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Abstract

High strength concrete filled tube (HSCFT) columns have been used in several high-rise building
projects around the world in the last decade. With very few reported experimental results on the
performance of such members, this is clearly an aspect of structural engineering where practice is
far ahead of the research. A limited study on circular HSCFT beam-columns, presented in this
thesis, was conducted to obtain additional experimental data on the behavior of these structural
elements and assess recent design code provisions with regard to circular concrete filled tube
(CFT) columns. Three long beam-columns ( L ~ D = /3.5 ) were tested under constant axial
compression and incrementally increasing lateral displacement reversails. The level of the axial
load was the main parameter investigated in this experiment. In addition, one short column was
tested in concentric compression. All specimens had the same cross-sectional geometry to allow
for direct comparison. Both strength and deformability issues were addressed. Various aspects of
concrete confinement in circular CFTs were analyzed. A comparative study of North American
and European design code provisions was carried out. The experimental results were compared

with theoretical predictions of strength.

Test results indicate that the use of high strength concrete for circular CFT members does not
cause any dramatic changes in the behavior. General principles of structural analysis can be safely
applied to circular HSCFTs. Beam-columns tested in this study exhibited ductile hysteresis
behavior with no or little “pinching”. Concrete confinement effects were found to contribute to the
flexural strength, and this contribution increased with the increase of the axial load level. The local
buckling of steel tubes did not cause any immediate changes in the behavior of beam-columns.
Significant discrepancies were found between major codes in terms of design provisions for
circular CFT columns, especially in predicting flexural strength. North American codes were
shown to be more conservative than Eurocode 4, but all codes gave conservative predictions of
strength compared to the experimental results. A less conservative design approach was
recommended for CAN/CSA-S16.1-94.
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Notations

area of concrete core in column section

gross area of column section

area of steel tube section

outer diameter of circular steel tube

modulus of elasticity of concrete

modulus of elasticity of steel

eccentricity of axial force acting on column

lateral force acting on column

compressive strength of concrete obtained from standard cylinder test
strength of confined concrete in column

parameter defined in Eq. 4.54

lateral confinement pressure

longitudinal stress in steel tube

circumferencial stress in circular steel tube

modified yield strength of steel tube, defined in Eq. 4.22
yield strength of steel tube

distance defined in Eq. 4.45

moment of inertia of concrete core in column section
moment of inertia of steel tube section

effective length factor

lateral confinement factor

factor defined in Eq. 4.11

modification factor for concrete

unbraced length of column, or shear span

bending moment acting on column

flexural strength of member in pure bending
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flexural strength of beam-column

axial compressive force acting on column

nominal axial compression capacity of column, defined in Eq. 4.1
axial compression capacity of concrete core

axial compression capacity of steel tube

axial compression capacity of column

steel contribution factor, defined in Table 2.1

ratio of the lesser to the greater end moment in column
radius of gyration of concrete core in column section
radius of gyration of steel tube section

elastic modulus of steel tube section

wall thickness of steel tube

plastic modulus of concrete core in column section
plastic modulus of steel tube section

ratio defined in Eq. 4.15

strength reduction coefficient, defined in Eq. 4.53
parameter defined in Eq. 4.58

parameter defined in Eq. 4.57

lateral displacement at point of inflection

yield displacement

maximum displacement

longitudinal strain in steel tube wall
circumferencial strain in steel tube wall

parameter defined in Eq. 4.56

parameter defined in Figure 4.6

parameter defined in Figure 4.6

coefficient defined in Eq. 4.46

coefficient defined in Eq. 4.49

coefficient defined in Eq. 4.47
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yield curvature
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displacement ductility factor

parameter defined in Eq. 4.32
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Chapter 1

Introduction

Structural engineers aim to efficiently utilize the available construction materials. Composite
structures, made of concrete and steel, take advantage of the strength characteristics of both
materials. In this context, a column made of a circular steel tube filled with concrete offers many
advantages for economic design. The two materials are mutually beneficial: the steel tube confines
the concrete core, effectively increasing its strength and ductility, preventing the spalling of the
concrete and protecting it from accidental impact, while the concrete delays the local buckling and
prevents the ovalization of the steel tube. Concrete-filled tube (CFT) columns offer technological
advantages as well. Formwork and traditional reinforcement for columns are no longer required,
which significantly reduces material and labor costs and speeds up the construction process. The
use of steel tubes as erection columns, and filling them with concrete at a later construction stage,
combines the speed of conventional steel erection with the cost effectiveness of reinforced
concrete structures. There is evidence of increased fire resistance of CFT columns due to the
concrete core, which reduces the thickness of required fire protection in many cases. For some
applications, fireproofing can be eliminated altogether, which offers opportunities for exposed
steel construction.

As high strength concrete gained acceptance in the construction industry, it was logical to use it in
CFTs. High strength concrete filled tube (HSCFT) columns have been used in several high-rise
buildings around the world in the last decade. With very few reported experimental results on the
performance of such members, this is clearly an aspect of structural engineering where the practice
is far ahead of the research. A limited study on circular HSCFT beam-columns, presented in this



thesis, was conducted to obtain additional experimental data on the behavior of these structural

elements and assess recent design code provisions with regard to circular CFTs.

A short historical review, outlining major steps in how engineers gained kmowledge and
experience with circular CFT columns, is presented in the next section.

1.1 Historical Review

The earliest report to be found in the literature on the use of CFT columns is by Sewell (1902). He
proposed that the danger of internal rusting, one of the past objections to the use of steel box
columns, could be eliminated by filling the columns with concrete. Sewell reported that he had
supervised the filling of columns with concrete in a new building, and later, when some of the
columns for a traveling crane were accidentally overloaded, he concluded that the concrete filling
increased the stiffness of the columns by at least 25%. He also predicted that a column filled with
concrete would buckle much less easily in a fire than an empty column of the same size. However,
for long time after that, the concrete filling was considered rather as an extra safety measure, and
the contribution of concrete to the strength and stiffness of the tubular steel columns was usually

ignored.

Publications of Vogeli (1948, 1950) indicate that circular CFTs were used in electrical
transmission line towers in Switzerland. It might be concluded that similar practice was adopted in
Germany, because Kloppel and Goder (1957) referred to German VDE 0210 “Regulations for the
construction of overhead power transmission lines™ as to contain a design formula for CFTs at that
time. Circular CFTs also have been widely used as piles (Mason, 1950; Committee No. 30, 1954).
Armco Drainage and Metal Products Ltd., which operated branch offices and plants all over the
United Stated and Canada, sold millions of linear feet of circular CFT piles (Barnard, 1954). Lally
Column Company Co. (1962) in USA specified “safe” working loads for CFT columns and
suggested patented connection details for flat-slab and rigid-frame applications. lengar (1977)
reports that CFT columns were most often used for construction of one to four story buildings
where smaller column sizes, exposed steel and repetitious use of standard off-the-shelf
prefabricated components were primary design considerations. Simple, non-continuous beam-to-

column connections either by a shear plate or a bearing cap plate were generally used.



Circular CFT columns were successfilly used in projects where high vertical loads were combined
with severe restrictions to the overall size of the cross-section, like the multilevel motorway
interchange at Almondsbury in Great Britain (Kerensky and Dallard, 1968) and the annex to the
city hall of Wuppertal in Germany (Roik and Bergmann, 1985).

Stelco Inc. as the only Canadian member of the International Committee for the Development of
Tubular Structures (CIDECT) published a monograph (Stelco, 1981) providing a simple design
method for CFT columns. It mentions that the Sunnybrooke Towers, a 15 story luxury apartment
building in the Cote St. Luc district of Montreal, incorporated CFT columns. Another application
of CFT columns in Canada was reported by Ghosh (1976). Pipe columns, 14 m long and about
330 mm in diameter, supporting the roof of the oil storage tanks in Lennox generating station
were strengthened by filling them with concrete to enable them to resist limited horizontal loads.
Pumping concrete was found to be an effective and economical way of filling, and once the crew
on the job became familiar with the process, they were able to fill 35 columns in a single shift

with one pump.

Gong et al (1994) described the application of circular CFT columns in three tall buildings, up to
30 stories high, constructed recently in earthquake areas of intensity 7 in China. These were the
Quanzhou Post & Telecommunication Center, the Xiamen Jinyuan Building and the Xiamen
Fukang Building. Steel tubes with diameterxthickness dimensions of up to 1000x10 mm were
used in combination with 30-40 MPa concrete. Fire resistance was obtained by covering the steel
tube with granite shell in the lobby or 30 mm thick ferro-cement coating on other floors. Apart
from the increased floor area, savings of 10% in steel and 68% in concrete were achieved.

The use of circular CFT columns in Australia was pioneered by Connell Wagner in the 43 story
building of Casselden Place in Melbourne which was completed in 1991 (Bridge and Webb,
1992). Apart from savings in materials, the major economy was achieved through the
constructability of this type of column. Up to six floors of metal decks and concreted floors were
designed to be supported by the bare steel tube. The concrete was then pumped into and up the
steel tubes through a pump line connected to the bottom of the column section. With the use of a
special 60-70 MPa concrete mix, neither the vibration of concrete nor the preparation of the
interface between pours was required. Circular steel 950x8 mm tube sections (nominal yield
strength - 250 MPa) were reported to be very light compared with the traditional steel columns. At



the bottom of Casselden Place, a two level column section weighed just over two tons, and no
special lifting equipment or splice machining for erection was necessary. Uy and Patil (1996)
reported circular CFT columns had been used with great success in many other tall building
projects in Australia, including the Commonwealth Center in Melbourne, the Market City in
Sydney, the Riverside Office and the Myer Center in Adelaide. Each of these buildings was over
30 stories high.

There had been many reports (Bauer, 1988; Gondfrey, 1987; Randall and Foot, 1989; Ralston and
Korman, 1989) on the construction of the First Pacific Center and the Two Union Square office
complex in Seattle, where the columns were made of large cylindrical steel shells filled with high-
strength concrete of up to 19.000 psi (131 MPa) specified strength. The circular steel tubes had
diameterxthickness dimensions of up to 10 ft x 0.625 in. (3048x15.9 mm) and bad shear studs
welded to their inner surfaces. Steel savings and other construction economies growing out of the
structural system reportedly made for overall savings of 30% in construction costs. Another seven
high-rise building projects in Seattle and San-Francisco, employing HSCFT columns were
reported to be completed, under construction or in design at that time. The structural design of all
these projects was conducted by Skilling Ward Magnusson Barkshire Inc., and some aspects of the
design were discussed by Magnusson et al (1992).

It looks like the experimental research on CFTs always lagged behind practical applications. Early
experiments with circular CFTs were reported by Swain and Holmes (1915) who conducted
compression tests on concrete-filled “pipe columns”. Lohr (1934) tested six short circular
“encased concrete” columns by applying compressive loads to concrete core only. A publication
of the Housing and Home Finance Agency (Russell, 1953) presented some experimental results
on longer columns and established an allowable working load formula, which was adopted for
some time in the United States and Canada. A very comprehensive program was carried out in
Germany by Kldpel and Goder (1957) who tested a large number of circular CFT columns under
short and long term axial loads. Extensive research on circular CFTs in many countries began in
the 1960s. Most of the significant work conducted then and later is described in detail in the next
section.

It is worth to note here, that extensive experimental work has been done recently on the fire
resistance of CFT columns, but it is not described in this thesis. References for this particular area
of research could be found in the publication of Hass (1991). It is well known, that the presence of



concrete core, which absorbs part of the heat, improves the fire resistance of CFT columns in
comparison to hollow steel tubes. However, holes in the shell should be provided to prevent the
accumulation of steam pressure from any moisture entrapped inside. The fire resistance could be
further enhanced, when necessary, by providing internal reinforcement or by conventional
methods of fire protection for steel structures.

The applicability of CFTs was officially recognized in 1936 when ACI “Standard Building Code™
specified an allowable load for such sections. Later, many codes established special regulations
for CFTs, which were gradually updated as more experimental information became available. For
a long time, CFT sections along with other composite sections, were treated with suspicion, and
the codes tended to underestimate their capacity, because it was not clear whether the different
procedures developed for reinforced concrete or structural steel would be appropriate for the
composite section. For example, the ACI-71 code, due to the introduced requirement of minimum
eccentricity, was in many cases allowing loads on CFT columns less than those obtained from
AISC provisions of that time for hollow sections alone. This fact was pointed out by Furlong
(1974) and Iyengar (1977). The need for the reconciliation of various philosophies regarding
composite columns was obvious. This issue was addressed by Furlong (1976, 1983) and Elnashai
et al (1990). In this thesis, design procedures for circular CFT columns provided by several recent
codes are discussed in Chapter 4.

1.2 Review of Previous Research

A summary of previous research on CFTs reported in the literature, arranged in chronological
order, is presented in this section. Most of this research usually consisted of an experimental
investigation complemented with an analytical assessment of results. The researchers addressed
the issues of ultimate load capacity, ductility and seismic resistance, overall stability and local
buckling of the tube, bond strength of concrete-steel interface and concrete confinement effects.
Only experiments or analytical results regarding circular CFTs are described in some detail here.

H.J.Salani and J.R.Sims (1964)

The objective of this investigation, conducted at Rice University in Houston, Texas, was to

examine the behavior of circular mortar-filled tubes in concentric compression. Seventeen mortar-



filled specimens, 60 in. (1524 mm) long, ranging from 1 to 3 in. (25-76 mm) in diameter, were
tested. In addition, nine empty tubes of the same length and cross-section range were tested under
similar conditions to provide a basis for comparison. Seamless cold drawn finish annealed tubing
was used, with D/t ratios ranging from 14 to 56. The mortar strength varied within 2.6-4.0 kst (18-
28 MPa). Tensile tests were performed on full sections of tubing to determine the mechanical
properties, and the same value of yield strength of 76 ksi (524 MPa) was established for all
sections.

The 3 in. (76 mm) diameter empty tubes were reported to fail by local crumpling rather than by
overall column buckling. No detailed description of the failure mode of other specimens were
provided. Experimental values of the ultimate axial load capacities were compared to the
theoretical values obtained from the tangent modulus formula, and limited agreement was found.
The values of the tangent modulus of elasticity used in the computations of the theoretical loads
were reported to be obtained from the stress-strain compression tests on short stubs of each
individual tube, but no information about these tests was presented.

Both experimental and theoretical ultimate load capacities of the 1 and 1.5 in. (25 and 38 mm)
diameter mortar-filled tubes were reported to be less than those of the corresponding empty tubes.
The authors attributed that to the low ratio of the area of the mortar to the area of the steel. This
remains the only case, when filling a steel tube was reported to produce a decrease in the load

capacity.

N.J. Gardner and E.R. Jacobson (1967)

This paper describes a theoretical and experimental investigation into the behavior of circular
CFTs under axial compression, and is based on the Master’s thesis of Jacobson (1966). The
experiment consisted of testing 10 long and 19 short columns. In addition, one short empty tube
and two short tubes filled with compacted aggregate were tested in compression. To establish the
repeatability of results, two long columns of each size were tested. For each long column, a short
control stub column and concrete control cylinders were made from the same concrete. Seamless
cold-drawn annealed tubing was used for all specimens. Outer diameters ranged from 3 to 6 in.
(76 and 152 mm), wall thicknesses varied between 0.067 and 0.194 in.(1.7-4.9 mm) To ensure
consistent steel properties, the tubing was purchased in lengths of 20 ft (6.1 m) as this allowed the



cutting of the long columns, short columns and tension test specimens from the same tube. The
stress-strain characteristics of the steel tubes were determined from tension tests of complete
section specimens with wall thickness reduced over a center length of 2 in.(51 mm) by machining
the inside and outside surfaces. Considerable departure from the nominal yield strength of 49 ksi
(338 MPa) was revealed. The measured yield strength for different tubes varied between 52.69
and 91.87 ksi (363 and 633 MPa). Concrete strengths ranged from 3 ksi to 6.3 ksi (21-43 MPa).
For short columns, the length was taken to be twice the outer diameter. The length/diameter ratio
of long columns varied between 8 and 20.

The experimental ultimate loads were presented and compared to the theoretical values calculated
using the ACI and NBC working stress design formulas of that time. The experimentally
determined factors of safety ranged from 3.37 to 5.13 for long columns, and exceeded 4 for all

short columns.

Theoretical axial load capacities of short columns, calculated as the sum of the failure loads of
concrete and steel acting alone, were significantly lower than the measured maximum loads. Thus,
it was evident, that steel-concrete interaction increased the capacity of the composite section.

The authors proposed a method to determine the tangent modulus of elasticity of concrete
confined in a steel tube from a stub column test. By using this concrete characteristic and the usual
tangent modulus of steel, determined from tension tests, the buckling loads for long columns were
estimated by the tangent modulus formula. These estimates showed to be in reasonable agreement
with test results.

The effects of column end loading conditions were investigated. All long and most of the short
columns in this program were loaded through cement sulfur caps which extended over the whole
section to ensure that both concrete and steel are loaded. Two of the 3 in. (76 mm) diameter short
columns were loaded through a circular ram fitting inside the tube, so that the load was applied to
concrete core only. These columns failed in a more pronounced “barrel shape™ mode, but gave the
same maximum loads as similar columns tested with caps. Another two specimens of the same
size and properties were prepared with concrete recessed at one of the ends, so that only the steel
was loaded. These columns failed by local buckling at the end where the concrete was recessed,
and produced ultimate loads equal to the capacity of a similar empty steel tube.



Tubes filled with compacted aggregate showed surprisingly high maximum loads that exceeded
those of similar tubes filled with concrete.

The authors recommended further research to investigate the phenomenon of local buckling of
tubes and concrete confinement and creep effects associated with circular CFT steel sections.

N.J. Gardner (1968)

This experimental study addressed the use of spiral welded steel CFTs as axially loaded
compression members. This kind of steel tubes is produced by bending a narrow steel strip into a
helix and then welding up along the spiral joints. Eight long and eleven short composite columns
and two long empty steel tubes were tested in concentric compression. All columns were 6.6 in.
(168 mm) diameter with wall thicknesses varying between 0.103 and 0.197 in. (2.6 and 5 mm).
The strength of concrete and the yield strength of steel were in the ranges of 2.6-5.3 ksi (18-37
MPa) and 28.6-48.3 ksi (197-333 MPa), respectively. The yield strength of the steel was
determined in both longitudinal and hoop directions from full section compression tests and
internal pressure tests. Tests to determine the manufacturing stresses were also undertaken and
large elastic strains were found to exist in the hoop direction. In order to take account of the
residual stresses, it was recommended full section compression tests be used to determine the
stress-strain properties of spiral welded steel tubes.

The columns were tested and analyzed much in the same manner as the earlier work on seamless
CFT columns (Gardner and Jacobson, 1967). All long columns exhibited ductile behavior.
Maximum loads of all short columns were considerably greater than the theoretical capacities that
neglect the confinement of concrete. The results presented showed that both spiral welded and
seamless CFTs behave in a similar way under axial compression.

R.W. Furlong (1967, 1968)

These publications reported tests on 30 circular and 22 square steel CFT columns conducted in a
research program at the University of Texas. Cold-rolled welded steel tubing was employed in this
program. All specimens were 36 in. (914 mm) long, with outer dimensions varying between 4.5



and 6 in. (114-152 mm). For circular specimens, the yield strength of steel tubes was between 42
ksi and 60 ksi (290 and 414 MPa). The yield strength for the 4.5 in. (114 mm) diameter tubes was
established from manufacturer’s mill reports. For other circular tubes with diameters of 5 and 6 in.
(127 and 152 mm), the yield strength was obtained by using the 0.002 strain offset from stress-
strain curves of compression tests on plain tubing. The concrete strength ranged between 3.05 ksi
and 4.2 ksi (21 and 29 MPa).

Eight circular columns were tested in concentric compression only. Another 22 were tested in an
eccentric loading frame, which allowed the application of both concentric and eccentric axial
forces. During each test, an initial concentric load was applied to a column. A second, eccentric
load was then applied, and the concentric load reduced accordingly to maintain constant total axial
load on the specimen, while the applied bending moment due to eccentric load was increased until
failure occurred. Lateral deflections at midheight of specimens were measured during these tests,
and the load-deflection component was added to the moment produced by the eccentric force to
obtain the total moment.

Ultimate strength combinations of axial load and moment were presented and analyzed. On the
basis of test observations and some analytical considerations, equations for stiffness and strength
were developed. The equation proposed for the axial load capacity not only neglected any increase
in concrete strength due to confinement, but limited the concrete core bearing capacity by the
strain level required for the steel to yield. Moreover, it was suggested, that in columns with steel
tubes of yield strength in excess of 60 ksi (414 MPa), the encased concrete will crush before the
steel yield strength is developed, and a limiting value of about 50 ksi (345 MPa) yield strength for
steel was established. However, this equation produced rather good agreement with concentric
compression tests, probably due to the fact, that no account for slendemess or secondary moment
effects was taken for these tests, although it was reported that axial load specimens showed slight
transverse deformations at the midheight. Estimates of pure bending strength derived from the
plastic moment capacity of the steel tube alone proved to be low. Consequently, the proposed
thrust-moment interaction equation, in the form of an ellipse, was undesirably conservative for
most of the data. More accurate estimates of beam-column strength were made by treating the
CFTs as ordinary reinforced concrete sections.

The interaction between steel and concrete was observed indirectly by means of strain-gage
rosettes on four faces of the specimens. For loads less than about 90% of the maximum loads



obtained, the measured ratio between lateral and longitudinal strains did not depart much from the
value of Poisson ratio, measured for steel tubes alone in compression. Based on this observation,
it was suggested that the steel and concrete carried their loads independent of each other. In order
to prove this point, some of the tests were made on pairs of specimens identical in all respects
except for a film of axle grease on the inside face of one steel tube for each pair of columns prior
to the placement of concrete inside the tubes. These tests showed no significant difference in the
behavior of specimens in the pairs, regardless of shape, concrete strength, steel wall thickness or
loading combination. Since the investigators were confident that no bond could develop in the
greased specimens, they concluded that any bond that may have existed in the ungreased
specimens must have been broken to permit separation between the steel tube wall and the
concrete core at relatively low loads.

Steel tubes in all column specimens, with outer diameter/thickness ratios of up to 98, were able to
develop nominal yield strains without local buckling, indicating that the concrete core stabilized
the thin-walled steel encasements.

Some creep effects, as indicated by reductions in load at almost fixed displacement, were
observed during tests after longitudinal yielding of tube walls had occurred. Furlong expressed the
feeling, that the ultimate loads reported could be as much as 10% higher if the tests were
conducted in continuous manner, without frequent interruptions for strain and deflection gage
readings. Similarly, some reduction in maximum loads could be anticipated, if they were sustained
for days of weeks instead of minutes.

Furlong advocated further investigations into the behavior of CFT columns and the economic
advantages to be gained through the use of concretes with f;’in excess of 8 ksi (55 MPa).

P.K. Neogi, H.K. Sen and J.C. Chapman (1969)

These authors reported the results of a numerical and experimental study conducted at the Imperial
College, University of London. This was the first reported study where finite fiber sectional
analysis was applied to circular CFT columns, loaded eccentrically. It was assumed that complete
interaction takes place between the steel and the concrete, but both concrete and steel are stressed
in the axial direction only. The differential equation governing the bent equilibrium configuration
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of an eccentrically loaded column was derived by equating the internal and external forces and
moments at a displaced section. The “exact” deflection shape was then obtained by integrating
numerically this equation along the length of the column. A computer program was developed to
calculate the load-deflection curves of eccentrically loaded columns, where the lateral deflection
and axial load values were calculated for a series of equilibrium shapes defined by increments of
curvature at the central cross-section. Alternative procedure was also proposed by assuming the
deflected shape to be part of a cosine wave. This simpler procedure was shown to give sufficiently
accurate results with the maximum loads calculated always conservative but not more than 5%
below the values given by the “exact” shape calculation.

Experiments were carried out on 18 circular CFT columns varying in overall length from 55.5 to
131 in. (1410-3327 mm). For ten of them hot-finished seamless mild steel tubes with nominal
diameters of 6.63 in. and 5.5 in.(168 and 140 mm) were used. The other 8 columns consisted of
cold drawn seamless mild steel tubes having S in. (127 mm) diameter. The wall thickness varied
between 0.064 in. and 0.384 in.(1.6 and 9.7 mm). The loads were applied with end eccentricities
ranging from 0.25 to 1.875 in. (6.3-47.6 mm) The steel properties were determined from tensile
coupon tests and compression tests on hollow stubs. The yield strength of hot-finished tubes was
about 17.5-20 tonffin* (271-310 MPa), and various three-linear stress-strain relationships were
adopted for the cold-drawn tubes. The concrete cube strength was between 3920 and 12100 Ibf/in®
(27 and 83 MPa).

All columns failed by overall buckling and the final deflected shape of columns was symmetrical.
Longitudinal compressive and tensile strains in excess of 3.2% and curvatures in excess of 0.35
m’! were observed at the central section, but no local buckling of steel tubes was observed. One of
the tubes was cut open and the concrete was found to have retained cohesion.

Reasonable agreement was found between numerical and experimental results for columns having
iength/diameter ratio greater than 15. It was concluded that triaxial effects are not important for
such columns. The authors also concluded that there could be some augmentation in the maximum
load due to the triaxial effect for shorter columns, but this effect diminishes as the eccentricity

increases.
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R.B. Knowles and R. Park (1969,1970)

These two papers presented the results of experimental work on axially and eccentrically loaded
CFT columns carried out at the University of Canterbury, New Zealand. In addition, hollow steel
tubes were tested to provide means of comparison. A wide range of slenderness ratios was
investigated. In addition to 3x0.133 in. (76x3.4 mm) square tubes, two circular sections with
diameterxthickness dimensions of 3.5x0.23 in. (89x5.8 mm) and 3.25x0.055 in. (83x1.4 mm)
were employed. The circular tubes were of hot-finished seamless mild steel, with yield strengths
of 58 ksi and 70 ksi (400 and 483 MPa), respectively. The yield strength was determined at 0.002
strain offset from compression stress-strain curves obtained during tests on 10 in. (25 mm) long
tubes.

The concrete properties were determined from 3.1x8 in. (79x203 mm) cylinder specimens,
prepared under conditions as close as possible to those in the core of a tube. The moulds were
made from steel tubes split along a diameter and clamped together to form concrete cylinders of
the same length as the cores of column specimens. These were cut later by diamond saw into 8 in.
(203 mm) lengths and tested. The average concrete strength of 5925 psi (41 MPa) was determined
from cylinders cut from the midlength of the sample cores. It was also found that generally the
concrete had a higher strength at the bottom of a column than at the top, probably due to water
gain at the top during casting. This variation was reported to be considerable. However, despite
this strength variation, all tested columns failed at midheight.

The stress-strain relationships established for short hollow steel tubes and concrete were used to
estimate ultimate loads for longer column specimens by the tangent modulus formula. These were
compared with the experimental results. Six hollow columns and six concrete-filled columns
ranging in effective length from 9 in to 68 in. (229-1727 mm) were tested axially for each section
employed. It was found that the tangent formula underestimates the ultimate load of shorter
circular CFT columns due to the increase in concrete strength caused by confinement. This was in
contrast to short square tubes that showed no evidence of concrete strength enhancement. It was
concluded that longer circular CFTs fail by overall column buckling before the longitudinal
compressive strain reaches the level when concrete starts to increase in volume, so that no
confinement effects could be expected from columns with higher slenderness ratios. A method
based on the observed stress-strain behavior of concrete was proposed for calculating the limits of
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slenderness ratio, which determines whether an increase in concrete strength due to triaxial
confinement is likely or not. From this method it was further concluded that only short columns
made of high strength steel tubes, with at least 50 ksi (345 MPa) yield strength, are likely to show
an increase in strength due to confinement of the concrete by the steel tube.

The authors proposed two design equations for long and very long ranges of CFTs subjected to
axial compression. These equations were based on summing the separate tangent modulus
buckling loads of the concrete core and the steei tube. Both of these equations neglected concrete
confinement effects, and were supposed to give conservative results for short columns. They were
shown to be conservative in most cases when compared to experimental axial capacities of CFTs
tested by the authors and another 100 tube column test results reported by other investigators. The
results of axial compression tests of this experimental investigation were also compared with other
design equations, available at that time, and it was shown that they do not give a better prediction
of the ultimate loads than the equations proposed by the authors.

Another 10 hollow tube and 10 CFT columns, 32 to 56 in. (813-1422 mm) long, were tested
under compressive loads with initial eccentricities of 0.3 in. and 1.0 in. (7.6 and 25.4 mm). The
results were compared with theoretical values obtained by simple straight line interaction formula.
However, the scatter in the experimental results obtained was larger that could reasonably be
expected, and that reflects the difficulty of measuring actual eccentricities at failure and the very
approximate nature of the linear interaction.

The authors noted that the CFTs tested were able to undergo considerable inelastic strain after
buckling without any sign of local failure of the steel tubes. They concluded that CFT columns
have large energy absorption capacities, especially the short columns, although no quantitative
results were obtained.

W.-F. Chen and C.H. Chen (1973)
This paper presented results of an analytical study on CFT columns loaded concentrically or
eccentrically. Theoretical moment-curvature relationships at various levels of thrust were obtained

for the sections considered. The circular section studied had 3.5 in. diameter, 0.23 in. steel wall
thickness, 5.8 ksi steel yield strength and 5.925 ksi concrete cylinder strength. These parameters
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were chosen in order to allow the analytical results to be checked against the experimental data
reported by Knowles and Park (1969). In the development of moment-curvature relationships, it
was assumed that plane sections remain plain after bending and concrete has no tensile strength.
While uniaxial elastic-perfectly plastic stress-strain relationship for steel was adopted in all cases,
three types of stress-strain relationship for concrete were studied:

1) uniaxial state of stress, with the maximum concrete strength of 0.85 1"

2) triaxial state of stress, assumed to increase the ductility of concrete only;

3) triaxial state of stress, assumed to increase both the ductility and the strength of concrete (the
maximum strength increased from 0.85 2" to f.").

By using the sectional moment-curvature-thrust relationships and the column curvature curve
(CCC) method (Chen and Atsuta, 1976), axial load-moment interaction curves were numerically
obtained for a wide range of length/diameter ratios and different column end eccentricity
conditions. In the analysis of concentrically loaded columns, an initial eccentricity of 0.1% of the
column length was assumed for the circular section to account for probable imperfections. The
presented theoretical curves of axial capacity plotted versus length/diameter ratio showed that the
effect of the triaxial state of stress in concrete on the column strength is unimportant when
length/diameter ratio is greater than 15.

From the comparison with experimental results it was concluded, that the analysis based on
uniaxial strength of concrete is sufficiently accurate for columns with length/diameter ratios of 15
and more. However, even the results based on the triaxial state of stress in concrete
underestimated the experimental capacities of shorter circular columns, probably due to the fact
that the assumed increase in strength for confined concrete was very small.

M. Tomii, K. Yoshimura and Y. Morishita (1977)

The authors reported the results of a very comprehensive investigation carried out at Kyushu
University in Japan. Tests were conducted on 268 CFT columns under concentrically axial loads.
One hundred and forty eight columns were made of circular tubes, 60 were square and 60
octagonal. [n order to establish repeatability of the results, three columns with identical properties
were tested for each specimen type. Circular steel tubes had the diameters of 100 mm and 150
mm with wall thicknesses ranging between 2 and 5.4 mm. Hot-finished welded mild steel tubes
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were used for all columns. All tubes were first cut into approximate lengths, then annealed to
remove the residual stresses and machined in a lathe to insure parallel flat ends and accurate
lengths. Steel properties were determined from tension coupon tests and full-section compression
tests. The yield strength ranged between 260 and 348 MPa. Both normal and expansive concrete
were used for tube filling. However, the type of concrete had very little or no effect on the
behavior of CFT columns. Concrete strength was determined from 100 x 200 mm cylinders and
varied between 11.7 and 37.1 MPa.

The column specimens were arranged in two series. The main purpose of the tests of Series [ was
to examine the effect of column length on the ultimate strength of CFTs. All columns tested were
rather in the short range with length/diameter ratio not exceeding 7. Shorter columns failed by
crushing, while in the case of longer columns general buckling was observed. All square columns
showed deterioration of load after the ultimate level was reached. On the other hand, circular and
octagonal columns exhibited elastoplastic type of load-deformation relationship, except the
longest columns ,with length/diameter ratio of 5 and more, which failed in general buckling. Also,
strain hardening phenomena were observed in the load-deformation relationships of shorter
circular and octagonal columns with thicker steel walls. Ultimate loads of circular and octagonal
CFT columns tended to decrease gradually with the increase of slenderness, but in all cases
exceeded the “nominal squash load” computed as the sum of the strength of steel and concrete
sections. On the other hand, there was no evidence of an increase in axial strength due to

confinement for square columns even when the slendemess was low.

In the tests of Series II, the effects of diameter/thickness ratio and concrete strength were
investigated. All columns of this group had length equal to about 3 times the diameter or the side
length. From the results of tests of Series L, it was concluded that the inelastic behavior of columns
with such dimensions are not affected by the end conditions. It was observed that circular and
octagonal CFT columns had considerably large load and deformation capacity after local buckling
had occurred, while square columns showed rapid deterioration of axial load capacity after the
initiation of local buckling.

The authors found that the ultimate capacities of circular and octagonal CFT columns were
considerably enhanced in many cases by strain hardening of the steel tube. The magnitudes of
ultimate capacity increase due to this factor were widely scattered and remarkably affected by the
slendemness ratio and wall thickness of the tube. In order to avoid complications associated with
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taking into account strain hardening properties of steel tubes, the concept of yielding strength was
proposed as the column strength instead of the ultimate strength. Yielding strength of a CFT
column was taken as the axial load at longitudinal strain of about 1%, i.e. when strain hardening
of the steel tube cannot be expected. The values of yielding strength divided by the nominal
squash load showed to be almost not affected by the diameter/thickness ratio and compressive
strength of concrete.

Linear relations between circumferencial strain and longitudinal strain were observed for circular
and octagonal tubes through wide range of longitudinal strain. Slope of these linear relationships
showed to decreased with an increase of steel contribution factor. It was further concluded that
after steel tube has yielded initially, the true longitudinal stress carried out by the steel tube drops
while the hoop stress increases due to concrete core lateral deformation, and both stresses
converge to certain steady levels of stress when the longitudinal strain is 5-10 times as large as the
longitudinal yield strain. These steady stress levels are affected by the steel contribution factor.

For circular CFT columns, from the experimentally obtained ratios of hoop/longitudinal strains in
the plastic range, the true axial loads carried by the steel tubes were determined by applying the
von Mises yield criterion. After that, the true axial strength of concrete core was determined by
subtracting the estimated steel tube strength from the experimental yielding strength of CFT
columns. As it could be expected, the true axial strength of concrete showed to increase with the
increase of steel contribution factor. Finally, the values of lateral confinement factor for concrete
were computed. These values showed rather large scatter between 1.4 and 4.8 with a mean of 2.6.

K.S. Virdi and P.J. Dowling (1980)

The purpose of this experimental investigation was to study the strength of bond between the
concrete core and the steel tube in circular CFT members. Tests were carried out on 88 specimens
made of seamless mild steel tubes 6 to 12 in. (152-305 mm) in diameter. The inside surfaces of
the tubes were wire brushed to remove any rust and loose scale present, and any deposits of grease
or oil were cleaned away. Polystyrene plugs 1.5 in. (38 mm) thick were fitted at the bottom of the
specimens, and the tubes were filled with concrete flush to the top. The strength of core concrete,
determined from tests on 6 in. (152 mm) cube samples, was in the range of 3.2-6.7 Ibf/in® (22-46
MPa). The plugs at the bottom were removed before testing to create an air gap and allow the
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concrete core to move.

The specimens were axially loaded through a 2 in. (51 mm) thick steel pad with a diameter about
0.5 in. (13 mm) smaller than the internal diameter of the steel tube being tested. The movement of
the concrete core with respect to the steel tube was measured at the top end by means of three 2 in.
(51 mm) travel electrical resistance gauge deflection transducers equally spaced around the
periphery of the steel tube. An initial load of about 1 tonf (10 kN) was usually applied to eliminate
any initial settlement effects due to irregularities on the concrete surface. This load was then
released, and the zero reading were recorded. After that, the loading was continued in most cases
until the concrete core ran out of the available travel of about 1.5 in. (38 mm).

The load-deflection response of all specimens showed a uniform pattern. Initially, the stiffness
offered by the bond was high. Later, a marked reduction in stiffness was observed. The curves
showed remarkably parallel slopes in the later stages of loading, suggesting that the resistance
offered at these stages could be attributed entirely to friction. It was concluded that the resistance
to push out loads in CFTs derives primarily from the interlocking of concrete in two types of
imperfections in steel tubing. The first, microlocking, relates to the surface roughness of steel and
the second, macrolocking, to the variations in cross-sectional dimensions along the length of the
tube, away from the ideal cylindrical surface, due to manufacturing tolerances. Microlocking
contributes to the initial stiffness of bond. It is broken when the concrete interface attains a local
strain of 0.0035 associated with the compressive crushing. The macrolocking is related to the later
stages of loading when primarily frictional movement occurs. These conclusions were supported
by tests on specimens with specially treated steel surfaces. Three specimens had their inside
surfaces machined to a smooth finish. An attempt was made to obtain good cylindrical surfaces
from top to bottom. These specimens showed dramatically reduced resistance to movement. A
sudden movement of concrete core accompanied by a sharp reduction in the load was observed
after initially stiff response. The inner steel surfaces of another 3 specimens were treated with a
lubricant in five coats. The response these specimens exhibited a near absence of the initial stiff
region, and the resistance increased gradually almost up to the level of the normal specimens
prepared without any special surface treatment.

The specimens were arranged in several groups to check the influence of various parameters
separately. It was found that the ultimate bond strength is not affected to any appreciable degree

by such parameters as the length of concrete-steel interface, age or strength of concrete, diameter
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or thickness of the tube. On the other hand, test results indicated that by better compacting both
microlocking and macrolocking were enhanced and higher values of bond strength were achieved.
Three of the specimens were dry cured and, surprisingly, showed about 20% higher values of
ultimate bond strength against similar wet cured specimens.

A characteristic ultimate bond strength was obtained by applying statistical corrections to the
mean test value of all normal specimens. The authors recommended the value of 150-160 1bf/in®
(about 1 MPa) for use in design.

R.J.T. Park, MLJ.N. Priestley and W.R.Walpole (1983)

This paper is based on the post-graduate research project of Park carried out at the University of
Canterbury, Christchurch, New Zealand. Six circular beam-columns were tested under fixed axial
load and cyclic lateral load applied at the midheight through heavily reinforced central stub
(giving shear span of 1600 mm). All test units consisted of 360 mm diameter mild steel cold-
rolled welded tubes 5 mm thick and had the total height of 3.9 m. They were arranged in three
pairs with one unit of each pair tested at the axial load level of 0.1 f°. A, and the other at 0.3 fc 4,.
The first pair of units, 1 and 2, consisted of continuous steel tubes, filled with plain concrete.
Units 3 and 4 were additionally provided with longitudinal and spiral reinforcement. Units 5 and 6
were also reinforced, but they were constructed with a gap of 300 mm in the continuity of the steel
tube at the midheight, so that the tube was embedded only 50 mm inside the central stub. The
concrete strength at the time of testing was 28-29 MPa, and the yield strength of the steel tube,
determined from coupon tension tests, was 370 MPa.

Under constant vertical load, the units were initially loaded horizontally in forward and reverse
directions to the level of 75% of their theoretical ultimate lateral load. From the resulting load-
deflection plots, the experimental values of yield displacement were obtained by extrapolating a
straight line from the origin through the peak load-deflection point obtained up to the level of the
theoretical ultimate load. The later was computed based on strain compatibility, the ultimate
concrete strain of 0.003 in compression, the measured steel yield strength and concrete unconfined
strength. After this initial loading, cyclic horizontal loading to increasing displacement ductility
levels was applied. All units were subjected to a minimum of 2 cycles at each of displacement
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ductility levels of + 2, 4, and 6. After that, dynamic testing at the frequency of 0.13 Hz and the
amplitude of approximately + 65 mm was carried out.

Local buckling of the steel tube at the critical sections of units 1-4 was observed during the first
cycle to a ductility level of +4. The bulging occurred over the 60 mm region immediately adjacent
to the central stub block. It was initially formed at only the extreme compression fibers of the
section and grew to a maximum outstand of about 15 mm by the end of second cycle to the
ductility level of +6. However, the local buckling of the steel tube appeared to influence only the
strength of unit 1. This unit suffered strength degradation at the second cycle to +6 when the
buckling spread right around the perimeter of the critical section. Under dynamic loading, units 1
and 2 experienced horizontal fracturing of the steel tubes at the bulging positions. Removal of the
steel casing after the test revealed that the concrete in the bulging region was crushed.

In general, it was concluded, that units 1-4 exhibited satisfactory seismic performance and showed
ductility capacities exceeding the requirements for bridges and buildings in New Zealand at that
time. The authors emphasized the significance of the steel tube casing to the structural
performance of the beam-columns. According to their estimates for units 1-4, at the ductility level
of 6 the steel tube was contributing about 70% of the flexural strength and 95% of the shear
strength. All four units showed ultimate capacities in excess of the ACI theoretical predictions.
Units 1 and 2 (tested under axial load levels of 0.06 P, and 0.8 P, , respectively) gave
overstrength of 18% and 26%, respectively.

Units 5 and 6, with discontinuous casing, were loaded up to ductility levels of +18 and performed
extremely well. In the case of unit 6, which was more heavily reinforced, very little damage was
inflicted even after dynamic testing consisting of 81 cycles to ductility level of +21. Further slow
cycle testing of this unit showed that it still had strength in excess of the theoretical prediction
even at ductility levels as high as +40. These extremely good results may be attributed in part to
the method used in the calculation of the yield displacement. The theoretical ultimate lateral loads
for units 5 and 6 largely underestimated the actual capacity because the steel tube, due to
discontinuity, was neglected in the strength computations. This resulted in the experimental yield
displacements, which depend on the values of the theoretical ultimate load, of only 3.2 mm for
units 5 and 6 (experimental yield displacements of units 1-4 ranged between 12.6 and 14.5 mm).
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This low value of yield displacement, which is only 1/5 of that for units 1-4, may be in part the
reason for very high ductility levels, achieved for units 5 and 6.

R.J.T. Park, M.J.N. Priestley and J.B. Berrill (1987)

This paper summarized the main findings of the Ph.D. of the first author conducted at the
University of Canterbury, New Zealand. Constitutuive models to describe the lateral interaction
between the steel tube and the concrete core were developed for the cases of concentric

longitudinal tension and compression of short circular CFTs.

To model the longitudinal tension behavior, it was assumed that after the tube has yielded the
concrete is infinitely rigid in the radial direction. Lateral compatibility of the tube and concrete
then implies that at this stage the steel hoop compressive strains cannot increase. It was then
theoretically derived that the magnitude of the longitudinal stress in the yielded tube will increase
by 15.5% in this case. This assumption was experimentally verified by testing one CFT specimen
with outer diameter of 115 mm, wall thickness of 4.5 mm, steel yield strength of 308 MPa and
concrete cylinder strength of 24 MPa. This was the only reported case when a circular CFT section

was tested in tension.

The laterat interaction model for longitudinal compression was a modified form of that derived by
Tomii et al (1977) from their extensive experimental data. The main difference between the two
models is that the model of Tomii et al did not account for strain hardening of the steel tube, while
the presented model followed the full stress-strain response of the tube. Empirical expressions
were proposed to predict longitudinal and circumferencial stresses in the steel tube depending on
the steel contribution factor.

Cyclic loading tests involving CFT beam-columns reinforced with traditional longitudinal and
spiral reinforcement were reported briefly. These tests were conducted much in the same manner
as the tests reported earlier by Park et al (1983). The range of tubes with diameter/thickness ratios
between 34 and 214 was investigated. The test unit with the tube diameter/thickness ratio of 34
exhibited local buckling at the displacement ductility level of 4, while other units with D/z > 60
were reported to experience local buckling at ductility level of 2. This information is in conflict
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with the earlier paper of Park et al (1983) where test units with diameter/thickness ratio of 72 were
reported to buckle locally at ductility level of 4.

All test units, due to steel strain-hardening and concrete confinement, showed ultimate capacities
in the range of 5-28% in excess of the theoretical strength computed on the basis of strain
compatibility approach, uniaxial stress-strain properties of materials involved and the maximum
concrete compression strain of 0.003. Despite the observed tube local buckling , strength, ductility
and energy-dissipating characteristics of these units were similar or superior to those of
conventionally designed reinforced concrete members. Hysteretic load-deflection curves were
presented for two test units with the extreme tube diameter/thickness ratios of 34 and 214. Some
pinching and loss of stiffness could be observed for the unit with the largest D/t ratio. However, in
general, the unit exhibited excellent behavior, and the ductility level of 8 was achieved without
any loss in strength.

H. Shakir-Khalil (1991b, 1991p, 1993p, 1993r)

The author reported tests on 106 rectangular, square and circular CFTs conducted at the
Manchester University, Great Britain, to investigate the resistance of concrete core to pushout
from the steel tube. The tubes were filled with 36-44 MPa cylinder strength concrete. An air gap
was provided at the bottom of the specimens, so that the concrete-steel interface was about S0 mm
shorter than the specimens’ length. The pushout force was applied to the concrete core at the top
of the specimens. Thirty eight circular specimens were tested in this investigation. They were

arranged in several series to study the influence of various parameters and conditions.

Twelve circular 168.3xS mm CFTs, 250,450 and 650 mm long were tested in series Y. In six of
them, the inner steel surface had been oiled prior to casting of concrete core. Circular specimens
of all other series were 450 mm long and had 168.3x5 mm steel sections, except for series F
where 219.1x6.3 mm sections were used. Specimens of series Y, B and F were rested on the
bottom of the tubes during testing, while brackets or sideplates welded to the tubes were used for

support in series D and H. Various shear connector arrangements were provided in series B and F.

The test results were in agreement with the findings of Dowling and Virdy (1980). Strains
measured along the outer surfaces of steel tubes of series Y showed to increase gradually from top
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to bottom, clearly indicating load transfer from concrete core to steel through the bond along the
interface. One circular specimen of this series was cut open, after being tested, and compared to
similar square specimen. The friction marks on the concrete core indicated that, whereas the
circular specimen resisted slip over all its perimeter, the square section was effective only near the
comers. The tests clearly showed that circular sections are much more effective than rectangular in
resisting pushout forces. Furthermore, the mechanical shear connectors were more effective when

used in circular specimens.

Specimens supported through brackets or sideplates exhibited increased resistance to pushout
forces due to the “constriction” effect of the lower end of the steel tubes which was subjected to
longitudinal tensile stresses. Local “pinching” effect in specimens rested with brackets contributed
to the increased steel-concrete bond capacity.

S. Sugano, T. Nagashima and T. Kei (1992)

A brief report was presented about results of seismic tests conducted in Japan on concrete-filled
tubular columns. In total, 38 columns were tested, including 19 circular columns. However,
sample results for only 6 columns (including 3 circular columns) were presented in two charts.
Circular columns had an outer diameter of 300 mm and a shear span of 900 mm. The variable test
parameters investigated were the level of axial force, D/t ratio and strength of component
materials. Four of the circular columns were filled with high strength concrete, but the results of
these tests were not reported.

Circular columns were reported to exhibit rich hysteresis curves and behave in a ductile manner
even under high axial compression. The ultimate flexural strength of tested circular columns was
1.2-4.5 times the strength calculated according to Japanese standards. Three test results were
presented in graphical format for a circular 300x8 mm CFT with f, = 400 MPa and f. = 37 MPa,
tested under axial load levels P/P; of 0.3, 0.5 and 0.7. The flexural strength of these columns
increased with the increase of axial load.

22



B.V. Rangan and M. Joyce (1992)

The results of tests performed in Australia on nine eccentrically loaded slender circular HSCFT
columns were reported. The tubes had an outer diameter of 101.6 mm with a wall thickness of 1.6
mm. The average yield strength of steel was found to be 218 MPa from tension tests on sample
strips of steel tubes conducted in accordance with relevant Australian standards. The average
concrete cylinder strength at the age of 45 days, when the columns were tested, was 67.4 MPa.
The effective length of the specimens varied between 807.5 mm and 2322.5 mm. Axial loads
were applied with eccentricities of 10 and 30 mm.

After concrete placement, the columns and test cylinders were cured in a humidity controlled
room for 7 days. The specimens were then left to air-dry until testing. About 1 mm longitudinal
shrinkage of concrete was observed at top ends of columns, and a high-strength epoxy was used to
fill this longitudinal gap.

All specimens were reported to fail at midheight “due to concrete crushing in the compression
zone”. The later reason was not supported by any arguments or observations. In specimens,
subjected to 10 mm eccentricity of axial thrust, the extreme fiber tensile strains at failure did not
reach the yield strain of stezl. In other specimens, loaded with initial eccentricity of 30 mm, the
steel at the extreme tensile fiber yielded at failure. Plots of ascending curves of axial thrust versus

deflection at midheight were presented for all tested columns.

A method for calculating the strength of eccentrically loaded slender CFT columns was proposed
based on the assumption that failure load is reached when the maximum moment at midheight is
equal to ultimate bending strength of the cross section. The analysis of cross-sectional strength
was based on the assumption of strain compatibility, Hognestad parabolic-strain relationship and
maximum usable compressive stain of 0.003 for concrete. Simplifications were made by
establishing assumed averaged stresses with resultants acting at compression and tension areas’
centroids. The strengths calculated by the proposed method were compared with the obtained test
results, and with the experimental data of Neogi et al (1969). The mean value of test/calculated
strength ratio for these 27 columns was 1.17, with a coefficient of variation of 16%.
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H.G.L. Prion and J. Bochme (1994)

The resuits of an experimental investigation into the behavior of thin-walled circular HSCFTs,
conducted at the University of Toronto, were reported. In total, 26 specimens with a diameter of
152 mm and a wall thickness of 1.7 mm were tested. The yield strength of steel, ranging within
262-328 MPa, was determined from static tension tests, when strain in the sample coupon is held
at a constant level while allowing the relaxation of fiber stresses to occur. The characteristic
compressive strength of concrete was obtained from tests on 305x152 cylinders, and varied
between 73 and 92 MPa. Shrinkage of the concrete resulting in a loss of steel-concrete bond was
observed in some specimens before they were tested.

Ten specimens with lengths varying between 500 and 900 mm were tested under concentric axial
load. Six of them were tested by applying the load on the steel and concrete simultaneously (Type
Al), while the other four specimens had the load applied to the concrete core only by using
loading plates that fitted within the tubes’ inner diameter (Type A2). No appreciable difference in
load-carrying capacity was found between the two types, or between longer and shorter
specimens. All specimens failed within 5% of the predicted axial load capacity P, .

Four 1100 mm long specimens (Type B1) were tested in bending. Constant moment region length
varied between 0 and 600 mm. All beam specimens failed in a very ductile manner. The failure
always occurred at the loading points and had the appearance of a concrete shear fracture followed
by stretching and subsequent rupture of the steel casing. Local buckling of the tube was observed
in the compression region at ultimate. Also, significant slippage between steel and concrete was
observed at the ends of the beams, which was about 1-2 mm at ultimate and 10-13 mm at failure.
No definite trend in bending moment capacity was detected for varying shear span. One beam
specimen with effective length of 2120 mm and constant moment region length of 610 mm (Type
B2) was subjected to cyclic loading at a ductility level of approximately two to three times the
yield deformation. This was accomplished by loading and unloading the specimen in one
orientation, then rotating the specimen about its longitudinal axis by 180° and repeating the
loading sequence. Gradual pinching and decrease in strength was observed with every subsequent
cycle. The specimen sustained four and half cycles of bending, after which it was loaded to
failure. Analytical predictions of flexural strength, based on strain compatibility and variable
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concrete stress block according to Hognestad equation, were compared with experimental bending
moment capacities. The later showed overstrength between 27 and 56 %.

Eight specimens, with length dimensions arrangements similar to those of type B2 specimen, were
subjected to various combinations of axial load and bending moment. Six of these specimens were
tested monotonicaly (Type C1) and two were subjected to cyclic lateral loading (Type C2) in a
manner similar to that applied to beam specimen of type B2. The axial load in each test was held
at a predetermined level, which varied between 0.145 and 0.52 P, . All beam-column specimens
failed in the center by rupture of the steel casing in the tension zone after substantial cracking of
the concrete and buckling of the steel in the compression zone. Cyclic tests demonstrated ductile
hysteretic curves, although some pinching and strength deterioration were observed.
Experimental/theoretical flexural strength ratios varied between 0.921 and 1.153.

Three specimens, having effective length of 1071 mm, were tested under eccentric axial loads.
The initial eccentricity varied between 11 and IS mm. These specimens failed abruptly when
overall buckling occurred. For the purpose of calculating experimental moments, which depended
on the instantaneous eccentricity of the load, the lateral positions of the specimens and readings
from strain gauges on the tube surface were used. Experimental loads did not achieve those
predicted by the compatible strain model, which was attributed to imperfections such as out-of-

straightness and end effects.

P.F. Boyd, W.F. Cofer and D.I. Mclean (1995)

These authors reported results of an experimental study on the flexural behavior of circular CFT
columns conducted at Washington State University. Five columns were tested under reversed
cyclic loads and a constant axial load of 40 kips (178 kN). All columns had an outer diameter of 8
in. (203 mm). Columns 1, 2 and 3 had tube wall thickness of 0.109 in. (2.8 mm) and steel yield
strength of 50 ksi (345 MPa), columns 4 and 5 had 0.075 in. (1.9 mm) thick tubes with f, =41 ksi
(283 MPa). All columns were filled with 4.6 ksi (32 MPa) concrete, except for column 5, which
had concrete core of 7.0 ksi (48 MPa). Column 3 was provided with shear studs weided to the
interior surface of the steel tube. The lateral loading pattern consisted of two cycles at each of the
displacement ductility levels of g = %1, 2, +4, +6 and +8, unless actuator stroke limitations were
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reached or failure occurred prior to reaching level 8. The yield displacement was determined
experimentally in the same manner as described by Park et al (1983).

All tested columns exhibited ductile behavior with little strength degradation and some pinching in
the hysteretic curves. Calculations of ultimate strength based on ACI methods underpredicted the
measured lateral strengths by 11-26 %. The column with the studded steel tube showed slightly
greater ultimate strength and less degradation in strength than the columns with nonstudded steel
shells. It was pointed out that the ACI and AISC-LRFD minimum tube wall thickness requirement
was unnecessarily restrictive for the tested columns.

C. Matsui, K. Tsuda and Y. Ishibashi (1995)

Results of a systematic and comprehensive study of CFT columns under concentric and eccentric
compression in wide range of slendemess ratios, conducted at Kyushu University in Japan, were
reported. Forty eight CFT specimens were tested, including 24 circular columns. The slendemess
ratio KL/D varied between 4 and 30. The circular tubes were 165.2 mm in diameter and 4.5 mm
thick. The initial eccentricity of applied axial load for circular specimens ranged from 0 to 105
mm. The average yield and ultimate strength of the steel, determined from coupon tension tests,
was 4.22 t/cm® (414 MPa) and 5.03 tcm® (493 MPa), respectively, for circular tubes. However,
the mechanical properties of the steel, used for the evaluation of column test results, were taken
from compression tests on short empty tubes. These were 3.6 t/cm? (353 MPa) and 4.1 t/cm® (402
MPa) for yield and ultimate strengths, respectively. The average compressive strength of concrete
used for circular columns was 417 kg/cm?® (41 MPa), obtained from sample cylinder tests.

The results were presented in plots of the axial load versus the deflection at the midspan.
Experimental relationships between axial load and midspan moment were presented as well. It
was observed that circular specimens with slenderness ratio of 12 and more were not able to attain
the full plastic moment at the maximum load due to instability phenomenon, especially when the
eccentricity was small. However, it could be observed from the descending branches of the
presented P-M curves, that in most cases the specimens were attaining moments in excess of their

full plastic moment capacities at lower P levels during unloading.
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An elasto-plastic analysis, based on assumed sine wave shape of columns, was performed to
predict load-deflection relationships for two wavelength cases of L and KL. Both degrading and
nondegrading assumed stress-strain relationships for concrete were used in the analysis. For the
maximum buckling load, good agreement was found between analytical models and experimental
results. Assumed increased ductility of concrete showed to be not important for columns having
slenderness ratio of 18 and higher.

The experimental results were compared with design strength predictions. ALJ (Architectural
Institute of Japan), modified ALJ and CIDECT (International Committee for the Development of
Tubular Structures) methods were examined. The ALl method was shown to be too conservative.
CIDECT method was found to agree well with the experimental results in the KL/D range from
12 to 30. The modified AIJ method gave conservative strength predictions for columns with the
slenderness ratio of 4. For the rest of the slendemess range, it was shown to produce good

agreement with the experimental results.

M.D. O’Shea and R.Q. Bridge (1995)

This paper describes the results from an experimental program on short circular HSCFTs carried
out at the University of Sydney in Australia. The specimens had L/D ratio of about 3.5 and D/t
ratios ranging from 55 to 200. Ten HSCFT columns and ten corresponding empty steel tubes were
tested under concentric and eccentric loads. Tubes with D/t = 55 were commercial tubes with an
outer diameter of 165 mm and wall thickness of 3 mm. Other tubes were manufactured using
sheet steel metal fabricator to provide an outer diameter of 190 mm and had wall thicknesses
ranging from 0.95 to 2 mm. These tubes were formed by cold rolling a steel sheet and then
welding the longitudinal seam. The steel yield strength was determined from tension tests on
sample coupons taken from representative steel tubes, and ranged between 184.8 and 364.3 MPa.
Increase in the yield strength due to cold forming was observed for manufactured tubes compared
to the original yield strength of the steel sheets. Two concrete mixes, A and B, with a target
strength of 100 MPa were used in this investigation. Two sets of control 200x101 mm cylinders,
labeled M and D, were prepared for each mix. The M cylinders were stored in a lime-bath in a
fogroom at 100% humidity and 20°C. The D control cylinders were tightly wrapped in plastic to
simulate conditions in the tube, and stored together with the HSCFT specimens under ambient
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conditions. The M cylinders gave average strength of 113.5 and 115.8 MPa, while D cylinders
gave 108.0 and 112.7 MPa, for mixes A and B respectively.

Results of bare steel tube tests were compared to predictions of AISC LRFD and Australian
Standard AS 4100. It was concluded that the reduction in axial strength due to local buckling may
be estimated with reasonable accuracy using the AISC LRFD, while AS 4100 was shown to give
conservative results.

Resuits of HSCFT short column tests were compared with predictions based on Eurocode 4
formulas and a special method to account for the effect of local buckling in the thin-walled

sections, and reasonable agreement was found. It was concluded that thin-walled tubes provided
little or no confinement for the high strength concrete core.

1.3 Summary of Literature Review

During the survey of available English-language literature on circular CFT columns (see
Bibliography) the following trends were observed:

e Most of the previous experimental research was concerned with short axially loaded columns.
e There was only one reported test result for a circular CFT in tension (Park et al, 1987).

e There was only one study (Prion and Boehme, 1994) that reported results of tests on circular
CFTs in bending.

e Most of the data on flexural strength of circular CFTs under combined compression and
bending comes from tests conducted on eccentrically loaded columns. All reported HSCFT
columns, which were tested under eccentric loads (Rangan and Joyce, 1992; Prion and
Boehme, 1994; O’Shea and Bridge, 1995) had D/t ratios of 55 or more.

e Very few tests have been done on circular CFT beam-columns under cyclic lateral loads. In
almost all of these tests the axial load level did not exceed 0.2 P, and the shear span/diameter
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ratio never exceeded S. There was only two reported cyclic tests on HSCFT beam-columns
(Prion and Boehme, 1992), and these were carried out with tubes having D/t = 89.4.

e There was no available experimental data on the behavior of circular HSCFT beam-columns
with D/t ratios below 55.

The experiment of this study was intended to provide some data on the behavior of circular steel
tubes with Dt = 44.8 , filled with 70-90 MPa concrete and subjected to constant axial
compression and cyclic lateral loading. It was also decided to employ a higher, than previously
used in such tests, shear span/diameter ratio of 13.5 to find out whether the slendemess effects
will be significant. The axial load level of up to 0.58 P, was the main variable parameter
investigated in this experiment.
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Chapter 2

Experiment

The experimental study consisted of design, construction and testing of three circular steel HSCFT
cantilever beam-columns tested under various levels of constant axial compression and gradually
increasing lateral displacement reversals. In addition, one short composite column was tested to
failure under monotonicaly increasing concentric axial load. All column specimens had the same
cross-sectional geometry to allow for direct comparison. The objective of this investigation was
not only to determine experimentally the maximum load combinations for the specimens, but to
study the behavior of the columns through the entire loading history up to and beyond the ultimate
load. This chapter describes the details of tested columns, test setup, instrumentation and
procedures. A summary of column properties and test conditions is presented in Table 2.1.

2.1 Column Specimens

One short column and three long beam-columns were designed, built and tested in this study. The
short column was labeled ST1, and the three long beam-columns were labeled FA1 through FA3.
Figure 2.1 shows the typical column cross-section. The column ST1 is illustrated in Figure 2.2.
The geometry of a typical beam-column specimen is presented in Figure 2.3. The material
properties are described in the next section.

All columns were cut from one circular hot-formed seamless steel tube with nominal

diameterxthickness dimensions of 6 x 1/8 in. (152x3 mm). Cross-sectional dimensions of the
steel tube were carefully measured to reveal any deviations from the nominal values. The tube
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diameter varied within 152.07-152.68 mm. The average of 40 diameter measurements was
calculated to be 152.426 mm. Tube thickness ranged between 3.16 and 3.67 mm, with the average
of 3.393 mm for 84 measurements. Based on the measurements, the values of D = [52.4 mm
and ¢ = 3.4 mm were adopted for the purposes of this study. Consequently, the following cross-
sectional geometry properties were common for all tested columns:

o D/ t=448;

o A, =18241mm’;

o A.=16650mm’;

o [ =22060502mm’;

o r.=236.+mm:;

o Z. =514438mm’;

o A =159 mm*;

¢ A, Ag=872%:

o [, =4418997 mm+;

o r.=32.7mm:

e 8, =57992mm’;

o Z. - 75497 mnr.

The specimen ST1 was 380 mm long. This length was chosen to match the recommended
effective length/diameter ratio between 3 and 3.5 for short composite columns tested in concentric
compression (Shang-Tong. Ruo-Yu, 1987) in order to avoid significant end effects or lateral
bending. The steel tube was carefully machined to ensure parallel ends.

The cantilever beam-column specimens FAI-FA3 were 1655 mm long. Each of them was
attached to a steel base plate, 1 100x400x25 mm in dimensions, by a full penetration groove weld
along the perimeter of the steel tube. This type of connection proved to be sufficiently strong.
Each base plate was additionally stiffened by two 660x75x25 mm steel strips welded to its upper
surface in order to minimize bending deformations during testing and increase the rigidity of
column fixity. Four 38 mm holes were drilled in each steel base plate to allow it to be fixed to the
setup foundation by means of 32 mm threaded rods.

All columns were filled with high-strength concrete designed to attain the compressive strength of
70-90 MPa at the time of testing. Three batches were prepared for this purpose in a small mixer.
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The columns were filled in vertical position. The concrete was placed into the steel tubes
manually, in layers not exceeding 300 mm, and compacted with a small mechanical vibrator.
Special care was given to insure proper filling.

Four 19 mm high-strength steel bolts were inserted in the fresh concrete at the top end of each
long beam-column specimen. The bolts were fixed on plywood plates to facilitate proper
positioning. After the concrete had hardened (next day), the plywood templates were removed.
These embedded bolts were used later to connect the loading plate to the beam-column specimens.

All specimens were stored in normal room temperature conditions with the exposed ends wrapped
by polyethylene sheets in order to seal the concrete inside the tubes. Contrary to observations of
other researchers (Prion and Boehme, 1994), no loss of bond between steel and concrete due to
shrinkage of concrete was observed during this investigation, although the specimens were stored
for up to 310 days before they were tested.

At an early age, the concrete surface at each exposed end was roughened by chipping, washed
with water, and then capped with a thin layer of fine cement-sand paste made flush with the tube
end surface. This was done to achieve smooth end surfaces and ensure both steel and concrete

being loaded together.

2.2 Materials

2.2.1 Steel Tubing

One circular seamless hot-formed steel tube, 5.8 meters long, was employed in the experiment. A
short piece of tube, about 360 mm in length, taken from one of the ends of the original long tube,
was used for the preparation of 9 longitudinal tension test specimens. All specimens were
prepared and tested in accordance with ASTM A 370-92. The dimensions of a steel tension test
specimen are shown in Figure 2.4. The results of steel coupon tension tests are summarized in
Table 2.2

Specimens #1-#4 were tested during the design stage in order to get a quick estimate of the steel
properties. Strains were not recorded during these tests and only yield strength, ultimate strength
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and elongation at fracture were determined. The yield strength was determined as the stress level
at which the strain increase occurred without an increase in load. The elongation at fracture was
determined by fitting the ends of a fractured specimen together carefully and measuring the
distance between the gage marks.

For specimens #5-#9, loads versus corresponding strains (measured by an extensometer) were
recorded up to the strain level of 10%, and the stress-strain curves were obtained. Each of the
specimens #6 -#9 was also equipped with two electric resistance strain gauges (Showa Measuring
[nstruments Co., Type N11-FA-1-120), one measuring tensile strain in the longitudinal direction
and the other measuring compressive strain in the transverse direction. Strain gauges were located
at the middle of the specimens, at about 5 mm distance from each other. Strains measured by the
longitudinal electric resistance gauges were used to verify the strains measured by the
extensometer and the uniformity of strain distribution along the test specimens. Strains, measured
by the transverse strain gauges were used to evaluate the Poisson’s ratio in the elastic range. The

stress-strain curves obtained for specimens #5-#9 are shown in Figs. 2.5-2.9.

Considerable differences in the shape of the stress-strain curves could be observed. The length of
plastic plateau, and the strain level at which strain-hardening started, varied from one specimen to
another. Specimen #9 showed linear stress-strain relation up to the ultimate stress level with no
subsequent strain hardening. This specimen also had a remarkably small elongation at rupture.
Specimens #5 and #6 did not exhibit a well-defined disproportionate increase in strain that
characterizes a yield point, but showed rather gradual deviation from proportionality of stress to
strain. For these two specimens, the yield strength was determined as the stress at 1% strain. This
approach was considered more appropriate than the 0.2% offset method, because it reflects the
stress level of the plastic plateau. The same approach was used for specimens #3 and #4, which

exhibited similar behavior.

The variations in strength properties, especially the yield strength, were rather large. considering
all tension test specimens were taken from adjacent positions. Similar differences in the
mechanical properties of circular seamless steel tubes were revealed by other researchers (Klsppel
and Goder, 1957). Such variations in yield strength, along with variations in tube thickness, should
be kept in mind when column test results and theoretical calculations are compared.
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Based on the results of the tension tests, the average values of the obtained mechanical properties
were adopted for the steel tube for the purposes of this study. The yield strength and the ultimate
strength were 330 and 390 MPa respectively. It was considered appropriate not to include the
experimental result of specimen #9 in the calculation of the average yield strength. The established

value of the Poisson’s ratio in the elastic range was 0.258.

2.2.2 Concrete

Three different batches of concrete were prepared to fill the column specimens. The first and
second batches were used to cast specimens FA1 and FA2 respectively. The third batch was used
for columns FA3 and ST1. The three concrete mix designs used are shown in Table 2.3. The total
water content and the amount of superplasticizer used (Conchem S.P.N.) were increased for the
second and third batches to achieve better workability of concrete, because of concerns regarding
the proper placement of concrete in the tubes. Type 10 Portland Cement (Lafarge SF) with 8%
silica fume content and local aggregates were used for all batches. The 10 mm crushed lime stone
coarse aggregate was carefully washed and dried before use in concrete. No retarding admixture
was used, and the concrete was usually placed within 10 minutes after the batching was complete.

At least three standard 6x12 in. (152.4x304 mm) cylinders were cast with every batch. They were
stored at room temperature wrapped in polyethylene sheets, without wet curing, in order to
simulate conditions similar to those of concrete in the columns. Before testing, the cylinder ends
were grinded to ensure smooth and parallel end surfaces. The concrete sample cylinders were
tested at the same time (usually, the next day) as a corresponding column specimen was tested.
The concrete cylinder tests were conducted in a Forney testing machine with 2200 kN capacity.
All specimens failed in an abrupt and explosive manner reflecting the brittle nature of high-
strength concrete. The results of cylinder tests are presented in Table 2.4.

The compressive strength of concrete for specimens FAl, FA2 and FA3 was established to be
89.4, 72.0 and 75.7 MPa respectively. Each of these values was determined as the average of the
corresponding concrete sample cylinder test results. The concrete strength of 79.5 MPa for
specimen ST1 was estimated from the assumption that it would be 5% more than the concrete
strength of specimen FA3, because the same batch of concrete was used for both columns, but the

age of ST1 at the time of testing was 143 days more.
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2.3 Test Setup

2.3.1 Short Column

The specimen ST1 was tested at the structural laboratory of National Resources Canada. A five
million pound capacity universal compression testing machine was used for this purpose. Figure
2.10 illustrates the overall view of the test setup for the short column.

The lower loading plate of the testing machine was rested on the strong laboratory floor and
served as a foundation for the tested column. The upper loading plate had a spherical hinge which
allowed it to rotate in any direction. Two smaller steel plates with diameterxthickness dimensions
of 8x1.5 in. (203x38 mm) were inserted at the top and the bottom of the column specimen to

protect the loading platens of the testing machine.

2.3.2 Beam-Columns

An existing testing facility at the structural laboratory of the University of Ottawa, previously used
for simulated seismic loading of reinforced concrete columns, was adapted for the testing of
composite beam-column specimens FAI-FA3. This facility allowed independent application of
loads or displacements in both vertical and horizontal directions. Three hydraulic MTS actuators,
a composite steel-reinforced concrete foundation and a heavy loading steel beam were the major
components of the test setup. Sketches illustrating the configuration of setup components with
some detail are presented in Figures 2.11 and 2.12. Photographs of Figure 2.13 show the general

view of the setup.

The setup foundation consisted of four C-channels welded along the perimeter of a 75 mm thick
bottom steel plate. The reinforced concrete portion of the foundation had a special H-shape (in
plan) in order to provide support for the column base plate and accommodate the vertical MTS
actuators, which were bolted down to the foundation bottom steel plate on both north and south
sides of the tested column. The setup foundation was secured to the laboratory strong floor by
means of four 64 mm diameter bolts, which were 1800 mm long in order to reach from the top of
the foundation to the bottom of the thick floor. Another four bolts, 32 mm in diameter, 1000 mm
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long, attached to the bottom plate, passed up through the reinforced concrete and protruded
vertically out of the foundation. These were used to secure the beam-column specimens tightly to
the foundation.

The loading beam was rigidly connected to the top of a beam-column specimen by 19 mm bolts.
Specially manufactured 330x330x38 mm steel loading plate and two 270x77x38 mm spacer
plates were employed in this connection in order to adjust to the spacing differences between the
holes in the loading beam and the bolts embedded in the concrete core at the top of the specimen.
The holes in the lowest flange of the loading beam were spaced at 100 mm distances in plan, and
the cross-sectional dimensions of the beam-column specimens did not permit to use the same
spacing for the four embedded bolts. The loading beam consisted of two major parts rigidly
interconnected by eight 25 mm diameter bolts: The upper part box-section beam, oriented north-
south, was built-up of thick steel plates welded together. Four 42 mm holes were provided in the
bottom flange at each end of this upper part in order to facilitate the connection with the vertical
actuators. The lower part of the loading beam had a built-up I-section with the web
accommodating the connection to the horizontal actuator. This lower part was additionally
stiffened by five steel plates (three on the east and two on the west side of the web) oriented in the
direction of the horizontal force.

Two hydraulic MTS actuators were employed to apply a constant vertical compressive load. The
third actuator was used to produce horizontal displacement reversals at the lower part or the
loading beam above the beam-column specimen. Each actuator had a load capacity of 1000 kN in
both tension and compression. All actuators were equipped with multi-directional swivels
facilitating hinge connections at both ends. This arrangement minimized any moments at the
connections and made the whole system of actuators very flexible allowing it to deform without
damage during the tests. The vertical actuators were connected to the foundation steel plate at the
bottom and the loading beam at the top. The horizontal actuator was attached at one end to a rigid
steel frame secured to the strong laboratory floor. The other end was connected to the loading
beam. All actuator connections were carried out with four 38 mm diameter, 400 mm long, bolts at
each end. A single 33 GPM pump supplied the hydraulic pressure for all actuators, and MTS

servo-valves maintained the desired pressure levels in each actuator.

The horizontal loads were applied 395 mm above the upper end or the beam-column specimens.
This implies that the shear span of the tested cantilever beam-columns, measured from the steel
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base plate to the point of inflection, was 2050 mm, which is representative of many columns used
in practice. The horizontal actuator had a maximum stroke of 500 mm, which permitted the
application of lateral displacement reversals of up to £250 mm relative to the neutral position at
the inflection point level.

Steel frames, about 3m high, made of hollow sections were provided at both north and south sides
of the setup foundation. These could be observed in the photographs of Figure 2.13, but are not
shown on the sketches of Figures 2.11 and 2.12. These frames were tied together at the top and
secured to laboratory floor. They provided a sense of security against an unexpected out-of-plane
column failure. Another small frame not shown on the sketches was located under the horizontal
actuator ending about 20 cm below the later. It was secured to the rigid steel frame and served as a
stopper against a sudden fall of the horizontal actuator from one end. All these frames were also
necessary during the test preparation procedures as they provided the means of support for the
actuators when the later were not connected to the loading beam.

The test preparation usually started with the attachment of the loading beam together with the steel
loading and spacer plates to the top of the to-be-tested specimen. The whole assembly was then
lowered onto the foundation and bolted into place. After that, the actuators were connected to the
loading beam. The described operations were conducted with the aid the laboratory crane. Finally,
the instrumentation, described in the next subsection, was complemented, connected and
calibrated.

2.4 Instrumentation

2.4.1 Short Column

The instrumentation of specimen ST1 consisted of two dial gages and 12 electrical resistance
strain gauges. The dial gages were placed on two opposite sides of the column at equal distances
to measure the vertical displacement of the upper loading plate of the testing machine indicating
the shortening of the specimen. Their readings were later reduced by the amount of vertical strain
produced by the two smaller 203x38 mm loading plates. The electrical resistance strain gauges
were placed in six different locations spaced at equal distances along the outer perimeter of the
steel tube at the midheight of the specimen. They were arranged in pairs to measure the strains in
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both the longitudinal and circumferential directions. They were numbered from 1 to 12, with each
pair being assigned two consecutive numbers (1 & 2, 3 & 4, etc.). The longitudinal strain gauges
were assigned odd numbers, while the gauges measuring transverse strains were numbered with
even numbers. The readings from all measurement devices were recorded manually at each
loading step. Figure 2.14 illustrates the instrumentation of the short column specimen ST1.

2.4.2 Beam-Columns

The beam-column specimens were each instrumented with up to six linear variable differential
transducers (LVDTs) and up to 16 electrical resistance strain gauges. The locations of LVDTs and
strain gages are shown schematically in Figures 2.15 and 2.16 respectively. Photographs of Figure
2.17 illustrate some instrumentation details. Table 2.5 lists the LVDTs and strain gages used for
each of the beam-column specimens.

The LVDT #1 was of temposonic type with a usable stroke of 250 mm. It was measuring the
horizontal displacements at the point of inflection. The output from this LVDT, calibrated to be in
mm, was provided directly to the MTS controller in order to manage the application of the
horizontal displacement reversals. The MTS controller allowed continuous monitoring of these
displacements in addition to the loads and strokes in the actuators. All data was recorded on a
personal computer (PC).

The MTS controller was also connected to a Sciemetric System 200 Data Acquisition System
supported by another PC. This data acquisition system automatically recorded the data from the
MTS controller, the readings from all LVDTs and strain gauges every 5 seconds. This recorded
raw data is the basis for the test results presented in the next chapter.

Temposonic LVDT #2 was used for columns FA2 and FA3. It measured the lateral displacements
at the top of the beam-column specimens. It also allowed, in combination with the data from
LVDT #1, to estimate the rotations at the top of the columns. Both temposonic LVDTs are
illustrated in Figure 2.17. Each of them was used in combination with a string and a pulley roller.
This arrangement allowed them to be positioned vertically, although for simplicity they are shown
positioned horizontally in the scheme of Figure 2.15.
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The rotations in the hinging region at the bottom of the beam-columns were measured by means
of vertically positioned LVDTs ## 3 & 4 rigidly attached to the steel tube at 150 mm above the
steel base plate. Each of these LVDTs had a S0 mm usable stroke.‘a;x( memsured ;iisplacements
against the upper surface of the foundation. The details of this arrangement are shown in Figure
2.17.

Vertically mounted LVDTs ## 5 & 6, each with a stroke of 50 mm, were used to measure the
rotations of the steel base plate. In the case of column FAl, these LVDTs were of temposonic
type, used in combination with strings and pulley rollers. LVDT #7, which was used only for
column FA1, measured the horizontal slip of the steel base plate. All LVDTs, except for ## 3 & 4,
were mounted on light steel frames rigidly attached to the foundation. This implies that all
readings of displacements are relative to the position of the foundation.

Electrical resistance strain gauges were placed on the outer surface of the steel tube in the hinging
region at the bottom of the beam-columns. They were arranged in four vertical rows spaced at
equal distances around the perimeter of the tube. Two of the rows were located at the extreme
cross-sectional fibers in the direction of the horizontal loading. Strain gauges oriented
longitudinally were numbered with odd numbers, while those measuring circumferential strains
were assigned even numbers. The intention was to obtain experimentally the ratio between the
lateral and longitudinal strains at various segments of the steel tube at various stages of loading. It
was also assumed that the strain gauge data obtained at different vertical levels would help to
assess the lateral restraining effect provided by the steel base plate.

2.5 Loading

2.5.1 Short Column

The short column specimen ST1 was compressed concentrically up to failure. The load was
applied slowly by increments of 20 kips (89 kN). It took about 15 seconds to apply each load
increment. At each step, the load was held constant for at least 1 minute until the readings from all
dial gages and electric resistance strain gauges had been recorded. When the axial load reached
460 kips (2048 kN) the increments were reduced to 10 kips (44 kN). The testing continued

39



without interruptions umtil the failure occurred. The total duration of this test was about 55

minutes.

2.5.2 Beam-Columns

The first loading step for each of the beam-column specimens was the application of the vertical
axial compressive load up to the desired level, which was held then constant throughout the test.
Specimens FAl, FA2 and FA3 were tested under axial loads of 400, 1000 and 700 kN
respectively. At some stage during testing of specimen FA2, it was decided to decrease the axial
load to the level 100 kN (this decrease is described in detail in the next chapter).

The horizontal loading always started in the West-bound direction, which was considered positive
for both loads and displacements. The horizontal displacement reversals at the point of inflection
were applied in the manner shown in Figure 2.18, while the required lateral loads were monitored.
Three complete cycles were carried out at each of the displacement levels of 20 mm, +40 mm,
160 mm, etc. These displacement levels roughly correspond to the lateral drift levels of +1%,
+2%, £3%, etc. Additional three initial cycles at the lateral drift level of £0.5% and another three
cycles at the level of +1.5% were applied to specimen FAI. The testing usually proceeded at a
slow rate, with each cycle taking about 5-10 minutes, until a considerable drop in the lateral load
resistance was observed. The total duration of a typical beam-column test was about 3 hours.
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Table 2.2 - Steel Coupon Tension Tests

Specimen Elongation Poisson
number at rupture Ratio
(%)

* Specimen # 9 was not included in the calculation of the average yield strength.
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Table 2.3 - Concrete Mix Proportions

Cement
(8% SF)

(kg)

FA2

FA3 & ST1

* Total water includes moisture content of aggregates and water portion of the superplasticizer.
** Water/Cementitious ratio accounts for all cementitious materials including slag and silica fume.

Table 2.4 - Concrete Sample Cylinder Tests

Column Age at the Results of Concrete Concrete
specimen Time of Testing Cylinder Tests Strength

(days) (MPa) £’ (MPa)

89.7 ; 89.9; 88.6

70.4;70,8;74.5;72,5

76.4;749;75.8

* Estimated to be 5% greater than the concrete compressive strength of specimen FA3.
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Table 2.5 - Instrumentation of Beam-Column Specimens

Instrumentation Column FA1 Column FA2 Column FA3

Device

LVDT #1
LVDT #2
LVDT #3
LVDT #4
LVDT #5
LVDT #6
LVDT #7
Strain Gauge #1
Strain Gauge #2
Strain Gauge #3
Strain Gauge #4
Strain Gauge #5
Strain Gauge #6
Strain Gauge #7
Strain Gauge #8
Strain Gauge #10
Strain Gauge #11
Strain Gauge #12
Strain Gauge #13
Strain Gauge #14
Strain Gauge #15
Strain Gauge #16
Strain Gauge #17
Strain Gauge #18
Strain Gauge #20




D/t =448

A, =1 591 mm’
A, = 16 650 mm’
A,/ A.=87%

152.4 mm

D:

//Steel tube

Figure 2.1 : Typical Column Cross-Section

————— ]

380 mm

Figure 2.2 : Short Column Specimen ST1
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Figure 2.10 : Views of Test Setup for Short Column Specimen ST1




|
3 Il B~ ans Loading Beam
(3 38 mm diam. Bolts Connecting g d
g the Horizontal Actuator =~ 7 /
o //
| = - - -
)
S o/ d N
£ ) |« Mullti-Directional
o |Horizontal Force . Swivel
S| | Level
1 OA _O ___——— Spacer Plate
\ s BT l Loading Plate
E let———— Load Cell
E =
S 8]
-~ @A
S
E| 2
S 2 | I Vertical
s ertica,
R s MTS Actuator
S
N - Beam-Column
Specimen
- 32 mm Bolts Securing
the Column Base
- 64 mm Bolts Securin
I ,_,I;, 41 [E ;'h the Foundation  ©
] AT
£ : E {
§ ! Foundation :
Dy P !
S R SEEFL S
Strong Floor
1760 mm
North South

Figure 2.11 : Test Setup for a Beam-Column Specimen

Front View

54



MBIIA 3pIS
ududadg uwmjo)-ureag e 10y dmag 159, : 717 9mSiy

oy ISoM
400}, Buo4i§ Lioivioqury [paniondg UOHDPUNO,] \I\
AR »
ey L vos
Y i 3 W
—— I ] :w ‘
3 g ) !
SIjog “wolp Wi -9 _ w
-
sijog ‘wolp wu z¢ ! -
I 3
i ! 3 N
S4010M2Y S J0I1MIA ——; | - ] S
i, i S
UaUIIIDAS UUINIO))-WDIEG ———w=- g e
& $
4 3
20 pro1 — - 3
ouIpL] 12218 P18 —— ﬁ . ﬂ
. § 1
, |
7 , S
[2AI4E' (pUOHNCT-NIMN - ya S0IDMOY (DI Y} w
/ Bunoauuo)) siog wolp wl g
J010mdY SN IDIOZIOY ———-——’ wwag Supvoy —

55




€V A-1V4 suounoadg Joj dnjag I3, 3yp JO MIIA [RIBUD) : €]°T am31y]




Figure 2.14 : Instrumentation of Short Column Specimen ST1
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Chapter 3

Observed Behavior

The data recorded during column tests is presented in this chapter in several graphical formats.
Load-displacement plots illustrate the strength and deformation characteristics of the columns.
Moment-rotation and displacement-rotation relationships for beam-column specimens are
presented as well. Longitudinal and transverse strains in the steel tube, or strain ratios, are plotted
against applied forces or displacements. Experimental visual observations are described and
illustrated with photographs. Some behavior patterns are discussed shortly.

The sign convention for strains throughout this chapter is positive for compression and negative in
tension. However, when strain ratios are introduced, anmalogous to Poisson’s ratio, both
compressive strains in the longitudinal direction and tensile strains in the transverse direction are
treated as positive. For beam-column specimens, lateral forces and lateral displacements are
positive in the West-bound direction and negative in the East-bound direction. Accordingly, the
West side of beam-column specimens will be referred to as “positive side”, and the East side will
be referred to as the “negative side”. Moments, rotations and curvatures, generally associated with

positive lateral forces and displacements, are positive, and vice versa.

3.1 Short Column

Specimen ST failed at axial compressive load P, = 2157 kN, which was 16.7% higher than the
nominal axial capacity of the specimen Py = 4, f, + A. f.' = 1849 kN. The failure mode was
brittle, triggered by shear failure of the concrete core. The shape of the specimen after the test,
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illustrated in Figures 3.1 and 3.2, clearly indicates this shear failure mode. The concrete core
separated into two main parts with the upper wedge sliding down along the failure surface. The
axial load at this stage dropped to the level of 1068 kN, which is slightly below half of P, . This
reduced load-carrying capacity level was maintained almost constant by the resistance mechanism
supported, primarily, by the hoop tension in the steel tube and the friction between the two
concrete wedges. When the sliding upper wedge reached the steel plate at the bottom, effectively
increasing the area under compression, the axial load started to increase again. Similar behavior of
short circular HSCFT specimens under concentric compressive loads was reported by Prion and
Boehme (1994).

Figure 3.3 shows the vertical load-displacement relationship for the specimen ST1. The ascending
curve plotted with a solid continuous line indicate the step-by-step loading when the displacement
readings from the dial gages were taken at every loading step. The last column shortening
measurements were taken at the load level of 2137 kN. The rest of the relationship is shown in a
dotted line, indicating that only axial loads were monitored at that time. The column failure was
very abrupt and the resulting unloading occurred in about 3 seconds. The testing continued for
about 30 seconds after that. No readings from any of the instrumentation devices were taken
during this period. The displacements at this stage were estimated from the deformed shape of the
specimen after the test.

The analysis of the ascending curve plot of axial load versus specimen shortening reveals that the
initial axial stiffness of the short column was somewhat smaller than its stiffness at intermediate
load levels. This reflects in part the difficulty of achieving full proportional loading of both
concrete and steel simultaneously from the start of loading, because of unavoidable imperfections
at the end surfaces of the specimen. The axial stiffness increased gradually from the initial value
of 15 500 MPa to a maximum of 29 700 MPa in the load range of 800-1400 kN. With increasing
load after that, it gradually decreased to 5 600 MPa just prior to failure. The maximum,
experimentally obtained, stiffness value for the composite section is about 20 % less than the
modulus of elasticity that could reasonably be expected from the concrete core alone. This fact is
difficult to explain. The reduced stiffness reflects the high level of average axial compressive
strain achieved by the specimen. This strain, measured by the dial gages, exceeded 6000 pe at
failure (more than twice the strain level achieved by standard concrete cylinders). The strains
measured by the electric resistance strain gauges on the outer surface of the steel tube at the
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midheight of the specimen suggest that most of this shortening took place at the ends of the
specimen.

The data recorded from the electric resistance strain gauges is presented in Figure 3.4 plotted
versus the axial load. Two longitudinal strain gauges (#5 and #11) malfunctioned at the beginning
of the test and their readings were not recorded. Load-strain curves reflecting the average
longitudinal and transverse strains measured at the midheight of the steel tube are shown in Figure
3.5. To allow for comparison, both figures show the load-specimen shortening curve as well.

From the electric resistance strain gauge data, it could be observed that the average transverse
tensile strain in the steel tube at the midheight of the column specimen first exceeded the average
longitudinal compressive strain at the load level of 980 kN. Transverse strain gauges #2 and #12
(the shear failure line later passed between these two locations) measured tensile strains in excess
of 2 000 pe as early as at load level of 1603 kN, when the longitudinal compressive strains were
only about 1 000 pe. It looks like the steel tube at the midheight section was completely yielded at
the load level of about 1950 kN (yielding in some separate locations probably occurred earlier).
With greater loads, a sharp increase in the circumferencial tensile strain was observed at all
measurement locations, suggesting that the steel tube is actively engaged in the passive lateral
confinement of concrete core. Most of the longitudinal gauges at this stage showed decreases in
compressive strain levels, indicating that the load was partially redistributed from the steel tube to

the concrete core.

The general trend was that both longitudinal compressive and circumferencial tensile strains
increased gradually at every particular point on the steel tube with the increase in the axial load.
This trend would indicate that longitudinal compressive or circumferencial tensile stresses or both
had increased. However, it could be clearly observed from the stain gauge data, that at many load
steps an increase in the longitudinal compressive strain at certain locations (sometimes, at all
locations at the midheight section) was accompanied by a decrease in the hoop tensile strain at
these locations, or vice versa, with an increase in axial load longitudinal compressive strains
decreased while the corresponding hoop tensile strains increased. One possible explanation for
this inconsistency could be that the steel tube wall formed waves along the specimen. These waves
are illustrated in Figure 3.6 in an exaggerated manner. The waves are probably caused by the
irregularities in the geometrical dimensions of the tube and the material properties of the steel.



They have very small amplitudes and cannot be observed visually. The lengths and amplitudes of
these waves change with the increase in axial load, causing the described inconsistencies in the
strains at the outer surface of the steel tube. Of course, this hypothesis needs further verification. If
it is true, however, it implies that the chemical bond between steel and concrete is lost at very
early stage of loading, and the bond between steel and concrete depends entirely on the
geometrical imperfections of the steel tube. The waves will tend to strengthen the bond because
they magnify the imperfections and provide the points of concrete-steel interaction.

3.2 Beam-Columns

Specimens FA1-FA3 were tested under a system of vertical and horizontal loads acting with
continuously changing eccentricities as the horizontal reversals were applied. The most significant
eccentricity, associated with the action of the axial load, was accounted for in the calculations of
the bending moments acting at the base of the beam-columns. This eccentricity reflected the
vertical and horizontal misalighments between the positions of specimen cross-section at the steel
base plate and the swivels at the bottom of the vertical actuators. The vertical misalignment was
210 mm, while the horizontal misalignment varied between specimens within 4-6 mm. Although
the position of the multidirectional swivels at the top of the vertical actuators was 80 mm above
the horizontal actuator level, the vertical load was assumed as acting at the point of inflection, and
the associated additional eccentricity was considered negligible. All other misalignments and
eccentricities were neglected as well. The scheme of forces, which acted on a typical beam-
column specimen, is shown in Figufe 3.7. The base moments were computed using the formula
shown in this figure. The weight of the loading beam and the horizontal actuator, although not
shown in the scheme for simplicity, was estimated W = [0 kN, assumed acting at the point of
mflection, and included in the calculation of the base moments.

The lateral load-displacement relationships are presented for two imaginary classical cases :
“lateral load includes second order effects” and “lateral load does not include second order
effects™. In the first case, illustrated in Figure 3.8, the axial load is assumed acting always in the
direction of the center of the column base, so that no P-A effect occurs. The lateral load in this
case is calculated simply from the base moment divided by the shear span. In the second casc,
illustrated in Figure 3.9, the axial load always acts strictly vertically and produces the moment
component P-A at the base of the column, so that the lateral load has to be reduced by a value
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proportional to this component. The second format of lateral load-displacement relationships is
presented in this thesis to illustrate and emphasize the fact, that tested beam-columns were slender
and sensitive to second order effects. Columns having slenderness similar to that of the tested
specimens cannot be used in practice, unless horizontal sway is prevented, or the axial load is very

low.

The stiff steel base plates performed very well in all three beam-column tests. The groove weld
connections of the specimens to their base plates also proved to be reliable. The rotations of the
steel base plates, measured by LVDTs #5 and #6, were at least one order less than the rotations
provided by the hinging regions of the beam-columns at all phases of loading. A typical curve of
steel base plate rotation plotted versus lateral displacement at the point of inflection is presented in
Figure 3.10. The rotations ranged within +0.0008 rad in the case of specimen FA3. The base
rotation range was larger for columns with lower axial loads. For specimen FAl, which was
axially loaded with 400 kN, this range was +0.002 rad. In the case of specimen FA2, the steel base
rotations were within £0.0007 rad when the axial load was held at 1000 kN. When the load was
decreased to the level 100 kN, the range of base rotations increased to £0.0025 rad. In all cases,
the steel base plate rotations were considered negligible compared to the rotations generated by
the flexure of the specimens in the hinging region. The horizontal slip of the steel base plate
relative to the foundation in the direction of the applied lateral load was measured by LVDT #7
during testing of specimen FAl only. The recorded displacements never exceeded 0.25 mm in
either positive or negative direction and were considered not important, so that no measurement of

horizontal slip was employed in subsequent tests.

The length of the hinging region for the tested beam-column specimens was assumed to be
approximately equal to the diameter. The rotations of beam-colurmn sections at 150 mm above the
steel base plate were measured by LVDTs #3 and #4. These rotations (which include the earlier
mentioned negligible rotations of the base plate) reflecting the amount of flexure in the hinging
region are presented in this section plotted versus base moments and lateral deflections at the
inflection point. Average curvatures (computed from these rotations) withir the hinging region are
verified against curvatures computed from the strain gauge data.

The strains recorded from the electric resistance strain gauges during beam-column tests are
presented in Appendix A. Transverse/longitudinal strain ratios are presented in this section plotted
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versus lateral displacements. The data used for these ratios reflects only the strains corresponding
to extreme positive and negative lateral displacements in each loading cycle. Where possible,
section curvatures are computed from the measured strain data to investigate the variation of
flexure intensity along the assumed hinging region. For clarity, some loops in the moment-
curvature plots are marked with figures indicating the lateral displacement reversals applied (e.g.
the mark “-3/2” will indicate, that the marked part of the curve corresponds to the second travel to
the lateral drift level of -3%).

The behavior of each tested beam-column specimen is described separately in the following
subsections. The overall discussion of the test results is presented in Chapter 4.

3.2.1 Column FA1l

Specimen FA1 was tested under axial compression of 400 kN. The horizontal displacement cycles
were applied up to the lateral drift level of 8% when the decrease in lateral load resistance
slightly exceeded 20%. Figure 3.11 illustrates the specimen during testing at drift levels of +4%
and +5%. Local buckling of the steel tube in the hinging zone of the specimen first occurred on
the positive side during the second travel to the displacement level of +100 mm (+5% drift). The
buckle was visually observed to start forming when the lateral displacement was about +30 mm.
During the next reversal to the negative side (second travel to drift level of -5%) the tube buckled
on the other side as well. Vertically, the buckles were located at about 70 mm from the steel base
plate on the positive side and about 100 mm on the negative side. Figure 3.12 illustrates the
hinging region of specimen FAI after the test.

The hysteretic force-displacement relationships are presented in Figures 3.13 and 3.14. The
maximum moment resistance in both directions was attained during the first cycle at the drift level
of +4 %. The experimental moments were +50.098 kNm and -48.394 kNm, with the average of
M., = 49.246 kNm. With further cycles the lateral strength gradually deteriorated to about 80% of
the maximum capacity at the drift level of +8%. It could be also observed from the case “lateral
load does not include second order effects™, that the P-A effects would be very significant for such

a slender column even at this relatively low axial load level of 0.2 P, .
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Figures 3.15 and 3.16 show the moment-rotation and displacement-rotation curves. The average
curvatures within the hinging region were about +125 rad/km and -100 rad/km when extreme
positive and negative moments, respectively, were attained at the lateral drift level of +4%. The
flexure within the hinging region was providing about half of the rotation necessary for the drift at
that time. Average curvatures in excess of 160 rad/km on both sides were attained before local
buckling occurred. Column curvature at a section 75 mm above the base plate, computed from the
strain gauge data, is presented in Figure 3.18 and agrees fairly well with the average curvature in
the hinging zone. At the lateral drift level of +8%, the average curvatures in both directions
slightly exceeded 400 rad/km and the hinging region was supplying about 3/4 of the required
rotations (or drift).

Electric resistance strain gauge data for column FAL! is presented in Figures A.l through A.8. It
indicates that the steel tube yielded both in compression and in tension on the positive and
negative sides, respectively, during the first travel to the lateral drift level of +3%. North and
South sides of the tube yielded in tension during the first travel to +4% drift, which suggests that
the whole section was in plastic state at that time. Longitudinal strains of at least 8000 e in
compression and 18000 pe in tension were recorded on the positive and negative sides of the

hinging region at 75 mm above base before local buckling occurred.

Strains recorded from gauges #15 and #16, which were located on the negative side only 25 mm
above the base plate, suggest that the steel tube, practically, did not yield at any time in this
location. The strains recorded there ranged from -3200 to +1400 pe in the longitudinal direction
and from -1000 to +500 pe in the transverse direction. [t means, the column curvature at 25 mm
above base plate never exceeded 40 rad/km. This is consistent with the reinforcing effect of the
steel base plate, which, by restraining circumferencial expansions or contractions of the
neighboring part of the steel tube, applied passive compression or tension to tube walls in the
transverse direction, thus increasing the yield strength of the tube in the longitudinal direction. The
presence of the base plate also made the concrete core in the neighboring part of the column much
better confined. As a result, the column sections adjacent to the base plate became much stronger
and stiffer than the less affected upper sections. This implies that the 30-60 mm long zone at the
bottom of the column was developing curvatures less than the average, while the rest of the
hinging region needed to develop curvatures in excess of the average to compensate for the

shortage. The reinforcing effect of the steel base plate also shifted the area of the extensive

68



column damage (local buckling zone) to at least 60 mm away from the plate. In contrast to that,
similarly tested columns (Boyd et al, 1995), which were anchored into a reinforced concrete
footing, exhibited local buckling just above the footing.

The development of circumferencial strains in the steel tube is illustrated in Figure 3.17 where
strain ratios for pairs of neighboring transverse and longitudinal stain gauges are plotted. Strain
gauge pairs #4/#3 and #14/#13, located in the area of the potential extensive damage, showed that
the ratio of tensile transverse strain to compressive longitudinal strain in the steel tube wall in the
compression zone of the column’s section approached or exceeded unity at the drift level of +4%
when the maximum bending moment capacities were attained in both directions. This suggests
that the concrete core confinement mechanism was indeed initiated. It also implies, that the
magnitudes of tensile circumferencial stresses at the extreme steel fibers of the compression zone
of the section were equal to or greater than the longitudinal compressive stresses at that time.

3.2.2 Column FA2

Specimen FA2 was initially tested under an axial load of 1000 kN. The lateral loading continued
until the second travel to the lateral drift level of +3%. During this test considerable horizontal
displacement (up to 40-50 mm) at the point of inflection gradually developed in the South-bound
direction (perpendicular to the direction of the applied horizontal load). The main reasons for this
deflection were the 7-10 mm eccentricity in the positioning of the four 19 mm diameter bolts
embedded in the concrete core at the top of the specimen and the high level of axial load applied.
Probably, other eccentricities present in the loading system contributed to this deflection as well.
As a result of this deflection, as shown in Figure 3.19, the loading beam was about to touch the
steel frame on the south side of the test setup. At this stage, it was decided to stop the test. From
the shape of the experimental load-deflection curves, it was concluded that column FA2 had
already attained its maximum lateral resistance capacity (at the mentioned axial load level of 1000
kN) at the drift level of +3%. It was decided to continue the testing under a lower axial load level
in order to minimize the effect of the eccentricity and prevent the undesirable displacements in the
South-bound direction. The next day, the column was brought back to its original position, loaded
axially with 100 kN, and the lateral loading was continued starting from the second travel to the
drift level of -3%. Local buckling of the steel tube occurred on the positive side during the second
travel to the lateral drift level of +5%, and on the negative side during the second travel to the drift
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level -6%. The lateral reversals were applied up to the first cycle at the drift level of +10%. The
steel tube was observed to fracture on both sides along the contraflexure lines of the previously
formed buckles during this last cycle. Figure 3.20 illustrates the buckles and fractures in the
hinging region of column FA2 after the test. The buckles were vertically located about 90 mm
above the base plate on the positive side and about 100 mm above the base on the negative side.
The fractures in the steel tube suggest that decrease in lateral strength of the column, after local
buckling had occurred, could be attributed in part to gradual fatigue deterioration of the tube wall

in the zone of severe flexure associated with the buckle.

Figures 3.21 and 3.22 present the load-displacement hysteretic curves for specimen FA2. They
show that the bending moment capacity of the column dropped with the decrease of the axial load
level. The extreme moments, sustained while the axial load of 1000 kN was applied, were
+65.951 kNm during the second travel to +3% drift and -35.552 kNm during the first travel to -
3% drift, which make the average moment M., = 50.75/ kNm. After the axial load was decreased
to the level of 100 kN, the experimental moment capacities of +43.497 kNm and - 31.093 kNm
were obtained, and that the average moment capacity for the axial load level of 100 kN was only
37.294 kNm. In the plot where “lateral load does not include second order effects”, the P-A
effects appear to be much less significant at the axial load level 0.06 P, .

Figures 3.23 and 3.24 show the rotation provided by the hinging region plotted versus base
moment and later displacement, respectively. Rotation at the top of the column is presented in
Figures 3.25 and 3.26. Average curvature within the hinging region was about 0 when the extreme
negative moment was attained during the first travel to -3% drift. During the next reversal in the
positive direction, when the maximum positive moment was attained, average curvature of +145
rad/km developed in the hinging region. At the same time, during the first cycle at drift level of
3%, more rotation at the top developed in the negative direction than in the positive. Analysis of
these rotations suggests that the specimen formed a double curvature shape at the bottom, with the
most of the flexure in the positive direction provided by the hinging region, while the rotation in
the negative direction was developing mostly at column sections above the hinging region.
Curvatures computed from strain gauge data at column sections 75 mm and 125 mm above base
plate, presented in Figures 3.28 and 3.29, respectively, also tend to confirm this point. After the
axial load level was decreased to 100 kN, the hinging region was again providing rotations in both
directions, with average curvatures exceeding 400 rad/km in both directions at the lateral drift
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level of +9%. Average curvatures of about +200 rad/km and -110 rad/km were attained in the
hinging region before local buckling was observed.

Strain gauge data for specimen FA2 is presented in Figures A.9 through A.24. It shows that the
steel tube in the hinging region had yielded in compression on both sides as early as during the
first cycle at +2% drift. The South side of the tube also yielded in compression at about that time.
There are indications that yielding occurred even earlier at the location of strain gauges #3 and #4.
Data from strain gauges #5 and #6, which were located on the positive side only 40 mm above the
steel base plate, indicates that strains at this location were considerably less than the strains at
higher locations up to the drift level of £3%, which suggests that the reinforcing effect of the plate
(described in the previous subsection) is still pronounce at this distance. Development of
circumferencial tensile strains in the steel tube at longitudinally compressed sides of the column
tube is illustrated in Figure 3.27. Most of the strain ratios approached or exceeded unity during the
first cycle at £3% drift.

3.2.3 Column FA3

Specimen FA3 was tested under axial load of 700 kN. The horizontal displacement cycles were
applied up to the lateral drift level of 7% when the lateral load resistance in the negative
direction completely deteriorated. Figure 3.30 illustrates the specimen during testing at-6% drift.
Local buckling on both sides of the steel tube in the hinging region was observed to form during
the second cycle at lateral displacement level of +100 mm (+5% drift). The buckle on the positive
side was vertically located at about 100 mm from base plate, while the buckle on the negative side
was about 15 mm lower. With further cycles, the buckle on the positive side grew gradually, while
the buckle on the negative side straightened up almost completely, and another buckle on the
negative side of the tube, at about 410 mm from base, was formed during the second travel to the
lateral drift level of -6%. At that time, the double curvature shape of the lower part of the column
was clear. Figure 3.31 illustrates the lower part of the specimen after the test.

The force-displacement curves are presented in Figures 3.32 and 3.33. The maximum moment

resistances attained were +57.126 kNm and -41.035 kNm. These were obtained during the first
travel to +4% drift and first travel to -3% drift, respectively. Higher moment resistance in the
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positive direction, attained during the first travel to +7% drift, was considered not representative
and neglected. The average experimental bending moment capacity was M, = 49.081 kNm.

Figures 3.34 and 3.35 present the rotation provided by the hinging region. Figures 3.36 and 3.37
show the rotation measured at the top of specimen FA2. The tendency for the formation of double
curvature shape could be traced down to the drift level of £2% , as indicated by the higher rate of
increase in the negative rotation at the top of the column compared to the positive rotation. The
average curvature in the hinging region was about -75 rad/km at first travel to -3% drift when
maximum moment in the negative direction was attained, and about +90 rad/km at +4% drift
when the maximum positive moment was obtained. Starting with the first cycle at lateral drift
level of +6%, the hinging region was providing only positive rotations, while the rotation in the
negative direction was developed by flexure of column portion above the hinging region. Average
curvature of about +720 rad/km was attained during the first travel to +7% drift. Column
curvature at 75 mm above base plate computed from the strain gauge data, and presented in Figure
3.39, show accumulation of positive curvature at this section starting with the first cycle at £3%
drift level.

Data recorded from electric resistance strain gauges of specimen FA3 is presented in Figures A.25
through A.35. Strain gauge #11 malfunctioned at the beginning of the test and its data is not
presented. It looks like the steel tube yielded in compression at both sides during the first cycle at
+2% drift. Strains recorded from gauges #1 and #2 suggest that yield occurred at their location as
early as during the first travel to +1% drift. On the South and North sides of the tube the steel
yielded in compression at the lateral drift level of +3%. The strain ratios for gauge pairs #1 & #2,
#3 & #4, #13 & #14, is presented in Figure 3.38. All ratios approached or exceeded unity at the
drift level of 4% or earlier.
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Figure 3.2 : Shape of Specimen ST1 after Failure (specimen is upside down)

74




(BdN) 3/ d ssamg aderoAy

1.1S uawadg uwmjo)) woys 103 diysuone[ay wuswaoedsi(y-peo] : ¢ ¢ amngig

(wwr) safen (i Aq painseapy Juswddedsiq [BOIIOA

4 2 0C 8l ol i r4} ] 8 9 v z 0
o I} 4 [ 1 1 [ A Il [l [ [ I\ c
U - 002
0¢ 1 L oo
0€ [ 009
o¥ <
L 008 w
0S - g
- 0001
09 U el o
- | 8
_ - - 0021
oL < .- '
-
- | .cozm
08 -
|
06 . a | - 0091
NY LSIZ = ™d NY 681 = °d \
001 bdN 06§ = Y oW S'6L = . \ - 0081
wi g =1 w781 = d
|
011 + 11S UWinjo) \ - 000C
ozt Y : T Y Y ' 0022
00009 00005 0000¥ 0000€ 00002 00004 0

(3) ureng reuipni§uor] a8vioAy

75



(edN) 3V /d ssang adeiony

0000} 00

0

sa8nen ureng 20uR)SISY ILNII[H WOy ele( - [ LS uounoadg : ' amsiy]

uosud) ug sAnedau ‘uoissardwos ur aanisod ‘( arl ) suieng
06 0008 oopo\. 0009 oo.om co.ov co.om omom 0001
] '] e

0 000L- 000C- oo..um. oomuv- oomm- 0009- 000.L-
) 1 i '

01 -

0¢ 4

0t -

ot -

0§ -

09 4

0L 4

08 <

06 4

001 -

011 +

¢l

6#
L#
€H
I#

P41

safnen ueng
jeuipriduoy

so3ned peip Aq pamsesw

Juiuspioys [eixe oferoAy AN
N

T # —X—
oy —g—
g4 —O—
o —O—
v ——
TH H—
sagnen uieng
3SIdASURL ],

0
- 00T
ﬁ 111]4

- 009

)
(=3
(=}
[ -]

> 0001

- 0021

(NPD J PeoTT [eOnIdA

- 00Y1

- 0091

- 0081

- 0002

00ce

76



(edW) 3V /d sseng a8eiony

000L
0

1.LS usunoadg uwnjo)) Loyg Joj SOAINY) ureng-peo jo uosuedwo)) : ¢ ¢ ingi

0009

uoisuad) ut aAneJau ‘uoissardwod ur aamsod ¢( arl ) sureng

000S o00¥ 000€ 0002 0001

0

0001~ 000¢- 000¢e-

01 +

0T 4

0t 4

ot -

0S 4

09 +

0L -

08 -

06 -

001 +

011 4

0Z1

sa8ed [e1p Aq pamseaw
Suuopoys uounoadg

6L E'1 ## so8ned urens
2OUBISISAT 91103 [BuUIpnIBuo]
noJ oy wioyy uens afeIoAy

TI0I'8'9Y'T ##
so3ned urens soum)sisas
OO 9SIOASUBL XIS
oY) wioly urens 93eIAY

000~
0

- 002

- 00V

- 009

77



N N Steel Tube wall
/7 v VT
g . Steel-Concrete Interaction
v -
v Concrete/ v
B R
v % v
S N Less Longitudinal Compression
v v v v : . .
L - More Circumferencial Tension
B ?1
v .V oV,
U Nop
v v v Vv More Longitudinal Compression
v o= Less Circumferencial Tension
AV VAR
™. -
N

Figure 3.6 : Simplified and Exaggerated [llustration of the Waves Formed
in Steel Tube Wall Along the Short Column Specimen ST1.
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Figure 3.7: Actual Forces Acting on a Typical Beam-Column Specimen
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Figure 3.8: Assumed System of Forces Acting on a Beam-Column Specimen
“Lateral Load Includes Second Order Effects™
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Figure 3.20 : Specimen FA?2 after the Test
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Chapter 4

Discussion

Analytical considerations pertaining to the effect of concrete confinement by the steel tube are
presented. Various code provisions regarding the estimate of load bearing capacity of circular
steel CFT columns are described shortly. Test results from Chapter 3 are then discussed.
Experimental loads are compared with theoretical predictions. Conclusions and recommendations
for future research are summarized in Chapter 5.

4.1 Theory

Some of the previous experimental research on circular CFTs (also, the results of this study)
suggests that additional strength could be expected from such members due to the confinement of
concrete by the steel tube. A method to evaluate this strength gain theoretically, based on previous
analytical work of many researchers, is presented in this section.

4.1.1 Short CFTs under Axial Compression

The axial compression capacity of a circular CFT short column can be conservatively estimated by
assuming that both component materials act independently:

PO =f:vAs+k-chc (4'1)

where
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k. = modification factor, accounting for the difference between the specified concrete strength,
obtained from standard cylinder tests, and the plain concrete strength in a member under
concentric compression; modification factors ranging between 0.85 and 1.0 have been reported in
the literature, depending on member shape, geometry, concrete casting practice and many other

parameters.

Equation 4.1 assumes that the stress in the steel tube has reached the yield level. This is usually
true, unless the tube wall is very thin compared to the diameter, so that local buckling of the wall
may occur before the yield stress is attained. Data from tests on axially loaded hollow steel
cylinders (Sherman, 1992) indicate that full yield capacity is usually achieved, if the
diameter/thickness ratio of the tube does not exceed of 23 000 / f, (in MPa). This limiting value
could be further relaxed if the steel tube is filled with concrete, which is known to delay the local
buckling.

When a CFT short column is concentrically compressed, not much composite action between the
steel tube and the concrete core can be expected during the initial stages of loading, because the
Poisson ratio of the concrete is lower than that of the steel. However, as the concrete compressive
strain approaches g, (strain, corresponding to the peak stress of unconfined concrete &, /. ), the
lateral expansion of the concrete core tends to become greater than that of the steel tube, and the
confinement mechanism is activated. The concrete actively pushes in all lateral directions against
the wall of the tube, while the steel passively confines the concrete core. In this situation, the
concrete is placed into triaxial compression, while the steel in tube wall could be considered (with
simplification) to be in a biaxial state of stress: compressed in the longitudinal direction, and
under tension in the circumferencial direction. If the steel-concrete lateral interaction is taken into
account, the ultimate axial compressive strength of a CFT column could be expressed as

following:
P.=fiA;+ [ A, “4.2)
where

Jfs = stress in steel tube wall in the longitudinal direction;
[« = strength of confined concrete in the core.
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Recent confinement model (Saatcioglu and Razvi, 1992), suitable for both normal strength and
high strength concrete in traditionally reinforced columns, and based on large amount of
experimental data, suggests that the strength gain due to confinement is independent of the
original unconfined concrete strength. The triaxial strength of high strength concrete can be
expressed in terms of its uniaxial strength and lateral confinement pressure by the following
equation, originally proposed by Richart et al (1928):

Lea=bkufctkfi 4.3)

where
1= lateral confinement pressure;
k = lateral confinement factor, an empirical coefficient, determined from experimental data.

Richart et al (1929) reported that a constant value of k£ = 4./ produced a good correlation for
spirally reinforced test cylinders. Saatcioglu and Razvi (1992) proposed the following expression
for k, obtained from regression analysis of test data::

k=67(£)"" 4.4)

It should be kept in mind, however, that the confinement models, developed for concrete in
traditionally reinforced columns, may overestimate the strength and ductility of confined concrete
in CFTs due to two major differences in the work of confinement mechanism:

¢ In reinforced concrete columns, the hoops or spirals restrict the lateral expansion of concrete
from the start of axial load application. The lateral pressure gradually builds up. On the other
hand, the confinement mechanism in CFTs is initiated only when concrete has already attained
significant longitudinal strain.

e The hoops or spirals in reinforced concrete columns are stressed in lateral direction only. On
the other hand, the tube wall of a CFT resist stresses in two directions. Both longitudinal
compressive stress and circumferencial tensile stress contribute to the development of
transverse tensile strain in the steel tube, which translates into a higher rate of lateral
expansion for the steel tube (higher volume, lower strength for concrete).

Tomii et al (1977) reported k ranging between 1.4 and 4.8 for normal strength concrete confined

by circular steel tubes, with the average k = 2.6.
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The sign convention, adopted in this subsection for stresses and strains in the steel tube, is that
both longitudinal compression and transverse temsion are conmsidered positive. Assuming von
Mises yield criterion (and neglecting shear stress), the relation between longitudinal and transverse
stresses in the steel tube wall after yield could be expressed as:

B+ +ffe=f] (4.5)
or

L= -0.750 ) -05f, (4.6)

where
[ = transverse tensile stress in steel tube wall.

A simpler relationship could be obtained from Tresca yield condition:

Sfstfa=fy 4.7)

or

=S 4.8)

Equations 4.5 and 4.7 are plotted in Figure 4.1. The maximum difference between the two
conditions occur in the pure shear case (f; = f; ), and it is about 15%. Results of combined biaxial
stress tests on steel samples lie somewhere between the two lines (Chen and Atsuta, 1976). Von
Mises yield condition is found to be closer to the test results, but Tresca condition gives the

conservative limit.

As shown in Figure 4.2, from the condition of equilibrium of a CFT half-section, the lateral
confinement pressure on concrete core can be expressed in terms of the transverse tensile stress in
the steel tube wall:

Si=fat/(0.5D-¢) 4.9)

or
fi=05k f1A, /A, (4.10)
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where
k; = a factor, depending only on the geometry of the circular steel tube cross-section; k;
approaches unity for large D/t ratios; its exact value can be calculated from:

k,=1-((Dn)-1)"' 4.11)
Substituting Eqs. 4.3, 4.6 and 4.10 into Eq. 4.2, we obtain:

Po=(f) =075 )  As+kn A+ 05 (kk-1)fo1 A, 4.12)

If Eq. 4.8 is used instead of Eq. 4.6 in the substitution, then P, can be expressed in a very

convenient form:

Pu=.,;As+kmchc+(0-5kgk'I)f..Ile (4.13)
or

P.=Py+(0.5kgk-1)fsA, (4.14)

In Eqs. 4.12 and 4.14, P, is a function of a single variable f;,, for a given CFT cross-section with
defined material properties, if & is assumed constant (also, if £ is assumed as a function of f; ).
Both equations are plotted in Figure 4.3. It should be noted here, that the function P,(f;) does not
have extremes at any point within the considered stress range of 0 < f; < f, , and further
simplifications from the condition of dP,/ df, = 0 (or dP,/ df; = 0) are not possible.

Equation 4.14 shows, that the increase in compressive strength of the concrete core more than
compensates for the reduction in steel yield strength in vertical compression, as long as k is more
than 2/k, . The second term on the right side of Eq. 4.14 represents the additional strength attained
by a CFT short column due to concrete confinement effect. It is clear, that this strength gain
depends primarily on f , i.e. the magnitude of transverse tensile stress developed in the tube
before failure. Obviously, the tube will be best employed, if it is stressed only in the
circumferencial direction, so that f;; = f, could be attained. However, it never happens, because
longitudinal compressive stress is always present in the steel tube, due to the overall shortening of
the column and axial load transfer from concrete core to steel tube through bond, even when
concrete core is loaded alone (Gardner and Jacobson, 1967), or when the bond is weakened by
artificial means (Orito et al, 1987).
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It is not likely, that the strength of core concrete f°. has any significant influence on f; . It is
reasonable to suggest that, for a given f, , the magnitude of £, will increase with the decrease of
D/t ratio. Tests of Tomii et al (1977) showed that the distribution of stresses in longitudinal and
transverse directions in the steel tube is affected by the steel contribution factor. The magnitude of
tensile circumferencial stress f;; in a CFT, for every D/t and f, combination, can be estimated with
sufficient accuracy from experimentally determined ratio B of transverse/longitudinal strains in the

steel tube at failure:

E/&=p 4.15)
Also, from Tomii et al (1977):

Bzdey/de=(2fatf,)/ (fut2f:) 4.16)

Combining Eqs. 4.8 and 4.16 and solving, we obtain:

fuz2Bf/(B+1) @17

If the lateral confinement factor is assumed not constant, the variation of £ can be taken into
account by substituting Eqs. 4.4 and 4.10 into Eq. 4.14:

P.=Py+(3.77 k% (f2 A /A ) - 1) fu A, (4.18)

Comparison of Eq. 4.14 (with constant k = 4./) and Eq. 4.18 is presented in Figure 4.4 for the
case of specimen ST1.

4.1.2 CFT Sections under Combined Compression and Bending
It is generally believed (Neogi et al, 1969; Chen and Chen, 1973), that concrete confinement is not
important for slender CFT columns (with length/diameter ratio greater than 15). This is true,

however, only in the context that confinement effect does not increase the buckling load, when
increasing axial compressive (concentric or eccentric) load is applied, and instability dictates the
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failure. Concrete has to attain considerable compressive strain before confinement is activated,
and overall buckling in longer columns occurs before the concrete can expand sufficiently to result
in any noticeable confinement effect.

When the axial load is held at a low or intermediate level, concrete confinement effect contributes
to the bending moment resistance of CFT beam-columns. Test results of Matsui et al (1995)
suggest that even long circular CFT beam-columns may resist moments exceeding their theoretical
full plastic moment capacities.

The applicability of the theoretical approach, described in the previous subsection, to CFT
sections subjected to combined compression and bending is severely complicated by the presence
of the strain gradient. The lateral expansion of the concrete near the extreme compression fiber
may be very significant, while concrete in the tension zone and near the neutral axis cannot be
expected to expand laterally. This translates into nonuniform lateral confinement pressure, as
shown in Figure 4.5. The combination of stresses in various directions is unique for every point in
the concrete core cross-section. Consequently, concrete at every point will have its own unique
stress-strain relationship. The analysis is further complicated by the variation of longitudinal and
transverse stresses in the steel tube section. Due to the described difficulties, the sectional analysis
for CFT beams or beam-columns is usually performed with uniaxial stress-strain relationships
employed for both concrete and steel, and the beneficial effect of concrete confinement is either
neglected or partiaily taken into account by assuming higher concrete ductility and &, = / (Chen
and Chen, 1973; Eurocode 4, 1994).

It is worth to note here, that the lateral shrinkage of the steel tube wall in the tension zone
contributes to the lateral confinement pressure. On the other hand, the concrete core restricts the
steel in the tension zone from contracting, causing the development of circumferencial tensile
stress in the tube. This might translate into a slight increase of the yield strength of the steel in
longitudinal tension. The most confined concrete is located far from the section centroid, so that
any increase in concrete compressive resistance here efficiently contributes to the bending moment
resistance of the CFT section. Another beneficial composite effect worth mentioning is that the
concrete core restricts the ovalization (Sherman, 1986) of circular steel tubes in bending.
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4.2 Codes

Recent provisions for circular CFT columns of three major North American design codes and
Eurocode 4 are presented in this section. It was intended to maintain common notation, so that the
original code notation is modified. The design equations are modified, where possible, to directly
accommodate provisions pertaining to circular CFTs and exclude unrelated provisions, and
simplify the expressions. All loading and safety factors are neglected. The design for shear is not
discussed.

AISC LRFD 1993 (American Institute of Steel Construction, 1994)

The applicability of this code to circular CFTs is limited by the following conditions:

o A,20.044,;

o 3ksi<f.<8ksi(2] MPa <f.<55MPa),

Jfy <35 ksi (379 MPa) in calculating the strength;

e t2D(f/8E,)".

The third limitation, concemning the yield strength of the steel tube, was proven to be too
concervative by Kenny et al (1994), who recommended this critrion to be revised for tubular
members to allow for nominal yield stress values as high as 80 ksi (552 MPa).

The strength of axially loaded circular CFT columns is given by:

for Ams <15 P.=(0.568%=) A, f,, (4.19)
for Aps>1.5 P.=(0.877/ Ans’ ) As frny (4.20)
where

A =(KL/ (15 7)) (fruy Eres )™ 4.21)

Joy=f,+085f A/ A, 4.22)
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En=E+04E.A./A, (4.23)

K = effective length factor;
L = laterally unbraced length of column.

Equations 4.19 through 4.23 take into account the contribution of the concrete core to the axial
strength and stiffness of composite columns. The code, however, neglects any contribution of
concrete to the flexural capacity of CFTs. I[n the case of combined compression and uniaxial

bending, a simple bilinear interaction relationship is used for circular CFT beam-columns:

for PP, 20.2 P/P.+089M /My<10 (4.24)
for P/ P, <0.2 0.5P/P,+M, /My<Il.0 (4.25)
where

M, = the flexural strength of a CFT beam-column, when P = 0. Here M, is limited by the flexural
strength of the steel section alone:

My=2,f,<158S,f, (4.26)

CAN/CSA-S16.1-94 , Canadian Standards Association (Canadian Institute of Steel
Construction, 1995)

This is the only national code that provides design guidance for circular CFTs in Canada. The
code recognizes the superior performance of circular CFTs under axial compression, and accounts
for triaxial effects by the introduction of special factors (t* > 1.0 and t < 1.0). [n the 1994
standard, new provisions taking account of concrete core contribution to the flexural strength of
rectangular CFTs were introduced, based on the research of Lu and Kennedy (1994).
Consequently, bending moment resistance of rectangular CFTs under combined compression and
bending was increased. However, the lower bound solution, assuming bending to be resisted by
steel section alone, is retained for the design of circular CFTs, which is not very logical, since it is
well known that circular CFT's perform better than the rectangular CFTs.
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The code specifies the lower limit for the wall thickness of circular CFTs by ¢ =D f,/ 28 000.

The compressive resistance of circular CFT columns is specified as:

P,=7P.+1P,
where
P.=085F.A. A2 ((1+0.2517)*°-0.517)
Po=f, A (1 + 21 ytHe
r=(1+p+7)*
¢“=1+(250 tt/D)(f,/(0.85f.))
p=0.02(25-(L/D))
A=(KL/(r-z)) (f/E)™

A=(KL/(r ) (f;/ E)"

r=1"= 1.0 forcircular CFTs with L. D 225 (and for all rectangular CFTs);

4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

for circular CFTs in axial compression with ¢ <D f, / 23 000, A, must be taken as the effective
area, determined in accordance with CSA Standard S136 (this condition does not apply for

circular CFTs in flexural compression).

For circular CFT members required to resist both bending moment and axial compression, the

concrete core is assumed to carry the axial load only, while the steel section must be proportioned

to carry the total bending plus axial compression in excess of 7* P, . The introduction of 7 < /.0

here makes the bending moment capacity of a CFT column at P = 0 even less than the moment

resistance of hollow steel section alone in pure bending (and r decreases for shorter beam-

columns).
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M. <tM, (4.35)

and if P > r* P. (P-7P.)/(tP,) + UM,/ tMy <10 (4.36)
where

fort 2D f,/ 18000 My,=2.f, 4.37)
for D f,/ 18000 >t 2D f,/ 28000 M,=S.f, (4.38)

U = parameter, accounting for second order effects due to the deformation of a member between
its ends.

ACI 318-95 (ACI Committee 318, 1996)
The lower limit of tube wall thickness for circular CFTs is specified by t 2D (f, ./ 8 E; )%

The axial compression strength of CFT columns is limited to 85 % of the nominal section strength

(with k,, =0.85) to account for accidental eccentricities:
P.=085(0.85 A.+f,A;) 4.39)

The provisions for computing axial-flexural strength interaction curves for CFT sections are
essentially the same as those for reinforced concrete. Linear strain gradient and full strain
compatibility are assumed throughout the composite section, with the maximum usable strain at
extreme concrete compression fiber equal to 0.003. Tensile strength of concrete is neglected.
Rectangular stress block with a stress ordinate of 0.85 f°. is assumed for concrete in compression,
acting over an equivalent compression zone bounded by the edges of concrete cross section and a
straight line located parallel to the neutral axis at a distance of a = 0.65 ¢ from the concrete fiber
of maximum compressive strain (coefficient of 0.65 is specified for /7. > 55 MPa; ¢ = distance
from the concrete fiber of maximum compressive strain to the neutral axis). Stresses in steel tube

fibers are determined from f; = E, & and -£,<f; <f, .
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The code requires slendemess effects to be taken into account by performing second-order
analysis to determine design forces and moments. This analysis should consider material non-
linearity and cracking, the effects of member curvature and lateral drift, duration of loads,
shrinkage and creep, and interaction with the supporting foundation. Alternatively, slendemess
effects may be analyzed in terms of specified moment magnifiers using a reduced Euler load and
expressions for equivalent stiffness and radius of gyration, accounting for creep and cracking.

-Eurocode 4 (European Committee for Standardization, 1994)
The minimum steel tube wall thickness for circular CFTs is limited to t 2D f, / 21150 .

Favorable development of concrete strength in CFT columns is recognized by allowing the use of
kn = 1.0 (instead of k,, = 0.85 used for other composite columns). The code provides a simple
method for the construction of composite cross-section interaction curve, approximated by a
polygonal path, shown in Figure 4.6. The combinations of axial load and bending moment, that
define the points A, B, C and D of the polygonal diagram, are calculated using full plastic
rectangular stress blocks for both steel and concrete. The following expressions can be used

circular CFT sections:
Pi=mfyAs+fcAc(1+ i (t/D)(f,/fc)) (4.40)
Pc=f:A. (4.41)
Py=0.5f.A, 4.42)
Mp=f,Z,+0.5f. 2. (4.43)
Mpg=Mc=Mp-2th}f,-0.5((D-2t)h)f. (4.44)

where
he=05f.A/(2Df +4t(2f,-fc)) (4.45)
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r],=r)m(1-10e/D)20.0 (4.46)

m=nwe+(l-n)(10e/D) <10 (4.47)
e=M/N (4.48)
Ne=49-18.5A+172>20.0 (4.492)
but for 4 =>0.5 N10=0.0 (4.49b)
N0=025(3+21) <10 (4.50)
A=(KL/7)((fyAs+fA)/(E, L, +08E.I.))" (4.51)

The polygonal diagram in Figure 4.6 implies that M; = 0 and Py = 0 . Equation 4.40 takes into
account the increase in strength of concrete caused by confinement in shorter columns ( A <0.5 ).
This equation can be used (in combination with Eq. 4.52) to calculate the compressive resistance
of eccentrically loaded ( 0 <e <0./ D) short circular CFT columns. However, for the interaction
curve P, is calculated with ¢ = 0, and Eqs. 4.46 and 4.47 become 7, = n;p and 75 = 7y ,
respectively. For longer columns, having relative slenderness 1 > 0.5, the effect of confinement
should not be taken into account, and the values of 77, and 7, become 0.0 and 1.0, respectively,
according to Eqs. 4.46 through 4.50. The value of P, in this case becomes equal to P, given by
Eq. 4.1 (wmith £, = /.0). Also, it is worth mentioning here, that Eq. 4.51 takes into account the

contribution of concrete core to the axial stiffness of the composite section.

The resistances derived for composite sections have to be reduced for real columns to take

account of imperfections and slenderness effects. The resistance of members in axial compression

is specified by:

P, =xP, (4.52)
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where
x = reduction coefficient, depending on relative slendemess; for CFT columms y is determined
from buckling curve “a” of Eurocode 3 or calculated from:

z=fi-(R-27)’ <1.0 (4.53)
with

fi=05272(1+021(A-02)+4) 4.54)

The bending moment capacity of CFT columns should be reduced according to:

M, <09y Mg (4.55)
where

Y=Va- Nl 2a-2a) /(X 2e) (4.56)

=025y (1-r) 4.57)

Xa=P/Py (4.58)

¥« and ¥ = parameters, shown in Figure 4.6;

r = ratio of the lesser to the greater end moment in the column; -/.0 <r <1.0 .

Smoother P-M interaction curves (and more accurate predictions) can be obtained by introducing
a larger number of limiting combinations of axial load and bending moment, using the same
underlying principles as for points A, B, C and D, i.e. full plastic section analysis with rectangular

stress blocks of 1, for steel and /. for concrete in compression.
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4.3 Evaluation of Test Results

4.3.1 Short Column

Table 4.1 provides the comparison of failure load P, of specimen ST1 with theoretical
predictions of design codes, described in the previous section, and estimates, obtained by using
Egs. 4.1, 4.14 and 4.18. The values of K = /.0 and /. = 380 mm were used, where required by
code specifications. The value of £ was conservatively estimated to be equal to 1.0, based on the
observed shear failure mode and measured strains. Consequently, f;; = 0.5 f, was used in Egs.
4.14 and 4.18. The value of k = 4.1 (Richart et al, 1929) was used for Eq. 4.14. Also, the
assumption of k,, = 1.0 was considered appropriate for Eqs. 4.1, 4.14 and 4.18.

All considered design code predictions showed to be conservative compared to P, . Estimate by
Eurocode 4 showed to be least conservative and very accurate. Compressive resistance obtained
from CAN/CSA-S16.1-94 was also very close to the experimentally determined capacity. Both
AISC LRFD 1994 and ACI 318-95 showed to seriously underestimate the resistance of short
CFTs under axial compression, with ACI prediction being the most conservative and inaccurate.

Equations 4.14 and 4.18 gave accurate predictions. It seems that, with a broader base of available
reliable experimental data on short HSCFTs under axial compression, the parameter S, involved
in these equations, could be calibrated for a wide range of D/t ratios. Also, more experiments are
needed to determine the variation of S for different levels of £, and f°. . Concrete confinement
effects are present in short HSCFTs, and there is certain need to determine whether confinement
models, developed for high strength concrete in traditionally reinforced columns, are applicable
for CFTs. The result of this single test shows that the described confinement models can be indeed
applied if appropriate value of S is chosen. Strains measured during the test indicate that £ at
various points of steel tube wall is far from uniform, and a reasonable approximation is required.

The estimate by Eq. 4.1 shows that P.., exceeded the nominal axial compression capacity P, by
only 16.7%. This result shows that, the relative increase in the overall compressive strength of a
short HSCFT due to confinement effects is not that great, as it could be expected from CFTs with
normal strength concrete. Since the increase in concrete strength due to triaxial effects does not

depend (or depends very little) on its uniaxial strength, the relative increase in strength due to
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confinement tends to decrease with higher /7. , and would, probably, be negligible if concrete of
[e 2 150 MPa is used for standard structural steel CFTs. Greater levels of lateral confinement
pressure are needed for high strength concrete in order to supply significant relative increase in
strength due to triaxial effects. Apart of using thicker tubes, it is likely, that HSCFTs made of high
strength steel (providing higher f,, higher f; and higher f; ) will be more efficient in terms of
relative strength increase due to confinement. There is certain need for experimental research on
circular CFTs that would incorporate high strength steel and high strength concrete.

4.3.2 Beam-Columns

In this subsection, the test results of specimens FA1-FA3 are discussed in terms of obtained
experimental bending moment capacities and ductility levels. Theoretical predictions of flexural
strength, calculated according to design code procedures, described in the previous section, are
compared with experimental results. The effects of the axial load level, which was the main
variable in this small series, are outlined.

Flexural Strength

Figure 4.7 shows the lateral load-displacement envelope curves for specimens FAI-FA3. The
bending moment resistance of the beam-column specimens in the positive direction steadily
increased with the increase of the axial load level. In the negative direction, the lateral load
capacities of specimens FA2 and FA3 were less than that of specimen FA1. This was due to the
development of the double curvature shape in specimens FA2 and FA3, described in section 3.2.
Slenderness effects at axial load levels of 700 kN and 1000 kN caused the maximum bending
moment to develop between the ends of the beam-columns. In both cases, this phenomenon was
observed in the negative loading direction only, causing the lateral load resistance in that direction
to be significantly less than in the positive direction. It looks like the cyclic loading promotes the
slenderness to take effect in the direction of reversed loading. The ratios of measured extreme
negative to positive base moments M ., / M, for specimens FAL, FA2 (P, = 1000 kN) and
FA3 were 0.97, 0.54 and 0.72, respectively. In the case of specimen FA2 (P, = 100 kN), this
ratio was 0.71, which indicates that the specimen did not fully recover after the initial “shake”
under axial load level of 1000 kN. It should be noted here, for specimens FA2 and FA3, that the
maximum negative moments calculated at the base, probably, reflect only a part of the real
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maximum negative moments experienced by the columns. The rotation measurements for these
specimens and the final shape of beam-column FA3 support this suggestion. It is likely, that the
bending moments measured in the positive direction are more representative of the real flexural
strength of tested sections. Nevertheless, the values of M,,, used in the following comparison
were taken as the average of maximum measured positive and negative base moments for each
case. These values are conservative lower bound estimates of the experimental section capacity
flexural strength of the tested columns.

The values of experimental bending moment strength M., of beam-columns FAL-FA3 are
compared in Table 4.2 with the theoretical predictions of flexural capacity, based on the
provisions of design codes, described in the previous section. Figures 4.8, 4.9 and 4.10 illustrate
the theoretical P-M interaction curves for columns FA1-FA3, used in this comparison. A computer
program, called CFTACI, was developed to compute the P-M combinations for the ACI 318-95
section capacity curves. Fortran code for this program is presented in Appendix B. Similar
program was developed and used for the construction of Eurocode 4 full plastic section capacity
curves. The CAN/CSA-S16.1.-94 and AISC LRFD 93 interaction curves were derived for L = 0 .
Because the procedure of CAN/CSA-S16.1.-94 leads to increase in flexural strength with the
increase of L , it was found appropriate to include additional CAN/CSA-S16.1.-94 curve in the
comparison, which was derived for K = 0.7 and L = 2050 mm. Sample calculations for the
derivation of CAN/CSA-S.16-94 and AISC LRFD 93 curves for column FAIl are presented in
Appendix C.

Figures 4.8, 4.9 and 4.10 show, that significant discrepancies exist between design codes, and
predictions of beam-column flexural strength are widely scattered. AISC LRFD 1994 gives the
lowest estimates of M, at intermediate and high axial load levels, while CAN/CSA-S16.1.-94 is
the most conservative in the lower range of P. Both codes were developed for the design of steel
structures, and seriously underestimate the contribution of concrete to the flexural strength of
circular CFT beam-columns. These two codes also neglect any increase in flexural strength due to

the concrete core in circular CFTs in the case of pure bending.
For all tested beam-columns, M,,, was higher than any of the considered predictions. Even the

estimates using full plastic section analysis, which partially accounts for concrete confinement
effects were less than the experimental results. Within the range of the axial load levels applied to
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beam-column specimens during this experimental investigation 0.06 <P,/ Py <0.58, both M,
and the ratio M, / M, steadily increased with the increase of the axial load, as shown in Table
4.2. It indicates, that the contribution of concrete core to the flexural strength and concrete
confinement effects become greater as the area of the compression zone in the composite cross
section increases with the increase of the axial load level. The obtained degrees of flexural
strength enhancement M., / M, (ACI 318-95) are similar to those reported by Priestley and Park
(1987) for reinforced concrete beam-columns with high amounts of transverse reinforcement.

The method suggested by Eurocode 4 gave the least conservative and the most accurate
predictions of flexural strength for circular CFT columns tested during this investigation. Also, the
simplicity of this method makes it very attractive for practical use.

The local buckling in all three specimens occurred after the maximum moments had been attained.
No immediate changes due to buckling could be observed in any of the obtained experimental
data curves. Visual observations and strain measurements suggest that local buckling was
associated with high amplitudes of strain cycles in the steel tube, rather than the crushing failure
(or abrupt decrease in strength) of the concrete core, as it is generally believed. In circular CFT
beam-columns under cyclic lateral load, crushing failure of concrete in the local buckling zone
does not cause, accompany or immediately follow the local buckling of the steel tube. The
observed final lengths of the bulges, not exceeding 35 mm, imply that the concrete core was well
confined in the buckling zone up to the end of testing. The fatigue deterioration of steel tube wall
along the lines of severe cyclic flexure, associated with the progress of local buckling under
compression and subsequent straightening up under tension, certainly contributed to the gradual
reduction in the lateral strength of CFT beam-columns after local buckling had occurred.

Ductility

Ductility is the ability of structures to undergo large deformations without significant loss in load
bearing capacity. It is usually evaluated in terms of a ratio of the maximum deformation to the
yield deformation. The latter is defined as the deformation at an assumed yield load (usually,
estimated theoretically) reflecting the bilinear approximation of the load-deformation curve. The
common procedure to experimentally determine the yield displacement 4, (Park et al, 1983) at
the beginning of each test (and then apply increments of 4, for lateral reversals) was not adopted
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in this experimental study because of the concem, that the theoretical ultimate lateral load
predicted for CFT beam-columns will not be accurate. As it was mentioned in Chapter 1, if large
difference occurs between this theoretical load and the obtained experimental ultimate lateral load,
4, determined based on the theoretical load will not be representative of the experimental
hysteretic curve, and that will lead to errors in the assessment of the ductility levels achieved.
Here, it was considered more appropriate to use lateral loading path based on lateral drift
increments, and later calculate the attained displacement ductility levels using 4, , determined as
shown in Figure 4.11. The presented method for the calculation of 4, is just a modification of the
common procedure, but it does not depend on the theoretical ultimate lateral load.

On the experimentally obtained moment-displacement hysteretic curves, the points of first
encountered 0.7 M" ., and 0.7 M, were found. The yield displacements in each direction were
obtained by extrapolating straight lines from the origin through these points until they reached the
levels of 0.9 M"., and 0.9 M ,, . The yield displacement 4, for each beam-column was taken
as the average of yield displacements obtained for the positive and negative directions. The
attained displacement ductility level in a direction was then calculated as y = A,/ 4, , Where Ay
represents the maximum lateral displacement achieved in that direction before the flexural
resistance dropped below the level of 70% of the maximum experimental moment in that
direction. The yield curvatures ¢, and maximum curvatures @, (reflecting average curvature in

the hinging region) were obtained in the same manner from the moment-rotation relationships.

The computed ductility factors for specimens FA1, FA2 (P, = 100 kN) and FA3 are presented in
Table 4.3. In the case of specimen FA2 (P, = /000 kN), the testing was stopped, for reasons
explained in section 3.2, just after the column attained a displacement ductility level slightly
exceeding 2. The curvature ductility for the negative direction for specimen FA3 could not be
established, because the negative rotations of the column were supplied by flexure outside the
hinging region.

All specimens exhibited favourable ductile hysteresis behavior with no or little “pinching”.
Column FAL1 gave the least ductility factors of 4 = 4.0 and @ / @, = 8.3. From the results of this
investigation, it was not possible to establish the effects the axial load level might have on the
ductility factors and parameters.
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Table 4.1 - Theoretically Predicted Axial Compression
Capacities for Short Column ST1

(Poxp = 2157 kN)

Theoretical Prediction Predicted Capacity
Method Used P, or Py

(kN)

AISC LRFD 1993

CAN/CSA-S16.1-94

ACI 318-95

Eurocode 4

Equation 4.1

Equation 4.14

Equation 4.18
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fs + ( compression )

5

Equation 4.5
N \Von Mises Condition

Equation 4.7
Tresca Condition
( tension )
B 2
Figure 4.1 : Plot of Eqs. 4.5 and 4.7
B e f;, t
N
7N v
— fi=lfut/(05D-1)
v r
v \Y/
- ful

Figure 4.2 : Lateral Pressure in a Circular CFT under Axial Compression
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( tension )
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Figure 4.3 : Equations 4.12 and 4.14 ( £ >2/k; )
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1600 T T T >
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Figure 4.4 : Equations 4.14 and 4.18 for the Case of Specimen ST1 (&, = 1)
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Figure 4.5: Lateral Confinement Pressure in a Circular CFT
under Combined Compression and Bending
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Figure 4.6 : Construction of Polygonal M-P Interaction Curve (Eurocode 4)

136



(w ND) WV Judwop dseq

00Cc 081

091

€V I-1V suswioadg umnjo)-wreag 10§ saaIn)) adopaauy juswdoe|dsi(]-peo [eaae] : L' amsyg

ovl 0Z1 001

(ww) vy Juawdde|dsiq [B198]

0L- -

Ji8-dojoay

3/06

09-

0S- 4

o~ 4

114

ot

ob -

0S 4

vy uw

)4t -.-

....< )

09 -

1A/

| uwnjo))

0L o

O\ =
00 =

O «
wy

(%) 7/V yud [e1deq

001- 0ZI- O¥1- 091- 081- 00Z-

(%
ot-
ScC-
=
B
0c- o
g,
&
g
ol-
~y
S- L
(<N
° B
WQD
v
o1 >
)
o B
0C WM
ST
ot
(1

137



| v uowoadg 10§ SIAIND) UONORIAU] Jy - 4 : §'p 2131

(wNY) wawo Suipuag
S¢S oS St o 133 (V1% Y4 (119 Sl 01 S 0
L} _ — Werasporon ]
. R _
WNFOPT P =" . T 00
NYooF="4 .- \
L - — n’ 1 ] oot
: -
K (i 0saz =14 = ¥ )|
' $6-"1°91S-VSI/NVD .
3 N N (0FTY) 008

.

. N Lo £6 44T OSIV]

T / 0001
- _ _ N

- N 0021
1 a_s%y?

(NPD) PeO] [erXY

N\
.. S68I€ 1DV N 00b1
e e 0091
(vD3 4q)|morde) - /.
4 "y uouRNg seld =
DIV OEE =S DANTFO8=""f i e oo8lI
il t°g = 1 wu +ZQl = d .
umjo — o g~ - 40002
:Eﬁ_ 190 4 I'9IS-VEINVO ™™
L 002z

138



7V uaunoadg 10§ S3AIND) UONIBISIUL A - 4 : 6t 2131

(wNY) wawop Sujpuag
sS 0s 194 ov 113 112 s¢ 0¢ Sl ol S 0
1 4 ‘ | - 0
. _ H8z9)"oposyog
uNY 6z iE="We |- _ _
NY.00L="d. " - \ L — L ooz
’ \ '
. 3 _ . N —+ oo
. (ww 0gQz =1L =)
! b6~ _.e_m..<mQ\Z<U_ /
: — . (0="1Y) 009
. N6 a4 ISIV
N TS0 =" " TN S N 008
NY 0001 = *°q ', arsed / v N 1
° . . nede) uczuon oot B
-1, S6BIEIDV N 3
. — | // —+ oozt &
T . —— e oS M
oA Aq)/lydede)y |- - . | T \ 001
uoyIIS S8l T T L :/
—— e e 0091
~ Te .. .
B-FHAFN e £ B-FIAF-A1 45 y (q-~ W\ . ]
DA Ot =S N OCL ) — o 0081
P6-"1'91S-VSI/NYD =
wt prg =1 wut ¢3¢l =
#iE Fast=a ~_
Nf.% uwno) - 000¢
002¢

139



€V 4 usumdadg 10 SAAIND UOHORIAU] A - 4 : O] b 281

(wNY) Jusuioy Surpuog
ss 0s St o¥ s€ o€ ST 0z sl 01 S 0
L / _ _ B opooog 0
e — ) 002
e ’ \ ’_ ’
N v : - m " ﬂ oov
. / (ww 050z =7: 20 = ¥))| 4/
' i — 009
N 6~ 9IS-VS ﬂzﬂu_ | S (0="14)
/ N\, £6 44T JSIV
: N ! ’ // 008
' . . / | - I .
e — 0001
. Aede)) uoyrd N
k.. SESIEIDV s 00Z1
n.-c- _/.l.l o /[OQV—
(v3 4q) Ay H%.o..:.. Il
uopdIS s8] R ) ~ 0001
“—~ o AT
AN OEE =" VN SL="Y — o 1~ ~I 0081
wit\f-'¢ = i ' = - -
& hesi=a P6-1DIS-VSINVD ™~ =
€vd _.._.__jv — =+ 000z
007

140

(NPD peoT [erxy



M A

0.9M*q,r———/—ﬁ———

0.7M .,

Hysteretic Cuiv/ //

A,=(4,+4%)/2

0.7M o,

0IM .,

Figure 4.11 : Experimental Definition of Yield Displacement
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Chapter S

Summary and Conclusions

5.1 Summary

A combined analytical and experimental investigation was conducted to study the behavior of
circular HSCFT beam-columns. An extensive literature review was done to evaluate the available
data on CFTs. Three long beam-columns were tested under constant axial compression and
incrementally increasing lateral displacement reversals. While the level of the axial load was the
main variable parameter in this experiment, both strength and deformability issues were
addressed. In addition, one short column was tested in concentric compression. A comparative
study of North American and European design code provisions, with regard to circular CFTs, was
carried out. Various aspects of concrete confinement in CFTs were analyzed. The experimental
results were compared with theoretical predictions of strength.

5.2 Conclusions

The following conclusions can be drawn, with regard to circular HSCFTs with D/t <50, from the
research reported in this thesis:

e Use of high strength concrete of up to 90 MPa for circular CFT members does not cause any

dramatic changes in the behavior. General principles of structural analysis can be safely
applied to HSCFTs. It should be kept in mind, however, that the failure mechanism of short
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concentrically loaded columns is triggered by shear failure of the concrete core, leading to a
sudden decline in load-carrying capacity beyond ultimate.

Circular HSCFT beam-columns possess good characteristics in terms of ductility. Tested
specimens exhibited favorable hysteresis behavior with no or little “pinching” under cyclic
loading.

Concrete confinement effects contribute to the flexural strength of circular HSCFT beam-
columns. This contribution increases with the increase of the axial load level within a certain
range of P depending of columns’ slenderness. For the beam-columns tested in this
experiment, this range was about 0 <P/ Py <0.6.

Local buckling of the steel tube wall occurs after the maximum bending moment capacity is
attained. It does not cause any immediate changes in the behavior of HSCFT beam-columns,

and the concrete core remains well confined in the zone of the local buckling.

Significant discrepancies exist between major codes in terms of design provisions for circular
CFT columns. The discrepancies are especially large when predictions of flexural strength for

CFT beam-columns, given by various codes, are compared.

All considered codes can be safely used for the design of circular HSCFT columns.

AISC LRFD 1994 interaction curves give the most conservative, if not to say poor,
predictions of flexural resistance of CFT beam-columns for the most of the axial load range.

CAN/CSA-§16.1-94 unfairly treats circular CFTs in bending and combined compression and
bending, compared to rectangular CFTs. Limiting the flexural capacity of circular CFTs by
the bending moment strength of steel section alone is unnecessarily restrictive. It also seems
illogical to apply the biaxial steel reduction factor t in the evaluation of the bending moment
capacity. Still conservative to a significant degree, expressions similar to those adopted for
rectangular sections can be easily developed and adopted for circular CFTs.
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The ACI procedure is the most complicated. It does not take any account for concrete
confinement in circular CFTs, and is more conservative than the Eurocode 4 method.

Eurocode 4 provides a simple, conservative and relatively accurate method to estimate the
flexural strength of circular CFT beam-columns. Eurocode 4 gave an exceptionally accurate
prediction of axial strength for the short circular HSCFT column tested in this investigation.

5.3 Recommendations for Future Research

Results of this study suggest that concrete confinement models developed for traditionally
reinforced concrete columns may be applied to circular CFTs, if lateral confinement pressure
is properly estimated. More research is required to determine whether it is true, or
modifications to these models are needed in order to account for different concrete
confinement mechanism in circular CFTs. Still little is known about the development of
circumferencial stresses in steel tubes and their correlation with the longitudinal stresses.

More tests on circular HSCFTs are needed to establish a broader experimental data base. So
far, very few tests had been conducted on circular CFTs containing concrete stronger than 70
MPa, and any additional data will be valuable, regardless of test parameters.

Tests on circular CFTs incorporating high strength concrete and high strength steel are

recommended.
The flexural strength of circular CFT beam-columns is not well predicted. The benefits of
concrete confinement are generally ignored. Numerical studies should be conducted that will

take confinement effects into consideration.

Further research is recommended to address the issue of creep in circular CFT columns.
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Appendix A

Strain Gauge Data

Strains measured by the electric resistance strain gauges in the hinging zone of tested beam-
column specimens FA1-FA3 are presented in this appendix. The recorded strains are plotted
versus lateral force including second order effects. Where possible, the loops are marked with
figures indicating the lateral displacement reversals applied (e.g. the mark “-3/2” will indicate, that
the marked part of the curve corresponds to the second travel to the lateral drift level of -3%).
With increasing lateral displacements, the strains in the steel tubes at almost all measurement
locations exceeded the capacity of the strain gauges. Most of the gauges failed before the testing
was over. For this reason, the data presented here, in many cases, reflects only a part of the
loading history.

The sign convention for strains is positive for compression and negative for tension. Lateral forces

are positive in the West-bound direction and negative in the East-bound direction. The locations
of the strain gauges are shown in Figure 2.16.
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C
C
C

Appendix B

Fortran Code for Program CFTACI

EEEKEERRERERRREKREERAERREEEEERRERERRRXERREERERESEXREERREEREE

* CFTACI - PROGRAM FOR COMPUTING THRUST-MOMENT INTERACTION *

* CURVES FOR CIRCULAR STEEL TUBES FILLED WITH *
HIGH STRENGTH CONCRETE (>56 MPa) IN ACCORDANCE *
WITH ACI 318-95 (COMPRESSIVE AXIAL LOAD ONLY). *
ELASTIC-PERFECTLY-PLASTIC MODEL FOR STEEL. *
NUMBER OF STEEL FIBRES - 2200. *
RECTANGULAR STRESS BLOCK FOR CONCRETE OF *
INTENSITY 0.85 fc',a=0.65 c. *
MAXIMUM CONCRETE COMPRESSIVE STRAIN 0.003.  *
NUMBER OF CONCRETE FIBRES - 2000. *
OUTPUT EVERY 0.05 Po FROMOTILL 0.85Po.  *

BY FARID ALFAWAKHIRI - LAST REVISED ON JULY 25, 1997 *

b2 2 2 2 £ 2 2 3 kK kkkEkEx

LR BN BN K R EE 2K BN K

IMPLICIT REAL*8 (A-H,0-Z)
CHARACTER OUTPUT*80
COMMON/SET1/AS(2200), AC(2200),ES(2200)
COMMON/SET2/GS(2200),GC(2200)
COMMON/SET3/Q(2200),S5(2200),SC(2200),Z(2200)

DATA INPUT

WRITE (*,1000)

1000 FORMAT (2X,PROGRAM CFTACI - FOR ANALYSIS OF CIRCULAR COMPOSITE

1 SECTIONS')

WRITE (*,1001)

1001 FORMAT (2X,’ENTER OUTER DIAMETER AND THICKNESS OF CURCULAR',/2X,

1 "TUBE:"$)

READ (**) D, TS
WRITE (*,1002)

1002 FORMAT (2X,ENTER YIELD STRESS OF CIRCULAR STEEL TUBE,/2X,

1 'MODULUS OF ELASTISITY FOR STEEL,'/2X,
2 'CONCRETE CILINDER STRENGTH,',/2X,
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1003 FORMAT (2X,'ENTER THE NAME OF THE OUTPUT FILE,$)
READ (*,1004) OUTPUT

3 'MAXIMUM NUMBER OF ITERATIONS PER STEP:.$)
READ (**) FY, E, FC, ITMAX

WRITE (*,1003)

1004 FORMAT (1A80)

C
C
C

sNoNeoXeNeKp!

C

C

COMPUTE SECTIONAL GEOMETRICAL PARAMETERS

DM=D-TS
DI=DM-TS
R=D/2.
RM=DM/2.
RI=DV/2.

DIVIDE THE HALF-SECTION TO 1100 FIBRES (1000 FIBRES FOR CONCRETE
AND 1100 FIBRES FOR STEEL TUBE) AND CALCULATE THEIR AREAS,
DISTANCES TO SECTION CENTROID Z, AND DISTANCES TO THE COMPRESSED

EDGE Q

STP1=TS/100.
HSTP1=STP1/2.
STP2=RI/1000.
HSTP2=STP2/2.
X=0.0

DO 11 I=1,100
X=X+STP1
H=R-X
Q()=X-HSTP!
Z(=H+HSTP1
WS=ACOS(H/R)
YS=R*SIN(WS)
GS()=WS*R*R-YS*H
11 CONTINUE

DO 12 I=101,1100
X=X+STP2

H=R-X
Q)=X-HSTP2
Z(N)=H+HSTP2
WS=ACOS(H/R)
YS=R*SIN(WS)
GS([)=WS*R*R-YS*H
WC=ACOS(H/RI)
YC=RI*SIN(WC)

GC(I)=WC*RI*RI-YC*H

12 CONTINUE

AC(1)=0.
AC(101)=GC(101)
DO 13 [=102,1100
AC()=GC(@)-GC(-1)

13 CONTINUE
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C

C
C
C

oNoNoNe]

AS(1)=GS(1)
DO 14 1=2,100
AS(D=GS(D-GS(-1)
AC(D=0.

14 CONTINUE

DO 15 I=101,1100

AS@=GS(I)-GS(-1)-AC(T)
15 CONTINUE

COMPUTE THE FIBER PARAMETERS FOR THE OTHER HALF-SECTION

DO 17 I=1,1100

AS(1100+D)=AS(1101-I)

AC(1100+)=AC(1101-T)

Q(1100+D)=D-Q(1101-)

Z(1100+D)=-Z(1101-I)
17 CONTINUE

COMPUTE THE AREAS AND PLASTIC MODULI FOR
STEEL AND CONCRETE SECTIONS (FOR CHECK)

ARS=0.0
ARC=0.0
WPS=0.0
WPC=0.0
DO 18 [=1,1100
ARS=ARS+AS(I)
ARC=ARC+AC(I)
WPS=WPS+AS(D)*Z(T)
WPC=WPC+AC(D)*Z(I)

18 CONTINUE
DO 19 [=1101,2200
ARS=ARS+AS(T)
ARC=ARC+AC(D)
WPS=WPS-AS(I)*Z())
WPC=WPC-AC(L)*Z(l)

19 CONTINUE
WRITE (*,1010) ARS, ARC, WPS, WPC

1010 FORMAT (4E15.8)

C

C
C
C

OO0

COMPUTE THE DESIGN AXIAL LOAD STRENGTH OF THE COLUMN PN
AND THE AXTAL LOAD STEP FOR THE INTERACTION CURVE LSTP

PN=0.85%(0.85*FC*ARC+FY*ARS)
LSTP=PN/17.

OPEN THE DATA OUTPUT FILE

CLOSE (7)
OPEN (7,FILEFOUTPUT,STATUS=NEW)
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C COMPUTE THE BENDING MOMENT FOR EVERY LEVEL OF AXTAL LOAD
C (START THE AXIAL LOAD STEP LOOP)

CMAX=R

CMIN=0.

DO 20 L=1,18

IL-L

DUMI=L
PFIX=LSTP*(DUM1-1.)

START ITERATIONS TO FIND THE RIGHT POSITION OF THE NEUTRAL AXIS C

oXoKe]

DO 21 ITER=1,ITMAX
OTER=ITER
C=(CMAX+CMIN)/2.

COMPUTE THE SECTION CURVATURE, FIBER STRAINS AND STRESSES
FOR THE TRIAL POSITION OF THE NEUTRAL AXIS C

oNoNeoKe!

CURV=0.003/(C-TS)
ESC=CURV*C
DO 41 [=1,2200
ESI)=ESC-CURV*Q(T)
SS=E*ES(T)
IF (SS().LEFY) GO TO 42
SS@=FY
GO TO 41
42 IF (SS(I).GE.-FY) GO TO 41
SS)=-FY
41 CONTINUE
C
A=0.65*(C-TS)+TS
DO 43 I=1,100
SC(1)=0.0
SC(2201-1)=0.0
43 CONTINUE
DO 44 1=101,2100
IF (Q(1).GT.A) GO TO 45
SC()=0.85*FC
GO TO 44
45 SC(1)=0.
44 CONTINUE
C
C COMPUTE AND CHECK AXIAL FORCE
c
P=0.0
DO 51 1=1,2200
P=P-+AC(T)*SC(T)+AS)*SS(D)
51 CONTINUE
PDIF=DABS(P-PFIX)
IF (PDIF.LE.3000.) GO TO 70
53 IF (P.LT.PFIX) GO TO 54
CMAX=C
GO TO 21
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54 CMIN=C
21 CONTINUE
WRITE (*,1020) IL,PDIF
1020 FORMAT (2X,CONVERGENCE NOT ACHIEVED AT LOAD STEP'I3)
GO TO 99
C
C COMPUTE THE BENDING MOMENT
C
70 CMIN=C
CMAX=CMIN+0.5*D
PE=0.
DO 71 1=1,2200
PE=PE+(AC(D)*SC()+AS(T)*SS(D)*Z(D)
71 CONTINUE
C
C WRITE THE RESULTS TO THE OUTPUT FILE
C
WRITE (7,1021) P, PE, C
1021 FORMAT (3E15.8)
WRITE (*,1022) IL.ITER
1022 FORMAT (2X,LOAD STEP' 3! COMPLETE AFTER',3,' ITERATIONS')
20 CONTINUE
C
99 CONTINUE
STOP
END
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Appendix C

Sample Calculations

Equations for M-P Interaction Curves for Column FA1

D =152.4+mm {=34mm A, = 16650 mm’ f.' =89.4 MPa
Ay = 1591 mm? r. = 36.4 mm ry =352.7 mm Z, = 75497 mm’
I, = 4418997 mm’  f, = 330 MPa E, = 200000 MPa

CAN/CSA-S16.1-94 , Clause 18.6.2 (Method 2)

E. = 5000 x (89.4)%° = 47276 MPa

Casel: L=0
Ae=0: As=0
p=002x25 =05; t=(1+05+(05)’)" =0.756

=1+ (25x(05)> x0.756 x3.4/152.4) x(330/(0.85 x89.4)) = 1.458
P.=0.85 x89.4 x 1665 = 1267 kN

Py =330 x 1591 =525 kN

P, = 1.438 x 1267 + 0.756 x525 = 2244 kN

TP, = 1.458 x 1267 = 1847 kN ; Uu=10

tP;=0.756 x 515 =397 kN ; tMp = 0.756 x 75497 x330 = I8.835 kN m
The M-P interaction curve consists of 2 lines:

M, = 18835 ; and

M, = 18835 x(1-(P-1847)/397)
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Case2: K=0.7; L = 2050 mm

A=(0.7x2050/(3.14 x36.4) )x(89.4/ 47276 )" = 0.546

A=(0.7 %2050/ (3.14 x52.7 ) )x( 330/ 200000 )*° = 0.352

p=0.02x(25-(2050/152.4) =0.231 ; t=(1+0231+(0231) )% =0882

=1 +(25x(0.231)* x0.882 x3.4/152.4) x(330/(0.85 x89.4) ) = I.114

P.=0.85 x89.4 x 16650 x(0.546 )> x((1 + 0.25 x(0.546 )™ )?? - 0.5 x(0.546 )7 ) =
= 1172 kN

P, =330 x1591 x(1 + (0.503 )" )0* = 523 kN

P,=1114x1172 + 0.882 x523 = [767 kN

P. = (3.14)% x 200000 x 4418997 / ( 2050 )* = 2076 kN

v P.=L114x1172 = 306 kN ; U =06/(1-(P-1306)2076)

TP, =0.882 x 523 = 461 kN ; TM, = 0.882 x 75497 x 330 = 21.974 kN m

The M-P interaction curve consists of 2 lines:

M, =21.974; and

M,=21.974x(1-(P-1306)/461) x(1-(P-1306)/2076) /0.6

AISC LRFD 1993

KL=0 Ams =0

Jmy =330 + 0.85 x 16650 / 1591 = 1125 MPa

P, = 1591 x1125 = 1790 kN

My =330 x75497 = 24.914 kN m

The M-P interaction curve consists of 2 lines:
M,=(1-P/1790) x 24.914/0.89 ; and
M,=(1-P/3580) x 24.914
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