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Structural behavior of slender circular steel-concrete
composite columns under various means
of load application
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Abstract. In an experimental and analytical study on the structural behavior of slender circular steel-
concrete composite columns, eleven specimens were tested to investigate the effects of three ways to apply a
load to a column. The load was applied eccentrically to the concrete section, to the steel section or to the entire
section. Three-dimensional nonlinear finite element models were established and verified with the experimental
results. The analytical models were also used to study how the behavior of the column was influenced by the
bond strength between the steel tube and the concrete core and the by confinement of the concrete core offerec
by the steel tube. The results obtained from the tests and the finite element analyses showed that the behavior
of the column was greatly influenced by the method used to apply a load to the column section. When relying
on just the natural bond, full composite action was achieved only when the load was applied to the entire
section of the column. Furthermore, because of the slenderness effects the columns did not exhibit the
beneficial effects of composite behavior in terms of increased concrete strength due to the confinement.

Key words: composite column; confined concrete; bond; load application; hollow steel section; non-
linear finite element analyses; experiments.

1. Introduction

Composite columns consisting of concrete-filled steel tubes (CFT) have become increasingly popular
in structural applications around the world, often used in moment-resisting frames. This is partly due to
their excellent earthquake-istant properties such as high strength, high ductility, and large energy
absorption capacity. Although the risk of a major earthquake in Sweden is small, this type of column
can offer many other advantages, for instance the increased speed of construction; positive safety
aspects; and possible use of simple standardized connections. Furthermore, the steel tube encloses t
concrete core and is used as both longitudinal and lateral reinforcement as well as formwork during
casting of the concrete. In Sweden, moment-resisting frames are seldom useistorgnblildings;
instead they are almost exclusively braced horizontally by shear walls. High frames require large
sections of beams and columns and also moment-rigid connections. Such building system tends to b
more expensive than braced frames. In principle, two different beam-column systems are used in
Sweden; continues columns over 2-3 stories with simple supported beams; and story high columns with
continues beams. While most research are concerning sessués, the euent work is part of an
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ongoing research program to increase the knowledge of the mechanical behavior of CFT columns thal
will lead to more efficient use of CFT columns in this type of braced structures.

In order to ensure the composite action in the CFT columns, stress transfer is required. In practice this
is attained by relying on either the natural bond between the steel and the concrete or mechanical sheze
connectors on the inside of the tubes; see Ragd#r(1999). However, in CFT columns with smaller
dimensions it is of great practical and economic interest not to have any mechanical shear connectors &
the interface between the concrete core and the steel tube, and in the absence of shear connectors t
composite action has to be achieved by the natural bond. It is believed that the bond strength has
significant effect on the behavior of composite members and Reedke(1999) concluded that braced
frames had higher bond stress demand than momestingdrames, especially in regions of geometric
discontinuity such as connections where vertical forces are introduced to the column. But careful
examination of numerous test results indicates that therdl isnstertainty about the effect of bond
strength on the structural behavior of slender CFT columns, and this subject has been identified for
further research by Shams and Saadeghvaziri (1997).

The purpose of this study was to examine the non-linear response of slender CFT columns with
circular section subjected to eccentric loading. The primary focus was on the demand of bond stress tc
ensure composite action when the loads are applied differently to the top section of the column. To
study this, a combination of experiments and nonlinear finite element (FE) analyses was used.

While there have been some experimental studies of slender CFT columns, (Grauers 1993, Kilpatrick
and Rangan 1999a, Kilpatrick and Rangan 1999b), there have been less analytical work where the slif
and stress transfer between the steel tube and the concrete core concrete has been taken into accol
Hajjar et al. (1998) presented a fiber based distributed plasticity FE approach for analysis of square and
rectangular CFT columns. This model accounts for slip between the concrete and the steel by
incorporation of a nonlinear slip interfaca&lthough this model shows good roespndence with
experimental results, its advantages are especially in frame analyses where CFT columns are parts of
complete structure. To study the CFT columns more thoroughly, a three-dimensional nonlinear FE model is
presented in this paper. The model is based on solid elements with the interfaces between the steel tube a
the concrete core simulated with a surface-based interaction using a Coulomb friction model. The surfaces
of the concrete and the steel are able to separate and slide relative to each other, as well as transmit cont:
pressure and shear stresses. Furthermore, both material and geometric nonlinear behavior is taken in
account, i.e., confinement effects, local buckling and second-order effects are taken into consideration.
These are matters of vital importance if the real stress situation in the column is aimed to study, especially ir
regions around connection detailing. The first section of this paper describes the experimental part of this
study including test set-up, material properties and results. The second gives a detailed description of th
established FE model along with the calibration of the model against the experimental results. Next, the
results obtained both from the experiments and FE analyses are discussed. Finally, some conclusions a
drawn. More information about this study can be found in Johansson (2000).

2. Experiments
2.1. The test program

An experimental study was made on 11 slender columns; see Table 1. The columnllemggthes,
2500 mm and the cross-sections were circular with a 159 mm outer diameter. The thickness of the stee
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Table 1 Test program for steel-concrete composite columns

Column Filled with Load Buckling length Number of
type" concrete application [ (mm) tests
LES no steel 2696 2
LFE yes entire 2696 3
LFC yes concrete 2716 3
LFS yes steel 2696 3

UXYZ X =L indicates that it is a Long slender column.
Y =F or E. Indicates if the steel tube is Filled with concrete or Empty.
Z=E, C or S. Indicates if the load is applied to the Entire section, the Concrete section or
the Steel section

(a) {h)

Fig. 1 Three types of load application. Load applied to: (a) the concrete section, (b) the steel section, and (c)
the entire section

tubes was 4.8 mm. Nine columns were circular hollow stedibssdfilled with concrete, while two
columns, which were to be used as reference columns, were tested unfilled. The columns were tested t
failure under eccentric loading with the axial load applied with an initial end eccentrigify=df0 mm.

The parameters varied in the study were the three means of load application. The load was applied t
the concrete section (a), to the steel section (b) or to the entire section (c); see Fig. 1. The column:
always rested on the entire section at the bottom, and the load application was varied only at the top. Ir
this way a more realistic loading situation was assumed to be achieved. To facilitatedogements

(a) and (b), the last 10 mm of the columns were left unfilled. The column length is the length of the
column itself excluding arrangement for load application. The buckling lehgththe total length
between the loading plates, bearings included. Therefore, the buckling length for the columns loaded a
the concrete core had a higher value. All of the tests were carried out in the laboratory of the
Department of Structural Engineering, Chalmers University of Technology.

2.2. Materials

The columns were manufactured in the laboratory of the Department of Structural Engineering and
the concrete was produced by a local manufacturer. All specimens were cast in a vertical position on the
same occasion and with concrete from the same batch. The mean values of the concrete materi
properties at the age of 28 days are summarized in Table 2. The compressive cylinder &iggngth,
and the modulus of elasticitify, andE,, refer to tests on cylinders (@150 x 300 mm). The compressive
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Table 2 Material properties of the concrete

1:c,cube fc,cyl EO Ec G,:
(MPa) (MPa) (GPa) (GPa) (N/m)
79.4 64.5 39.5 385 157

Table 3 Material properties of the steel

fy fu Eah Eau Ea
(MPa) (MPa) (%o) (%o) (GPa)
433 568 29 136 206

cube strengthi; cune refers to tests on cubes (150 x 150 x 150 mm). The tests of the material properties
followed the Swedish Standard, BST Byggstandardisering (1991). The fracture Gpevgys determined
according to the recommendations of RILEM (1985).

Tensile test specimens of geometry in accordance with the Swedish Standard, SS 11 21 19, wer
taken out of the steel tubes. The yield strefigtthe ultimate strength, the strain at hardenirgy,, the
ultimate straing,, and modulus of elasticitlf, of the steel are given in Table 3. The material values
given are the average values of five tensile tests.

2.3. Test setup

All of the tests were carried out in a Losenhausen vertical hydraulic colutmgtesmchine with a
capacity of 10,000 kN. The columns were hinged at both ends and loaded with a compressive axial loac
applied with an initial end eccentricity. The eccentricity was equal at both ends and the column was
loaded uniaxially. Curved bearing plates of steel, which were fixed to a thick steel plate in contact with
the column end, obtained the hinges. The steel plate was provided with another steel plate, in which &
hole was drilled, big enough to just fit the column. This procedure was carried out to ensure the correct
position of the column in the test rig. The horizontal deflection in the bendegidn was measured
at column mid-height and also at four additional levels to capture the deformed shape of the column.
The vertical displacement of the lower, movable loading plate of the column-testing machine was
measured in relation to the laboratory floor. This measured value was assumed to correspond with the
vertical displacement of the test specimen. The load arrangement and instrumentation can be seen i
Fig. 2. Except for the empty reference columns, strains were measured at 6 points on the outside of thi
steel tube at mid-height of the columns; see Fig. 3.

The load was evaluated by measurements from an oil pressure gage and was increased manually a
constant rate up to maximum load. The oil pressure gage was then used to indicate how the deformatio
should be increased to capture the post-peak curve. The displacements were measured by inductiv
displacement transducers. With the manually controlled deformation, it was possible to study the post-
peak behavior of the tests. Thus, it was also possible to study the elastic behavior, the maximum loac
resistance and the ductility of the columns.

2.4. Test results

The typical structural behaviors of the tested slender columns are represented in Fig. 4 by relations
between the load, and the horizontal deflectiod,, at column mid-height. The horizontal deflection
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Fig. 2 The principal load arrangement and instrumentation of the columns
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Fig. 3 Positions of the strain gages at mid-height of the columns

presented is the measured one without any correction for the rotation of the support. The initial end
eccentricity was 10 mm for all columns. The columns behaved in a stiff manner and the deflection was
small during the first part of the loading. Near the maximum load the deflection increased, and after the
maximum load was reached, a smoothljirfg branch of the load-deflection curve was obtained. For
all the composite columns the maximum load resistance was determined by global buckling with no
sign of local buckling of the steel tube. Local buckling of the steel tube could only be observed for the
empty reference columns, and when it occurred it did so on at the compressive side at mid-height of the
column.

The scatter between the test results within the same column type group was small. There was almos
no difference in the load-deflection relationship when the load was applied to the concrete section
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Fig. 4 Comparisons of load-deflection relationships for columns

Table 4 The measured maximum load-bearing resistance of the tested columns

Column Filled with Load Maximum load P /P.b
type concrete application Prmax (KN) max T ref

LES 1 no steel 700 -

LES 2 no steel 680 -

LFE 1 yes entire 1210 1.75
LFE 2 yes entire 1270 1.84
LFE 3 yes entire 1220 1.77
LFC 1 yes concrete 1220 1.77
LFC 2 yes concrete 1200 1.74
LFC 3 yes concrete 1250 1.81
LFS 1 yes steel 860 1.25
LFS 2 yes steel 820 1.19
LFS 3 yes steel 850 1.23

P, =690 kN, the mean value of the load resistance of the unfilled reference
columns LES.

(LFC) or when it was applied to the entire section (LFE). However, when the load was applied to the
steel section only (LFS) it could be observed that the load-bearing resistance was drastically reduced. Ir
comparison with the reference column (LES), the load resistance for the LFS column was just
approximately 20 percent higher; see Table 4. It seems that the load was not redistributed from the stee
tube to the concrete core in a sufficient way and, consequently, the steel tube carried the major part o
the applied load. After a horizontal deflection of approximately 20 mm, the load started to increase
again for the LFS columns and approached the load levels of the LFE and LFC columns when the
deflection was increased further. This was probably because the loading plate came in contact with the
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Fig. 5 The normalized steel stress path for the “compressiyahf “tensile” f] sides of the columns

concrete core and it started to carry load. After the tests wesbed it could be observed that the
concrete core had slid in the steel tube and their surfaces were at the same level.

The measured maximum values of the load-bearing resistance for the tested c&jynrese
tabulated in Table 4. Fig. 5 shows the normalized steel stress path up to the elastic limit, according tc
the von Mises yield criterion, for the “compressivel’dnd “tensile” f] sides of the columns. The hoop
steel stressg,, and the longitudinal steel stress,, are calculated from the measured strains,
according to Hooke’s Law with the assumption of plane state of stress; see Chen and Han (1988). The
steel stress paths are similar for all the three different loading situations and no major hoop steel stresse
are obtained.

3. Finite element analyses
3.1. Methodology

The aim of the finite element analyses was to extend the interpretation of the results and observation:
obtained in the tests, to gain a better understanding of the behavior of CFT columns. To facilitate study
of composite columns, an established FE model should be able to simulate the columns in a realistic
way; such phenomena as the bond between the concrete core and the steel tube, and the increase
concrete compressive strength due to confining effects, have to be taken into account. The nonlinea
finite element analyses were performed with ABAQUS/Standard 5.7, HKS (1997).

3.2. Finite element models

3.2.1. General

The steel tube, the concrete core and the loading plates had to be separated from each other
simulate the bond between them: therefore they were defined as individual bodies. A three-dimensional
finite element model based on solid elements was established and the interfaces between the steel tub
the concrete core and the loading plate were simulated by using surface-based interaction with &
Coulomb friction model. To model the steel tube, 8-node solid elements with full integration were used,
while for the concrete core and the loading plate, both 8-node and 6-node solid elements with reducec
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Fig. 6 The finite element mesh of the columns. (a) Half of the model, (b) the top of the loading plate and
(c) section of the column

integration were used. In total the FE model of the slender columnistednsf 15251 ements. The
symmetry plane perpendicular to the bending direction of the column was used to reduce the size of the
FE model. Only half of the height of the column model is shown in Fig. 6. As in the tests, the column
length is denotetl, and the buckling length of the column is dendtélthe curved bearing plate used
in the tests was not modeled separately, but was included in the elements of the loading plate.
Since it was of interest to follow the post-peak behavior of the columns, the load was applied as an
increased deformation at one node of the top loading plate. This loading node was positioned with an
eccentricity from the centerline of the section and connected with the center node of the loading plate
through a rigid beam element; see Fig. 6(b). The length of the rigid beam element thereby defined the
size of the eccentricity. Further, the loading node was restrained from all horizontal translations. The
corresponding node at the lower loading plate was restrained from all translations, horizontal as well as
vertical. The center node was chosen as the reference node of the rigid surface, which was defined &
the loading plate, to distribute the movements to the entire loading plate. As in the test series, the loac
was applied to the concrete section (a), to the steel section (b), or to the entire section (c); see Fig. 7
However, all the columns rested on the entire section at the bottom. Hence, the load arrangement in Fig
7(c) was used at the bottom of the column in the FE model. The Newton-Raphson iteration method was
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Fig. 7 The loading arrangement in the FE model. The load applied to the concrete section (a), to the steel
section (b) and to the entire section (c)

used to find equilibrium within each load increment. Furthermore, the geometric nonlinear behavior
was taken into account, i.e., the local buckling of the steel tube and the second-order effect were takel
into consideration.

3.2.2. Modeling of the concrete

For plain concrete a special material option called “concrete” is provided in ABAQUS; see HKS
(1997). The model uses a smeared crack approach, which means that it does not track individua
“macro” cracks. Instead the localized deformation of each crack is smeared out over a dtaracteri
length and the response in tension is described as a continuum in terms of stress-strain relations. In th
FE model used in this study, the steel and concrete surfaces are allowed to move relative to each othe
hence the characteristic length is taken as the element size in the vertical direction. A crack is assume
to occur when the stresses reach a failure surface called the “crack detection surface”. The orientatiot
of the crack is stored and remains fixed for the rest of the analysis. Additional cracks at the same point
may form only orthogonal to this direction. Once cracking has appeared, the post-failure behavior of the
concrete with open cracks is described by a damage elasticity model. A bilinear stress-crack opening
relation,according to recommendations given in Gylltoft (1983), defines the tensile softening of the
concrete, once the tensile strength has been exceeded. The fractureGnevggther with the tensile
strength,f;, was used to calculate the ultimate crack openipgwhich in turn, together with the
charactestic length, was used to determine the strain at zero stress. The concrete tensile ftrength,
used in the analyses was determined from the compressive stifgngthroposed for high-strength
concrete by the CEB Bulletin d'Information 228 (1995), as

f = 0.318 f, ¢,)*° 1)

When the principal stress components are predominantly compressive, the response of the concrete
modeled by elastic-plastic theory. The elastic stress state is limited by a Biualer yield surface.
Once yielding has occurred, an associated flow rule together with isotropic hardening is used. This
model works well for uniaxial and biaxial compression; however, due to the formulation of the yield
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surface, for which the third stress invariant is not included, the response in triaxial compression is less
accurate; see HKS (1997). The uniaxial stress-strain relations in compression, used in the analyses, we
derived from standard cylinder tests with concrete from the same batch as the columns; see Table 2. I
these tests the stress-strain relation could be registered only up to the maximum stress. The remainin
part of the stress-strain relation was determined in accordance with the CEB Bulletin d'Information 228
(1995). However, it was shown that the material model is not sufficient to describe a triaxial stress state:
hence, to capture the increase in ditigtdue to confinement in a reasonable way, the descending
branch had to be assumed as a straight line with just a small inclination. Poisson’s ratio in the elastic
part was, according to recommendations in BBK 94, Boverket (1994), approximatgd 82.

3.2.3. Modeling of the steel

An elastic-plastic model, with the von Mises yield criterion, associated flow rule and isotropic strain
hardening, was used to describe the constitutive behavior of the steel; see HKS (1997). The complets
stress-strain relation obtained from uniaxial tension tests on specimens taken from the steel tubes wa
used in the FE analyses. Poisson’s ratio in the elastic part wasvgetQa.

3.2.4. Modeling of the interaction between steel and concrete

To simulate the bond between the steel tube and the concrete core, a surface-based interaction with
contact pressure-overclosure model in the normal direction, and a Coulomb friction model in the
directions tangential to the surface, were used. In this way the surfaces could sepadate eeidtive
to each other, as well as transmit contact pressure and shear stresses between the concrete core and
steel tube. In the basic form of the Coulomb friction model, two contacting surfaces can carry shear
stresses across their interface up to a given magnitude before they start sliding relative to one anothe
The Coulomb friction model defines this critical shear stregsat which sliding between the surfaces
starts. The critical shear stress is defined as a fraction of the contact pygsiseteeen the surfaces
(Terit = Up), whereu is known as the coefficient of friction. According to Baltay and Gjelsvik (1990) and
Boverket (1984), the coefficient of friction between concrete and steel has a value between 0.2 and 0.6
The contact pressure is given by the pressure-overclosure relationship. When the surfaces are i
contact, any contact pressure can be transmitted between them; the contact pressure reduces to zerc
the surfaces separate. Adhesion is astiel@rittle load transfamechanism that is active mainly at the
early stage of loading when the relative displacements are small. Its contribution to transfer load is
therefore disregarded in this FE model.

3.3. Verification of FE model

To verify the FE model, a comparison of the results from tests and those from the FE analyses was
made; see Fig. 8. The load-deflection relationships from the tests are represented by a shaded are
comprising the results of all columns of the same type. The coefficient of friction was set to 0.2 for all
of the analyses in the verification of the FE model. It can be seen that the FE model captures the
structural behavior in a satisfactory way. However, for the column with the load applied only to the
steel section (LFS), the analysis stopped at approximately maximum load due to numerical problems.
The reason for this has not yet been established. The maximum load resistances obtained in the F
analyses are equal to those obtained in the tests to within 6%, see Table 5. Nevertheless, the agreeme
between the strains obtained in the tests, measured by strain gages, and those obtained from F
analyses is good for all specimens. Further, a comparison of the deflected shape of the LFE column wa
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Fig. 8 Comparison of results of FE analyses and the tests for the columns. (a) Load applied to the entire section, (k
to the concrete section, (c) to the steel section and (d) empty steel tube as reference column

Table 5 Comparison of maximum load resistance obtained from the tests and the FE analyses

L Maximum loadPrax (KN) Ratio
Column type Load applicatior E——y FEA FEA/Test
LES steel 690 680 0.99
LFE entire 1230 1290 1.05
LFC concrete 1220 1290 1.06
LFS steel 840 850 1.01

YThe mean values from the number of tests within the same column type group.

made; see Fig. 9. The deformed shape was plotted for the total buckling leo§the column. The
rotation of the supports in the tests was assumed to be small and is neglected here, and the horizont
deflection is set to zero at the column ends. The compared deflected shapes were chosen to hav
approximately the same mid-height deflection in the analysis and in the tests. The table included in Fig.
9 shows the corresponding load of the deflected shape. Apart from the fact that the load is not exactly
the same in the FE analysis and in test at a specific mid-height deflection, there is good agreement o
the deflected shape of the column.
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Fig. 9 Comparison of the deflected shape of the LFE column in the test and in the FE analysis

4. Results and discussion
4.1. General

It was observed in the results from the test series that the load resistance and also the structure
behavior were influenced by how the load was applied to the CFT column. When the load was applied
only to the concrete section (LFC) the load resistance was approximately the same as when the loal
was applied to the entire section (LFE). One question to be studied is why the load resistance is sc
drastically reduced when the load is applied only to the steel section (LFS). It appears that the appliec
load is not redistributed from the steel section to the concrete section in a sufficient way in this case.
However, when the load is applied to the concrete section only, the load must be redistributed from the
concrete to the steel in order to obtain the same load resistance as when the load is applied to the enti
section. Furthermore, it is possible that the enhancement of concrete strength due to confinemen
influences the load resistance.

To better understand how the load is carried in the CFT columns under the various means of load
application, the results obtained from the tests in combination with additional results from FE analyses
have been studied. Fig. 10 shows how the axial fodcén the columns is distributed between the
concrete section and the steel section during the loading. This egswbtained from FE analyses. In
order to compare the ngss, each curve was normalized with respect to the maximum load resistance,
Pmax Of the column. The distribution was studied in the bottom section, where the columnsstugge re
at both the steel and the concrete; i.e., the contributions by the steel tube and the concrete core to tt
total reaction force of the columns were examined. It can clearly be seen that there is almost no
redistribution of the axial force from the steel section to the concrete core in the case with the load
applied only to the steel section (LFS). Hence, the steel tube carries almost the entire load. However
the concrete core prevents the steel tube from buckling inwards and this seems to affect the stiffness &
well as the load resistance.

In the tests it was observed that there was almost no difference in the load-deflection relationship
when the load was applied to the concrete section (LFC), compared with when applied to the entire
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Fig. 10 Distribution of the axial force between the concrete section and the steel section versus deflection
(@), (b) and (c) and over the height of the columns at maximum load (d), as obtained from FE analyses

section (LFE). In the FE analyses it can also be observed that the distribution of the axial force betweer
the concrete core and steel tube at the bottom section is almost identical for both loading cases; see Fi
10. Hence, for the LFC column the load was redistributed from the concrete section, under the loading
plate at the top of the column, to the steel tube over the height of the column; see Fig. 10(d).

4.2. Influence of bond strength

It was shown that the axial force in the LFC and LFS columns was redistributed between the concrete
core and the steel tube during the loading. Thus, when the load is applied only to the steel section o
only to the concrete section, the axial force in the column must be transferred over the contact surface
between the concrete core and the steel tube. Therefore, it is reasonable to think that the bond streng
between the concrete core and the steel tube influences how the axial force is distributed in a sectiot
and, further, influences the structural behavior and the load resistance of the CFT column. Because
adhesion is active mainly at the early stage of loading, it is disregarded in the FE analyses and the she:
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stresses between the concrete and the steel are assumed to be only a result of friction. Friction develoj
between the concrete core and the steel tube due to normal contact pressure, for instance caused
lateral expansion of the concrete core when subjected to compressive loading. The magnitude of the
friction force developed in CFT columns depends on thelitygof the tube walls against pressure
perpendicular to their plane.

To study the influence of the bond strength for the three types of loading conditions studied,
additional analyses with coefficient of frictioa, set to 0.0, 0.6 or 1.0 between the concrete core and
the steel tube were performed. Fig. 10(d) shows how the axial fraethe column was distributed
between the concrete core and the steel tube at different heights of the columns, when the maximun
load capacities of the columns were reached. Each curve has been normalized with respect to the tot:
applied loadP. In this case the coefficient of friction was 0.2. When the load was applied to the entire
section (LFE), the contributions by the concrete core and steel tube to the total axial force were constan
along the height of the column, and were not affected by an increased coefficient of friction. Further,
the bond strength had no influence on the structural behavior of the column. In contrast, when the loac
was applied to the concrete section (LFC), the axial force was gradually transferred from the concrete tc
the steel from the top to the bottom of the column. It can be seen that the distribution between the
concrete core and the steel tube in this case approaches the same distribution at the bottom of the colum
as when the load was applied to the entire section. When a higher value of the friction coefficient was
used, the transmission length decreased, compared with when a lower value was used; i.e., the axial forc
was redistributed faster between the concrete section and the steel section; see Fig. 11(b).

It should be noted that although the distribution of the axrakfdetween the concrete section and
the steel section, changed when the coefficient of friction was set to 0.2, 0.6 or 1.0, the structural
behavior and the maximum load resistance were almost identical in all three cases; see Fig. 11(a)
However, when the coefficient of friction was set to 0.0 almost no axial force was redistributed from the
concrete core to the steel tube, and as a consequence a drastic change in the load-deflection relationst
can be observed; see Fig. 11. When the load was applied to the steel section (LFS), it can be seen,
Fig. 10(d), that the steel tube carried almost the whole load through the column and a higher coefficient
of friction gave just a small increase in the load resistance.

Load, P [kN]
1400 h [m] p=10
2.500 A -+ Force in steel
1200 WM SN Z_D_ /"~ { = Force in concrete
1000 | =] u=06
1.875 1 ——Force in steel
800 —-Force in concrete
f LFC 1.250 1©=02
600 — -
; ~ u=10 -oForce in steel
400 - u=06 — 0.625 -»-Force in concrete
ﬂg - p=02 ©=0.0
200 = u=00 | -+ Force in steel
0 | 0.000 T T T —-Force in concrete
0 10 20 10 40 0.00 0.25 ONf;j)J 0.75 1.00
Horizontal deflection, &), [mm)]
(a) )

Fig. 11 Influence of bond strength on the behavior of columns loaded on the concrete section: (a) load-deflection
relations and (b) distribution of axial force over the height of the columns
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According to Eurocode 4 (1992), the transmission length of the shear force should not be assumed t
exceed twice the transverse dimension, here twice the diameter of the cajmh¢an be noted that
this is fulfilled only when the load is applied to the entire section, see Figs. 10 and 11. Provided that the
concrete and the steel sections are loaded simultaneously for the LFE column, this study has indicate
that the bond strength seems to hiiitle or no influence on the structural behavior, the load resistance,
or the distribution of the axial forces. Experimental studies by Grauers (1993) and Kilpatrick and
Rangan (1999b) have also indicated this. Hence, the composite action can be taken into account as lon
as the load is applied at the entire section of the column. However, for columns with the load applied to
the concrete section or the steel section only, it seems necessary to provide the top region of the ste«
tube with mechanical shear connectors at the inside to ensure full composite action. According to
Roederet al.(1999) far less bond stress demand is required in regions of beam-to-column connections,
where elements penetrate the concrete core and cause a blocking action, than in direct steel-to-ste:
connections. This confirms the findings in our paper, since the load introduction to the LFE and LFS
columns can be referred to the former the and latter case, respectively.

4.3. Influence of confinement

It was observed in this study that the concrete core contributed to carrying the total axial force, when
the load was applied to the entire section or to the concrete section only. In the critical section at mid-
height of the column, the concrete core carried approximately 60% and 65% of the total axial force for
the LFE column and the LFC column, respectively; see Fig. 10. It is of interest to see if any part of the
load carried by the concrete core is an effect of increased concrete compressive strength due to th
triaxial compressive stress state caused by confinement of the concreténcar€FT column,
compressive confining stresses on the concrete core are induced by passive confinement provided b
the steel tube. A circular steel tube has a high stiffness against inner pressure perpendicular to the tub
wall, and therefore effective circumferential steel hoop tension can develop to provide lateral confining
pressure to the concrete core. In the case of passive confinement, the confining pressure is not consta
as is the case for active confinement, and also depends on the lateral deformation of the concrete cor
under axial load and the stress-strain relationship of the confining steel. Nevertheless, it has been foun
that the concrete behavior was similar irrespective of whether the confining pressure is active or
passive; see Attaret al.(1996).However, for these slender columns no significant effect of increased
compressive strength in the concrete core due to confinement was observed in the critical section of the
column at the maximum load resistance; see Fig. 12. The higher contribution to the total axial force by
the concrete core for the LFC column results in an increased zone, where the maximum concrete
strength has been reached, compared with the LFE column. It was also shown in Fig. 5 that the
circumferential steel stresses were low for both the LFC and LFE columns, which indicates a low
confining pressure on the concrete core and cons#yuess incease of concrete strength.

These observations indicate that the slender CFT columns in this study did not exhibit the beneficial
effects of composite behavior by means of increased concrete strength due to confinement of the
concrete coreThis is most likely caused by an increasing strain gradient of the cross-section with
increasing flexureThis inference is also generally supported in previous research by Furlong (1967),
Knowles and Park (1969), Neogi al (1969) and Kilpatrick and Rangan (1999Bhe increase in
concrete strength due to confinement of the concrete core by the steel tube has been found to be vali
only for columns with a slenderness ratio below a certain limiting value. For instance, according to
Eurocode 4 (1992) the effect of confinement is considered when the non-dimensional slenderness ratic
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10024 1.05¢
{a} : {hh

Fig. 12 The part of the compressive zone in which the compressive stresses are greater than the uniaxia
compressive strength of the concrete. The load was applied to (a) the entire section or to (b) the
concrete section

A is less then 0.5. The slenderness ratio is defined as

where Ny r is the plastic resistance to compression of the composite cross sectidy, asithe

elastic critical load of the column. This is valid under the condition that the eccentricity of the normal
force calculated by first-order theory, at the same time, does not exceed the/¥8lua whichD is the

external diameter of the column. For the columns in this study the slenderness ratio is approximately
0.86, and hence above the limiting value for which the confinement effect is to be taken into
consideration. However, after the maximum concrete compressive strength has been reached, th
steel tube prevents the concrete from spalling and the concrete core continues to carry high stresse
with increased strains, thereby influencing the ductility of the CFT column; see Fig. 10.

5. Conclusions

The results obtained from tests and FE analyses on the circular steel-concrete composite column
presented in this paper allow the following conclusions to be drawn. For all the columns the maximum
load capacity was determined by global buckling with no sign of local buckling of the steel tube at the
critical cross-section. Local buckling of the steel tube could be observed only for the empty reference
columns in the later part of the loading. The columns in this study did not exhibit the beneficial effects
of composite behavior by means of increased concrete strength due to confinement of the concrete core
However, the steel tube prevents the concrete frortirgpand the coarete core continues to carry
high stresses with increased strains and thereby influences tlilgyduct

When the load was applied to the entire section, the contribution by the concrete core and steel tube t
the total axial force was constant along the height of the column, and was not affected by the bond
strength. Further, the bond strength had no influence on the structural behavior of the column. However
when the load was applied only to the concrete section, the axial force was gradually transferred from
the concrete to the steel, and the distribution as well as the structural behavior were affected by change
bond strength. When the load was applied only to the steel section, the natural bond strength was nc
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sufficient to redistribute force to the concrete core. Finally, to get full composite action it does not seem
to be enough to rely on the natural bond strength when connection details are attached only to the ste
tube or concrete core. Instead, the connection design should force the entire section to undergo the san
deformations.
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