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SEISMIC MULTI-AXIAL BEHAVIOR OF

CONCRETE-FILLED STEEL TUBE BEAM-COLUMNS
M. D. DENAVIT, J. F. HAJJAR, T. PEREA, and R. T. LEON

ABSTRACT

Accurate nonlinear formulations are necessary for the assessment of structures under seismic
loading. A three-dimensional distributed plasticity formulation for both circular and rectangular
concrete-filled steel tubes suitable for nonlinear static and dynamic analyses of composite
seismic force resisting systems has been developed. The formulation utilizes cyclic constitutive
models for the concrete core and steel tube which account for the salient features of each
material, as well as the interaction between the two, including concrete confinement and local
buckling of the steel tube. A series of experiments on full-scale concrete-filled steel tube beam-
columns is also underway at the NEES MAST Laboratory at the University of Minnesota. The
specimens were subjected to six-DOF cyclic loading histories intended to explore seismic
performance, beam-column interaction strength, and detailed assessment of evolution of cyclic
damage in composite beam-columns. Comparisons are made between analytical and
experimental results.

INTRODUCTION

Composite columns have been shown to have high strength, stiffness, and ductility.
However, little data is available to justify the structural system response factors (e.g., R, Cq4, and
£,) given in the specifications. In addition, there are significant gaps in the test data particularly
related to slender, full-scale composite beam-columns. A current NEES project strives to fill
these gaps through developing system response factors; assessing beam-column strength; and
establishing guidelines for the computation of equivalent composite beam-column rigidity to be
used in seismic analysis and design of composite frames. To these ends, an experimental study
and advanced computational models have been developed for investigation of composite beam-
column and frame behavior.

FINITE ELEMENT FORMULATION
Three-Dimensional Mixed Beam-Column Element
Frame analyses using distributed-plasticity beam-column elements strike a favorable balance

of computational efficiency and accuracy. Tort (2007) developed a three-dimensional mixed
beam-column element for the analysis of composite frames that include rectangular concrete-
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filled steel tubes (CFT), validating against a large number of experimental tests of composite
members and frames. The mixed formulation (treating both element displacements and stress
resultants as primary state variables) allows for accurate modeling of both geometric and
material nonlinearities. Implemented within the OpenSees framework (OpenSees 2009), the
element can be used for static and dynamic analyses of members and frames. The element is
formulated in the corotational frame and uses the geometric transformations available in
OpenSees.

Uniaxial Cyclic Constitutive Relations for Circular CFT Members

The formulation relies on accurate constitutive relations to achieve accurate results. Several
uniaxial constitutive relations have been proposed for circular concrete-filled steel tube (CCFT)
members (Sakino et al. 2004; Elremaily and Azizinamini 2002; Susantha et al. 2001,
Hatzigeorgiou 2008). Each of these models uses different assumptions and methods of
calibration, but they generally strive to mimic the response of concentrically loaded short CCFT
columns.

The constitutive relation for the concrete core is based on the rule-based model of Chang and
Mander (1994). The compressive branch was altered to reflect the state of confinement existing
in CCFT members. The tensile branch and the cyclic rules were adopted without changes. A set
of 24 well-documented experiments on concentrically load short columns were selected for
calibration of the constitutive relations. These tests were selected to have combinations of high
and low values of steel yield stress, concrete compressive strength, and D/t ratio.

The level of confinement experienced by the concrete has a significant impact on the
behavior of CCFT members. The calibration set was thus used to determine an expression for
confinement. The confinement pressure is written in terms of the hoop stress in the steel tube,
expressed in terms of the yield stress (i.e., asFy), and the D/t ratio (Eq. (1)). The confined
concrete strength is computed using the model of Chang and Mander (1994) (Eqg. (2)) for
symmetric states of confinement. Noting that the steel is subjected to a biaxial state of stress, the
von Mises failure criterion is used to determine the longitudinal strength of the steel tube (Eqg. (3)
), expressed in terms of the yield stress (i.e., ozFy). Using these two expressions for concrete
stress (EQ. (2)) and steel stress (EQ. (3)), the respective cross sectional areas, and a value for the
ratio of hoop stress to yield stress, ag, the strength of the column is computed. To determine an
expression for the «g a least squares optimization was performed selecting the coefficients to
reduce the error between computed strength and experimental strength for the calibration set.
The experimental strength was taken as the peak load attained during the test or, for specimens
that display continual hardening behavior, an estimation was made of the load at which the cross
section was fully inelastic. The best correspondence between computed and experimental
strength was found when using a linear function of the D/t ratio (Eq. (4)).
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a, =-0.138+0.00174(D/t) (4)

The backbone stress-strain curve for the concrete is based on the model of Tsai (Chang and
Mander 1994), which is defined by the initial slope E, peak coordinate ("¢, f'cc), and r factor.
The initial slope and strain at peak stress are defined using expressions from the literature (Eq.
(5) and (6)) (Chang and Mander 1994). The r factor, which controls the nonlinear descending
branch, was calibrated such that the energy represented by the computed force-deformation
response was equal to the corresponding energy obtained from the experiments. The expression
for r based on concentrically loaded short columns was then adjusted to attain better
correspondence for other testing configurations including beams and beam-columns; the final
expression is shown in (Eq. (7)).
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The steel model is based on the bounding-surface plasticity model of Shen et al. (1995).
Several modifications were made to model the behavior of cold formed steel tubes. First, to
model the built-in residual stress from cold-forming, an initial plastic strain of 0.0006 is
assumed, this value was obtained through comparisons with tensile coupon tests of cold-formed
steel tube. Second, the backstress of the initial yield surface was shifted to account for the
presence of hoop stresses described by Eq. (4). Additional modifications were made to model
local buckling. Local buckling is assumed to initiate when a certain critical strain (Eq. (8)), based
on results of concentrically loaded short columns where the initiation of local buckling is
explicitly indicated, has been reached. For strains higher than the local buckling strain, the
response is assumed to be a linear descending branch followed by a constant residual stress
branch. The constant residual stress (Eq. (9)) is based on the stress at the occurrence of local
buckling and a slenderness parameter, R (Eq. (10)); the form of this equation is based on
Bradford et al. (2002). The slope of the linear descending branch is taken as E¢/30. The residual
stress and descending slope were both calibrated to obtain correspondence to the calibration set
of concentrically loaded short columns.
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To validate the model, a large number of comparative analyses were performed. Sets of
experimental data grouped by loading type were assembled. The loading types include:
concentrically loaded short column (additional to the calibration set), bending, proportionally
loaded beam-columns, non-proportionally loaded beam-columns, and cyclic. Figure 1 shows
three representative samples of the validation studies. The proportionally loaded specimen



subjected a beam-column to eccentric axial load with an identical eccentricity at each end; the
non-proportionally loaded specimen subjected the beam-column to constant axial force followed
by equal moments at each end to cause single-curvature flexure. The cyclic specimen subjected
the beam to cyclic equal moments at each end.
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Figure 1. Representative Model Validation Results
FULL-SCALE CFT BEAM-COLUMN TESTS

A series of full-scale concrete-filled steel tube (CFT) beam-column tests is currently
underway at the NEES MAST Laboratory at the University of Minnesota. The specimens were
selected to fill gaps in prior experimental research, namely to have high member slenderness and
high section slenderness (D/t ratio). Parameters in the experimental study include: section shape
and size, member length, concrete strength. Table 1 shows a test matrix with nominal geometric
and material properties.

The experimental program has a variety of objectives, including: 1) documenting the
progression of flexural rigidity (Elesrective) Of the composite section at different load levels; 2)
experimentally determining the beam-column interaction strength, including stability effects; 3)
investigating post-peak behavior and evolution of damage of members subjected to large cyclic
deformations; and 4) providing a complex, well-documented set of data for validation of
computational models.

The MAST Laboratory allows for six degrees-of-freedom (DOF) control through a rigid steel
crosshead. For the main portion of testing, most specimens were kept in a fixed-free (K=2)
configuration, achieved as follows. The beam-column bases are welded to a base plate which is
bolted to the testing floor, providing a fixed connection. The beam-column tops are welded to a
base plate with a hole for placing the concrete, which is bolted to the crosshead. The free
condition is provided by control of the crosshead; allowing horizontal displacements and
disallowing bending moments at the top. Twist is constrained to zero due to the low torsional
stiffness.

The load protocol is divided into several load cases. The first three load cases are the same
for each of the specimens. The first load case subjects the specimen to concentric load. The
horizontal DOFs are held at zero force, allowing the specimen to displace transversely. The



vertical DOF is loaded under displacement control until a critical load is reached or until actuator
load limits are reached. The second and third load cases subject the specimen to constant axial
load (with different values being used between the second and third load cases) and cyclic
transverse displacements, causing uniaxial flexure. The vertical DOF is under load control while
the horizontal DOFs are under displacement control. To meet the varied objectives of the
experimental program, several options were made for the fourth and later load cases. In each of
these cases, the general control scheme is that same as that of the second and third load cases.
One option involves sets of “probes” of the interaction surface. While holding a constant axial
load, the horizontal displacements are increased with a fixed ratio of X to Y displacement until a
critical flexural strength is reached, at which point the horizontal displacements are reversed.
The process is then repeated for several additional X/Y displacement combinations. Another
option subjects the specimen to constant axial load and a prescribed cyclic biaxial horizontal
displacement pattern. Table 1 identifies the pattern adopted for these later loading cases.

Table 1. Experimental Test Matrix

Testing Dnominal B nominal tnominal D/t . l:y,nominal flc,nominal I—ength Later Load
Order (mm) (mm) (mm) nominal - (\MPa)  (MPa)  (mm) Cases
1 141 n/a 3.40 41.5 290 345 5486 n/a
2 324 n/a 6.35 51.0 290 34.5 5486 probes
3 508 n/a 6.35 80.0 290 34.5 5486 probes
4 508 305 7.94 64.0 317 34.5 5486 probes
5 508 305 7.94 64.0 317 345 5486 probes
6 324 n/a 6.35 51.0 290 82.7 5486 probes
7 508 n/a 6.35 80.0 290 82.7 5486 biaxial cyclic
8 508 305 7.94 64.0 317 82.7 5486 biaxial cyclic
9 508 305 7.94 64.0 317 82.7 5486 probes
10 141 n/a 3.40 415 290 34.5 7925 n/a
11 324 n/a 6.35 51.0 290 345 7925 biaxial cyclic
12 508 n/a 6.35 80.0 290 34.5 7925 biaxial cyclic
13 508 305 7.94 64.0 317 34.5 7925 biaxial cyclic
14 508 305 7.94 64.0 317 34.5 7925 biaxial cyclic
15 324 n/a 6.35 51.0 290 82.7 7925 biaxial cyclic
16 508 n/a 6.35 80.0 290 82.7 7925 biaxial cyclic
17 508 305 7.94 64.0 317 82.7 7925 biaxial cyclic
18 508 305 7.94 64.0 317 82.7 7925 biaxial cyclic

COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS

The results of Specimen 3 will be discussed in this section as representative of the results to
date. Load cases 1 through 3 were as described above with axial loads of 4,448 kN and 2,224 kN
in the second and third load cases respectively. Load cases four through six were each a set of
eight probes at axial loads of 5,560 kN, 3,336 kN, and 1,112 kN. Two full cycles were performed
in each of load cases 2 and 3, the moment at the base is plotted against the top deformation in the
direction of motion (Figure 2a & Figure 2b). In these plots, at each pause or reversal, a very stiff
response is seen; this is the result of friction in the loading crosshead. Under this particular



loading protocol a number of critical loads were also attained. Assuming that minimal damage
had occurred to the specimen, each of these points may be assumed to lie on the experimental
interaction surface and may be plotted in three-dimensional stress-resultant space (P-My pase-
My base) (Figure 2c).

Using the finite element formulation, comparable results were attained. A model was created
using measured material and geometric properties (Figure 2d). Four elements with three
integration points each were used along the height of the column. The loading history of the first
three load cases was applied. Analytical results from load cases 2 and 3 are shown superimposed
on experimental results in Figure 2a and Figure 2b respectively. For clarity, only data from
obtained at the prescribed load level is shown, hiding transitions between load cases. The results
show good correspondence between experimental and analytical in stiffness and peak moment.
As expected, the stiff response due to crosshead friction at reversals is not seen in the analytical
data. Using the same model, an analytical interaction surface has been created (Figure 2c). The
interaction surface is the locus of critical loads attained from separate proportionally loaded
beam-column analyses. Again, good correspondence is seen between the experimental and
analytical results. This indicates that the assumption that minimal damage occurs during the load
protocol is valid for this specimen. These results also further validate the accuracy of the element
formulation.
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Figure 2. Experimental and Analytical Results of Specimen 3

CONCLUSIONS

Uniaxial constitutive relations for use in distributed-plasticity analyses of circular CFT
columns have been presented. These relations, along with the three-dimensional mixed beam-
column element comprise an accurate analysis tool for use with composite frames. A series of
experiments on full-scale CFT beam-columns is underway. The tests explore several aspects of
the behavior of composite columns, including the multi-dimensional interaction surface, biaxial
cyclic seismic behavior, and evolution of damage.
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