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a b s t r a c t

This paper reports the mechanism of composite frames with steel beams connected to concrete-
filled square hollow section (SHS) columns. Detailed analysis was carried out on longitudinal stress
in steel beams, axial stress distribution in concrete, and concrete stress along the column height and
at the connection panel. Parametric studies were conducted to investigate the influence of axial load
level, beam-to-column linear stiffness ratio on the structural behavior of composite frames. Simplified
hysteretic lateral load (P) versus lateral displacement (∆)models are proposed for such composite frames.
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1. Introduction

Hollow structural steel (HSS) columns filled with concrete offer
a number of benefits and are often used in tall buildings and other
industrial structures. Concrete-filled steel tubular (CFST) columns
are increasingly used in buildings due to their excellent static and
seismic performance.
Chen et al. [1] presented differentmethods of advanced analysis

for steel frames, such as elastic–plastic hinge method, refined
plastic hinge method and plastic zone method. The analysis and
design of composite frames with steel columns and steel–concrete
composite beams under static loading were reported in Liew
and Uy [2], Nethercot [3], Johnson [4], Li et al. [5,6]. The design
of such composite frames under cyclic loading was reported in
Plumier et al. [7], Bursi et al. [8], Thermou et al. [9]. CFST columns
were not used in the above mentioned composite frames. Limited
work was conducted on composite frames with CFST columns, as
summarized in Hajjar [10] which also indicated the need to study
mechanics models for such composite frames.
The authors have performed experimental investigation, as

well as a finite element analysis (FEA) modeling on composite
frames, consisting of steel beams and CFST columns [11]. This
paper presents a detailed analysis on longitudinal stress in steel
beams, axial stress distribution in concrete, and concrete stress
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along the column height and at the connection panel, by using
the FEA modeling with ABAQUS [12]. Parametric studies are
conducted to investigate the influence of axial load level and
beam-to-column linear stiffness ratio on the structural behavior
of composite frames. Simplified hysteretic lateral load (P) versus
lateral displacement (∆) models are proposed for such composite
frames.

2. Stress analysis of the composite frame structures

2.1. General

A series of tests and FEA model on composite frames with steel
beam to concrete-filled SHS steel tubular columnswere conducted
by the authors [11]. A typical frame specimen SF-22 [11] was
selected to illustrate the mechanic model of the composite frames.
The column in frame SF-22 is a concrete-filled SHS with a width
of 140 mm and a thickness of 4 mm. The beam in frame SF-22
is an I-section with a flange width of 80 mm, a web depth of
180 mm and a thickness of 4.34 mm. In order to describe various
stress distribution and deformation of the frames, five load stages
weremarked in the lateral load (P) versus lateral displacement (∆)
curves of the composite frame, as shown in Fig. 1.
The five points in Fig. 1 represent different stages during the

incremental lateral load. Point one corresponds to the stage when
the extreme fibers of the steel beam start to yield. Point two refers
to the stage when the compression fibers of CFST steel columns
reach their yield stress. Point three shows the ultimate lateral
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Nomenclature

Ec Modulus of elasticity of concrete
Es Modulus of elasticity of steel
EIc Stiffness of CFST column
f ′c Concrete cylinder compressive strength
ft Concrete tension strength
fy Yield strength of steel
ib Linear stiffness of steel beam for composite frame

(ib = EsIb/L)
ic Linear stiffness of CFST column for composite frame

(ic = EIc/Lc)
Ib Moment of inertia for steel beam
Ic Moment of inertia for core concrete cross section
Is Moment of inertia for hollow steel cross section
k Beam–column linear stiffness ratio
Ka Stiffness in the elastic stage of composite frame for

hysteretic model
KT Stiffness of the descending stage of composite frame

for hysteretic model
km Ultimate moment ratio between steel beam and

CFST column of composite frame
L The length of steel beam
Lc Height of CFST column
Mpc Ultimate moment of CFST column
n Axial load level (n = N/Nu)
N Axial load of CFST column
Nu Ultimate compression resistance of CFST column
p The hardening stage coefficient of moment versus

curvature model for CFST column
P Lateral load of frame
Py Ultimate lateral load capacity of composite frame in

the hysteretic model
Pyc Ultimate lateral load capacity of CFST column of

composite frame in the hysteretic model
Pmax Ultimate lateral load capacity of frame
Pua Ultimate lateral load capacity of frame by ABAQUS
α Steel ratio (α = As/Ac)
σ Stress
ε Strain
∆ Lateral displacement of frame
∆p Lateral displacementwhen lateral load reaches Py in

the hysteretic model
∆u Lateral displacementwhen lateral load of frame falls

85% of Pmax
∆y Yield displacement of frame
µ Displacement ductility coefficient
µL Effective length coefficient of CFST column

load (Pmax) of the composite frame. Point four corresponds to the
stage when the deflection reaches twice ∆max. Point five is the
stage when the load reaches 85% of the ultimate load Pmax. Several
sections in CFST columns and steel beamare selected (see Fig. 2) for
stress analysis. Sections B1 and B2 are the plastic hinge locations
in steel beam. Sections C1 and C2 are located at the bottom and
top of the left CFST column. Section C1 is located near and outside
of the stiffeners of columns, and section C2 is located under the
steel beam. Sections C3 and C4 are the same as sections C1 and
C2 except that they are located in the right column. Sections C5
and C6 are at the middle section of the left and right CFST column
respectively, as shown in Fig. 2(a). Fig. 2(b) shows the deformation
of the composite frame SF-22 at failure load. The four plastic
hinges were located at the sections B1 and B2 in the steel beam
and at sections C1 and C3 in the CFST columns. The deformation
Fig. 1. Lateral load (P) versus displacement (∆) curves of typical CFST frame SF-22
(Five Stages).

of the four plastic hinge sections at stage five, defined in Fig. 1,
are shown in Fig. 3(a)–(d), respectively. The steel tubes of CFST
columns at section C1 and C3 show evident outward buckling,
whereas obvious local buckling occurs in the flanges and web of
beam at section B1 and B2. The experimental result and FEA result
by ABAQUS are consistent, as shown in Fig. 3.

2.2. Longitudinal stress in steel beams

Fig. 4 shows the longitudinal stress distribution of the steel
beam of specimen SF-22 during the various load stages (e.g. one,
three and five as defined in Fig. 1). The longitudinal tension and
compression stress of section B1 and B2 were described as shown
in Fig. 4(a)–(f). There was slight difference between the left beam
end (B1) and the right beam end (B2). The beam was separated
into two parts by a bending inflexion, and the two parts of the
beam had different deformation curves. The inflexion was located
approximately at the middle of the beam. The left part of the beam
(B1) was in compression in the top flange and the upper web,
and in tension in the bottom flange and the lower web. The right
part of beam (B2) had the opposite sign. The plastic hinges were
located near the ring plate. The compression and tension stress
of steel beam were increasing with the incremental lateral load.
The compression stress of flange at section B2 reached the yield
stress. The yield area had extended from flange to web. When
the composite frame reached its ultimate load (Stage three), about
half of compression web in section B2 yielded. The tension area
of web at section B2 did not yield at this stage. The lateral load
began to descend from stage three, and local buckling appeared
on the compressive web at section B2. The stress and deformation
at section B1 were similar to section B2, but the stress value in
section B1 was less than that in section B2, where the deformation
of section B1 was smaller than that of section B2.

2.3. Concrete axial stress distribution

Fig. 5 shows the concrete axial stress distribution of section
C1 of the composite frame SF-22 at the typical five load stages.
f ′c is the cylinder compression strength of the concrete in the
isoline. From Fig. 5, the axial stresses of concrete are different at
various load stages. The section of CFST columns were compressed
before the lateral load was applied. The tension area of the CFST
square section appeared with the increasing of the lateral load.
The tension area in concrete in CFST SHS columns extended,
and the compression area decreased, with the incremental lateral
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(a) Sections location of SF-22. (b) Deformation of SF-22 under failure mode (ABAQUS).

Fig. 2. Typical sections location of CFST composite frames SF-22.
(a) Section C1. (b) Section C3.

(c) Section B1. (d) Section B2.

Fig. 3. Comparison about the deformation at plastic hinge section between experiment and theory on CFST composite frame (SF-22).
load. The axial compression stress of core concrete in section C1
ascended with the incremental lateral load because of the bending
moment effect. The concrete stress at the corner and flat zone
were different, and the corner concrete stress of SHS CFST columns
was much larger than the stress of the flat zone, as shown in
Fig. 5. The corner concrete stress at compress zone reached 1.7f ′c
and the value was 0.11f ′c in the central area at stage four. The
corner concrete was confined by the tube much more effectively
than other part of the concrete, so the stress was different. The
stress concentration appeared in the corner concrete and the
concrete near the stiffener plates. The boundary between tension
and compress area on the section was approximately a straight
line. The outside plane of SHS steel tube of CFST columns was in
tension, and the inside plane of the columns was in compression.
After the lateral load exceeded the ultimate load, local buckling
appeared at the compression zone of steel tube of the columns
and the stress decreased. The compression stress of steel tube
reached yielded stress at stage two but tension stress was less
than its yield stress. The reason was that the compression stress
was a combination of axial compressive stress and bending stress.
The local buckling appeared at compression zone of the steel tube
at stage four and five, and the buckling went outward because
the core concrete prevented the inward deformation. This means
that the steel tube of CFST columns began to show local buckling
after the lateral load began to descend. The core concrete offered
effective support to the steel tube and delayed its local buckling.
The stress states of section C3 were similar to that of section C1.
The CFST columns were subjected to combined axial compres-

sion forces and bending moment. Their deformation curves were
anti-symmetric with a bending inflexion. Sections C5 and C6 were
invertedmoment points and the stresses at section C5 and C6were
expected to be lower. The concrete axial stress at section C5 and
C6 at the ultimate load (Stage three) are shown in Fig. 6(a) (b),
respectively. It can be seen that the concrete stress was tiny in
general. The stress state at section C6 was barely different from
the stress at section C5. This distinction is because the bend-
ing inflexions of the left and right CFST column are at different
heights.
Sections C2 and C4 were located at CFST columns below the

connection, and the concrete stress of sections C2 and C4 were
similar to those of section C1 and C3 respectively, although the
stress direction was reversed. The left area of sections C2 and C4
was the tension zone and the right area was the compression zone.
The stress value at the same load stage of section C2 exceeded the
stress of section C4, as shown in Fig. 7(a)–(f). The reason was that
the lateral load of the right column was less than that of the left
column. The tension area was increasing from stage one to stage
five, and the compression area decreased for section C2 following
the incremental lateral displacement.
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(a) Longitudinal stress of steel beam at section B1 (Stage one). (b) Longitudinal stress of steel beam at section B2 (Stage one).

(c) Longitudinal stress of steel beam at section B1 (Stage three). (d) Longitudinal stress of steel beam at section B2 (Stage
three).

(e) Longitudinal stress of steel beam at section B1 (Stage five). (f) Longitudinal stress of steel beam at section B2 (Stage five).

Fig. 4. Longitudinal stress of steel beam at the end section B1 and B2 under various lateral load stages.
2.4. Concrete stress along the column height

The concrete of CFST columns was cut to a section plane from
the loading plane in order to show the concrete stress along the
columns in the section plane under typical load stages, as shown
in Fig. 8. The left and lower part of the columns were in tension.
The right and upper part of the columns were in compression.
The concrete axial stress and the tension area increased with the
incremental lateral load. The stress distribution of the column was
similar to that of the right column. The location of zero moment
section in the right columnwas higher than that of the left column.
The main reason is that the lateral top displacement of right
columnwas transferred from the steel beamwhich also deformed.

2.5. Concrete stress at connection panel

In order to illustrate the core concrete stress of the composite
joint panel in those composite frames, the core concrete stress
distribution at connectionpanel under various loadingwere shown
in Fig. 9(a)–(f). The stress value at the connection panel in the
left columns was in general slightly larger than that of the
right column under the same loading. Fig. 9 shows the different
stress of core concrete in panel, and the left-bottom and right-
top of core concrete in panel was compressive and the left-top
and right-bottom of concrete was in tension. The tension and
compression stresseswere increased from stage one to stage three,
decreased from stage four to stage five. It can be seen that all
the axial compressive stress of core concrete except the local
stress concentration zone, was less than the concrete cylinder
compressive strength (f ′c ). That means the connection strength
exceeded that of the columns and beam for specimen SF-22. The
plastic hinges of those frames were observed in the frame beam
and columns.

3. Parametric analysis

Han et al. [13] analyzed the performance of concrete-filled thin-
walled SHS and RHS beam–columns subjected to cyclic loading.
It was shown that the axial load level (n is defined as No/Nu,
where No is the axial load of the column and Nu is the axial
compressive capacity of the column and Nu was determined
by specification Eurocode 4 [14]), steel ratio (α is defined as
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(a) Stage one. (b) Stage two. (c) Stage three.

(d) Stage four. (e) Stage five.

Fig. 5. Concrete axial stress distribution at section C1 of CFST frame (SF-22) columns under various lateral load stages.
(a) Concrete stress at
section C5 (Stage three).

(b) Concrete stress at section C6
(Stage three).

Fig. 6. Concrete stress distribution at middle sections of SF-22 columns at ultimate
strength point.

As/Ac, where As and Ac is the steel cross-sectional area of steel
tube and core concrete, respectively), strength of steel (fy) and
concrete (fcu), and column slenderness ratio (λ) are the main
influential factors. The composite frame in this paper consisted
of two CFST columns and one beam. The two columns act as
beam–columns under combined axial force and lateral load. The
steel beam provides certain restraints against the rotation and
translation of columns. It also transfers the lateral load from one
column to another. There are some differences between a single
beam–column reported in Han et al. [13] and the columns in a
composite frame because of the different boundary conditions.
Thus, it is necessary to analyze the effect of different parameters
on the behavior of such composite frame structure. The influence
of those parameters on the composite CFST frames is expected to
be similar to the CFST beam–columns, although the steel beam
would affect the performance of composite frame. The beam to
column linear stiffness ratio (k is defined as ib/ic, where ib and ic
are linear stiffness of beam and column, respectively) can be an
extra parameter to reflect the influence. Only the axial load level
(n) and the beam to column linear stiffness ratio (k) are included
in the parametric study in this paper, since the influence of other
parameters (α, fy, fcu, λ) are well known.
3.1. Effects of axial load level

3.1.1. Effects on concrete stress
Frames SF-11, SF-12 and SF-13 have the same column

dimension and frame SF-21, SF-22 and SF-23 have the same
column dimension as defined in Han et al. [11]. SF-22 based onHan
et al. [11] was selected for the parametric study. Only sections C1
and C3 were selected for concrete stress analysis. Table 1 shows
the maximum concrete axial stress value at section C1 and C3 of
all composite frames under different load stages. The maximum
compression stress is described in terms of the concrete cylinder
compression strength (f ′c ) while the maximum tension stress is
expressed in terms of the concrete tension strength (ft). Most of
the maximum compressive and tensile stresses are larger than
the value of f ′c and ft respectively. It reflects, to some extent, the
improvement of core concrete strength due to the confinement of
steel tubes. The core concrete axial stress distribution at section C1
of the composite frame specimens, SF-21, SF-22, SF-23, at ultimate
load was shown in Fig. 10(a)–(c). The axial load levels varies from
0.04 to 0.6. Another analysis was conducted on a frame which has
the same dimension as SF-22 with an axial load level of 0.9. (See
Fig. 10(d).)

3.1.2. Effects on P–∆/H curves
Fig. 11 shows the influence of axial load level (n) on the lateral

load (P) versus the non-dimensional lateral displacement (∆/H)
relationship of the experimental composite frames. It can be found
that the ultimate lateral load decreases with the increase of axial
load level. The displacement ductility coefficientµ (µ is defined as
∆u/∆y, where∆y is the lateral displacement at material yield and
∆u is the lateral displacement when the lateral load falls to 85% of
the maximum lateral strength Pmax.) reduces from 0.6 to 0.04 with
the increase of axial load level.
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(a) Concrete stress at section C2 (Stage one). (b) Concrete stress at section C2 (Stage three). (c) Concrete stress at section C2 (Stage four).

(d) Concrete stress at section C4 (Stage one). (e) Concrete stress at section C4 (Stage three). (f) Concrete stress at section C4 (Stage four).

Fig. 7. Stress distribution at top sections of frame SF-22 columns at various lateral load stages.
Fig. 8. Stress distribution of concrete along height of columns at various lateral load stages.
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(a) The left frame column (Stage two). (b) The right frame column (Stage two).

(c) The left frame column (Stage three). (d) The right frame column (Stage three).

(e) The left frame column (Stage four). (f) The right frame column (Stage four).

Fig. 9. Core concrete stress distribution at connection panel of composite frame SF-22 at various lateral load stages.
Table 1
Maximum concrete axial stress magnitude at section C1 and C3 of composite frames.

Axial load level n Concrete axial stress maximum value at section C1 (MPa) Concrete axial stress maximum value at section C3 (MPa) Specimen
Stage one Stage two Stage three Stage four Stage one Stage two Stage three Stage four

−0.83f ′c
a

−1.04f ′c −1.38f ′c −0.70f ′c −0.86f ′c −1.40f ′c

0.05 +1.13ft +1.07ft +1.00ft *b +1.10ft +1.10ft +1.04ft *b SF-11

−1.23f ′c −1.23f ′c −1.61f ′c −1.40f ′c −1.04f ′c −1.04f ′c −1.52f ′c −1.33f ′c
0.3 +1.19ft +1.19ft +1.05ft +0.86ft +1.21ft +1.21ft +1.06ft +0.62ft SF-12

−1.38f ′c −1.24f ′c −1.58f ′c −1.35f ′c −1.23f ′c −1.08f ′c −1.57f ′c −1.47f ′c
0.6 +1.12ft +1.10ft +1.04ft +0.86ft +1.09ft +0.69ft +1.09ft +0.89ft SF-13

−0.98f ′c −0.98f ′c −1.73f ′c −0.76f ′c −0.76f ′c −1.63f ′c

0.04 +1.05ft +1.05ft +0.90ft *b +1.12ft +1.12ft +0.93ft *b SF-21

−1.30f ′c −1.14f ′c −1.55f ′c −1.12f ′c −1.15f ′c −1.01f ′c −1.56f ′c −1.08f ′c
0.3 +1.31ft +1.35ft +1.22ft +1.04ft +1.33ft +1.33ft +1.26ft +0.99ft SF-22

−1.24f ′c −1.24f ′c −1.46f ′c −1.18f ′c −1.14f ′c −1.14f ′c −1.44f ′c −1.13f ′c
0.6 +1.12ft +1.12ft +1.04ft +1.06ft +1.09ft +1.09ft +1.08ft +1.00ft SF-23
a The symbol ‘‘+’’ means tension stress, and ‘‘−’’ means compression stress.
b The symbol ‘‘*’’ means the load versus displacement curves descend very slowly and the point four was non-existent.
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(a) n = 0.04 (SF-21). (b) n = 0.3 (SF-22).

(c) n = 0.6 (SF-23). (d) n = 0.9 (Same dimension as SF-22).

Fig. 10. Stress distribution of concrete at sections C1 of experimental CFST frames at ultimate load for various axial load level (n).
Fig. 11. Influence of axial load level (n) on P–∆/H curves.
3.2. Effects of beam to column linear stiffness ratio

3.2.1. Effects on concrete stress
The basic dimension of a composite frame is the same as the

specimen SF-22. The beam size is changed in order to form a
different beam to column linear stiffness ratio. Fig. 12 shows the
effect of k on the concrete stress of CFST columns at section C1.
The analysis examples were given in two types of beam to column
linear stiffness ratios under the same axial load level. The beam
to column linear stiffness ratio ranges from 0.34 to 0.62, with the
axial load level being 0.3 or 0.6, respectively. It seems that k value
does not affect the concrete stress distribution, although the stress
magnitude was slightly different by comparing Fig. 12(a) and (b)
and by comparing Fig. 12(d) and (e).

3.3. Effects on P–∆/H curves

The lateral load (P) versus the non-dimensional displacement
(∆/H) curves of the typical composite frames was given in
Fig. 12(c) and (f) respectively. It is shown that the lateral ultimate
load of the frame increases as the incremental ratio increases. The
constraint of columns from the beam would be enhanced for a
larger beam to column linear stiffness ratio, hence an increase in
ultimate load of frame.

4. Simplified model P–∆ hysteretic relationship

4.1. Typical lateral load (P) versus lateral displacement (∆) relation-
ship

Fig. 13 shows typical lateral load (P) versus lateral displacement
(∆) relationships of the composite frames (e.g. SF-22). The
characteristics of the curve are shown below.
Elastic stage (from point O to point A): The yielding of steel

beam’s flange occurs at point A.
Elastic–plastic stage (from point A to point B): The steel section

starts to yield and the yielding area of the compression zone of CFST
columns gradually increases, which leads to the gradual reduction
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(a) k = 0.34 (n = 0.3). (b) k = 0.55 (n = 0.3). (c) P–∆/H curves (n = 0.3).

(d) k = 0.41 (n = 0.6). (e) k = 0.62 (n = 0.6). (f) P–∆/H curves (n = 0.6).

Fig. 12. Influence of beam to column linear stiffness ratio (k) on concrete stress and P–∆/H curves.
Fig. 13. Typical lateral load (P) versus lateral displacement (∆) curve of composite
frame SF-22.

in stiffness. The shape of the curve mainly depends on the value of
axial load level (n). When n is small (e.g. less than 0.3), the curve
goes up steadily to point B. When n is high, the curve starts to go
down after a short increase to point B. The smaller the axial load
level, the later the curve starts to descend.
Unloading stage (from point B to point C): The load (P) versus

displacement (∆) curve generally shows a linear behavior.
Elastic–plastic stage of reverse loading (frompoint C to pointD):

The load (P) versus displacement (∆) relationship shows nonlinear
behavior. The stiffness of the columns decreases with the increase
of the yielding zone in the steel beam and CFST column bottom,
as well as the tensile zone in the cross sections of the composite
columns.
Strengthening stage (from point D to point E or from B to

F): During this stage, the sectional stiffness of the steel beam
or CFST column is very small. The load increases slowly but the
deformation increases quickly.
Re-loading stage (from point E to point F): The load (P) versus
displacement (∆) curve shows similar behavior as the stage from
point B to point C, D and E.
Strengthening stage (from point F to point G′) or descending

stage (from point F to point G): When the value of axial load level
(n) is small (e.g. less than 0.3), the curve (FG′) goes up steadily,
similar to stage BF.When n is high, the curve (FG) starts to go down.

4.2. Simplified second-order analysis on lateral load (P) versus lateral
displacement (∆) relationship of composite frame

The second-order elastic–plastic analysis method (Chen et al.
[1]) consists of two different models, namely the concentrated-
plastic method (or so called second-order elastic–plastic hinge
model, Liew et al. [2]), and the spread-plastic method (or so called
plastic zone model). The FEM model in this paper is based on the
plastic zone model to simulate composite CFST frame. A simplified
second-order inelastic analysis on lateral load (P) versus lateral
displacement (∆) relationship of composite frame is proposed to
assist designers.
It was found from the parameters analysis in Section 3 that

the main influential factors for lateral load (P) versus lateral
displacement (∆) relationships of the composite frames were
the axial load level (n), steel ratio (α), strength of steel (fy) and
concrete (fcu), column slenderness ratio (λ), and the beam to
column linear stiffness ratio (k). Generally, the envelope of the
P–∆ cyclic curves can be simplified and expressed by a tri-linear
model, as shown in Fig. 14. The line OA represents the elastic
stage, and the lines AB and BC represent the elastic–plastic stage
and descending stage. Different methods were used in the three
different stages. The second-order elastic analysis was used in the
elastic stage. The second-order plastic hinge analysis was used
in the elastic–plastic stage. The descending stage was simulated
using rigid-plastic analysis. The analysis procedures were similar
to those described in Chen et al. [1]. The plastic hingeswere formed
at the beam end and the column bottom of the composite frame in
the elastic–plastic stage. The plastic hinges of the beamwere firstly
formed. The simplified second-order inelastic analysis depends
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Fig. 14. A schematic view of simplified lateral load (P) versus lateral deflection (∆)
relationship.

on the following four key parameters for the hysteretic lateral
load (P) versus lateral displacement (∆) relationship of composite
frame: stiffness in the elastic stage (Ka) of composite frame, the
ultimate strength (Py) and corresponding displacement (∆p), and
the stiffness of the descending stage (KT).

4.3. Simplified hysteretic model of lateral load (P) versus lateral
displacement (∆) relationship

The simplified hysteretic lateral load (P) versus lateral displace-
ment (∆) models for the CFST beam–columns in Han et al. [13] is
modified to simulate the behavior of the composite frame, i.e. the
model parameters are obtained from the composite frame. The key
parameters (Ka, Py,∆p, KT) are defined from the simplified second-
order inelastic analysis mentioned above.
(1) Stiffness in the elastic stage (Ka) of the composite frame is

given by

Ka = 2
(
12ic
L2c
−
6N
5Lc

)
− 2

(
6ic
Lc
−

N
10

)2
4ic + 3ib − 2NLc

15

(1)

where ic and ib is the linear stiffness of CFST column and steel beam
respectively, Lc is the height of column, N is the axial force in the
column. ic is defined as EIc/Lc, where Lc is the height of column.
The stiffness of concrete filled SHS column is EIc = EsIs + 0.2EcIc
given in AIJ [15], where Es and Ec are modulus of elasticity of steel
and concrete, respectively, and Is and Ic are moment of inertia
for hollow steel cross section and core concrete cross section,
respectively. ib is defined as EsIb/L, where Ib is moment of inertia
for steel beam, Es is the modulus of elasticity of steel and L is the
beam length.
(2) The ultimate strength (Py) of composite frame is given by

Py = 2Pyc (2)

where Pyc is the ultimate lateral load capacity of CFST beam–
columns, which can be determined using a design code for
composite structures. The predicted values of Pyc based ondifferent
design codes do not vary significantly. In this paper Eurocode
4 [14] is adopted as an example. Modification of the effective
length coefficient is necessary, due to the influence of the steel
beam which provides certain restraints against end rotation of the
columns. The modified effective length coefficient µL of the CFST
column is similar to that given in [16].

µL =

√
3.75ib/ic + 4
3.75ib/ic + 1

(3)

where ic and ib is the linear stiffness of CFST column and steel beam
respectively.
(3) The corresponding displacement (∆p) is given by

∆P = ∆A +

(
4ic − 2NLc

15 + 3ib
)(

6ic
Lc
−

N
10

) kmMpc
3ib

+
4ic − 2NLc

15(
12ic
L2c
−
6N
5Lc

) (
4ic − 2NLc

15

)
−

(
6ic
Lc
−

N
10

)2
×

(
Mpc −M1c
Lc

)
(4)

where ∆A is the elasticity displacement of the composite frame,
and ∆A = 0.6Py/Ka. Mpc is ultimate moment of CFST column,
and can be determined based on Eurocode 4 [14]. km is the ratio
between the ultimate moment of steel beam to CFST column. The
parameterM1c is given by

M1c =
(
−
6ic
Lc
+
N
10

)
·
(4ic − 2NLc

15 + 3ib)

( 6icLc
−

N
10 )

kmMpc
3ib

+

(
2ic +

NLc
30

)
·
kmMpc
3ib

. (5)

(4) The stiffness of the descending stage (KT) of composite frame
is given

KT = 2

p(12EIc
L3c
−
6N
5Lc

)
−

p
(
6EIc
L2c
−

N
10

)2
4EIc
Lc
−
2NLc
15

− (1− p)
N
Lc

 (6)

where EIc is the stiffness of CFST column. p is the hardening stage
coefficient ofmoment versus curvaturemodel for CFST SHS column
and is given by Han et al. [13]. The other parameters are the same
as defined above.
The composite frame consists of the CFST columns and steel

beam. The unloading stage and re-loading stage of the frame
was decided mainly by the performance of the CFST columns. So
the unloading and re-loading stage of CFST columns from Han
et al. [13] can be used to simulate the same load stage on the
composite frame. The lateral loads at point 2 and point 2′ (shown
in Fig. 14) are given by 0.2P1 and−0.2P1, respectively. The lateral
loads at point 5 and point 5′ (shown in Fig. 14) are given by 0.2P4
and −0.2P4, respectively. The validity ranges of this simplified
model are: n = 0–0.8, α = 0.03–0.2, λ = 10–80, fy =
200–500 MPa, fcu = 30–80 MPa and ξ = 0.2–4. In general, the
above values are typical in practice.
The steps to calculate the P–∆ hysteretic curve based on the

simplified model can be summarized as follows:
(1) To calculate the values of Ka, Py, ∆p, KT and the coordinates

of point A and B in Fig. 14;
(2) To initialize a displacement increment with a value of an

increment of 10% of yield displacement∆y.
(3) If the displacement is less than ∆A, to determinate the

corresponding load P according to the line OA. The load P should
be calculated from line AB if the displacement is between ∆A
and ∆B. If the displacement is greater than ∆B, the load should
be descended from line BC. This is similar if the displacement is
negative.
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(a) SF-11 (n = 0.05). (b) SF-12 (n = 0.3).

(c) SF-13 (n = 0.6). (d) SF-21 (n = 0.04).

(e) SF-22 (n = 0.3). (f) SF-23 (n = 0.6).

Fig. 15. Comparison of calculated lateral load (P) versus lateral deflection (∆) hysteretic relationships between simplified model and the experimental results.
(4) If the former displacement increment is positive, it means
the loading stage. Otherwise itmeans the unloading stage. The load
is calculated by corresponding loading stage or unload stages.
(5) Repeat step (2)–(4) until the displacement reaches its

desired value.
To verify the simplified model, the predicted P–∆ hysteretic

relationship using the simplified model are compared in Fig. 15
with experimental curves fromHan et al. [11]. It can be found from
the comparisons, that a reasonable agreement is achieved.

5. Conclusions

From the results of this paper, the following conclusionsmay be
drawn within the limitations of the analysis:
(1) Detailed analysis was carried out on longitudinal stress in steel
beams, axial stress distribution in concrete, and concrete stress
along the column height and at the connection panel. The steel
tubes and core concrete of the composite frames illustrated
good mechanical performance because of the composite
action.

(2) Parametric studies showed that the axial load level in the
column and beam to column linear stiffness ratio were key
factors for performance of the composite frames. The other
parameters have a similar effect on the frames as on single
beam–column.

(3) A simplified hysteretic lateral load (P) versus lateral dis-
placement (∆) models were proposed for such composite
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frames, based on parametric studies. The simplified P–∆mod-
els agreed well with the experimental results. The model is
useful in dynamic analysis for concrete filled steel tubular
structures.
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