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TESTS GF FABRICATED TUBULAR COLUMNS

By
. D. A. Ross / W. ¥. Chen ,
Research Assistant "~ Professor of Civil Engineering
Fritz Engineering Laboratory Fritz Engineering Laboratory
Lehigh University Lehigh University
Bethlehem, Pa. 18015 Bethlehem, Pa. 18015
ABSTRACT

This.paper describes an experimental program directed
‘toward the discovery of the strength and behavior of fabricated tubular
columns such as those commonly used in off-shore oil structures,
A series of ten long, fabricated, tubular steel columns, of relatively
large diameter, was tested in compressicn, with essentially pin-ended

conditions.

As a preliminary to the testing of the long columns, a number
of stub column tests were also made along with an experimental deter-
mination of the residual stresses inherent in a typical fabricated
tubular column. These residual stresses are both circumferential,
due to the process of rolling a tube from a flat plate, and longitudinal,

due to welding of the longitudinal pipe seam. Measurement of these

stresses is considered essential to any theoretical analysis of column

behavior.

The.use of spherical bearing heads in long column tests
allowed observation of the preferred buckling direction, as well as
giving the maximum possible slenderness ratio (kL/r).  Detailed obser-
vations are made of various factors affecting column buckling behavior,
| including differing yield stresses within a column specimen, the presence

i



_of longitudinal and horizontal welded seams, initial out-of-straightness,

and end rotations.

On the basis of these tests it is found that the current
CRC column strength curve may give an unconservative estimate of
column strength, if used directly with mill report-yield strength

values, within the range of slenderness ratios tested (L/r = 39 to 83).
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TESTS OF FABRICATED TUBULAR COLUMNS

D. A. Ross® and W. F. Chen®, M. ASCE

1. Introduction

A relatively new development in structural engineering is the use
of fabricated, tubular steel beams and columns. This trend is growing parti-
cularly in the design of off-shore o0il structures, multi-story structures,

and off-shore thermal energy conversion structures.

Designers of 'such structures face an immediate problem in the

lack of a reliable design guide, since such columns are usually fabricated

'y in diameters far greater than those for which previous research data is
available, Tﬁis lack of knowledge on the strength of these members, suitably
based on experimental evidence, hampers the designer in his efforts to -design
a safé, but relatively economic, structural member. There is also a more
fundamental problem with such‘strﬁctural members, arising due to the lack of
knowledge of the behavior of members fabricated by relatively new fabrication
processes. Among problems associated with prediction of member behavior are
the effecﬁs of two-dimensional residual stresses in members introduced during

fabrication and the unknown importance of initial imperfections-in fabrication.

A research program currently underway at Lehigh University is
attempting to provide information which will assist in solving the problems
‘of strength and behavior of such members., The program has both theoretical

and experimental phases, both of which attempt to provide design assistance.

‘Research Assistant, Fritz Engineering Laboratory, Lehigh University, Bethlehem,
Pa. 18015

®Professor of Civil Engineering, Fritz Engineering Laboratory, Lehigh Univer-
sity, Bethlehem, Pa. 18015
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This paper reports the expgfigentalkphaggMpf the.investigation. Included in
the investigation was an experimental determination of residual stresses in
a typical fabricated tubular column, the testing of three stub columns, and.
the testing of ten full-scale long columns under axial load and pin-ended

conditions with slenderness ratios ranging from 39 to 83.

2. Scope of Test Program

It is appropriate here to consider briefly the manufacturing process
by which fabricated tubular structural members are commonly made in the U.S.
Usually the tubular member is formed by cold-rolling flat plate until opposite
edges come together. A cylinder, or "can'" is then formed by welding down this
longitudinal joint. Manufacturing limitations usually limit the length of
these cans to about 3 meters (10 ft), but any number of these cans may be
welded together, end-to-end, to form the desired member. A possibility of’
longitudinal weld tearing in a co@pleted member when loaded is avoided by
staggering the welds between '"cans'", usually making the weld in one can about
180° out~of-phase to the weld in the next can., (American Petroleum Institute

Specifications (1) require at least 90° out-of-phase.)

The rollingrprocess in manufacture clearly intfoduces circumferen;
tial residual stresses which vary through the thickness of the plate, while
the longitudinal welding process introduces longitudinal residual stresses.
Particular attention of this research has focussed on the magnitudes and
distributions of these stresses, which are a necessary prelude to any analyti-
cal investigation of the effects of these stresses on beam~column behavior
‘under locad., The measurement was uﬁde;;aken on a short column, of similar

size to that used in the three stub column tests.
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The stub column tests were undertaken in order to allow derivation
of column buckling strength curves to allow prediction of buckling lecads for
long columns. The long columns vary in 1ength from 5.5 to 11 meters (18 to
36 ft.) and in diameter from 380 mm (15 in.) to 560 mm (22 in.). An impor-
tant feature of these tests was the ﬁse of spherical end blocks during column
testing. Apart from simulating, as closely as possible, pin-ended conditions -
and thus the 1ongest'possible "column effective length', this also allowed
a column being tested to determine its own (previously unpredictable) buckling

direction. N

Table 1 gives the detailed list and dimensions of specimens supplied
for testing. The specimens were fabricatedrin accordance with the require-
ments of American Petroleum Institute Specifications (1), with welding pro-
cedures conforming to American Welding Society (2) requirements. The sections
used to form the columns were from A36 steel plate in which the original
milling direction was perpendicular to the longitudinal axis of the finished
columns. Two heat lots of steel were included in the specimens and the
properties of these, as found in various tensile coupon tests and stub column

.

tests, 1s recorded in Table 2, The wall thickness of all specimens was 7.8 mm

(5/16 in.).

3. Preliminary Tests

In this paper it is not intended to detail the common supplementary
tests for column testing. The critical material properties, as determined
from tensile coupon testing, have already been detailed in Table 2. 'The
stub column tests were conducted in the 5,000,000 IB; Baldwin Testing Machine
in the Fritz Engineering Laboratory of Lehigh University, uvsing the technique
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reported and recommended in Ref. 11. The column buckling strength curves
obtained from these tests will be presented at a later stage in this paper.

Detailed derivation of preliminary data is presented in Ref, 8.

Furthermore, it is-not proposed to discuss in detail the testing
techniques by which the residual strésses‘were'determined,’as these are
adequately covered in Ref. 9. It is sufficient here to note that a destruc-
tive "Whittemore Gage Technique", involving the slicing of a column cross
section and measuring changes in strain, was used to.measure longitudinal
residual stresses. A "hole drilling technique", described in Ref. 7, was
used to measure circumferential or "through-the-thickness'" residual stresses.
Herein, a brief discussion of the results obtained by these testing techniques

is presented.

4, Residual Stresses

Longitudinal residual stresses introduced by longitudinal welding
of the '"cans" were measured by a destructive slicing technique known as the
method of dissection into individual bars. The residual stress distribution
thus obtained is shown in Fig. I. Also shown in Fig. 1 are the analytical
approximations possible for approximation of the measured stresses. The solid
line indicates a possible continuous curve, of the type predicted by Marshall
(5).. We note that in the region of the weld- the material has effectively ..
yielded in tension. As we move fdrther from the.weld there are alternating
regions of compresive and tensile longitudinal residual stress, of progressively
decreasing maximum amplitude. 'These findings are substantiated by other test

- results (6).



The dotted straight lines in Fig. 1 represent a proposed straight
line approximation to the actual distribution. If x is the distance from
the weld, R the tubular member radius, oy the longitudinal residual stress

at a point, and cy the material yield stress, then the following values may

be adopted as end points in a straight line approximation:

o}

L. 1.0 at 2=0
o R
y

(e}
L p.

5 = -0.3 at R 0.3
y

(o]
L X .

- = 0 at R = 1.0 . : ey
y

(o}
L b:

5 = 0.1 at 2~ 1.2
y

CyI X

L XS

Gy 0 at R 2 2.0

In these equations tensile stress is assumed to be positive. It is necessary
of course to insist that the summation of residual axial stresses around the
tubular column is zero. In the above approximation, however, no attempt has
been made to balance bending moment about an axis perpendicular to the weld,
as the out-of-balance moment was found to be negligible, Furthermore, initial
imperfection measurements suggest that a '"can" may bend within. its length,

‘possibly to accommodate any such out-of-balance residual moment.

Some indication of the range of applicability of the straight line
approximation of Fig. 1 is necessary before it should be adopted. Reference 6

suggests that the approximation may bé adequate for column radii up to a
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maximum of about 380 mm (15_in.)? that:is,%for rgdii in excess of thi§ valpg,

R should be taken as 380 mm (15 in,). This is reasonable whén it is considered
that a finite amount of heat is added to a '"can" in the longitudinal welding
process. Reference 6 also suggests there may be a minor dependence of the
GL/O‘y ratio on the yield strength of the material and the welding procedure

used.

Circumferential residual stresses were measured by a hole~drilling
technique (7) in which surface measurements were taken of the strain release
due to drilling at the base of a small diameter hole in the tubular column
wall. Figure 2 gives the results obtained from these tests. No significant
variation in circumferential residual stresses was found at different loca-
tions on the cross section. Figure 2(b) indicates typical experimental
results. The testing technique was shown to have a limited range of validity
such that the results near the surface, as well as those taken near the
center line of the tube were thought to contain possible inaccuracies. Thus
the straight line approximation is dotted in these areas. The hole~drilling
experiment was conducted both from inside and outside surfaces of the tubular
column. Figure 2(c) shows the average circumferential residual stress pattern -

obtained.

It is appropriate now to consider the analytical prediction of the
circumferential residual stresses. Prior to experimental derivation of the
distribution shown in Fig; 2(c), predictions of circumfefeﬁtial stresses had
been made (10) as shown in Fig. 3. It is likely that fully plastic yielding
of the plate occurs during welding, giving the stress distribution shown in

Fig. 3(a). 1In the manufacturing process the rolled plate is then released,
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i.e., allowed to "spring back. It was assumed, therefore, that the section
elastically unloaded, a process introducing a stress distribution as shown
in Fig. 3(b). The distribution of Fig. 3(b) was deriveé by assuming that
all of the bending moment applied to create the distribution of Fig. 3(a)
was released. Addition of Figs. 3(a) and 3(b) gave the predicted circumfer-
ential residual stress distribution shown in Fig. 3(c). Figure &4 shows that
this prediction differs markedly frcm the measured distribution [taken from
Fig. 2(c)]. It is noted that the possibility of incomplete spring back and
subsequent ccoling of the welds may partially explain the discrepancies. Further=-
more, it is known that the observed results are most suspected in the center
line region of the cross section, and the meaéured‘results likewise are

unlikely to be a good representation.

5. Long Column Testing
5.1 General

In the full-scale long column tests, the maximum nominal length, L,
of the column was limited by the height of the Baldwin 5,000,000 1b testing
machine in Fritz Engineering Laboratory fGbout 12 m or 40 ft.), and the minimum
column radius, R, (and thuS‘the radius of gyration, r) was controlled by the

rolling machine capabilities of the manufacturers.

In the analytical determination of column strength under axial
load, a critical parameter is the effective length to radius of gyration
(kL/r) ratio. A feature of the present tests was the use of spherical
bearing heads at each end of the specimen during testing, in an attempt to
provide pin-ended conditions. Not only did this ensure the maximum possible
value of k, but it also allowed valuable information on column behavior to

-



be collected. Unlike a column of I or H section, in which the buckling
direction is well defined, it was impossible to predict accurately the
buckling direction of a fabricated tubular column. Thus the use of spherical
bearing heads allowed each column to adopt its preferred buckling direction,

which was then measured.

In any testing it is impossible to attain a true pin-ended condition
because of unavoidable frictional resistance to head rotation, and thus a
method of measuring the effective column length was necessary. Electric
resistance strain gages were mounted on each specimen at quarter points along
the specimen length and near each end, A good approximation to the true
column effective length of each specimen was found by plotting the curvatures

measured along the column length in two perpendicular directions.

It has also been mentioned that two different heat lots of steel
were introduced into the specimens, and so the last column of Table 1 specifies
which heat lot the material near center of each specimen was made from.

This is done since buckling of a specimen is expected near the center of a

pin-ended column subjected to axial load.

5.2 Initial Imperfections

At least two types of initial geometric imperfection were considered
to have significant influences on column buckling strength and behavior:
out-of-roundness and out-of—straightness. OQut-of~roundness measurements were
made on one fabricated specimen -and it was found that, in general, there was
less than one percent difference between two perpendicular diameters at a

particular position along the column 1éngth, which was considered negligible,
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These measurements were, therefore, not made on subsequent specimens. It
was concluded that out-of-roundness was not a significant parameter in the

column performance, due to a high degree of accuracy in manufacture.

The American Petroleum Institute has specifications (1) on the
maximum allowable out-of-straightness of a specimen. - The specifications
allow 3 mm (1/8 in.) in 3 m (10 ft.) (or one part in one thousand), wiéh the
restriction that the-out-of-stréightness not exceed 9 mm (3/8 in.) in 12 m
(40 ft.), (or 7.5 parts in ten thousand). Since specimen out-of-straightness
can be a critical parameter in determining column performance, particularly
in fixing the buckling direction, considerable effort was expended to measure

these imperfections.

Clearly there is a problem in establishing diametrical planes on
which to take these out-of-straightness measurements. An attempt was made
to find an axis of maximum out~of-straightness by rolling the specimen on
a flat surface until a position of unstable equilibrium was reached. The
longitudinal welds, however, hampered this process, and in general, one of
the diametrical planes was established close to these weld locations. The
actual out-of-straightness of each specimen was measured with the specimen

in an upright position using a theodolite.

A typical resulting out-of-straightness pattern is shown in Fig. 5,
for an 11 m long and 0.38 m diameter specimen. The distribution of heat lots
along the specimen is shown in Fig. 5, which also shows a diagram exploded‘
along line A to show the relative weld positions., FEach weld is fixed at
between 25 and 50 mm (1 and 2 in.) from either line A or line C as indicated,
Table 3 quantifies the magnitude of the out-of-straightness and also the
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form of the out-of-straightness pattern. Tu general, the API specified
tolerances for out-of-straightness have not been exceeded., It appears that
the out-of-straightness on a diametrical planme nearly parallel to the weld

locations is greater than that on perpendicular diametrical planes.

5.3 FExperimental Technique

Lateral deflections at quarter points along the léngth of each
specimen and rotations of the spherical end bearing blocks were measured.
Since longitudinal lines had been established on each specimen for out-of-
straightness measurements, these lines were also used to establish points

on the circumference for measurement of axial strain and lateral displacement.

Rotations in two perpendicular directions of the bottom bearing
block could readily be measured manually with a dial gage and spirit level
apparatus. (The slope of the base plate could then be measured relative to
an arm kept horizontal with the aid of the level.) However, this same
procedure was difficult for the head rotation measurements because measurement
had to be made at an elevation of up to 12 m (40 ft.). The problem was solved
with the use of two plumbob-type rotation gages {(to measure two perpendicular
rotations) in which the curvature of a sheet metal plumbob support was
measured with electric-resistance strain gages (a separate calibration of

the gages was required).

Because of the unpredictable direction of lateral movement of the
specimen during loading and at buckling, direct measurement of lateral
deflection became difficult. The situation is further complicated by the

desire to measure deflection of a point on a curved surface. This preblem
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was solved to an adequate degree of accuracy by constructing a frame on the
testing machine at quarter points of the specimen length, such that a long
horizontal wire could be attached at one end to a measuring dpparatus
attached to the frame and at the other end to a point on the specimen. The
wire length was of the order of 1.6 to 2.0 m, allowing the assumption that
movement perpendicular to the wire produced a negligible effect on the gage
reading. The gage could thus be taken to be measuring deflections unidirec-
tionally. The deflectiﬁns were measured at quarter-points by potentiometers

(four at each level) and also at mid-height by dial gages (also four).

rug;?'i Alignment of each fest specimen was a further problem. Ideally,
alignment is a geometrical condition in which the center of eéch end of the
specimen'is‘aligned with the center of the spherical bearing block at that
end. This is quite different to a stub column test in which end alignment may
be ' ensured by a‘process of trial-and-error loads until equal straining is
noted at points on a section circumference. For these tests, the best possible
alignment was obtained, and then the remaining unintentional end eccentricity
noted. Table 4 gives these measured eccentricities and also attempts to give
an indication of the magnitude of these end eccentricities., If the eccentric

moment at buckling, Mecc’ computed as the product of the buckling load and

measured resultant eccentricity, is divided by the fully plastic moment M
of the section, then the resulﬁing ratio tabulated in-Table 4, gives an
indication of the relative magnitude of the end moments caused by the unin-
tended initial end eccentricities. This end eccentricity is essential in
the theoretical analysis in which the column is treated as a biaxially

- eccentrically loaded member.
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Figure 6(a) shows a typical specimen prior to testing, while Fig.
6(b) shows the same specimen after testing. Maximum lateral deflections
measured were of the order of 20 cm, but considerable elastic straightening

of the specimen was noted as the applied lpad was decreased after the test.

The axial load was applied in increments and the static readings

of column behavior recorded.

5.4 Results and Discussion

Axial load-lateral deflectfeon curves such as those shown in Fig. 7
were obtained for each specimen at each quarter point along the specimgn
length. Each of these curves was plotted as an average deflection of two
sides of the specimen (with dial gages and potentiometers active at midheight).
It was characteristvic that for most specimens some lateral movement was noted
at approximately 70 to 80%  of the maximum recorded load. Furthermore, buckling
was a sudden phenomencn, involving the almost instantaneous adoption of large
lateral deflections, coupled with a rapid decrgase in the load carrying

capacity of the column specimen.

In Table 5 some data is given of column behavior at failure, from
which a number of interesting conclusions may be formed. The location of the
critical section (whether by local buckling or by formation of a plastic
hinge with little change in cross sectional shape) occurred frequently at some
point well removed from the center of the specimen. It was clearly observable
during testing that either a longitudinal weld in one can or the preference
of the column to buckle in material of lower yield strength were responsible

for this phenomenon. It is considered that the critical load obtained will,
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in general become progressively greater than that of a uniform column as the critical
section occurs further away from the center of the specimen. Thus the inclusionof longi-
tudinal welds and the insertion of material of higher yield stress at or neaf

the column center was advantageous in column strength and behavior. Specimens

6 and 9 fail at exceptionally iarge distances from the center of the speéimen
length. It is noted also that they have other unusual behavior. This will

be described later.

Another noteworthy aspéct of Table 5 is the buckling direction.
In all except one case,_the diametrical piane containing the buckling direction
makes an aéute angle 45° or greater to the diametrical plane containing the
weld. 1In at least five specimens the buckling direction is perpendicular to
the diametrical plane containing the longitudinal welded seams. In only one
specimen, specimen 4, could the buckling direction be said to be parallel
to the plane containing the welds. In this specimen, the bending was such

that the welds in the buckling cans were in compression.

The range of (kL/r) ratios tested in this series of experiments
encompasses the transition from the mode of local buckling type of failure,
recognizéd by the checkerboard pattern of cross section distortion, to the
formation of a plastic hinge as the type of failure mechanism characterized by
general yielding of an entire can and relatively little cross section distor-
tion. From the obtained data, a (kL/r) ratio of about 50 is an indication

of the transition from local buckling to plastic hinge formation at failure.

It is noted that the critical "can'" of column specimen 10 was not
the central can. Examination of the out-of-straightness patterns suggests
these may have been a factor. The critically yielded "can'" of specimens 6
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and 9 was located at exceptionally large distances from the center of the
specimen length, despite the use of steel from the same heat lot throughout
both specimens. Table 5 also shows that both failed in a local buckling mode
in somewhat unusual buckling directions. . In both cases, the critically
yielded zone was only a few inches from a circumferential weld. Examination
of the out-of-straightness patterns shows a possibility that this may have
been an influencing factor, with greater than average 'misfit' between the
longitudinal axes of consecutive cans ‘at the critical circumferential welds.
Such factors may determine the position of critical "can" along the column

length.

Two other aspects of post-buckling column behavior are shown in

Table 6. The maximum lateral deflections measured at center of the specimen

height are recorded numerically and also as a percentage of the nominal specimen

~length. It can be seen that maximum lateral deflections of the order of 1.0
to 1.7% of the column length were obtained, and at these deflections the
residual axial load carrying capacity of the member was usually of the order

of 407 of the critical buckling load.

In Table 6 an attempt is also made to verify the importance of
the buckling or post-buckling behavior. In the direction of buckling, the
rotation of the top head, GT, is recorded as a fraction of the rotation of
the bottom head, GB. Prediction of this ratio could readily be made by
assuming that the buckled column had all plastic rotation concentrated at
the critical location, i.e., that the deflected shape of a buckled column was
essentially bilineé?. Comparison of these observed and predicted values
shows good agreement, except for two épecimens, for which a relatively

important secondary critical location could be found.
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Observation of Tables 1 and 5 shows that the larger diameter column
specimens all failed in a local buckling mode, and were the only specimens to
so so.- For the longest of these columns, the failure was initially in formationof a

plastic hinge, followed immediately by local buckling. This would suggest that large

diameter columns may have difficulty in sustaining finite rotations of a plastic hinge. Local

cross sectional distortion is needed to allow such rotations. However, the

column buckling strength is not a function of column diameter. There was 2

-sudden, catastrophic loss of axial load-carrying capacity in specimens which

failed by local buckling. In contrast, the loss of load-carrying capacity
was less sudden when a plastic hinge was formed and a significant plastic

hinge rotation capacity was usually observed.

5.5 Comparison of Predicted and Observed Buckling Loads

Figure 8 defines_both critical axial load, Pcr’ and buckling load,
Pb’ as obtained during experimentétion. The buckling load is.essentially
the maximum static load recorded, whereas the critical load is taken as the
maximum load the specimens sustained. Usually the buckling load and critical

loads were within 100 kN (22 kip) of each other.

When yield stréss values of the steel are considered, a similar
rate-dependent phenomenon is evident. It is well known that the higher the
strain rate at which the specimens are tested, the higher the obtained yield
stress., Herein, we take the mill-report yield stresses as pseudo-dynamic
yield stresses; while yield stresses taken after a specified waiting period
(as in ASTM A370 specifications) as values of static yield stress. 1In this
paper, results are presented both as bgckling load with ‘static' yield strength
material assumed and critical load with mill-report yield strength material

assumed. w15~




In Fig. 9, the three stub column strength curves are presented
together with the ten long column test results. Static yield stress values
are used in derivation of these curves., These curves give a lower bound on

long column strength tests obtained. -

Figure 10 presents results compared to. two available design column
strength curves. The CRC strength curve (4) is commonly used in design
computations, and the multiple coiumn curve "a" (3) is a more recent proposal
for design of tubular members., Figure 11 plots the same information using
static values of yield stress and column buckling load., It can be seen that
both prbposed design curves may be unconservative in the intermediate range
of (kL/r) ratio, i.e., in the range covered by these tests, if mill report
yield stresses are used. However, if static yield stresses are used together
with column buckling loads, the proposed curves are adequate.in this .range
of (kL/r) ratio. Since there is only minor difference between buckling and
critical axial loads, the importance Qf adopting the correct yigld stress is
amply illustrated. From Table 2 it can be shown that adoption of mill report
yield stresses instead of true static yield stress values provides an increase
in yield stress of 17 and 8% for heat lots I and II, respectively, in the

test sequence reported herein.

6. Summary and Conclusions-

This paper presents a summary of the experimental phase of a
research program currently underway in Fritz Engineering Laboratory, Lehigh
University. The prdgram is directed toward discovery of the strength and
behavior of large fabricated tubular gteel columns such as are commonly used

in offshore structures. Described herein are varjous preliminary tests,
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including the experimental determination of residual stresses and column
buckling predictions based on stub column tests. The major portion of the
paper, however, concerns the testing of ten full-scale tubular columns
subjected to quasi-static axial loads. A feature of the experiments was the
use of essentially pin-ended column conditions; and considerable emphasis is

placed on various aspects of column behavior.

The circumferential residual stresses in a tubular column caused
by the rolling process used in.column manufacture, were found to be as shown
in Fig. 2. Figure 3 shqws the inaccuracies inherent in a common thecoretical
assumption of the form of this stress distribution, which may havé beeq
inaccurate because of incomplete "springback'" in tube manufacture. A longi-
tudinal welding process by which a rolled plate is made into a cylindrical
tube is found to introducevlongitudinal residual strésses with a distribution -
of the form shown in Fig., 1, Linear approximation of this was attempted
since values of these residual stresses are essential to any theoretical

analysis of long column behavior.

A series of ten long, relatively large, fabricated, tubular columns
was tested in the 5,000,000 1b Baldwin Testing machine in Fritz Engineering
Laboratory. The use of spherical end blocks not only provided essentially
pin-ended conditions and thus the maximum possible (kL/r) ratio, but also
allowed observance of the buckling direction--an unknown previously. For each
specimen, initial out-of-straightness was measured prior to testing, and suffi-
cieq? data wés accumulated to alléw subsequent derivation of axial load~-
lateral deflection curves, column effective lengths, and end rotations of

the specimen.



The range of (kL/r) ratios tested encompases the transition of
failure mode from local buckling, characterized by checkerboard cross
sectional-distortion of the critically yielded location to plastic hinge
formation, characterized by general ylelding of a more extensive area and
less cross sectional distortion at buckling. The buckling direction in the
critical "can'" frequently tended to be in a plane approximately perpen@icular
to a diametrical plane containing the weld, but this was not universally true.
Out-of-straightness could be shown to be a significant parameter only
infrequently, due possibly to the frequent occurrence of double and .triple
curvature, There appear to be certain beneficial aspects of the manufacturing
method currently adopted. Since an  perfect column may be expected to buckle
near the center of its length, the degree to which this location has been
displaced from the center is some measure of the increase in strength gen-
erated, The critical "can'' location is usually displaced by the presence of
"can" of lower yield strength at a distance from the midheight of the column,
and also by a desire to place the longitudinal welded seam in an area of

low bending stress.

Comparison of existing column strength curves with experimental
results is presented in Figs. 9, 10 and 11. 1In the intermediate range of
(kL/xr) ratio tested the stub column tests were shown to adequately predict
the lower bound of column strength. However, the two proposed column strength
curves for use in design of long columns only give conservative results if

a true static yield stress value is assumed for the material, {n contrast

to the pseudo-dynanic nature of classical mill report tests.
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9. List of Symbois

DO = pominal outside diameter of column
E = modulus of elasticity

k = effective lengthvfactcr

L = column length

= maximum eccentric bending moment

ecc
Mp = fully plastic bending moment of cross section
Pb = buékling load, see Fig. 8
Pcr = critical axial load, see Fig. 8
Py = yield axial load
R = column radius
r = radius of gyration
X = distance from base of specimen
t = wall thickness
8 = end eccentricity in easte?n direction
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yieid stress

1ongitudina1 residual stress
circumferential stress

bottom head rotation

top head rotation
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U Table 1 List of Specimens

Effective Effective Outside
Nominal ‘Length of Length Diameter Control
Specimen Length Buckling Factor : D Heat
Number m(ft) m(ft) k em($n) Lot®
1 5.5(18) 5.2(17) 0.95 38(15) 1,117
2 5.5(18) 5.2(17) 0.95 38(15) 1,11
3 7.6(25) 6.7(22) 0.86 38(15) I1
4 7.6(25) 7.3(24) 0.93 38(15) 1L
5 7.6(25) - 5.2(17) 0.68 56(22) 11°
6 7.6(25) 5.8(19) 0.76 56(22) 1r°
7 11(36) 11.0(36) 1.00 38(15) I1
8 11(36) 7.6(25)  0.69 38(15) 1,117
9 11(36)  8.9(29) 0.81 56(22) 11°
10 11¢36) =~ 8.5(28) . 0.78 56(22) 11°
! “The yield stress of Heat Lot II was higher than for Heat Lot I
Circumferential weld near center, different heat lots on each side
®All pipe Heat Lot II
Table 2 Material Properties
Origin I ' IT
g Dynamic o_,MPa (ks1) 318(46.1) 328(47.5)
Re;iit Static oy,MPa(ksi) - -
E,MPa(ksi) - R
"Static! Dynamic-cy,MPa(ksi) 288(41.7) 321(46.5)
Labora?gry . Static oy,MPa(ksi) 271(39.3) 308(44,6)
Test E,MPa(ksi) 211,000(30,600) 212,000(30,700)
Dynamic o ,MPa(ksi) 293(42.5) 324 (47.0)
ASTH 2370 Static o MPa(ksi) 271(39.3) 308 (44.6)
EAMPazksi) 214,000(31,000) 213,000(30,800)

a : . P " .
maximum strain rate = 0.64 mm/min (0.025 in/min)
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Table 3 Column Specimen Qut-of-Straichtnesses

Length of Length of
Specimen : Specimen
Specimen Form of Qut-of-Straightness Considgred Form of Out-of-Straightness Considered
Numbex Curvature (mm/m) m(ft) Curvature (mm/m) m(ft)
1 Single 1.31 4.3(14) Single 0.5 2.4(8)
Local Imperfection Local Imperfection ,
2 Near Weld 2.0 2.1(7) Near Central Weld 2.0 2.4(8)
3 Single 1.0 6.1(20) "Single 0.5 6.1(20)
4 Single 0.62 6.1(20) Single- 0.83 4.6(15)
5 Single 0.32 5.5(18) Single 0.65 5.5(18)
6 Double 0.63 3.7(12) Triple 0.75 3.0(10)
s : Local Imperfection -
7 Triple 0.91 7.0(23) Near Fnd 1.71 2.1(7)
8 Double 1.18 5.8(19) Single 0.67 7.6(25)
9 Triple 1.41 4.9(16) Triple 0.63 5.8(19)
10 Triple 1.45 4.6(15) Single 1.25 3.0(10)

aapT Specification (1) allows 1.0 mm/m every 3 m



Table 4 Unintended Initial End Eccentricities

(Center of Pipe Relative to End Block)

Top Head Bottom Head
Specimen | o mm (in) 8, .mm(in) gggg 6_mm(in) 8. mm(in) gggg
Number E N ME E N MQ
1 ——— - -- -~ —— ——-
2 -——- - -— 0 -1.0(~0.04) 0.001
3 - ——- == |=2,0(~0.08) 0 0.002
4 -1.5(-0.06) =~1.5( 0.06) 0.002 - - .-
5 0 -7.9(-0.31) 0.045 0 0 0
6 4,8( 0.19) 3.3( 0.13) 0.029{~1.5(~0.06) 0 0.008
7 10.4( 0.41) 4.8( 0.19) 0.083; 4.8( 0.19) 0 0.034
8 -7.9(~-0.31) 0.8( 0.03) 0.062 0 0 0
9 0.8( 0.03) -1.5(-C.06) 0.009;~4.8(-0.19) 10.4(-0.41) 0.084
10 9.7( 0.38) 0 | 0.053. .09) 3.3(C 0.13) 0.022
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Table 5 Failure Mechanism and Direction

Location of

Critical Section Direction

Specimen Failure (ﬁ\a of Buckling
Number Mode L w,r.t. Weld Remarks
1 plastic hinge 0.48 50-60° to weld in lower yield strength
: can ) :
2 plastic hinge 0.48 70° to weld in lower yield strength
can
3 plastic hinge 0.57 perpendicular in lower yield strength
to weld can
4 plastic hinge 0.62 parallel to initial buckle in lower
weld yield strength can
5th plastic hinge, 0.38 perpendicular out of central can to
en ; , R .
local buckling to weld avoid high compression
in weld
6 local buckling 0.82 60-700 to weld out of central can to
avoid high compression
in weld
7 plastic hinge 0.41 perpendicular in lower yield strength
to weld can
8 plastic hinge 0.64 45° to weldb weld in tension in
lower yield strength
can
‘ b
9 local buckling 0.27 60~90° to weld  buckle in lower can to
avoid weld in compres~-
.sion
10 local buckling 0.56 perpendicular  in upper can no imme-
to weld diate reason obvious

a ,
x measured from base of specimen

out-of-straightness: may be a factor in determining buckling direction of

these specimens
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T : Table 6 Failure Behavior Data

‘Maximum: : -
Measured Top End
. & Rotation, © Predicted
Deflection .m T 0
Specimen at Center Lg Bottom End <_E>
Number 6m mm (in) x10 Rotation, GB ‘ GB
1 53(2.07) 0.96 —— ‘-
2 57(2.24) 1.04 0.70° 1.0
3 84(3.31) 1.10 1.15 1.33
4 96(3.79) 1.26 1.01€ 1.63
5 79(3.10) 1,03 0.67 0.61
6 49(1.92)2 - 4.42P 4.56
7 184(7.26) 1.68 0.57 0.70
8 140(5.50) 1.27 1.53 1.78
9 106(4.16)% - 0.32 1 0.37
10 121(4.77) 1.10 1.74¢ 1.27

AMaximum deflection closer to a quarter~point
Approximation taken up to 20° from the buckling direction

c . s ) 1 . ; .
Experimental evidence that bilinear approximation inadequate
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