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Abstract

This paper presents the behaviour of the composite frame with concrete-filled square hollow section (SHS) columns to steel beam. Finite
element modeling (FEM) was developed to carry out the behaviour of composite frames under a constant axial load on columns and a lateral
cyclic load on the frame. Accurate material and geometrical nonlinear for confined concrete and steel were considered in the analysis. The finite
element program ABAQUS was adopted. A damage plastic model for concrete and elasto-plastic model for steel were used respectively. Six
composite frame tests were carried out to verify the FE model. Each test frame specimen consisted of two concrete-filled SHS columns and a steel
beam to represent an interior frame in a building. The results obtained from the finite element model were verified against those obtained from the

experimental results.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Concrete-filled steel tubular (CFST) columns are being
increasingly used in the construction of buildings due to their
excellent static and earthquake-resistant properties such as
high strength and stiffness, high ductility, and large energy
absorption capacity.

There have been a large number of research studies on the
realistic performance of concrete-filled steel tubular singular
columns. Several state of the art reports or papers were
published recently on CFST structures, such as Shams et al. [1],
Shanmugam et al. [2], Gourley et al. [3] and Nishiyama
et al. [4]. Research on CFST beams has been reported in Zhao
et al. [5], Elchalakani et al. [6,7]. Little research has been
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done to investigate the behaviour on the frame of this type
of construction, especially the theoretical research by accurate
model.

Kawaguchi et al. [8] tested four portal frame specimens
consisting of concrete-filled square hollow section (SHS) steel
tubular columns and an H-shaped steel beam with through-type
diaphragms under the constant axial load and cyclic horizontal
load. It is concluded that CFST frame has excellent earthquake
resistance. The axial load level of columns is generally small,
the maximum value is 0.3 or so. Matsui [9] carried out tests
of square CFST frames with changing width-to-thickness ratio
of the column tube, diaphragm type, and loading histories,
and which had ultimate failure in the column. It is concluded
that the CFST frame showed excellent horizontal load carrying
capacity and the limit value of the width-to-thickness ratio of
the CFST column could be magnified to about 1.5 times that for
the unfilled tubes due to the effects of the in-filled concrete on
the local buckling strength and post buckling behaviour of the
tube. Tsai et al. [10] completed a pseudo-dynamic test of a full-
scale 3-story 3bay composite frame using CFST columns and
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Notations

Ag Steel cross-sectional area

Ac Concrete cross-sectional area

bs Overall width of I-beam

B Sectional dimension

E, Dissipated energy ability

E. Concrete modulus of elasticity

Eq Steel modulus of elasticity

! Concrete cylinder compressive strength

Seu Concrete cube compressive strength

Jfek Concrete axial compressive strength

fy Yield stress of steel

fu Ultimate strength of steel

h Overall height of I-beam

he Equivalent damping coefficient

H Height of column of composite frame

k Beam-to-column linear stiffness ratio

L Length of beam of composite frame

n Axial load level

N, Axial load of CFST column

Ny Ultimate compression resistance of composite
section

P Lateral load of frame

P, Estimated ultimate lateral load capacity of frame

Pue Ultimate lateral load capacity of frame by
experiment

Pua Ultimate lateral load capacity of frame by
ABAQUS

Py Yield lateral load of frame

Pgsq,  85% of ultimate lateral load capacity (Pye)

r Radius of the corner of SHS cold-formed steel
tube

te Flange thickness of I-beam

ts Wall thickness of the steel tube

tw Web thickness of I-beam

w Thickness of SHS steel tube

o Steel ratio (=Ag/Ac)

o Stress

& Strain

&y Yield strain

Vg Poisson’s ratio of steel

Ve Poisson’s ratio of concrete

A Lateral displacement of frame

Ay Lateral displacement when lateral load of frame
falls 85% of Pye

Ay Yield displacement of frame

u Displacement ductility coefficient

steel beams with buckling restrained braces in the middle span,
and the test result showed the excellent seismic ability of the
composite frame. Muhummud [11] and Herrera [12] predicted
the seismic behaviour of multi-story CFST composite frame
using the nonlinear dynamic time history analysis software
DRAIN-2DX, which was based on the fiber beam—column
element theory.

Little success has been achieved so far in developing an
accurate model due to the complexity in modeling the concrete
confinement effect for concrete-filled steel tubular members.
Schneider [13] developed a three-dimensional nonlinear finite
element model for concrete-filled tubular columns by the
ABAQUS program. The unconfined uniaxial stress—strain curve
for concrete provided in the ABAQUS material library was
used as five segments linear curves. Hu et al. [14] developed
a nonlinear finite element model using the ABAQUS to
simulate the behaviour of concrete-filled steel tube columns.
The concrete confinement was achieved by matching the
numerical results by trial and error via parametric study. Hu
et al. [15] analyzed concrete-filled tubular columns subjected to
an axial compressive force and bending moment in combination
by using the ABAQUS, the material constitutive models are
same as Hu et al. [14]. Ellobody and Young [16] analyzed the
behaviour of normal and high strength concrete-filled tubular
columns using the ABAQUS, where the concrete model and the
other parameters were the same as Hu et al. [14]. Han et al. [17]
presented a uniaxial compression stress—strain relation for
confined core concrete of CFST member for ABAQUS, and
the plastic damage concrete model was used to simulate the
core concrete. With the model, the load versus deformation
relationship was predicted. The experimental results matched
well with the results that obtained from the finite element model
using ABAQUS.

Set against this background, the authors have recently
been engaged in research studies to determine the mechanical
behaviour of the composite frames with concrete-filled square
hollow section (SHS) steel tubular columns to steel beam. Both
theoretical and experimental studies have been carried out. The
main objective of this study is to develop an accurate finite
element model to simulate the behaviour of the composite
frames with concrete-filled square hollow section (SHS) steel
tubular columns to steel beam. The finite element program
ABAQUS [18] was used in the analysis. The effects of concrete
strength and concrete confinement were considered in the
analysis. The interface between concrete and the steel tube was
also modeled. To validate the FEA model, this paper presents
new test data pertaining to the behaviour of CFST column to
steel beam frames. In the experimental study, six tests were
performed and the test parameters included the cross-sectional
dimension, the axial load level, and the beam—column linear
stiffness ratio. Each test specimen consisted of two CFST
columns and a steel beam to represent a typical frame element
in a building, and each specimen was tested under a constant
axial load and a cyclically increasing lateral load. Comparisons
between the FEA predicted results and the experimental results
indicate that the suitability of the FEA model to predict the
P—A relations of steel beam to CFST column frames.

2. Finite element modeling
2.1. General descriptions

In order to accurately simulate the actual behaviour of
frames with concrete-filled steel tube (CFST) square columns
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(a) The whole FEA model.

(b) Steel beam discretization.

(c) Section discretization.

Fig. 1. Typical finite element model of composite CFST frames.

to steel beam, the main five components of the frames need
to be modeled. These components are the confined concrete of
square columns, the interface and contact between the concrete
and the steel tube, the steel tube, the connection details between
columns to steel beam, and the steel beam. In addition to
these parameters, the choice of the element type, mesh size,
boundary conditions and load applications that provide accurate
and reasonable results are also important in simulating the
behaviour of structural frames. Han et al. [17] simulated the
performance of concrete-filled thin-walled steel tubes under
pure torsion by ABAQUS, and some analysis strategy, such
as material modeling of core concrete and steel tubes was
described. This paper shows some key issues for analyzing
composite frames using ABAQUS. The FE results are presented
in Figs. 6, 12 and 13, that will be verified later in the paper.

2.2. Finite element type and mesh

Different element types have been tried in order to find a
suitable element to simulate the behaviour of frames. Solid
elements were found to be more efficient in modeling the
concrete as well, and steel tubes were modeled with shell
elements. A fine mesh of three-dimensional eight-node linear
brick and reduced integration with hourglass control solid
element (C3D8R) is used for concrete and four-node doubly
curved general-purpose shell with finite membrane strain shell
element (S4) is used for steel tubes and steel beam. Different
mesh sizes were tried in order to find a reasonable mesh that
provides both accurate results and less computational time. It
is found that a mesh size of 1 (length):1 (width):2 (depth)
approximately for solid elements and 1 (length):1 (width)
approximately for shell elements, can achieve accurate results.
Typical meshes of composite frames are shown in Fig. 1(a)—(c),
respectively. Fig. 1(b) shows typical steel beam elements and
Fig. 1(c) shows the section elements discretization in the FEA
model. A typical joint, which consists of a concrete-filled steel
tubular (CFST) column, a steel beam and the outer ring, shown
in Fig. 1(b), is used in the analysis. These kinds of joints have
been widely used in tall buildings in China.

2.3. Boundary conditions and load application

The bottom surfaces of the concrete-filled steel tube columns
were fixed against all degrees-of-freedom. The top of CFST
columns supported constant axial load and the steel beam
were subjected to a cyclically increasing flexural load. The
axial loads of CFST columns were applied in increment
using *LOAD option available in the ABAQUS library, and
the horizontal load of the steel beam end was applied in
an appointed displacement using boundary condition under
different increment steps. The axial force is transferred to the
composite column by an elastic rigid plate whose modulus of
elasticity is 10'> N/mm? and Poisson’s ratio is 0.0001. The load
step and displacement step were solved using static and general
arithmetic with geometrical and material nonlinear methods
available in the ABAQUS library.

2.4. Material modeling of steel

The elastic—plastic material behaviour provided by ABAQUS
(using the *PLASTIC option) allows a multi-linear or bilinear
stress—strain curve to be used. The steel beam and SHS steel
tubes were simulated by this model. The first part of the multi-
linear curve represents the elastic part up to the proportional
limit stress with a measured modulus of elasticity (Es) and
Poisson’s ratio (vg) equal to 0.3. The Mises yield surface is used
to define isotropic yielding for steel material and the model for
steel assumes associated plastic flow. The model parameters for
the bilinear stress—strain curve are yield strength ( fy), the mod-
ulus of elasticity (Es) and the tangent moduli (E] = 0.01Ey).
The magnitude of the modulus of elasticity (E) is equal to
206,000 N/mm?.

For cold-formed steel tubes, different strength and residual
stresses for corner zone and flat zone, should be considered.
The techniques used in the manufacture of cold-formed sections
induce substantial changes on the mechanical characteristics,
and also result in cold-formed residual stresses. An idealized
multi-linear stress—strain model for cold-formed steel SHS steel
tube is adopted in this paper. This model was developed by
Abdel-Rahman and Sivakumaran [19], where a cold-formed



1650 L.-H. Han et al. / Engineering Structures 30 (2008) 1647-1658

section is divided into two zones: a corner zone and a flat
zone, and the strength of a corner zone and a flat zone are
different. Sully and Hancock [20] proposed that a residual stress
of 0.4 fy be used for the corner zones, and a residual stress of
(0.24 — 0.0006w) fy be used for the flat zone. Where fy is the
yield strength in unit N/mm? and w is the thickness of SHS
steel tube in unit mm, respectively. The residual stress has a
linear variation through the section thickness, with tensile stress
on the outer surface, and equal compressive stress on the inside
surface at the same location. Residual stress is considered in
ABAQUS by *INITIAL CONDITIONS options and defined as
TYPE = STRESS.

2.5. Material modeling of core concrete

Han et al. [17,21] gave a practical and accurate model for
core concrete of CFST member using ABAQUS. This paper
used the material model to simulate the core concrete of the
composite columns in a frame.

The damaged plastic model is adopted to simulate the
concrete provided by the ABAQUS library. The model allows
to input a multi-linear uniaxial compression stress—strain curve.
The other parameters, such as dilation angle, eccentricity, ratio
of the biaxial compression strength to uniaxial compression
strength of concrete, the ratio of the second stress invariant
on the tensile meridian to that on the compressive meridian,
viscosity parameter, etc., are default by ABAQUS [18]. The
modulus of elasticity (E.) of concrete is equal to 4730\/ﬁ
by ACI 318 [22], where f! means the cylinder compression
strength of concrete. The Poisson’s ratio (v.) is equal to 0.2.
The plastic-damage model uses a yield condition based on the
yield function proposed by Lubliner et al. [23] and incorporates
the modifications proposed by Lee and Fenves [24] to account
for the different evolution of strength under tension and
compression. The plastic-damage model for concrete assumes
non-associated potential flow rule.

Tension stiffening is required in the damaged plasticity
model of concrete. The tension stiffening can be specified by
means of a post-failure stress—strain relation or by applying
a fracture energy cracking criterion in ABAQUS. When there
is no reinforcement in significant regions of the model, the
tension stiffening approach described with stress—strain relation
will introduce unreasonable mesh sensitivity into the results.
However, it is generally accepted that Hillerborg’s [25] fracture
energy proposal is adequate to allay the concern for many
practical purposes, thus the model was used in the analysis on
CFST members [17,21], which is also used in this paper.

2.6. Concrete—steel tube interface

The contact between the concrete and the steel tube is
modeled by interface elements. The interface elements consist
of two matching contact surfaces of concrete and steel tube
elements. The normal direction of the two surfaces is hard
contact and the tangent contact is simulated by the Coulomb
friction model. The friction between the two contact surfaces
is maintained as long as the faces remain in contact. The

coefficient of friction between the two surfaces is taken as 0.6 in
the analysis from Han et al. [17]. The interface element allows
the surfaces to separate under the influence of a tensile force.
However, the two contact elements are not allowed to penetrate
each other.

The I-shaped steel beam is welded from the three pieces of
rectangular steel plate. The *TIE option in ABAQUS is used
to simulate the welding lines of steel beam. The connection of
CFST columns to beam are also welded, so those welding lines
are simulated by *TIE command in ABAQUS.

3. Frame tests

A series of tests on composite frames with steel beam to
CFST columns were conducted by the authors [26], the test
results are used to verify the FEA model presented in the paper.

3.1. Specimen preparation

Six concrete-filled SHS columns to steel composite frame
specimens were tested under a constant axial load and a
cyclically increasing lateral load. Fig. 2 shows the test frame
configuration. The column height was 1450 mm, the steel beam
span was 2500 mm, as shown in Fig. 3. The frame specimens
were designed using the concept of strong-column—weak-beam,
so beam failure mode was expected.

The following two parameters, which are important for the
design of a frame structure, were selected in the current test
programming, i.e.

e Level of axial load in the column, n (=0, 0.3 and 0.6), which
is defined as n = N,/ Ny, where N, is the axial load applied
in the column and N, is the axial compressive capacity of the
column and N, was determined by specification Eurocode
4 [27].

e The beam—column linear stiffness ratio k (=0.34-0.62),
where k is defined as iy/ic, where i, and i, are the linear
stiffnesses of beam and column, respectively. iy is defined as
Esl,/L, where I is the moment of inertia for steel beam,
Ej is the modulus of elasticity of steel and L is the length of
beam, respectively. i. is defined as EI./H, where H is the
height of column. The stiffness of concrete-filled SHS steel
tube columnis EI. = Egl; + 0.6 E.I., where E and E. are
the modulus of elasticity of steel and concrete, respectively,
and I; and I. are the moment of inertia for hollow steel
cross-section and core concrete cross-section, respectively.
It should be noted that the ratio of k is a nominal value
and reflects the beam—column linear stiffness ratio of the
composite frame in the elastic stage generally.

Table 1 lists the details of each composite frame specimen,
where h, by, ty, and #; are the overall height, overall width,
web thickness and flange thickness of the I-beam respectively,
as shown in Fig. 3; Where b is the width of ring and is
determined by AIJ [28]; bs is the width of beam flange. B and
t; are the overall dimension and thickness of the square steel
tube, respectively. The width-to-thickness ratio of the square
tubes is less than the limit given in Uy and Bradford [29]
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(a) Arrangement of test set-up.

(b) Arrangement of transverse braces.

Fig. 2. Arrangement of test set-up of frame.

(a) Frame elevation. (b) A-A. (c) Fabrication of joints.

Fig. 3. Frame configuration (Unit: mm).

beyond which local buckling would occur. Table 1 also gives axial load N, and axial load level n (n = N,/Ny) for the CFST
the beam—column linear stiffness ratio, width of the ring, the columns.
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Table 1

Summary of frame specimen information

Specimen  Specimen size (mm) Beam-—column No AxialLoad  Pye Ay E, Pya 5—3;‘ I

number stiffness ratio k (kN)  leveln (kN) (mm) (kN m) (kN)
Specimen section Length
column 0120 x 3.46 1450

SF-11 beam 160 x 80 x 3.44 x 3.44 2500 0.62 50 0.05 106.11 17.66  76.44 109.09 1.028 4.64
column 0120 x 3.46 1450

SF-12 beam 160 x 80 x 3.44 x 3.44 2500 0.62 285 0.3 102.75 17.18 68.43 102.27 0.995 4.50
column 0120 x 3.46 1450

SF-13 beam 140 x 70 x 3.44 x 3.44 2500 0.41 570 0.6 88.50 1547 4747 69.43 0.785 4.71
column 0140 x 4.00 1450

SF-21 beam 180 x 80 x 4.34 x 4.34 2500 0.55 50 0.04 166.65 17.77  69.55 164.99 0.990 3.56
column 0140 x 4.00 1450

SF-22 beam 180 x 80 x 4.34 x 4.34 2500 0.55 375 0.3 154.11 1489 52.72 158.84 1.031 3.97
column 0140 x 4.00 1450

SF-23 beam 160 x 80 x 3.44 x 3.44 2500 0.34 750 0.6 133.01 9.39 29.11 107.77 0.810 3.56

Note: Beam’s section parameters are in the sequence of i x by X tw X t, and column’s section is defined by B x .

Table 2

Material properties of steel

Steel type t (mm) fy (N/mm2) fu (N/mm2) Eg (N/mmz) Vg Specimens

SHS tube 3.46 404.0 510.5 2.064 x 105 0.278 SF-11, SF-12, SF-13

4.00 361.0 433.8 2.062 x 105 0.261 SF-21, SF-22, SF-23
Steel I beam 3.44 303.0 440.9 2.061 x 10° 0.262 SF-11, SF-12, SF-13, SF-23
4.34 361.6 495.5 2.042 x 10% 0.262 SF-21, SF-22

3.2. Material properties

The hollow steel tubes were made of cold-formed steel tube.
The steel beams and the external ring with the same thickness as
the beam were manufactured from mild steel sheet, with three
plates being cut from the sheet, tack welded into a I-shaped
cross-section and then welded with a single bevel butt weld at
the corners. All welded seam is 3 mm thick.

Three tensile coupons cut from the steel tubes and sheets
(used to make the beams) were tested to determine the yield
stress (fy), the ultimate tensile strength (fy), the modulus
of elasticity (Es) and the Poisson’s ratio (vg). The measured
average yield stress, the ultimate tensile strength, the modulus
of elasticity and the Poisson’s ratio are listed in Table 2.

Self-consolidating concrete (SCC) mix was designed for
compressive cube strength (f.,) at 28 days of approximately
427 N/mm?. The measured modulus of elasticity (E;) of
concrete was on average 33,800 N/mmz. In all the concrete
mixes, the fine aggregate used was silica-based sand and the
coarse aggregate was carbonate stone. The measured average
concrete cube strength of each specimen at the time of the frame
test is 52.6 N/mm?.

Before the pouring of the concrete, the ends of the steel tubes
were cut and machined to the required length. Each tube was
welded to a square steel base plate of 16 mm thick. The SCC
was poured from the top of the steel tube without any vibration.
The specimens were placed upright to air-dry. During curing, a
very small amount of longitudinal shrinkage of 0.7 to 0.9 mm or
so occurred at the top of the column. A high-strength concrete

was used to fill this longitudinal gap so that the concrete surface
was flush with the steel tube at the top. Each tube was welded
to a square steel cover plate of 16 mm thick in order that the
axial force transferred from the steel jacket to the steel tube and
concrete at the same time in experiment.

3.3. Cyclic loading apparatus

The axial load (N,) of columns was applied and maintained
constant by a 1000 kN capacity hydraulic ram. The hydraulic
pump was fixed to the sliding support, as shown in Fig. 2(a),
which allowed the specimen to move freely in-plane. This
ensured that the column axial load was always concentric.
Precautions were made to avoid any eccentricity in the axial
load application by very careful alignment of the test setup.

The lateral cyclic load was applied at the end of the steel
beam for CFST frame specimens. The frame specimen was
a sway frame with rigid connection to the foundation. The
bottoms of two columns were fixed through the rigid foundation
beam which was fixed to the floor with bolts. To prevent
unexpected instability and lateral torsional buckling of the
specimen, lateral braces were arranged as shown in Fig. 2(b).

The lateral loading history of frame was generally based
on ATC-24 [30] guidelines for cyclic testing of structural steel
components. Han et al. [31] used the same loading history in
the cyclic tests of CFST members. The loading history included
elastic cycles and inelastic cycles. The elastic cycles were
conducted under displacement control at displacement levels of
0.254y, 0.5Ay and 0.7Ay, where Ay is the estimated lateral
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(a) Column bottom.

(c) Concrete at column bottom.
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(b) Beam end.

(d) Concrete at connection panel.

Fig. 4. Typical failure mode of the composite frames (SF-13).

yielding displacement corresponding to the lateral yielding
load Py. The Py was assumed to be 0.7P,, where P, is the
estimated ultimate lateral loading capacity calculated using the
previously described FEA modeling in this paper. Two cycles
were imposed at each of the lateral displacement levels of
0.25Ay,0.5Ay and 0.7Ay. The inelastic cycles were then taken
to lateral displacement levels of Ay, 1.54y, 24y, 34y, 54y,
7Ay and 8 Ay. Three cycles were imposed at each displacement
levels of Ay, 1.5Ay and 2Ay; two cycles were imposed at each
additional inelastic displacement level described above.

3.4. Test results and discussion

3.4.1. Failure modes

It was found that, the composite frames had a similar failure
mode and failed in the strong-column—weak-beam mode. There
were obvious buckling deformation at the beam end and the
column bottom, as shown in Fig. 4(a)-(d). At the bottom
of the outer steel of CFST columns there appeared obvious
deformation and crack in the loading plane, as shown in
Fig. 4(a), but there was slight out-of-plane deformation. The
center of the plastic hinge in the column is located about 30 mm
away from the fastened plate. The core concrete crash was
absent after the test, as shown in Fig. 4(c). The plastic hinge
of beam end locates at a distance about 30 mm away from the
ring, as shown in Fig. 4(b). The core concrete of connection
panel has good integrity without obvious cracks or deformation,
as shown in Fig. 4(d). The enhanced structural behaviour can be

explained in terms of “composite action” between the steel tube
and its core concrete.

All the frames had four plastic hinges, two of them at the
beam end, two of them at the column bottom. The first plastic
hinge was observed at beam end near the MTS actuator, and
the second hinge occurred at the end of the beam. The hinges
on columns were formed after the beam hinges, as shown in
Fig. 5.

3.4.2. Lateral load (P) versus lateral displacement (A)

The recorded curves of lateral load (P) versus lateral
displacement (A) of the composite frames are shown in Fig. 6.
The test results showed that the lateral load (P) versus lateral
displacement (A) hysteretic curves of the composite frames
were plump shuttle shape. The curves have no obvious strength
and stiffness degradation. The maximum loads (Py.) obtained
from the curves are listed in Table 1.

Fig. 7 shows the lateral load (P) versus lateral displacement
(A) envelop curves of the two group composite frames. It can
be seen that the axial load level (n) influences not only the
ultimate lateral load (P,e) but also ductility of the composite
frames in general.

Specimen SF-22 was selected to show the typical lateral load
(P) versus lateral displacement (A) envelop curve of the tested
specimens in Fig. 8. It can be found from Fig. 8 that, there are
generally four typical loading stage of the composite frame,
the four points in Fig. 8 represent different stages during the
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(a) SF-11. (b) SF-12.

(d) SF-21. (e) SF-22.

(c) SF-13.

(f) SF-23.

Fig. 5. Frame specimen failure mode.

(a) SF-11 (n = 0.05). (b) SF-12 (n = 0.3).

(d) SF-21 (n = 0.04). (e) SF-22 (n = 0.3).

(c) SF-13 (n = 0.6).

(f) SF-23 (n = 0.6).

Fig. 6. Cyclic load (P) versus lateral deflection (A) of tested composite frames.

incremental lateral load. Point 1 corresponds to the stage when
the extreme fibers of steel beam start to yield due to the moment
of test frame. The composite frame is in elastic stage before
point one. Point 2 refers to the stage when the compression fiber
of CFST steel columns reaches its yield stress. The steel beam

section starts to yield and the yielding area of the compression
zone of CFST columns gradually increases, and the composite
frame begins to start elastic—plastic stage after point one. Point
3 shows the ultimate lateral load (Pnpax) of the composite frame.
The curve descends from point 3. Point 4 is the stage when the
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Fig. 7. Lateral load (P) versus displacement (A) envelope curves.

Fig. 8. Typical P versus A envelop curve (SF-22).

load reaches 85% of the ultimate load Ppyax. This means that the
frame approximately reaches failure limit, if the point defined
is at the ultimate state, in general.

3.4.3. Dissipated energy ability and ductility coefficient

Typically, recorded lateral load to deflection relationship
may be simplified as shown in Fig. 9. From this simplification,
Eq. (1) may be used to calculate the dissipated energy ability
(E3) according to the Chinese Standard JGJ 101-96 [32].

SaBc + Scpa

A= > (L
SoBE + SoDF

where Sapc and Scpa are the areas under curves ABC and
CDA as shown in Fig. 9(a), Sopg and Sopr are the areas within
the triangles OBE and ODF as shown in Fig. 9(b).

Table 1 shows the ductility coefficient () and the energy
dissipation (E,) of all composite frames, respectively. While

Fig. 10. Determination for yield point of specimens.

the ultimate load is reduced evidently at a higher axial load
level, the ductility of the frame also decreased slightly. In
this paper, ductility is measured by the ductility coefficient
u(=Ay/Ay) where Ay is the lateral displacement at material
yield and A, the lateral displacement when the lateral load
falls to 85% of the maximum lateral strength (Pye). Ay and
A, are determined according to Fig. 10 from JGJ 101-96 [32].
As expected, Table 1 indicates that: (1) In general, the axial
load level (n) had influence on the total dissipated energy
ability (E,) of the specimens, i.e. E, decreased obviously with
increasing axial load level for frames. (2) The beam—column
stiffness ratio level (k) also had influence on the total dissipated
energy ability (E,) of the frames, i.e. E, increased with
increasing beam—column stiffness ratio. (3) Generally, the
ultimate lateral load (P,) increases with an increase in the
beam—column linear stiffness ratio (k) within the scope of these
tests under the same axial load level (n). The beam—column

Fig. 9. Idealized P—A hysteretic relationship.
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Fig. 11. he—A/ Ay curves.

(a) 15-SCP.

(b) 30-SCP.

Fig. 12. Comparison of load versus displacement curves between predicted and experimental results [8].

linear stiffness ratio was changed within a limited extent and
it was varied in relation to the other parameters and hence
conclusions were useable relatively.

3.4.4. Damping coefficient
The equivalent damping coefficient (k) can be defined as

T om’

Fig. 11 demonstrates that the accumulative equivalent damping
coefficient (h.) of frames increases greatly with the increasing
relative displacement (A/Ay). Axial load level (n) has some
effect on the he—A/ Ay relationship, with higher axial load level
tending to slightly increase the equivalent damping coefficient
for frames. The beam—column linear stiffness ratio (k) has
moderate influence on the /..

he (@)

4. Verification of FEA model

All the calculated monotonic P-A curves of composite
frames of this paper by ABAQUS are also given in Figs. 6
and 12. The FE curves matched well with the envelop curve
of cyclic lateral load (P) versus lateral displacement (A)
relationships by experimental results. The main reason is
the excellent plastic performance of CFST members. The
favorable confined effect of core concrete by steel tube makes

the cumulate damage of concrete in CFST member become
inconspicuous.

The lateral load (P) versus lateral displacement (A) curves
of the test frames obtained from FEM model are plotted
in Fig. 13 together with the experimental envelop curves of
composite frames. It can be seen that generally good agreement
has been achieved between experimental curves and numerical
curves using FEM model.

The ultimate lateral loads of composite frames obtained
from the test (Pye) and finite element analysis by ABAQUS
(Pya) as well as the load—displacement curves have been
investigated. Table 1 shows a comparison of the ultimate
loads of the composite frames obtained experimentally and
numerically using FEM model. It can be seen that good
agreement has been achieved between the two sets of results
for most of the composite frames except for those composite
frames tested under an axial load level of 0.6. It is expected
that, higher axial load level means higher axially compressive
load, this may increase the effects of the imperfections, such as
the possibly unexpected fabrication imperfections of the testing
setup, and the initially compressive load eccentricity of the
composite columns.

It should be noted that, there were seldom experimental
results on beam to concrete-filled steel tubular column frames
had been published in the past. Thus only the test results
presented in this paper was used to verify the FEM model. The
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(a) SF-11 (n = 0.05).

(c) SF-13 (n = 0.6).

(e) SF-22 (n = 0.3).

1657

(b) SF-12 (n = 0.3).

(d) SF-21 (n = 0.04).

(f) SF-23 (n = 0.6).

Fig. 13. Comparisons of lateral load versus displacement curves.

feasibility of the model with expanded specimen parameters
needs to be verified further. The FEM model established
based on ABAQUS in this paper can be used conveniently to
analyze the interaction between the steel and the concrete. The
analytical results by using the FEM model will be presented in
another accompanying paper.

5. Conclusions

From the results of this paper, the following conclusions may
be drawn within the limitations of the research:

(1) The experiment shows that CFST frame has excellent
earthquake resistance. The composite CFST frames were

designed based on the weak-beam—strong-column strategy.
Beam failure was observed first in all the frames.

(2) The lateral load carrying capacity, ductility coefficient and
energy dissipation of composite frame decreased as the
axial load level in the column increases. The ultimate lateral
load of composite frame increases with an increase in
beam—column linear stiffness ratio if other conditions are
kept the same.

(3) The FE modeling developed in this paper was able
to reasonably predict the lateral load versus lateral
displacement relationship of composite frame, and the
ultimate lateral load carrying capacity.
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