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In traditional building construction, the structural columns restrict the design of the buildings and the layout of furniture, so the
use of specially shaped columns came into being. .e finite element model of a reinforced concrete framework using specially
shaped columns was established by using the ABAQUS software. .e effects of concrete strength, reinforcement ratio, and axial
compression ratio on the seismic performance of the building incorporating such columns were studied. .e numerical analysis
was performed for a ten-frame structure with specially shaped columns under low reversed cyclic loading. .e load-displacement
curve, peak load, ductility coefficient, energy dissipation capacity, and stiffness degradation curve of the specially shaped column
frame were obtained using the ABAQUS finite element software..e following three results were obtained from the investigation:
First, when the strength of concrete in the specially shaped column frame structure was increased, the peak load increased, while
the ductility and energy dissipation capacity weakened, which accelerated the stiffness degradation of the structure. Second, when
the reinforcement ratio was increased in the specially shaped column frame structure, the peak load increased and the ductility and
energy dissipation capacity also increased, which increased the stiffness of the structure. .ird, when the axial compression ratio
was increased in the structure, the peak load increased, while ductility and energy dissipation capacity reduced, which accelerated
the degradation of structural stiffness.

1. Introduction

With the increasingly improved living quality in China,
popular expectation for improvements in the quality of
buildings has increased. In traditional buildings, the
structural columns tend to limit interior design and fur-
niture layout and reduce the effective utilization of the
indoor area [1–3]. While assuring structural safety,
structure designers innovate continuously and enrich the
form and style of buildings, which become more beautiful,
flexible, and convenient. .erefore, specially shaped col-
umns have emerged, which at the time of writing is a new
form of column that has been applied widely in new-type
buildings [4–6]. Specially shaped columns include L-sha-
ped columns, T-shaped columns, and columns with cross-
shaped cross sections, amongst which columns with cross-
shaped cross sections have been the most applied. Specially
shaped columns effectively avoid obvious structural

columns within the building, make the layout of the entire
building more beautiful, and effectively increase the usable
area within the building [7–9]. However, academic veri-
fication of theories relating to specially shaped column
structures currently is scarce in China. .erefore, it has
become important to study the mechanical properties of
specially shaped column structures [10, 11]. Numerical
models of reinforced concrete frame structures with spe-
cially shaped columns were established using the ABAQUS
FE software, based on which the influential relationships
were obtained between concrete strength, reinforcement
ratio, and axial compression ratio on their seismic per-
formance [12–15].

2. Finite Element (FE) Modeling

2.1. Specimen Design. In this study, the main input pa-
rameters were concrete strength, reinforcement ratio, and
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axial compression ratio. According to the requirements of
Technical Specification for Concrete Structures with Specially
Shaped Columns(JGJ 149-2006) [16], the sectional thickness
of specially shaped columns should not be less than 200mm
and the height of such columns should not be less than
500mm. .erefore, 20 specially shaped reinforced concrete
columns were designed. As shown in Table 1, the effects of
these three working conditions on the seismic performance
of the columns, comprising 10 cross-shaped columns and 10
T-shaped columns, were explored, and all were 3m in
height. In order to facilitate the application of horizontal
displacement and axial load to all parts of the column
section, a cushion plate was set at the top of the column in
the range of 200mm. .e thickness of cross-shaped column
limbs was 200mm, the height of the limbs was 800mm, the
thickness of T-shaped column limbs was 200mm, the height
of the limbs was 500mm and 800mm, and the thickness of
stirrups (see diagram) and the concrete outermost cover
layer was 20mm. .e shape and size of the specimens and
the reinforcement diagram are shown in Figure 1.

In order to study effects of concrete strength, re-
inforcement ratio, and axial compression ratio on the
seismic performance of frame structures with specially
shaped columns, according to the design requirements of
Technical Specification for Concrete Structures with Specially
Shaped Columns (JGJ 149-2006) [16], the strength grade of
the concrete should be between C25 and C50, the diameter
of longitudinal reinforcements should be between 14mm
and 25mm, the reinforcement ratio of the stressed re-
inforcements should be between 0.8% and 3%, and the limit
value of the axial compression ratio of T-shaped columns
and cross-shaped columns should be divided by 0.65 and
0.70, respectively.

Ten specimens with various concrete strengths (C30,
C35, C40, and C45), reinforcement ratios (1.09%, 1.35%,
1.63%, and 2.1%), and axial compression ratios (0.2, 0.35,
0.5, and 0.65) were designed for use in the present in-
vestigation. .e loading models then were calculated and
analyzed using the ABAQUS finite element software, from
which the load-displacement curves, peak loads, ductility
factors, energy dissipation capacities, and stiffness degra-
dation curves of specially shaped column frames were ob-
tained. Its calculations were made according to equation (1)
and Figure 2..e parameters of the simulated specimens are
summarized in Table 1.

E �
SΔABC + SΔCDA
SΔOBE + SΔODF

. (1)

2.2. Development of the Model. Finite element numerical
simulation is a recognized research tool. During the process
of building a finite element model, the damage plasticity
model was selected to simulate concrete. Plastic damage
models can simulate mechanical phenomena such as the
cracking and crushing of concrete materials. .e model can
be combined with isotropic damage elasticity. .e isotropic
tensile and compressive plastic model, which represents the
inelastic behavior of concrete, is a continuum damage model

based on plasticity. .e combined model exhibits better
convergence [16–19].

In order to verify the validity of the model, a simplified
mechanical model was established in ABAQUS according to
the test results in the reference literature and boundary
conditions and corresponding loading methods were used to
restrict the bottom of the shaped columns to six degrees of
freedom..at is to say, the bottom of the column can neither
rotate normove, and the node of the cushion plate on the top
of the column can restrict three degrees of freedom [20–22].
It is impossible, therefore, for the column to rotate in any
direction. .e boundary conditions are illustrated in
Figure 3.

A classic BKIN (bilinear kinematic) hardening plasticity
model was applied to describe the constitutive relationship
of reinforcements. .e reinforcements were merged into a
reinforcement cage that was built inside the whole column
region. .e specimen and boundary conditions were set up
and simplified according to the practical situation of testing,
which ensured that the simulation results would be closer to
test values [23, 24]. A pictorial illustration showing the
procedure for the establishment of the model is presented in
Figure 4.

2.3. Material Parameters. Parameters related to material
properties, such as elastic modulus, Poisson’s ratio, and
density, are listed in Table 2.

3. Experimental Verification of the FE Model

3.1. A Survey of Existing Tests. .e test data from the lit-
erature [25, 26] for specific parameters are shown in Table 3.

3.2. Result Verification. Based on the experimental test data,
ABAQUS was used to establish a finite element model with
the same control parameters, and the hysteretic performance
of the resulting structure was analyzed. .e hysteresis curve,
skeleton curve, and test curve can be compared, as shown in
Figure 5.

As shown in Figure 5, the trend variation of the test
curves was consistent with that of the finite element sim-
ulation curves; the difference of the ultimate load was small,
and the skeleton curves were in close agreement. It can be
observed that the finite element simulation response was
good, and it had certain rationality and accuracy.

4. Finite Element Analysis

4.1. Concrete Strength. .e “hysteresis curve” and “skeleton
curve” were defined as follows: .e “hysteresis curve”
refers to the deformation response of a structure under
repeated loading and unloading. It reflects the deformation
characteristics, stiffness degradation, and energy con-
sumption of the structure. .is response is the basis for
determining the restoring force model and carrying out
nonlinear seismic response analysis. It is also known as the
“restoring force curve.” .e “skeleton curve” refers to the
curve obtained by translating a section of a stress-strain
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Table 1: Parameters of the simulated specimens.

Specimen

Cross-shaped columns T-shaped columns
Axial

compression
ratios

Reinforcement
ratios (%)

Diameter
(mm)

Concrete
strengths

Axial
compression

ratios

Reinforcement
ratios (%)

Diameter
(mm)

Concrete
strengths

K-1 0.35 1.63 22 C30 0.35 1.74 20 C30
K-2 0.35 1.63 22 C35 0.35 1.74 20 C35
K-3 0.35 1.63 22 C40 0.35 1.74 20 C40
K-4 0.35 1.63 22 C45 0.35 1.74 20 C45
K-5 0.35 1.09 18 C30 0.35 1.22 16 C30
K-6 0.35 1.35 20 C30 0.35 1.47 18 C30
K-7 0.35 2.10 25 C30 0.35 2.04 22 C30
K-8 0.2 1.63 22 C30 0.2 1.74 20 C30
K-9 0.5 1.63 22 C30 0.5 1.74 20 C30
K-10 0.65 1.63 22 C30 0.65 1.74 20 C30
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Figure 1: Cross sections of the specially shaped columns. (a) Cross-shaped columns. (b) T-shaped columns.
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Figure 2: Load-displacement hysteresis energy dissipation curve.
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curve loaded in the same direction (tension or compres-
sion) beyond the maximum stress of the previous load
[27–30].

4.1.1. Effects of Concrete Strength on the Energy Dissipation
Performance of the Frame. .e hysteresis curves of the
reinforced concrete frame structure with shaped columns,

Z
Y
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(a)

Z
Y

X

(b)

Z
Y

X

(c)

Figure 4: Schematic diagrams illustrating the procedure for model establishment. (a) Model of a cross-shaped column. (b) Mesh of the
cross-shaped column. (c) Addition of constraints.

Table 2: Summary of material parameters.

Material Type of material Elastic modulus (N/mm2) Poisson’s ratio Density (kg/m3)
Reinforcement HRB335 2.0×105 0.3 7.85×103

Concrete

C30 3.00×104

0.2 2.5×103C35 3.15×104

C40 3.25×104

C45 3.35×104

(a) (b)

Figure 3: Boundary condition schematic. (a) Cross-shaped columns. (b) T-shaped columns.

Table 3: Test parameters.

Specimen Concrete
strengths

Reinforcement
type

Diameter of the reinforcement
(mm)

Axial compression
ratios

.ickness of the protective layer
(mm)

+Z-1 C50 HRB500 16 0.39 25
TZ-2 C40 HRB335 12 0.18 20
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with various concrete strength levels, under low reversed
cyclic loading, are shown in Figure 6. .e corresponding
skeleton curves that were obtained are shown in Figure 7.

As shown in Figure 6, the specimens had strong plastic
deformation capacities and good seismic performance and
energy dissipation capacities. As is evident, with the increase
in the concrete strength of the reinforced concrete frame
structure with shaped columns, its ductility became pro-
gressively lower.

According to Figure 6, the coefficients of energy dissi-
pation of the shaped-column-reinforced concrete frame
structure were calculated, based on which curves reflecting
the relationship between various concrete strength levels and
the corresponding coefficients of energy dissipation of the
frame were obtained, as shown in Figure 8.

According to Figure 8, the relationship between the
energy dissipation curves of reinforced concrete frame
structures with specially shaped columns now can be de-
duced. .e curves indicate that energy dissipation occurs
mainly after frame yielding. During the later period of
loading, the energy dissipation coefficient slowly increased,
and even decreased, because of accumulating damage. After
this period, in essence, the energy dissipation coefficient
gradually increased with the increase in the displacement.
Relative to a single specimen, the amplitude change resulting
from any increase in the energy dissipation coefficient was
larger, indicating that the increase in concrete strength
reduces the energy dissipation capacity of the reinforcement
frame.

4.1.2. Effects of Concrete Strength on the Deformation
Performance of the Frame. According to Figure 7, ductility
coefficients were calculated, based on which curves were
obtained reflecting the relationship between various con-
crete strength levels and the ductility coefficients of the
compound structure, as shown in Figure 9.

By contrast, from curves shown in Figure 9, it can be
observed that, with an increase in concrete strength levels, the
deformation performance of the frame gradually decreased.

4.1.3. Effects of Concrete Strength on the Stiffness Degradation
Performance of the Frame. According to equation (2) and
Figure 6, variations in the stiffness values of a reinforced
concrete frame with shaped columns were calculated, based
on which curves reflecting the relationship between concrete
strength and degradation in stiffness of the frame were
obtained when displacement varied, as shown in Figure 10.

.e probability density function can be stated as follows
[31]:

f(x) �
k(ω− x)k−1

k(ω− ε)k
× e
−((ω−x)/(ω−ε))k

. (2)

As shown in Figure 10, the stiffness degradation curves
of every reinforced concrete frame with shaped columns can
be divided into three different stages, i.e., the rapid descent
stage, the descent stage, and the slow descent stage. Keeping
the reinforcement ratios and axial compression ratios
constant, with increasing concrete strength, the initial
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Figure 5: Hysteresis curves of +Z-1 and TZ-2. (a) +Z-1 test hysteresis curve. (b) +Z-1 simulated hysteresis curve. (c) +Z-1 skeleton curve
comparison. (d) TZ-2 test hysteresis curve. (e) TZ-2 simulated hysteresis curve. (f ) TZ-2 skeleton curve comparison.
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stiffness of the reinforced concrete frame (with shaped
columns) increased by 15%∼20%. .e stiffness degradation
curves of frames with smaller concrete strengths were flatter,
with a longer descent stage, which was related to the im-
proved energy dissipation capacity of frames, because of
their reduced concrete strength, and therefore, they
exhibited better seismic performance.

4.2. Reinforcement Ratio

4.2.1. Effects of Reinforcement Ratio on the Energy Dissipation
Capacity of the Frame. .e hysteresis curves of a reinforced
concrete frame with shaped columns, with various
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Figure 6: Hysteresis curves of frames with various concrete strength levels. (a) K-1. (b) K-2. (c) K-3. (d) K-4.
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reinforcement ratios, under low reversed cyclic loading, are
shown in Figure 11. .e related skeleton curves that were
obtained are shown in Figure 12.

As shown in Figure 11, reinforced concrete frames with
shaped columns exhibited strong plastic deformation ca-
pacities and good seismic performance and energy dissi-
pation capacities. As shown in Figure 12, with increasing
reinforcement ratios for reinforced concrete frames with
shaped columns, the deformation capacity became better
and better and their ductility became stronger and stronger.

According to Figure 11, the coefficients of energy dis-
sipation were calculated for frames with shaped columns

with various reinforcement ratios, based on which curves
reflecting the relationship were obtained between various
reinforcement ratios and the coefficients of energy dissi-
pation of the frames, as shown in Figure 13.

According to Figure 13, the relationship can be found
between the energy dissipation curves of reinforced concrete
frame structures with shaped columns. .is indicates that
energy dissipation occurs mainly after the column frame
yields. During the later period of loading, energy dissipation
coefficient slowly increased, and even slightly decreased,
because of accumulated damage. However, the energy dis-
sipation coefficient increased with an increase in the

4.0

3.9

μ 3.8

3.7

3.6
30 35

Concrete strength levels
40 45

Figure 9: Relationship between various concrete strength levels and ductility coefficients.
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Figure 10: Stiffness degradation curves of frames with various concrete strengths. (a) K-1. (b) K-2. (c) K-3. (d) K-4.
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reinforcement ratio of the reinforced concrete frame and
columns. Relative to a single specimen, the amplitude in-
crease in the energy dissipation coefficient was larger,

indicating that an increase in reinforcement ratio was
beneficial for energy dissipation capacity of the reinforced
frame and column structure.
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Figure 12: Skeleton curves of frames with various reinforcement
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Figure 11: Hysteresis curves of frames with various reinforcement ratios. (a) K-5. (b) K-6. (c) K-1. (d) K-7.
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4.2.2. Effects of Reinforcement Ratio on the Deformation
Performance of the Frame. According to Figure 12, the
ductility coefficients of the reinforced concrete frame and
column structures were calculated, based on which curves
were obtained reflecting the relationship between various
reinforcement ratios and ductility coefficients of frame and
column combinations, as shown in Figure 14.

From the curve shown in Figure 14, it can be observed
that, with the increase in the reinforcement ratio of the
concrete in the reinforced structure, its deformation per-
formance gradually increased.

4.2.3. Effects of Reinforcement Ratio on the Stiffness
Degradation Performance of the Frame. According to
equation (2) and Figure 11, the values of the stiffness of
reinforced concrete frames with shaped columns were cal-
culated, based on which curves were obtained reflecting the
relationship between reinforcement ratios and frame stiff-
ness degradation under varying displacement, as is shown in
Figure 15.

As shown in Figure 15, stiffness degradation curves are
shown where the concrete strength and axial compression
ratio were maintained constant, but with the increasing
reinforcement ratio in the frames, initial stiffness increased
significantly and residual stiffness also increased. Residual
stiffness can be used to measure accumulated damage of
specimens, where positive residual stiffness is smaller than
negative residual stiffness.

4.3. Axial Compression Ratio

4.3.1. Effects of Axial Compression Ratio on the Energy
Dissipation Capacity of the Frame. .e hysteresis curves of
frames with various axial compression ratios under low
reversed cyclic loading are shown in Figure 16. From these,
the skeleton curves of frames with shaped columns were
obtained, as shown in Figure 17.

.e reinforced concrete frame structures with shaped
columns exhibited relatively strong plastic deformation
capacities, as shown in Figure 16, which equated to good
seismic performance and energy dissipation capacities.
As shown in Figure 17, with increasing axial compression
ratios, the peak capacities of reinforced concrete frames
with shaped columns increased gradually with corre-
sponding decreased displacements, indicating that the
ductility of the frames became progressively weaker.

According to Figure 16, the coefficient of energy dissi-
pation was calculated for frames with shaped columns, with
various axial compression ratios. Based on the results, curves
reflecting the relationship between various axial compres-
sion ratios and coefficients of energy dissipation were ob-
tained for frames with shaped columns, as shown in
Figure 18.

.e relationship between the energy dissipation curves
of frame structures with shaped columns can be derived
from Figure 18. .ese indicate that energy dissipation
occurred mainly after yielding of the frame. During the
later period of loading, the energy dissipation coefficient

increased slowly, and even decreased slightly, because of
accumulating damage. However, the energy dissipation
coefficient decreased with the increase of the axial com-
pression ratio. Relative to a single specimen, the ampli-
tude increase in the energy dissipation coefficient was
much larger, indicating that the decrease in axial com-
pression ratios could enhance the energy dissipation
capacity of the frames. Meantime, however, energy dis-
sipation curves of frames with high axial compression
ratios were relatively short, which indicated that these
frames were lacking in sustained energy dissipation
capacity.

4.3.2. Effects of Axial Compression Ratio on the Deformation
Performance of the Frame. According to Figure 18, the
ductility coefficients of reinforced concrete frames with
shaped columns were calculated, based on which curves
reflecting the relationship between various axial compres-
sion ratios and the ductility coefficient of the reinforced
concrete frame were obtained, as shown in Figure 19.

Figure 19 shows that, with increasing axial compression
ratios in a reinforced concrete frame, its deformation per-
formance gradually decreased and its seismic performance
reduced.

4.3.3. Effects of Axial Compression Ratio on the Stiffness
Degradation Performance of the Frame. According to
equation (2) and Figure 16, the stiffness value of a reinforced
concrete frame was calculated, based on which curves were
obtained that reflected the relationship between axial
compression ratios and the stiffness degradation of a frame
when displacement was varied, as shown in Figure 20.

As shown in Figure 20, the stiffness degradation curves
of four reinforced concrete frame structures could be di-
vided into three different stages. If the concrete strength and
reinforcement ratio were kept constant, an increase in the
axial compression ratio was beneficial for shear capacity,
while a decrease in the axial compression ratio was beneficial
for energy dissipation capacity, deformation performance,
and stiffness degradation.
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Figure 15: Stiffness degradation curves of frames with various reinforcement ratios. (a) K-5. (b) K-6. (c) K-1. (d) K-7.
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Figure 17: Skeleton curves of frames with various axial compression ratios.
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Figure 16: Hysteresis curves of frames with various axial compression ratios. (a) K-8. (b) K-1. (c) K-9. (d) K-10.
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Figure 18: Curves of coefficients of energy dissipation for various axial compression ratios.
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5. Conclusions

Numerical simulation analysis was performed on a ten-
frame structure with specially shaped columns under low
reversed cyclic loading, according to which the following
conclusions were drawn:

(1) In reinforced concrete frame structures with shaped
columns, with an increase in the strength of concrete,
the peak load gradually increased, presenting arced
hysteresis curves. Energy dissipation capacity and
deformation capacity were gradually decreased, and
there was an increase of 15–20% over the initial

stiffness value. .e stiffness degradation curves of
frames with smaller concrete strengths were flatter,
with a longer descent stage, and they exhibited better
seismic performance.

(2) In reinforced concrete frame structures with spe-
cially shaped columns, increasing the reinforcement
ratio gradually increased the peak load, resulting in
arced hysteresis curves with a relatively broad hys-
teresis loop. .e energy dissipation capacity and
deformation capacity were gradually increased, and
initial stiffness was increased by approximately 10%.
.e slopes of the slow descent stage and descent stage
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Figure 19: Relationship between various axial compression ratios and ductility coefficients.

180
160
140
120
100

80
60
40
20

0
–30 –20 –10 0 10 20 30

Displacement (mm)

St
iff

ne
ss

 (k
N

/m
m

)

(a)

180
160
140
120
100

80
60
40
20

0
–30 –20 –10 0 10 20 30

Displacement (mm)

St
iff

ne
ss

 (k
N

/m
m

)

(b)

180
160
140
120
100

80
60
40
20

0
–30 –20 –10 0 10 20 30

Displacement (mm)

St
iff

ne
ss

 (k
N

/m
m

)

(c)

180
160
140
120
100

80
60
40
20

0
–30 –20 –10 0 10 20 30

Displacement (mm)

St
iff

ne
ss

 (k
N

/m
m

)

(d)

Figure 20: Stiffness degradation curves of frames with various axial compression ratios. (a) K-8. (b) K-1. (c) K-9. (d) K-10.
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were relatively smaller, which delayed the failure of
the specimens.

(3) In reinforced concrete frame structures with spe-
cially shaped columns, with an increase in the axial
compression ratio, the peak load was increased
significantly, and arced hysteresis curves were evi-
dent with fuller hysteresis loops when the axial
compression ratio was smaller. .e energy dissipa-
tion capacity and deformation capacity of the
structure were gradually decreased, and the initial
stiffness value was decreased by approximately 28%.
A smaller axial compression ratio can limit the
development of damage and delayed the failure of
the specimens.

Nomenclature

HRB335: Representation of the mechanical
properties and size specification of the
screw steel with a tensile yield strength of
335MPa

Axial
compression
ratio:

Axial compression design value of
columns/total section area multiplied by
the design value of the axial compressive
strength of the concrete

Reinforcement
ratio:

Area of longitudinal reinforcement of a
reinforced concrete member/effective
total area of the component

ω: Maximum earthquake intensity
ε: Peak strength of the curve
x: Earthquake intensity (for determination

of seismic intensity) providing criteria for
the evaluation of seismic fortifications

k: Shape parameter
Δ: Displacement applied to the structure
μ: Ductility coefficient which is the ratio of

maximum deformation to yield
deformation

E: Energy dissipation coefficient.
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