
steel were included in the specimens and the properties of these,

as found in various tensile coupon tests, is recorded in Table 3.2.

An important feature of these tests was the use of spherical

bearing heads at each end of each specimen during testing, in an
attempt to provide pinned-end conditions. Not only was this an

attempt to ensure the maximum value of column effective length
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factor, K, was obtained, but it also‘allowed valuable information
on column behavior to be collected. Referenée 75 describes testing
of pinned-end columns for the case where the buckling direction is
well defined. Typically, I- and H-sections have such well defined
buckling directions, and in such circumstances it may be possible to
use éylindrical end blocks. However, tubular columns are not
amenable to the accurate prediction of the buckling direction, and
the use of spherical bearing heads allowed each column speciﬁen to
adopt its preferred buckling direction without hindrance from end

conditions. The buckling direction of each column was noted.

Despite the use of Spherical bearing heads, it was, in
practice, impossible to attain a true pinned-end support condition,
because of unavoidable frictional resistance to head rotation.
(Head rotation in two perpendicular directions wa; monitored
continually during m;st tests.) It then became necessary to
determine an effective length factor, K, for positioning the buckling
test result on a column buckling curve. Electric resistance strain
gages were mounted on each specimen at quarter points along the
specimen length and near each end. An approximation to the true
column effective length, or at least to the range of K values
possible; was found by plotting the curvatures measured along the
éolumn length in two perpendicular directions. Of course, since a
curvature measurement requires strain measurements diametrically
oPP;Qite each other on the column circumference, each considered

position along the column length needed four strain gages (to allow

determination in two perpendicular planes). Each strain gage
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measured longitudinal column strain. The range of K values obtained

using this épproach is given in Table 3.3.

3.6 Long Column Testing: Initial Imperfections

It seemed initially that there may be at least .two types of
initial, geometric, manufacturing imperfection. which may have had
significant influence on column strength and behavior - namely,
column out-of-roundness and column out-of-straightnesg. Out-of-
roundness measurements were made on one fabricated tubular column
specimen and it was found that, in general, there was less than one
percent difference between two perpendicular diameters at a parti-
cular position along the column.length, which was considered negli-
gible. These measurements were, theréfore, not made on subsequent .
specimens. It was concluded that out-of-roundpess was not a signi-
ficant parameter in the column performance, due to a high degree of
accuracy in manufacture. (Furthermore, if there was any local
deviation from the circular, such as at the weld location, the
effects of this would be reduced by the forced matching which takes
place during manufacture when the cans are joined with circumferen-

tial welds.)

The Americgn Petroleum Institute has specifications (19) for
the maximum allowable out-of-straightness of a prototype fabricated
tubglar column.x These specifications allow 3 mm (1/8 in) in 3 m"-
(10 £t) (or one part i& one thousand) with the restriction that out-

of-straightness must not exceed 9 mm (3/8 in) in 12 m (40 ftr) (or
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7.5 parts in ten thousand). It was considered that out-of-straight-
ness may be a critical parameter in the prediction of column behavior.
In particular, it was likely to be a determining factor in the
buckling direction of the column. Considerable effort was therefore

devoted to the measurement of these imperfections.

The firsf problem encountered in measuring out-of-straightness
of a tubular specimen is the establishment of perpendicular diametri-
cal planes on which these measurements could be taken. It would
be desirable to establish one of these planes such that measured
out-of-straightnesses measured in this plane were the maximum that
could be measured for that specimen. An attempt was therefore made
to find a plane of maximum out-of—sfraightness by rolling each
specimen on a flat surface until a position of unstable equilibrium
was reached. The longitudinal welds, however, hampered this process
because they tended to protrude slightly from the outside diameter
of the specimen. 1In general, one of the diametrical planes was
established close to these weld locations. (The welds in the long
column specimens supplied tended to be staggered at about 180°
betwéen adjacent cans.) The actual out-of-straightness of each
specimen was measured with the specimen in an upright position
using a fheodolite. When a ruler was held against the specimen at
discrete locations along the specimen [usually at 0.6 to 1.0 m (that
is, 2 to 3 ft) intervals], a reading through the theodolite esta-

blished the distance of the outside of the specimen from vertical

line traced by the theodolite rotating about a horizontal axis.
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The resulting out-of-stéaightness profiles are reported in
Reference 67, along with other long column performance data. 1In
general, the API specified tolerances for out-of-straightness have
not been exceeded. Furthermore, there seems to be a trend for the
out-of-straightness on a diametrical plane nearly parallel to that
including most longitudinal welds to be greater thae that on the

perpendicular diametrical plane.

3.7 long Column Testing: Experimental Technique

The use of strain gages at quarter. points and at the ends for
determining column effective length is mentioned above. For conven-
ience, these gages were mounted on the perpendicular diametrical
planes established for taking out-of-étraightness measurements.
However, this instrumentation will only allow measurement of axial

strains (and thus curvatures).

It was also desired to measure lateral deflections of eacﬁ
specimen during loading. In particular it was decided to observe
column behavior by ‘measuring lateral deflection at quarter points,
and it was thought necessary also to monitor the end rotations of
the spherical bearing blocks. Since longitudinal planes had been"
established fer out-of-straightness measurements, and used for -
effective length determinations, the same planes were used to
measure lateral deflections. Measurements of lateral deflection did,

however, provide some problems, First, the direction of lateral

movement during loading and at buckling was unpredictable (and could
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well vary as axial load was increased). Furthermore, the situation
was complicated by the desire to measure deflection 4t a point on a
curved surface., Each of these problems contributed to the fact that
the guﬁtomary method of measuring deflection by placing a dial gage
against a prepared flat surface was inapprépriate.. These problems
were solved to an adequate degree of accuracy by constructing a
frame on the testing machine at quarter points aloﬁg the specimen
length, such that a long, horizontal wire could be connected at one
end to a deflection-measuring apparatus'(attached to the frame) and
at the other end to a point on the column specimen. The wire used
to make each sucﬁ connection was of the érder of 1.6 to 2.0 m (that
is, 5 to 6 ft) long, allowing the assumption to be made that any
movement of the specimen perpendicular to the wire produced a
negligible effect on the gage reading. The gage could thus be taken
to be measurihg deflections unidirectionally. The deflections were
measured electronically at quarter points along the Spebimen by
potentiometers, using four at each level, equally spaced around the
fubular column circumference. further, a manual technique was also
carried out by using dial gages at mid-height only. Aéain, four dial
gages were used equally sp;ced around the column circumference.

Figure 3.13 shows photographs of this measuring system.

Measurement of spherical bearing head rotations also presented
a minor problem. Rotations in two perpendicular directions of the
bottom bearing block could be readily measured manually with a dial

gage and spirit level apparatus (see Fig. 3.14). Using this system
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the slope of the base plate could be measured relative to a steel

arm which was maintained horizontal with the aid of the spirit level.

However, this same procedure was impractical for the measure-
ment.of top head rotation because measurements were needed to be
made at a potition not readily accessible at an elevation of up to
12 m (40 ft). This problem was solved with the use of two plumb bob-
type rotation gages in which the curvature of a sheet metal plumb bob
support was measured with electric resistance strain gages. A
separate calibration of the gages was required. Two such gages were

required to measure rotation in two perpendicular directions.

Alignment of each test specimen also requires some comment.
Ideally, aligoment is a geometric condition in which the center of
each end of the specimen being tested is aligned with the center of
the spherical bearing block at that end. This4is quite different to
a stub column test in which alignment may be ensured by a process of
trial-and-error loading until equal straining is noted at points on a
section circumference. For these tests, the best possible alignment
was obtained and tﬁen the unintentional end eccentricities noted.
These noted eccentricities.are recorded in Table 3.4, but it is clear
that these are approximations only to the true end eccentricities.
(The sign convention used in Table 3.4 is illustrated in Fig. 3.17.)
The method of measurement did not allow very accurate determination
of end eccentricities, although the results do show that the eccén—
tricities observable tended to be very small. The end eccentrici-

ties, of course, could be considered as the source of an unintended,
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applied bending moment which was proportional to the appiied axial
1oad. Observations were, however, made of axial strains at low axial
loads to ensure that no gross end eccentricities were being intro-
duced,‘and frequently it was found that little, if any bending

curvature was being generated.

The axial load was applied in increments, with the size of the
inc;ements varying depending on how close to the expected buckling
load was the applied axial load. After each increment of load had
been applied the column specimen wés left to attain equilibfium, if
necessary, and the static readings of column behavior (axial strain,

lateral deflection and end rotation) noted.

3.8 'Long Column Testing - Results and Discussion

The axial load-lateral deflection curves obtained from measure-
ments taken at mid-height of each specimen have been reported in
Ref. 67. It was characteristic that for most specimens some lateral
movement was observable gf approximately seventy to eighty percent
of the recorded maximum column axial load. Furthermore, buckling was
a sudden phenomenon, coupled with an almost instantaneous adoption
of relatively large lateral deflections. Frequently, deflections

in this post-buckling range were difficult to measure.

It can be seen from Table 3.5 that there were two modes of
buckling failure observed on specimens tested - a general inelastic
instability (shown in Fig. 3.16a) characterized by general yielding

of the specimen material at the failure location and little cross
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sectional distortion, and an interactive instability (shown in Fig.
3.16b) characterized by high cross-sectional distortion, occurring
at a very localized cross section at the time of buckling. Exam-
ination of Table 3.5 shows that interactive buckling was the final
failure mode for all specimens of 0.56 m (22 in) outside diameter,
and that general inelastic instability characterized thg sections of
smaller outside diameter. Furthermore, the axial load-lateral
deflection curves of Ref, 67 show that the interactive instability
(characterized by high localized cross-sectional distortions) leads
to a rapid, catastrophic reduction in load-carrying capacity of a
column, while the reduction in load-carrying capacity for those
members buckling in’a general inelastic instability mode tends to be
much more gradual, with a higher proportion of the buckling load

capacity retained at relatively large lateral deflections.

Figure 3.15 shows one of the columns after testing. The
specimen shown is Specimen 10, and the photograph clearly shows the
specimen to be over three stories in height. Furthermore, the
location of interactive buckling failure is clearly viéible just

above midheight.

It appears that the tramsition from general inelastic insta-
bility as the buckling failure mode to the interactive buckling
failure mode occurs at a (Dolt) ratio in the range of 50 to 70 for
all .slenderness ratios tested. The maximum column strength will be
shown in subsequent plots to be apparently independent of the fail-

ure mode, although it is recognized that the failure mode has an

important role in post-buckling behavior of columns.
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Table 3.6 shows pertinent column specimen buckling loads,
derived experimentally. Figure 3.18 defines both "static" axial
buckling load, PS, and "dynamic" axial buckling load, Pé’ as obtained
during testing. The "static" buckling load is essentially the
maximum static load the column sustained corresponding to a zero
strain rate, whereas the "dynamic" buckling loa& is taken as the
maximum load the sPECimen sustained during loading. Th; dynamic-
to-static maximum load ratios varied in the range (Pd/Ps) = 1.02
to 1.07. The difference between these "static" and "dynamic" loads
was noticeable only as the axial load applied to the column specimen
approached the column buckling load, and the higher ("dynamic") load
was the load reached when the incremental load had been applied to
the column. Then, as the column adopted its equilibrium lateral
deflection profile (which probably involved some inelastic straining
of the material), the applied load on the column tended to drop
slightly to its "static" value. Table 3.6 also gives the column

buckling loads as a function of the appropriate stress values.

The test results are presented in graphical form for comparison
with various column buckling curve design proposals. Figure 3.19
shows these results plotted on a basic AISC-CRC Ultimate S;rength
Curve. This curve is the basis of allowable axial stresses for
columns given by the 1969 Specification of the American Institute of
Steel Construction (76). Figure 3.19 is plotted on a "static" load~
ing'Basis, with "static" column buckling loads and static yield
strength values used. The "barbell" plotted for each test reflects
the uncertainty in effective lengths of specimens at buckling. It
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shoﬁld be noted that the AISC-CRC Ultimate Strength curve was
developed mainly on the basis of buckling tests conducted on hot-
rolled, wide-flange steel shapes. The present comparison shows that
these fabricated tubular members tested also apparently exhibited a
strength close to that implied by the AISC-CRC column curve for the
range of column effective length tested, although it is by no means
possible to say that this curve is a lower bound of experimental

results,

Figure 3.20 compares the "staéic" column buckling loads obtained
experimentally to the ultimate strength column cﬁrve "a" proposed by
Bjorhovde (13). In the range of column effective length tested this
curve shows only minor changes from the AISC-CRC column buckling
curve. However, even in this range the multiple column curve gives
slightly higher predicted buckling loads than the AISC-CRC column
curve and this is further removed from being a lower bound to experi-

mental results.

This graphical comparison is not complete without reference to
Fig. 3.7, where thé experimental results are superimposed on the
column curves predictéd by'stub column test results. 1In the range
of column effective lengths tested, the stub column predictions

appear to give a good lower bound to observed results,
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4. SHORT COLUMN ANALYSIS - THEORY AND RESULTS

4,1 Introduction

As a prelude to a long-column buckling analysis of a fabricated
tubular column, a nonlinear analysis of a column section of unit
height was undertaken. (It is also proven that only by derivation
of the behavior of such a section under axial load and biaxial
bending moment could the relative importance of the various residual

stresses in such a section be gaged.)

The purpose of the investigation described in this chapter
was thus to derive bending moment-axial load-curvature curves (that
is, M-P-3 curves) for.the section with yarious combinations of
applied loads and residual stresses considered. Of particular
importance is the inclusion of residual stresses in two perpen-
dicular directions. The curves derived represent the behavior of
the section subject to the applied loads, and, by Qarying‘the
combinations of residual stresses considered, the relative importance

of these factors could be determined.

In this chapter the mathematical formulation of the derivation
of the M-P-%& curves is briefly introduced, followed by a discussion
of the méthod by which stresses in two perpendicular directions are
included, recognizing the need to allow interaction between these
stresses. Since the experimental derivation of residual stresses is

considered in Chapter 3, the residual stress assumptions are treated

only briefly here, although some mention of the basis of these
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assumptions is important for interpretation o% the results. The
chapter concludes with sections describing means of verification of
the results, and a summary of the results obtained, with appropriate

conclusions.

4,2 Mathematical Formulation

The basic theoretical derivation of short column behavior is
givén here briefly for completeness. The method is known as the
tangent stiffness method, and this formulation is based on that used
by Santathadaporn and Chen (1), among a-number of investigators.
This introduction is necessary in order to appreciate the modifica-

tions presented subsequently.

Fof a biaxially loaded column the appropriate generalized
stresses for use in analysis are the perpendicular bending moments
M% and M& and the axial force P. The cofresponding set of general-
ized strains are bending curvatures Qx and §y and axial strain €ye
The following force and deformation vectors are thus defined:

[N

{£f} = \ M ¢ ’ 4.1)

and - fx}= S8 ¢ (4.2)
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The generalized stresses and strainslare shown is Fig. 4.1 in posi-
tive direction. The orientation of the x- and y-axes is defined by
the location of the longitudinal weld, marked arbitrarily in Fig.
4.1.. The object of the analysis is to derive the deformation

history of the cross section given its loading history.

Since the behavior of the section depends on the previous load
history of the section, especially when some parts of the section
are behaving inelastically, it is possible only to establish the
relationship between infinitesimal generalized force increments,
{%}, and the corresponding infinitesimal generalized deformation

increments {X}.

Santathadaporn and Chen (1) showed that the following rela-

tionship between {f} and {X} may be derived for the structure:

e N ™ - r e ~

M Qi QY5 '

v b o PO -
1Y Q1 Y Q3| Y (4.3)
P W1 %2 Q3| &

in which Qg is defined as.
Q11=IEy9dA
Q22=jEx2 dA
Q33=IEdA
4.4)
Qqp=Q; = [Exyada
Q3 =Qy; =-[Eyaa

Q3 =0y =-[Exda
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Equation 4.3 may be rewritten as
{f} = [Q] {x} (4.5)

The above set of simultaneous equations was derived for the
whole cross section. However, the integral expressions of Eq. 4.4
may only be evaluated directly for the entire cross section as long
as no part of that section is exhibiting inelastic behavior. As
soon as any part of the section deforms inelastically, the integrals.
may not be calculated directly, because the modulus of elasticity, E,

then changes at different parts of the section.

To overcome this problem the section is divided into elemental
areas, as shown in Fié. 4.2, Each elementalvarea, or fiber has an
elemental area dA and is at a distance x from the y-axis and at a
distance y from the x-axis. Provided that deformation compatibility
is enforced for all elements of a cross section, the expressions of
Eq. 4.4 may be evaluated for each elemental area in turn,.where each
elemental area has an "effective" modulus of elasticity, and the
integrals may be expressed as summations of thése contributions from

all elemental areas composing the section.

For the special case when the entire cross section is within

the elastic stress range, it can be seen that

Oy =0 () | (4.6)

e

The moment-curvature relationships are derived by varying only

one of the variables of {f} at one time (that is, creating a known

47



{£}) and iterating to a solution forﬁ{x}.. The addition of {X} to {X]
yields a new {X}. This process continues until the known applied

loads {f} are in equilibrium with the displacements {X}.

In order to provide a reference for moment calculation it is
usual to calculate the fully plastic bending moment of a tubular

cross section, MP, given by

M = zp c (4.7

where ZP = plastic section modulus; which, for a tubular section is
D3 a
=207 _ (1. _2__t.> ]
2, =2 [1 (1 D, (4.8)

In Eqs. 4.7 and 4.8, oy = material yield strength

t wall thickness of cross section

D outside diameter of cross section.

o

Similarly, a reference for curvature calculation is requirgd, and
this is taken to be the curvature at first yield of a cross section

under uniaxial bending, for which the appropriate curvature is

8 = 32—(%2) %)

o]

Just as for moment and curvature, it is desirable that a
reference load and a reference strain are available for axial load
and‘gxial strain respectively. For axial load, the reference load,

P _, is taken to be the load at which the cross section is completely '

yielded when no other loads are applied, that is,
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P =g A 4.10
y = Oy . ( )

If there were no other loads on the section, then, for an elastic-
perfectly plastic material, the load Py would be reached at the
refefence axial strain ey given by

c
¢, = = | (4.11)

It must also be predetermined the order in which loads are
applied to a section, remembering that it is desired to eventually
trace a moment=~-curvature curve., For thg purposes of this investi-
gation it was decided to first apply the required axial load (P),
and, of course, compute equilibrium deformations as this was done.
Then the moment about the x-axis (Mx)-was similarly aﬁplied, the
axial load remaining constant, and a new set of equilibrium defor-
mations was derived. Because of the possibility of inelastic
section behavior as the above axial load and bending moment were
applied, it was necessary to apply the loads in a step-wise, incre-
mental manner as outlined by the theory. Both axial load and moment
aBout the x-axis wére then held constant, and the moment~curvature
relationship for a gr;dualiy increasing apélied moment about the

y-axis (M&) was developed in a step-wise manner.

4,3 Inclusion of Two-Dimensional Stresses

 In order to include both longitudinal and circumferential resi- .
dual stresses in the analysis it was necessary to introduce a two-

dimensional material yielding criterion. Of the number of such
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theories available, the Tresca yield criterion was chosen because of
its relative simplicity. (One alternative available is to use the
Von Mises yield criterion, but, since the maximum difference between
these two criteria is eight percent, the choice of yield criterion
is not considered to be critical.) It was assumed tﬁat the thickness
of a tube wall was small, so that no significant r§dia1 stresses
could be sustained. This assumption allowed the investigation to

be considered as a plane stress analysis.

With the section divided into elementai are;s as described in
Section 4.2, each elemental area was then considered to be subjected
to a two-dimensional state of stress, which may be different from
the state o£ stress of other elemental areas, and which could be
~ determined uniquely given the loading on the section and the initial
residual stress patterns. The situation was complicated by the fact
that stresses in perpendicular directions were linked by an effect
similar to a Poisson's ratio effect, so that changes in stress in
bné direction may affect stresses in a perpendicular direction; To
be strictly accurate the Poisson's ratio ;ffect should be considered
to operate during both elastic and inelastic behavior of an elemental
area. However, the Poisson's ratio effect will be smaller during
elastic behavior than during inelastic behavior. To allow for this,
provision would need to be made for a variable factor, depending on
whether each elemental area was behaving elastically or inelastical-
ly.‘.While it is possible to include this, it was considered thét
the section behavior could be adequately modelled if it was assumed
that there was no significant Poisson's ratio effect while the
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material remained elastic. The rationale for this assumption was
based on the fact that the Poisson's ratio effect could be considered
a second order effect, but the verification of it depends on the
results obtained, and these are influenced greatly by the magnitudes
of the perpendiculér stresses, in particular, by the magnitudes of

circumferential residual stresses.

Once an elemental area of the section had yielded, a change
in the applied longitudinal stress (whether by application of axial
load or of bending moment) causes‘a change in the circumferential
residual stress, where possible, by an effective Poisson's ratio,
assumed to have a value of 0.5. This interaction is only effective
when either the 1ong£tudina1 stress 'is tensile and the circumferen-

tial stress is compressive, or vice versa.

It is now appropriate to consider a possible stress history of
an elemental area of a cross section on the Tresca yield diagram of
Fig. 4.3. There are a variety of possibilities which may éccur
during the loading history of this elemental area and most of these
are self-evident. However, the solution technique for one of the
more complex possibilities is shown for example purposes in Fig. 4.3.
Assume that the combination of circumferential and longitudinal
residual stresses is such that the initial stress state of the
elemental area is represented by point A. Now, assume further that
a compressive load is being applied to the elemental area (for example,

by the application of axial load), such that the stress combination

of the element moves along AB while the element remains elastic. At
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poiﬁt B the element reaches éirst yield. As loading of the element
is éontinued, still in compression, along path BC there is a reliev-
ing of circumferential residusl stress as well as a continuing
reduction in the effective modulus of elasticity for the elemental
area (see below). If load was applied such that the element con-
tinued to be loaded in compression, the stress-staté wouid eventually
be represented by point E, at which point the circumferential
residual stress has been completely relieved and the elemental area

is not able to sustain any more compressive load.

However, it may be that application of compfessive load to the

elemental area ceases at point C on Fig. 4.3. This could happen

if the applied load was changed, for example, from applied axial
load to applied bending moment. Under these circumstances it is
possible that, after point C, a tensile incremental load is being
applied to the elemental area. The stress history would then follow
line CD, for the elemental area is then unloading elastically in

the longitudinal direction while the circumferential residual stress
remains unchanged after point C. Since the area is now behaving

elastically it once again has a full elastic modulus of elasticity.

Another problem which had to be considered was the continuing
reduction in the effective modulus of elasticity as the section was
loaded along line BCE of Fig. 4.3. As an approximation, it was
assumed-that this effect could be modelled by adopting an effective
modulué of elasticity which varied as shown in Fig. 4.4. The point

B in Fig. 4.3, the stress state at first yielding of the element,
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may be represented by O, the first yielding stress, in Fig. 4.4.
The small step in the modulus of elasticity assumed at the material
yielding strength was adopted in order to ensure that full yield
strength is finally reached for the element. The basis of the
assumed variation of modulus of elasticity (given in-Fig. 4.4) is
somewhat pragmatic. It is consistent witP the knowledge that the
effective modulus of elasticity must decrease as the stress is
increased above the first yield stress, s and that, when the axial
stress reaches material yield strength the effective modulus of
elasticity must be zero. However, the bilinear variation adopted

is merely an assumption consistent with these known phenomena.

A brief comparison of the complicatioﬁs introduced by the in-
clusion of two-dimensional stresses with those when only uniaxial
stresses are considered leads to a greater understanding of the
power of this approach. If one considers only uniaxial stresses
and further makes the assumption that the section material performs
in an elastically-perfectly plastic manner (a common assumption for
steel) then the evaluation of the expressions of Eq. 4.4 becomes
relatively simple. As the integral expressions are derived by
summation of the expressions for each elemental area over the entire
cross section, each element has a modulus of elasticity equal either
to the elastic value or to zero, depending on whether or not the
material of that elemental area has yielded. For such materials, an

elemental area cannot contribute further to section load-carrying

capacity once it has yielded (unless, of course, there is a load
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reversal), and so its contribution is simply not included in the

integral summations over the cross-sectional area.

While still cgnsidering uniaxial stresses, it is possiﬁle
withéut difficulty té abandon the elastic-perfectly plastic material
ylelding assumption, and use instead, Eerhaps,.a gradual transition
from elastic to plastic material behavior. Whatever assumption for

material yielding was adopted, however, it would need to be predeter~

mined in the form of a stress-strain diagram.

The work reported here contributes. a further step in this
progression in that stresses in two perpendicular directions are now
considered, It is not possible, now, to predetermine ;he axial
stress-axial strain diagram which would be followed by an elemental
area, since each elemental area has its unique stress-strain diagram,
which may differ from that followed by other eieﬁental areas on the
cross section. The particular stress-strain diagram followed by a
particular elemental area is dependent on the two-dimensional stress
state of the element. All the work in this investigation had the
capacity to consider the effects of two-dimensional stresses, but
the above comparison with earlier uniaxial stress investigations
gives a better indication of the complexity of the method and the

power of the approach.

4.4 « Inclusion of Residual Stresses

The problem of the inclusion of residual stresses in the analy- -

sis is vital, as it is this factor which renders the problem
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non-trivial. Furthermore, the modificaéion to previously reported
investigations (discussed in Section 4.3) which enables the effects
of two-dimensional stress states to be included, was prompted by a
perceived need to allow for'residual stresses to be included in two

perpendicular directions.

It is the purpose of this séction to discuss briefly the
particular residual stress patterns included in the analysis,
although, for the most part they are the product of experimental
results presented in Chapter 3 of'this thesis. It has been a
relatively recent development that the residual stress patterns
likely in a fabricated tubular column could be determined reasonably
accurately, and this explains the relativeiy diverse theoretical
approximati&ns of residual stresses used by other investigators (see,

for example, Ref. 4),.

In those cases where a longitudinal stress pattern'gas used
in this analysis, it was of the form shown in Fig. 4.5, which corres-
éonds to the measured longitudinal residual stress pattern presented
in Chapter 3. For convenience, the measured stress diétribution has

been reduced to a series of straight line approximations.

The inclusion of circumferential residual stresses presented a
somewhat more difficult problem. The most obvious approach was to
include the circumferential residual stress pattern measured and
preéénted in Chapter 3, but there was also a desire to indicate
whether in fact the particular circumferential residual stress
pattern adopted had any significant affect on the moment-curvature
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curve derived. For this reason another similar circumferential
residual stress pattern was also used, and this second pattern was
derived from a very brief "first approximation" of the phenomena
involved. There were thus two distinct circumferential residual
stress patterns assumed at different stages of the investigation,
and fhese are distinguished below as the measured circumferential
residual stress pattern (experimentallj derived) and the assumed
circumferential residual stress pattern (an assumed distribufion,

based on "first approximation" conditions).

It is necessary here to outline the basis of the assumed
circumferential residual stress pattern, since it is used for
comparison purposes in the results. Of course, it is not intended
that the assumed circumferential residual stress pattern be taken
as the correct circumferential residual stress pattern, as it is
much more likely that the measured circumferential residual stress
pattern reflects the true residual stress situation in a fabricated
tubular column. When flat plate is cold-rolled to form a cylindrical
“"can" it was assumed that fully-plastic deformation was induced in
the ﬁaterial, with a resulting stress distribution through the
thickness of the wall of the tubular column shown in Fig. 4.6(a).

It was then assumed that the rolled plate was released, and allowed
to "spring back'. This process was taken to consist of an elastic
unloading process which induced a stress distribution through the
col&ﬁn wall similar to that shown in Fig. 4.6(b). The maximum fiber
stress was taken as 1.5 cy (where c& is the yield strength of the
material), because it was considered that all of the bending moment
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applied to the plate in the rolling process must be released during
the "spring back" phenomenon. Addition of the stress distributions
shown in Figs. 4.6(a) and 4.6(b) yielded the distribution shown in

Fig. 4,6(c), which was the assumed circumferential residual stress

distribution.

. A comparison of measured and assumed circumferential residuall
stress patterns is presented in Fig. 4.7. It can be seen that the
two distributions differ considerably, and also that the measured
distribution is not in bending moﬁent equilibriuﬁ as is the assumed
distribution. It is noted, however, that any ffee body cut from the
fabricated tubular section is in complete moment and force equilibri-

um, as is the entire cross section. Although not an-accurate assess-

ment, the ability to include an "assumed" circumferential residual
stress distribution permits study of the effects of the magnitudes

of circumferential residual stresses on derived M-P-& curves.

4,5 Verification of the Analysis

This section is concerned with use of available methods to
verify, as far as possible, the results obtained from this analysis.

In all cases, the assumed properties of the specimen were:

Do = outside diameter of the tube = 560 mm (22.0 in)
t = wall thickness = 7,93 mm (5/16 in)

. cy = material yield strength = 248 MPa (36.0 ksi)

However, since the results were nondimensionalized, they were not

affected By the section properties assumed. These section properties
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were adopted for they were the specified properties of some specimens

tested in the experimental test program reported in Chapter 3.

The first verification is the shape facfor of the moment-
curvéture curve for a perfect thin-walled tube, that is, the ratio
of plastic moment to first yield moment for a member with moment
applied in only one direction, and with no applied axial load. The

empirically verifiable value for shape factor of 1.27, was indeed

derived.

Another check for a tubular cross section with no residual
stresses included is the analytical expressions reported by Ellis
(6), which allow derivation of moment-curvature curves. For com-

pleteness, the analytical expressions derived by Ellis are included

here.

Ellis assumed the stress state of a cross section, and pro-
ceeded from this to derive the applied loads and deformations of the
section. The three possibilities of stress state considered are

shown in Fig. 4.8 and correspond to:

(1) entire cross section behaving elastically (Fig. 4.8a),
(i1) one zone of the section behaving inelastically (Fig. 4.8b),

and

(11i) two zones of the section behaving inelastically (Fig. 4.8c).

In the diagrams of Fig. 4.8, each of the possibilities of stress
state is given in terms of a diagram showing zones of material
inelasticity and of assumed stress diagrams. An elastic-perfectly

plastic stress-strain diagram has been assumed for the material.
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In Fig. 4.8 the intermediate stresses oy and o, are defined, and
in these exéressions use is made of the plastic moment, Mp’ given in

Eq. 4.7, and the yield load of the section, Py, given in Eq. 4.10;

For case i, elastic material behavior throughout the section,

the following relationships are valid:

« P )
4 P 1 2
e (4.12)
y
M m
P
1 M 4
and -E = -}—4—; g‘: ) (4- 14)

where-% is a nondimensional curvature ‘given by

Ao E ps (4.15)

3¢
p y y

and R = mean radius of the tubular section.

For case ii, plastic material behavior in one zone only, the

following relationships are given by Ellis:

' (l+o )
-'1% = '[1 - 11(1+sine) sme(e + 2> + °°se}] (4.16)

where § is defined in Fig. 4.8(b),

(H0o,) .
sing cos8 , 6 . m
. (1+sme) z Tt 8}] 4.17)
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| 1
and p = " 3(sind) (4.18)

for case iii, plastic material behavior in two zones, the following

relationships are produced:

2(cosB~cosB)
m(sinB-sinp)

-P 2( sinB

sinB-sinp (4.19)

) (0-8) +

where B is defined in Fig. 4.8(c),

sinB(cosB-cosB) _ (6-sinbcosB-B+sinBcosB) (4.20)
(sinB-sinp) 2(sinB-sinB) :

. :
M- -cosB -~
P

-2
3(sinB-sinp)

and (4.21)

O |

A comparison of the moment-curéature relationships derived
using the tangent stiffness method and using Ellis' equations shows
that for the load cases considered, the curves derived are virtually

identical, a good confirmation of the method.

Another check, this time of the ultimate plateaux of the moment-
curvature curves, is avajilable. Chen and Atsuta (7) tabulated
interaction curves for perfect hollow circular sections using exact
interaction relations for doubly symmetric sections. The values of
ultimate load combinations tabulated represent the plateau of the

moment-axial load-curvature curves derived in this analysis.

4.6+ Results and Discussion

A representative sampling of results obtained from this analysis

is presented in Fig. 4.9 through 4,12, The following nondimensional
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ratios are used in the graphs:

Mx

m =5 (4.22)

p .

and - Py (%.23)
y

where M& and P are the applied bending moment about the x-axis and
‘applied axial load respectively, while MP and Py are defined in

Eqs; 4.7 and 4.10 respectively. The temm My is used to denote an
applied bending moment about the y-axis, with the corresponding
curvature @y, so that the graphs presented are a nondimensional
 form of applied moment about the y-axis versus a nondimens;onalized
curvature about the y-axis. For the purpose of comparison only, all
curves presented were derived with the longitudinal weld in the
same position on the section, that is, on the y-axis where the y-

coordinate of its location has its largest positive value.

As expected, for a particular combination of applied p and m
(as defined in Eqs. 4.22 and 4.23), the M-P-3 curves, whether
including residual stresses or not, are all asymptotic to the same
ultimate plateau value. For the purposes of clear presentation the
curves of Figs. 4.9 through 4.12 have been presented with offset

origins to clearly separate curves of individual load combinations.

In Fig. 4.9 nearly every load combination has four graphs
plotted. Typically these are: the curve with no residual stresses
included (perfect tube), with longitudinal residual stresses only

included, with longitudinal and measured circumferential stresses
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included, and with longitudinal and assumed circumferential residual

stresses included.

While not affecting ultimate moment plateaux, residual stresses
tend.té affect the knee portion of the moment-curvature curves where
they produce greater curvature for a given applied moment than the
curvature of a perfect tubular section. This effect is primarily
observable at applied moments M& greater than-about sixty percent
of the ultimate moment capacity for that particular load combination.
Furthermore the effects of residu;1 stresses seeﬁs to be cumulative,
in that the M-P-% curves are affected more with residual stresses
included in two perpendicular directions than when residual stresses
are included in a direction oqu parallel fo the direction of section

loading.

The magnitude of residual stresses inclﬁded also has an effect.
As was clear from Fig. 4.7, the assumed circumferential residual
stress distribution tends to have larger residual stress magnitudes
than the measured circumferential stresses (depending somewhat on
location within the cylinder wall). In all cases it wés noted that
the use of the assumed cir;umferential residual stresses in con-
junction with longitudinal residual stresses led to a greater effect
on the knee portion of the moment-curvature curve than when measured
circumferential residual stresses were used in conjunction with
longitudinal residual stresses. While this result might have been

anticipated, this investigation is the first opportunity to verify it.
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Another trend which is not new,'but which is confirmed in
this study, is that the effects of residual stresses tend to become

less pronounced as larger combinations of p and m_ are applied.

..Perhaps one of the ﬁore surprising results of this study is
that the residual stresses, as measured and reported in Chapter 3,
have a relatively minor effect on section bending properties. This
leads to the conclusion that it may not really be necessary to fnclude
all residual stresses in the column buckling analysis to be reported
in Chapter 5, where applied axial loads are a substantial proportion
of the section yield load Py. This suggestion is a result of the
observed tendency for less effect on the knee portion of the M-P-%
curves as applied loads are greater and also due to the relatively
localized and small residual stress values., In practice, although
the long column analysis has the capacity to include circumferential
residual stresses, all results have been obtained using longitudinal

residual stresses only, as discussed in Chapter 5.
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5. IONG COLUMN ANALYSIS - THEORY AND RESULTS

5.1 Introduction

‘As a prelude to the development of a theoretical model for the
behavior of long fabficated tubular columns, reference is made in
this dissertation to a long column testing program (Chapter 3) and
a theoretical investigation of the cross section of a short tubular
column (Chapter 4). 1In thislchapter the theory is outlined for the
model o£ a long fabricated tubular column, and a brief study is
undertaken to determine theoretically the dependence of column
behaviof on various parameters. The re;ults of such a long column
model are the ability to model an individual long column and its
behavior, and also the derivation of a long column‘buckling curve,
The derivation of such a column buckling curve would allow subsequent
comparison with other predictions and also with available experimen=
tal data. These comparisons are considered in Chapter 6. This
chapter derives the theoretical bases on which subsequent compari-

sons are to be based.

Before commencing the theoretical derivation considered herein,
it is desirable to reemphasize tﬁe difficulties to be overcome by
this analysis. The first problem, ;hat of residual stresses (in
two perpendicular directions), was considered in Chapter 4 in the
discussion of a short tubular column, but, of course, the'capacity
of fncluding residual stresses must be an integral part of the long

column behavior consideration also. The situation is further com-

plicated by the fact that the fabricated tubular column does not
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have uniform properties along its 1ehgth.. The fact that the éolumn
is made up of a number of short 'cans" (as explained in Chapter 1)
introduces the possibility of different sections along the column
having different behavior characteristics because of the weld
staggering., Furthermore, it is common practice in the manufacture
of prototype, long, fabricated tubular columns to‘includg steel
from different heat lots, which introduces the possibility of
sections having different material properties as well as different
behavior properties. These properties, both material and behavior,
would clearly vary in a highly discontinuous manner along the length
of a column, which makes it impossible to consider the column to

be modelled in the same way as has previously been done. It has been
common practice to consider é column to have constant properties

along its length, or uniformly varying properties along its length.

Another important determinant of long column behavior is out-of-
straightness. 1In order to adequately model real long column behavior
it is necessary to be able to include an essentially-random, measured
out-of-straightness distribution along the column length (in two
perpéndicular directions). To allow consideration of changes in
material and behavior characteristics along a column length, as
well as a highly variable out-of-straightness distribution, it was
decided to use a second-order Newton-Raphson iterative technique,
in which discrete locations, or stations, along the column length
are 2onsidered. At each station independent section properties may
be considered. The out-of-straightness can also be specified

independently at each considered location.
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It is necessary also to briefly consider the limitations placed
on this analysis by the method assumed. First of all, the method
will not allow any consideration of post-buckling behavior, as the
second-order Newton-Raphson iterative technique uses the concept
of vanishing stiffness as the criterion for ultimate, axial load of
a column. Furthermore, distortion of the cross section has not been
considered in the analysis.(and may not be readily included). While
it is true that considerable cross-sectional distortion was
noticed in some long column specimens tested (see Chapter 3), the
observable distortions occurred during post-buckling behavior. It
was thus assumed that the assumption of no cross-sectional distor-
tion would not affect the pre-buckling behavior, nor computation of
buckling loads. Based on experimental results, it wés considered
that there were no significant deviations from perfect tubular
column roundnéss introduced during manufacture, and thus in the
method reported here it has been assumed that all sections along a
tubular column are perfectly round and remain so throughout the

loading history of the column.

The development considered in this chapter has also ignored any
affects of the circumferential welds between "cans". Of course,
such welds will introduce residual stresses in each end of each can,
However, the induced residual stresses will be circumferential in
direction (that is, perpendicular to the direction of loading), and
are iikely to be highly localized. 1In Chapter 4 it was discovered

that circumferential residual stresses tend to have a second-order
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efféct on column behavior. Experimental evidence, composed of visual
evidence ofhlong column tests suggests that the circumferential
welds between cans were not responsible for premature column buckling
(and may, indeed, have had the reverse effect). For, all these
reasons the assumption that circumferential welding'has no effect

on column behavior or strength appears reasonable.

In this chapter the theoretical development of the analytical
method is traced, followed by availabie verification of the analysis.
Derivation of upper and lower bounds of a theoretical column buckling
curve (as a result of the inclusion of residual ;tresses) is an
important result of this analysis. Tangent modulus predictions of
column buckling are also included in an attempt to decide whether
such predictions, considered satisfactory for I- and H-sections, are
satisfactory indications of column strength for long fabricated
tubular columns. A short study follows in which various parameters
which may influence column behavior and performance are varied and
the effects noted. These factors include the dependgnce of column
buckling load on the initial fabricated out-of-straightness of a
column, the effect of varying the number of stations considered along
the column length, and the effect of the proportion of column length
considered to behave inelastically. The chapter concludes with a
discussion of‘the possibility of refining the upper and lower bounds

of column buckling curve previously derived.

.
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5.2 Theoretical Development

In order to derive the axial load versus lateral deflection
behavior of an imperfect tubular column, with fabrication imperfec-
tions included, use was made of the second-order Newton-Raphson
itergtive procedure for systems of nonlinear equations. This method
uses the concept of vanishing stiffness as the criterion for ultimate
column axial load, thereby precluding e%amination of post-buckling

behavior.

This method of column analysis has been reported by Virdi and
Dowling (35), but, since substantial alterations to the theory have
been necéssary for the analysis of a long fabricated tubular column,
the derivation is treated in some détail here. The basic approach
of this method can readily be described. If a lateral deflection
profile is assumed for a column, then curvatures at discrete points
along the column may also be derived. With the use of an appropriate
moment-axial load-curvature curve, the curvature at each s;ction can
be transformed to a bending moment at that section. When the section

moment is divided by the section axial load, and any initial dis-

placements subtracted, a new, updated deflection profile is obtained.

Up to this point it has been assumed that conditions remained
unchanged during the updating process, The Newton-Raphson iterative
procedure allows inelastic effects and end restraints to be included,
by nieans of a Jacobian matrix. The original deflection profile, the
updated deflection profile and the assembled Jacobian matrix are all

used to derive an improved deflection profile, which is then compared
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to the initial assumption. This resulting improved deflection
profile is used as the new assumed deflection profile and the process
is repeated until satisfactory iterative stabilization has been

achieved.

With this brief outline of the technique it is possible to
outline the derivation in more mathematical terms. For a given
column, under a given combination of end loads, there may be a vary-
ing curvature all along the éolumn length, and such curvatures cause
internal bending moments which are in equilibrium with the applied
external forces. If, at a station s, within the column length
(defined.by Fig. 5.1): M&s and M&s are the two perpendicular section
bending moments; s and eys are the qorresponding'initial eccentri-
cities of the centroid of the section from the effective line of
action of the applied load, and ug and v, are the x~-. and y-deflec=

tions respectively of this point of the column, then

Mis = P(exs+us) (5.1)
Mys = P(eys+vs) (5.2)

It is usual to assume thatAthe small deflection theory holds, such

that total curvatures in the x- and y-planes may be defined as

§x s - s;; (5.3)
and - g = - ¥ (5.4)
) y B 4)

respectively,
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If u and v, are the initial deflections (out-of-straightnesses) of
the column in an unloaded state, the initial curvatures may be

written as

. aauo
‘;fok = - 3 o (5.5)
_ v, )
and §oy 2 - -a? (5.6)

and the net section curvatures due to loading as

o =8 -8 | (5.7)
d = - .
an Py §y §oy (5.8)

If it is assumed that discrete points are chosen at which to
evaluate the second-order differential expressions of Eqs. 5.3
through 5.6, and that these points are at an equal spacing, h, then

the finite difference operators yield expressions of the form

st = - = = Fl}us-l + Zus - us+1] (5.9)

where ug deflection in the x-direction, close to the exact solution,

at node s. This approach was used by Virdi and Dowling (35).

For the.analysis of fabricated tubular columns, however, the
assumption of a constant interstationldistance, h; is not satis-
factory. The lengths of the short "cans" from which a long column
is fabricated, are of highly variable length, and thus it is desir-
able to have a variable interstation length. In the following

derivation it may be assumed that the section properties of a
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particular station are identical to the section properties of
locations close to that station. It could then be considered that
the section behavior of a station represents the behavior of a
short column of which the station considered is near the mid-height.
This gives an alternative point of view from which to approach the

necessity of allowing a variable interstation distance.

~ If the varying interstation distances are defined as shown in

Fig. 5.2, then Eq. 5.9 may be rewritten in the form

Kk

k s 2 Us-1 k/ 1 1 “s+1]
s =" 3@ " h [’ +u +3 )' h
8 s s -1 s

(5.10)

where the superscript k has been added as a reminder that this is
an iterative process, and that this could be considered to be the
result after the (k-1)-th iteration. An analogous expression,

using v instead of u, can be derived for y-direction curvature

Kk : .
(i.e., for st ). 5 <

Next, it is necessary to make use of the moment-axial load-
curvature (M-P-%) relationships for station s. The development of
these has already been considered in Chapter 4, and so it is not
necessary to deal with their derivation here. Since the section
axial loéd, P, and the curvatures Prs and wys are known, the relevant
stress resultants, stk and M&Sk, are derived using the appropriate
M-PTQ relationship. In practice, of course; it is not necessary to

trace a whole M-P-3 curve to obtain the stress resultants. Rather,

with the curvatures given (and axial strain value computed from the
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known axial load), it is possible to sum the effects over elemental
areas of the cross section at each station, and compute the stress

resultants directly. ‘

Application of Eqs. (5.1) and (5.2) leads to new deflection

vectors,
k
k xS
U = e . (5.11)
Tk
d vEa Tys - (5.12)
an s P eys .

The Newton-Raphson iterative technique is used to compute a better

solution for usk+1 and vsk+;, given by

u K usk - (Im-J) {u -U } (5.13)

and v B vsk - (Im-J) {v -V } : (5.14)

where Im is a unit matrix and J is a Jacobian matrix to be defined

below. For the next iteration usk and vsk are replaced by usk+1 and
vsk+'1 respectively, and the iterative procedure repeated until, for
a particular iteration r,

lu -0 | <e for alls (5.15)
and |vsr-vgr| <e¢ for alls (5.16)

1.

where ¢ is an arbitrarily selected small value,
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Now, the Jacobian, J, has terms defined as

: -] Wi
Jij = 3w (5.17)
J
where {W} and {w} are defined as
. . - . 3
Ul uy
V1 1
U u
s | s
(W} = b and {w} =f ? (5.18) and (5.19)
v v
s s
Un+1 “n+1
Vil Vnt1 5

For derivation of the elements of the Jacobian matrix, the total
change in function {W} is separated into two components

' 2R
W _3C t

3w 3w T Tow (5.20)

where C defines the contribution of changes in curvature, and Rt

defines the contribution of end restraints.

“ From Eq. (5.10) the various contributions due to curvature may
be computed. 1In the following discussion, the superscript k has

been deleted for clarity, although it is to be understood that
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the expressions derived are for the k-th iteration in the iterative
process, Cénsidering a station, s, well away from the ends, Eq.

(5.10) gives

::’xs B (1-12+h ) (5.21)
s-1 s-1Y's s-1
acp'xs 2
= (5.22)
du hs hs--l
acpxs : -2
and = (5.23)
‘3“s+1 h (hs+hs_1)
and thus
(-h ) acPxs = (-h ) was - hs hs--1 atpxs - 2
s-1 aus;l s 3“s+1 (hs+hs_1) Bus hs + hs-l
(5.24)

A small change, Axs’ in the x-deflection of node s produces

a change in the curvature Pps and thus in both the total curvature
at that section (that is, the vector sum of the curvature components)
and in the direction of this resultant. Thus, in that portion of
the column loading history in which a section behaves inelastically,
both moment componenté Mﬁs and M&s are affected by the small change
in the x-deflection of node s to, say, sti and M&S'. If Us' and
Vs' are the deflection values obtained from Eqs. (5.11) and (5.12)
respectively, and the corresponding new deflection values are st'

and Cys" then

= ‘ (5.25)
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' ] oC cC '"-vy'?!
and ags = L2 = 5 (5.26)
’ ] XS

From Eq. (5.24) and its analogous expression in the y-z plane

' o '
_ (hs+hs-1) acxs - acxs - . (hs+hs-1) ast ='st Us
hs aus-1 aus s-1 aus+1 Axs
) (5.27)
T v
wd - (h+h _,) 3C_ ) 3, (hth ) 3C, _ Cos' = Vg
: hy oug_1  dug hoo1 ¥y Brs
(5.28)

There are also two equations analogous to Egqs. (5.27) and (5.28)
which are derived when a small change, Ays’ is made in the y-
deflection at node s. For completeness, these expressions are

given as

_ (h+h ) oC, CL ) (hth, _,) oC . C_"- v

- o _Xs
hs avs--l avs hs-1 avs+1 Ays
(5.29)
and i (th+h__,) oC, ¢ } acys _ (h_+h__;) acys } Cos' = V"
hs avs-1 avs hs-1 avs+1 Ays
(5.30)

where Us" and Vs" are the new expression derived from Eqs. (5.11)
and (5.12) respectively, and st" and cys" are the new-deflection
values derived to correspond to st' and Cys" Now, the column
deflections at the two ends are zero. Thus,

y=vse =V

nt+l

ot =0 ' (5.31)

and derivatives with respect to these deflections need not be

considered. Comparison of Eq. (5.19) with Eqs. (5.27) through

(5.30) shows that derivatives of the function C with respect to
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w, are all zero for 3 <1< 2s - 4 and 2s.+ 3 < 1< 2p, as these v,
do not influence the curvature at station s. The components of the
Jacobian matrix formed by curvature components are thus confined to

a limited band close to the major diagonal.

The end restraint effect terms, corresponding to the second
term of Eq. (5.20) may be derived with reference to Fig. 5.3 where
the appropriate quantities in the x-z plane are defined, for the
top of the column (end A). There are similar quantities readily
defined in the y-z plane at end A of the column, as well as in both
planes at the bottom of the column (end B). Using Fig. 5.3, it can

be shown that the sloPe in the x-z plane at end A, Yxa’ is given by

. 2 _ 2
u2(hi+h2) u3 hl

Y. = (5.32)
xa hy b, (h;+h)) .
oY h, + h
from which axa = _:;—h_z ‘ (5.33)
"2 172 ]
-}4 -h
and 22 1 (5.34)

Buz hz(hf+h2)

There are eight deflection values in the end-slope calculations,

> Vo1 Voo and a change in any one of these

Ugs Y3 YZ’ V3s Yno10 Yy

will cause a change in some restraining moment, which will in turn
affect € s and eys at all sections. The moment-end rotation charac-
ter{stics of the end restraint (that is, of the form of Fig. 5.4)
are now necessary. In practice, where this capability has been used

in this dissertation, it has consistently been assumed that the
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moment-end rotation relationship is linear, but there is no necessity
that this always be so. The adoption of a moment-end rotation

characteristic permits derivation of the values of

aM%a Mﬁa' - an
= (5.35)

a?xa 6Yxa

where an' repre-sents the end moment in the x-z plane, including
correction for a restraining moment, corresponding to a net slope

of (Yxa + 6?xa). From this

M M oY M '-M ) (h+h)

xXa xXa Xa xXa
= = (5.36)
du, ~3¥__ Bu, 8Y__ h, b,
Y| QL. 'M._ ) h _
and a;‘a = - "a\y x4 - (h1+h 5 (5.37)
3 xa * 21 72

The incremental bending moment Oﬁxa'-M%a).causes a change in
the value of station moments Mﬁs’ which then produces a change in
the computed value of Us’ as defined by Eq. (5.11). The contribu-

tions to the second term of Eq. (5.20) are now expressed as

. '
ORys - (1 _ g;l) aM%a - _(1 _ s-l) (an M%a) h1
3u3 n Bu3 | n SYxa h2(hi+h2)
' (5.38)
2
aRxs (hi+h2) aRxs
and Y = - 08 o (5.39)
2 1 3

There are similar experssions to Eqs. (5.38) and (5.39) for changes

in slope at the end A in the y-z plane. For example, Eq. (5.38)

becomes
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%ﬁ - -(1-2=1 (Hyvaya> L (5.40)

h2(hf+h2)

There are also a completely analogous set of expressions for end

restraint at the end B, in both x-z and y-z planes.

5.3 Verification of the Analysis

_'The process of verifying an analysis such as this is not
readily accomplished, beyond such elementary checks as that the
buckling load is less than the sec#ion yield load, and that results
appear reasonable. However, there is a valuable check on the
lateral deflection profile which may readily be obtained in the
-elastic.range of column behavior, and this involves solving the
fourth-order differential equations governing column behavior. If
the lateral deflection of a column w (which is a function of z, the
axial direction of the column), then the performance of the column

is governed by

‘ Pw
*w Pw . o
EI a£¢>+ P 32 -P° 32 | (5.41)

where E = modulus of elasticity
I = moment of inertia of the section
P = applied axial load

wo<= initial lateral deflection of the column.

“ The solution to such an equation has two parts - a complimen-
tary solution, Wos and a particular solution, wp. If these portions

of the solution are considered to have the form
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v, o= A, cos kz + B1 sin kz + Cl z+D (5.42)

1 1

and v - (G1+G22+G3za)za (5.43)

where Aq, Bl’ Cl’ Dl’ Gl’ Gz, and G3 are constants, then the general

solution can be shown to have the form

weEw + wP . -(5.44)

which becomes
w= A cos(% z) + By sin(vgl—)-;z>+ Ci z + D1+9'-€§—z—2-
(5.45)
This expression was evaluated for a perfect tubular cross
section with an initial out-of-straightness profile defined by a
half-wave sine curve, and compared to the results obéained from
the developed analysis. The solution of the differential equations,
of course, legds to a continuous column lateral deflectiqn profile,
whereas the developed analysis gives lateral deflections only at
Qiscrete locations. Nonetheless, the agreement between results
obtained using the two methods was excellent, and on this basis it
was assumed that the method was verified at least in:th; elastic
range of column behavior. ‘A comparison of-the two methods is not
presented diagrammatically becaﬁse such a2 comparison would show no

measurable difference between the lateral deflection profiles

obtained by each method.



5.4 Tangent Modulus Predictions for Comparison

As a résult of extensive research into the buckling behavior of
columns over the last 30 years (summarized in Ref. 77), it was
discovered that in many instances, the buckling load of real columns
could be reliably predicted by use of the tangent modulus theory.

In fact, in 1952, the Column Research Council (since 1976 known as
the Structural Stability Research Council) issued a memorandum to
thié effect (78). Subsequent studies into the buckling of built-up
shapes such as H-sections‘and welded-box shapes (79) showed that the
magnitude and distribution of residual stresses within a cross
-section was the major factor in determining the strength of straight,
axially-loaded columns. Furthermore, it seemed that despite the
fact that real, manufactured columns were not straight, the ultimate
axial load which could be carried by a real column was accurately
predicted using the tangent modulus concept, p?ovided that appro-
priate residual stresses were included. In other words, it did not
seem to matter thét the theory predicted buckling loads for straight
columns and that rgal columns had some initial, fabricated out-of-
straightness profile.' Rather the residual stress effects which had
to be included seemed to Be a more important determinant of column

strength.

With this background, it is clear that it would be desirable
to ascertain whether the tangent modulus buckling prediction is

still an indication of the buckling strength of fabricated tubular

columns. It is not proposed to give details of the tangent modulus
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concept or its use here, as these are referred to in Ref. 77.and
Chépter &4 of Ref. 24, where particular details are given on the
inclusion of residual stresses. 1In the cited references, the hasic
equations are applicable to ény cross-sectional shape, but they
have been used in particularlfor analyses of I- and H;shapes and
rectangular box sections. By this method, a column.buckling curve
may be derived by plotting‘the tangent modulus buckling load, PTM’
as a fraction of the yield load of the section, Py (see Eq. 4.10),

versus the function, )\, where )\ is defined as

. I/I1 o
1 KL
\ = € ==/ L&Y (5.46)
Pm/ Py E r

where I = moment of inertia of the section

Ie = moment of inertia of the "elastic core" of the section,

Using thé longitudinal residual stress distribution.plotted in
Fig. 4.5 (a straight-line approximation to the measured.distribution
discussed in Chapter 3), the tangent modulus predictions shown in
Fig. 5.5 were obtained. The curves indicate that there is not a
great deal of difference between the tangent modulus pr;dictions and
the Euler elastic bucklinglcurve with a cut-off at the yield load.
It is also clear that there is some dependence of buckling load upon
the orientation of the bending axis with respect to the longitudinal

weld,
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5.5 Variations of Ultimate Column Load with Location of longitu-
dinal Welds

In order to present typical results obtained using the theory
developed and explained in Section 5.2, a number of pinned-end columns
were chosen with no applied end moments (end eccentricity of load)
or end restraints. (In practice, it was noted that the inclusion of
end restraints may considerably affect the amount 6f computational
effort required to obtain convergence in the deflection pattern,)
Each column was divided into eight segments of equal length, which
meant that nine stations were required along a column length. The
columns differed only in length, and weré selected in order to
represent different portions of the tangent modulus buckling curve
(Fig. 5.5).  One column had a A value of 0.34, corresponding to the
region where the buckling load is approximated by the yield load.

Two more columns had )\ values of 0.76 and 0.96, corresponding
approximately to the abrupt transition between yield plafeau and
elastic Euler buckling curve. A fourth column had a A value of 1.54,
which meant that it could be expected to buckle as an elastic
buckling phenomenon. 1In all results presented in this.Chapter it

has been assumed that the material is of constant yield strength

aiong the column length.

A half-period sinusoidal out—of-s£raightness pattern was
specified for each column, and the maximum out-of-straightness (at
mid-height) was taken to be 0.001 x (column length). This maximum
out-of-straightness was derived from current fabrication specifica-~

tions (19); which, in general, specify this value, but with some

restrictions. ‘ 82



In order to further red;ce the computational effort it was
assumed that the affects of circumferential residual stresses (in-
' duced during plate rolling) were negligible. This assumption was
introduced at the close of Chapter 4. At that point it was suggested
that, because it is -expected that the applied load combination will
be relatively high at column buckling, the'assumptién that circumfer-
ential residual stresses had a negligible affect appeared reasonable.
This was further discussed in Section 5.1. Nonetheless, the theore-
tical development reported here does include the cap&city to
consider the affects of circumferential residual stresses. This

capacity however, has not been fully utilized in the interests of

economy.

Another simplifying assumption was that inelastic column
behavior could be adequately monitored by allowing only the three
central sections (or "cans'") to perform inelastically. (The
theoretical development allows section inelasticity to be
considered at all stations, bﬁt at considerable extra expenditure
of computational effort,) This assumption does allow the formation
of plastic "hinges" at locations where they might be expected, and
the other sections are assumed to maintain completely elastic
behavior throughout their loading history. 1In order to facilitate
comparisons, it was further assumed that the material used in column
fabrication was of uniform yield strength, but provision was made in
the‘ﬁevelopment for material yield strengths to vary independently

at each station.
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Figures 5.6(a) and 5.6(b) define an elevation and a central
section (thét is, with inelastic performance capability) respectively
of an analyzed column. The xo defined in Fig. 5.6(a) is the initial
mid;height column out-of-straightness in the x-direction. Unless
otherwise stated, the initial out-of-straiéhtness iq the y-direction
(yo) has been taken to be equal to X with the result that the

maximum mid-height column out-of-straightness, sm’ is given by

6m = ,/'Txo.

For each column tested it was discovered that, for a given
constant, initial out-of-straightness p}ofile, tﬁe column buckling
load showed some dependence on the circumferential location of the
longitudinal welds. For this reason, computationé were made with
the longitudinal welds at all stations aligned at the same circum=-
ferential location, with the.assumption that this would provide the
limiting conditions. It is recognized, of course, that this is not
what happens in practice, since manufacturing specifications specify
minimum staggering of welds between '"cans". The process of varying
all longitudinal welds along a column around the tubular circum-

- ference produced the curves of Fig. 5.7. The two solid lines
plotted in Fig. 5.7 are the upper and lower bounds determined by
this process of.placing the longitudinal welds at various locations
on the circumference, while with the wel&s at other circumferential
locations the buckling loads fell between these limits. In each .
col&ﬁn tested the upper bound was achieved when all longitudinal
welds were located at the point on the column circumference corres-

ponding to the "outside" of the initial out-of-straightness profile.
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In other words, the upper bo;nd was achieved when the longitudinal
weld at each station was at an angle given by 8 =’E in Fig. 5.6.

The lower bound was derived when all longitudinal welds were
diametrically opposite the location which produced the upper bound
of column buckling load (that is,Q::-%? at all stations). The
data on which the theoretical curves of Fig., 5.7 wefe based is given

in Table 5.1.

One comparison which can readily be made in Fig. 5.7 is the
comparison between column bucklinglloads predicted using this
theoretical development, and the loads predicted'by tangent modulus
theory. It seems that tangent modulus predictions are not an adequate
indicator of long column buckling loads for tubular columns, even
though longitudinal residual stresses Lave been included in tangent
modulus predictions. However, this comparison is really not valid
in that tangent modulus theory concerns itself with the axial load
at which initially straight fabricated tubular columns reach their
ultimate load capacity. On tﬁe other hand, the analysis reported
here considers fabricated tubular columns which have an appreciable,
pre-determined initial out-of-straightness profile. The curves
derived and presented in Fig. 5.7 indicate that longitudinal residual
stresses do have a significant effect on column buckling load, as it is
this effect alone which provides the difference between upper and

lower bounds of column buckling loads.

e
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5.6 Variations of Ultimate Column Load with Column Qut-of-Straight-
ness

Up to this point, the discussion has centered on the buckling
load,de;ivation of a column with a sinusoidal initial out-of-
straightness profile with a maximum initial, mid-height out-of-

straightness of sm’ where am is given by:

6, = 0.001 x (column length) (5.47)

In-Section 3.6 the basis for this in fabrication specifications was
presented, with the recognition that, as the.column gets longer,
the allowable initial out-éf-straightnesé decreases somewhat.
Nonetheless, the curves presented in Fig. 5f7 were developed with
4the maximum initial out-of-straightness allowed by fabrication
specifications (i.e., am = 0.001 x column length), since it was

thought that these would be of most use to a designer.

it is now desirable to relax the restriction that é particular
column has the maximum allowable initial out-of-straightness, and
to study the effects of varying initial out-of-straightness on
column buckling behavior. ‘The first study undertaken thus is rather
in the nature of a check on the theoretical method developed than
the discovery of trends in column buckling. Figure 5.7 clearly
indicated that the tangent modulus buckling load predictions were
not good indicators of the strength of imperfectly straight fabri-
cated tubular columns. However, it might reasonably be expected
that the accuracy of such predictions would be substantially improved

as initial out-of-straightness was decreased. 1In order to verify
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this three columns with no residual stresses included were studied,
and the variation in column buckling logd noted as initial out-of-
straightness was decreased. The results of this study are shown in
Fig..5.8, where it can be seen that the buckling load does indeed
tend to the tangent modulus prediction as ouf-of—straightness is
decreased, Of necessity, the analysis developed cannot consider a
perfectly straight column, as such a column is not in a biaxial
bending state, and instead an analysis of this needs a bifurcation
study. Nonetheless, the approximation to zero initial out-of-
straightness may be made., In two cases §hown on Fig. 5.8, the line
is dotted near the zero out-of-straightness line (that is, the y-axis)
to-indicate the trend to tangent modulus prediction under that

condition.

As a continuation of this study, it is possible to examine the
effects of residual stresses and variations in initial out-of-
straightness. For this study two columns were chosen, having A
values of 0.96 and 1.54, and the results are plotted in Figs. 5.9
and 5.10, respectively. Tt is noted that.there is a general trend
toward increasing column buckling load as column initial out-of-
straightness is decreased. This observation confirms that a designer
is being conservative if he uses the curves of Fig. 5.7, which were
derived under conditions of maximum allowable out-of-straightness
(Eq. 5.47). Just as under conditions of maximum allowable out-of-
str;ightness, Figs. 5.9 and 5.10 indicate that there continues to
be a range of column buckling loads as out-of-straightness is
decreased (designated by shaded areas), depending on the locations
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of longiﬁudinal welds, The various labels of Figs. 5.9 and 5.10 may
be explained by reference to Fig. 5.6. ‘The symbols 94, 95 and 96
represent angles § (Fig. 5.6b) at stations 4, 5 and 6 (Fig. 5.6a),
respectively. Since the assumption had been made that it was ade-
quate to allow inelastic section behavior only at the three central
stations (that is, stations 4, 5 and 6), the locations of the

longitudinal weld at these stations defines the locations of the

longitudinal weld at all required stations.

In Fig. 5.9, however, it seemé that the trend toward iﬁcreasing
buckling load as out-of-straightness is decreased, is not in a uni-
form manner. This is particularlf obvious for the case when all the
longitudinal welds are at a position defineé by 8 = % (see Section
5.5). 1t w&uld seem in this instance that Ehe column out-of-straight-
ness profile tends to make the column deflect laterally in one
direction, while the longitudinal weld tends to make the  column
deflect laterally in the diametrically opposite direction. As
initial column out-of-straightness is decreased the ability of the
column to deflect in the direction definea by the out-of-straightness
profile is decreased. It was noted that, for this particular case,
with a very small initial out-of-straightness profile, the longi-

tudinal weld forced deflection in its preferred direction.

5.7 Variation of Theoretical Assumptions

=

In the discussion reported in this chapter there have been a

number of assumptions which have been made in the interests of
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economy, but with no demonstrable baéis except intuition and ex-
perience. Such theoretical modelling assumptions, it is hoped, have
had no significant effect on the results obtained. It is the
function of this section to briefly examine two of these assumptions -
namely, the assumption that nine statioﬁs along a column length is
sufficient to model column performance, and the assumption that the
column buckling load could fe accuratel& obtained when only the
central three stations (out of the nine considered) were perﬁitted td
behave inelastically. For both investigations a c&lumn with pinned-
-ends and a A value of 0.96 was selected. For each examination a
half-wave sinusoidal initial out-of-straightness profile was pre-
scribed, although two curves were traced - one for a maximum initial
out-of-straightness equal to-the maximum permitted (Eq. 5.47), and
the other for a maximum initial out-of-straightness equal to half the
maximum permitted. 1In all cases longitudinal residual stresses were
included at each station, and the weld location at'each sfqtion was
considered to be at the worst possible location - in other words at

an angle given by B = -'%F in Fig. 5.6.

.The results of the study into the variation of column buckling
load with number of stations considered along the column length are
presented in Fig. 5.11. 1In presentation of such results it is very
difficult to increase the number of stations considered along the
column and still maintain a constant proportion of the column which

may be considered to have inelastic performance capabilities. It

was desired to maintain such a constant proportion in order to, if
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possible, separate these two effects; In.Fig. 5.11 it can be‘seen
that there is some variation in the proportion of the column with
‘inelastic performance capability, given as <£;i>, but this variation
has been kept to a minimun. As expected, the trend in Fig. 5.11

is for a decreasing buckling load as the number of stations is
increased. This may be attributed to the fact that a better
approxiﬁation to the sinusoidal initial.out-of-straightness profile
is attained as the number of stations is increased. However; as had
been hoped, such decreases are small, and amount td a maximum of
about five percent of the buckling load over the whole range of
number of stations considered. As the initial out-of-~straightness
profile is decreased, from the maximum valueApermitted to half the
paximum, the values plotted indicate that there is even less varia-
tion of column buckling load with number of stations considered. It
must be recognized that there is a vast increase in computational
effort required to calculate maximum column axial load whég the
number of stétions considered increases from 6 to 16 (the limits
considered), as it typically takes more iterations for adequate
stabilization of the iterative process as more stations are con-
sidered. 1In view of this fact, it was concluded that the assumption
of nine stations along the column length was an adequate assumption

for the derivation of column buckling loads.

The study of the variation of column buckling load with changes

in the proportion of the column length having inelastic performance

capability yielded the results shown in Fig. 5.12. In each case the
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central station (that is, station 5) was considered to have
inelastic performance capability. As greater proportions of the
column were considered to have this capability, the stations above
and below the mid-height station gained this capacity in a symme-
trical manner. Thus when three stations had inelastic performance
capacity they were stations 4, 5 and 6, while when five stations
had such capacity they were.stations 3, 4, 5, 6 and 7. Figure 5.12
shows that the variation of column buckling load with number of
stations with inelastic performance capability was'truly negligible.
On these grounds too, it was then considered that the assumptions

implicit in Fig. 5.7 were quite satisfactory. '

These studies of theoretical variants in the column buckling
analysis are referred to again in Section 6.3 where the conclusions
reached here are verified in the analysis of the strength and beha-

vior of a prototype long column specimen.

5.8 Refinement of Bounds of Column Buckling Curve

~In the discussion of the column buckling predictions of Fig. 5.7
presented in Section 5.5 it was explained that the upper and lower
bounds of expected column buckling load were dependent on the loca-
tion of éhe longitudinal welds on the column circumference. 1In
particular, the upper bound was derived when all welds along a
colqmn length were in the most favorable location on the éolumn
circumference. (that is, 6 = T at a1l stations), and the lower bound

4

was derived when all welds were in the least favorable location

(that is, 0 = - %F at all stations).
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. With these upper and loger bounds determined it was thought
desirable to decide whether it would be possible to trace the
variation of column buckling strength as the location of the
longitudinal weld in one (séy central) '"can" was varied around
the column circumference. It would be expected that the results

obtained would lie within or on the upper and lower bounds already

determined.

Such a study was conducfed on a column with a A value of 0.96,
and the study was conducted three fimes - once the column had the
maximum permitted out-of-straightness (Eq. 5.47); once it had half
the maximum permitted out-of-straightness, and once it had. ten
percent of the maximum permitted out-of-straightness. - In each case
the column performance was considered to be adequafely monitored by
using nine stations along the column length, with the central three
stations having inelastic performance capabilities.(that is, stations
4, 5 and 6 in Fig. 5.6a). The location of the longitudinal weld at
stations 4 and 6 was assumed fo be constant at the least favorable
location (that is,-e4 = 96 = - %g), and the longitudinal weld at the
central station taken to be at varying locations on the column
circumference, The results of this.study indicated thaf there was
no significant advantége to be derived from variation of the longi-
tudinal weld in merely one can. In most instances the improvements
notes were within experimental limits (as determined by supposedly
syméétrical results), and as expected, the variations were much less
than the difference between upper and lower bounds determined and
presented in Fig. 5.7,
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On the basis of these tests it ﬁas concluded that there were
no appreciable benefits to be derived from the study of the varia-
tions in column buckling load with the variation in the location
of the longitudinal weld around the column circumference. It
seemed preferable to limit the specifications to overall bounds,
depeﬁding on whether welds as a group tended to be in favorable or

unfavorable circumferential locations. .

There is, however, another reason why such an attempt may be
of little benefit to designers. 1In order to be able to take
advantage of exact predictions of column buckling strength the
designer would need to know and control both the exact circumferen-
.tial location of all welds and the initial out-of-straightness
profile., In practice the desigﬁer has no control over either of
these factors. The out-of-straightness profile is essentially an
accidental or random outcome of the fabrication process, while the
locations of the longitudinal welds are largely left to the fabrica-
tors. While there are certain restrictions placed on fabricators
(usually in the form of "minimum stagger" requirements or the
requirement that the weld in a certain "can" not be in a certain
location, in order to facilitate subsequent joining to other members),
there is still a wide latitude allowed in the positioning of
longitudinal welds. For all these reaéons, any attempt to refine
the upper and lower bounds of Fig. 5.7 appears to be neither

A}

possible nor desirable.
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6. COMPARISONS AND DISCUSSION

6.1 Introduction

In this dissertation so far the results of an experimental test
program have been presented and an extensive theoretical analysis
has been develéped, both for analyzing a section behavior and pre-
dicting the behavior of a ibng fabricated tubular column. These two
investigations, experimental and theoretical, have in general,
proceeded separately except where experimental measurements (such
as residual stress distributions) could be used in theoretical
analysis. At some point, however, it is necessary to consider
just how good the developed theoretical analysis is. One intention
of this chapter is to present as many comparisons as practicable
in an attempt to reach somé conclusion on this question. Such
comparisons, however, are fraught with many difficulties, and so the

attempts at verification of the analyses are by no means exhaustive.

It is further desirable to deduce, as far as possible, any
design recommendations which may be of use to designers and which
. seem to be a logical outgrowth of this work. Some of these have
already emerged from the theoretical work reported in earlier
chapters of this dissertation, but it is anticipated that a number
of further such conclusions will emefge from this discussion.

.. For convenience, this discussion has been divided primarily
into two sections - namely attempts to verify the analysis undertaken,

and comparisons of derived column buckling curves with other possible
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design curves. The attempts to verify the analysis are further
subdivided into two parts - a direct plotting of available experi-
mental data on derived column buckling curves, and attempts to model

the behavior of individual columns.

6.2 Theoretical Column Buckling Curve and Observed Experimental
Results

" One of the quickest and easiest attempts to verify the
theoretical analysis of this diésertation is the plotting of
available test data on the column curves derived. Figures 6.1
and 6.2 present such results. The experimental data of Fig. 6.1,
plotted as barbells to reflect uncertainty over column effective
length, are the experimental values obtained from theﬁtesting pro-
gram reported in Chapter 3. Static yield strength values have been
used, along with the maximum static axial load measured, Ps (see
Fig. 3.18). This comparison has been used in order to preserve the
consistency between theory (derived under static considerations) and
experiment. (If dynamic yield strength values are used, along with
maximum "dynamic" axial load measured [Pd in Fig. 3.18] then the
experimental results fend to indicate a more serious situation, with
the experimental points being plotted at a lower proportion of éhe
yield load, Py') Comparison of Figs. 6.1, 3.19 and 3.20 shows that
the lower bound of the theoretical buckling curve is a more conser-
vative approximation to experimental data than either the AISG-CRC
column curve or the multiple column curve "a". Consideration of

Fig. 6.1 alone indicates that the lower bound of the théoretical
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buckling curve seems to be a good lower bound of observed experi-
mental results for the range of column effective length tested.
The fact that experimental results tend to be clustered rather
towards the upper bound of tﬁeoretical buckling curve could be due
to a combination of factors. Among these could Ee‘tﬁe effect of
weld “staggering" between cans along the length of the column, and
probably more importantly,.initial' out-of-straightness of a

fabricated column being less than the maximum allowed by fabrication

specifications. This is discussed in more detail below.

The presentation of Fig. 6.2 is soméwhat more suspect. The
comparison is presented between predicted column buckling curve and
the results.obtained by Wilson (53) in 193;. There are several
factors which indicate that this comparison may not be valid for at
least some specimens. First of all, the tests were not conducted
under pinned-end conditions but rather the specimens merely were
located between two surfaces. Each surface (or head of the testing
machine) was aligned to the plane of the end of each column initially
and then fixed. There remains, therefore; much doubt about the real
column affective length. The results have been plotted on the
assumption that the effective length factor, K, was somewhere
between 0.5 and 1.0 (that is, end conditions were somewhere between
fixed and pinned). While these may indeed be the limits of effective
length factor, it does not seem possible to further restrict the

1.

value.
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However, probably the major difficulty with Wilson's results
is that, especially for the short columns tested, it seems more
likely that the columns exhibited failure by local shell buckling,
rather than by overall column buckling. One indication of this
possibility is that the diameter-to-thickness ratios (%) of speci-
mens.tested ranged from 69 to 194. Furthermore, many specimens
exhibited the familiar checkerboard buckling pattern characteristic
of shell buckling. For all these reasons it is not thought that the
comparison of Fig. 6.2 is very good, and it is inciuded here only

for completeness.

There is another reason for approaching the comparison of
Figs. 6.1 and 6.2 with some lack of confidence. It is recalled
(see Chapter 5) that the predicted column buckling curves were
develobed for a set of circumstances involving some restricted
assumptions. Among these assumptions were the assumption that
material of identical yield strength was used throughout the
column length and that each column had a half-wave sinusoidal out-
of-straightness profile, with the maximum out-of-straightness, at
mid-ﬁeight, equal to the maximum permitted under manufacturing
specifications (Eq. 5.47). The assumption of uniform material
yield stfength has certainly been violated by the test program
reported in Chapter 3, although it appears to have been satisfied
in Wilson's testing program. However, the much more important out-

of-straightness assumption has been violated by both testing pro-

grams. Of course, real fabricated tubular columns exhibit an
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almést random out-of-straightness profile. This would lead to the
expectation that real fabricated tubular columns would have a buck-
ling load greater than, or equal to, the buckling load predicted

for columns having an assumed half-wave sinusoidal out-of-straightness

profile.

6.3 Theoretical Modelling of the Behavior of Individual Columns

| An attempt to confirm the validity of the theoretical analysis
is also possible by modelling the behavior of individual columns.
In the analysis described in previous chapters much effort has been
expended introducing various cépabilities to the analysis._ For
example, in addition to the capability of considering any defined
initial column out-of-straightness préfile, the analysis also permits
varying section behavior, both in terms of different material
properties at different stations and different circumferential
locations of the longitudinal weld. Using these capabilities it
should, thérefore, be possiblé to adequately model the behavior of
individual columns. Not only should it be possible to predict the
actual static column buckling load but it should also be possible to
obtain lateral mid-height deflection values closely corresﬁonding to

the observed values during the experimental testing program.

There are, however, a number of factors which complicate such
attempts to verify the analysis. First of all, there is the con-~
sideration that, even if there was some mistaken assumption in the

analysis, it might still be possible to make a reasonable prediction
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of éolumn strength 1if a sufficient number of discrete locations was
considered along the column length. The concentration must therefore
ge on attempts to pr;vide accurate but also economical solutions. A
related problem concerns the veracity of the measured results, While
it is true éhat the measured static column buckling load is probably
very close to the tfue static column buckling 1oad,Athe measurements
of lateral mid-height deflection could readily have an experimental
erro; of about 0.5 mm (0.02 in). Under such circumstances, an
approximate agreement between theory and experiment is the best

that can reasonably be expected.

In order to briefly clarify the means by which actual column
specimens were modelled theoretically,ireference is made to Fig.
6.3. On the left hand side of Fig. 6.3 is a diagram of a typical
column specimen. As the diagram indicated, the column is made up
of short "ééns", with the longitudinal weld staggered between cans.
Furthermorg, there exists the possibility that the column is fab-
ricated using cans formed froﬁ steel of different yield strength.
The next two diagrams of Fig. 6.3 indicate that one of the input
variables is the measured column out-of-straightness profile, in
two perpendicular directions. While these variations héve no
predetermined mathematical description (since they are an essentially
random fabricétion variable), they are nonetheless known, having

been measured prior to column testing.

A=

The two diagrams on the right hand side of Fig. 6.3 indicate the

theoretical model assumptions. 1In general, it is considered desirabk
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to ;onsider the station location to be near the center of a short
column of wﬁich its behavior can be considered representative. In
other words, it is preferable for short column "cans" to terminate

as far as possible from station locations. Of course, it is
perfectly possible for there to be more than one station located
within a column "can" and frequently this option is adopted. (In
such a case the two or more stations within the length of the can
wouid have identical material and behavior properties.) Thus Fig.

6.3 indicates just one possible discretization of the column, out of
an infinite number of such possibilities. However, the discretiza-
tion of Fig. 6.3 is probably the coarsest discretization which

could be expected to yield reliable results, and it dogs ciearly
indicate the desirability of allowing variable interstation distances,
h. The model diagrams of Fig. 6.3 also indicate that the accuracy of
the assumed initial column out-of-straightness.profile is highly
dependent on the number of stations considered, since out-of-straight-

ness may be specified only at station locations.

In attempting to model column specimen performance it rapidly
became clear that end conditions were extremely important. Not
only did possible imperfections in pinned-end conditioné have an
influence, buF also the end eccentricities contributed significant-
ly to columq strength and behavior. Although some values of end
eccentricity of column specimens tested are given in Table 3.4, it
is AQ: considered that these were very accurate measurements, but
merely gave an indication of the order of magnitude of the probable

end eccentricity. For this reason, modelling was attempted with a
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higﬁ degree of latitude in egd eccentricities considered. It was
concluded that, if experimental column strength and behavior data
could be adequately predicted using any combination of end eccentri-
cities of the order of the available data, then it could be con-

sidered that the method was verified.

Tables 6.1 to 6.9 present the results of éuéh modelling attempts.
In each table the results are presented for the modelling of one
individual long column test épecimen. This specimen may be from
the testing program reported in Chépter 3 or from Wilson's series of
long column buckling tests. The results compare& are lateral
deflection at mid-height of the column, at representative loads,
and static failure (or buckling) load of the column. It was con-
sidered that a valuable indicator of column behavior was the lateral
deflection at mid-height, and in particular the direction in which
the columns were deflecting. For this reason in each table the
deflection angle, o, is computed for comparison of experimental and
model results. In these tablés, the deflection angle, @, is defined

as
o = tan -1/y- movement) (6.1)

X-movement

3

The results shown in Tables 6.1 to 6.9 can readily'be considered
in three categories. 1In the first category are Tables 6.1 to 6.4,
representing fhe tests of long column specimens 3, 4, 6 and 10,
respectively, as reported in Chapter 3. For these specimens
adedﬁate column modelling could readily be achieved provided that
some eccentricity of applied loads at the column ends was permitted.

In the second category are Tables 6.5 and 6.6, representing specimens
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7 and 8, More care was needed in modelling these specimens, which
weré considered to be important because they had the largest nominal
slenderness ratio of any specimens tested in the testing program
discussed in Chapter 3. It ;ppeared that inclusion of possible end
eccentricities alone was not sufficient for adequate modelling of
.the behavior of these specimens. 1In category three are Tables 6.7
to 6.9, representing modeliing attempts of WiIson'; test results,

in which separate problems were encountered. This provides an

introduction for the results discussed.

In Table 6.1 the results of two distinct discretizations of
long column specimen number 3 are presented. This was the only
column for which this was attempted. The cbmparison.of the two
models provides an excellent indication that a relatively good
determination of long column strength may be achieved with a rela-
tively coarse column discretization. Not only are the predictions
of column buckling load identical and within two percent of the
experimental column buckling load, but also the predictions of column
buckling direction are very close to each.other. As further indi-
cation fhe range of deflection directions encompassed by the two
predictions includes the buckling direction observed experimentally.
Even the magnitudes of deflection valqes predicted at the specified
load (very close to thé buckling load) are in excellent agreement,
both with each other and with the experimental results. This result
is ééken to be an added confirmation of the analytical study report-

ed in Section 5.7.
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In Table 6.2 the results of three modelling attempts are
presented- to illustrate the modelling method used in subsequent
column analysis. 1In general a column was first analyzed under the
assumption that there were no end eccentricities, 1In the case of
this long column specimen (specimen number 4), this yielded a buck-
ling'load much'higher than the experimental results indicated. 1In
models 1, 2 and 3, thereforé,a gradually increasing end eccentricity
was considered in such a manner that both the column buckling load
and lateral mid-height deflection predictions were“improved. Model 3,
included as an example, indicated that this process eventually
ylelds worse results, and that, for this analysis, model 2 is the

best prediction. : ' .

Tables 6.3 and 6.4 represent the results of modelling attempts
for long column test specimens 6 and 10, respectively. The results
indicate that excellent column modelling is to be expected by
consideration of possible end eccentricities. It seems very likely
that, by a trial-and-error process, it would be possible to obtain
modelling results even closer to the experimental results than has
been‘achieved in models reported in Tables 6.3 and 6.4. For these
four columns then, comprising the first category of column modelling,
a theoretical model hﬁs been derived which predicts the column
buckling load to within two percent. Furthermore, the direction
of lateral movement at mid-height of a column has been predicted, in
genéfal to within about 0.2 radians (about 10°), with the discrepancy

rising to 0.4 radians (about 20°) in only one case presented. It is
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considered that, for these four coluﬁn specimens modelled, the model
developed is an excellent, économical method to predict fabricated
tubular column strength and behavior. It is further concluded that
an even closer agreement between experimental data and theoretical
model results ;ould be achieve& if more analytical effort was

expended.

. The column specimens modelled in Tables 6.1 to 6.4 had ﬁominal_
slenderness ratios (%) in the rangg of 39 to 60. However, there were
two columns tested in the long column test program reported'in
Chapter 3 that had larger nominal slenderness ratios. These were
specimens 7 and 8, and the results of modelling attempts of these
specimens is shown in Tables 6.5 and 6.6, respectively. Both of
these columns had nominal slenderness ratios of 83. Accurate
modelling of these columns, comprising the second category of
results considered, was not possible by the simple device of
considering only end eccentricities. Furthermore, when no end
eccenﬁricities were considered (Model 1 in both tables), the pre-
dicted buckling load was 10 to 12 percent less than the buckling
load.measured experimentally. It was, therefore, considered that
some other factor was operative in affecting the behavior of these
column séecimens. It was considered a possibility that the end
bearing blocks had some frictional résistance to rotation. As noted
in Chapter 5, the analytical method does allow for consideration of
end‘;estraint, and so this possibility could be verified. For

convenience, the program considers the rotation resistance of the
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endé to be identical in both perpendicular directions and identical
at both ends. '(While there is no theoretical basis for this, and

it would be readily possible to abandon the assumption, there seems
little to be gained thus, as there appears no reasonable basis on
which to differentiate the various frictional resistances.) When
this rotational resistance was assigned to the ends of the column
specimens, still with no end eccentricities considered, the pre-
diction of column buckling load improved dramatically. For
specimen 7 (Model 2, Table 6.5) an exact determination of experimen=
tal buckling load could bé achieved by the model, while the equiva-
lent value for specimen 8 (Model 2, Table 6.6) was within six percent -
of the experimental buckling load. However, this still left the
problem of buckling direction. For specimen 8 (Table 6.6) the
buckling direction was in agreement with experimental data to within
about 0.4 radians fabout 20°), which could be éonsidered acceptable.
However, for specimen 7 (Table 6.5) the discrepancy was much larger,

and considered unacceptable. -

The possibility of including both rotational resistance, at
the ends and end eccentricities is now examined., The results of
such modelling attempts appear in Mbdel 4 of Table 6.5 for specimen
7, and in Model 3 of Table 6.6 for specimen 8. These results
indicate that'very acceptable results may be achieved when both end
eccentricities and rotational resistance of the ends is allowed. . Not

only'are the predictions of column buckling load still very close

to experimentally observed values, but the estimates of direction of
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lateral movement at mid-height are also much improved. The results
for Specimen 7 (Table 6.5) are less conclusive, but it is noted
that even experimental results show a marked change of direction of
lateral movement as the axiai load is increased from 2046 kN (460
kips) to 2210 kN (497 kips), a condition also nofed by the theore-
tical model. (Even the experimental results, showing such small
values of measured lateral deflection, must be considered with
discretion, for they are subject to considerable experimental error,
and may well be a misleading indicator of the true direction of
column lateral movement at mid-height.) Furthermore, it seems that
slight adjustments to the end eccentricities and/or end moment
resistances considered could produce even closer égreement between
theory and experiment. The results shown in Table 6:6 are more
conclusive evidence that the experimentally observed strength and |

behavior of specimen 8 can be readily produced theoretically.

It was, therefore, concluded that for these two long specimens
modelled in Tables 6.5 and 6.6, a good theoretical model of experi-
mental results could be obtained. Howevef, such modelling requires
more care than for previously considered columns of smaller slender-
ness ratio. In particular, it seems that, in addition to end
eccentricities previously considered, the possibility of some rota-

tion resistance of the end bearing blocks needs to.be allowed.

. In the third category of modelling conditions some of the
results obtained by Wilson (53) are considered. These results are

presented in Tables 6.7 to 6.9, and represent the modelling of test
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speéimens Al, A2, and Bl, respectively, as reported by Wilson. Theré
are a number of problems associated with modelling these results,
and so, just as in Section 6.2, these results are includéd only for
completeness. The first problem, that of end conditions, is men-
tioned briefly in Section 6.2. As mentioned there,.the problem was
one of estimating column effective length. For the purposes of
individual columns as considered here, the problem manifests itself
in an uncertainty over the rotation restraint to be attributed to
the ends of a particular column. By a trial-and-error process it
was determined that rotational resistances of the order of 11.3
kN-m/rad (100 k-in/rad) gave reasonable results. While considering
end conditions, it is appropriate also to note that Wilson'does not
report any effective end eccentricities, but rather seems to assume
that the method of application of applied axial load led to zero

end eccentricities, It does not seem possible to make any estimate

of the veracity of this assumption.

There is, however, anothér problem with the results reported
by Wilson, and this also is a direct result of a lack of reported
data. In particular,’the circumferential location of longitudinal
welds in "cans" is not reported. It has been considerea throughout
this dissertation that it is essential to have an accurate indication
of the locatién of longitudinal welds in order to adequately predict
the strength and behavior of a particular long fabricated tubular.

column. Wilson does report the column initial out-of-straightness

profile, and so it was first attempted to model the column specimens
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using only initial out-of-straightness profiles given. The résults
of these attempts are presented as model 1 in Tables 6.7 to 6.9,
where no residual stresses at all have been considered. As the
results show, the theoretical column buckling load differs from

the expérhnental column buckling load by up to thirty-two percent,
which was cleafly unsatisfactory. As a result, it was concluded
that some estimate of the locations of circumferential welds was
essential for accurate column modelling. Accordingly, a series of
estimates was made as to the circumferential location of longitudinal
welds, It was assumed that the welds were always on one of the

axes considered, and that the longitudinal welds were "staggered"

by 180° between adjacéent "cans", Using these assumptions, the
analyses reported in Model 2 of Tables 6.7 to 6.9 were produced.

The buckling load could now be predicted to within five percent of
experimentally derived values in all three cases, which was consid-:
ered satisfactory. However, there was still the problem b?
buckling direction. For the models considered the variati;n between
_ observed and predicted buckling direction was typically of the order
of one radian (about 60°), which was considered unsatisfactory. It
seemed impractical to pursﬁe this investigation further, but it was
concluded that, with further information being available, all

indications were that better column modelling was a good probability.

In considering all of Tables 6.1 through 6.9 representing
theéfetical modelling of nine long column‘spécimens, it seems that
adequate theoretical prediction of experimental results of both
column strength and behavior can be achieved. 1In almost all cases
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the number of stations considered along the column length was the
minimum possible consistent with having one station located in each
column "can" (considered essential for good modelling). There is
thus no doubt about the facf that accurate‘modelling may Be achieved
with a coarse discretization of the column. The.éoldmn modelling
does, however, clearly illustrate two problems which must be con-
sidered- in experimental teéting of long fabricated-tubuhar columns.
It seems that end eccentricities and the rotational resistance
offered by end blocks may be important determinants of column
strength and behavior. For these reasons it is recommended that, in
future long column test programs, considerable effort be expended to
measure these parameters. Where sufficient experimental information
was available, a theoretical model was produced which predicted the
buckling strength to within four percent of the observed value.
Furthermore, in geheral, the direction of lateral movement at
applied axial loads, approaching the column buckling loéd, was
predicted to within about 0.4 radians (about 20°). (For the one
exception to this observation, the experimental results indicate a
rapidly changing direction of lateral movement, and exéerimental
results themselves are of ;uch small magnitude as to be subject to
considerable experimental error.) The overall good agreement
between theory and experiment leads to the conclusion that this

modelling of individual column strength and behavibr shows a very

‘good verification of the theoretical analysis.
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6.4. Comparison of Column Buckling Curves

Having'verified the theoretical analysis it remains now to
compare the column buckling curves derived with other column buckling
curves available. Figure 6.4 presents a graphical comparison of the
derived theoretical column buckling curves, the commonlj used AISC-
CRC column buckling curve, and the proposed column curve "a" (13),
As the diagram shows, the range of possible column buckling loads
encdmpassed by the upper and lower bounds of theoretical analyses
generally inéludes the predictions of the other column buckling
curves, at least for columns having A values less than about unity.
However, the lower bound of theoretical column buckling curve is
somewhat below either of the other buckling curves, which would
~indicate the possibility of underdesiéning a real fabricated tubular
column if the design was based on either of the previously proposed

curves.

As longer columns are used, with A values of the order of 1.5,
the theoretical analysis indicates that the expected column buckling
load could well be consistently less than that predicted by other
&esign curves. There is, however, pneAqualification which may prove
somewhat applicable for columns of this order of ) valué. It is
discussed (in Section 3.6) that, for long columns (over, say 1l m
[40 £t] in length), a somewhat more stringent out-of-straightness

criterion is specified by current tubular column fabrication codes.

.

In derivation of the theoretical column buckling curve, a maximum

out-of-straightness value given by Eq. 5.47 was used throughout. If
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a sémewhat reduced column maximum out-of-straightness can be reliably
predicted, ﬁhen it would be expected that predicted column buckling
loads would be somewhat increased (see Section 5.6). However, since
it cannot be ascertained just where the more stringent out-of-
straightness criterion becomes effective (since the_A value is a
function of variables other than column length), the uniform

maximum out-of-straightness was retained throughout the analysis.
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7. SUGGESTIONS FOR-FURTHER RESEARCH

7.1 Introduction

.As this discussion has progressed a number of areas in which
further research wéuld be advisable have appeared. The intention
of this chapter is to briefly consider thesebtopics, under the
headings of experimental and theoretical research. Of céurse, such
topics are rarely exclusive, but the understanding of physical
phenomena usually proceeds by a close inter-relation of experimental

and theoretical investigation.

Where possible this chapter suggests methods by which the
suggestéd research might be commenced, but, particularly for theore-

tical analyses, this is not always possible or appropriate.

7.2 Further Experimental Investigation

The work reported in this dissertation readily leads to at least
three areas in which further experimental research is desirable.
The.first of.these concerns the circumferential residual stress
measﬁrements undertaken on a fabricated tubular column and reﬁorted
in Chapter 3. As was clear from Fig. 4.7, the measured residual
stress distribution is not yet readily amenable to easy theoretical
prediction. Tt is likely that a considerable advance toward an
understanding of the phenomena involved in producing the measured
resiéual stress distribution could be made by examining the residual

stresses in a "can" at various stages of fabrication, in particular
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after cold-rolling but before longitﬁdinal welding, 'and possibly,
after less than the full number of passes in the longitudinal welding

process,

.Pne of the most obvious needs in the area of column buckling
is the need to test experimentally typical long fabricated tubular
columns, of slenderness ratios as high as possible. As a result of
conversations with fabricators, it seems that such columns could be
rolled in diameters as small as 0.30 m (12 in)., Also the 5,000,000
pound universal testing machine in’Fritz Laboratory could probably
take specimens up to a maximum of 11.5 m (38 ft) in length., Using
a wall thickness of 8 mm (5/16 in), as in the test sequence reported,
this gi&es a nominal slenderness ratio, %, of 110 as opposed to a
maximum of 83 in the testing program repbrted in this investigation.
If normal strength structural steel (AST™ A36 grade is used this
gives a A value of 1.22, whereas if higher strength steel [say,
ASTM 50 grade] is used, this gives a A value of 1.44, and these

values are much closer to the desired A values, and enable a better

range of the column buckling curve to be covered).

A further area, which.would'require both experimental and
theoretical investigation, concerns the circumferential welds which
join the short column "cans" together in the formation of a long
tubular column. In the analysis presented in this dissertation it
has been assumed that these welds have no affect on column perfor-
mance, and experimental evidence suggests that these welds are not

weak points in a column. However, at present there is no available
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data on the magnitude or distribution of residual stresses introduced
by circumferential welding, and so it iIs not possible to estimate the
effect of the welds on long column performance. A logical conclusion
of such an investigation might be an indication of whether it was

desirable to fabricate a prototype long column from few, long "cans",

or from more, but shorter, "cans".

7.3 Further Theoretical Investigation

The investigation undertaken in this work must be considered
to be merely a start in leading to the necessary understanding of
the strength and performance of tubular steel columns. While this
analysié allows an acéurate assessment of c&lumn axial load behavior,
it really does not even begin to enter the fields of tubular column
bending, or columns under combined loading. It is true that the
introduction of end eccentricities allows end moments to be placed
on a column. However,-this was not the major inteﬁt of ﬁhe analysis,
and it does only permit proportional loading. In order to permit
derivation of strength interaction curves it is necessary to be
able to consider non-proportional loading. The possibility of
biaxial bending of fabricated tubular columns is also worthy of

investigation, but is well beyond the scope of the analysis reported

here.

4

Up to this point it has only been considered that the column

(or beam-column) is loaded at its ends. However, in use as struc-

tural members of offshore oil drilling structures, fabricated
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tubﬁlar columns might well b;, and probably are, subjected to sub-
stantial lateral forces, which might arise from ocean forces or the
deliberate loading of the structure. At present it does not seem
possible to analyze fabricated tubular columns under these conditions,

using the method adopted in this investigation.

It is also possible that there is some liﬁitgtion which ought
to be placed on the maximum diameter of long fabricated tubular col-
umn for which the family of iong column maximum load curves presented
in Fig. 5.7 is appropriate. This iimitation is a result of the fact
that the longitudinal residual stress d{stributién used in these
analyses (and given in Fig. 4.5) is appropriate only for columns of
small outside diameter. As noted in Section 3.4, other researchers
(for example, Ref. 74) have discovered‘that for large diameter tubu-
lar columns it is more appropriate to specify the longitudinal resi-
dual stress distribution in terms of linear distance from the weld
rather than angular rotation. 1In particular, for large diameter
tubular columns, this would sﬁggest that the residual stress distri-
bution is more localized near the weld location than would be assumed
if the relationship of Fig. 4.5 was adopted. Before the curves of
Fig. 5.7 were adopted for use in deéign of large diameter fabricated
tubular columns, it would therefore be desirable to ascertain what
effects this cﬁanged longitudinal residual stress distribution has

on the curves proposed.

-
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8. CONCLUSIONS

8.1 Introduction

In reviewing Ehe scope of this dissertation, which encompasses
an'experimental portion and two distinct theoretical endeavors, it
was éonsideredvimportant to distinguish between the conclusions of
this work and the contributions made by this work. For the purposes
of this distinction, therefore, the conclusions of this work have
been considered to be those results emerging from this work, which
also include confirmation of previously established knowledge. On
the other hand, the contributions of this work are defined as those
aspects of this work which are dist;nctly new and previously un-

confirmed.

Even this distinction however, cannot be considered sufficient
in some cases. One example of suéﬁ a situation is.the de;ivation of
moment-axial load-curvature curves. The form of these curves had
been well-established for cross sections other than fabricated
tubular sections. It was thus possible to confidently predict at
leasi the form of these curves for the fabricated tubular sections
analyzed herein although they had never, in fact, been derived,
When such curves were produced, they were considered as conclusions

" rather than contributions.

.. This chapter concludes with a summary of design recommendations

which are an outcome of this dissertation.
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8.2 Conclusions

(1) Longitudinal residual stresses in a fabricated tubular column

(2)

1.

have been measured experimentally. The distribution of these

‘stresses is in general agreement with the expected distribution

and with the distribution obtained experimentally using other

techniques. This distribution has the form of high tensile
stresses near the longitudinal wel&,(equal to the yield strength
right at the weld), with alternating regions of compres;ive andv
tensile stress as one moves away from the longitudinal weld
around thé tubular circumference. Furthermore, as expected, the
magnitudes of the stress peaks decrease as one moves away from

thé location of the longitudinal weld.

The moment-axial load-curvature (M-P-§) curves for a fabricated
tubular column do indeed have the general form derived for other
cross-sectional shapes. Furthermore, the residual stresses

are a significant parameter in section performance. The inclu-
sion of residual stresses always influences the knee portion

of the M-P-? curves, and thus would have an influence on long
column strength. As expected the inclusion of residual stresses
has a consistent effect on the M-P-3 curves in the knee portion.
This effect is to induce the section to have a larger curvature
for a given applied bending moemnt than would ge the case had

there been no residual stresses.

(3) Accurate estimates of residual stresses are essential to the

derivation of accurate M-P-3 curves. 1In the case of fabricated
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(5)

(6)

tubular columns, it is essential to have an accurate determina-
tion of residual stresses in two perpendicular directions

(namely longitudinal and circumferential directions) in order

‘to derive M-P-§ curves. This conclusion was demonstrated by

the significant difference between curves derived using measured
circumferential residual stresses and curves derived using

assumed circumferential residual stress values.

The effects of residual stresses on M-P-§ curves tends to be
less pronounced as the combinétion of applied loads is in-
creased. In other words, as the combination of applied loads

is increased, the M-P-%¥ curves derived for sections with
reéidual stresse; included tend to show a reduced deviation from
the M-P-3 curve derived for the same section under the same
combination of applied loads, but with no residual stresses
included (that is, a perfect tubular section is being considered

for comparison).

The second-order Newton-Raphson iterative technique is a

viable method by which to analyze the axial load behavior of

a column. This method has previously been reported as being
used in the analysis of columns with uniform section properties
alohg its length. For such columns it is possible to consider

discrete locations at equal spacings along a column length.

Initial imperfections, particularly out-of-straightness of a
fabricated tubular column do affect its axial load behavior.

In general, the smaller the initial out-of-straightness of the
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8.3

(1)

(2)

column, the higher the column bﬁckling load. The effects of
section out-of-roundness have been assumed to be negligible

because preliminary experimental investigations indicated that

- column out-of-roundness was a relatively minor initial imper-

fection, at least for the columns tested in the experimental

portion of this investigation.

Contributions

For the first time, measurements of both typical circumferential
and typical longitudinal residual stress distributions, as
measured on the same tubular column specimen, are available.
These residual siress distributions are not yet readily obtain-
able by a purely theoretical derivation. While it seems highly
likely that some theoretical derivation of the ibngitudinal
residual streés distribution is possible (given perhaps, a heat
input to the section during the longitudinal welding process),
there remains some considerable doubt about a theoretical

derivation of a circumferential residual stress distribution.

'This contribution is confirmed by the fact that the assumed

circumferential residual stress distribution was not a good
indication of the measured circumferential residual stress

distribution, despite some similarity of form.

A substantial addition to the available body of test data

on the strength and behavior of prototype long fabricated

tubular columns has been made. Previously available data was
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" deficient in the range of slenderness ratio covered and in the
thoroughness of data reported. Furthermore, the experimental
data reported here gives clear indication of the need for more
experimental daga on the strength and behavior of long,
fabricated tubular columns, particularly in the range of higher
slenderness ratios than has previous been»teste&. The
necessity of using end conditions approximating as closely as

- possible to pinned-end conditions has been demonstrated along
with the importance of being able to accurately determine the

column effective length of specimens tested,

(3) It is noted in Section 8.2, that the effects of residual stresses

on the behavior of a section of a fabricated tubular column

 become less pronounced as the combination of applied loads is
increased. Of particular interest in this context is the
affect of the inclusion of circumferentiai residual stresses
when a relatively large axial load was applied to the section
prior'to bending. It was noted, furthermore, that the measured
circumferential residual stress distribution was characterized
by relatively smgll stress values, at least when compared with
the assumed circumferential residual stress distribution. This
may possibly explain the fact tﬁat, particularly when the
section was subject to a high applied axial load, the measured
circumferential residual stress distribution contributed a

-relatively minor effect on the M-P-3 curves over and above the

-

effects of the longitudinal residual stress distribution.
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Now, in deriving célumn buckling loads it would be expected
that column buckling would take place at an axial load which
was a substantial proportion of the column axial yield load.
.For these reasons, circumferential residual stresses have not
been included in the long column analyses. In practice, the
analysis has been developed with the capacity éo include cir-
cumferential residual stresses, but effects of these stresses

" have been ignored in the interests of economy. It was not
possible to make this conclusion prior to the completion of the

short column analysis.

(4) The second-order Newton-Raphson iterative technique has been
demonstrated to be an appropriate technique by which fo analyze
the strength and behavior of a column with highly variable
properties along its length. The economy of this method is
highly dependent on the degree of refinement adopted in modelling
the column, and also in the accuracy of initial estimates of the

displaced shape of the column under load.

(5) The analytical technique developed has been used to derive upper
and lower bounds of a column buckling curve for fabricated
columns. These bounds depend on whether the longifudinal weld
is in uniformly the best place on the cross section along the
entire célumn length or in unifd;mly the worst position. For
the more realistic case, with staggered longitudinal welds, the

buckling load of a column would be expected to lie between the

upper and lower bounds derived. For derivation of. these curves
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(6)

)

it has been assumed that material of constant yield strength
has been used along the entire column length (a usual design

assumption). If this is not so, it would appear that the yield

-strength of sections near the mid-height of a pinned-end column

would be more likely to be critical values.

The analytical model has also been used to determine the
variation of buckling load of a fabricateé tubular column with
varying column out-of-straightness. As is noted in Section 8.2,
column buckling load tends to’increase as initial out-of-~
straightness is decreased. However, this increase does not
appear to be in a uniform or predictable fashion, when the
longitudinal welding of a fabricated tubular column is considered.
Indeed, if the out-of-straightneés tends to force the column

to deflect laterally in one direction, and the longitudinal

welding tends to force the column to deflect in the opposite

direction there is the possibility of a "spring-through" de-
flection. In such circumstances the column at first may deflect
in the direction indicated by the out-of-straightness, but the
longitudinal weld may dictate the final deflection direction.
This phenomenon, however, seems to happen at column out-of-
straightnesses substantially less than the maximum allowable

under current fabrication specifications.

The upper and lower bounds of column buckling curves derived

theoretically appear, in general, to encompass the range of

experimental results obtained in the experimental testing
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program. In particular, the lower bound of predicted column
buckling curve, is a good lower bound to the experimental
results obtained. While this is a good indicator §f column
.strength and tends to confirm the theoretical investigation,
there is some doubt about whether this meané a great deal.

The theoretical column buckling curves were derived for columns
fabricated from steel of uniform yield strengéﬁ throughout their
" length. Furthermore, the assumed analytical columns had an
assumed half-wave sinusoidal initial oup-of-stfaightness
profile with the maximum out-of-straightness at mid-height
equal to the maximum allowed by current fabrication specifi-
cations (that is, 8, = 0.001 x [column length]). 1In practice,
the long column specimens supplied did not satiéfy the yield
strength assumption, but were manufactured such that they had
a smallef maximum out-of-straightness than allowed in fabrica-
tion specifications. Nonetheless, it seems likely that the
yield strength of steel relatively close to the mid-height of
the specimen is of more importance than steel near the ends

in determining column strength and behavior. Furfhermore, the
differences between r;al column out-of-straightness and
assumed theoretical column out-of-straightness may have been
reduced by the use of column effective length in plotting
experimental results. For all these reasons,lit was concluded
. that it was a good confirmation of the analytical model that

the experimental results occurred within the bounds of the

predicted buckling curve.
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(3) Ihe analytical model was further verified by consideration

of individual long column specimens as tested. The model
allowed actual yield strength variation along the column to be
.considered as.well as weld staggering and measured out-of-
straightness profiles, to any desired degree of accuracy. For
.the column specimens modelled it appeared that end eccentrici-
ties albeit unintentidnal, had a significant effect on column

~ strength and behavior as did rotational resistance of column
end conditions. Using end eccentricities of fhe same order as
those measured during the experimental testing program, and
where necessary some end rotational resistance, it was possible
to produce a model of the column which predicted the observed
column buckling 1oadto.within two percent, and also predicted
the direction of lateral deflection to within about 0.2 radians
(about 10°). This importance of end eccentricities and/or end
rotational resistance should be given every éttentidn~in the

future testing of long fabricated tubular columns.

(9) It does not appear to be either practicable or desirable to

" further refine the upper and loﬁer bounds of expected coluﬁn
buckling loads derived theore;ically. Such a refinement was
attempted analytically. To do this, a long column with an
assumed half-wave sinusoidal out-of-straightness profile was
first analyzed with all longitudinal welds at the same location

“bh the tubular circumference for the whole column length. The
column was then reanalyzed several times with all conditions

identical except that the longitudinal weld in one (central)
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8.4

(1)

(2)

e

portion of the column was considered at a different location
on the tubular circumference in each analysis. For all three

maximum out-of-straightness values tested, the observed changes

-in column buckling load were, at best, marginal. For this

reason further refinement of the analytical pfedictions did

not appear to be practicable.

Furthermore, the manufacturing process of fabricated
tubular columns is such that the circumferential portions of
the longitudinal welds along the columntlengéh are usually not
absolutely fixed by designers. Rather, it is usual for
fabrication specifications to include a "minimum stagger"
provision, which specifies some minimum offset between the
longitudinal welds in successive "cans" along a column length.
It would seem, therefore, that refinements of this nature would

be of little practical value to designers.

Design Recommendations

A new range of column buckling curves for use in Ehe axial
design of fabricated tubular columns has been proposed. The
lower bound of these curves is somewhat more conservative than
previously available column buckling curves, but the reduction

in predicted column buckling load is never more than about ten

percent.

It seems to be important to maintain a high degree of quality

control on the initial imperfections introduced during the
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' fabrication of long fabficated tubular columns. In particular,
the current restriction of initial out-of-straightness has
been examined. Basically, this restricts maximum out-of-
straightness to.O.l percent of the column length, with slightly
more stringent restrictions for longer columns. This value
seems to be a reasonable limiting value, for i£ seems that
manufacturers have little trouble meeting the specification,

' aﬁd furthermore at the maximum permissible value there has not
been obéerved any anomalous lateral deflection behavior of
columns as loads are increasing at a value pear their buckling

load,

(3) The practice of staggering Qelds between successive '"cans"

.of a long column has long been common for reasons_other than
column strength. From a column strength point of view the

_benefits of this practice are somewhat mofe dubious. None-
theless, although the placing of the longitudinal wled in one
“can" has an indeterminate effect in and of itself, the aggre-
gate effect of such staggering is to produce a column which might
be expected to hgve a buckling load exceeding that predicted
by the theoretical lower bound column buckling curve. For
these reasons, it is recommended that, if the lower bound of
column buckling curve be adopted, the practice of weld stagger-

ing be continued.
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9. NOMENCLATURE

cross~sectional area of section

curvature contribution to Eq. 5,20

outside diameter of tubular section

modulus of elasticity

tangent modulus of elasticity -

initial eccentricity in x-direction of centroid of
section at station s from effective line of action of
applied load | |

initial eccentricity in y-direction of centroid of

section at station s from effective line of action of

applied load

generalized force vector (Eq. 4.1)

change in generalized force vector

interstation distance (if constant along a column)
distance along column between station s and s+1
moment of inertia of cross section

moment.of inertia of "elastic.core" of cross section
unit matrix

Jacobian matrix

iteration number

column effective length factor

column length

bending moment

plastic bending moment of section

bending moment about x-axis
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a

=

xb

=

p <]

= ‘<3

ya

2 =
E:

ys

bending moment about x-axis at end A

'bending moment about x-axis at end B

bending moment about x-axis at station s
bending moment about y-axis

bending moment about y-axis at end A
bending moment about y-axis at end B

bending moment about y-axis at station s .
M

M
P
number of segments column is divided into

axial load

"dynamic" column buckling load (see Fig. 3.18)

f

"static" column buckling load (see Fig. 3.18)
tangent modulus column buckling load

column axial yield load = A cy
P

P
y

see Eq. 4.4

= mean radius of tubular section

internal radius of tubular section

end re;traint contribution to Eq. 5.20

radius of gyration of cross section

station number

wall thickﬁess of tubular section

deflection of station s in x-direction, outcome of first
iterative process (see Eq. 5.11)

initial displacement of station s in x-direction, while

column in an unloaded state
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deflection of station s in x~-direction

deflection of station s in y-direction, outcome of first
iterative process (see Eq. 5.12)

initial displacement of station s in y-direction, while
co}umn in an unloaded state

deflection of station s in y-direction

deformation veétor (Eq. 5.18)

deformation vector (Eq. 5.19)

complimentary solution (Eq. 5.44)

initial lateral deflection of column

particular solution (Eq. 5.44)

generalized deformation vector (Eq. 4.1)

change in generélized deformation vector

distance from y-axis

initial mid-height out-of-straightness in x-direction
(Fig. 5.6) | .
distance from the longitudinal weld (measured around the
tubular circumference)

distance from x-axis

initial mid-height out-of-straightness in y-direction
plastic section modulus (Eq. 4.8)

deflection angle

angle (Fig. 4.8)

end eccentricity towards A

end eccéntricity towards B

maximum coiumn out-of-straightness
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arbitrary small ;alue
‘axial strain (Fig. 4.1)
' axial strain when‘section just yielding under axial load
only
angle (Fig. 4.8)
weld angle at station i (Fig. 5.6)
%\[3?&

E r
noqdimensional curvature (Eq. 4.15)
critical buckling stress
material stresses (Fig. 4.8)
longitudinal residual stresses
material yielé strength
material “"dynamic" yield sfrength
material "static" yield strength
initial curvature in x-direction

initial curvature in y-direction

. bending curvature about x-axis (Fig. 4.1) = - %;;
change in bending curvature about x-axis
Ev

bending curvature about y-axis (Fig. 4.1) = -

%

change in bending curvature about y-axis
curvature of tubular section at first yield (Eq. 4.9)

Qx - Qox

5 -
y §°Y
slope in x-direction at end A

slope in x-direction at end B
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= slope in y-direction at end A

= glope in y-direction at end B
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Table 3.2 Material Tensile Properties

B L Heat Lot
Origin Measurement I II
Mill Report - Dynamic cyd’ MPa (ksi) 318 (46.1) 328 (47.5)
Static c&s, MPa (ksi) - -
E, MPa (ksi) - -
"Static" Dynamic dyd’ MPa (ksi) 288 (41.7) - 321 (46.5)
Laboratory Static oys’ MPa (ksi) 271 (39.3) 308 (44.6)
Test? E, MPa (ksi) 211,000 (30,600) 212,000 (30,700)
[
b4 Commercial Dynamic Tyq MPa (ksi) 293 (42.5) 324 (47.0)
Laboratory Static ayqs MPa (ksi) " 271 (39.3) 308 (44.6)
Te.?.tb E, MPa (ksi) 214,000 (31,000) 213,000 (30,800)

®Maximum Strain Rate = 0.64 mm/min (0.025.in/min)

bMaximmn Strain Rate = 1.28 mm/min (0.05 in/min)
All specimens taken from plate before rolling.
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Table 3.6(a) Maximum Column Loads
Dynamic Static
Fa Pya ’_Pé Fs r Pyb‘ Zs
Specimen ;| kN (kips) | kN (kips) Py kN (kips) ; kN (kips) Py
1 ' 2581 (580) . 2674 (601)i 0.965; 2476 (556) {2523 (567) . 0.981
2 26@8 (595) ;2674 (601) 50.990; 2492 (560) z2523 (567) | 0.988 :
3 2403 (540) §2674 (601) 50.899§ 2270 (510) 52523 (567) | 0.900
4 2403 - (540) ;2674 (601) ;0.899. 2290 (516) §2523 (567)§ 0.910
5 4370 (982) :4406 (990) 30.9925 4263 (958) .4228'(950)f 1.01
6 4361 (980) !4406 (990) ;0.9905 4112 (924) 54228 (950) E0.973
7 2270 (510) ;2674 (601) ¥0.849;72212 (497) 2523 (567) §0.87Z
8 2465 (554) 52674 (601) §0.9215 2367 (532) ;2523 (567) i0.938'
9 4272 (960) 4406 (990) ?0.970? 4183 (940) %4228 (950) 50.99
10 | 4228 (950) .4406 (990) 50.9602 4094 (920) 54228 (950) ?0.9683

i i

|

i

3perived using dynamic
tory Tests (see Table

bDerived using static yield stresses derived in "Static" Labora-
Yory Tests (see Table 3.2)

yield stresses derived in "Static" Labora-

3.2)
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Table 3.6(b) Maximum Column Loads

Dynamic ]
Pd gyc fg
Specimen kN (kips) kN (kips) Py
1 2581 (580) | 2370 (612) 0.95
2 2648 (595) 2370 (612) '  0.97
3 2403 (540) 2370 (612) 0.8
4 2403 (540) 2370 (612) 0.8
5 4376 (982) 4540 (1015) S 0.97 |
6 4361 (980) 4540 (1015) ; 0.95
7 2270 (510) 2370 (612) .  0.83
8 2465 (554) 2370 (612) ? 0.90
9 4272 (960) 4540 (1015) E 0.95
10 4228 (950) 4540 (1015) |  0.94 ;

cD_erived using dynamic yield stresses derived in
commercial laboratory tests (see Table 3.2)
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Table 5.1 Upper and Lower Bounds of Theoretical Buckling Load for
Particular Long Fabricated Tubular Columns Considered

B

Buckling Load !

\ _1 Si<KL ] Section Yield Load ‘%

N E r Upper Lower
Bound Bound
0.34 1,0 0.94
0.76 0.88 - 0.80
0.96 0.76 0.68
1.54 0.34 0.32
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Table 6.1 Comparison of Test Data and Theoretical Model Results for Long Column Specimen 3

-
’

ILong Column Specimen No. 3

Length = 7.6 m (25 ft) L

_ L a0 Test Model Model
O0.D. = 0,38 m (15 in) «~r Data 1 2
Model Number of Stations - 10 7
Parameters No. of stations with - 4 3
Inelastic Capabilities

End Top, x-direction - .0 0
Eccentricities Top, y=-direction - 0 0
mm (in) Bottom, x~direction 1.6 (0.06) 0 0
Bottom, y~direction - -2.4 (0.09) 0 0

Failure Load P» kN (kips) 2270 (510) 2230 (508) 2230 (508)

P
odel - 0.98 0.98
expt

Lateral
Movement at
Mid-Height

e e e e

e T

At load = 500 kips
x-movement, mm (in)
y-movement, mm (in)
o« (radians)

-1.91 (-0.075)
-5.49 (-0.216)
4.38

-2,03 (-0,08)
-5.08 (-0.20)
4.33

- =1.32 (-0.052)

-4.95 (-0.195)
4.45 i




(44

Table 6.2 Comparison of Test Data and Theoretical Model Results for Long Column Specimen 4

Long Column Specimen No. &4

Model

0.22

Length = 7.6 m (25 ft) L - 60 Test Model Model
0.D. = 0,38 m (15 in) r Data 1 2 3
" Model Number of Stations - 7 7 7
Parameters No. of stations with - 3 3 3
. Inelastic Capabilities
End Top, x-direction -2.2 (-0.09) -2,5 (-0.1) -6.4 (-0.25) -12.7 (-0.5)
Eccentricities Top, y-direction 0 0 - 0 .0
mm (in) Bottom, x-direction - =2,5 (~0,1) -6.4 (-0.25) -12,7 (-0.5)
Bottom, y-direction - 0 0 0
Failure Ps’ kN (kips) 2290 (516) >2402 (>540) 2349 (528) 2104 (473)
Load _ |
Pmodel !
—— - >1.05 1.02 0.92
P
expt
At load = 510 kips
x-movement, mm (in) 12.0 (0.473) 3.30 (0.13) 12,2 (0.481) -
y-movement, mm (in) 0.4 (0.015) 1.42 (0.056) 1.83 (0.Q12) -
Lateral « (radians) 0.03 . 0.41 0.15 -
Movement at
Mid-Height At load = 460 kips :
x-movement, mm (in) 3.86 (0.152) 4.62 (0.182) 13.0 (0.51)
y-movement, mm (in) 0 ~ 1,02 (0.040) 1.3 (0.05)
o (radians) 0 5 0.10




Table 6.3 Comparison of Test Data and Theoretical Model Results
’ for Iong Column Specimen 6

Long Column Specimen No. 6

Length = 7.6 m (25 ft) L = 39 Test Model
0.D. = 0,56 m (22 in) r Data Data
Model Number of Stations - a 6
Parameters No. of Stations with | - i 4
: Inelastic Capabilities - g
: i
End Top, x~direction § 5.6 (0.22) 0
Eccentricities Top, y-direction . 1.1 (0.04) 0
mm (in) Bottom, x-direction 1.1 (0.04) 0
Bottom, y~direction 1.1 (0.04) o 0
Failure Ps’ kN (kips) 4112 (924) 4040 (908)
Load
PPmodel
—_ - ‘ 0.98
P 1
expt a
i
Lateral At Load = 900 kips o
Movement at x-movement, mm (in) 0.53 (0.021) ! 3.38 (0.133)'
Mid-Height y-movement, mm (in) 0.76 (0.030) 1.96 (0.077):

o (radians)

0.96

i

0.52
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Table 6.5 Comparison of Test Data and Theoretical Model Results for Long Column Specimen 7

Long Column Specimen No. 7

Length = 11 m (36 ft) L 83 Test Model Model
O.D. = 0,38 m (15 in) r Data 1 2
Model Number of Stations - 9 9
Parameters No. of Stations with - 3 3
Inelastic Capabilities
Rotation Resistance of - 0 11.3 (100)
Ends, kN-m/rad(k-in/rad)
End Top, x-direction 3.4 (0.13) 0 0
Eccentricities Top, y-direction -3.4 (-0.13) 0 0
mm (in) Bottom, x-direction 10.7 (0.42) 0 0
Bottom, y-direction -4.1 (0.16) 0 0
Failure P , kN (kips) 2212 (497) 1957 (440) 2202 (495)
Load s '
Pmodel
- - 0.89 1.00
P
expt
Lateral At load = 460 kips
Movement at x-movement, mm (in) 0.30 (0.012) - 1.68 (0.066)
.Mid-Height y-movement, mm (in) 0.89 (0.035) - -1.30 (-0.051)

o (radians)

At load = 497 kips
x-movement, mm (in)
y-movement, mm (in)

o (radians)

1.24

-0.76 (-0.030)
7.11 (0.280)
1.68

5.51
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Table 6.7 Comparison of Test Data and Theoretical Model Results
for Wilson long Column Test Specimen Al

Wilson Test Specimen Al

8%1

Length = 9.14 m (30 ££) L _ - Test Model Model
0 D. = 0,309 m (12,15 in) r Data 1 2
Model Number of Stations - 11 11
Parameters No. of Stations with - 3 3
Inelastic Capabilities
Longitudinal Residual - No Yes
Stresses Included?
Rotation Resistance of - 11.3 (100) 11.3 (100)
Ends, kN-m/rad(k~in/rad)
End . Top,'x-direction - 0 0
Eccentricities Top, y-direction - 0 0
mm (in) Bottom, xk-direction - 0 0
Bottom, y-direction - 0 0
Failure Load Ps kN (kips) 596 (134) 583 (131) 565 (127)
> .
-model - 0.98 0.95
P
expt
Lateral At load = 130 kips
Movement at x-movement, mm (in) -1.87 (-0.07) 45 (0.372) -
Mid-Height y-movement, mm (in) 4.,57. (0.18) 30 (0.366) -
« (radinas) 1.94 0.78 -
At load = 100 kips
x-movement, mm (in) 0 .74 (0.226) 5.00 (0.197)
y-movement, mm (in) 2.29 (0.09) 00 (0.118) 4,47 (0.176)
« (radians) 1.57 | 0.48 0 73
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Table 6.9 Comparison of Test Data and Theoretical Model Results

for Wilson long Column Test Specimen Bl

Length = 9,14 m (30 ft) L

Wilson Test Specimen Bl

Model

L. Test Model
0.D. = 0,308 m (12.12 in) r Data 1 c 2
.Model Number of Stations - 11 11
Parameters No. of Stations with - 3 3
' Inelastic Capabilities
Longitudinal Residual - N v
Stresses Included? ° es
Rotation Resistance of
Ends, kN-m/rad(k-in/rad) - 11.3 (100) 11.3 (100)
End Top, x-direction - 0 0
Eccentricities Top, y-direction - 0 0
mm (in) Bottom, x-direction - 0 0
Bottom, y-direction - 0 0
Failure Load PS, kN (kips) 522 (117.3) 689 (155) 512 (115)
P
odel - 1.32 10.98
expt
Lateral At load = 110 kips . ‘
Movement at x-movement, mm (in) 3.56 (0.14) -0.25 (-0.01Q) -0.25 (-0.010)
Mid-Height y-movement, mm (in) -2.54 (-0.10) -1.22 (-0.048) -1.47 (-0.058)

o (radians)

At load = 80 kips

x-movement, mm (in)

y-movement, mm (in)
o (radians)

5.66

2.29 (0.09)
-1.78 (-0.07)
5.51

4.51

-0.20 (-0.008)
-0.89 (-0.035)
4.49

4.54

-0.05 (-0.002)
-0.71 (-0.028)
4,64
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a) Plan

‘ |
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b) Elevation

Fig. 3.1 Diagram of Stub Column Tests
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b) Detailed Instrumentation

Fig. 3.2 Typical Stub Column Testing Technique
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b) After Completion of Testing

Fig. 3.3 Stub Column No. 1 - Testing Photographs
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b) Testing Complete - Weld Side of Specimen

Fig. 3.4 Stub Column No. 2 - Testing Photographs
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b) Testing Completed

Fig. 3.5 Stub Column No. 3 - Testing Photographs
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b) Opposite to Weld

Fig. 3.6 Details of Stub Column Specimen No. 3 Failure
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Fig. 3.7 Column Buckling Curves Predicted by Stub Column Tests
and Comparison with Long Column Test Results
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a) Cutting a cylindrical tube for flat
presentation
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Fig. 3.10 Presentation of Results of Longitudinal Residual

4 Stress Measurements
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a) Location of hole-drilling sites
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b) Typical hole-drilling circumferential residual
stress results

Tension
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'c) Average circumferential residual stress pattern

* Fig. 3.12 Circumferential Residual Stress Pattern
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b) Close-up Shows Dial Gage '(mid-height only) and Potentiometer

Fig. 3.13 Lateral Deflection Measuring Apparatus at Quarter Points
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Fig. 3.14 Measurement of Bottom Head Rotation

Fig. 3.15 Specimen 10 after Failure
(with Specimen 9 against wall)
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b) 1Interactive Instability (Specimen 10)

Fig. 3.16 Experimentally Observed Buckling Modes
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¢

166



AXIAL
LOAD

LATERAL DEFLECTION

]

Fig. 3.18 Definition of '"Static" and "Dynamic" Buckling Loads

167



10 —eeo—g i — — —— Static, Oys
e o A . y
, \\\\‘7':23 \ .
~
T\ I
— ' Euler Elastic
08 \ Buckling-Curve -
AISC-CRC Ultimate
0.6e— Strength Curve
Py
0.4
0.2—
oF 0.5 1.0 1.5

-_'_./:ZE_L
)\_v -

i Fig. 3.19 Comparison of Test Results with AISC-CRC Column
N Strength Curve Based on Static Yield Strength

168



1.0

0.4

0.2

- 8~ - - - —\ Static, Oys

*—9 O0—9¢

\ _ Euler Elastic
\ Buckling Curve
\

Multiple Column Curve '@

05 i.0 | 1.5
1 /% KL
AT VE T

Fig. 3.20 Comparison of Test Results with Multiple Column
+ Curve "a'" Based on Static Yield Strengths

169



.
v
v
v
:
v
v
hd
hd
M
5

. Fig. 4.1 Positive Direction of Forces and Deformations

170



Individual Elemental

y Areas

Fig. 4.2 Division of a Cross Section into Elemental Areas
A}

171



AXIAL STRESS
Compression
Oy
E
C
A
/ |
/ |
B (/ :
A '
CIRCUMFERENTIAL
STRESS
-+ Compression
Ty

Fig. 4.3 Tresca Yield Criterion for Two-Dimensional

Stress Situations :

172



Eelastic
|
|
MODULUS |
OF |
ELASTICITY 1
|
i
| OxEelastic_,
l i

Ca O'y
AXIAL STRESS

. Fig. 4.4 Assumption for Effective Modulus of Elasticity

173



BN

Tension

05

\\\\\\\\ AT
(NN SSSESSNSSSSSSS

V7o

20

1.0

Compression

1.0 2.0
DISTANCE FROM WELD
COLUMN RADIUS

Fig. 4.5 Longitudinal Residual Stress Distribution
(straight-line fit of measured values)

4

174



UOTINQT13SIQ 559135 TENPISIY JPIIUSIIIWNOIT) PIuUNsSsy JO UOTIeATIsq 9°4 *SId

uolinqlaisip Buippojun Buipuaq aynid
pawnssy (9 JUsSPI3 (9 oiysoid Ajng (p

| )
kog)

175



Wall Thickness

Fig. 4.7 Comparison of Measured and Assumed Circumferential
Residual Stress Distributions
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Fig. 4.8 States of Stress Considered by Ellis
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Fig. 5.4 Generalized Moment-Rotation Characteristic of the
‘ End Restraint on a Column
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