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Abstract
This study investigates the seismic behavior of composite frames with initial heavy load conditions. Two frame specimens 
consisting of square concrete-filled steel tube (CFST) columns and steel-reinforced concrete (SRC) deep beams were fab-
ricated and poured using ordinary concrete and high-strength concrete, respectively. Thereafter, the two specimens were 
tested under cyclic loadings, and the failure models, hysteretic behavior, bearing capacity, ductility, and accumulated energy 
dissipation of the specimens were investigated in detail. The experimental results revealed that both of the specimens failed 
owing to the local buckling at the column ends. This kind of composite frame has good seismic performance and can be 
regarded as a high-ductility structure. Moreover, a finite element (FE) model was developed and verified by the experimental 
results. The effects of the typical parameters, such as the material strength and axial compression ratio, were studied using 
the FE model. The parametric study demonstrates that increasing the yield strength of the steel tube can effectively improve 
the ultimate bearing capacity of the composite frame and that decreasing the axial compression ratio is a valid method for 
improving the ductility of the structure.
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1  Introduction

The damage or collapse of structures caused by earthquakes 
can result in fatalities and large economic loss. The recent 
massive earthquakes in China, Japan, and other countries 
have caused serious damage to structures. Among these 
damaged structures, structures subjected to heavy loads 
suffered great damage, such as the column-cap beam frame 
in bridges and the transfer structure in tall buildings (Zhao 
et al. 2009; Bhattacharya et al. 2018). The significant char-
acteristic of this kind of frame is that the beam must support 
the superstructures, similar to the foundations of a structure, 
which means that the beam experiences large vertical loads. 
Moreover, concentrated stresses and large lateral displace-
ments may occur on the structure, owing to the actions of the 
horizontal loads. Hence, a more stringent design is needed to 

ensure the demands of the bearing capacity and the ductility 
(Li et al. 2003). Figure 1 shows the applications of this kind 
of structure in practical engineering.

In a bridge system, the damage of the column-cap beam 
frame can compromise the structural safety of the whole 
bridge system. To improve the seismic performance of 
the frame, several techniques are applied. Ichikawa et al. 
(2016), Mohebbi et al. (2015), and Wang et al. (2016) have 
focused on the beneficial effect of ultra-high-performance 
concrete (UHPC) on the seismic behavior of piers. They 
all concluded that UHPC used in the piers or the plastic 
hinge regions of the column can reduce the seismic dam-
age. Furthermore, the bearing capacity and the ductility can 
be significantly improved. Bazaez and Dusicka (2016), El-
Bahey and Bruneau (2011), and Dong et al. (2017) added 
buckling-restrained braces (BRBs) to column-cap beam 
frames to improve the energy dissipation of the frames. It 
was demonstrated that utilizing BRBs in column-cap beam 
frames can increase the displacement ductility of the struc-
ture. Moreover, the seismic damage to the frame can be con-
trolled in an acceptable range. Stephens et al. (2018), Fuji-
kura and Bruneau (2012), Montejo et al. (2012) and Fulmer 
et al. (2016) investigated a bridge substructure consisting of 
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CFST piers; the behaviors of the CFST frames, members, 
and connections were analyzed in detail. Compared with the 
traditional reinforced concrete bridges, the CFST column-
cap beam frame exhibited the advantages of convenient con-
struction and good ductility.

Regarding the transfer structures in buildings, Li et al. 
(2003) conducted a seismic assessment for a low-rise build-
ing with a transfer structure in Hong Kong. The results 
indicated that the ductility of the transfer structures, at both 
the member and global levels, was relatively low. This may 
lead to a sudden brittle-type failure of the transfer structure. 
Shahnewaz et al. (2012) performed a pushover analysis and 
a time history analysis to investigate the seismic behavior of 
a transfer structure. The study showed a significant strength 
deficit in the transfer beam under the actions of different 
earthquake waves. Additionally, the studies conducted by 
Su et al. (2002) showed that the structural seismic assess-
ments for transfer structures in low-to-moderate seismicity 
regions require the acute lack of ductility in mega-columns 
to be specifically considered. To enhance the bearing capac-
ity and ductility of transfer structures, steel–concrete com-
posite members were used for such frames recently. The 
behaviors of steel truss-reinforced concrete transfer beams 
were discussed in detail by Wu et al. (2011). The transfer 
structures comprising SRC members were investigated by 
Wang et al. (2011). In addition, the seismic behaviors of 
composite transfer frames were studied by Nie et al. (2017).

According to the aforementioned studies, the column-cap 
beam frame or transfer structure must have a high bearing 
capacity and ductility. Although studies have proven that 
the UHPC materials and BRBs can effectively improve 
the bearing capacity and ductility of the structure, their 
applications are limited owing to high construction costs 
and restricted internal spaces. Although the steel–concrete 
composite structure has been confirmed to have a high bear-
ing capacity and ductility (Roeder et al. 2018; Zhou and Su 
2018), the studies and applications of composite frames in 
bridge substructures are limited, especially in the transfer 
structures of buildings. Therefore, in consideration of the 
construction convenience of square section members in prac-
tical engineering, the present study focuses on composite 
frames with square CFST columns and SRC beams. Two 

composite frame specimens with different concrete strengths 
are tested; the failure modes, hysteretic behaviors, energy 
dissipations, and ductility of all the specimens are evaluated. 
Furthermore, an efficient FE analysis model is established to 
simulate the behavior of this kind of frame.

2 � Experimental Program

2.1 � Test Specimens

Two specimens with a scale of 1:4 to the actual structure 
were tested (denoted as F-1 and F-2). The dimensions, steel 
tubes, I-shaped steel, and reinforcements of the two speci-
mens were the same. The only difference between the two 
specimens was the concrete strength. Figure 2 shows the 
dimensions and details of the specimens.

Regarding the connections between the beam and column, 
the through-beam connection type was adopted according to 
the Chinese code GB50936 (2014). In consideration of the 
mechanical behavior of SRC deep beams, the demands for 
shear strength are significantly higher than those for bending 
strength. Therefore, only the shaped steel web and longitudi-
nal steel bars passed through the steel tubes. The frame spec-
imens were fabricated in a professional processing factory. 
First, small openings corresponding to the sections of the 
steel web and steel bars were cut at the steel tube wall. Then, 
the I-shaped steel and longitudinal steel bars were installed 
onto the steel tube by crossing the openings. Finally, the 
contact positions were welded with a 6-mm weld line; the 
welding modes on both sides of the steel tube were the same. 
Figure 3 shows the details of the connection.

2.2 � Material Properties

Improving the concrete strength in CFST structures increases 
the bearing capacity (Sakino et al. 2004). In China, the most 
commonly used concrete in CFST structures ranges from 
C30 to C60 (Han 2007), which is compatible with the com-
monly used steel, improving the structural performance (Han 
et al. 2014). In the present experiment, C40 and C60 fine 
aggregate concretes were used for specimens F-1 and F-2, 
respectively. C60 concrete is defined as a high-strength con-
crete according to the Chinese code JGJ/T-281 (2012) and is 
commonly used in practical engineering. Property tests were 
performed on the concrete according to GB/T50081 (2016), 
and the average cubic compressive strength fcu (cube size 
150 mm × 150 mm × 150 mm), axial compressive strength 
fck (prism size 150 mm × 150 mm × 300 mm), and Young’s 
modulus Ec are presented in Table 1.

Q235 steel was used for the I-shaped steel and steel tube, 
and only the steel tube was hardened. HPB300 and HRB400 
steel was used for the stirrup and longitudinal steel bars, 

Fig. 1   Practical engineering
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respectively. Tensile coupon tests were performed accord-
ing to GB/T228 (2002), and the values of the yield strength 

fy, ultimate tensile strength fu, and elastic modulus Es are 
presented in Table 2.

2.3 � Determination of Vertical Loads

Three vertical loads must be imposed on the frame: One 
is applied to the mid-span of the SRC deep beam, and the 
remaining two are imposed on the column. To determine 
the values of the vertical loads applied to the beam, two 
beam specimens denoted as B-1 and B-2 were fabricated 
and cured along with the frame specimens. The dimen-
sions and materials of B-1 and B-2 were the same as those 
of the corresponding SRC deep beams in frames F-1 and 
F-2, respectively. Vertical loading tests were conducted 
for the beam specimens by using an electro-hydraulic 
servo loading system. Figure 4 shows the force–deflection 
curves of the two beam specimens, and Fig. 5 illustrates 
the failure modes. As shown in Fig. 4, the yield bear-
ing capacities of B-1 and B-2 were 499.7 and 535.4 kN, 
respectively. Considering the influence of load factors in 
practical engineering design (GB 50009 2012), an 80% 
yield bearing capacity was selected as the actual loading 
value applied to the mid-span of the beam; accordingly, 

Fig. 2   Dimensions and details of specimens (unit: mm)

Fig. 3   Details of the connection

Table 1   Mechanical properties of the concrete

Concrete type fcu (N/mm2) fck (N/mm2) Ec (N/mm2)

C40 41.7 32.7 3.01 × 104

C60 59.8 40.6 3.76 × 104

Table 2   Mechanical properties 
of the steel

Steel type Thickness, [diam-
eter] (mm)

fy (N/mm2) fu (N/mm2) Es (N/mm2)

I-shaped steel 5.8 295.5 422.9 1.98 × 105

Steel tube 5.7 320.5 479.0 2.14 × 105

Stirrup [6.0] 369.7 529.9 2.11 × 105

Longitudinal steel bar [14.0] 410.0 614.3 2.05 × 105

[16.0] 395.2 596.1 2.10 × 105
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the vertical loads applied to the beams in frame speci-
mens F-1 and F-2 were 400 and 430 kN, respectively.

The axial forces imposed on columns are determined 
using the calculation formula of the axial compression ratio:

where N is the axial force, fy is the yielding strength of the 
steel tube, fck is the axial compressive strength of the con-
crete, and Ac and As are the cross-sectional areas of the core 
concrete and steel tube, respectively.

The axial compression ratio n = 0.4 was selected for 
both of the frame specimens, according to the suggested 
value in reference (Su et al. 2002). The calculated N values 
for the columns of specimens F-1 and F-2 were 680 and 
735 kN, respectively. After the loads transferred from the 
beams were subtracted, the actual vertical loads imposed on 
the columns in frame specimens F-1 and F-2 were 480 and 
520 kN, respectively.

2.4 � Experimental Setup

Each frame specimen was subjected to a constant axial load 
to simulate the axial loads transferred from the superstruc-
ture, as well as a cyclic horizontal load to simulate the earth-
quake actions. Figures 6 and 7 present physical and sche-
matic views, respectively, of the experimental setup. The 

(1)n = N∕(fyAs + fckAc)

specimens were tested in the Key Laboratory of the China 
Ministry of Education. First, the specimen was installed on 
the reaction platform; the foundation beam was fastened 
to the strong floor through the reaction beams and high-
strength steel rods. Two fixing devices were mounted on 
the lateral sides of the columns through the steel rods. Then, 
the vertical loads were imposed on the specimen through 
three hydraulic jacks; gliding devices were installed on the 
hydraulic jacks to reduce the friction between the jacks and 
the rigid reaction frame. Finally, a cyclic load in the hori-
zontal direction was imposed at the end of the fixing device 

Fig. 4   Force–deflection curves 
of B-1 and B-2

Fig. 5   Failure modes of B-1 and B-2

Fig. 6   Physical view of the experimental setup
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through a servo-controlled hydraulic actuator with a maxi-
mum load capacity of 1000 kN.

2.5 � Loading History

Regarding the lateral loading schedule, the displacement 
loading protocol was applied during the cyclic loading pro-
cess in accordance with the ATC-24 (1992) guidelines, as 
shown in Fig. 8. First, the yield displacement (Δy) was deter-
mined via FE analysis. Then, a single cycle was applied to 
the specimen at each of the following displacement levels: 
0.2Δy, 0.4Δy, 0.6Δy, and 0.8Δy. After the specimen entered 
its yield stage, three cycles were employed at integer mul-
tiples of Δy.

3 � Experimental Results and Discussion

3.1 � Experimental Observations and Failure Modes

The two tested specimens exhibited similar experimental 
results, including the failure modes. Both of them failed in 
local buckling at the column ends, which is consistent with 
the design requirements of JTG/T B02-01(2008) (Clauses 
6.2.1 and 6.2.2: the columns in bridge substructures are suit-
able to be designed as ductility members, and the potential 
plastic hinges shall be located at the ends of the columns.).

Figure 9 shows the experimental observations for the 
two specimens. As shown in Fig. 9a and b, the SRC deep 
beams in the two frames had essentially the same crack pat-
tern. During the vertical loading stage, bending cracks were 
observed at the mid-span of the beams, and the inclination 
angle was larger at positions closer to the beam ends. When 
the specimens entered the lateral loading stage, some new 
diagonal cracks were observed in the shear spans, and the 
existing cracks kept propagating with the increase in the 
lateral load. When the lateral displacement increased to Δy, 
the diagonal cracks progressed in an inclined manner toward 

Fig. 7   Schematic view of the experimental setup

Fig. 8   Lateral loading history of the specimens

Fig. 9   Failure patterns of the specimens
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the loading point, as well as the beam supports. When the 
lateral displacement reached approximately 20 mm (the peak 
state), more diagonal cracks appeared with the increase in 
the lateral load. Additionally, concrete crushing occurred at 
the bottom of the two beam ends in specimen F-1, whereas 
no such phenomenon was observed in specimen F-2. When 
the lateral displacement reached approximately 30 mm (the 
ultimate state), the existing diagonal cracks propagated very 
slowly with the further increase in the lateral displacement, 
and a few new bending cracks were formed at the top of the 
beam ends.

For the CFST columns, no local buckling was observed 
before the peak state. When the specimens reached their 
peak state, slight local buckling was observed on the bottom 
of the CFST columns (see Fig. 9c and d). When the speci-
mens reached their ultimate state, both the top and bottom 
of the CFST columns exhibited serious local buckling, as 
illustrated in Fig. 9e, f, g, and h.

3.2 � Hysteresis Curve and Skeleton Curve

The measured lateral load versus lateral displacement hys-
teresis curves of the two specimens are shown in Fig. 10. 
The hysteresis curves of the two composite frame specimens 
are smooth and full, with shuttle-shaped hysteresis loops. In 
general, the hysteresis curve outlines of F-2 are larger than 
those of F-1, as the concrete strength of F-2 is higher than 
that of F-1.

The skeleton curves for the two specimens are shown in 
Fig. 11. Three typical characteristic points are extracted in 
accordance with Fig. 11a shown in the JGJ/T 101 (2015). In 
Fig. 11a, points 1, 2, and 3 represent the yield point, peak 
point, and ultimate point of the skeleton curve, respectively. 
Table 3 presents the major characteristic values from the 
skeleton curves of the tested specimens. As indicated in 
Fig. 11 and Table 3, the skeleton curves can be divided 
into an elastic stage, an elastic–plastic stage, and a failure 
stage. In the elastic stage, the yield displacements of F-1 in 

the positive direction (PD) and negative direction (ND) are 
8.31 and 8.46 mm, respectively, which are 5.9% and 3.4% 
higher than those for F-2. This indicates that F-2 has a higher 
initial stiffness, as the elastic modulus of concrete for F-2 
is higher than that for F-1. (The bending stiffness of the 
column for F-2, calculated as EsIs + EcIc, is approximately 
3.62 × 1012 N mm2, which is 6.3% higher than that of F-1.) 
In the peak state, the peak bearing capacities of F-2 in the 
PD and ND are 517.88 and 503.26 kN, respectively, which 
are 8.4% and 7.6% higher than those of F-1, respectively. 
The reason for this is that F-2 has higher concrete strength. 
In the failure stage, the curve slopes for both specimens are 
relatively consistent, indicating that the contributions of con-
crete in the frames are diminished.

3.3 � Ductility

The ductility of a structure reflects the capacity of plastic 
deformation. It is a significant index for the seismic design. 
In general, the ductility factor μ can be used to evaluate 
the ductility performance of a structure, which is defined 
as follows:

(2)� = Δu∕Δy

Fig. 10   Hysteresis curves
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where Δy is the yield displacement and Δu is the ultimate dis-
placement. Table 3 presents the ductility factors of the two 
specimens. The ductility factors of F-2 are slightly higher 
than those of F-1 because of the smaller yield displacements 
of F-2, and the ductility factors of all the tested specimens 
are within the range of 3.49–3.75. Regarding the demands of 
the structural ductility, the structure with μ ≥ 3 was defined 
as a high-ductility structure according to the New Zealand 
design code NZS 1170.5 (2004). Hence, the specimens 
examined in this study can be considered as high-ductility 
structures.

3.4 � Energy Dissipation

The energy dissipation capacity is an important index 
for assessing the seismic performance of a structure. To 
quantify the energy dissipation of the tested specimens, 
the dissipated energy of each cycle, which is equal to the 
area of the hysteresis loop, was calculated, as illustrated 
in Fig. 12. Analysis of the dissipated energy for each cycle 
in Fig. 12 reveals the following: (1) The dissipated energy 
of specimen F-2 at each loading cycle is slightly higher 
than that of specimen F-1. This is explained by the fact 
that increasing the concrete strength can enlarge the areas 
of the hysteresis loops, which corresponds to the improve-
ment in the bearing capacity. (2) Before the specimen 
reaches its peak state, the dissipated energy for the first 
cycle is the highest among the three cycles, at each load-
ing level. However, the reverse phenomenon was observed 
at the failure stage of the specimen, possibly owing to the 

reduction in the structural elastic strain energy as well 
as the increase in the structural plastic deformation, as 
illustrated in Fig. 13.

The accumulated dissipated energy of the two frame spec-
imens throughout the loading process is shown in Fig. 14. It 
can be seen that the accumulated dissipated energy for F-2 
is always slightly higher than that of F-1 during the whole 
loading process, and the accumulated dissipated energy for 
F-2 at the peak and ultimate states is approximately 5.3% 
and 3.9% higher than those of F-1, respectively; this is rea-
sonable since the specimen with higher concrete strength 
can improve the bearing capacity, which leads to a larger 
hysteresis loops’ area (see Fig. 12).

Table 3   Characteristic values 
on skeleton curves

“(+)” and “(−)” represent “positive direction” and “negative direction,” respectively

Specimen Yield state Peak state Ultimate state Ductility

Δy (mm) Py (kN) Δm (mm) Pm (kN) Δu (mm) Pu (kN) Δu/Δy

F-1(+) 8.31 319.92 21.47 474.30 30.27 403.16 3.64
F-1(−) − 8.46 − 302.71 − 21.56 − 465.16 − 29.43 − 395.39 3.49
F-2(+) 7.82 347.33 21.39 517.88 29.37 440.20 3.75
F-2(−) − 8.17 − 323.52 − 22.07 − 503.26 − 30.45 − 427.77 3.73

Fig. 12   Dissipated energy of each cycle

Fig. 13   Energy analysis of the hysteresis loops

Fig. 14   Accumulated dissipated energy of the specimens
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3.5 � Strength Deterioration

To evaluate the strength deterioration of the specimens dur-
ing the loading process, the deterioration coefficient λ was 
adopted in accordance with Chinese code JGJ/T 101 (2015), 
which is defined as follows:

where Pi
1 and Pi

3 are the maximum lateral loads recorded in 
the first and third hysteresis loops at the ith loading level, 
respectively. Figure 15 shows the deterioration coefficient λ 
of the two specimens during the loading process.

As shown in Fig. 15, before the peak state, the deterio-
ration coefficients of the two tested specimens are gener-
ally greater than 1.0 (ranging from 0.98 to 1.04), especially 
for the coefficients in the PD. A possible reason for this is 
that the lateral loading of the specimens leads to a harden-
ing effect in the steel; this is consistent with the findings of 
Tao et al. (2013). Moreover, the deterioration coefficients 
of F-2 in the ultimate state are significantly smaller than 
those of F-1, indicating that F-2 has a higher residual bear-
ing capacity.

3.6 � Stiffness Degradation

The stiffness degeneration of a structure with respect to the 
increment in the lateral displacement is an important index 
for assessing the structural seismic performance, which can 
be evaluated through the stiffness degeneration coefficient 
K. The calculation formula is as follows:

where Pi
+ and Pi

− are the positive and negative maximum 
lateral loads of the first loading cycle at the ith loading level, 
respectively, and Δi

+ and Δi
− are the positive and negative 

maximum lateral displacements of the first loading cycle at 
the ith loading level, respectively.

(3)�i = P3
i
∕P1

i

(4)Ki =
(
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|
+ ||P

−
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||
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|
Δ+
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|
+ ||Δ

−
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||

)

Figure 16 shows the stiffness deterioration process for 
the two specimens. The following observations are made: 
(1) The structural stiffness of F-2 is higher than that of F-1 
during the whole loading process, owing to the adoption 
of higher strength concrete; (2) the structural stiffness dif-
ference between F-1 and F-2 gradually decreased with the 
increase in the loading. When the specimens transition from 
the initial state to the yield, peak, and ultimate states, the 
stiffness difference values are found to decrease by 34.3, 
67.2, and 82.8%, respectively. This indicates that the contri-
butions of the concrete in the later loading stage are dimin-
ished, which is consistent with the findings of Zhou and Su 
(2018).

4 � FE Modeling

4.1 � General

To further investigate the seismic behavior of this kind of 
frame, the FE program ABAQUS was employed to conduct 
FE analysis. Figure 17 shows the FE meshes of the com-
posite frame, and Fig. 18 shows the steel skeletons of the 
FE model.

In the FE model, eight-node reduced integral format 
three-dimensional solid elements with reduced integration 
(C3D8R) were used to simulate the steel tube, concrete, 
and loading plates; four-node shell elements (S4R) were 
used to simulate the I-shaped steels; and two-node truss 
elements (T3D2) were employed to simulate the steel 
bars. The bottom of the foundation beam was defined as 
a fixed end; the displacements in the x, y, and z direc-
tions and the rotations around the x, y, and z-axes were all 
constrained. Five rigid loading plates and corresponding 
reference points were created for loading, and two loading 
steps were employed for the model. In the first step, the 
vertical loads were applied on the top of the columns and 
the mid-span of the beam. In the second step, lateral cyclic 

Fig. 15   Evolution of the strength degradation

Fig. 16   Evolution of the stiffness degradation
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loads were applied in the horizontal axis direction of the 
beam. Regarding the contact behaviors between different 
materials, a surface-to-surface contact interaction was 
employed at the interfaces of the steel tube and core con-
crete, the normal behavior was defined as “hard contact,” 
and the tangential friction coefficient was taken as 0.45 
(Chen et al. 2014). The “embedded region” function was 
adopted for embedding the steel bars and I-shaped steel 
beams in the whole model. The mesh size of the FE model 
affects the analysis accuracy and computational efficiency. 
According to the results of several pre-calculations, mesh 
sizes of 30 mm for the superstructure and 50 mm for the 
foundation beam were selected in this simulation.

4.2 � Models for Material Properties

4.2.1 � Material Modeling of Steel

The bilinear kinematic hardening model with a von Mises 
yield criterion and an associated plastic flow rule of steel 
was used to simulate the behavior of the steel. This model 
considers the Bauschinger effect, i.e., when the material 
enters its plastic development stage, the reverse load-
ing leads to a decrease in the yield stress. For the elastic 
modulus of the steel materials, the measured values were 
employed (see Table 2), and the hardening modulus of 
all the materials was assumed to be 0.01Es, as shown in 
Fig. 19.

Fig. 17   FE meshes of the composite frame

Fig. 18   Steel skeletons of the FE model Fig. 19   Stress–strain relationship for the steel
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4.2.2 � Material Modeling of Concrete

The concrete damaged plasticity model and the Wil-
lam–Warnke five-parameter failure criteria in ABAQUS 
were employed to simulate the concrete material. This model 
is suitable for simulating the inelastic behavior of materials 
under cyclic loading. For the dilation angle and other param-
eters, the values suggested by Li et al. (2018) were used. 
In this simulation, the constitutive models of unconfined 
concrete and confined concrete were applied for the beam 
concrete and column concrete, respectively. For the uncon-
fined concrete, the constitutive model recommended by GB 
50010 (2010) was adopted, which is expressed as follows.

•	 Constitutive model (compression):

where �c = fc∕Ec�co ,  n = Ec�co∕(Ec�co − fc) ,  and 
x = �∕�co.

	   In the above equations, fc is the axial compressive 
strength of the concrete, εco is the strain corresponding 
to fc, Ec is the Young’s modulus of the concrete, and αc 
is the parameter of the descending stage.

•	 Constitutive model (tension):

where �t = ft∕Ec�to and x = �
/
�to . ft is the axial tensile 

strength of the concrete, εto is the strain corresponding to 
ft, and αt is the parameter of the descending stage.

Regarding the concrete confined in steel tubes, the con-
stitutive model proposed by Han et al. (2007) was adopted, 
which is expressed as

w h e r e  x = �∕�o   ,  y = �∕�o , �o = f
�

c
  , 

�o = �c + 800�0.2 × 10−6 , � = 1.6 + 1.5∕x , � = fyAs

/
fckAc , 

�c = (1300 + 12.5f
�

c
) × 10−6 , and �o = (f

�

c
)0.1

/
1.2(1 + �)0.5.

In the above algorithm, fc’ is the cylinder strength of the 
core concrete, and ξ is the confinement coefficient of the 
CFST column. As and Ac are the cross-sectional areas of 
the steel tube and core concrete, respectively. fy is the yield 
strength of the steel tube, and fck is the axial compressive 
strength of the core concrete.

(5)𝜎 =

{
𝜌cn

n−1+xn
Ec𝜀 (x ≤ 1)

𝜌c

𝛼c(x−1)
2+x

Ec𝜀 (x > 1)

(6)𝜎 =

{
𝜌t(1.2 − 0.2x5)Ec𝜀 (x ≤ 1)

𝜌t

𝛼t(x−1)
1.7+x

Ec𝜀 (x > 1)

(7)y =

{
2x − x2 (x ≤ 1)

x

𝛽0(x−1)
𝜂+x

(x > 1)

According to the above constitutive models, the stress 
versus strain relationship of the concretes employed in this 
study is shown in Fig. 20. For the concrete damage varia-
bles and stiffness recovery coefficients, the values reported 
by Li and Han (2011) were used.

4.3 � Verification of FE Model

4.3.1 � Verification of Failure Modes

Figure 21 shows the predicted failure mode of specimen 
F-1. There is generally good agreement between the fail-
ure mode predicted by the FE model and that observed in 
the test. Serious local buckling occurs on both the lower 
column ends and the upper column ends. According to the 
observed values of the plastic strain magnitude (PEMAG), 
the plastic strains of the lower column ends are higher than 
those of the upper column ends; the plastic strain ratios 
between the upper and lower column ends are approxi-
mately 0.88 for the left column and 0.74 for the right col-
umn, which is consistent with the experimental results. 
Figure 22 shows the damage process of the SRC beam in 
the FE analysis. The bending cracks were first observed at 
the mid-span of the beam during the application of vertical 
loads. Then, the specimen entered its lateral loading stage. 
The typical characteristic of this stage was the develop-
ment of diagonal cracks. When the specimen reached its 
yield state, diagonal through cracks connecting the beam 
loading point and the supports were formed. Thereafter, 
the diagonal cracks were constantly developed with the 
increase in the lateral loads. When the specimen reached 
its peak state, the plastic strains were mainly concentrated 
at the bottom of the beam ends, and the concrete crushing 
in the test reflected this phenomenon. When the specimen 
reached its ultimate state, the maximum value of the plas-
tic strain was approximately four times higher than that in 
the peak state, which is consistent with the enlargement of 
the concrete crushing regions.

Fig. 20   Stress–strain relationship for the concrete
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4.3.2 � Verification of Load–Displacement Curves

The predicted and measured load–displacement relation-
ships are compared in Fig. 23. There is good agreement 
between the predicted and experimental results. Regard-
ing the shapes of the hysteretic curves and skeleton curves, 
the FE models provided a relatively reasonable prediction, 
although differences existed in the stiffness changes and 
residual bearing capacities, possibly because the constitutive 
models of the steel and concrete adopted in the FE model are 
certainly different from the stress–strain relationship of the 
actual materials. Additionally, the manufacturing deviations 
and test conditions impact the experimental results.

Regarding the ultimate bearing capacities of F-1, the val-
ues obtained from the FE results in the PD and ND are 453.7 
and 450.9 kN, respectively, which are 4.3% and 3.1% lower, 
respectively, than those obtained from the experiments. 
Regarding the ultimate bearing capacities of F-2, the values 
obtained from the FE results in the PD and ND are 488.1 
and 494.6 kN, respectively, which are 5.7% and 1.7% lower, 

Fig. 21   Comparison of the observed and predicted failure modes

Fig. 22   Predicted damage process of the beam
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respectively, than those obtained from the experiments. 
Overall, the differences between the predicted and measured 
bearing capacities are relatively small.

4.4 � Parametric Study

To further investigate the seismic behavior of this kind of 
composite frame, parametric studies were performed. The 
concrete and steel grades were selected according to Chinese 
code GB 50010 (2010) and GB 50017 (2017), respectively. 
The reference frame specimen is described as follows.

The dimensions and details of the reference specimen 
are shown in Fig. 2. The grades of the beam concrete and 
column concrete are C40, and the corresponding axial com-
pressive strength fck is 26.8 MPa. The grades of the square 
steel tube and I-shaped steel are Q345, and the correspond-
ing yield strength fy is 345 MPa. The grades of the longi-
tudinal steel bars and stirrups are HRB400 and HPB300, 
respectively. The axial compression ratio of the column is 
0.4 according to Eq. (1). The vertical load applied on the 
beam is 0.8 times its yield bearing capacity.

4.4.1 � Effect of Strength of Column Concrete

Regarding the concrete in the square steel tube, high- 
strength concrete can lead to an increase in the structural 
bearing capacity. Three types of concrete were selected for 
the core concrete to study their effects on the seismic behav-
ior of the frames. The concrete grades are C40, C60, and 
C80, and the corresponding axial compressive strengths are 
26.8, 38.5, and 50.2 MPa, respectively. The corresponding 
Young’s moduli are 3.25 × 104, 3.6 × 104, and 3.8 × 104 MPa, 
respectively.

Figure 24 shows the skeleton curves of the composite 
frames with different column concrete strengths. The cor-
responding ultimate bearing capacity (Pmax) and ductility (μ) 
are presented in Fig. 25. As shown in Fig. 24, the column 

concrete strength has no significant effect on the skeleton 
curves. Figure 25a indicates that the increase in the col-
umn concrete strength leads to a slight increase in the ulti-
mate bearing capacity. When the concrete strength grade 
increases from C40 to C60 and C80, the average ultimate 
bearing capacity Pmax (mean value in the PD and ND) is 
found to increase by 7.8% and 10.9%, respectively. Addi-
tionally, Fig. 25b shows that the concrete strength has little 
influence on the ductility.

4.4.2 � Effect of Strength of Steel Tube

In practice, Q235, Q345, and Q460 steels are typically used 
for engineering design, and their yield strengths are 235, 
345, and 460 MPa, respectively. The main purpose of using 
a high-strength steel for CFST columns is to improve the 
structural bearing capacity, owing to their high strength 
and good confining effect. These three kinds of steels were 
selected for investigation.

Figure 26 shows the effects of the yield strength of the 
steel tube on the P − Δ skeleton curves. The comparisons 
of the curves show that the yield strength has a remark-
able effect on the P − Δ relationship. Figure 27 shows the 
effects of the yield strength on Pmax and μ, indicating that 
the average Pmax increases by 21.4% and 39.9% as the steel 
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grade increases from Q235 to Q345 and Q460, respectively. 
In contrast, the average μ decreases by 4.6% and 18.7% as 
the steel grade increases from Q235 to Q345 and Q460, 
respectively.

4.4.3 � Effect of Axial Compression Ratio

The axial compression ratio has a remarkable effect on the 
seismic behavior of a structure (Li et al. 2003). Axial com-
pression ratios ranging from 0.2 to 0.6 for composite frames 
were studied. Figure 28 shows the skeleton curves of frames 
with different axial compression ratios, and Fig. 29 shows 
the effects of the axial compression ratio on Pmax and μ. The 

axial compression ratio has a great effect on the P-Δ rela-
tionship of the frames, especially for the descending branch 
of the skeleton curve. Moreover, increasing the axial com-
pression ratio from 0.2 to 0.4 and 0.6 reduces the average 
Pmax of a composite frame by 2.6% and 7.2%, respectively. 
Even worse, when the axial compression ratio increases 
from 0.2 to 0.4 and 0.6, the average μ is found to decrease 
by 13.9% and 26.1%, respectively.

4.4.4 � Effect of Beam Load

According to the seismic design code (JTG/T B02-01-2008 
2008), the load bearing level of the protected components 
must be determined according to the earthquake level. For 
the frame used in this study, the SRC beam is a protected 
component, which must be designed on the basis of the 
earthquake level. For the convenience of this study, the ver-
tical loads (Nb) applied on the beam were determined as 
0.6Nby, 0.8Nby, and 1.0Nby, where Nby is the yield bearing 
capacity of the SRC beam. Figure 30 shows the skeleton 
curves of composite frames with different Nb values, and 
the effects of Nb on the ultimate bearing capacity (Pmax) and 
ductility (μ) are presented in Fig. 31. The skeleton curves of 
the frames with different Nb values are almost the same; only 
a slight difference is observed at the descending branch of 
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the skeleton curves. As shown in Fig. 31a, when the applied 
vertical load increases from 0.6Nby to 0.8Nby and 1.0Nby, 
the average Pmax decreases by 0.4% and 1.8%, respectively. 
Hence, the effect of Nb on Pmax is almost negligible. Addi-
tionally, increasing the vertical load (Nb) from 0.6Nby to 
0.8Nby and 1.0Nby reduces the average μ of a composite 
frame by 4.4% and 6.7%, respectively. A possible reason for 
these changes is that increasing the vertical load (Nb) on the 
beam can increase the bending moments of the columns (in 
the vertical loading state), which means that the increase in 
Nb can lead to an increase in the initial stress of the columns. 
Hence, the damages of the frame with a higher Nb are more 
serious under earthquake excitation.

5 � Conclusions

Two composite frames with the initial heavy load condi-
tions were tested under cyclic loading, and some important 
seismic indices were discussed in detail. Additionally, a FE 
model for the tested composite frames was proposed for fur-
ther investigations. According to the test results and numeri-
cal analysis, the following conclusions are drawn.

1.	 The experimental observations and failure modes for the 
two specimens were similar, and local buckling occurred 
at the lower and upper column ends, leading to the final 
failure of the specimens.

2.	 The hysteretic curves for the two specimens are com-
paratively plump and full, exhibiting a spindle shape, 
which indicates perfect seismic performance. However, 
the ultimate bearing capacity and initial stiffness of the 
specimen with high-strength concrete are relatively high.

3.	 The ductility factor of the tested specimens is in the 
range of 3.49 to 3.75. According to NZS 1170.5, this 
kind of composite frame can be regarded as a high-
ductility structure. Moreover, both specimens showed 
a good energy dissipation capacity.

4.	 The numerical results of the tested composite frames 
achieved good agreement with the experimental obser-
vations. Regarding the effect of the typical parameters, it 
can be concluded that increasing the yield strength of the 
steel tube can effectively improve the bearing capacity 
of the composite frame and decreasing the axial com-
pression ratio is an effective method for improving the 
ductility of the structure.

5.	 Although the composite frames tested in this study 
exhibited good seismic performance, the number of 
tested specimens was not high enough. Therefore, it 
is hard to make an overall evaluation for the seismic 
behaviors of this kind of composite frame. For in-
depth research on this frame, more parameters should 
be investigated in future experiments, such as the steel 

ratio, confinement factor, steel grade, cross section of 
the components, and loading level.
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