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ABSTRACT

In order to minimize the loss of life and property in an earthquake, the beam-
column joints of buildings need to have good seismic performance. This
paper briefly introduced concrete beam-column joints and used a steel
skeleton to strengthen the seismic performance of concrete beam-column
joints. The concrete beam-column and reinforced concrete beam-column
joints were prepared for experimental analysis. The skeleton curve and
energy dissipation capacity of the joints were tested using quasi-static
loading experiments. The relative displacement of the column at different
heights in the beam-column joints was tested under an eight-degree
earthquake simulated by a vibration table. The results showed that the
reinforced concrete beam-column joint had higher peak loads and ultimate
displacements when the quasi-static loading displacement exceeded the
yield displacement; the reinforced concrete beam-column joint had
stronger energy dissipation capacity in the face of cyclic loads; the
reinforced concrete beam-column joint had smaller relative column
displacements in the face of an eight-degree earthquake.

1. INTRODUCTION

The rapid economic development has led to the transformation of rural areas into cities, and
this process has led to an increase in not only traffic and roads but also buildings of all kinds
[1]. However, due to the movement of the earth’s crust, earthquakes can occur on the surface,
resulting in a large number of casualties. One reason for casualties is that the vibration from
the earth’s crust can drive the surface buildings to vibrate together, and breakage will occur
when the limits of building materials are exceeded [2]; the other reason is that earthquakes are
random and cannot be accurately predicted by current technical means, resulting in no room
for timely evacuation. Therefore, the main way to reduce the damage caused by earthquakes
is still to improve the seismic strength of buildings. Concrete is the building material used in
most buildings, which has good plasticity before solidification and good mechanical
properties after solidification [3]. However, concrete has limits in the face of earthquake
vibrations. In order to improve the seismic performance of concrete beam-column joints in
buildings, in addition to strengthening the concrete itself, skeletons [4] can be added to the
building parts (e.g., beam-column joints, etc.) when they are made, and the material of the
skeleton varies according to the requirements. In this study, the relatively common steel was
used as the supporting structure.
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Liang et al. [5] studied the seismic performance of fiber-reinforced concrete beam-column
joints through experiments and numerical simulations and found that the application of fiber-
reinforced concrete could effectively improve the seismic performance of beam-column
joints. Kang et al. [6] proposed a simplified model of reinforced concrete beam-column joints
under earthquake loads, calculated the yield displacement of beam-column joints, and
performed verification based on test data. Nteel beams, numerically simulated the joint under
monotonic and cyclic loads using a finite element program and verified that this type of joint
had a good seismic performance. Mou et al. [8] conducted experiments on a new beam to
reinforced concrete-filled steel tube column joint and found through experiments that the cross
section of the transfer sleeve in the column node was the key factor affecting the strength of
the beam-column node. Chen et al. [9] investigated the seismic performance of a circular
concrete an et al. [7] proposed a joint type of concrete-filled square steel tubular columns and
filled steel tubular column-reinforced concrete beam frame under low cyclic loading and
found through tests that the design method of the recycled aggregate concrete filled circular
steel tube frame met the seismic design requirements of a stronger joint followed by the
stronger column and the weaker beam and the frame had has good collapse resistance and
energy dissipation capacity. In this paper, concrete beam-column joints were briefly
introduced, the seismic performance of concrete beam-column joints was strengthened by a
steel skeleton, and concrete beam-column joints and reinforced concrete beam-column joints
were prepared for experimental analysis.

2. CONCRETE BEAM-COLUMN JOINTS

The beam and column structures interlock to form the general structure of a building, and the
intersection of the beam and column is the building joint [10]. For a building, the mechanical
properties of its beam-column joints directly affect the stiffness, strength and stability of the
building structure. It is because that the beam-column joints play a role in the building
structure to connect the horizontal and vertical structures, which is equivalent to the joints of
the human body. Once the joints have problems, even if the “bones” are of high quality, they
cannot form a whole [11].

For a building, the load due to gravity can be regarded as vertical load, the transmission
path of the vertical load in the building structure from top to bottom is “floor - beam - column
- foundation”. The upper load of the building must pass through the beam-column joint [9]
when the vertical load is transmitted downward [12]. When the vertical load is transmitted to
the beam-column joint, the contact surface of the load suddenly becomes smaller, and the
stress will also change greatly. As the size of the joint between the beam and column is small
compared to the overall structure and they are not a whole, the beam-column joint is
considered as the weak point in the transmission path [13]. When an earthquake occurs, the
beam-column joints in the building will be affected by the vibration from the ground, the
internal stresses will change significantly, and this change is random and unstable, which will
easily lead to joint deformation. In order to ensure that the upper load of the building can be
transferred to the foundation smoothly, it is necessary to ensure that the joints do not undergo
excessive deformation under the action of the earthquake.

Concrete is a common material in buildings, and its good plasticity before solidification
makes it relatively easy to make different shapes of building structures. It has good mechanical
properties after solidification [14], but building structures made of concrete are usually solid,
which makes the stress inside the structure have a great impact on the structure, especially
under the influence of earthquakes. A hollow structure can avoid the effect of internal stresses
but will also cause a reduction in the strength of the structure [15].
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Steel can also be used as a building material and has the advantages of being easily
retrofitted and recyclable. Buildings with steel as the main material have poor fire resistance,
i.e., they will soften under high temperatures, making it difficult to carry large loads, but in
conventional environments, steel structures can effectively carry stress changes [16].
Therefore, in order to improve the seismic performance of concrete beam-column joints, steel
structures are used. Mainly, the steel skeleton structure of the beam-column joint is produced
based on the plasticity of steel, and then concrete is poured on the steel skeleton structure to
produce a concrete beam-column joint containing a steel skeleton. Compared with the
traditional concrete beam-column joints, the reinforced concrete beam-column joints is no
longer completely solid inside, and the stress changes inside the concrete due to earthquakes
will be borne by the internal steel skeleton with better toughness, thus reducing the impact of
stress on the concrete structure.

3. EXPERIMENTAL ANALYSIS

3.1. Specimen Preparation

Figure 1 shows a schematic diagram of the reinforced concrete beam-column joint specimen
fabricated in this study. The joint specimen was cross-shaped. The length of the beam in the
transverse direction was 2100 mm. The cross-section of the beam was a 300 mm x 200 mm
rectangle. The length of the column in the longitudinal direction was 1700 mm. The cross-
section of the column was a 300 mm x 300 mm rectangle. In addition to C80 concrete [17],
steel bars with a diameter of 16 mm were also used as the steel skeleton in the preparation of
the reinforced concrete beam-column joint, and the architecture of the skeleton is shown in
Figure 1.

C80 concrete was prepared with 375 kg of cement, 90 kg of fly ash, 50 kg of silica fume,
90 kg of slag powder, 750 kg of sand, 1100 kg of gravel, 8 kg of water reducing agent and
135 kg of water. The mechanical properties of the prepared solidified C80 concrete are as
follows. The average cube compressive strength was 79.5 MPa, the standard cube compressive
strength was 65.0 MPa, the standard compressive strength was 42.4 MPa, the standard tensile
strength was 30.2 MPa, the Poisson’s ratio was 0.2, and the modulus of elasticity was 380
GPa. The mechanical properties of steel bars used in this study are as follows: the yield
strength was 670.3 MPa, the ultimate strength was 856.6 MPa, and the modulus of elasticity
was 200 GPa.

In addition to the above reinforced concrete beam-column joint specimens, concrete
beam-column joint specimens with the same specifications were prepared, and their shape and
structure were the same as in Figure 1 except the steel skeleton.

Six specimens were prepared for every kind of beam-column joint. Three concrete beam-
column joints and three reinforced concrete beam-column joints were used for the quasi-static
loading experiments, and the remaining specimens were used for the seismic experiments
under the eight-degree seismic waves. Average values were taken as the final experimental
results.
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Figure 1. Schematic diagram of a reinforced concrete beam-column joint

3.2. Experimental Project

3.2.1. Seismic performance of beam-column joints under quasi-static loading

A gradually increasing repeated cyclic load was applied to the beam-column joints using a
quasi-static loading device [18] under artificial control to measure the seismic performance of
the beam-column joints in the controlled environment. Figure 2 shows the schematic diagram
of the experimental setup for the quasi-static loading. The main structure included electro-
hydraulic servo testing machine, dynamic signal acquisition system, displacement sensor,
stress sensor, hydraulic jack, and push-pull jack [19]. The displacement sensor was installed
outside the specimen, and the stress sensor was buried during the preparation of the beam-
column joints.
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Figure 2. Schematic diagram of the experimental setup for quasi-static loading

After setting up the device and the specimen, the specimen was loaded. The quasi-static
loading mode was displacement loading [20]. Firstly, axial pressure was applied to the column
using a hydraulic jack to the target size. Then, repeated cycle loads were applied to the beam
using a push-pull jack at both ends of the beam. Initially, every level of load was applied for
one cycle, and the increment between every level of load was 5 mm. Then, the load was
improved step by step until the specimen yielded (when the longitudinal tensile strain in the
plastic hinge region of the beam reached 3300, the joint yielded, and the displacement at the
beam end was the yield displacement at that moment). After that, the increment of every level
of load became half of the yield displacement. The test ended when the load value at the beam
end dropped to 85% of the peak value during the test, when the specimen was severely
damaged locally or when the structural deformation of the joint increased sharply.
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3.2.2. Seismic performance of beam-column joints under high-intensity seismic
signals simulated by vibration table
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Figure 3. Artificially fitted eight-degree seismic wave

The quasi-static loading test detected the seismic performance of beam-column joints when

the cyclic load was gradually increased in a controlled environment, but realistic earthquakes

are random and short-lived. Thus, the seismic performance of the joints under high-intensity

earthquakes simulated by the vibration table was detected. The experimental steps are as

follows.

1.  The beam-column joint specimen was prepared as described above, and then the bottom
end of the column was connected to the vibration table using an L-shaped steel plate, and
a displacement sensor was set up every 100 mm in the column area from bottom to top
along the axial direction.

2. The vibration table was turned on to vibrate the specimen with the eight-degree seismic
signal. The seismic signal is shown in Figure 3.

3. When the vibration was over, the interlayer displacement of the column was recorded
using the installed displacement sensors.

3.3. Experimental Results

During the quasi-static loading, the peak of the load-displacement curve of the first cycle of
every loading level was connected into an envelope curve, i.e., the skeleton curve. The
skeleton curve reflected the bearing capacity of the specimen under different loading levels,
which could judge the resistance of the specimen in the face of earthquake vibration. Figure
4 shows the skeleton curves of the two specimens under the same loading system. It was seen
from Figure 4 that under the same loading system, when the displacement of the beam end
was between -20 mm and 20 mm, the skeleton curves of the two specimens nearly overlapped
and were approximately linear, and the two specimens were in the elastic change stage. After
the displacement of the beam end exceeded the range of -20 mm and 20 mm, the slope of the
skeleton curves of both specimens decreased significantly, and the beam end in both
specimens gradually reached the peak load; at that moment, the beam end displacement
corresponding to the peak beam end load at the reinforced concrete beam-column joint was
larger than that at the concrete beam-column joint, and the peak beam end load that can be
reached was also larger than that at the concrete beam-column joint.
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After reaching the peak beam end load, the load-displacement continued to increase, and
the beam end load started to decrease; in this stage, the structure of the beam-column joint has
been destroyed, the load of the reinforced concrete beam-column joint decreased slowly, and
the ultimate load and the beam end displacement corresponding to the ultimate load were
larger in the reinforced concrete beam-column joint than the concrete beam-column joint.
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Figure 4. Skeleton curves of two specimens

The comparison results of the skeleton curves showed that the reinforced concrete beam-
column joint withstood not only greater loads in the face of the gradually increasing repeated
cyclic loads (i.e., vibrations) but also greater loads and ultimate displacements in the damage
phase, guaranteeing the structural integrity.

As shown in the previous skeleton curve, in the early stage of loading, both specimens
were in the elastic stage, and the loading displacement had a linear relationship with the beam
end load. When every level of loading displacement reached and then withdrew, its beam end
load also reduced, and the reduction coincided with the amount of change at loading. After
the loading displacement reached the yield displacement of the specimen, it was no longer the
elastic deformation. After every level of loading displacement was unloaded, the structure of
the specimen failed to fully restore to its original shape, and the deformation residual
prevented the curve at unloading from coinciding with the curve at loading. As the increasing
load was loaded and unloaded cyclically, the load-displacement curve finally became annular,
and the area surrounded by the annular curve was the energy absorbed by the specimen from
cyclic loads. . Figure 5 shows the energy dissipation capacity of the two specimens during
loading. The left beam was the beam end in the direction of the left reaction frame, and the
right beam was the beam end in the direction of the right reaction frame. The displacement
load applied upward was the forward direction, and the displacement load applied downward
was the reverse direction. For the concrete beam-column joint, the cumulative energy
consumption of the left beam was 1.8618 x 10* kN-mm under loading in the forward direction
and 1.6229 x 10* kN-mm under loading in the reverse direction; the cumulative energy
consumption of the right beam was 3.2220 x 10* kN'mm under loading in the forward
direction and 2.9309 x 10* kN-mm under loading in the reverse direction.
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The total energy consumption of the concrete beam-column joint was 9.6376 x 10*
kN-mm. For the reinforced concrete beam-column joint, the cumulative energy consumption
of the left beam was 2.5705 x 10* kN-mm under loading in the forward direction and 2.9344
x 10* kKN-mm under loading in the reverse direction; the cumulative energy consumption of
the right beam was 4.4021 x 10* kN-mm under loading in the forward direction and 4.9751 x
10* kN-mm under loading in the reverse direction. The total energy consumption of the
reinforced concrete beam-column joint was 14.8821 x 10* kN-mm. It was seen from the
comparison in Figure 5 that the reinforced concrete beam-column joint had a greater energy
dissipation capacity in the face of cyclic loading and was more capable of withstanding the
load from vibration.
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Figure 5. Energy dissipation capacity of two specimens during loading

The results of the above two experiments were the test results obtained under the quasi-
static loading system. The cyclic loads on the beam-column joints were progressively
increasing controllable loads for testing the ultimate seismic performance of the beam-column
joints. However, in reality, earthquakes are random in nature and usually short in duration and
do not increase the load gradually as in the quasi-static loading experiments. Therefore, this
paper used a vibration table to simulate an eight-degree earthquake and tested the relative
displacements of columns at different heights in the beam-column joints under this seismicity,
as shown in Figure 6. It was seen from Figure 6 that the relative column displacements of both
specimens tended to increase with the increase of column height under eight-degree
earthquake, but the higher it was, the less the increase was the relative column displacements
of the reinforced concrete beam-column joint were smaller under the same column height.
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Figure 6. Relative displacement of the column at different heights in two
specimens under eight-degree earthquake

4. CONCLUSION

This paper briefly introduced concrete beam-column joints and used a steel skeleton to
strengthen the seismic performance of concrete beam-column joints. The concrete beam-
column joint and reinforced concrete beam-column joint were prepared for experimental
analysis. The skeleton curve and energy dissipation capacity of the joints were tested using
quasi-static loading experiments. The relative displacement of the column at different heights
in the beam-column joints was tested under an eight-degree earthquake simulated by a
vibration table. The results are as follows. The skeleton curves showed that when the loading
displacement at the beam end was between -20 mm and 20 mm, both specimens were in the
elastic stage; when the loading displacement exceeded the range, the specimens yielded and
was damaged, and the reinforced concrete beam-column joint had higher peak load and
ultimate displacement in this process. The reinforced concrete beam-column joint had greater
energy dissipation capacity in the face of cyclic loads and was more capable of withstanding
the loads from vibrations. Under the eight-degree earthquake, the relative column
displacement increased with the increase of the column height, but the higher it was, the
smaller the increase was the relative column displacement of the reinforced concrete beam-
column joint was smaller for the same column height.
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