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This study investigates the seismic behavior of the T-shaped concrete-filled steel tubular (CFST) column to steel beam joints, aimed
at expanding their applicability in areas with high-seismic fortification intensity. A construction form of T-shaped CFST column to
steel beam joint with side plates is presented. The variables studied in these experiments include the side plate length, the axial
compression ratio, the presence of side plates, and the presence of binding bars. The force mechanism, failure modes,
load–displacement curves, strength, stiffness, ductility, and energy dissipation capacity of seven specimens were evaluated under
low-cycle reciprocating load. The experimental results demonstrate that the joints of side plates show a full hysteresis curve, with
the ductility coefficient ranging from 1.67 to 2.49, and the equivalent viscous damping coefficient between 0.147 and 0.234. The
joint panel zone displays strong deformation and energy dissipation capacity. The inclusion of side plates and binding bars
improves the seismic behavior of the joint. The setting of side plates enables the formation of a plastic hinge on the steel beam,
creating a beam hinge failure mechanism and satisfying the seismic design principle of “strong column and weak beam, strong joint
and weak member” as required by the building structures.

1. Introduction

Special-shaped columns can eliminate indoor protruding col-
umn corners and improve indoor space utilization, while their
torsional resistance decreases due to their irregular section
compared with the rectangular columns. Consequently, there
is a decrease in ductility and energy dissipation capabilities
of special-shaped columns [1]. The application of special-
shaped columns is thus restricted in practical engineering
[2]. Special-shaped concrete-filled steel tubular (CFST) col-
umns make best use of the advantages and bypass the disad-
vantages. The exterior steel tube has the restraint function to
the concrete, and the interior concrete suppresses local buck-
ling of the steel tube, providing high-bearing capacity and
good deformation capacity [3, 4]. Additional measures, such
as binding bars and vertical stiffeners, are also used to delay
premature local buckling of steel tubes [5–8], further improv-
ing the constraining effect of steel tube on the core concrete.
The special-shaped CFST column to steel beam joints plays a
critical role as the transfer hub of the frame structural system.

These joints are subjected to a complex stress state under the
combination of vertical and horizontal loads and are consid-
ered the weak point of the engineering structure against the
seismic stress. Hence, it is crucial to develop a structure with
clear force transmission, good seismic behavior, and conve-
nient construction, which is the focus of promoting the
special-shaped CFST column frame structure.

The existing studies primarily focus on the development
of joints between steel beams and CFST columns with rect-
angular, circular, and square shapes [9–11], and few studies
have assessed the seismic behavior of joints between special-
shaped CFST columns and steel beams. The three commonly
used joints are internal diaphragm joints, external dia-
phragm joints, and vertical stiffener joints. For internal dia-
phragm joints, Li et al. [12] conducted experimental and
numerical study on the seismic behavior of internal dia-
phragm joints under the different loads. The results showed
that the joint panel zone experienced shear damage while the
beam end was fractured. Xue et al. [13] used the Park–Ang
damage model to analyze the effects of various factors,
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including axial compression ratio and concrete strength
grade. The seismic behavior of spatial composite frame com-
posed of special-shaped CFST column and steel beam with
internal diaphragm connection was studied. Zhang et al. [14]
analyzed the stress development process of L-shaped CFST
columns based on the nonlinear analysis results. It is difficult
to apply internal diaphragm connection to the special-shaped
CFST column with small section because of the difficulty of
welding construction and the disadvantage of concrete pour-
ing. A study was investigated on external diaphragm connec-
tor, and the results showed that increasing the width of the
external diaphragm can significantly enhance the load bearing
capacity and energy dissipation capacity of the members [15].
Tang et al. [16] conducted an experimental study and theo-
retical analysis on two-story, two-span plane frame structures
with special-shaped self-compacting CFST column to H-
shaped steel beam external diaphragm joints. The result was
that the frame structures showed good seismic performance.
Zhang et al. [17] proposed a method to calculate the flexural
load capacity of the joints with external diaphragm rings,
considering different positions of the joints. The theoretical
calculation results of the yield load and ultimate bending load
were in satisfactory agreement with the experimental results.
The external diaphragm joints are easy to construct and pro-
vide a reliable force transmission but they may pose chal-
lenges to the interior space arrangement due to the
horizontal ring plate placed at the periphery of the CFST.

The vertical stiffener joint is a modified version of the
external diaphragm joint, where the reinforcing ring plates
located on both sides of the external diaphragm are replaced
with the vertical stiffeners that are attached flat to the outside
of the column, forming the vertical stiffener joint. Cheng
et al. [18] and Xiong et al. [19] carried out the seismic behav-
ior and shear capacity of joint specimens, utilizing various
sizes and shapes of the vertical stiffeners. The experimental
results revealed that the joints experienced plastic hinge
damage at the beam end, and the researchers proposed opti-
mal cross-sectional dimensions for the vertical stiffeners. The
seismic behavior and the plastic hinge formation mechanism
of special-shaped CFST column to steel beam frame struc-
ture with vertical stiffeners were analyzed by the experiment
and finite-element method [20, 21]. Similar to the joints [21],
Zhang et al. [22] proposed a cover-reinforced slotted side
plate connection, and the results showed that the connection
had positive effect on the progressive collapse resistance. The
influence of external diaphragms and vertical stiffeners on
seismic behavior of special-shaped CFST column to the steel
beam joints were compared and calculated, Liu et al. [23]
suggested that the vertical stiffener penetrate the joint panel
zone, considering the shear damage in the external dia-
phragm joint panel zone, while the vertical stiffener joint
failed to guarantee the plastic yielding of the steel beam.
Different structural forms of special-shaped columns have
different impacts on the seismic behavior of the joints. Cheng
et al. [24] conducted the seismic performance of joints with
external diaphragms and vertical stiffeners, using two types
of the columns: multicell and binding bar. The experimental
results demonstrated that vertical stiffener joints with

binding bars had the better seismic performance. Although
the structure of vertical stiffener is simple, the vertical ribs
are required to pass through the joint plate area for the
special-shaped CFST columns with binding bars, otherwise
brittle failure will occur.

There are a few other new types of joints. Li et al. [25]
introduced a new joint connection method using U-shaped
diaphragm plates to improve the plastic bending perfor-
mance of the steel beams while satisfying the design code
requirements in the United States, United Kingdom, and
China. The diaphragm plate served as a joint to transfer
the load from the beam to the joint panel zone. Zhao et al.
[26] proposed the joint with side plates, and its flexural
capacity was tested and simulated. Prefabricated built-in lat-
tice type circular steel tube composite columns have been
shown to have a good seismic behavior and economic ben-
efits by investigating the damage mechanism of such struc-
tures [27]. Based on the previous research on the form and
seismic performance of the special-shaped CFST column to
steel beam joints, it is evident that the available types of such
joints are limited.

According to the vertical stiffener joints, we propose a
novel T-shaped CFST column to steel beam joints with side
plates in this paper. The upper and bottom external rib plates
are extended to form side plates lying flat in the joint panel
zone. The reinforced side plates are welded around the exte-
rior sides of the joint panel zone of the T-shaped CFST
column and are further welded with the horizontal end plates
and side plates. The side plates not only function as the
backing plates for restraining the binding bars but also
strengthen the confinement of the steel tube in the joint
panel zone, improving the joint stiffness. This study aims
to examine the seismic behavior of the T-shaped CFST col-
umn to steel beam joints under low-cycle reciprocating load.
The investigated parameters include the side plate length, the
axial compression ratio, the presence of side plates, and the
presence of binding bars.

2. Experimental Procedures

2.1. Specimen Design. As shown in Figure 1, seven specimens
with a ratio of 1 : 2 were designed. The parameters of the
specimens are listed in Table 1. The T-shaped CFST column
was constructed by welding a rectangular CFST column and
a U-shaped steel tube, as illustrated in Figure 2. Subse-
quently, the T-shaped CFST column was welded to the pre-
fabricated short steel beam, which was formed by welding
horizontal end plates to a vertical end plate. The horizontal
end plates were welded to the upper and lower flanges of the
H-shaped steel beam using full-penetration welds, while the
vertical end plate was connected to the web of the steel beam
using splints and friction-type high-strength bolts. The width
of the vertical end plate varied synchronously with the length
of the horizontal end plate. Two 400mm× 400mm× 20mm
square plates were designed to cover the upper and lower
ends of the CFST column to ensure better application of the
axial loads during the tests. One end of the T-shaped hollow
CFST column was welded and sealed with a square plate. The
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section of the steel tube always remained flat during welding,
and once the process was complete, the quality of the weld
was examined. Qualified steel tubes were then filled with
concrete, and the concrete pouring process was continuous
and uniform. After pouring the concrete, the CFST columns
were cured for 28 days. Then, the upper surface of the col-
umns was polished and welded with another square plate. It
should be noted that professional workers performed the
welding, concrete pouring, installation, and fixation of all
specimens. N is the axial compression ratio.

2.2. Material Properties. The steel used for the joints was
Q235B, and the curing age of the concrete was 28 days.
The mechanical properties of the selected steel and concrete
were determined in accordance with the Chinese codes,
GB/T 228.1-2010 [28] and GB/T 50,081-2019 [29], as pre-
sented in Tables 2 and 3.

2.3. Loading Method. This experiment investigated the seis-
mic behavior of joint components subjected to low-cycle
reciprocating load. According to the specification [30], a
load–displacement hybrid control method was employed in

a quasi-static test in which the loading was applied to the
column end, as shown in Figure 3. During testing, the speci-
mens were subjected to the constant axial compressive loads
imposed by a hydraulic jack and variable horizontal loads
realized by an MTS electrohydraulic servo machine. The
loading device is illustrated in Figure 4.

The specimens were subjected to preloading to eliminate
any internal inhomogeneities, verify the experimental setup,
and ensure the normal response of the measuring instru-
ments. Three graded preloads were applied to the top of
the columns with increments of 15% of the axial design
load in each grade. The horizontal load was preloaded to a
displacement of 1mm per level, and the reciprocating cycle
was loaded twice. In the formal loading stage, when the axial
compressive load incrementally reached the design loading
value, the horizontal load was imposed while the axial load-
ing was maintained. When the horizontal load amounted to
60% of the estimated yield load, the loading amplitude was
reduced, and each loading cycle was performed once. When
the horizontal load reached the load at which the specimen
yielded, the displacement control was used instead, and the

TABLE 1: The parameters of the specimens.

Specimen Side plate (mm) Horizontal end plate (mm) Vertical end plate (mm) n

J-1 300× 318× 4 100× 100× 4 250× 100× 4 0.2
J-2 350× 318× 4 100× 150× 4 250× 150× 4 0.2
J-3 400× 318× 4 100× 200× 4 250× 200× 4 0.2
J-4 300× 318× 4 100× 100× 4 250× 100× 4 0.2
J-5 – 100× 100× 4 250× 100× 4 0.2
J-6 300× 318× 4 100× 100× 4 250× 100× 4 0.4
J-7 300× 318× 4 100× 100× 4 250× 100× 4 0.6
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J3-200

J1/J6/J7-300
J2-350
J3-400
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FIGURE 1: Details of the joints (unit: mm): (a) J-1, J-2, J-3, J-6, and J-7; (b) J-4; (c) J-5.
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displacement value of each stage was taken as an integer
multiple of the displacement value corresponding to the
yielding moment. Loading based on incremental displace-
ment was conducted three times, with a holding period of
10min for each loading. The loading process stopped when
the bearing capacity dropped to 85% of the peak load or the

specimen was significantly deformed. Deviation away from
the reaction wall was deemed the positive loading direction,
and direction toward the reaction wall was considered the
negative loading direction.

2.4. Distribution of Measurement Points. Loads and horizon-
tal displacements were measured and recorded during testing.
Pressure transducers were set at column ends, and load data
were automatically collected by a computer. Displacement
gauges were arranged at column ends, column legs, beam
ends, and relative corner areas of beams and columns to mea-
sure horizontal displacement at the column ends, displacement
at beam ends, and deformation in the joint panel zone, includ-
ing tensile displacement transducers LVDT2 and LVDT4, and
thimble displacement transducers LVDT1, LVDT5, and
LVDT7, as shown in Figure 5(a). The strain gauges were
arranged symmetrically at the joint panel zone, the side plate,
and the steel beam flange shown in Figure 5(b).

3. Results

3.1. Test Phenomena. Figure 6 illustrates the failure of bench-
mark specimen J-1. As the horizontal load reached 14 kN, the
linear load–displacement curve of specimen J-1 changed to a
nonlinear one, which indicated that specimen J-1 enters the
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100 100
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FIGURE 2: Details of the specimens (unit: mm): (a) overall specimens; (b) T-shaped CFST column; (c) steel beam.

TABLE 2: Material properties of steel.

Components Thickness (mm) Yield strength (MPa) Tensile strength (MPa) Elongation

T-shaped steel tube 5 324 447 0.21801
Steel beam/side plate 4 284 423 0.20437

TABLE 3: Material properties of concrete.

Concrete grade Cubic compressive strength (MPa) Axial compressive strength (MPa) Elasticity modulus (MPa)

C40 43.4 33.2 3.21× 104

Cycle number

Load control Displacement  control

3Δy

Δ

2Δy
Δy

–2Δy

–Δy

–3Δy

FIGURE 3: Loading scheme.
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elastic–plastic stage. At this time, the loading scheme was chan-
ged from load control to displacement control. As specimen J-1
was loaded to reach a positive displacement of 18.84mm, the
steel beams connectedwith the upper-end plates and side plates
buckled. Raising the loading displacement and the action of
reciprocating load increased the buckling degree of the upper

steel beam flange. Furthermore, fine cracks formed in the upper
beam flange during the negative loading. As the negative dis-
placement reached 18.89mm, the upper flange failed by buck-
ling and then the test was stopped.

Figure 7 shows the failure of specimen J-2. As the positive
displacement reached 21.12mm, the upper and lower flanges

Hydraulic jack

MTS actuator

Side plate
Steel beam

Square plate

ðaÞ

Reaction wall

MTS actuator

Reaction beam

Hydraulic jack

Side plate

Steel beam

T-shaped
CFST Column

ðbÞ
FIGURE 4: Loading device: (a) picture of loading device and (b) schematic diagram.
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FIGURE 5: Measurement of specimens: (a) displacement gauges distribution and (b) strain gauges distribution.
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FIGURE 6: The failure of specimen J-1: (a) buckled and (b) weld crack.
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of the steel beam connected with the side plates buckled and
were then restored gradually in the unloading process. As
specimen J-2 was loaded to reach a negative displacement of
26.4mm, buckling failure occurred on the upper beam
flange, and the cracks in the flange continued to enlarge
and widen. The test was stopped when the upper beam flange
fractured with a negative displacement of 31.68mm. Mean-
while, the bearing capacity of specimen J-2 was reduced to
85% of the peak load.

Figure 8 depicts the failure of specimen J-3. When speci-
men J-3 was loaded to reach a negative displacement of
20.30mm, buckling occurred on the lower beam flange con-
nected with the side plates, while cracks formed in the upper
flange. The buckling of the upper beam flange with a negative
displacement of 26.1mm was noticed. Finally, the upper
beam flange fractured as the specimen J-3 was loaded to a
negative displacement of 29mm, while the remaining parts
did not show apparent failure. The bearing capacity of speci-
men J-3 in the reverse displacement direction sharply
declined to 85% of the peak load, and the test was then
stopped. The failure patterns of the three components with
different side plate lengths indicate that with the increase of
side plate length, the buckling position of the steel beam
flange developed from only the upper flange to both upper
and lower flanges and then to the lower flange. Moreover, the

buckling failure all occurred at the upper flange of the
steel beam.

Figure 9 shows the failure of specimen J-4 without bind-
ing bars. When it was loaded to reach a positive displacement
of 17.4mm, the upper beam flange connected with the side
plates buckled; in contrast, at a negative displacement of
19.25mm, local buckling was observed in the lower beam
flange of the steel beam, and fine cracks formed in the upper
flange. At the end of the first loading with a negative dis-
placement of 30.8mm, local fracture occurred on the upper
beam flange of the steel beam; at the second loading, the test
could not be continued because cracks penetrated the flange,
and thus the loading was stopped.

Figure 10 shows the failure of specimen J-5 without side
plates. When the horizontal load was higher than 12 kN, the
deformation of specimen J-5 transitioned from the elastic
stage to the plastic stage, with the loading method changing
from load control to displacement control. The weld between
the upper end plate and the column cracked in the first cyclic
loading, with a negative displacement of 9.68mm. The hori-
zontal weld between the lower end plate and the column
cracked when the positive displacement of specimen J-5 in
the third cyclic loading reached 29.04mm. After the third
cycle, the vertical weld between the upper and lower end
plates and the column cracked as specimen J-5 was loaded

Buckle

ðaÞ

Weld crack

ðbÞ
FIGURE 7: The failure of specimen J-2: (a) buckled and (b) weld crack.

Buckle

ðaÞ

Weld crack

ðbÞ
FIGURE 8: The failure of specimen J-3: (a) buckled and (b) weld crack.
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to reach a positive displacement of 33.88mm. At this time,
the joint panel zone reached the plastic state, and the loading
was stopped.

Figure 11 depicts the failure of specimen J-6 with an axial
compression ratio of 0.4. When specimen J-6 was loaded to
reach a positive displacement of 8.8mm, fine cracks formed
in the weld between both the upper and lower end plates and
the steel beam. When it was loaded to reach a negative

displacement of 11mm, the cracks penetrated the weld
between the upper end plate and the steel beam, and the
lower beam flange buckled. In the first cyclic loading with
a positive displacement of 24.2mm, the connection between
the lower beam flange and the lower end plate experienced a
tearing failure. In the third cyclic loading, the lower beam
flange fractured, the bearing capacity of the specimen plum-
meted to 85% of the peak load, and the loading was stopped.

Buckle

ðaÞ

Weld crack

ðbÞ
FIGURE 9: The failure of specimen J-4: (a) buckled and (b) weld crack.

Weld crack

Column
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Weld crack
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ðbÞ
FIGURE 10: The failure of specimen J-5: (a) horizontal weld crack and (b) vertical weld crack.
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Weld crack
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FIGURE 11: The failure of specimen J-6: (a) buckled and (b) weld crack.
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Figure 12 depicts the failure of specimen J-7 with an axial
compression ratio of 0.6. The weld between the horizontal
end plate and the vertical side plate cracked when specimen
J-7 as loaded to reach a positive displacement of 17.08mm.
The lower beam flange also buckled as it was loaded to reach
a negative displacement of 17.08mm. The weld between the
horizontal end plate and the vertical side plate formed a large
crack at a positive displacement of 29.89mm. The loading
was stopped because specimen J-7 was significantly dam-
aged, although its bearing capacity remained stable within
a specific range and did not continue to decrease.

3.2. Failure Modes. Specimens J-1, J-2, J-3, J-4, J-6, and J-7,
which were all joints with side plates, experienced a
“beam–hinge failure”. For specimens J-1, J-2, J-3, and J-6, the
load on the column end was transferred to the steel beams
through the side plates. The bending moment and shear force
were carried by the flange and web of the steel beam respec-
tively. The joint panel zone demonstrated excellent load trans-
fer capacity as the side plates and short beams combined to
form a box section. Throughout the test, with the increase of
applied load, no obvious deformation occurred in the joint
panel zone and T-shaped CFST column, and the ultimate local
buckling failure occurred in the steel beam flange. The maxi-
mum strain of the joint panel zone was 216με, the maximum
strain of the side plate was 879με, while the strain of the steel
beam flange exceeded the yield strain of steel (1,120με). It
demonstrated that other components except steel beam were
in the elastic stage, indicating that the joints had a distinct force
transmission path with reasonable stress. The joints failed on
the connection between the side plates and beam flanges, which
was regarded as a beam–hinge failure, complying with the
seismic design principle of “strong column and weak beam,
strong joint and weak member.” The lack of binding bars in
specimen J-4 compacted the concrete casting in the column,
resulting in a more significant displacement, and internal force
withstood when the failure occurred. In fact, its bearing capac-
ity did not improve, but it delayed the failure of the steel beam.
The bearing capacity of specimen J-7 improved due to an axial
compression ratio of 0.6, which also caused a change in the
failure phenomenon. To account for the initial defects and
residual stresses in the welds between the side plate and the

CFST column, as well as the upper end plate joint, the external
load in the elastic phase was distributed based on the beam-
column linear stiffness ratio. This prevented any deformation
of the specimen itself. However, as the reciprocating load
increased, the weld between the horizontal end plate and the
CFST column as well as the side plate became damaged. The
internal force on specimen J-7 was redistributed, which even-
tually led to the cracking of its weld.

Specimen J-5, T-shaped CFST column to steel beam joint
without side plates, underwent a column–hinge failure. The
plastic deformation of the CFST column increased consecutively
as the reciprocating tension and compression enlarged. Under
the synergistic action of the load at the end of the column, the
bending moment of the beam ends, and shear force, the joint
panel zone underwent a plastic hinge, leading to the crack in the
joint panel zone. The bearing capacity of specimen J-4 did not
increase with the enlargement of the external load. The failure
occurring in the joint panel zone can be considered a shear
failure since the stiffness of the column was higher than the
stiffness of the steel beam, it bore more bending moment and
load under the action of external load. In the plastic stage, most
of the external load was imposed on the column, which resulted
in the failure of the column first and the column–hinge failure
later. The above results demonstrate that joints with side plates
offer good seismic behavior.

4. Discussion

4.1. Hysteresis Curves. Figure 13 shows the displacement–load
relationship of the seven joint specimens. The hysteresis
curves of the six joints with side plates show full shuttle
shapes. The joints of such specimens exhibited linear hyster-
esis loops during the initial loading stage, but as the member
yielded, the area of the hysteresis loop moderately enlarged.
Furthermore, throughout the loading, the area of the hyster-
esis loop was basically unchanged as the amount of cycles was
raised under the same displacement, indicating that the joints
experienced no significant stiffness degradation. The area of
the hysteresis loop expanded and gradually inclined to the
displacement axis with the increase in the displacement,
which implies that the stiffness of the joints degrades to a
certain degree in the process of energy absorption because the
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Weld crack

Beam

ðbÞ
FIGURE 12: The failure of specimen J-7: (a) buckled and (b) weld crack.

8 Advances in Civil Engineering



3020100–10–20–30

–60

–40

–20

0

20

40

60

80

Displacement (mm)

Fo
rc

e (
kN

)

ðaÞ

3020100–10–20–30

–60

–40

–20

0

20

40

60

80

Displacement (mm)

Fo
rc

e (
kN

)

ðbÞ

–60

–40

–20

0

20

40

60

80

Fo
rc

e (
kN

)

3020100–10–20–30
Displacement (mm)

ðcÞ

–60

–40

–20

0

20

40

60

80

Fo
rc

e (
kN

)

–30 3020100–10–20
Displacement (mm)

ðdÞ

–60

–40

–20

0

20

40

60

80

Fo
rc

e (
kN

)

30 4020100–10–20–30–40
Displacement (mm)

ðeÞ

–60

–40

–20

0

20

40

60

80

Fo
rc

e (
kN

)

3020100–10–20–30
Displacement (mm)

ðfÞ
FIGURE 13: Continued.

Advances in Civil Engineering 9



upper and lower beam flanges undergo local buckling and
crack under the horizontal load. The cracks penetrated the
steel beam as the load increased until local failure occurred,
and the damage to the specimen intensified. As can be seen
from Figure 13(e), the hysteresis curve of specimen J-5 exhib-
ited a significantly different behavior compared to the other
specimens, as it took an inverse Z-shape. Furthermore, the
failure mode of specimen J-5 was also different from the other
specimens, as the ultimate load drop was not significant when
the specimen was ultimately damaged by the load. Further-
more, specimen J-5 lacked the constraint imposed by the side
plates, leading to a low capacity to transmit the energy gen-
erated by the external load to the steel beam. Therefore, the
energy could only be dissipated in the panel zone, resulting in
the appearance of the plastic hinge in the panel zone and weld
tearing on the joint, which is in line with the column–hinge
failure mode. Different from specimen J-5, the other speci-
mens were constrained by the side plates, so the plastic hinge
was formed at the end of the beam. Under external loading,
the energy that should be consumed by the panel zone was
absorbed by the plastic hinge at the beam end through the
bending deformation to heighten the energy dissipation
capacity of the joints with side plates.

4.2. Skeleton Curves. Figure 14 delineates the skeleton curves
of the specimens influenced by the different factors. The
positive and negative skeleton curves of the joints are asym-
metrical, and the load dropped quickly when the joints were
loaded in a negative direction. The ultimate bearing capacity
of specimen J-5 without side plates significantly decreased
compared to that of specimen J-1 with side plates. The bear-
ing capacity of the specimens seldom improved significantly
with the length of side plates stretched from 300 to 400mm.
Specimen J-1 was the first to reach the ultimate load during
loading and was more likely to experience strength degrada-
tion, and it was less plastic than specimen J-2 and specimen
J-3. Specimen J-4 without binding bars was plastic slightly,
nevertheless, the binding bars could not vastly improve the
ultimate bearing capacity. The higher the axial compression

ratio was, the higher the bearing capacity was. The peak load
of specimens J-6 and J-7 in the positive direction increased
by 5% and 42%, respectively, compared to the specimen J-1.

All the joints with side plates underwent four stages dur-
ing loading: elasticity, elastoplasticity, plasticity, and failure.
At the beginning of loading, the skeleton curves grew line-
arly, indicating that the specimens were in elasticity. As the
load increased, the curves began to show nonlinear changes.
The steel beam flanges experienced local buckling deforma-
tion and formed fine cracks, implying that the specimens
were in elastoplasticity. The cracks gradually expanded and
deepened until the specimens yielded, and then the joints
entered the plastic stage with internal force being redistrib-
uted. At this time, the growing speed of the bearing capacity
declined, and the bearing capacity held steady for a short
period after reaching the peak load. When the loading con-
tinued, the cracks in the flanges continued to enlarge until
the failure finally occurred. Subsequently, the joints failed as
the bearing capacity of the specimens declined sharply.

4.3. Ductility. The ductility coefficient (μ) is used to evaluate
the deformation capacity of the specimens, which is
expressed by Formula (1) and listed in Table 4:

μ¼ Δu

Δy
: ð1Þ

The yield load (Py) and yield displacement (Δy) of the
specimens can be determined by the yield moment method
[24, 31], which is given in Figure 15. The detail of the draw-
ing can be found in [32]. The load and displacement corre-
sponding to the peak point of the skeleton curve are the peak
load (Pm) and peak displacement (Δm), and the ultimate load
(Pu) and ultimate displacement (Δu) refer to the value when
the load drops to 85% of the peak load. Since some specimens
did not reach the ultimate state at the end of testing, Pu and
Δu were replaced by the value obtained at the end [24, 33]
and marked with an asterisk (∗) in Table 4.
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FIGURE 14: The skeleton curves: (a) side plates, (b) different the length of side plates, (c) binding bars, and (d) different the axial compression
ratio.

TABLE 4: Loads and displacements of characteristic points.

Specimen Py (kN) Δy (mm) θy (rad) Pm (kN) Δm (mm) Pu (kN) Δu (mm) θu (rad) μ

J-1 47.84 11.87 1/152 52.98 16.94 45.03 19.77 1/91 1.67
J-2 39.56 13.11 1/137 46.91 21.09 39.87 27.82 1/65 2.12
J-3 48.40 14.25 1/126 55.98 23.07 47.58 26.37 1/68 1.85
J-4 45.64 17.83 1/101 50.94 22.93 50.48∗ 25.11∗ 1/72 1.41
J-5 28.48 8.04 1/224 31.32 9.66 30.95∗ 21.76∗ 1/83 2.71
J-6 54.69 9.71 1/185 71.05 21.87 60.39 23.17 1/78 2.39
J-7 53.75 11.93 1/151 65.91 17.05 64.40∗ 29.65∗ 1/60 2.49
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Five specimens (excluding J-4 and J-5) offered good seis-
mic behavior with a displacement ductility coefficient rang-
ing from 1.67 to 2.49 and averaging 2.10. Specimen J-4
without binding bars had the lowest displacement ductility
coefficient among the seven specimens, indicating that the
combination of the side plate and binding bars could
enhance the ductility to some degree. Although specimen
J-5 without side plates had the largest displacement ductility
coefficient, plastic hinges formed in its joint panel zone,
causing a column–hinge failure. According to the China’s
relevant standards [34], the elastic interstory drift limit (θe)
of multistory rectangular CFST frames is 1/300, i.e., θe = 1/
300, and their elastic–plastic interstory drift limit (θp) is 1/50,
i.e., θp = 1/50. Table 4 demonstrates that the elastic interstory
drifts (θy) are all higher than θe, and the elastic–plastic
interstory drifts (θu) are all close to θp, indicating that the
specimens had better deformation capacity in the yielding
and failure stages. The specimens with a larger length of side
plates and axial compression ratio had better ductility.

4.4. Stiffness Degradation. The secant stiffness (Ki) is used to
investigate the stiffness degradation trend [30], as expressed
in Formula (2):

Ki ¼
þFij j þ −Fij j
þXij j þ −Xij j ; ð2Þ

where Fi and Xi are, respectively, the load and displacement
corresponding to the highest point of the load–displacement
curve at each loading grade.

Ki of the specimens followed a gradual degradation trend
with the loading displacement, according to the stiffness
degradation curves shown in Figure 16. The steel and con-
crete functioned independently without noticeable synergy
in the initial loading stage, resulting in a high-stiffness deg-
radation rate. As the displacement load progressed, the inter-
action between the members was enhanced, leading to a
slower stiffness degradation. Specifically, after the steel

beam buckled, the internal forces were redistributed, result-
ing in joint external loads being shared by both the beam and
column. The stiffness degradation rate and initial stiffness of
the specimens J-6 and J-7 were the largest, and their secant
stiffness was higher than that of the specimen J-1, implying
remarkable degradation. It is possible that the second-order
effects of gravity (the P–Δ effect) is more significant with the
increase of axial compression, and the additional bending
moment becomes more and more obvious influence on the
internal structural force with the increase of displacement,
aggravating the accumulated damage to the specimens after
yielding. Specimen J-4 without binding bars had the lowest
secant stiffness, indicating that binding bars can improve the
stiffness of the joints. The secant stiffness of specimen J-5
without side plates was lower than that of specimen J-1,
implying that side plates can enhance the stiffness of the
joints. As the length of side plates stretched, the secant stiff-
ness of specimens J-2 and J-3 at each loading grade was lower
than that of the specimen J-1, indicating that the excessive
length of side plates cannot enhance the stiffness of the joints
and delay the stiffness degradation.

4.5. Strength Degradation. This part calculates the strength
degradation in the displacement control phase. As an essen-
tial indicator of measuring the seismic behavior of joints, the
strength degradation coefficient (λi) reflects the cumulative
damage to the joints. Equation (3) defines the strength deg-
radation coefficient as follows:

λi ¼
F2
j

F1
j
; ð3Þ

where F2
j and F1

j are the load values corresponding to the
peak points of the load–displacement curve at the second
and first cycles of the jth loading, respectively.
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Figure 17 delineates the relationship between λi and Δ=Δy
of the specimens affected by various factors, where Δ stands
for load displacement. The strength degradation coefficient
of the joints basically remained between 0.97 and 1.01 before
failure, indicating that the joints had good overall stability
and seismic behavior without significant strength degrada-
tion. The strength degradation rate of specimen J-1 was
higher than that of specimen J-5 without side plates in the
late loading periods. Specimen J-5 showed large deformation,
and its bearing capacity decreased because the CFST column
was subjected to a more significant bending moment and
shear force. Additionally, the joint panel zone underwent a
column–hinge failure, which proved that side plates enhance
the seismic behavior of the joints. The specimens J-2 and J-3
failed during the tensile process, and their strength degraded
drastically. Further, increasing the length of the side plates
raised the strength of the specimens, but they still deformed

significantly in the late loading period. The strength degra-
dation of the specimen J-4 in the initial period was similar to
that of specimen J-1 and slowed in the late loading period.
However, specimen J-4 underwent strength degradation ear-
lier than the specimen J-1. From the failure of specimen J-4,
it can be inferred that its core concrete failed due to the lack
of the constraint of the binding bars on its joint panel zone,
resulting in the early strength degradation of its joint. Speci-
mens J-6 and J-7 showed less strength degradation compared
to the specimen J-1 at the same horizontal displacement.
Moreover, the degradation rate of strength in the specimens
occurred later and was slowed down, indicating that joints
with large axial compression ratios have better seismic
behavior.

4.6. Energy Dissipation. The equivalent viscous damping
coefficient (he) is one of the critical indicators of measuring
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FIGURE 17: The strength degradation curves: (a) side plates, (b) different the length of side plates, (c) binding bars, and (d) different the axial
compression ratio.
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the energy dissipation of structures, as seen in Figure 18. The
area of the hysteresis curve (S) refers to the amount of energy
dissipation, and Equation (4) can define he as follows:

he ¼
SABC þ SCDAð Þ

2π SOBE þ SODFð Þ ; ð4Þ

where S is the area enclosed by curve as shown in Figure 18.
Table 5 presents he of all the specimens. The he of all the

specimens ranged from 0.141 to 0.234, significantly higher
than that of shaped reinforced concrete columns with an he
of 0.1. The energy dissipation of the joints with side plates
satisfies seismic design requirements and is superior to that
of reinforced concrete structures. The he of specimens J-1,
J-2, J-3, J-4, J-6, and J-7 was found to be higher than that of J-
5, indicating that the proposed joint configurations can
enhance the energy dissipation capacity of the structure
and improve its seismic behavior. Furthermore, the energy
dissipation capacity was found to be significantly affected by
the side plate length and axial compression ratio. Specifically,
the energy dissipation capacity of the specimen increased
with the increase of the side plate length and axial compres-
sion ratio.

5. Conclusions

This paper designed a structure form of the joint with side
plates. A comparative analysis was conducted between the
low-cycle reciprocating load test results and the design
parameters of the joint, including the presence of side plates,
side plate length, the presence of binding bars, and axial
compression ratio. The study focused on the seismic perfor-
mance, force transmission path, and the rationality of joint
design. Conclusions can be drawn from the findings as
follows:

(1) The failure modes of the joints with side plates were
consistent, and the failure mainly concentrated on
the upper and lower flange of steel beam, with no
significant damage observed to the CFST column or
joint panel zone. The bearing capacity of panel zone
was strengthened by the action of the side plate, and
part of the bending moment was transferred to the
steel beam. Such joints were in accordance with the
“beam–hinge damage” mode and met the seismic
design requirements of “strong column and weak
beam, strong joint and weak member.” The joint
without side plates was failed in the core area of
column, and the plastic hinge was formed at the
column end, which belonged to the “column–hinge
damage” mode.

(2) The load–displacement hysteresis curves of the six
joints connected by side plates all had a relatively
full shape, and there were no apparent pinch phe-
nomena. The ultimate bearing capacity was suffi-
cient, the strength degradation was little noticeable,
and the deformation capacity was strong quite in the
later experimental stage, indicating good seismic
behavior.

(3) Although binding bars did not significantly improve
the bearing capacity of the T-shaped CFST
column–steel beam joints, the lack of the confine-
ment of the binding bars on the joint panel zone
led to the early strength degradation of the joints,
reduced the stiffness and ductility of the components,
and ultimately gave rise to the poor seismic behavior
of the joints.

(4) Appropriately raising the length of the side plates
improved the energy dissipation capacity and ductil-
ity of the joints to a certain extent, but the effect of
delaying the degradation of strength and stiffness was
not as obvious as changing the axial compression
ratio. With the increase of axial compression ratio,
the ultimate bearing capacity, energy dissipation
capacity, and ductility of the specimens increased.
At the later stage of loading, the strength degradation
rate decreased and the stiffness degradation rate
increased when the axial compression ratio was large.
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