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As the most basic structure, the concrete-filled steel tubular (CFST) frame has been widely used in various structures and systems.
Compared with conventional reinforced concrete structures and steel structures, CFST structures in strong earthquake showcase
more complicated strength and deformation behavior because there are many factors underlying the failure mode. Furthermore,
according to the specifications at home and abroad, the corresponding design method to achieve reasonable failure modes for
CFSTstructures has not been clarified. Based on a destructive test on steel beam-CFSTplane frames under constant axial load and
lateral load, the fiber mode method and solid element model method are adopted to simulate the failure process of the test frames.
Based on finite element model simulations and tests, the fiber model method is proposed to carry out the pushover analysis on the
CFSTframe structures.'e factors behind the reasonable failure mode of steel beam-concrete-filled circular steel tubular (CFCST)
frame structures are analyzed. Furthermore, the law and influencing factors behind the ratio of flexural capacity of column to
beam, the ratio of line stiffness of beam to column, and the ratio of axial compression on the deformation, bearing capacity, and
failure modes of the structure are discussed. Some suggestions on the design of reasonable failure mode of steel beam-concrete-
filled circular steel tubular (CFCST) frame structures are proposed.

1. Introduction

'e failure mode under the strong earthquake is one of the
most important factors behind the seismic performance of
the structure. Choosing a reasonable failure mode and
making reasonable adaptation can help improve the seismic
performance of the structure under large or even super large
earthquakes and reach the performance goal of “no collapse
under large earthquakes.” As the most basic composite
structure, the concrete-filled steel tubular (CFST) frame has
been widely used in the CFST frame structure, CFST frame-
core tube structure, and other structural systems. Compared
with conventional reinforced concrete structures and steel
structures, CFST structures in strong earthquake showcase
more complicated strength and deformation behavior be-
cause there are many factors behind the failure mode.
Furthermore, the corresponding design method of the

reasonable failure modes for CFST structures has not been
clarified in the building specifications at home and abroad.
'erefore, it is necessary to further study whether the
control measures of RC structure and steel structure for the
reasonable failure mode of frame structure system in the
existing specifications are suitable for the CFST frame.

Zuo et al. [1] analyzed the seismic performance of RC
frames, which are designed according to Chinese seismic
regulations and specifications, with different column-to-beam
flexural strength ratios (CBFSRs) based on numerical simu-
lations. 'e RC frames subject to near-field pulse-like and far-
field nonpulse-like ground motions have been compared.
CBFSRs were proposed for achieving the strong column-weak
beam failure mode with an 80% guarantee rate for different
seismic hazard levels and ground motion characteristics. Luo
et al. [2] proposed an elaborate finite elementmodelingmethod
for concrete-filled circular steel tubular composite space frame
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and conducted pseudodynamic analysis on a two-story circular
CFST column-composite beam space frame. Ye et al. [3]
studied the weak beam-strong column design method of RC
frame structures and proposed themethod for designing strong
column andweak beam.Wang et al. [4] andWang andHan [5]
carried out experimental study and simulation on the nonlinear
finite element of the CFST frame structures and analyzed the
parameters of the main factors for the mechanical properties of
the CFST frames. Ding et al. [6] took the steel-concrete
composite frame structure as the object to preliminarily explore
the effects of various horizontal seismic wave conditions on the
displacement, stress, axial compression ratio, and other time-
history responses of the composite frame structure, as well as
the distribution mechanism of plastic energy dissipation, the
formation mode of plastic hinge, and failure mechanism of the
frame. Liu et al. [7] usedOpenSees software to analyze the finite
parameters on seismic performance of CFST frames. Liu et al.
[8] studied the failure mode of composite beam-CFSTcolumn
frames and discussed how the ultimate moment ratio and
beam-column line stiffness ratio affect the structural yielding
mechanism.

Fang et al. [9] conducted an experimental study on
concrete-filled and four bare steel EHS beam-column
specimens under combined compression and cyclic bend-
ing, evaluated the existing design methods for predicting the
moment resistance of the considered members, and pro-
posed a preliminary design equation for ductility prediction.
Fam et al. [10] evaluated the strength and ductility of CFST
short columns and beam-column members under different
bond and end loading conditions. Tao et al. [11] put forward
the material models for simulating rectangular CFST stub
and slender columns.

According to the specifications of different countries,
when it comes to the failure mode of a strong column and
weak beam in RC frame structure, every nation upholds the
idea that the flexural capacity of the section, which forms the
plastic hinge, remains unchanged, and the flexural capacity of
the section in which plastic hinge is undesirable is increased in
order to form plastic hinge only in the desirable position even
under the input of ground motion of large earthquakes or
even super earthquakes. 'us, the same idea can be used to
realize the failure mode of strong column and weak beam in
CFST frame structure, that is, to increase the ratio of the
flexural bearing capacity of column end to that of beam end.

Based on the existing tests, the fiber modeling method
and solid finite element method were, respectively, adopted
to analyze and verify the elastoplastic model of the steel
beam-concrete-filled circular steel tubular (CFCST) frames.
A scientific and reasonable analysis model of the whole
structure was established to compare the results of the
analysis.'en, the pushovermethod was used to conduct the
parametric analysis on the influencing factors of the failure
mode of CFCST frame structures.

2. Elastoplastic Model

Two typical fiber models provided by Perform-3D [12] were
used to define the beam section and column section. 'e
axial force and nonlinear moment in-plane (the out-of-plane

moment is elastic) have been taken into consideration in the
fiber of beam section. 'e interactive behavior of axial force
and moments in two directions can be considered in the
fiber of the column section. Although the fiber model
method can effectively simulate various components, the
fiber model method is a simplified numerical analysis
method and cannot accurately analyze the three-dimen-
sional stress and the bond-slip between steel tube and
concrete elements when it comes to the study on the me-
chanical properties of composite members. 'e solid finite
element method can solve this problem well and verify the
results of the fiber model method.

Elastoplastic analysis on the solid model was carried out
based on ABAQUS software. 'e outer steel tubes and joint
ring plates of steel beams and columns were modeled based
on quadrilateral shell elements (S4). 'e inner concrete was
modeled by a three-dimensional solid element (C3D8R).'e
interface contact between steel tube and concrete, the
contact between steel beam, ring plate, and steel tube at
joints, and the contact between stiffening plate and steel tube
at column foot were also considered [13].

'e stress-strain relation model of steel tube and steel
plates was based on the contacts elastoplastic stress-strain
relation model proposed by Han et al. [14]. Figure 1(a)
indicates the stress-strain curve, where fe � 0.8fy, εe � 0.8fy/Es,
εy � 1.5εe, εh � 10εy, εu � 100εy, fe � proportional limit
strength, fy � yield strength, fu � ultimate strength, and
Es � elastic modulus of steel.

'e stress-strain relation model of concrete adopted the
constitutive relation proposed by Han et al. [15], as indicated
in Figure 1(b). 'e confinement factor ξ [14] was used to
display the confinement between the steel tube and the core
concrete. When ξ ≥ ξ0, the stress-strain curve has no descent
segment. As for concrete-filled circular steel tubes, ξ0 �1.12.
'e damage plastic model defined in ABAQUS was used to
simulate the three-way force relationship of concrete in the
CFCSTcolumns. According to previous studies [16, 17], key
material parameters are determined as follows: dilation
angle ψ � 30°, flow potential offset ε (θ, fi)� 0.1, σb0/
σc0 �1.16, Kc � 2/3, and coefficient of viscosity Vp � 0.0005.

3. Comparison and Validation of Different
Modeling Methods

In the work of Wang et al. [4], experimental research was
carried out on CFCST frames under constant axial force and
horizontal load. Frames CF-11 and CF-12 were selected as
the simulation objects, and the fiber model based on
PERFORM3D and the solid finite element model based on
ABAQUS software were used, respectively, to compare two
different modeling methods. Two cases were considered in
the solid element model method: the first one considered the
bond-slip between the outer steel tube and the inner con-
crete, while the other did not.

H-150× 70× 3.44× 3.44mm4 and Ø140× 2.0mm4 were
used to fabricate the beams and columns of CF-11 and CF-
12, respectively. Beams were 2.5m in length, and columns
were 1.45m in height. 'e axial compression ratios of CF-11
and CF-12 were 0.07 and 0.3, respectively. 'e elastic
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modulus Ec of concrete-filled in the steel tubular was
33800MPa, and the compressive strength of cube fcu was
52.3MPa. Table 1 shows the mechanical properties of steel
materials.

Section fiber division of the steel beam and the CFCST
column is shown in Figure 2. 'e solid finite element model
of the test frame established by ABAQUS is shown in
Figure 3.

Figure 4 compares the simulation and test results. 'e
results of the analysis are similar to the test results. Overall,
in the upward part of curves, the curve simulated by the solid
model (without slip) is the closest to the test curve, the curve
simulated by the solid model (with slip) is slightly lower than
the test curve, and the curve simulated by the fiber model
method is slightly higher than the test curve. 'e calculated
maximum load-carrying capacity is less than the test value.
'e two curves of the nonslip model and the slip model differ
slightly only in the upward part. 'e calculated value of the
nonslip model is slightly larger. 'ere is little difference
between the two curves in the descending phase.

Figure 5 shows the Mises stress nephogram obtained based
on the slip and nonslip solid model methods, respectively. 'e
figure shows whether the slip is considered to have little effect
on the distribution of Mises stress nephogram.

From the above analysis, it can be seen that the bond-slip
between the outer steel tube and the inner core concrete has
no great influence on the overall response or local response
of the structure. 'is also partly explains the rationality of
the assumption of strain compatibility between steel tube
and core concrete in the fiber model. In addition, although
the solid element modeling method has a high degree of
refinement, the modeling process is complicated, the cal-
culation amount is large, and the time is spent, so it is not
suitable for the analysis of the overall structure. 'us, the
fiber modeling method is used to analyze the influence
parameters of CFST frame structures.

4. Analysis of the Influence Factors of
Failure Mode

'e failure modes of frame structures under horizontal
earthquake include beam hinge failure mode, column hinge
failure mode, and mixed failure mode. 'e column hinge

failure mode is a local failure mechanism and has the worst
deformability and seismic performance. 'e beam hinge
failure mode is an overall failure mechanism and has the best
deformation and seismic performance. 'e mixed failure
mode is intermediate. In the antiseismic design, the beam
hinge failure mode or the mixed failure mode is expected to
be used when the frame structure is damaged, and it is an
effective measure to ensure that the frame structure can
realize the weak beam-strong column. 'e column-to-beam
flexural capacity ratio ηc, beam-to-column stiffness ratio β
(beamline stiffness/column line stiffness), and axial com-
pression ratio n (design value of axial force N/ axial com-
pression capacity Nu0) are the main factors behind the
deformation, mechanical behavior, and failure mode of
frame structures.

4.1. Column-to-Beam Flexural Capacity Ratio. 'e flexural
capacity ratio of column to beam is the most important
factor behind the failure mode of the frame structure. 'e
CFST frame column is an eccentrically loaded component,
and its flexural capacity is related to the axial force. For the
sake of comparison, the column-to-beam flexural capacity
ratio ηc was defined as the ratio of the nominal flexural
capacity Mu0 [18] of the CFCST column to the flexural
capacity Mub of the steel beam, as shown in the following
equation:

ηc �
Mu0

Mub

. (1)

Sixteen steel beam-CFCST column plane frames were
designed, including four frames of three stories, five stories,
eight stories, and ten stories each. 'e height of the bottom
story of the frame was 3.6m, and the height of the rest was
3.0m.'e seismic fortification intensity of the site where the
structure was located was 8 degrees (0.20 g), the design
earthquake group was the second group, and the site clas-
sification was category II. 'e steel beams were all made of
H-shaped beam, and the material was Q235-B. 'e beam
section was not changed for the 4 models with the same
number of stories. 'e steel beam of the 3-story and 5-story
frame structure was H450× 200× 9×14. 'e steel beam
of the 8-story and 10-story frame structure was
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Figure 1: Stress-strain relation model. (a) Steel. (b) Concrete.
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H500× 200×10×16. ηc values were 0.8, 1.0, 1.2, 1.6, and 2.0,
and it could be realized by changing the section size of the
column, the thickness of the steel pipe wall, and the material
strength. For the frame with the same number of stories, the
axial compression ratio and linear stiffness ratio remained

unchanged. Table 2 shows the information of the frames. All
frames meet the strength and deformation verification and
examination requirements under many earthquakes.

'e lateral load in the first mode distribution [19] was
used to carry out pushover analysis on the frame structures.

Table 1: Mechanical properties of steel materials.

Type 'ickness (mm) fy (MPa) fu (MPa) Es (N/mm2) Poisson’s ratio μs
Circular steel tube 2.0 327.7 397.9 2.063×105 0.266
Steel beam 3.44 303 440.9 2.061× 105 0.262

(a) (b)

Figure 2: Fiber model of sections. (a) Beam. (b) CFCST column.

(a) (b) (c)

Figure 3: Solid finite element model. (a) Joint. (b) Column foot. (c) Frame.
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Figure 4: Comparison of calculated result with the test result. (a) CF-11. (b) CF-12.
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Figure 6 shows the capability curves of base shear V and top
drift Δ. As can be seen from the figures, as ηc gradually
increases, the overall lateral stiffness, bearing capacity, and
deformation capacity of the frames all increase. When ηc is
less than 1.6, the deformation behavior and ductility of the
structure are poor. When ηc is greater than or equal to 1.6,
the structure shows good deformation behavior and
ductility.

Table 3 shows the failure modes of 16 structures. When
ηc is less than 1.6, the failure modes are column hinge failure
ones. When ηc is equal to 1.6, the failure modes are mixed
failure ones. When ηc is equal to 2.0, the failure modes are
beam hinge failure modes.

'rough the statistical analysis on the whole process of
structural damage, it can be observed that when ηc is less
than 1.6, a plastic hinge first appears at the bottom of the
column on the first floor. As the lateral load increases,
plastic hinges appear at the upper and lower ends of the
central column in the second and third stories. 'en
plastic hinges continue to appear at some beam ends and
column ends. 'e failure mode of the frame structure
comes from the failure of the column hinge, and hinges in

the beam are not fully developed. When ηc is equal to 1.6,
the plastic hinge first appears at the end of the beam on the
second floor. After the right end of the second and third
floor beams yield, the plastic hinge just appears at the
bottom of the column on the first floor. When the beam
hinges have been developed to a certain extent, the upper
column hinge is just formed. 'e failure mode of the
frame structure is a mixed failure one. When ηc is equal to
2.0, the plastic hinge first appears at the end of the beam.
When more than half of the right end of the beam yield,
the plastic hinge appears at the bottom of the middle
column on the first floor. As the beam hinges further
develop, plastic hinges appear in the two ends of most of
the beams and reach the limit, plastic hinges just appear at
the top of individual columns, and the structure reaches
the ultimate bearing capacity. 'e damage process is a
typical beam hinge failure mode. 'e frame structure
shows good ductility and seismic performance.

Take 8-story frame structures as examples. Figure 7
shows three different states in the development process of
plastic hinges. 'e three states refer to the occurrence of the
plastic hinge, the top drift up to 200mm, and the limit state.
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Figure 5: Mises stress nephogram. (a) CF11 (slip). (b) CF11 (no slip). (c) CF12 (slip). (d) CF12 (no slip).

Table 2: Information of frames.

ηc
3 stories and 5 stories 8 stories and 10 stories

Column section
(mm) Concrete Steel Beam span l

(m)
Column section

(mm) Concrete Steel Beam span l
(m)

1.0 450× 6 C30 Q235 9.3 450× 8 C35 Q235 9.1
1.2 450× 8 C35 Q235 8.1 460×10 C40 Q235 7.5
1.6 470×10 C40 Q235 6.2 500× 8 C40 Q345 6.1
2.0 500× 8 C40 Q345 5.4 500×12 C40 Q345 5.2
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○means that the plastic hinge has just entered the yield state,
⊗ indicates that the curvature of the plastic hinge is 4 times
the yield curvature. ● represents that the curvature of the
plastic hinge is 6 times the yield curvature. ◆ indicates that
the plastic hinges reach the limit.

From the above analysis, with the increase of the col-
umn-to-beam flexural capacity ratio ηc, the initial axial
compression ratio and the elastic line stiffness ratio of the
beam to column remain unchanged, and the failure mode of
the structure gradually changes from the column hinge
failure mode to the mixed failure mode and finally to the

beam hinge failure mode no matter how much the structural
stories are. When ηc is less than 1.6, column plastic hinges
first appear, the plastic hinge on the beam is not fully de-
veloped, the energy dissipation capacity is poor, the local
failure mechanism is easy to form, and the structure shows
the poor overall deformation behavior. For the purpose of
ensuring that the structure can have better seismic perfor-
mance under rare earthquakes or unprecedented super
earthquakes, it is suggested that the column-to-beam flex-
ural capacity ratio ηc of steel beam-CFCST column frame
be greater than or equal to 1.6.
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Figure 6: Capacity curves of structures with different ηc. (a) 3 stories. (b) 5 stories. (c) 8 stories. (d) 10 stories.

Table 3: Failure mode.

ηc 3 stories 5 stories 8 stories 10 stories
1.0 Column hinge failure mode Column hinge failure mode Column hinge failure mode Column hinge failure mode
1.2 Column hinge failure mode Column hinge failure mode Column hinge failure mode Column hinge failure mode
1.6 Mixed failure mode Mixed failure mode Mixed failure mode Mixed failure mode
2.0 Beam hinge failure mode Beam hinge failure mode Beam hinge failure mode Beam hinge failure mode
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4.2. Beam-to-ColumnLine StiffnessRatio. On the basis of the
5-story and 8-story frame (ηc � 2.0) structures in Section 4.1,
the beam-to-column stiffness ratio β is changed by adjusting
the beam span l and the story height, while the axial
compression ratio n remains changed. Eight frame struc-
tures were designed. Please check Table 4 for structural
model information. All the structures meet the requirements
for seismic design.

Figure 8 shows the relationship curves of base shear
force V and top drift Δ obtained by the pushover analysis.
For frames F52∼F54 and F81∼F84, when n, ηc, and the
story height remain unchanged, the constraint effect of the
frame beam on the frame column decreases. As β de-
creases and the beam span l increases, the overall lateral
stiffness and bearing capacity of the frame decrease
slightly, but the influence on the overall deformation
capacity of the structure is not obvious. Compared with
model F52, the story height of model F51 increases, the

lateral stiffness of the column decreases, and the overall
bearing capacity of the structure decreases greatly, but the
deformation capacity of the structure has been improved
to a certain extent.

'e damage process of 8 structures was analyzed. With
the gradual increase of the beam-to-column stiffness ratio β,
the yield sequence of the structural members did not change
obviously, and the plastic hinge first appeared at the end of
beams. After a plastic hinge appeared at most of the beam
ends, plastic hinges appeared at the bottom of the column,
forming a beam hinge failure mode. 'en, with the devel-
opment of deformation, after the plastic hinge at both ends
of the beam reached the limit state, the plastic hinge at the
bottom of the column reached the limit, too. When the
frame structures reached the limit, the plastic hinges at the
top of the column appeared or did not appear in a few
intermediate stories. 'e structural failure process was ba-
sically similar to Figure 7(c) and was not shown.

(a)

(b)

(c)

Figure 7: Plastic hinge development process for different failure mode. (a) Column hinge failure mode (ηc � 1.0). (b) Mixed failure mode
(ηc � 1.6). (c) Beam hinge failure mode (ηc � 2.0).
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4.3. Applicability Analysis on Different Axial Compression
Ratios. According to the flexural bearing capacity and axial
compression bearing capacity formula of the CFCSTcolumn
in CECS 230:2008 [18], the relevant equations of CFCST
flexural components under the action of axial force N and
flexural capacity M could be derived.

N

Nu0
+
0.444M

Mu0
� 1,

N

Nu0
≥ 0.258 ,

M �
5
3
Mu0,

N

Nu0
< 0.258 ,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(2)

where Nu0 means axial compression bearing capacity and
Mu0 is nominal flexural capacity [18].

Figure 9 presents the M-N relative curves of the
CFCST column. 'e x-coordinate is M/Mu0, and the
y-coordinate is n (N/Nu0). When n is equal to 0.556, M is
equal to Mu0. When n is equal to 0.645, M is equal to
0.8Mu0. When n is less than or equal to 0.556, M ≥Mu0,
ηc ≥ 2.0, and the failure process of frames is from
the beams to the columns. When 0.556 < n ≤ 0.645,
1.6 ≤ ηc ≤ 2.0 and the failure process of frames is all about
mixed failure modes. 'us, when n is less than or equal to
0.645, ηc is greater than equal to 1.6, it can be ensured that
the failure mode of the frame structure is beam hinge

mode or mixed failure mode, and the column hinge
failure mode will not occur.

In order to further verify the above conclusions, the
study designed eight frame structures based on frame F82.
'e axial compression ratio of the column varied between
0.2 and 1.0 by changing the upper load of the beam. Fig-
ure 10 shows the structural capability curves obtained based
on pushover analysis. 'e axial compression ratio n grad-
ually increases from top to bottom. As shown in the figure, as

Table 4: Information of structural models with different β.

Frame

5 stories

Frame

8 stories
Story height

(m) β
l (m)

Story height
(m) β

l (m)
1 2∼5 1 2∼5 1 2∼5 1 2∼5

F51 4.2 3.6. 0.311 0.267 5.4 F81 3.6 3.0 0.416 0.347 4.2
F52 3.6 3.0 0.265 0.221 5.4 F82 3.6 3.0 0.339 0.282 5.2
F53 3.6 3.0 0.229 0.190 6.3 F83 3.6 3.0 0.243 0.202 7.2
F54 3.6 3.0 0.200 0.167 7.2 F84 3.6 3.0 0.208 0.173 8.4
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Figure 8: Capacity curves of structures with different β. (a) 5 stories. (b) 8 stories.
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the axial compression ratio n increases, the bearing capacity
of the frame structure decreases gradually, but the change of
axial compression ratio n can hardly affect the lateral
stiffness in the elastic stage. When n is less than or equal to
0.645, the deformation capacity and ductility of the frame
structures are not affected even though the axial compres-
sion ratio n increases. However, under a high axial com-
pression ratio, the bearing capacity is obviously reduced, and
the deformation capacity of the structure is poor.

'e results of failure modes from finite element mod-
eling analysis are consistent with the results of the above
theoretical analysis. When n ranges from (0.645, 1], the
column hinge failure mode occurs. When n is in (0.556,
0.645], the mix failure mode occurs. When n is among (0,
0.556], the beam hinge failure mode occurs. 'e final failure
modes of different axial compression ratio intervals are
different, and the three failure modes are similar to Figure 7.

In conclusion, the flexural capacity ratio of column to
beam controls the possible failure state of the frame structure
at the bearing capacity. With the same column-to-beam
flexural capacity ratio ηc, the normal design of beam-to-
column stiffness ratio β can hardly affect the failure mode of
the structure, but when the story height increases and the
column linear stiffness decreases, the structural bearing
capacity decreases and the deformation capacity improves.
'is is consistent with the concept of matching stiffness and
ductility in seismic conceptual design. When the column-to-
beam flexural capacity ratio ηc remains unchanged and the
axial compression ratio n is less than or equal to 0.654, the
change of axial compression ratio can hardly affect the
failure mode of the structure. However, if the axial com-
pression ratio is too large, the failure mode tends to be the
column failure mode, and the structure is poor in seismic
performance and is prone to collapse during the earthquake,
so it should be avoided as much as possible in actual en-
gineering. 'erefore, the axial compression ratio of CFST
frame columns should be limited under different seismic
levels and seismic grades.

5. Conclusions

'e fiber model method and solid finite element method are
adopted to simulate the existing test model of steel beam-
CFCSTcolumn frames.'e advantages and disadvantages of
the two modeling methods are compared, and the appli-
cability of the two modeling methods is verified. According
to the results, whether the slip between the outer steel tube
and inner concrete has been taken into account in the
structural analysis has little influence on the calculation
results. 'e fiber model method can be used to analyze the
elastic and elastoplastic deformation of CFCST structures.

'e factors affecting the failure mode of steel beam-
CFCST frame are analyzed. 'e influence of the column-to-
bean flexural capacity ratio, beam-column line stiffness ratio,
and axial compression ratio on the failure mode are studied.
'e suggestions are as follows: in the design, the column-to-
bean flexural capacity ratio is greater than or equal to 1.6 and
the axial compression ratio is less than or equal to 0.654 so as
to achieve strong column-weak beam for steel beam-CFCST
column frame structures.
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